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Silvia Preda, Lucian Câlmâc, Claudia Nica, Mihai Cacoveanu, Robert T, igănas, u, Aida Badea,
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1. Introduction

Over recent decades, cardiovascular diseases (CVDs) and metabolic disorders have
emerged as major global health challenges, exacting a heavy toll on human lives and
burdening healthcare systems worldwide. Despite advancements in medical science and
technology, these conditions persist as leading causes of morbidity and mortality, prompting
a critical need for innovative approaches to prevention, diagnosis, and treatment [1,2].

The intersection of cardiovascular diseases and metabolic disorders is complex and
multifaceted. The epidemiological landscape reveals a stark reality: a significant propor-
tion of CVD-related deaths are intricately linked to the coexistence of metabolic ailments,
particularly diabetes. This nexus demands comprehensive understanding and targeted
interventions to mitigate the intertwined risks and complexities inherent in these condi-
tions [3,4].

In the year 2019 alone, an alarming 17.9 million lives were lost to cardiovascular
diseases, constituting a staggering 32% of all global deaths [5]. Heart attacks and strokes
accounted for a substantial portion of these fatalities, underscoring the urgent need for
effective preventive strategies and therapeutic interventions. Moreover, the burden of
metabolic diseases, exemplified by the pervasive prevalence of diabetes, adds to the gravity
of the situation. In 2019, global diabetes prevalence stood at 9.3%, affecting approximately
463 million individuals worldwide. Projections indicate a steady rise in prevalence, with
estimates indicating a rise to 10.2% (578 million) by 2030 and 10.9% (700 million) by 2045 [6].
Alarmingly, 1.5 million deaths are directly attributed to diabetes annually, accentuating the
imperative for the early detection and comprehensive management of these interrelated
conditions [7].

Behavioral risk factors such as tobacco use, unhealthy dietary patterns, sedentary
lifestyles, and excessive alcohol consumption exacerbate the susceptibility to both cardio-
vascular diseases and metabolic disorders. Therefore, addressing these modifiable risk
factors assumes paramount importance in the overarching strategy for disease prevention
and control [8–10].

In the realm of therapeutics, recent years have witnessed significant strides in the
management of cardiovascular and metabolic diseases. From pharmacological innovations,
including the advent of sodium glucose cotransporter 2 inhibitors heralding promising
outcomes in heart failure and diabetes management, to advancements in interventional
techniques such as immediate revascularization for acute myocardial infarction and cere-
bral infarction, the landscape of cardiovascular care continues to evolve rapidly [11,12].
Additionally, emerging modalities like mechanical cardiac support and multiorgan trans-
plantation offer novel avenues for managing the most complex manifestations of heart
failure, underscoring the transformative potential of cutting-edge interventions [11,13].

This Special Issue has captured the diversity of the studies that focus on the latest sci-
entific insights and technological innovations in the realm of cardiovascular and metabolic
disease management.
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2. Overview of Published Articles

These articles provide a diverse range of insights into cardiovascular and metabolic
diseases, reflecting the multifaceted nature of these conditions and the ongoing efforts to
better understand and treat them.

Seung Eun Jung et al. (contribution 1) investigated the role of exosomal RNAs, partic-
ularly microRNAs, in animal models of acute myocardial infarction (AMI). By identifying
differentially expressed miRNAs and validating their functions in vitro, the research en-
hances our understanding of post-AMI molecular changes and explores the potential of
exoRNAs as biomarkers or therapeutic targets.

Federica Fogacci et al. (contribution 2) focused on the effects of Evolocumab, a
PCSK9 inhibitor. In this study, the researchers examined how lipoprotein(a) and low-
density lipoprotein cholesterol respond to treatment over time, particularly considering sex-
related differences. The understanding of these dynamics could contribute to personalized
treatment strategies for cardiovascular disease.

Alfredo Caturano et al. (contribution 3) investigated the association between the fatty
liver index (FLI) and cardiovascular events in liver transplant recipients; this study under-
scores the importance of monitoring metabolic parameters and liver health in this unique
cohort of patients for cardiovascular disease prevention, suggesting FLI as a potential
predictive marker.

Irina Tarasova et al. (contribution 4) evaluated different cognitive training approaches
in cardiac surgery patients, highlighting the potential benefits of multi-tasking training for
cognitive rehabilitation in the postoperative period.

Teodor Salmen et al. (contribution 5) assessed the efficacy of antidiabetic medications,
particularly SGLT-2 inhibitors and GLP-1 receptor agonists, in real-life clinical practice.
This study provides valuable insights into their effectiveness in managing type 2 diabetes
mellitus, especially when used in conjunction with other medications.

Juan Carlos Sánchez-Delgado et al. (contribution 6) investigated the association be-
tween handgrip strength and vascular function in individuals with metabolic syndrome.
This study highlights the potential role of muscle strength in mitigating vascular dysfunc-
tion, particularly in older adults.

Maria Kercheva et al. (contribution 7) found that kidneys of patients with fatal
myocardial infarction (MI) showed a predominance of CD163+ macrophages, while controls
without cardiovascular diseases (CVD) had a higher presence of CD163+, CD206+, and
CD68+ macrophages. In MI patients, CD80+ and CD206+ macrophages exhibited a biphasic
response, decreasing over time post-MI.

Anna Kurpas et al. (contribution 8) found that epicardial global circumferential strain
measured using 2D speckle-tracking echocardiography significantly correlated with serum
FGF23 levels in patients with type 2 diabetes mellitus, suggesting FGF23 as a potential
early marker of myocardial damage in these patients. Additionally, patients with left
ventricular diastolic dysfunction had lower estimated glomerular filtration rates and higher
hemoglobin A1c levels.

Natalia Beloborodova et al. (contribution 9) found that higher levels of sepsis-
associated aromatic microbial metabolites in the blood before and shortly after surgery
were linked to postoperative complications in patients with aortic aneurysm. This suggests
that an impaired microbiota metabolism plays a significant role in postoperative outcomes,
indicating a potential target for new prevention strategies.

Ioan Alexandru Balmos et al. (contribution 10) found that inflammation, microcalci-
fication, and high-grade osteopontin expression are significantly associated with plaque
ulceration and atherothrombosis in patients with carotid artery stenosis, indicating their
critical roles in plaque formation and destabilization. Higher osteopontin expression was
also linked to the presence of a lipid core, suggesting its importance in plaque progression.

Moustapha Agossou et al. (contribution 11) showed the results of a brief report
assessing the impact of previous continuous positive airway pressure (CPAP) use on the
quality of noninvasive ventilation (NIV) in patients with obesity hypoventilation syndrome.
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They found no significant difference in NIV quality between patients with and without
prior CPAP use.

Preeti Kumari Chaudhary et al. (contribution 12) reviewed the literature exploring
how platelet proteomics can advance the diagnosis and treatment of cardiovascular throm-
boembolic diseases and cancer. By analyzing peptides and proteins in platelets, researchers
can identify disease-specific biomarkers for personalized medicine.

Esther Solano-Pérez et al. (contribution 13) discuss how obstructive sleep apnea (OSA)
in children can increase cardiovascular risk. Their review proposes using echocardiography
alongside polysomnography to assess cardiac function and structure in OSA patients for
better risk management.

Silvia Preda et al. (contribution 14) presented a case study of transcatheter aortic valve
implantation (TAVI) in a patient who had previously undergone a heart transplant. It
highlights the challenges and potential benefits of using TAVI in heart transplant recipients.

Giovanni Cimmino et al. (contribution 15) focused on analyzing literature data with
the aim of exploring emerging non-traditional risk factors for cardiovascular disease and
their potential impact on disease development. They discuss how these factors may
influence current cardiovascular risk assessment models.

Weronika Frąk et al. (contribution 16) discuss the therapeutic potential of sodium/glucose
cotransporter 2 inhibitors in treating cardiovascular diseases. They report the available data
on the efficacy of these medications in improving cardiovascular outcomes.

Ayodeji A. Olabiyi et al. (contribution 17) focus their review article on examining
the use of dietary interventions and medicinal herbs in treating cardiovascular disease.
They propose combining these approaches with pharmaceutical drugs for more effective
treatment strategies.

Simonetta Genovesi et al. (contribution 18) dealt with lipoprotein(a) (Lp(a)) as a
marker of cardiovascular health risk in young populations. They explore the evidence
surrounding Lp(a) and its potential role in assessing cardiovascular risk in children and
adolescents.

Ozan Demirel et al. (contribution 19) examined different serum biomarkers for predict-
ing atrial fibrillation recurrence after electrical cardioversion in their review article. They
discussed the potential of these biomarkers in improving patient outcomes.

Polyxeni Mantzouratou et al. (contribution 20) performed a literature review on the
role of thyroid hormone signaling in cardiac repair and regeneration, reporting that thyroid
hormone therapy may benefit heart failure patients.

3. Future Directions

Looking ahead, the landscape of cardiovascular and metabolic disease research holds
immense promise for transformative advancements and innovative interventions. As we
navigate the complexities of these interconnected conditions, several key avenues emerge
as focal points for future exploration and inquiry.

First and foremost, the imperative for personalized medicine in cardiovascular and
metabolic disease management is looming large on the horizon [14]. With the advent of
precision medicine and genomic technologies, there exists unprecedented potential to tailor
interventions to the individual characteristics and needs of patients, thereby optimizing
therapeutic outcomes and minimizing adverse effects. Harnessing the power of big data
analytics and artificial intelligence, researchers can glean valuable insights into the intricate
interplay of genetic, environmental, and lifestyle factors influencing disease susceptibility
and progression, paving the way for more targeted and effective treatment strategies [15].

Furthermore, the pursuit of novel therapeutic targets and modalities represents a frontier
ripe for exploration. From elucidating the molecular mechanisms underlying disease patho-
genesis to identifying druggable targets and developing innovative therapeutics, ongoing
research efforts hold promise for revolutionizing the treatment landscape for cardiovascular
and metabolic disorders. Emerging areas such as gene editing, stem cell therapy, and regener-
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ative medicine offer tantalizing prospects for disease modification and regeneration, offering
new hope for patients with refractory conditions and advanced disease states [16,17].

In parallel, efforts to address the social determinants of health and reduce health
disparities remain paramount [18]. Recognizing the profound impact of socioeconomic
factors, access to care, and healthcare disparities on disease outcomes, future initiatives
must prioritize equitable access to preventive services, early detection, and evidence-based
interventions for all segments of the population. By addressing structural barriers and
fostering community engagement, healthcare stakeholders can empower individuals to
make informed choices and adopt healthy behaviors, thereby mitigating the burden of
cardiovascular and metabolic diseases on vulnerable populations. Moreover, the integration
of digital health technologies and telemedicine holds immense potential for enhancing
disease management and improving patient outcomes. From remote monitoring and
teleconsultation to wearable devices and mobile health applications, digital innovations
offer unprecedented opportunities to empower patients, enhance care coordination, and
facilitate real-time data-driven decision-making. By harnessing the power of technology
to bridge geographical barriers, streamline healthcare delivery, and empower patients to
actively participate in their own care, we can unlock new frontiers in the prevention and
management of cardiovascular and metabolic diseases [19].

In conclusion, the future of cardiovascular and metabolic disease research is character-
ized by boundless possibilities and transformative potential. By embracing a multidisci-
plinary approach, leveraging cutting-edge technologies, and prioritizing patient-centered
care, we can chart a course towards a future where the burden of these devastating condi-
tions is alleviated, and the promise of improved health and well-being becomes a tangible
reality for individuals and communities worldwide.

Funding: This research received no external funding.
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Abstract: Background: Myocardial infarction (MI), often a frequent symptom of coronary artery
disease (CAD), is a leading cause of death and disability worldwide. Acute myocardial infarction
(AMI), a major form of cardiovascular disease, necessitates a deep understanding of its complex
pathophysiology to develop innovative therapeutic strategies. Exosomal RNAs (exoRNA), particu-
larly microRNAs (miRNAs) within cardiac tissues, play a critical role in intercellular communication
and pathophysiological processes of AMI. Methods: This study aimed to delineate the exoRNA
landscape, focusing especially on miRNAs in animal models using high-throughput sequencing. The
approach included sequencing analysis to identify significant miRNAs in AMI, followed by validation
of the functions of selected miRNAs through in vitro studies involving primary cardiomyocytes
and fibroblasts. Results: Numerous differentially expressed miRNAs in AMI were identified using
five mice per group. The functions of 20 selected miRNAs were validated through in vitro studies
with primary cardiomyocytes and fibroblasts. Conclusions: This research enhances understanding
of post-AMI molecular changes in cardiac tissues and investigates the potential of exoRNAs as
biomarkers or therapeutic targets. These findings offer new insights into the molecular mechanisms
of AMIs, paving the way for RNA-based diagnostics and therapeutics and therapies and contributing
to the advancement of cardiovascular medicine.

Keywords: exosomal RNA sequencing; exosome; acute myocardial infarction; microRNA; cardiac tissue

1. Introduction

Myocardial infarction (MI), frequently the initial symptom of coronary artery disease
(CAD), is a major contributor to global mortality and disability [1]. Defined as myocardial
cell death due to ischemia, MI typically results from thrombosis triggered by rupture
or erosion of atherosclerotic plaque in the coronary artery [2]. Onset is rapid, occurring
within 20 min of blood supply interruption, leading to irreversible cell death within a few
hours [3]. Distinguishing between acute and chronic myocardial injury is essential for early
MI detection and mortality reduction [4]. Acute myocardial infarction (AMI), a prominent
cardiovascular disease, poses a significant global health challenge [5–7]. Understanding the
complex pathophysiology of AMI is vital for developing novel therapeutic strategies [8]. In
this complex milieu, exosomal RNAs (exoRNAs) within cardiac tissues play a pivotal role
in intercellular communication and the pathophysiological process of AMI [9].

Exosomes, small extracellular vesicles (EV), have garnered significant attention in the
scientific community for their role in mediating intercellular communication [10]. These
vesicles are known for transporting a diverse array of biomolecules, notably RNAs, among
cells, reflecting the physiological and pathological state of their source cells [11,12]. As such,
they are increasingly recognized for their potential as biomarkers in disease diagnosis and
prognosis. In the specific context of AMI, exoRNAs provide a window into the molecular
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upheavals occurring within cardiac tissues during the disease’s acute phase [13]. Recent
research has expanded the understanding of EVs, particularly exosomes and microRNAs
(miRNAs or miRs), in the realm of cardiovascular health. These entities are being explored
for their therapeutic potential not only in cardiovascular diseases but also cancer and
neurological disorders [14,15]. For instance, miR-134 has been identified as a regulator
of STAT5B function, making it a promising biomarker and therapeutic agent for breast
cancer [16]. Similarly, exosome-derived miR-126 from ADSCs shows potential in reducing
cardiac fibrosis and inflammation, thereby mitigating myocardial injury [17]. Moreover,
miR-217-containing exosomes have emerged as significant markers in chronic heart failure
by modulating cardiac fibrosis and dysfunction. Additionally, exosome-derived miR-21-
3p has been identified as a key mediator in cardiac hypertrophy through its regulatory
impact on sorbin and SH3 domain containing 2 (SORBS2) and PDZ and LIM domain
5 (PDLIM5) [18].

The role of miRNAs extends beyond just biomarkers; these small noncoding RNAs
are pivotal in controlling gene expression and cellular process, impacting the pathophysi-
ological pathways of MI both directly and indirectly [19,20]. Certain miRNAs have been
implicated in inducing cardiomyocyte death through mechanisms including apoptosis,
autophagy, and necroptosis, while others play a role in cardiomyocyte proliferation, repair,
and intercellular interaction [20]. These insights not only enhance the understanding of
MI mechanisms but also underscore the potential of miRNAs as diagnostic biomarkers for
this condition.

This study delves into the comprehensive profiling of exoRNAs isolated from cardiac
tissues in MI animal models. Employing high-throughput sequencing techniques, it aimed
to map the exoRNA landscape in AMI, focusing on the differentially expressed miRNAs.
This approach included sequencing analysis to identify significant miRNAs in AMI, fol-
lowed by validation of functions of selected miRNAs through in vitro studies involving
primary cardiomyocytes and fibroblasts. This research endeavors to provide a deeper
understanding of molecular alterations in cardiac tissues following AMI and explores the
potential of exoRNAs as biomarkers and therapeutic targets. The findings of this study
make a significant contribution to cardiovascular medicine, offering novel insights into
the molecular underpinnings of AMI. This research not only enriches existing knowledge
but also paves the way for the development of innovative RNA-based diagnostics and
therapeutic strategies, inspiring future research in this critical area of healthcare.

2. Materials and Methods

2.1. Animals

To establish an MI mouse model, 12-week-old male C57BL/6 mice (23 ± 4 g; KOAT-
ECH, Pyeongtaek, Republic of Korea) were used. Following anesthesia via zoletil (30 mg/kg;
Virbac, France) and xylazine (10 mg/kg; Bayer Korea, Ansan, Republic of Korea), the mice
were airway ventilated using a ventilator (Harvard Instruments, Holliston, MA, USA). The
left anterior descending (LAD) artery was ligated with 6-0 prolene suture (Ethicon, Diegem,
Belgium). Subsequently, muscle and skin closure were performed with 4-0 prolene suture
(Ethicon) [21]. The mice were divided into three groups: sham, MI-1day, and MI-3day,
based on the duration of left anterior descending LAD artery ligation, followed by suture
closure [22]. The mice were sacrificed on the designated day to procure heart tissue for
analysis, ensuring simultaneous tissue collection across all groups. Ten mice were selected
for each group to establish an MI animal model, and finally, five mice were randomly
selected per group for further experiments.

2.2. Triphenyltetrazolium Chloride (TTC) Staining

Before TTC staining, the isolated heart tissue was perfused with 1X phosphate-buffer
saline (PBS; Biosesang, Seongnam, Republic of Korea) several times. Heart tissues from
each experimental group were subjected to TTC staining. For this, tissues were incubated
in the 1% TTC (Sigma-Aldrich, St. Louis, MO, USA) solution, which was prepared by
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dissolving TTC in 1X PBS. The incubation was carried out at 37 ◦C for 1 h in a state shielded
from light to prevent photo-degradation [23,24]. Post-incubation, the tissues were fixed
in a 4% paraformaldehyde solution (Biosesang, Seongnam, Republic of Korea) at 4 ◦C for
4 h. This was followed by sectioning the tissues into 1 mm thick cross-sections for detailed
examination. The stained and sectioned heart tissues were then photographed using a
digital camera (DIMIS M model, Anyang, Republic of Korea) to document the results of
the TTC staining process. The infarcted tissue appears white, while the viable tissue is red.
This photographic evidence is crucial for visualizing and analyzing the extent of infarction
in heart tissues.

2.3. Exosome Isolation

Heart tissues isolated from each group were dissected into 1 mm3 pieces using a
razor. These tissue fragments were then gently rinsed with cold 1X PBS in a cell strainer
fitted with a 70 μm nylon mesh (SPL, Pocheon, Republic of Korea). Five heart tissue
fragments from the same group were pooled together in a 50 mL tube. The pooled heart
tissues in each tube were incubated in serum-free medium supplemented with 20 mM
N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES; Thermo Fisher Scientific,
Grand Island, NY, USA), at 37 ◦C with gentle shaking (200 rpm) for 45 min [25]. This step
facilitates the release of exosomes into the medium. Following incubation, the tube was
centrifuged at 3000× g for 15 min at 4 ◦C. This centrifugation step aimed to pellet intact
cells and cellular debris, leaving the supernatant enriched with exosomes. Exosomes were
then isolated from the supernatants using an Exo2D EV isolation kit for RNA analysis
(EXOSOMEplus, Seoul, Republic of Korea), following the manufacturer’s instructions.
Briefly, Exo2D reagents were added to the supernatants in a 1:5 ratio, and the mixture was
incubated at 4 ◦C for 1 h. Subsequently, the mixture was centrifugated at 3000× g for 30 min
at 4 ◦C. The resultant white pellets containing the exosomes were resuspended in 1X PBS
and stored at −80 ◦C for future use. Total RNA was extracted from the purified exosomes
using TRIzol reagent (Thermo Fisher Scientific, Rockford, IL, USA), as per the standard
protocol. This RNA served as the basis for subsequent RNA analysis and sequencing.

2.4. SmRNA Library Construction and miRNA Sequencing

The smRNA sequencing library was prepared using a TruSeq RNA Sample prepa-
ration Kit (Illumina, San Diego, CA, USA), adhering to Illumina’s standard procedure.
This preparation involved selecting RNA fractions, ligating adapters, and amplifying the
sample to construct the library suitable for high-throughput sequencing. The constructed
smRNA library was subsequently sequenced on an Illumina Hiseq 2500 Genome Analyzer
platform [26]. The sequencing parameters were set to achieve a read length of 50 base pairs
(bp) using single-end sequencing. This approach was chosen to optimize the detection
and analysis of smRNA species, particularly miRNAs. The size range of the library was
determined to be between 145 bp and 160 bp, which is indicative of successful library
preparation and suitable for effective miRNA sequencing. All processes related to the
smRNA library construction and sequencing were performed externally by MACROGEN
Inc. (Seoul, Republic of Korea), ensuring high-quality and reliable sequencing data.

2.5. Data Analysis of miRNA Sequencing

Following smRNA sequencing, the raw sequence data underwent an initial filtering
process. This step involved quality-based filtering to separate high-quality reads from the
dataset. The processed reads were then further refined by trimming adapter sequences and
removing any reads aligned to rRNA sequences. This refinement ensured that the dataset
for analysis comprised only relevant and high-quality miRNA sequences. The resulting
high-quality, processed reads were then subjected to classification and analysis. Known
miRNAs were identified using miRbase v22.1, a comprehensive miRNA sequence database.
Other types of RNA sequences were classified using RNAcentral 14.0, a non-coding RNA
sequence database. Additionally, the prediction of novel miRNAs was performed using
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miRDeep2, a tool specifically designed for novel miRNA discovery. The identification of
differentially expressed miRNAs was a critical step in this analysis. Statistical methods,
including fold change calculation and the exactTest function from the edgeR (version 3.9),
were employed. Hierarchical clustering was also utilized to understand the patterns
of miRNA expression under different conditions. GO and the KEGG databases were
instrumental in analyzing the functions and pathways of the target genes identified in the
DE miRNA analysis. These analyses provided insights into the biological implications
of the miRNA expression patterns observed. All processes related to the data analysis
of miRNA sequencing were conducted by MACROGEN Inc., Seoul, Republic of Korea,
ensuring a professional and thorough analysis of the sequencing data.

2.6. Transmission Electron Microscopy (TEM) Analysis

The exosomes extracted from heart tissues were first prepared for TEM analysis by fix-
ing them with a 0.1% paraformaldehyde solution (Biosesang, Seongnam, Republic of Korea)
for 30 min. This step is critical in preserving the structural integrity of the exosomes during
the subsequent analysis steps. A 10 μL aliquot of each exosome sample was placed on
a piece of Parafilm. A formvar/carbon-supported copper grid (200 mesh; Electron Mi-
croscopy Sciences, Hatfield, PA, USA) was then floated on top of each sample drop for
7 min [27]. This method allowed the exosomes to adhere to the grid while being sufficiently
supported for detailed TEM examination. The grid with adhered exosomes underwent a
washing procedure, alternating with three drops of ultrapure water, each wash lasting for a
2 min duration. This step ensured the removal of any residual fixing agent. Subsequently,
the grid was stained with a 2% solution of phosphotungstic acid (pH 7.0; Sigma-Aldrich,
St. Louis, MO, USA) for 30 s, which provided the contrast necessary to visualize the exo-
somes under TEM. After staining, the grid was air-dried overnight in a dark environment
to prevent any light-induced alterations. Once dried, the exosomes were ready for visual-
ization. The prepared samples were examined under a transmission electron microscope
(JEM-F200; JEOL, Tokyo, Japan).

2.7. Immunoblot Analysis

Cells were lysed using RIPA buffer (Thermo Fisher Scientific, Rockford, IR, USA),
which was supplemented with 1% phosphatase inhibitor (Sigma-Aldrich, St. Louis, MO,
USA) and 1% protease inhibitor (Sigma-Aldrich, St. Louis, MO, USA), to ensure effective
breakdown of cell components while preserving protein integrity. The protein concentration
in the lysates was quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, Rockford, IL, USA), enabling accurate determination of protein amounts for
uniform loading in gel electrophoresis. The proteins were then separated by electrophoresis
on SDS-PAGE under reducing conditions. Following electrophoresis, the proteins were
transferred onto a polyvinylidene difluoride (PVDF; Sigma-Aldrich, St. Louis, MO, USA)
membrane to prepare for immunoblotting. To prevent non-specific binding, the membrane
was blocked for 1 h with 5% skim milk (BD Difco; Sparks, MD, USA) in TBS-T buffer
(10 mM Tris-HCl (Sigma-Aldrich, St. Louis, MO, USA), 150 mM NaCl (Sigma-Aldrich,
St. Louis, MO, USA), and 0.1% Tween 20 (Sigma-Aldrich, St. Louis, MO, USA)). It was then
incubated overnight at 4 ◦C with primary antibodies (Santa Cruz Biotechnology, Dallas, TX,
USA) at a dilution of 1:1000. Following primary antibody incubation, the membrane was
washed three times and then incubated with HRP-conjugated anti-mouse IgG (1:1000; Santa
Cruz Biotechnology, Dallas, TX, USA) for 2 h in blocking buffer. After three more washes
to remove excess secondary antibody, the membrane was prepared for detection [28,29].
Protein bands were visualized using an ECL kit (Western Blotting Detection Kit; GE
Healthcare, Buckinghamshire, UK). The band intensities were quantified using ImageJ
software (NIH; version 1.54h), providing a quantitative analysis of protein expression.
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2.8. Isolation of Primary Cardiomyocytes and Fibroblasts from Neonatal Mouse Heart

Primary cardiomyocytes and fibroblasts were isolated from 1-day-old C57BL/6 mice
(KOATECH, Pyeongtaek, Republic of Korea) using the Primary Cardiomyocyte Isolation Kit
(Thermo Fisher Scientific, Rockford, IL, USA) and Primary Fibroblast Isolation Kit (Thermo
Fisher Scientific, Rockford, IL, USA), respectively, following the manufacturer’s protocols.
Neonatal hearts were dissected into 1–3 mm3 pieces and initially placed separately in
chilled Hank’s Balanced Salt Solution (HBSS; Thermo Fisher Scientific, Grand Island,
NY, USA). After two washes with 0.5 mL of cold HBSS, the heart pieces were subjected
to enzymatic digestion. For primary cardiomyocyte isolation, each heart in a tube was
treated with 0.5 mL of Enzyme 1 (containing papain) and 0.01 mL of Cardiomyocyte
Isolation Enzyme 2 (containing thermolysin), and incubated at 37 ◦C for 30 min. For
primary fibroblast isolation, each heart was treated with 0.2 mL of reconstituted MEF
Isolation Enzyme (containing papain) and incubated at 37 ◦C for 25 min. Following
enzymatic digestion, the heart tissues were washed twice with 0.5 mL of cold HBSS. The
tissues were then mechanically disrupted by pipetting up and down 25 times for primary
cardiomyocytes or 20 times for primary fibroblasts in 0.5 mL of complete DMEM (Thermo
Fisher Scientific, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS; HyClone,
Logan, UT, USA) and 1% penicillin/streptomycin (Thermo Fisher Scientific, Grand Island,
NY, USA). The resultant cell suspensions were combined, and cell concentration and
viability were determined. The cells were then seeded at a density of 4 × 104 cells/well
in a 96-well plate (SPL, Pocheon, Republic of Korea) for transfection with miRNA mimics.
For immunofluorescence analysis, cells were seeded at 2 × 105 cells/well in a 4-well cell
culture slide (SPL, Pocheon, Republic of Korea).

2.9. Transfection with miRNA Mimics

Primary cardiomyocytes and fibroblasts were seeded in 96-well plates in preparation
for transfection. On the following day, each well was transfected with 20 different miRNA
mimics at a concentration of 1 pmol/well using Lipofectamine RNAiMAX (Thermo Fisher
Scientific, Rockford, IL, USA) according to the manufacturer’s guidelines. A miRNA mimic
negative control was utilized for comparison [30]. All miRNA mimics used in this study
were sourced from Genolution Pharmaceuticals (Seoul, Republic of Korea), with their
specific details provided in Table 1. For control 24 h post-transfection, the cells were shifted
to serum-free medium (SFM) and subjected to either normoxic or hypoxic conditions for an
additional 24 h. This setup was designed to simulate an in vitro environment analogous to
MI. For hypoxic treatment, cells were maintained at 37 ◦C in 5% CO2, 5% H2, and 0.5% O2,
facilitated by an anaerobic atmosphere system (Technomart, Seoul, Republic of Korea).

Table 1. Information about miRNA mimics used for transfection assay.

No. Target Name Accession# Sequence (5′–3′)

1 mmu-miR-30c-1-3p MIMAT0004616 CUGGGAGAGGGUUGUUUACUCC
2 mmu-miR-149-3p MIMAT0016990 GAGGGAGGGACGGGGGCGGUGC
3 mmu-miR-206-3p MIMAT0000239 UGGAAUGUAAGGAAGUGUGUGG
4 mmu-miR-486a-3p MIMAT0017206 CGGGGCAGCUCAGUACAGGAU
5 mmu-miR-673-3p MIMAT0004824 UCCGGGGCUGAGUUCUGUGCACC
6 mmu-miR-690 MIMAT0003469 AAAGGCUAGGCUCACAACCAAA
7 mmu-miR-700-5p MIMAT0017256 UAAGGCUCCUUCCUGUGCUUGC
8 mmu-miR-706 MIMAT0003496 AGAGAAACCCUGUCUCAAAAAA
9 mmu-miR-744-5p MIMAT0004187 UGCGGGGCUAGGGCUAACAGCA
10 mmu-miR-871-3p MIMAT0017265 UGACUGGCACCAUUCUGGAUAAU
11 mmu-miR-874-5p MIMAT0017268 CGGCCCCACGCACCAGGGUAAG
12 mmu-miR-1247-5p MIMAT0014800 ACCCGUCCCGUUCGUCCCCGGA
13 mmu-miR-1306-3p MIMAT0009411 ACGUUGGCUCUGGUGGUGAUG
14 mmu-miR-3057-3p MIMAT0014823 UCCCACAGGCCCAGCUCAUAGC
15 mmu-miR-3086-5p MIMAT0014880 UAGAUUGUAGGCCCAUUGGA
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Table 1. Cont.

No. Target Name Accession# Sequence (5′–3′)

16 mmu-miR-3470a MIMAT0015640 UCACUUUGUAGACCAGGCUGG
17 mmu-miR-3470b MIMAT0015641 UCACUCUGUAGACCAGGCUGG
18 mmu-miR-3968 MIMAT0019352 CGAAUCCCACUCCAGACACCA
19 mmu-miR-5107-5p MIMAT0020615 UGGGCAGAGGAGGCAGGGACA
20 mmu-miR-7225-5p MIMAT0028418 ACGUAGACUGUGUAGAAGCC

2.10. Cytotoxicity Assay

In evaluating cytotoxicity in the cell cultures, the ToxiLight BioAssay Kit (Lonza,
Walkersville, MD, USA) was employed. This kit is a non-destructive cytolysis assay,
specifically designed to measure the release of adenylate kinase (AK) from damaged cells.
The assay utilizes bioluminescent reaction that correlates with the amount of AK released
from lysed cells. For the assay, 0.02 mL of cell culture supernatant was transferred to a new
96-well plate. To this, 0.1 mL of AK test reagent, dissolved in assay buffer, was added. This
mixture was then incubated at room temperature for 5 min to allow for the development
of the bioluminescent reaction [31,32]. Following the incubation, the bioluminescence
intensity was measured using a GloMax Discover Microplate Reader (Promega, Madison,
WI, USA).

2.11. Immunofluorescence Analysis

The cell culture slides containing primary cardiomyocytes and fibroblasts were fixed
in 4% paraformaldehyde solution (Biosesang, Seongnam, Republic of Korea) overnight at
4 ◦C. Following fixation, antigen retrieval was performed using a sodium citrate buffer
(0.1 M; CureBio, Seoul, Republic of Korea) for 10 minutes at 95 ◦C. The slides were then
permeabilized in 0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 10 minutes,
allowing antibody access to intracellular structures. Subsequently, the slides were blocked
with 2.5% normal horse serum (Vector Laboratories, Newark, CA, USA) for 1 h to minimize
non-specific binding of the antibodies. After blocking, the slides were incubated with
primary antibodies: either anti-cardiac troponin T antibodies (1:200 dilution; Abcam,
Cambridge, UK) for cardiomyocytes or anti-vimentin antibodies (1:200 dilution; Abcam,
Cambridge, UK) for fibroblasts, overnight at 4 ◦C. Post-primary antibody incubation,
the slides were washed and incubated with appropriate secondary antibodies: either
fluorescein isothiocyanate (FITC)-conjugated secondary antibodies (1:500 dilution; Jackson
Immunoresearch, West Grove, PA, USA) or rhodamin-conjugated secondary antibodies
(1:500 dilution; Millipore, Bedford, MA, USA). Nuclei were stained with 4′,6-diamidino-
2-phenylindole (DAPI; 1:5000 dilution; Thermo Fisher Scientific, Rockford, IL, USA) to
facilitate the identification of cell structures [30,33]. Finally, the slides were examined under
an Olympus IX83 microscope (Evident, Tokyo, Japan) for detailed visualization of the
immunofluorescence staining.

2.12. Statistical Analysis

The data were analyzed through two-sample t-test using Statistical Package for the
Social Sciences (SPSS, version 14.0K) software and results are expressed as the means
± standard error of the means (SEMs). When the t-test indicated a significant overall
treatment effect (p < 0.05), differences between groups were assessed using the least-
significant difference (LSD) test, with significance set at p < 0.05. The p value from the
RNA sequencing analysis was automatically extracted by a comparative analysis algorithm
called edgeR.

3. Results

3.1. Establishment of MI Animal Models and Isolation of Exosomes from Heart Tissues

ExoRNA sequencing was conducted on exosomes extracted from heart tissues of an
established MI mouse model using C57BL/6 mice (Figure 1A). Five mice per group were
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used for sequencing analysis. To verify MI induction in these models, the heart morphology
of the MI models was compared with that of the sham group. Infarction sites were evident
in the heart of MI models (Figure 1B). Additionally, the infarcted areas of hearts were
compared using TTC staining. This is because TTC staining reacts with mitochondrial
enzymes in living cells to form a red compound. Uniform staining was observed in the
sham group hearts, while the MI groups exhibited TTC-negative areas at the infarction site
(Figure 1B). Exosome size extracted from heart tissues was confirmed using TEM analysis
(Figure 1C). Immunoblotting was employed to verify the presence of exosome markers
including CD9, CD64, and CD81, with β-actin, α-tubulin, and GAPDH serving as internal
controls (Figure 1D).

Figure 1. Experimental overview and exosome characterization of extracted from heart tissues.
(A) Schematic representation of the experimental procedure employed in the current study. (B) Group-
specific heart images from the myocardial infarction (MI) mouse models, both with and without
triphenyltetrazolium chloride (TTC) staining, illustrating the morphological differences among the
groups. (C) Transmission electron microscopy (TEM) images of isolated exosome stained with
phosphotungstic acid, showcasing their structural features. (D) Immunoblotting analysis of the
isolated exosomes using exosomal markers, including CD9, CD63, and CD81, alongside internal
controls. Group designations: sham, control group; MI-1day, MI induced for 1 day; MI-3day, MI
induced for 3 days.

3.2. ExoRNA Sequencing and Data Processing

ExoRNA sequencing was conducted on exosomes extracted from the heart tissues of
C57BL/6 mice in an MI model. Sequencing adapters were ligated to the exoRNA from
heart tissue, followed by reverse transcription (RT) and PCR to amplify cDNA pools
(Figure 2A). These cDNA fragments underwent sequencing on an Illumina platform. Data
processing involved organizing sequenced reads into categories: trimmed reads (with
adapter sequences removed), nonadapter reads (without adapter sequences), short reads
(less than 17 bp post-adapter trimming), and low-quality reads (with one or more bases in
the trimmed or non-adapter reads). Read counts of each group are presented in Figure 2A.
Ribosomal RNA (rRNA) removal was performed to mitigate its abundance effect, with the
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remaining read counts shown in Figure 2B. Read length distribution across each group is
depicted in Figure 2C. Generally, transfer RNA (tRNA) was 70–90 nucleotide (nt), small
nucleolar RNA (snoRNA) was about 90 nt, small nuclear RNA (snRNA) was between
100 and 300 nt, miRNA was about 22 nt and PIWI-interacting RNA (piRNA) was about
27 nt in length. The small RNA (smRNA) composition of each sample, indicating the
ratio of smRNA types (such as known miRNA, candidate miRNA, rRNA, tRNA, snRNA,
snoRNA, etc.), is illustrated in Figure 2D.

Figure 2. Comprehensive analysis of exosomal RNA (exoRNA) sequencing data. (A) Depicts the
count distribution of various read types for each group, including trimmed reads, nonadapter
reads, short reads and low-quality reads. (B) Shows the remaining reads (blue) after the removal
of ribosomal RNA (rRNA; red). (C) Illustrates the distribution of read lengths across each sample.
(D) Provides a breakdown of the smRNA composition within each sample, categorizing them into
various types: miRNA (microRNA), piRNA (PIWI-interacting RNA), snoRNA (small nucleolar RNA),
snRNA (small nuclear RNA), rRNA (ribosomal RNA), tRNA (transfer RNA), siRNA (small interfering
RNA), Y RNA, scRNA (single-cell RNA).

3.3. Differential Expressed (DE) miRNA Analysis

To assess the similarity between samples, correlation analysis and hierarchical clus-
tering analysis were performed. In the correlation analysis, a value closer to 1 indicates
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greater similarity. The highest similarity was observed between the sham group and the
MI-1day group, followed by the MI-1day and MI-3day groups. The lowest similarity was
noted between the sham group and the MI-3day group (Figure 3A). Hierarchical clustering
analysis further supported these findings, showing a high similarity between the sham
and MI-1day groups and a lower similarity between the combined sham/MI-1day group
and the MI-3day group (Figure 3B, left). A heat map, utilizing the Euclidean method and
complete linkage in the hierarchical clustering analysis, clustered the mature miRNAs and
samples based on their expression levels (normalized value). This clustering highlighted
significant differences between at least one pair of total comparison groups (Figure 3B,
right). A total of 174 mature miRNAs, which met the criteria of a fold change (|FC| > 2)
and p-value (p < 0.05), were categorized according to differential expression between groups
(Figure 3C). These findings were visually represented in smear plots of the average logCPM
(X-axis) and log2 fold change (Y-axis), to examine transcripts showing notable expression
differences (Figure 3D).

Figure 3. Differential Expression (DE) miRNA analysis from exosomal RNA (exoRNA) sequencing.
(A) Correlation matrix: This panel presents the correlation matrix of all samples, calculated using
Pearson’s coefficient based on normalized values. The correlation coefficient (r) ranges from −1 to 1,
where values closer to 1 indicate a higher similarity between samples. (B) Hierarchical clustering:
The left part of this panel shows the hierarchical clustering of samples based on their normalized
expression normalized value, where samples with higher expression similarities are grouped together
(distance metric = Euclidean distance, linkage method = complete linkage) (left). The right part
features a heat map of the two-way hierarchical clustering, utilizing Z-scores of Log2-transformed
normalized values for visualization. (C) Quantitative analysis of microRNAs (miRNAs): This section
displays the number of mature miRNAs that are either up-regulated or down-regulated based on
a fold change (|FC| > 2) and p-value (p < 0.05) for each comparison pair. (D) Smear plots: This
panel illustrates smear plots representing the expression level of miRNAs. The plots are designed to
visually represent the distribution and variance of miRNA expression across samples.
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To elucidate the function of exoRNAs from heart tissues in the MI animal model and
identify enriched functional terms, gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses were conducted on the differentially expressed
mRNAs of dysregulated miRNAs. These analyses were performed separately for miRNAs,
showing increased and decreased expressions between MI-1day and sham/MI-3day and
sham groups (Figure 4). The GO analysis encompassed three categories: biological process,
cellular component, and molecular function. The top seven results from the GO enrichment
analysis are presented in Figure 4A. In the MI-1day group, the most enriched biological pro-
cess terms included organelle organization, regulation of molecular function, and nervous
system development. Conversely, in MI-3day group, the terms focused on cell develop-
ment, protein localization, and cellular catabolic process. The primary cellular component
terms for the MI-1day group were cell projection, neuron projection, and vesicle, while
for MI-3day group, they were neuron, golgi apparatus, and endomembrane system. The
molecular function terms common to both MI-1day and MI-3day groups were ion binding,
cation binding, and transition metal ion binding. These findings suggest the involvement
of certain miRNAs in the fundamental biological regulation of MI. Additionally, the KEGG
pathway analysis highlighted key pathways showing significant differences between MI
and sham groups, including endocytosis, the mitogen-activated protein kinase (MAPK)
signaling pathway, cyclic adenosine monophosphate (cAMP) signaling pathway, phospho-
inositide 3-kinase (PI3K)-Akt signaling pathway, and Ras signaling pathway (Figure 4B).

Figure 4. Comprehensive functional enrichment analysis of differentially expressed miRNAs. (A) Depicts
the top seven gene ontology (GO) terms, providing insights into the biological processes, cellular
components, and molecular functions most affected by the dysregulated miRNAs. (B) Illustrates the
top seven pathways identified in the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis, highlighting critical pathways impacted by the altered expression of mRNAs across different
groups.

3.4. Selection of Differentially Expressed miRNAs

To determine which miRNAs to investigate in vitro from those differentially expressed
miRNAs among the groups, a diagram was initially used to chart both increased and
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decreased miRNAs (Figure 5A). The primary focus of this study was on miRNAs that
showed reduced expression in the MI group, as this approach allowed for covering a
broader range of miRNAs in the in vitro studies. Subsequently, miRNAs already known
to be associated with MI and those exhibiting very low expression levels were excluded
to refine the selection of candidate miRNAs for in vitro analysis. Consequently, out of the
49 miRNAs that demonstrated decreased expression in MI groups, 20 were selected for the
in vitro functional study (Figure 5B).

Figure 5. Identification and selection of key candidate microRNAs (miRNAs). (A) A diagrammatic
representation of the number of miRNAs exhibiting increased (up) or decreased (down) expression
upon comparative analysis between groups. This visualization aids in understanding the overall
distribution and directional trends of miRNA expression changes. (B) A broken line graph displaying
the expression profiles of the 20 selectively chosen miRNAs across the groups, enabling a comparative
and detailed view of their expression dynamics.

3.5. Effects of Selected miRNAs on Hypoxic Stress-Induced Cell Death

To simulate MI conditions in vitro, primary cardiomyocytes and fibroblasts were
isolated from neonatal mouse hearts and subjected to hypoxic stress. These cell types
were chosen because they are the most abundant in heart tissue. Following isolation,
the cells were characterized using specific cell markers: troponin-T for cardiomyocytes,
and vimentin for fibroblasts (Figure 6, left). The cells were then transfected with mim-
ics of 20 selected miRNAs and exposed under hypoxic condition to assess the effects
on cell viability. These observations revealed that 19 of the selected miRNAs, with the
exception of miR-1247-5p, significantly reduced hypoxic stress-induced cell death in pri-
mary cardiomyocytes. In primary fibroblasts, 12 miRNAs (miR-30c-1-3p, miR-149-3p,
miR-206-3p, miR-486a-3p, miR-673-3p, miR-690-3p, miR-700-5p, miR-706, miR-744-5p,
miR-871-3p, miR-874-5p, and miR-1247-5p) effectively attenuated cytotoxicity under low
oxygen conditions (Figure 6, right).
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Figure 6. Analysis of cytotoxicity using selected miRNA mimics in primary cardiomyocytes and
fibroblasts. On the left, immunofluorescence analysis confirms the presence of specific markers in
isolated cells: troponin-T in primary cardiomyocytes and vimentin in primary fibroblasts. The right
side of the figure investigates the impact of miRNA mimic treatment on cell survival under hypoxic
conditions. In the accompanying bar graph, white and black bars represent the control (miRNA
mimic negative control-treated) group, while gray bars denote groups treated with miRNA mimics.
Statistical significance between the control and treated groups was assessed using ANOVA. p value
annotations indicate levels of significance: * p < 0.05 and ** p < 0.01, highlight key differences in
cytotoxicity responses. The error bar represents the standard deviation between the five wells of the
96-well plates used in the cytotoxicity assay. N, normoxic condition; H, hypoxic condition; FITC,
fluorescein isothiocyanate; DAPI, 4′,6-diamidino-2-phenylindole; miR, microRNA.

4. Discussion

4.1. Establishment of MI Model

This study provided a comprehensive profile of exoRNAs, particularly miRNAs, in
an MI mouse model established using RNA sequencing techniques. Additionally, the
effects of differentially expressed miRNAs in an MI group on hypoxic-induced cell death
were also examined in primary cardiomyocytes and fibroblasts. A key achievement of
this study was the successfully establishment of an MI animal model using C57BL/6 mice.
The occurrence of left ventricular dysfunction and heart failure in rats is an acute renal
muscle infarction model, and is primarily used to study the function of MI [34]. Mouse
models of MI based on C57BL/6 mice have also been widely used in the study of MI
and heart failure [35,36]. Morphological changes in the MI model, confirmed by TTC
staining, clearly distinguished between infarcted and non-infarcted areas, validating the
model’s efficacy (Figure 1B). MI is typically characterized by three phases: the inflammatory
phase, proliferative phase, and the maturation phase [37]. During the inflammatory phase,
cardiomyocyte death, proinflammatory cytokines secretion, and neutrophil infiltration
occur. The proliferative phase is marked by macrophage polarization, myofibroblast
proliferation, and collagen deposition. Finally, the maturation phase involves extracellular
matrix cross-linking, myofibroblast quiescence, and heart failure. In the present study,
the MI mouse model during the acute inflammatory phase of MI was utilized to identify
potential biomarkers that could be useful for early-stage MI detection and intervention.
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4.2. Exosome Analysis

Furthermore, exosomes were isolated from cardiac tissues and their identity through
TEM and immunoblotting analyses was confirmed (Figure 1C,D). Exosomes are heteroge-
neous populations of 50–250 nm membrane-bound vesicles that contain proteins, lipids,
and nucleic acids, playing crucial roles in various disease processes [38]. While exosomes
are abundantly present in blood vessels, they are also found in the interstitial spaces of
cellular tissues [39]. The exosome analyzed in this study were specifically derived from
cells within the heart tissues affected by MI, focusing on those newly released by cells
post-MI, rather than those of unclear origin circulating in the blood.

4.3. RNA Sequencing and Analysis

In this study, comprehensive RNA sequencing and data processing of exoRNAs
from MI models revealed a diverse spectrum of RNA species. This spectrum included
microRNAs (miRNAs), transfer RNAs (tRNAs), small nuclear RNAs (snRNAs), small
nucleolar RNAs (snoRNAs), and PIWI-interacting RNAs (piRNAs). The analysis of read
length distribution and smRNA composition in this study offers an extensive overview of
the exoRNA profile in MI (Figure 2). Such detailed information is vital for deciphering the
molecular mechanisms at play in MI, suggesting these RNAs’ potential roles in intercellular
communication and the cardiac injury response. The DE analysis of miRNAs underlines
significant changes in miRNA expression in response to MI (Figure 3). Correlation and
hierarchical clustering analyses (Figure 3) indicate that the longer the ligation duration of
the left anterior descending (LAD) artery, the more pronounced the differences in miRNA
expression between the sham and MI groups. These insights are pivotal for understanding
the time-dependent regulation of gene expression in the context of MI. Furthermore, they
could be instrumental in guiding the development of targeted therapeutic interventions.

The functional enrichment analysis, utilizing both GO and KEGG pathways, shed light
on the biological processes, cellular components, and molecular functions altered in MI
(Figure 4). Particularly significant is the identification of pathways such as MAPK, cAMP,
PI3K-Akt, and RAS signaling pathways in relation to MI-associated mRNAs. Notably,
the PI3K/Akt pathway is known to regulate the growth and survival of cardiomyocytes
and plays a critical role in the pathophysiology of MI [40]. Similarly, the cAMP signaling
pathway and its compartmentalization are pivotal in cardiac physiology [41]. The MAPK is
involved in the proliferation of cardiac fibroblast and interaction between fibroblasts and
cardiomyocytes [42], while RAS signaling stimulates cardiomyocyte hypertrophy and fi-
broblast proliferation [43]. Thus, the functional enrichment analysis (Figure 4) corroborates
the findings of numerous previous studies. These pathways are implicated in various as-
pects of cardiac function and pathology, including cell survival, proliferation, and apoptosis.
This underscores the potential of identified miRNAs as therapeutic targets or biomarkers
in the context of cardiac health and disease.

4.4. Functional Assay

The meticulous selection of miRNAs for in vitro functional studies, based on their
differential expression and prior associations with MI, represents a systematic approach to
uncovering novel factors in MI pathology (Figure 5). By deliberately excluding miRNAs
that are already well-established roles in MI research, or those exhibiting low expression
levels, this study concentrated on potentially novel miRNAs. This strategy aimed at
revealing new insights into the mechanisms of MI. Consequently, a set of 20 miRNAs were
identified as promising candidates for further investigation in the in vitro functional study,
potentially acting as causative factors in MI.

Primary cardiac cells or cardiac cell lines exposed to hypoxic stress are often used
as in vitro models of myocardial infarction [44–46], because AMI causes hypoxic stress in
cardiac cells [47]. In this study, primary cardiomyocytes and fibroblasts as in vitro models
of myocardial infarction were used. The mammalian adult heart is composed of various cell
types, including cardiomyocyte, fibroblast, endothelial cells, and peri-vascular cells [48].
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Studies by Bannerjee et al. reported that the rat heart comprises 30% cardiomyocyte, 64%
fibroblast, and 6% endothelial cells. In contrast, the mouse heart consists of 54% cardiomy-
ocyte, 26% fibroblast, and 6% endothelial cells [49]. Based on this cellular composition, this
study primarily utilized cardiomyocyte and fibroblasts to investigate the functional role
of miRNAs. The in vitro experiments, conducted under hypoxic conditions on primary
cardiomyocytes and fibroblasts, simulated the MI environment, thereby providing insights
into the protective roles of selected miRNAs (Figure 6).

Figure 6 illustrates that 19 and 12 miRNAs significantly inhibited hypoxic stress-
induced cell death in primary cardiomyocytes and fibroblasts, respectively. Notably,
11 miRNAs demonstrated protective effects against hypoxic cell death in both cell types.
Interestingly, most of the 20 miRNAs selected had no previously reported association
with the heart. However, there are a few studies on some of these miRNAs in different
contexts. For example, miR-30c-1-3p was significantly downregulated in retinas of mice
with oxygen-induced retinopathy [50], and miR-149 was shown to enhance the myocardial
differentiation of mouse bone marrow stem cells [51]. Additionally, miR-706 was reported
to block oxidative stress-induced activation of liver in fibrogenesis [52]. The observation
that most of the selected miRNAs significantly reduced hypoxic stress-induced cell death in
both cardiomyocytes and fibroblasts (Figure 6) is a promising indication of their potential
therapeutic utility in treating MI.

4.5. Limitations, Strength, and Perspectives of This Study

The limitations of this study include its reliance on in vitro and animal models, which
may not fully replicate in vivo the human condition of AMI. Additionally, while miRNAs
that can inhibit hypoxia-induced cell death were identified in this study, limitations to
the sensitivity and specificity of a single miRNA still exist. Further research is required to
validate these findings in human subjects and explore the therapeutic potential of these
miRNAs in clinical settings.

On the other hand, a notable aspect of this study is its focus on miRNAs showing
reduced expression in the MI group. This approach facilitated the exploration of potentially
novel miRNAs in the context of MI, extending beyond those already well-characterized in
this disease. The in vitro functional studies revealed that selected miRNAs significantly
mitigated hypoxic stress-induced cell death in primary cardiomyocytes and fibroblasts,
suggesting their protective roles in the context of MI and highlighting their potential as
therapeutic targets or biomarkers. Furthermore, the strengths of this study lie in derivation
of miRNAs from exosomes secreted from heart tissue directly affected by MI. As these
miRNAs closely reflect the heart’s condition during MI, the study’s results realistically
portray the characteristics of MI-secreted exosomes. There is a similar report about plasma
exosomal miRNAs in human AMI samples, although the origin of species and tissues
differ [53]. This report, which examined miRNA profiles from the plasma of 118 subjects
and identified 18 miRNAs as biomarkers for early AMI diagnosis, highlights both the
advantages and disadvantages of the current study.

This discovery not only broadens understanding of miRNA-mediated regulation in
cardiac tissues but also emphasizes their potential as therapeutic targets for AMI. Future
research should aim at the clinical translation of these findings, striving to improve the
diagnosis, treatment, and prognosis of AMI.

5. Conclusions

This study offers a comprehensive analysis of exoRNAs within an MI model, un-
derlining the dynamic alterations in miRNA expression and exploring their potential
functional roles. By integrating RNA sequencing data with functional in vitro assays, a
robust framework for elucidating the molecular mechanisms underlying MI has been estab-
lished, pinpointing novel therapeutic targets. Looking ahead, it is imperative to extend this
research by validating these findings in human samples. Doing so would not only reinforce
the relevance of these results but also bridge the gap between experimental models and
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clinical applications. Furthermore, investigating the therapeutic potential of these miR-
NAs in clinical settings stands as a crucial next step. This would involve evaluating their
efficacy and safety in human subjects, potentially opening new avenues for MI treatment
and management.
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Abstract: The aim of this study was to evaluate whether there were significant sex x time interactions
in lipoprotein(a) (Lp(a)) and low-density lipoprotein cholesterol (LDL-C) response to treatment
with the Proprotein Convertase Subtilisin/Kexin type 9 inhibitor (PCSK9i) Evolocumab, in a real-
life clinical setting. For this purpose, we pooled data from 176 outpatients (Men: 93; Women: 83)
clinically evaluated at baseline and every six months after starting Evolocumab. Individuals who
had been on PCSK9i for less than 30 months and nonadherent patients were excluded from the
analysis. Over time, absolute values of Lp(a) plasma concentrations significantly decreased in the
entire cohort (p-value < 0.001) and by sex (p-value < 0.001 in men and p-value = 0.002 in and women).
However, there were no sex-related significant differences. Absolute plasma concentrations of LDL-C
significantly decreased over time in the entire cohort and by sex (p-value < 0.001 always), with greater
improvements in men compared to women. The sex x time interaction was statistically significant in
LDL-C (all p-values < 0.05), while absolute changes in Lp(a) were not influenced by either sex or time
(all p-value > 0.05). Our data partially reinforce the presence of differences in response to treatment to
PCSK9i between men and women and are essential to gain a better understanding of the relationship
between LDL-C and Lp(a) lowering in response to PCSK9i. Further research will clarify whether
these sex-related significant differences translate into a meaningful difference in the long-term risk
of ASCVD.

Keywords: lipoprotein(a); PCSK9; PCSK9 inhibitor; evolocumab; women’s health

1. Introduction

The International guidelines for the prevention of atherosclerotic cardiovascular dis-
ease (ASCVD) recommend the use of proprotein convertase subtilisin/kexin type 9 (PCSK9)
inhibitors (PCSK9i) in high-risk patients as second-line lipid-lowering agents in addition to
the maximally tolerated statin dose [1]. A comprehensive meta-analysis of phase II and
phase III clinical trials evaluating the effect of PCSK9i Evolocumab and Alirocumab on
lipoprotein(a) (Lp(a)) concentration concluded significant improvements from baseline ac-
cording to the comparator group (placebo: mean difference (MD): −27.9%, 95% confidence
interval (CI): −31.1% to −24.6% versus ezetimibe: MD: −22.2%, 95% CI: −27.2% to −17.2,
p-value: 0.04) and duration of treatment (≤12 weeks: MD: −30.9%, 95% CI: −34.7% to
−27.1% versus >12 weeks: MD: −21.9%, 95% CI: −25.2% to −18.6%, p-value < 0.01) [2].

Biomedicines 2023, 11, 3271. https://doi.org/10.3390/biomedicines11123271 https://www.mdpi.com/journal/biomedicines



Biomedicines 2023, 11, 3271

More recently, the small interfering ribonucleic acid (siRNA) Inclisiran has been shown
to lower Lp(a) by an average of −20.9% (95% CI: −25.8% to −15.99%) [3], although the
interindividual variation following treatment appears high [4].

In the last decade, substantial evidence from epidemiological and experimental studies
clearly showed that high levels of Lp(a) are an independent and genetically determined risk
factor for the development of atherosclerosis and ASCVD, such as coronary artery disease
(CAD), stroke and aortic stenosis [5,6]. Thus, the absence of available therapeutic options
for effectively managing patients with hyperlipoproteinemia(a) means that identifying
the genetic determinants of individual response variability to PCSK9 pharmacological
inhibition is a critical issue [7].

In real-world clinical settings, PCSK9i have been shown to be less effective in reducing
LDL-C levels in women compared to men [8,9], with the underlying mechanisms to be
clarified [9]. A tentative explanation for this observation could lie in the different PCSK9
concentrations between sexes [10], since large-scale clinical studies involving the collection
of blood samples for the centralized measurement of PCSK9 showed that women have
higher circulating PCSK9 than men [11]. Proposed alternative explanations for the unusual
LDL-C response to PCSK9i include higher Lp(a) concentrations, which more commonly
occur in postmenopausal women [9,12]. Treatment with PCSK9i has been shown to reduce
LDL-C and Lp(a) in a 2:1 ratio (LDL-C approximately 50–60%: Lp(a) ≈25–30%), and often
in a discordant manner (e.g., in >30% of individuals undergoing treatment, Lp(a) and
LDL-C do not fall concordantly) [13,14]. In these cases, according to Warden et al., the
reduced LDL-C response could be accounted for by the higher proportion of reported LDL-
C consisting of Lp(a) particles, which are not cleared efficiently by the LDL receptor [12].
Unfortunately, unlike LDL-C, sex-dependent differences in the Lp(a)-lowering effect driven
by PCSK9 inhibition have never been investigated before, neither in controlled clinical
trials nor in real-world settings. Then, the aim of this study was to evaluate whether there
were significant sex x time interactions in Lp(a) and LDL-C response to treatment with the
PCSK9i Evolocumab.

2. Methods

2.1. Study Design and Participants

This is a subanalysis of an ongoing prospective observational study, whose protocol
was approved by the Ethics Committee of the University of Bologna (Code: LLD-RP2018).
The study followed the Declaration of Helsinki and its amendments, and all individuals
signed an informed consent to participate.

Data were pooled from hypercholesterolemic patients recruited at the Lipid Clinic
of the S. Orsola-Malpighi University Hospital, Bologna, Italy. Enrolled individuals were
eligible for treatment with PCSK9i according to the recommendations of the European
Society of Cardiology (ESC) and the European Atherosclerosis Society (EAS) [15], as well as
the criteria released by the Italian Regulatory Agency (AIFA) [16,17]. Additional inclusion
criteria were ≥18 years of age and being on maximum tolerated oral lipid-lowering therapy
(statin and ezetimibe or ezetimibe monotherapy) for ≥6 months before starting Evolocumab,
with no planned dose change.

Patients were clinically evaluated at baseline and every six months after starting
Evolocumab (Figure 1). Individuals who had been on PCSK9i for less than 30 months and
noncompliant patients were excluded from the analysis.
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Figure 1. Study timeline.

2.2. Assessments
2.2.1. Clinical Data and Physical Assessments

Each patient’s personal history was evaluated paying particular attention to ASCVD,
smoking habit and ongoing pharmacological treatments. Genetic screening for the presence
of an FH-causing variant was done in case of clinical suspicion. Height and weight were
measured to the nearest 0.1 cm and 0.1 kg, respectively, with patients standing erect with
eyes directed straight, wearing light clothes and with bare feet. Body mass index (BMI) was
calculated as body weight in kilograms, divided by height squared in meters (kg/m2) [18].

2.2.2. Laboratory Analysis

Laboratory analyses were performed to investigate complete blood count (CBC), total
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), triglycerides (TG), Lp(a),
apolipoprotein B (Apo-B), apolipoprotein A1 (Apo-A1), fasting plasma glucose (FPG),
serum uric acid (SUA), creatinine (Cr), total bilirubin and fractions, alanine transaminase
(ALT), aspartate transaminase (AST), gamma-glutamyl transferase (gamma-GT), creatinine
phosphokinase (CPK) and thyroid-stimulating hormone (TSH). Venous blood samples
were obtained from each patient after overnight fasting. Lp(a) concentrations were mea-
sured using an immunoturbidimetric assay. LDL-C was calculated by the Friedewald
formula [19]. The glomerular filtration rate (eGFR) was estimated by the Chronic Kidney
Disease Epidemiology Collaboration (CKD-epi) equation [20].

2.3. Statistical Analysis

Data distribution was assessed by histograms, q-q plots and Shapiro–Wilk’s test.
Continuous variables were summarized using arithmetic mean ± standard deviation,
median and 1st/3rd quartiles and n (%). For two-group comparisons of descriptive clinical
parameters, an independent two-sample t-test, Mann–Whitney U test and Pearson chi-
squared test were used. To identify the main and interaction effects of sex and time
points, nonparametric analysis of longitudinal data was applied for Lp(a) and LDL-C.
Experimental results were summarized with Wald statistics, degrees of freedom and p-
values. The Mann–Whitney U test was used for sex comparisons at each time point,
separately. The Friedman test was used to compare the change over time in Lp(a) and LDL-
C according to sex. Bonferroni and Nemenyi tests were applied for multiple comparisons.
Area under the curve (AUC) values of Lp(a), LDL-C, percent change from baseline in Lp(a)
and LDL-C were also calculated, and the median AUC values were compared by sex, using
the Mann–Whitney U test. A p-value of <0.05 was considered statistically significant. All
analyses were conducted using R 4.2.1 (www.r-project.org) software.

3. Results

According to the prespecified inclusion and exclusion criteria, we pooled data from
176 patients (Men: n = 93; Women: n = 83), who, in October 2022, had been treated with
Evolocumab for at least 30 months. Baseline characteristics of the enrolled patients are
reported in Table 1. The mean age and history of ASCVD were significantly higher in men
than in women (p-value < 0.05). Following the classification of the American College of
Cardiology (ACC) and the American Heart Association (AHA), the intensity of background
statin therapy was reported as divided into 3 categories [21]. High-intensity statin use was
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defined as atorvastatin ≥ 40 mg or rosuvastatin ≥ 20 mg; moderate-intensity statin use was
defined as atorvastatin ≤ 20 mg, rosuvastatin ≤ 10 mg, simvastatin ≥ 20 mg, pravastatin
≥ 40 mg, lovastatin ≥ 40 mg or fluvastatin 80 mg; low-intensity statin use was defined as
simvastatin 10 mg, pravastatin ≤ 20 mg, lovastatin ≤ 20 mg or fluvastatin ≤ 40 mg. As
reported in Table 1, the overall distribution of statin treatment was not different across
men and women at the baseline (p-value > 0.05). The use of ezetimibe as background
lipid-lowering therapy was higher in women than men (p-value < 0.05). The median values
of TC, HDL-C, eGFR, ALT and gamma-GT were significantly higher in men than women
(p-values < 0.05). In women, LDL-C, AST and CPK were higher (p-values < 0.05).

Table 1. Baseline characteristics of the patients enrolled in the study.

Characteristics
All Patients

(n = 176)
Men

(n = 93)
Women
(n = 83)

p-Values

Age (years) 63.4 ± 10.1 63.4 ± 10.5 61.9 ± 10.3 0.012
History of ASCVD (n; %) 105 (59.7) 53 (57.0) 52 (62.7) 0.021
Type 2 Diabetes Mellitus (n; %) 21 (11.9) 12 (12.9) 9 (10.8) 0.409
Familial Hypercholesterolemia (n; %) 64 (36.6) 30 (32.3) 34 (41.5) 0.207
Hypertension (n; %) 117 (66.5) 58 (62.4) 59 (71.1) 0.308
Background lipid-lowering therapy

Statin (n; %) 75 (42.6) 36 (38.7) 39 (47) 0.188
High-intensity dosage (n; %) 28 (38.4) 14 (33.3) 14 (45.2)
Moderate-intensity dosage (n; %) 45 (61.6) 28 (66.7) 17 (54.8)
Low-intensity dosage (n; %) 0 (0) 0 (0) 0 (0)

Ezetimibe (n; %) 119 (67.6) 54 (58.1) 65 (78.3) 0.012
BMI (kg/m2) 27 ± 4 26.8 ± 4.4 27.4 ± 4.3 0.122
TC (mg/dL) 214 (190–251) 216 (190–261.5) 205.5 (190–242.5) 0.003
LDL-C (mg/dL) 132.2 (111.2–166.8) 131.6 (111.3–173.8) 137 (111.2–161.8) 0.050
HDL-C (mg/dL) 53.8 ± 12.6 58.7 ± 11.9 48.9 ± 10 <0.001
TG (mg/dL) 132 (93.5–179) 139 (87.5–191.5) 119 (98.5–162.8) 0.842
Lp(a) (mg/dL) 39.2 (11.9–107) 39.2 (9.7–110.7) 36.3 (12–95.7) 0.722
eGFR (mL/min) 80 ± 18.7 82.6 ± 19.9 80.8 ± 20.6 0.030
AST (U/L) 25 (21–30) 25 (21.3–30) 26 (20–30.5) 0.001
ALT (U/L) 24 (17–32.5) 25 (18–31) 24 (16.3–33.8) <0.001
Gamma-GT (U/L) 24.5 (17–35.3) 25 (17–39) 24 (16.5–33) <0.001
CPK (U/L) 140.5 (85.8–236.8) 126 (84–206) 156 (91.5–262.5) <0.001

ALT = Alanine transaminase; ASCVD = Atherosclerotic cardiovascular disease; AST = Aspartate transami-
nase; BMI = Body mass index; CPK = Creatinine phosphokinase; eGFR = Estimated glomerular filtration rate;
Gamma-GT = Gamma-glutamyl transferase; HDL-C = High-density lipoprotein cholesterol; LDL-C = Low-density
lipoprotein cholesterol; Lp(a) = Lipoprotein(a); n = Number of patients; TC = Total cholesterol; TG = Triglycerides.
Values are expressed as mean ± standard deviation, median (1st/3rd quartiles) and n (%).

Absolute and percentage changes in LDL-C and Lp(a) for all patients and by sex
are shown in Figure 2. A positive and moderate correlation was observed between the
over-time change trends of Lp(a) and LDL-C measurements in women (ρ = 0.600). The
relationship between these two measurement trends was observed to be quite weak in men
(ρ = 0.086).

Nonparametric analysis of longitudinal data in factorial experiments for changes in
plasma concentrations in Lp(a) and LDL-C is given in Table 2. The main effects and the
interaction of the sex and time were found to be statistically significant in LDL-C (all
p-values < 0.05). On the contrary, absolute changes in Lp(a) were influenced neither by sex
nor by time (all p-value > 0.05) (Table 2).
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Figure 2. Longitudinal trends in LDL-C and Lp(a) plasma concentrations over time. LDL-C = Low-
density lipoprotein cholesterol; Lp(a) = Lipoprotein(a). Dashed blue line: LDL-C; Solid red line:
Lpa(a); ρ: Spearman correlation coefficient.

Table 2. Nonparametric analysis of longitudinal data in factorial experiments for changes in plasma
concentrations in Lp(a) and LDL-C.

Source of Variation df Wald p-Values

Lp(a)
Sex 1 2.839 0.092

Time 5 10.965 0.052
Time x Sex 5 2.869 0.720

LDL-C
Sex 1 16.843 <0.001

Time 5 855.501 <0.001
Time x Sex 5 14.005 0.016

df = Degrees of freedom; LDL-C = Low-density lipoprotein cholesterol; Lp(a) = Lipoprotein(a).

Absolute values of Lp(a) plasma concentrations significantly decreased in the entire
cohort (p-value < 0.001), without any difference among sex over time (p-value < 0.001 in
men and p-value = 0.002 in women) (Table 3). No sex-related significant differences were
detected at any time point (p-value > 0.05). Moreover, no statistically significant difference
was found in the percentage changes between sexes (p-value > 0.05) (Table 3).
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Table 3. Between-sex changes in Lp(a) concentrations over time. Values are expressed as median
(1st/3rd quartiles).

Time Points All Patients
(n = 176)

Men
(n = 93)

Women
(n = 83) p-Values †

Lp(a)

Baseline (T0) 39.2 (11.9/107) a 39.2 (9.7/110.7) ab 36.3 (12/95.7) a 0.722
6 Months (T1) 30.1 (6.4/79.7) b 39.6 (8.4/101.9) ab 12.7 (5.2/64.9) ab 0.063
12 Months (T2) 24.3 (8.1/72.9) b 41.1 (10.5/79.1) a 12 (6.6/68.6) b 0.054
18 Months (T3) 28.5 (8.6/74.3) b 36 (10.8/91.7) b 19 (5.9/65.4) ab 0.091
24 Months (T4) 22.9 (6.4/83.7) b 29 (6.9/97.5) b 11.5 (5.9/64.8) b 0.134
30 Months (T5) 27.6 (8.1/87.3) b 31.5 (9.2/103.2) b 11.6 (6.5/85.4) b 0.176
p-value ‡ <0.001 <0.001 0.002

AUC 1290.60 (316.50/3146.70) 2255.55 (489.15/3721.43) 1237.80
(1057.80/1932.60) 0.125

Delta %

T1-T0 −33.62 (−43.56/−14.71) −29.15 (−43.08/−16.34) −36.60 (−45.34/−9.09) 0.865
T2-T0 −35.64 (−52.28/−13.71) −35.78 (−52.36/−16.78) −35.51 (−52.10/−8.68) 0.722
T3-T0 −29.22 (−45.04/−10.31) −30.56 (−42.03/−15.17) −25.13 (−46.53/0.89) 0.605
T4-T0 −36.36 (−61.08/−13.55) −37.5 (−62.05/−14.41) −31.27 (−52.69/−8.11) 0.681
T5-T0 −32.24 (−56.34/−17.89) −32.47 (−54.73/−12.42) −31.91 (−56.34/−18) 0.988

AUC = Area under the curve; Lp(a) = Lipoprotein(a); n: Number of patients. Delta % = 100 × ((Ti-T0)/T0).
†: between-group comparison; ‡: within-group comparisons. Different lowercase letters (a,b) in the same column
indicate a statistically significant difference between the time points.

Absolute plasma concentrations of LDL-C significantly decreased over time, in the
entire cohort (p-value < 0.001) and by sex (p-value < 0.001 in men and women) (Table 4).
LDL-C concentrations remained significantly higher in women than men at each time point
(p-values < 0.05 always); similarly, the AUC was higher in women than men (p-value = 0.017).
LDL-C percentage significantly decreased more in men than in women at each time point
(p-value < 0.01 always) (Table 4).

Table 4. Between-sex changes in LDL-C concentrations over time. Values are expressed as median
(1st/3rd quartiles).

Time Points All Patients
(n = 176)

Men
(n = 93)

Women
(n = 83) p-Values †

Baseline (T0) 132.2 (111.2/166.8) a 127.2 (107/156.2) a 139.8 (113.9/177.7) a 0.049
6 Months (T1) 45.4 (28.6/69.4) b 38.6 (22.6/56.1) b 50.6 (36.4/78.3) b 0.002
12 Months (T2) 44.8 (27.4/72) b 37 (24.6/56) b 54.1 (33.6/93.8) b 0.001
18 Months (T3) 42.7 (30.2/67.7) b 39.8 (25.8/55.2) b 57 (34.6/78.3) b 0.001
24 Months (T4) 47.6 (31.3/69.1) b 38.4 (24.7/60.9) b 53 (40/87) b 0.002
30 Months (T5) 44.3 (28.7/64.5) b 37.6 (23.6/54) b 52.4 (41.4/80) b <0.001
p-value ‡ <0.001 <0.001 <0.001
AUC 1543.20 (1113.60/2245.65) 747.6 (228.9/1583.4) 1915.8 (1324.2/2623.2) 0.017

Delta %

T1-T0 −67.8 (−76.43/−55.46) −71.14 (−81.26/−60.54) −62.65 (−71.44/−51.3) 0.004
T2-T0 −68.15 (−77.29/−50.75) −71.46 (−79.41/−59.06) −65.38 (−75.82/−37.93) 0.007
T3-T0 −66.6 (−75.25/−55.1) −68.85 (−78.02/−61.84) −60.99 (−73.35/−45.88) 0.006
T4-T0 −65.44 (−76.02/−49.91) −69.32 (−79.37/−53.25) −57.95 (−70.02/−49.1) 0.010
T5-T0 −65.77 (−75.5/−53.77) −70.07 (−79.96/−58.23) −60.46 (−72.18/−44.88) 0.006

AUC = Area under the curve; LDL-C = Low-density lipoprotein cholesterol; n: Number of patients.
Delta % = 100 × ((T1-T0)/T0). †: between-group comparison; ‡: within-group comparisons. Significant p-values
are shown in bold. Different lowercase letters (a,b) in the same column indicate a statistically significant difference
between time points.

Treatment with the PCSK9i was well tolerated. No serious adverse event was regis-
tered during the follow-up.
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4. Discussion

Over the last 30 years, there was an overall declining trend in age-standardized
disability-adjusted life years (DALY) rate as regards ASCVD, with larger declines among
women compared to men [22]. Today, the identification of sex-related differences in deter-
minants of individual CV risk continues to receive considerable attention from the scientific
community, to plan and implement prevention policies and programs, also regarding the
early diagnosis and management of dyslipidemia [23].

The controversy about whether women benefit to the same extent as men from lipid-
lowering treatment is mainly attributable to a relative lack of information about the effects
on women from individual clinical trials [24]. This bias is secondarily due to sampling
errors that led to the enrollment disparity difference between the proportion of women
with prevalent ASCVD and the proportion of women enrolled in the studies [25].

Early-phase drug investigations have historically excluded women of childbearing
age due to physiological hormonal fluctuations and concerns of safety for the mother and
fetus if the woman had become pregnant after enrollment [26]. Women are also well known
to develop CHD on average 10 years later than men, being more likely to be excluded due
to age requirements from clinical studies enrolling individuals with ASCVD [27].

In addition to improving enrollment, another critical issue is to develop strategies to
foster the retention of women participants [28], since women are more likely to withdraw
consent from the trials and discontinue study drugs compared to men [29].

Available data are conflicting about the existence of long-term differences between
women and men in response to PCSK9i Evolocumab. It has been assumed that a role could
be played by Lp(a), whose plasmatic concentrations are affected by estrogen fluctuations [30,31].
This assumption has yet to be proven, and new data on the relationship between changes
in Lp(a) and ASCVD risk reduction in women will come from the ongoing clinical trials
testing the emergent Lp(a)-lowering drugs.

The siRNA agents (olpasiran, LY3819469 and SLN360) and the second-generation
antisense oligopeptide pelacarsen are being developed to specifically interfere with Lp(a)
synthesis in the liver by blocking the translation of apo(a) messenger RNA (mRNA) in
apo(a) [32], and in the next years, the phase III pivotal CV outcome trials
(CVOT)—Lp(a)HORIZON and OCEAN(a)—will definitively clarify whether lowering
Lp(a) translates into improved ASCVD outcomes. However, according to the findings of a
recently published dose–response meta-analysis providing a comprehensive overview of
the association between circulating Lp(a) and all-cause and cause-specific mortality, the risk
of death from ASCVD increases by 31% for each 50 mg/dL rise in Lp(a) plasma levels [33].
Then, in the absence of treatment options currently available for the effective management
of patients with high Lp(a) levels [34], the Lp(a)-lowering effect driven by PCSK9 inhibition
is particularly interesting.

The FLOREY (Effects on Lipoprotein Metabolism From PCSK9 Inhibition Utilizing
a Monoclonal Antibody) Study firstly suggested that Evolocumab reduces Lp(a) through
the inhibition of the synthesis of apo(a) and the upregulation of the LDLR activity [35].
A tentative explanation could be that Lp(a) can compete more favorably for the LDLR
when LDL-C levels in plasma are very low [36]. However, if PCSK9 inhibition lowers
Lp(a) exclusively through LDLR-mediated clearance, the Lp(a) response would likely be
proportional to the LDL-C response, and this does not happen [14].

In our cohort of outpatients, there were no remarkable sex-related significant dif-
ferences in Lp(a) response to Evolocumab. However, plasma concentrations of LDL-C
significantly decreased over 2.5 years in the entire cohort and by sex, with greater improve-
ments in men compared to women. The sex x time interaction was statistically significant in
LDL-C, while absolute changes in Lp(a) were not influenced by either sex or time. Then, our
analysis answers an important and clinically relevant question that was left open by the piv-
otal studies and subsequent research [14]. Overall, these observations are essential to gain
a better understanding of the relationship between LDL-C and Lp(a) lowering in response
to Evolocumab, since our findings are unlikely to be explained by non-sex differences in
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baseline characteristics between men and women. In addition, sex differences in response
to treatment with Evolocumab are likely to be driven by a sex-hormone-independent mech-
anism, since our cohort consisted of postmenopausal women with none of them being on
hormone replacement therapy or anti-estrogen therapy for breast cancer. According to this
hypothesis, it is possible that PCSK9 inhibition modifies the composition of gut microbiota
by interfering with the bile acids excretion differently in men and women, whereas gut
dysbiosis could increase PCSK9 expression. All these mechanisms could be influenced
by sex, with a consequent impact on LDL-C plasma levels unlike Lp(a), and a different
response to PCSK9 inhibition [37]. Furthermore, PCSK9 inhibitors could exert different
effects on inflammation in men and women and, consequently, on LDL-C. However, unlike
other lipid-lowering drugs, PCSK9 inhibitors have no or marginal impact on the circulating
levels of high-sensitivity C-reactive protein (hs-CRP) [38]. In the FOURIER (Further Cardio-
vascular Outcomes Research with PCSK9 Inhibition in Subjects with Elevated Risk) study,
there was a stepwise risk increment according to the values of hs-CRP: +9% (<1 mg/L),
+10.8% (1–3 mg/L) and +13.1% (>3 mg/L) even in patients with extremely low levels
of LDL-C; however, no subanalysis by sex was carried out on the relationship between
hs-CRP levels and changes in Lp(a) levels in men and women [39]. The reason why LDL-C
decreased more in men than women in response to treatment with Evolocumab while Lp(a)
similarly changed is yet to be elucidated.

Of course, our study has some limitations that need to be acknowledged. Firstly,
background oral lipid-lowering therapy was heterogeneous in the cohort, and patients
received the maximum tolerated dose of statin and/or ezetimibe or no treatment, based on
the tolerability threshold. However, it is well known that statins and ezetimibe have no
impact on Lp(a) levels. Additional limitations are that PCSK9 levels and apolipoprotein(a)
(apo(a)) isoform size were not assessed. For this reason, the association between PCSK9 and
LDL-C or Lp(a) cannot be investigated in this study. Moreover, we cannot establish whether
the relative expression of apo(a) isoforms changes after the Lp(a) levels are lowered using
Evolocumab. It is not even possible to ascertain that the size of the apo(a) is an independent
determinant of the treatment response, even if one published study suggests that each
additional kringle domain is with a 3% additional reduction in Lp(a) [40].

During follow-up, no major CV event or serious adverse event was registered, probably
because all modifiable CV risk factors were strictly monitored throughout the observation
period and optimized. However, it should be noted that the selection criteria of the analysis
required an adherence rate to treatment of 100%. This may have led to an underestimation
of adverse events as adverse events occurrence is one of the factors that most influence
treatment nonadherence and discontinuation. Finally, this study was performed in a
single center, and this may have had an impact on the sample size. However, all patients
were treated according to the national PCSK9i reimbursement criteria, so our results are
representative of individuals using PCSK9i in Italy.

5. Conclusions

In conclusion, our data partially reinforce the presence of differences in response to
treatment to PCSK9i between men and women and are essential to gain a better under-
standing of the relationship between LDL-C and Lp(a) lowering in response to PCSK9i.
Further research will clarify whether these sex-related significant differences translate into
a meaningful difference in the long-term risk of ASCVD.
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Abstract: Background and aims: Cardiovascular disease (CVD) is the leading cause of early mortality
in orthotopic liver transplantation (OLT) patients. The fatty liver index (FLI) is strongly associated
with carotid and coronary atherosclerosis, as well as cardiovascular mortality, surpassing traditional
risk factors. Given the lack of data on FLI as a predictor of cardiovascular events in OLT recipients,
we conducted a retrospective study to examine this topic. Methods and results: We performed a
multicenter retrospective analysis of adult OLT recipients who had regular follow-up visits every
three to six months (or more frequently if necessary) from January 1995 to December 2020. The mini-
mum follow-up period was two years post-intervention. Anamnestic, clinical, anthropometric and
laboratory data were collected, and FLI was calculated for all patients. Clinical trial.gov registration
ID NCT05895669. A total of 110 eligible patients (median age 57 years [IQR: 50–62], 72.7% male)
were followed for a median duration of 92.3 months (IQR: 45.7–172.4) post-liver transplantation.
During this period, 16 patients (14.5%) experienced at least one adverse cardiovascular event (includ-
ing fatal and non-fatal myocardial infarction and stroke). Receiver Operating Characteristic (ROC)
analysis identified a cut-off value of 66.0725 for predicting cardiovascular events after OLT, with
86.7% sensitivity and 63.7% specificity (68% vs. 31%; p = 0.001). Kaplan–Meier analysis showed that
patients with FLI > 66 had significantly reduced cardiovascular event-free survival than those with
FLI ≤ 66 (log-rank: 0.0008). Furthermore, multivariable Cox regression analysis demonstrated that
FLI > 66 and pre-OLT smoking were independently associated with increased cardiovascular risk.
Conclusions: Our findings suggest that FLI > 66 and pre-OLT smoking predict cardiovascular risk in
adult OLT recipients.

Keywords: fatty liver index; orthotopic liver transplantation; cardiovascular disease; myocardial
infarction; stroke

1. Introduction

Cardiovascular disease (CVD) represents a major concern for individuals who have
undergone orthotopic liver transplantation (OLT), with statistics indicating that it is the
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leading cause of early mortality post-OLT, accounting for approximately 40% of such
cases. Following CVD, infections and graft failure stand as the second and third most
common causes of early mortality, constituting 28% and 12%, respectively [1]. Beyond the
immediate post-transplant period, CVD, along with malignancies and end-stage kidney
disease, continues to pose a significant threat, contributing significantly to long-term
non-graft-related morbidity and mortality.

A decade ago, a comprehensive meta-analysis involving 12 studies shed light on
the extent of this cardiovascular risk in OLT patients. The analysis revealed a substantial
10-year risk of 13.6% for cardiovascular events in these individuals [2]. Furthermore,
a study conducted by Albeldawi et al. indicated cumulative risks of 4.5% and 10.1%
for cardiovascular events within 1 and 3 years post-OLT, respectively [3]. Meanwhile,
Fussner et al. found that over a longer time frame, 10.6%, 20.7%, and 30.3% of OLT
recipients developed CVD within 1, 5, and 8 years after transplantation, respectively [4]. It
is noteworthy that these frequencies are notably higher than what is observed in the general
population, underscoring the unique cardiovascular challenges faced by OLT recipients.

Several factors are anticipated to further exacerbate the severity of cardiovascular
risk in this population. One significant factor is the increasing age of OLT recipients, with
a growing number of individuals aged over 65 undergoing transplantations. Moreover,
improved OLT-related care has led to increased survival rates, resulting in a larger pool
of long-term recipients at risk. The chronic use of immunosuppressive medications also
contributes to heightened cardiovascular risk. Additionally, the rising prevalence of liver
transplantation for nonalcoholic steatohepatitis (NASH) adds another layer of complexity
to this issue [5–8].

Despite the growing awareness of the cardiovascular burden faced by post-OLT
individuals, a consensus has yet to be reached regarding the optimal assessment of cardio-
vascular risk before intervention [9–11]. In particular, the distinct lack of a straightforward,
accurate, and objective system for identifying patients at a higher risk of experiencing
long-term cardiovascular events remains a notable research gap in the management of
liver transplant recipients. The motivation lies in a number of factors, including the ab-
sence of consensus on outcome definition, incomplete knowledge, suboptimal data quality,
and the uneven predictive accuracy of different non-invasive tests, as highlighted by a
systematic review of the literature [12]. Preliminary findings from a recent study offer a
glimmer of hope, suggesting that aortic pulse wave velocity, a surrogate marker of arterial
stiffness, could serve as a valuable biomarker for assessing cardiovascular risk in OLT
candidates [13]. In 2018, a predictive model known as the CAR-OLT score was developed
to estimate the one-year global risk of death or hospitalization due to a significant cardiac
or vascular event following OLT [14]. The CAR-OLT score is derived from easily accessible
pre-transplant patients’ characteristics and personal history. It serves as a valuable tool for
healthcare professionals to facilitate on-the-spot conversations regarding the one-year risk
of significant cardiac or vascular events. However, it is important to note that CAR-OLT
still requires external validation and does not address the long-term cardiac risk associated
with OLT. Therefore, CAR-OLT should not be utilized for making decisions related to
transplant management. Instead, it should be used to provide valuable information during
risk-related discussions.

Nonalcoholic fatty liver disease (NAFLD), currently the most prevalent chronic liver
disorder, has emerged as a risk factor in the general population for both severe hepatic
consequences, such as cirrhosis and hepatocellular carcinoma, and cardiovascular mor-
bidity and mortality. This risk extends to transplant recipients, particularly those with
NASH [15–19].

While liver biopsy remains the gold standard for diagnosing NAFLD, efforts have
been made to explore non-invasive and non-imaging approaches, which can be more
practical in clinical settings. Among these methodologies, the fatty liver index (FLI) has
gained substantial recognition as a simple yet accurate tool for identifying the presence of
steatosis in both the general population and patients with NAFLD [20–24]. Importantly,
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FLI-assessed fatty liver has demonstrated a strong association with carotid and coronary
atherosclerosis, as well as cardiovascular mortality, often surpassing the predictive power of
traditional risk factors [25,26]. A recent study conducted in Korea, utilizing a large dataset,
further confirmed the prognostic value of FLI in identifying in the general population those
individuals at higher risk for cardiovascular events, including cardiovascular deaths [27].

Given the paucity of data regarding the significance of FLI, a well-validated surrogate
marker of liver steatosis, as a predictor of cardiovascular events in OLT recipients, we have
undertaken a comprehensive study to investigate this relevant topic. This research aims
to shed light on the potential utility of FLI in assessing cardiovascular risk in the specific
context of liver transplant recipients, with the ultimate goal of improving the management
and outcomes of these individuals.

2. Patients and Methods

The “Cardiovascular outcomes in Orthotopic Liver Transplant patients study” (COLT
study) is a multicenter retrospective cohort study. We considered 132 consecutive eligible
adult patients who underwent liver transplantation, attending every three/six months
(or more often when needed) from January 1995 to December 2020 and for at least two
years after intervention, the “Chronic non-viral hepatitis clinic”, pertaining to the U.O.C. of
Internal Medicine, II Polyclinic of Naples, University of Campania “Luigi Vanvitelli”, and
the “Liver Transplant Clinic”, pertaining to the Hepatology and Interventional Ultrasound
Unit, Gragnano Hospital, ASL Naples 3 South.

The transplantation procedures were conducted at various hospitals spanning across
different regions within Italy and, in some cases, even in other European hospital centers,
where patients were generally followed for the first year after OLT. The aetiology of
cirrhosis was inferred from the liver biopsy performed before OLT and/or the explant
liver biopsy report. The causes of liver disease requiring OLT were distributed as follows:
34 (30.9%) viral cirrhosis, 32 (29.1%) non-viral causes (dysmetabolic, alcoholic and/or
cryptogenic cirrhosis; hepatocellular carcinoma with and without cirrhosis), and 44 (40%)
both viral and non-viral aetiology. All included patients were in the outpatient setting
without evidence of acute graft rejection or dysfunction, technical complications, or active
infections. Re-transplanted (n = 2) or multi-organ transplanted patients (n = 4), autoimmune
hepatitis (n = 1) and hemochromatosis (n = 0) causes of OLT, and subjects with missing
data (n = 8) were excluded from the study. In addition, the pre-OLT presenting symptoms
suggestive of CVD, the pre-OLT history of documented cardiovascular events or coronary
stent implantation (n = 2), as well as the presence of moderate–severe hydrosaline-retention
(n = 5) compromising BMI and waist circumference (WC) evaluation were criteria for
exclusion from the study. A total of 110 OLT recipient patients were finally included
(Figure 1).

All information was obtained from electronic medical records and transferred to a
Microsoft Excel table. In addition to age, sex, and cause of transplantation, the following
clinical data were collected for each patient: self-reported personal history of pre-OLT
angina pectoris, nonfatal MI, nonfatal stroke or symptoms suggestive of CVD; family
history of CVD and type 2 diabetes (T2D); current pre/post-OLT smoking and alcohol
abuse; pre/post-OLT co-morbidities such as arterial hypertension, T2D and dyslipidaemia
with respective medications; anti-rejection therapy; pre/post-OLT measurement of body
mass index (BMI), WC and blood values of glucose, triglycerides, cholesterol (total, LDL
and HDL), creatinine, and γ-glutamyl transferase (GGT). Pre-OLT and post-OLT data
were recorded within one month before surgery and during the last follow-up visit at
our two clinics, respectively. For glucose and lipids, blood samples were obtained after
an overnight fast. CKD-EPI creatinine formula (2021 update) was used to estimate the
glomerular filtration rate (eGFR). Diabetes, arterial hypertension, and dyslipidaemia were
diagnosed according to the 2016 European guidelines [28]. The criteria established by
the National Cholesterol Education Program were used to diagnose metabolic syndrome
(MetS): WC > 102 cm in men and >88 cm in women, Triglycerides levels > 150 mg/dL,
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HDL < 40 mg/dL in men and <50 mg/dL in woman, blood pressure ≥ 130/≥ 80 or in
treatment, fasting glucose ≥ 110 mg/dL [29]. For all patients, the pre- and post-OLT FLI was
calculated according to the formula reported by Bedogni et al. (17): FLI = (exp[0.953 × loge
(triglycerides) + 0.139 × BMI + 0.718 × loge (GGT + 0.053 × WC − 15.745])/(1 + exp[0.953
× loge (triglycerides) + 0.139 × BMI + 0.718 × loge (GGT) + 0.053 × WC − 15.745]) ×
100, where levels of triglycerides are expressed as mmol/L and those of GGT as U/L, BMI
calculated with the usual formula (weight in kilograms divided by height in meters squared)
and WC measured to the nearest 0.1 cm at the end of a normal expiration in a standing
position. The value of pre-OLT FLI was the mean of at least two measurements at the
screening examination carried out during the three months preceding the transplantation.
The score of FLI ranges from 0 to 100 [20].

Figure 1. Study flow-chart.

The primary outcome of the study was the occurrence in the post-transplantation
follow-up of myocardial infarction (MI) (documented instrumentally and/or enzymati-
cally), ischemic stroke, and cardiovascular death. Deaths from non-cardiovascular causes
were also registered. Subjects completed the study at the end of the follow-up period or on
the date of eventual cardiovascular or non-cardiovascular death. All patients provided writ-
ten informed consent for data storage and analysis. The study was conducted in accordance
with the 1976 Declaration of Helsinki and was approved by the local ethics committees
(University of Campania “Luigi Vanvitelli”, Azienda Ospedaliera Universitaria, “Luigi
Vanvitelli”, Azienda Ospedaliera di Rilievo Nazionale “Ospedale dei Colli”; approval ID.
12771/I; approval date 2 May 2023). Clinical trial.gov registration ID NCT05895669.

Statistical Analysis

The entire dataset was initially analyzed using descriptive statistical indices. For a
comprehensive understanding, qualitative data were represented in terms of absolute and
relative percentage frequencies. Conversely, for quantitative continuous data, we employed
two different descriptive methods based on data distribution characteristics. Specifically,
normally distributed data were described using the mean and standard deviation (SD),
whereas non-normally distributed data were summarized using the median and interquar-
tile range (IQR). To determine the normality of the data distribution, the Shapiro–Wilk test
was conducted prior to further analysis.

To assess the predictive value of the pre-OLT FLI for the occurrence of post-OLT
cardiovascular events, we conducted a Receiver Operating Characteristic (ROC) curve
analysis. This analysis aimed to identify a potential cutoff value for the FLI that could
effectively discriminate between patients at risk and those not at risk of cardiovascular
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events following transplantation. Based on the outcome of this analysis, participants
were categorized into two distinct groups: those with FLI values above the determined
cutoff and those with FLI values equal to or below the cutoff. Subsequently, we explored
the differences between these two subgroups through appropriate statistical tests. For
the analysis of qualitative variables, we employed either the Chi-squared test or, when
applicable, the Fisher–Freeman–Haltob exact test. Continuous data, on the other hand,
were compared using either the Student’s t-test or the Mann–Whitney U test, depending
on the underlying data distribution. To gauge the accuracy of our predictive model, we
employed Harrel’s C index, which is equivalent to the ROC curve and ranges from 0 to 1.
Higher values of this index signify greater accuracy in predicting outcomes.

Our primary endpoint, defined as the first-event free survival following liver transplan-
tation, was assessed using a Kaplan–Meier survival analysis. We employed the log-rank test
to compare survival curves and determine if there were statistically significant differences
among different groups.

Furthermore, Kaplan–Meier curves were generated to visually depict the survival
estimates over time. To identify potential prognostic factors, whether negative or positive,
that could influence survival outcomes, we utilized univariable and multivariable Cox
proportional hazards regression models. These models provided us with hazard ratios (HR)
and their corresponding 95% confidence intervals (CI), enabling us to assess the strength
and significance of these factors in relation to the primary endpoint.

Statistical analyses were conducted using SPSS statistical software (version 24.0, SPSS,
Chicago, IL, USA) and STATA 14.0 software (StataCorp, College Station, TX, USA).

3. Results

We identified 110 eligible Caucasian patients (median age 57 years [IQR: 50–62],
72.7% male) who were followed for a median of 92.3 months (IQR: 45.7–172.4) after
liver transplantation.

The patient characteristics at pre-OLT and at the last post-OLT ambulatory visit are
detailed in Table 1. The comparison between the two times showed a significantly higher
prevalence of metabolic syndrome (MetS), type 2 diabetes (T2D), arterial hypertension,
dyslipidaemia, as well as significantly higher blood levels of triglycerides, total cholesterol,
LDL cholesterol, and HDL cholesterol. However, lower levels of GGT and estimated
glomerular filtration rate (eGFR) were observed at the last follow-up visit. No significant
differences were found for body mass index (BMI), waist circumference (WC), impaired
fasting glucose, or FLI value. The prevalence of tobacco habit and alcohol abuse was higher
at the pre-OLT stage. Harrel’s C index for assessing the association between the FLI and
cardiovascular outcomes was found to be 0.700 (CI 95% 0.599 to 0.801).

The receiver operating characteristic (ROC) analysis estimated a cutoff value of
66.0725 for predicting post-OLT cardiovascular events, with an 86.7% sensitivity and a
63.7% specificity (Figure 2). The area under the curve (AUC) for FLI in predicting post-OLT
cardiovascular events was 0.7. Based on this cutoff, participants were classified into two
groups: FLI ≤ 66 or FLI > 66.

At the pre-OLT stage, 48 out of 110 patients had FLI > 66 (Table 2), with higher BMI,
WC, prevalence of obesity and overweight, and higher GGT levels when compared to
the 62 patients with FLI ≤ 66. No differences were observed for the other parameters.
As depicted in Table 3, there was no difference in median follow-up duration between
patients with FLI ≤ 66 and those with FLI > 66. At the last clinic visit, patients with
FLI > 66 exhibited higher BMI, WC, prevalence of obesity and overweight, as well as a
significantly higher prevalence of MetS and a higher median FLI value compared to patients
with FLI ≤ 66.
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Table 1. Pre- and post-OLT characteristics of the study sample.

Parameter
Baseline
(n = 110)

Follow-Up
(n = 110)

p

Age, years, median [IQR] 57.0 [50.0–62.0] 67.0 [61.0–72.0] <0.001

Sex, n (%)
M 80 (72.7)
F 30 (27.3)

FLI, median [IQR] 59.5 [38.3–82.3] 55.3 [33.4–79.1] 0.324

BMI, kg/m2, median [IQR] 26.6 [23.5–28.4] 26.5 [23.9–30.0] 0.505

Obese, n (%) 17 (16.0) 18 (16.4) 0.098

Overweight, n (%) 50 (45.5) 55 (55.0) 0.137

Waist circumference, cm, median [IQR] 103.0 [90.0–113.6] 100.0 [92.0–115.0] 0.893

Impaired fast glucose, n (%) 7 (6.6) 5 (4.5) 0.553

Diabetes, n (%) 15 (14.2) 43 (39.1) 0.001

Hypertension, n (%) 16 (14.5) 79 (71.8) <0.001

Total cholesterol, mg/dL, median [IQR] 123.5 [105.0–165.5] 192.5 [160.0–225.0] <0.001

LDL, mg/dL, median [IQR] 86.5 [66.0–105.0] 128.0 [100.0–155.0] <0.001

HDL, mg/dL, median [IQR] 33.5 [28.0–44.0] 48.0 [39.0–59.5] <0.001

Triglycerides, mg/dL, median [IQR] 89.0 [71.0–118.0] 123.0 [86.0–167.0] <0.001

Dyslipidemia, n (%) 10 (9.1) 68 (63) <0.001

Metabolic Syndrome, n (%) 15 (13.6) 44 (40) <0.001

GGT, U/L, median [IQR] 57.5 [42.0–84.0] 28.5 [17.5–53.0] <0.001

Smoking, n (%) 34 (32.1) 13 (11.8) 0.0002

Alcohol abuse, n (%) 24 (21.8) 2 (1.8) <0.001

eGFR, mL/min/m2, median [IQR] 91.9 [76.0–103.8] 69.2 [55.3–90.4] <0.001

OLT: orthotopic liver transplantation; IQR: interquartile range; FLI: fatty liver index; BMI: body mass index;
GGT: γ-glutamyltransferase; eGFR: estimated glomerular filtration rate.

Figure 2. ROC curve for the definition of the fatty liver index cut-off value (sensitivity: 86.7%,
specificity 63.7%).
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Table 2. Pre-OLT characteristics of the study sample categorized using the fatty liver index.

Parameter
Overall
(n = 110)

FLI ≤ 66
(n = 62)

FLI > 66
(n = 48)

p

Age, years, median [IQR] 57.0 [50.0–62.0] 56.5 [48.0–63.0] 57.0 [52.0–60.0] 0.845

Sex, n (%)
0.079M 80 (72.7) 41 (66.1) 39 (81.3)

F 30 (27.3) 21 (33.9) 9 (18.8)

Family history of CVD, n (%) 10 (9.3) 3 (4.8) 7 (14.6) 0.095

Family history of diabetes, n (%) 12 (11.2) 3 (4.8) 9 (18.8) 0.144

Personal history of MI, n (%) 2 (1.8) 0 2 (4.2) 0.106

Personal history of Stroke, n (%) 3 (2.7) 2 (3.2) 1 (2.1) 0.716

FLI, median [IQR] 59.5 [38.3–82.3] 41 [26.3–56.6] 89.0 [74.6–95.3] <0.001

BMI, kg/m2, median [IQR] 26.6 [23.5–28.4] 24.5 [22.7–26.0] 27.8 [27.0–31.8] <0.001

Obese, n (%) 17 (16.0) 0 17 (35.4) <0.001

Overweight, n (%) 50 (45.5) 21 (33.9) 29 (60.4) 0.008

Waist circumference, cm, median [IQR] 103.0 [90.0–113.6] 92.0 [87.0–100.0] 116 [107.8–128.0] <0.001

Impaired fast glucose, n (%) 7 (6.6) 4 (6.5) 3 (6.3) 0.935

Diabetes, n (%) 15 (14.2) 9 (14.5) 6 (12.5) 0.716

Hypertension, n (%) 16 (14.5) 10 (16.1) 6 (12.5) 0.594

Total cholesterol, mg/dL, median [IQR] 123.5 [105.0–165.5] 119.0 [103.0–152.0] 142.0 [116.8–185.8] 0.032

LDL, mg/dL, median [IQR] 86.5 [66.0–105.0] 76.0 [58.5–100.3] 99.0 [72.3–119.8] 0.086

HDL, mg/dL, median [IQR] 33.5 [28.0–44.0] 33.0 [28.0–36.8] 36.0 [25.8–47.0] 0.482

Triglycerides, mg/dL, median [IQR] 89.0 [71.0–118.0] 88.5 [69.0–102.0] 88.5 [70.0–142.0] 0.146

Dyslipidemia, n (%) 10 (9.1) 5 (8.1) 5 (10.4) 0.672

Metabolic Syndrome, n (%) 15 (14.0) 5 (8.1) 10 (20.8) 0.068

GGT, U/L, median [IQR] 57.5 [42.0–84.0] 51.0 [32.0–70.0] 63.5 [55.0–89.0] 0.004

Smoking, n (%) 34 (32.1) 21 (33.9) 13 (27.1) 0.387

Alcohol abuse, n (%) 24 (21.8) 16 (25.8) 8 (16.7) 0.252

eGFR, mL/min/m2, median [IQR] 91.9 [76.0–103.8] 91.0 [81.0–104.0] 93.7 [73.3–102.5] 0.668

OLT: orthotopic liver transplantation; IQR: interquartile range; CVD: cardiovascular disease; MI: myocardial
infraction; FLI: fatty liver index; BMI: body mass index; GGT: γ-glutamyltransferase; eGFR: estimated glomerular
filtration rate.

During the follow-up period, 16 patients (14.5%) developed at least one adverse cardio-
vascular event. Among them, three experienced both non-fatal myocardial infarction (MI)
and ischemic stroke. Despite the small number of events, the incidence of fatal and non-fatal
stroke, particularly fatal and non-fatal MI, was significantly higher in the FLI > 66 group
(27.1% vs. 4.8%; p = 0.001) (Table 4). Five patients died, with two deaths attributed to car-
diovascular disease and three to non-cardiovascular causes (massive pulmonary bleeding
due to Rendu-Osler Syndrome, complications during intensive care unit stay for COVID-19
infection, hepatocellular carcinoma relapse).

The Kaplan–Meier analysis revealed a worse cardiovascular event-free survival in
patients with FLI > 66 compared to those with FLI ≤ 66 (log-rank: 0.0008) (Figure 3).

The univariate Cox regression analysis performed for all pre-OLT parameters showed
that age, FLI > 66, BMI, WC, obesity, smoking, and history of CVD before transplanta-
tion were significantly associated with the incidence of new-onset cardiovascular events
(Table 5).
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Table 3. Post-OLT characteristics of the study sample categorized using the fatty liver index.

Parameter
Overall
(n = 110)

FLI ≤ 66
(n = 62)

FLI > 66
(n = 48)

p

Age, years, median [IQR] 67.0 [61.0–72.0] 67.0 [60.8–71.3] 67.5 [62.5–73.5] 0.490
Follow-up months, median [IQR] 92.3 [45.6–172.4] 89.4 [45.7–172.4] 112.5 [54.7–214.8] 0.357
FLI, median [IQR] 55.3 [33.4–79.1] 41.8 [26.5–63.1] 75.0 [48.7–87.6] <0.001

BMI, kg/m2, median [IQR] 26.5 [23.9–30.0] 24.9 [23.4–27.4] 28.5 [26.0–32.9] <0.001

Obese, n (%) 18 (16.4) 0 18 (37.5) <0.001
Overweight, n (%) 55 (55.0) 25 (40.3) 30 (62.5) 0.022
Waist circumference, cm, median [IQR] 100.0 [92.0–115.0] 95.0 [88.0–100.0] 113.0 [103.5–125.5] <0.001
Impaired fast glucose, n (%) 5 (4.5) 3 (4.8) 2 (4.2) 0.867
Diabetes, n (%) 43 (39.1) 22 (35.5) 21 (43.8) 0.380
Hypertension, n (%) 79 (71.8) 46 (74.2) 33 (68.8) 0.531
Total cholesterol, mg/dL, median [IQR] 192.5 [160.0–225.0] 190.0 [160.0–225.0] 194.0 [153.0–225.0] 0.939
LDL, mg/dL, median [IQR] 128.0 [100.0–155.0] 128.0 [97.0–151.0] 128.0 [106.0–156.0] 0.662
HDL, mg/dL, median [IQR] 48.0 [39.0–59.5] 49.0 [41.0–62.5] 46.0 [34.5–58.5] 0.144
Triglycerides, mg/dL, median [IQR] 123.0 [86.0–167.0] 112.0 [81.0–158.0] 129.5 [96.0–182.0] 0.128
Dyslipidemia, n (%) 68 (63) 36 (58.1) 32 (66.7) 0.336
Metabolic Syndrome, n (%) 44 (41.1) 19 (30.6) 25 (52.1) 0.039
GGT, U/L, median [IQR] 28.5 [17.5–53.0] 29.0 [16.0–53.0] 28.0 [18.0–46.0] 0.763
Smoking, n (%) 13 (11.8) 8 (12.9) 5 (10.4) 0.690
Alcohol abuse, n (%) 2 (1.8) 0 2 (4.2) 0.106
eGFR, mL/min/m2, median [IQR] 69.2 [55.3–90.4] 73.1 [60.2–91.9] 65.5 [51.5–80.4] 0.078

OLT: orthotopic liver transplantation; IQR: interquartile range; FLI: fatty liver index; BMI: body mass index; GGT:
γ-glutamyltransferase; eGFR: estimated glomerular filtration rate.

Table 4. Post-OLT cardiovascular events and overall mortality in the study sample categorized
using FLI.

Parameter
Overall
(n = 110)

FLI ≤ 66
(n = 62)

FLI > 66
(n = 48)

p

Incident fatal and non-fatal MI, n (%) 16 (14.5) 3 (4.8) 13 (27.1) 0.001
Incident fatal and non-fatal Stroke, n (%) 3 (2.8) 0 3 (6.3) 0.047
Cardiovascular death, n (%) 2 (2.2) 1 (1.6) 1 (2.1) 0.739
Overall incident CV events, n (%) 16 (14.5) 3 (4.8) 13 (27.1) 0.001
Overall mortality, n (%) 5 (5.4) 2 (3.2) 3 (6.3) 0.663

MI: myocardial infarction; CV: cardiovascular.

Figure 3. Kaplan–Meier survival analysis estimating the risk of cardiovascular events among OLT
patients according to FLI.

42



Biomedicines 2023, 11, 2866

Table 5. Univariable Cox regression model.

Univariable Analysis

Parameter HR 95% CI p

Age 1.07 1.00 1.15 0.049

Sex
M (ref)
F 0.09 1.25 0.104

Family history of MI 1.59 0.70 3.61 0.267

Family history of diabetes 1.52 0.34 6.78 0.580

Personal history of MI 12.29 1.36 110.80 0.025

Personal history of Stroke 0.00 0.00 inf 0.960

Fatty liver index
≤66 1
>66 6.34 1.78 22.56 0.004

BMI 1.13 1.03 1.24 0.011

Waist circumference 1.05 1.02 1.08 0.002

Obese 5.02 1.38 18.32 0.015

Overweight 1.25 0.47 3.39 0.648

Impaired fast glucose 1.19 0.15 9.20 0.866

Diabetes 1.83 0.40 8.40 0.439

Hypertension 0.70 0.09 5.35 0.728

Total cholesterol 0.99 0.98 1.02 0.996

LDL 0.99 0.96 1.03 0.811

HDL 1.05 0.95 1.16 0.313

Triglycerides 0.99 0.99 1.01 0.976

Dyslipidemia 2.84 0.81 9.97 0.104

Metabolic Syndrome 0.48 0.06 3.65 0.480

GGT 0.99 0.98 1.01 0.729

Smoking 3.00 1.06 8.49 0.038

Alcohol Abuse 1.72 0.55 5.35 0.350

eGFR 1.01 0.98 1.04 0.482
MI: myocardial infraction; BMI: body mass index; GGT: γ-glutamyltransferase; eGFR: estimated glomerular
filtration rate.

Considering the limited number of recorded cardiovascular events, only variables that
showed significance in the univariate analysis were included in the multivariate analysis.
Additionally, BMI and WC were not considered to be these parameters already included in
the calculation of FLI and obesity was already represented by these measures. Ultimately,
the two variables independently associated with cardiovascular risk were FLI > 66 and
smoking habits at the pre-OLT stage, while the role of age and pre-OLT CVD was not
significant (Table 6).

Table 6. Multivariable Cox regression model.

Multivariable Analysis

Parameter HR 95% CI p

Age 1.06 0.97 1.15 0.185
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Table 6. Cont.

Multivariable Analysis

Parameter HR 95% CI p

Fatty liver index
≤66 1
>66 5.50 0.51 59.85 0.010

Smoking 3.20 1.01 10.12 0.048
Personal history of MI 3.04 0.31 30.17 0.343

MI: myocardial infraction.

4. Discussion

The present cohort study investigated, for the first time, the relationship between
the FLI, a well-validated surrogate marker of nonalcoholic fatty liver disease (NAFLD),
and the risk of cardiovascular events in a population of individuals who underwent liver
transplantation. The main finding of this investigation was the significant independent
predictive value of FLI for the long-term post-OLT occurrence of the composite outcome of
MI, ischemic stroke, and cardiovascular mortality, irrespective of age and personal history of
previous cardiovascular events. Specifically, the study identified an FLI cutoff value > 66 as
an accurate indicator of higher cardiovascular risk in the late post-transplantation period,
with an incidence of cardiovascular events 5.5 times higher than in patients with FLI ≤ 66.
This FLI cutoff value may serve as an appropriate threshold for non-invasive stress testing
before liver transplantation in patients without cardiovascular symptoms and for enhanced
surveillance of cardio-metabolic risk following OLTm facilitating early intervention for
preventive purposes.

Our FLI cutoff value closely corresponds to the previously established threshold of
≥60, documented in this study as a reliable predictor of arterial hypertension in individuals
who have not yet been exposed to antihypertensive medications [30]. The same FLI
threshold has also been associated with significant clinical conditions, such as the onset of
left ventricular remodelling and diastolic dysfunction [31,32]. Of noteworthy significance
is a recent extensive population-based cohort investigation that may underscore the clinical
relevance of our findings [33]. In this study, persistent NAFLD, as defined by a FLI score
of ≥60, emerged as a potent predictor of adverse outcomes such as all-cause mortality,
MI, and stroke when compared to those with either no NAFLD or sporadic, intermittent
NAFLD [33].

Patients who are diagnosed with end-stage liver disease are often thought to possess
a relatively improved cardiovascular risk profile. This presumption stems from several
key peculiarities of this type of subject. First, liver insufficiency reduces the production of
cholesterol, which notoriously plays a crucial role in the development of atherosclerosis.
Second, these patients frequently exhibit peripheral vasodilation coupled with normal to
lower arterial blood pressure, contributing to a decreased risk of cardiovascular events.
Additionally, increased estrogen levels, commonly observed in this population, are believed
to exert protective effects against atherosclerotic plaque formation, further suggesting
a reduced susceptibility to cardiovascular complications [34–36]. However, it is worth
noting that despite these apparent protective mechanisms, the prevalence of coronary heart
disease in patients awaiting liver transplantation is unexpectedly higher than anticipated,
as evidenced by various studies [37,38]. Furthermore, once liver transplantation has
taken place, coronary heart disease emerges as a substantial contributor to post-transplant
morbidity and mortality [39]. These findings align well with the observations made in our
study, underscoring the importance of the cardiovascular risk in patients with end-stage
liver disease that makes the cardiovascular assessment an essential component of pre-OLT
evaluation despite controversies about the methodological approach to be used.

Given the substantial impact of OLT on cardiovascular mortality, especially over
the long term [5], the availability of a novel risk stratification tool, derived from a mere
quartet of straightforward clinical variables readily obtainable in any healthcare or nursing
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setting, holds significant promise in mitigating the medical and economic burden associated
with the screening and diagnosis of CVD within this patient population. The intriguing
revelation from our study is the predictive efficacy of the FLI value assessed prior to
transplantation, independently of advancing age and escalating burden of cardiovascular
risk factors developed in the post-OLT. This highlights the potential utility of the FLI as
a valuable tool for early risk assessment in liver transplant candidates, offering a means
to proactively identify individuals at heightened risk of cardiovascular complications in
advance of the transplantation procedure and potentially enabling more targeted and
cost-effective interventions to safeguard the cardiovascular health of these patients.

It is well known that FLI encompasses some traditional cardiovascular risk factors
such as BMI, triglyceride levels, and WC. Thus, the resulting index value may reflect the
worsening of these variables, specifically BMI. Nevertheless, the intricate interplay between
the pathophysiological mechanisms underpinning hepatic steatosis and atherosclerosis
must not be neglected. NAFLD demonstrates a close association with the hallmarks of
metabolic syndrome, encompassing insulin resistance, lipotoxicity, oxidative stress, and al-
tered adipocytokine secretion. These factors collectively contribute to a condition of chronic
low-grade inflammation, which in turn leads to the simultaneous accumulation of fat in the
liver and the formation of atheroma in the intimal layer of the arterial wall. Intriguingly,
NAFLD has been demonstrated to elevate the risk of vascular endothelial dysfunction
and the progression of atherosclerosis, even independently of metabolic syndrome and its
individual components [40,41]. In this context, numerous pieces of evidence emphasize
the main role of endothelial dysfunction as a common pathogenic factor in NAFLD and
NAFLD-associated atherosclerosis [42].

In addition to pre-OLT FLI, the pre-OLT smoking habit also has been shown to inde-
pendently predict the long-term cardiovascular risk in adult OLT recipients we studied,
being associated with a threefold increase in the risk of cardiovascular events, despite the
fact that the majority of patients stopped tobacco use after surgery. Notably, the prevalence
of tobacco use among liver transplant recipients is noteworthy, with reported rates spanning
from 14.7% to as high as 75% [43]. However, it must be admitted that our comprehension
of the potential implications of cigarette smoking on morbidity and mortality following
liver transplantation remains relatively underexplored within the realm of research. As
such, a significant knowledge gap persists regarding the intricate relationship between
cigarette smoking and health outcomes post-liver transplantation, warranting comprehen-
sive investigation and scrutiny. This finding, though intriguing, poses a challenge in terms
of interpretation, particularly in light of the limited literature available for comparison.
The existing body of research presents varying perspectives on the association between
smoking and post-OLT outcomes. For instance, one study found no independent link
between active smoking one year after liver transplantation and vascular events [44]. By
contrast, in a separate study, individuals who were active smokers at the time of listing for
OLT procedures were found to have an independent association with the development of
cardiovascular disease in the post-OLT period, with a hazard ratio of 10.91 (95% confidence
interval 1.22–97.92) [45]. Conversely, another study has presented evidence indicating that
active smokers presented a 79% higher risk of mortality than those who had never smoked
or quit smoking before OLT [46].

Cardiovascular disease is reported as a complication of chronic immunosuppression,
which can negatively affect long-term survival and quality of life in liver transplantation [8].
Due to the very different extension of follow-up in our patients, multiple combination regi-
mens and newly introduced drugs may have occurred over the years, making it difficult to ad-
equately evaluate the eventual impact of various immunosuppressive agents on CVD [47,48].

In conclusion, this study emphasizes the critical importance of assessing cardiovascular
risk in liver transplant candidates, given the absence of a standardized method. The FLI
emerges as a valuable screening tool, predicting potentially fatal cardiovascular events. Its
consistency suggests potential clinical utility, although integration into routine assessments
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must be approached cautiously. Further validation through extensive, multicenter studies
is crucial to establish its reliability across diverse populations.

Future research should explore FLI-guided interventions for hepatic steatosis and inves-
tigate smoking’s specific impact on cardiovascular health in liver transplant recipients. While
FLI shows promise, its clinical application requires a careful, evidence-driven approach.

The quest for improved cardiovascular care and outcomes in liver transplant candi-
dates continues to be a complex and evolving challenge, demanding further investigation
and innovation in the field.

Limitations

The study suffers from various limitations that need to be acknowledged. Firstly,
its retrospective design inherently carries important biases. Secondly, the sample size
was relatively modest, which may have influenced the statistical power to detect certain
associations, as well as the number of recorded cardiovascular events during the follow-
up period was relatively low. The Caucasian race of our whole population limits the
generalizability of the findings to other ethnic groups. Furthermore, our reliance on
self-reported information regarding the history or status of pre-transplant cardiovascular
disease introduces potential recall bias and may not capture all relevant clinical details
accurately. Additionally, exhaustive information on smoking habits was not available,
which could affect the precision of our analysis, as smoking is a well-known complex
and multifactorial risk factor for cardiovascular events. Finally, we could not manage to
assess the impact of immunosuppressive treatment on cardiovascular outcomes due to the
variations in the duration of follow-up periods and the utilization of diverse combination
regimens and modifications.
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Abstract: Background: The multi-tasking approach may be promising for cognitive rehabilitation in
cardiac surgery patients due to a significant effect on attentional and executive functions. This study
aimed to compare the neuropsychological changes in patients who have undergone two variants
of multi-tasking training and a control group in the early postoperative period of coronary artery
bypass grafting (CABG). Methods: One hundred and ten CABG patients were divided into three
groups: cognitive training (CT) I (a postural balance task with mental arithmetic, verbal fluency,
and divergent tasks) (n = 30), CT II (a simple visual–motor reaction with mental arithmetic, verbal
fluency, and divergent tasks) (n = 40), and control (n = 40). Results: Two or more cognitive indicators
improved in 93.3% of CT I patients, in 72.5% of CT II patients, and in 62.5% of control patients;
CT I patients differed from CT II and control (p = 0.04 and p = 0.008, respectively). The improving
short-term memory and attention was found more frequently in the CT I group as compared to
control (56.7% vs. 15%; p = 0.0005). The cognitive improvement of all domains (psychomotor and
executive functions, attention, and short-term memory) was also revealed in CT I patients more
frequently than CT II (46.7% vs. 20%; p = 0.02) and control (46.7% vs. 5%; p = 0.0005). Conclusions:
The CT I multi-tasking training was more effective at improving the cognitive performance in cardiac
surgery patients as compared to CT II training and standard post-surgery management. The findings
of this study will be helpful for future studies involving multi-tasking training.

Keywords: cognitive training; multi-tasking; postoperative cognitive dysfunction; cardiac surgery

1. Introduction

It is known that cardiovascular disease is a significant pathophysiological background
for the development of ischemic brain damage [1–3]. Vascular changes have been shown to
cause brain tissue pathology well in advance of clinical manifestations of neurological or
cognitive deficits [4–6]. Currently, cognitive deficit is considered as a marker not only of
low quality of life in patients, but also of a decrease in life expectancy. The deterioration of
cognitive health contributes to a decrease in the patient’s adherence to treatment, which,
in turn, can lead to the progression and worsening of the prognosis of cardiovascular
disease [7]. Patients with cardiovascular disease and cognitive deficit who undergo cardiac
surgery represent a distinct cohort that is difficult to manage [8,9]. Cardiopulmonary
bypass surgery also contributes to an acute ischemic brain injury [10,11]. The most sig-
nificant complications of cardiac surgery are stroke and postoperative cognitive deficit or
dysfunction [POCD]. The prevalence of POCD is high and can reach 70% [12,13]. POCD
development in cardiac surgery patients is associated with prolonged intensive care and
hospital stay, as well as deterioration of rehabilitation procedures, ultimately reducing the
effectiveness of surgery.

Currently, there are no clear approaches to POCD prevention and cognitive rehabilita-
tion of cardiac surgery patients. High medical and social significance of POCD determines

Biomedicines 2023, 11, 2823. https://doi.org/10.3390/biomedicines11102823 https://www.mdpi.com/journal/biomedicines



Biomedicines 2023, 11, 2823

the need to develop new strategies for cognitive rehabilitation in cardiovascular disease
patients that may preserve the quality of life and social status. Among nonpharmacological
treatments for cognitive deficits, combined programs of physical and cognitive training are
now becoming more widespread [14–16]. Recent studies show that physical and cognitive
development are interdependent and closely related [16,17]. It has been established that
neurogenesis continues even in adulthood [18], and physical activity is a key factor in
neurogenesis, depending on the intensity and systemic effect [19]. At the same time, it
should be noted that better cognitive functioning after training was based on a combination
of physical and cognitive exercise compared with either alone [20].

People are often confronted with situations in daily life that require the concurrent
performance of a motor and cognitive task or the concurrent processing of motor and
cognitive information such as taking an incoming call when walking or dribbling a ball in
basketball. In multi-tasking situations, individuals may have to switch between different
task demands or perform two tasks simultaneously. It has also been shown that the perfor-
mance of competing tasks promotes the activation of widespread areas of the brain, most
often the frontal and parietal cortex, as key elements of the distribution of attention during
information processing [21,22]. These areas of the brain are known to be the watersheds
of the blood supply, at the borders between the vascular pools [23,24]. Chronic ischemia
and/or episodes of acute cerebral ischemia during cardiac surgery have been established
to have a greater impact on them than any other brain regions. The vulnerability of these
regions, not only in the elderly but also in cardiovascular patients, requires professionals to
find new approaches to protect and restore brain functions that are associated with them.

The use of a multi-tasking approach, which involves the simultaneous performance
of motor and cognitive tasks, may be promising for cognitive rehabilitation in cardiac
surgery patients due to the requirement of significant control of attentional and executive
functions [25,26]. Previous studies have been reported that simultaneous cognitive–motor
training can result in higher benefits in cognitive and motor performance than both training
regimes (cognitive or motor training) alone [20]. Although the benefits of a multi-tasking
approach have already been demonstrated in patients with Parkinson’s and Alzheimer’s
disease, as well as in preventing the risk of falls in the elderly [27–29], studies involving car-
diac surgery patients are extremely rare. The possibility of using a multi-tasking approach
in patients after cardiac surgery is being actively discussed and requires special studies
since there is no unequivocal opinion regarding their rehabilitation effect.

It should be taken into account that cardiac surgery patients commonly have a lower
functional reserve and a risk of complications in the early postoperative period. It is,
therefore, difficult to choose an approach for cognitive recovery due to the physical state
of cardiac surgery patients. A multi-tasking approach should include tasks appropriate
to their physical condition during the early postoperative period. However, it is also very
important to gradually increase the level of difficulty of a cognitive task throughout the
learning process. Preliminary evidence suggests that combined motor–cognitive training
can provide effective cognitive recovery in patients with cardiovascular disease, optimize
cognitive and physical functions, and improve quality of life [30].

Despite the evidence, the multi-tasking approach had not yet been sufficiently imple-
mented into clinical practice. It is necessary to determine the cognitive and motor tasks
that require the most activation of the functional reserves of the patients. The optimal
training regime and duration of exercises is not certain. We hypothesized that incorporating
multi-tasking-based cognitive trainings into the management of patients in the early post-
operative period of coronary artery bypass grafting (CABG) will have a positive impact on
their cognitive functioning. In addition, we would like to test the benefits of combinations
of various cognitive and motor tasks. Thus, the aim of this study was to compare the
neuropsychological changes in patients who have undergone two variants of multi-tasking
training and a control group in the early postoperative period of coronary artery bypass
grafting (CABG).
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2. Materials and Methods

2.1. Data Collection and Sampling

One hundred and ten patients with stable coronary artery disease (CAD) were selected
from the cohort of patients of the Cardiology Department Clinic of the Research Institute for
Complex Issues of Cardiovascular Diseases. The study was carried out in accordance with
the Helsinki Declaration (revised in 2013). The Ethics Committee of the Research Institute
for Complex Issues of Cardiovascular Diseases has approved the study (protocol No. 10
dated 10 December 2020). In March 2020, the collection of patient data was initiated. The
inclusion criteria were as follows: stable coronary artery disease (CAD), elective CABG, aged
45–75 years, and provided informed consent. The exclusion criteria were as follows: history of
stroke, epilepsy, traumatic brain injury, depression, dementia; Montreal Cognitive Assessment
Scale (MoCA) score ≤ 18 (30); Beck’s Depression Inventory (BDI-II) score ≥ 8 (31); and non-
cardiovascular decompensated comorbidities [30]. All of the patients met the study criteria
and signed an informed consent form. Upon admission to hospital, all patients underwent
neurological examination, as well as cognitive and depression screening. Reviewers were
blinded regarding the participation of patients in the study.

A pseudo-randomization method was used to form three groups, comparable in terms
of clinical characteristics. The study sample was divided into the groups: cognitive training
(CT) I (n = 40), CT II (n = 40), and control (n = 40). The baseline clinical characteristics are
given in Table 1. After initial examination, 10 patients were excluded from the CT I group
for various reasons (see Figure 1). The overview of the study design can be seen in Figure 1.

Figure 1. Overview of the study. MOCA, The Montreal Cognitive Assessment; MRI, Magnetic Reso-
nance Imaging; CABG, Coronary Artery Bypass Grafting; POCD, Postoperative Cognitive Dysfunction.

Elective CABG was carried out in all groups using normothermic non-pulsatile car-
diopulmonary bypass (CPB). Standard procedures for endotracheal anesthesia and infusion
were used. An on-line monitoring of cerebral cortex oxygenation (rSO2) (INVOS-3100,
Somanetics, Troy, MI, USA) was carried out. During the surgery time, oxygen saturation
indicators were within the normal range. The mean CPB time and surgery time can be
found in Table 1. After CABG, all patients were transferred to the intensive care unit for one
to two days. The patients were transferred to the cardiology department for postoperative
management after intensive care and discharged in 11–12 days.
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Table 1. The clinical and anamnestic characteristics of all patients before cardiac surgery (n = 110).

Variable
Cognitive Training I

(n = 30)
Cognitive Training II

(n = 40)
Control (n = 40) p-Value

Age, years, Me [Q25; Q75] 65 [60; 68] 65.5 [61; 70.5] 65 [61; 69] 0.37 *

MoCA, scores, Me [Q25; Q75] 25 [22; 26] 25 [24; 27] 26 [23; 27] 0.65 *

BDI-II, scores, Me [Q25; Q75] 5 [2; 6] 3 [2; 4] 4 [1; 5] 0.08 *

Educational attainment, years,
Me [Q25; Q75] 12 [11; 16] 11 [10; 15] 12 [10; 15] 0.11 *

Functional class of angina, n (%)
I–II
III

26 (86.7)
4 (13.3)

29 (72.5)
11 (27.5)

31 (77.5)
9 (22.5) 0.41 #

Functional class NYHA, n (%)
I–II
III

27 (90)
3 (10)

39 (97.5)
1 (2.5)

37 (92.5)
3 (7.5) 0.46 #

History of myocardial infarction, n (%) 16 (53.3) 18 (45) 27 (67.5) 0.13 #

Fraction of left ventricle ejection, %,
Me [Q25; Q75] 62 [52; 68] 64 [52.5; 66] 64 [58; 67] 0.81 #

Type 2 of diabetes mellitus, n (%) 9 (30) 10 (25) 16 (40) 0.65 #

CA stenosis < 50%, n (%) 17 (56.7) 22 (55) 12 (30) 0.14 #

Cardiopulmonary bypass time, min,
Me [Q25; Q75] 85 [68; 102] 81 [68; 99] 72 [56; 103] 0.45 *

Surgery time, min, Me [Q25; Q75] 225 [175; 241] 220 [180; 245] 200 [180; 228] 0.49 *

Medication, n (%)

ACEi 16 (53.3) 28 (70) 27 (67.5) 0.28 #

Statins 30 (100) 40 (100) 40 (100) -

Beta-blockers 30 (100) 38 (95) 38 (95) 0.49 #

Antiplatelet drugs 30 (100) 40 (100) 40 (100) -

CCB 7 (23.3) 10 (25) 11 (27.5) 0.53 #

ARB 7 (23.3) 9 (22.5) 8 (20) 0.91 #

Diuretics 24 (80) 32 (80) 30 (75) 0.80 #

ACEi, angiotensin-converting enzyme inhibitor; ARBs, angiotensin II receptor blockers; CA, carotid artery; CCB,
calcium channel blocker; NYHA, heart failure according to the New York Heart Association. *—between-group
differences by Kruskal–Wallis one-way analysis of variance; #—between-group differences by χ2.

2.2. Neuropsychological Examination

Before study inclusion, the groups of patients (CTI, CT II, and control) were assessed
by the screening scale MoCA in the validated Russian-modified version. Extensive neu-
ropsychological testing was used to examine all participants of the study (see Table 2).
The baseline testing was carried out 2–3 days before CABG. The first POCD testing was
conducted at 2–3 days after surgery. Alternate versions of the neuropsychological tests were
used in repeated measurements to minimize practice effects. POCD was determined for
each patient individually, using the percentage of relative changes in postoperative indica-
tors compared with a baseline using the following formula: (baseline value–postoperative
value)/baseline value) × 100%. Negative values indicated an increase in the cognitive
indicator compared to the baseline, positive values indicated a decrease, and the threshold
value for cognitive decline was equal to 20% [30]. The examiners were standardized and
unaware of the patients’ participation in the study. Upon completion of the cognitive
training course or approximately 11–12 days after the CABG, all patients were retested.
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Table 2. Cognitive test battery for assessing cognitive function in cardiac surgery patients.

Cognitive Tests and Indicators Description of the Procedure

Cognitive screening

Montreal Cognitive Assessment Scale (MoCA), scores 30-point questionnaire for cognitive impairment and dementia
screening (Russian-modified version).

Psychomotor and executive functions

Complex visual–motor reaction
Reaction time, ms
Errors, n

Reaction latencies of the right and left hands to stimuli (different
colors of rectangles) when the subject can choose one of the
three presented signals (the number of signals in the test is 30).

Level of functional mobility of nervous processes: responses to
feedback
Reaction time, ms
Errors, n
Missed signals, n

Feedback mode is used for the performance of the previous test.
The exposure time of the test signals (rectangles) is changed: the
exposure of the next signal is shortened by 20 ms with each
correct answer and extended by 20 ms with an incorrect answer.
The test contains 120 signals. A missed signal is indicated by the
absence of response to the test signal.

Attention

The Bourdon’s test
Processed letters per min, n
Processed letters per 4 min, n
Attention ratio, scores

The subject is provided with the alphabetic version of
Bourdon’s test to highlight certain letters for a time of 4 min.

Attention span, scores

The subject is presented with a square grid of 16 equal cells.
Crosses appear in different parts of the grid for a short time, and
the subject must memorize their location and mark the
corresponding cells with the left mouse button immediately
after the stimulus disappears.

Short-term memory

10 words memorizing test, n To remember as many of 10 words presented one after another
as possible.

10 numbers memorizing test, n To remember as many of 10 numbers presented one after
another as possible.

Figurative memory, n

The subject is presented with 10 figures, which must be
remembered (30 s memory time). Next appears a set of
30 figures, among which it is necessary to find and mark with
the left mouse button all previously remembered figures.

2.3. Multi-Tasking Training

All cognitive training courses were started 3–4 days after CABG, once daily for a
period of 5–7 days. Before the start of the training, the presence of POCD was confirmed
according to the above criteria in all patients included in the study. POCD was in 100% of
patients in both groups.

2.4. CT I (A Postural Task with Mental Arithmetic and Divergent Tasks)

The original multi-tasking training protocol was developed using a postural balance
task as a motor subtask, and cognitive subtasks included mental arithmetic, verbal fluency,
and divergent tasks. For the postural balance task, trained patients stood on a balance
platform to maintain the position of the center of pressure (CoP) at the same point using
visual feedback. On the screen of the monitor, the CoP of the subject was presented as
a marker, which had to be aligned with the target located in the center of the monitor.
Simultaneously to the postural balance, one of the three cognitive tasks was conducted in
sequence. The mental arithmetic task involved sequentially subtracting 7 from 100. In the
verbal fluency task, the main goal was to produce as many words as possible that start in a
given time (60 s). For the divergent task, the participants were asked to generate unusual

54



Biomedicines 2023, 11, 2823

uses for common objects (e.g., bricks, knives, and newspapers). Each of the cognitive tasks
was performed sequentially with resting periods and exit from the balance platform.

2.5. CT II (A Simple Visual–Motor Reaction with Mental Arithmetic and Divergent Tasks)

For this training protocol, a simple visual–motor reaction was used as a motor subtask,
while the cognitive subtasks were the same as in the CT I protocol. A motor subtask
involved pushing the space button as soon as possible upon the appearance of different
colors of rectangles on the laptop screen (the number of signals in the test was 30).

The daily training session lasted 20 min, was performed in the morning, and included
a preparatory (2 min) and training (10–15 min) period for both CT I and CT II groups. The
patient can request to reduce the duration of the training phase. The preparatory period
was a discussion with a trainee specialist.

2.6. Statistical Analysis

All statistical analyses were conducted using the Statistica 10.0 software (StatSoft,
Tulsa, OK, USA, SN: BXXR210F562022FA-A). The distribution of variables was assessed
by the Shapiro–Wilk test. Most of the clinical and cognitive variables were not normally
distributed. Thus, the parameters are presented as the median with IQR [25th; 75th per-
centile] and the number of observations (n, %). Continuous variables were evaluated using
Kruskal–Wallis one-way analysis of variance and Wilcoxon tests. Continuity-corrected χ2

tests were used to determine categorical variables and the percentage relative change in
postoperative indicators. The statistical significance of the differences was determined at
p 0.05.

3. Results

3.1. Cognitive Performance in CT I

Most patients with CT I training reported an acceptable level of subjective difficulty in
performing multi-tasking. Thirty participants completed a course of training. The mean
number of training sessions was 5.4. No participants requested a shorter session. The
mean time of the training session was 16.0 min at the end of the training course. Cognitive
performance changes are presented in Table 3.

Table 3. Cognitive performance changes in CT I patients.

Cognitive Indicator
Baseline
Testing
(n = 30)

Retesting
(after Training) (n = 30)

p

Complex visual–motor reaction
Reaction time, ms
Errors, n

622.5 [584; 703]
1 [1; 2]

555 [512; 601]
1 [1; 2]

0.000005
0.84

Level of functional mobility of nervous processes: responses to feedback
Reaction time, ms
Errors, n
Missed signals, n

478.5 [447; 511]
28 [23; 31]
15 [10; 21]

475 [456; 516]
26 [24; 30]
13 [8; 20]

0.5
0.51
0.84

Attention
Bourdon’s test
Processed letters per min, n
Processed letters per 4 min, n
Attention ratio, scores

71 [48; 89]
102 [78; 117.5]
36 [28; 48]

64 [51; 86]
102 [75; 117]
38 [30; 53]

0.4
0.1
0.08

Attention span test, scores 5 [4; 8] 6 [5; 7] 0.27
Short-term memory

Figurative memory test, n 8 [6; 9] 9 [8; 10] 0.0004
10 words memorizing test, n 4 [4; 5] 4 [4; 5] 0.82
10 numbers memorizing test, n 4 [3; 5] 4 [3; 6] 0.1

Data are presented as the median with IQR [25th; 75th percentile].
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As seen in Table 3, there was a statistically significant accelerating speed of psychomo-
tor reactions and an increase in figurative memory after multi-tasking training. In addition,
a tendency for an increase in the attention ratio in Bourdon’s test and the attention span test
was shown. An individual analysis of cognitive indicators carried out with the cutoff limit
of 20% detected multidirectional changes after training. Of the 12 test battery indicators,
2 or more cognitive indicators increased by 20% in 28 patients (93.3%). A combination
of improved attention and executive functions was found in 5 patients (16.7%), whereas
a combination of improved short-term memory and attention was found in 17 patients
(56.7%). An increase in parameters in all domains (psychomotor and executive functions,
attention, and short-term memory) was observed in 14 cases (46.7%). Nevertheless, 60% of
patients (n = 18) met the POCD criteria (a 20% decline in retesting parameters compared to
baseline in three cognitive indicators of the test battery).

3.2. Cognitive Performance in CT II

The mean number of training sessions was 5.2. No participants requested a shorter
session. The mean time of the training session was 15.4 min at the end of the training course.
The cognitive performance data of the CT II group are presented in Table 4. Psychomotor
speed after multi-tasking training compared to preoperative values was faster, and a
tendency for an increase in errors in the executive function test was revealed. There was
also an increase in figurative memory compared with preoperative values. An individual
analysis of cognitive indicators showed that two or more cognitive indicators increased by
20% in 29 patients (72.5%). A combination of improved attention and executive functions
was found in seven patients (17.5%). A combination of improved short-term memory and
attention was found only in six patients (15%). An increase in parameters in all domains
(psychomotor and executive functions, attention, and short-term memory) was observed in
eight cases (20%). Twenty-six patients (65%) met the POCD criteria.

Table 4. Cognitive performance changes in CT II patients.

Cognitive Indicator
Baseline
Testing
(n = 40)

Retesting
(after Training)
(n = 40)

p

Complex visual–motor reaction
Reaction time, ms
Errors, n

677.5 [621; 756.5]
1 [0; 1,5]

618 [547.5; 684]
1 [0.5; 3]

0.0001
0.11

Level of functional mobility of nervous processes responses to feedback
Reaction time, ms
Errors, n
Missed signals, n

493.5 [473; 528]
26 [21; 29]
17.5 [10; 20.5]

486 [457; 536]
25.5 [23; 29.5]
14 [11; 19]

0.44
0.46
0.77

Attention
Bourdon’s test
Processed letters per min, n
Processed letters per 4 min, n
Attention ratio, scores

65 [48; 79]
78 [57; 127]
34 [29; 47]

57.5 [47; 80]
80 [58; 111]
29 [26; 39]

0.25
0.65
0.04

Attention span test, scores 5 [4; 6] 4.5 [4; 5.5] 0.32
Short-term memory

Figurative memory test, n 7 [6; 8] 8 [7; 9] 0.007
10 words memorizing test, n 4 [3; 5,5] 4 [3; 5] 0.86
10 numbers memorizing test, n 4 [3; 5,5] 4 [4; 5] 0.93

Data are presented as the median with IQR [25th; 75th percentile].

3.3. Control Group

At the first POCD testing (2–3 days after surgery), the presence of POCD was confirmed
according to the above criteria in all control patients (n = 40) included in the study. Before
discharge (11–12 days after the CABG), thirty-two patients (80%) met the POCD criteria.
An individual analysis of cognitive results revealed that in 25 patients (62.5%), two or more
cognitive indicators increased by 20%. Executive functions decreased in 21 patients (52.5%).
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A combination of short-term memory and attention enhancement was more frequent and
was observed in 20 patients (50%). An increase in parameters in all domains (psychomotor
and executive functions, attention, and short-term memory) was observed in two cases
(5%). The group data of control subjects are presented also in Table 5.

Table 5. Cognitive performance changes in the control group of patients.

Cognitive Indicator
Baseline
Testing
(n = 40)

Retesting
(11–12 Days after
the CABG)
(n = 40)

p

Complex visual–motor reaction
Reaction time, ms
Errors, n

631 [556; 684]
1 [0; 2]

579 [536; 635]
1 [1; 3]

0.0007
0.12

Level of functional mobility of nervous processes: responses to feedback
Reaction time, ms
Errors, n
Missed signals, n

488 [455.5; 521.5]
25 [22.5; 29]
16 [10; 23]

488 [453.5; 542.5]
28.5 [24; 29.5]
14 [9; 18]

0.23
0.05
0.1

Attention
Bourdon’s test
Processed letters per min, n
Processed letters per 4 min, n
Attention ratio, scores

66 [42; 99]
82 [69; 112.5]
34 [27; 47]

68 [49.5; 89.5]
90 [67; 109.5]
37 [27; 50]

0.43
0.69
0.15

Attention span test, scores 5 [4; 7] 5 [4; 6] 0.96
Short-term memory

Figurative memory test, n 8 [6; 9] 8 [6.5; 9] 0.14
10 words memorizing test, n 4.5 [3; 5] 4 [4; 5] 0.35
10 numbers memorizing test, n 4 [3; 6] 4 [3; 5] 0.86

Data are presented as the median with IQR [25th; 75th percentile].

3.4. Between-Group Differences

Before surgery, between-group differences in cognitive performance were not observed.
The re-testing revealed that there was only a tendency for differences in POCD in-

cidence between CT I (60%) and the control group (80%) at 11–12 days after the CABG:
OR = 2.7; 95% CI: 0.92–7.73; z statistic = 1.805; p = 0.07. Additionally, CT II (65%) dif-
fered from the control patients (80%) not significantly: OR = 2.2; 95% CI: 0.78–5.92;
z statistic = 1.487; p = 0.14.

Between-group differences in cognitive performance after multi-tasking training and
re-testing are illustrated in Figure 2. This analysis (see Figure 2a) revealed the differences
in psychomotor speed with lower values in the CT II group compared to CT I. The control
group did not differ with regard to psychomotor speed from CT I and CT II groups.

In addition, differences between CT I and CT II groups were in figurative memory
(Figure 2c) and attention indicators (Figure 2b,d). These differences were due to better
cognitive performance in CT I patients compared to CT II after multi-tasking training. The
results of control patients were the same with CT II and lower compared with CT I, but
there were no significant differences.

As a result of an individual analysis of cognitive performance, it was established that
CT I patients demonstrated an improvement of two or more cognitive indicators in a larger
number of cases (93.3% vs. 72.5%), OR = 5.31, 95% CI = 1.1–26.1, Z = 2.05, p = 0.04, as
compared to the CT II group. There were significant differences in the improvement of two
or more cognitive indicators (93.3% vs. 62.5%), OR = 8.40, 95% CI = 1.75–40.41, Z = 2.66,
p = 0.008, between CT I and the control group.
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Figure 2. Between-group differences in cognitive performance after multi-tasking training (re-testing).
(a)—psychomotor speed; (b)—attention span; (c)—figurative memory; (d)—attention ratio. Light
bars—CT I patients; dark bars—CT II, shaded bars—control group. Data are presented as the median
with IQR [25th; 75th percentile].

In addition, the combination of improved short-term memory and attention was
found more frequently in the CT I group compared to CT II (56.7% vs. 15%), OR = 7.41,
95% CI = 2.4–22.9, Z = 3.48, p = 0.0005. There was no difference between the CT I and control
patients in the combination of improved short-term memory and attention (56.7% vs. 50%),
OR = 1.31, 95% CI = 0.5–3.4, Z = 0.55, p = 0.58. CT II patients demonstrated the combination
of improved short-term memory and attention in a fewer number of cases (15% vs. 50%)
in comparison to control patients, OR = 0.18, 95% CI = 0.6–0.51, Z = 3.19, p = 0.001. The
cognitive improvement of all domains (psychomotor and executive functions, attention,
and short-term memory) was also revealed in CT I patients more frequently compared with
CT II and control groups (46.7% vs. 20%, OR = 3.5, 95% CI = 3.38–81.74, Z = 2.33, p = 0.02
and 46.7% vs. 5%, OR = 16.63, 95% CI = 1.22–10.1, Z = 3.46, p = 0.0005), respectively.

4. Discussion

The study results showed positive effects of the multi-tasking training on cognitive
functions in cardiac surgery patients. In 93.3% of cases in CT I patients, there was an
improvement in two or more cognitive indicators, which is significantly higher than in the
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CT II group (72.5%). In addition, the CT I group demonstrated the improvement of two or
more cognitive indicators in a larger number of cases in comparison with control patients
(93.3% vs. 62.5%). A combination of improved short-term memory and attention was also
found more frequently in the CT I group compared to the CT II patients (56.7% vs. 15%).
However, the cognitive improvement of all domains was in a larger number of cases in the
CT I and CT II patients in comparison to the control group (46.7% and 20% vs. 5%). This
was shown by an individual analysis of cognitive indicators.

The advantages of the CT I multi-tasking approach were also demonstrated in compari-
son to CT II in the results of between-group comparisons. CT I patients had better figurative
memory, psychomotor speed, and attention indicators than CT II after multi-tasking train-
ing. Thus, the combination of a postural task with mental arithmetic and divergent tasks
has a more beneficial effect on cognitive performance in cardiac surgery patients.

As shown previously, a successful option for multi-tasking may be a combination of
motor training and attention or executive function tasks [16,31,32]. Some authors have
pointed to the positive effect of their inclusion in the rehabilitation course [28–30]. It
was also reported that these elements have a positive effect on cognitive abilities and
recommend a cautious increase in task complexity, depending on the individual abilities of
the subject [31]. However, this applies to cognitively and clinically intact individuals. The
early postoperative period with pain syndrome, asthenia, and other surgical complications
can restrict the physical status of cardiac surgery patients. Therefore, the motor component
selection for the dual task is limited. We opted for postural training and a simple visual–
motor task to ensure maximum tolerance in the difficult cohort of patients. Dual tasks
including postural training were previously used to restore cognitive function in traumatic
brain damage [33]. In fact, in our study, the training with a postural motor task (CT I)
demonstrated better results than CT II with a simple visual–motor reaction task.

It should be noted, however, that the multi-tasking training conducted in the early
postoperative period of CABG had a limited impact on the cognitive performance in the
patients of both groups in terms of POCD incidence. The frequency of POCD was quite
high (60% in CT I and 65% in CT II). According to the literature, POCD frequency can
reach 70–80% [12–14]. Our previous study found that patients who underwent standard
recovery therapy had a POCD frequency of 79.5% in the early postoperative period of
cardiac surgery [14].

It was shown that the performance of each of the components of the dual task can be
impaired by interference processes [28,33,34]. In our study, the insignificant clinical effect
of the multi-tasking paradigms chosen can be explained by the interference interactions
between cognitive and motor components. It has been demonstrated that for older people,
performing competitive tasks causes cognitive component deterioration in a combination
of complex cognitive tasks and any motor task, and motor tasks are performed less by them
combined with complex cognitive tasks [35]. Since the divergent task used in this study as
a cognitive component can be classified as a complex cognitive task, the limited cognitive
resources of patients in the early postoperative period of CABG did not allow them to cope
effectively with the proposed version of the training.

Multi-tasking difficulties have been established in the aging population [21,36,37]. A
number of studies have also shown interference effects during the concurrent performance
of motor tasks involving postural control and cognitive tasks, with pronounced effects in the
elderly [32,38,39]. The study of Brahms et al. [40] investigated the effects of cognitive-motor
multi-tasking interventions on postural stability and cognitive performance in healthy
older adults. These findings showed that the simultaneous performance of cognitive and
postural tasks was moderated by modality compatibility mapping, workload memory, and
increased postural demands. However, postural and cognitive performance did not change
as a result of training. Bohle and his colleagues showed an age-related decline in cognitive
performance at high cognitive–postural task demands [41].

Nevertheless, the CT I version of multi-tasking cognitive training can be effective in
improving the cognitive state of cardiac surgery patients, as it provides a greater trans-
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fer effect (improvement in short-term memory and attention in the post-training period
compared to the baseline). Previously, it was found that the effect of the transfer varies
depending on the complexity and modality of the task performed [42]. It is suggested that
the effectiveness of the multi-tasking approach in the recovery of cognitive functions is
ensured by more effective coordination of cognitive processes.

It should also be noted that, in this study, multi-tasking training was used as a short
course (5–7 training sessions). The obtained data indicate the formation of beneficial effects
on cognitive functions in a short time period after CABG, which is especially important
in patients to establish medical adherence and optimization of rehabilitation procedures
in general. In most previous studies, short-term effects of multi-tasking training were
not studied, especially in the cardiac cohort of patients [40,41,43]. It can be assumed
that if the duration of the course is extended, it would have a greater positive impact
on cognitive performance in cardiac surgery patients. Therefore, future studies should
separately consider the impact of the length of the course of multi-tasking training on
the involvement of different cognitive domains. The sustainability of the positive effects
of short-term cognitive training on the preservation of the patient’s overall intellectual
functions also requires careful study. It is necessary to further improve approaches to
multi-tasking postoperative training with an intensification load and individual support
for cardiac surgery patients in the long-term postoperative period.

New technologies may offer new opportunities for medical research and practice,
including virtual reality (VR) [15,44,45]. The manipulation of experimental parameters in
VR software has great potential for new forms of intervention and treatment of cognitive
and motor disorders in patients with different pathology, including ischemic brain damage.
Further studies in the field of adapting successful multi-tasking trainings to the VR interface
to the effective training of memory, executive functioning, and attention are needed.

5. Limitations

When interpreting the findings, it is important to take into account the limitations
of our study. The study’s observational nature was a limitation, and the effectiveness of
CT for patients was assessed through an individual analysis of cognitive performance.
Additionally, only a short early postoperative period of CABG was used for training.
The other limitation was the small sample of patients, as we only recruited consecutive
ones. Thus, we performed this pilot study to plan a larger and more comprehensive
prospective study.

6. Conclusions

The CT I multi-tasking training was more effective in improving the cognitive per-
formance in the early postoperative period of CABG in comparison to CT II training and
standard post-surgery management of patients. The combination of a postural task with
mental arithmetic and divergent tasks provided a greater transfer effect (better results in
short-term memory and attention). The findings of this study raise important questions
regarding the effectiveness of multi-tasking interventions and will be helpful for designing
and implementing future studies involving multi-tasking training. Consequently, future
studies should investigate interventions with different lengths of the multi-tasking training
course in larger samples.

Author Contributions: Conceptualization, I.T., O.T. and O.B.; methodology, I.T. and O.T.; validation,
I.T. and O.T.; formal analysis, I.T. and A.S.; investigation, D.K., I.K., I.S. and A.S.; data curation, D.K.,
I.K., I.S. and A.S.; writing—original draft preparation, I.T.; writing—review and editing, O.T. and
O.B.; project administration, O.T.; funding acquisition, O.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation No. 23-15-00379, https:
//rscf.ru/en/project/23-15-00379/, accessed on 15 May 2023.

60



Biomedicines 2023, 11, 2823

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Ethics Committee of the Research Institute for Complex
Issues of Cardiovascular Diseases (01/2011-2520). The study was registered on ClinicalTrials.gov
(NCT05172362).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funder had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Gorelick, P.B.; Scuteri, A.; Black, S.E.; Decarli, C.; Greenberg, S.M.; Iadecola, C.; Launer, L.J.; Laurent, S.; Lopez, O.L.; Nyenhuis, D.;
et al. Vascular contributions to cognitive impairment and dementia: A statement for healthcare professionals from the American
heart association/American stroke association. Stroke 2011, 42, 2672–2713. [CrossRef]

2. Stefanidis, K.B.; Askew, C.D.; Greaves, K.; Summers, M.J. The Effect of non-stroke cardiovascular disease states on risk for
cognitive decline and dementia: A systematic and meta-analytic review. Neuropsychol. Rev. 2018, 28, 1–15. [CrossRef]

3. Giang, K.W.; Jeppsson, A.; Karlsson, M.; Hansson, E.C.; Pivodic, A.; Skoog, I.; Lindgren, M.; Nielsen, S.J. The risk of dementia
after coronary artery bypass grafting in relation to age and sex. Alzheimers Dement. 2021, 17, 1042–1050. [CrossRef] [PubMed]

4. Barbay, M.; Taillia, H.; Nedelec-Ciceri, C.; Arnoux, A.; Puy, L.; Wiener, E.; Canaple, S.; Lamy, C.; Godefroy, O.; Roussel, M.; et al.
Vascular cognitive impairment: Advances and trends. Rev. Neurol. 2017, 173, 473–480. [CrossRef] [PubMed]

5. de la Torre, J. The vascular hypothesis of Alzheimer’s disease: A key to preclinical prediction of dementia using neuroimaging.
J. Alzheimers Dis. 2018, 63, 35–52. [CrossRef] [PubMed]

6. Fisher, R.A.; Miners, J.S.; Love, S. Pathological changes within the cerebral vasculature in Alzheimer’s disease: New perspectives.
Brain Pathol. 2022, 32, e13061. [CrossRef]

7. Zuo, W.; Wu, J. The interaction and pathogenesis between cognitive impairment and common cardiovascular diseases in the
elderly. Ther. Adv. Chronic Dis. 2022, 13, 20406223211063020. [CrossRef]

8. Indja, B.; Seco, M.; Seamark, R.; Kaplan, J.; Bannon, P.G.; Grieve, S.M.; Vallely, M.P. Neurocognitive and psychiatric issues post
cardiac surgery. Heart Lung Circ. 2017, 26, 779–785. [CrossRef]

9. Tarasova, I.V.; Trubnikova, O.A.; Syrova, I.D.; Barbarash, O.L. Long-term neurophysiological outcomes in patients undergoing
coronary artery bypass grafting. Braz. J. Cardiovasc. Surg. 2021, 36, 629–638. [CrossRef]

10. Hu, W.S.; Lin, C.L. Postoperative ischemic stroke and death prediction with CHA2DS2-VASc score in patients having coronary
artery bypass grafting surgery: A nationwide cohort study. Int. J. Cardiol. 2017, 241, 120–123. [CrossRef]
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Abstract: In this paper, we aim to evaluate the efficacy of antidiabetic cardioprotective molecules
such as Sodium-Glucose Cotransporter-2 Inhibitors (SGLT-2i) and Glucagon-like Peptide 1 Receptor
Agonists (GLP-1 RAs) when used with other glucose-lowering drugs, lipid-lowering, and blood
pressure (BP)-lowering drugs in a real-life setting. A retrospective, observational study on 477 patients
admitted consecutively in 2019 to the outpatient clinic of a tertiary care unit for Diabetes Mellitus was
conducted. Body mass index (BMI), blood pressure (BP) (both systolic and diastolic), and metabolic
parameters, as well as A1c hemoglobin, fasting glycaemia and lipid profile, including total cholesterol
(C), HDL-C, LDL-C and triglycerides), were evaluated at baseline and two follow-up visits were
scheduled (6 months and 12 months) in order to assess the antidiabetic medication efficacy. Both
SGLT-2i and GLP-1 RAs were efficient in terms of weight control reflected by BMI; metabolic control
suggested by fasting glycaemia and A1c; and the diastolic component of BP control when comparing
the data from the 6 and 12-month visits to the baseline, and when comparing the 12-month visit
to the 6-month visit. Moreover, when comparing SGLT-2i and GLP-1 RAs with metformin, there
are efficacy data for SGLT-2i at baseline in terms of BMI, fasting glycaemia, and HbA1c. In this
retrospective study, both classes of cardioprotective molecules, when used in conjunction with other
glucose-lowering, antihypertensive, and lipid-lowering medications, appeared to be efficient in a
real-life setting for the management of T2DM.

Keywords: treatment; real-life; diabetes mellitus; sodium-glucose cotransporter-2 inhibitors; glucagon-
like peptide-1 receptor agonist

1. Introduction

Modern society is facing an accelerating rate of obesity and type 2 diabetes mellitus
(DM) due to changes in diet and lifestyle [1,2]. Longer lifespans and sedentary living are
leading to an increase in chronic illnesses that require multiple medications [2]. In this
context, polypharmacy is generally referred to as the use of more than five medications
per day per patient [3,4]. The high numbers of administered drugs oblige healthcare
providers to carefully choose them and, more importantly, to recommend efficient and
personalized treatments [5].
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Type 2 DM (T2DM) is a complex disease characterized by a hyperglycaemic state with
an increased risk of microvascular complications, such as retinopathy, nephropathy, or
neuropathy; macrovascular complications such as atherosclerotic disease (peripheral artery
disease, ischemic stroke, or coronary artery disease); and cognitive impairment or adverse
reactions (AR) from the antidiabetic drugs [6], which all lead to an overwhelming burden.
Given the high risk for complications, need for hospitalization, and the all-cause mortality,
the current recommendations are to personalize the treatment in order to achieve individu-
alized metabolic targets while addressing the patients’ concomitant comorbidities [6,7].

DM and especially T2DM are characterized by heterogeneity both in pathophysiologi-
cal and in clinical features, a fact that is emphasized by the recent tendency to cluster pa-
tients into subgroups based on disease progression and onset of DM-related complications,
including retinopathy, neuropathy, chronic kidney disease, cardiovascular (CV) disease,
and NAFLD. Therefore, personalized management of cases, including prevention and
treatment methods, should be pursued, but more studies in this direction are required [8].

SGLT-2i and GLP-1 RAs are antidiabetic drugs that are proven to be efficient in
achieving glycaemic, metabolic, and weight control, and in reducing the risk of a composite
of CV death, nonfatal myocardial infarction (MI), and nonfatal stroke—together referred to
as major adverse cardiovascular events (MACE) [9,10].

Randomized control trials (RCTs) represent the gold standard in providing directions
for adjusting a patient’s management. Despite their significant usefulness, they require
plentiful resources and they offer information on only a select cohort of patients in a
more or less controlled setting; therefore, real-life studies are needed in order to provide
complementary data to RCTs [11,12].

The aim of this study was to evaluate the efficacy of two classes of glucose-lowering med-
ications, namely SGLT-2i and GLP-1 RAs, for the treatment of T2DM when used in a real-life
clinical practice with other glucose, blood pressure (BP), and lipid-lowering medication.

2. Materials and Methods

This retrospective, observational study was conducted in accordance with the Dec-
laration of Helsinki and approved by the Institutional Ethics Committee of N Paulescu
National Institute for Diabetes Mellitus, Nutrition and Metabolic Disorders, Bucharest,
Romania (protocol number 5591, from 17 November 2022). From the 477 patients that were
consecutively admitted in 2019 to the “N. Paulescu” National Institute for Diabetes Mellitus,
Nutrition and Metabolic Disorders’ Outpatient Department, 16 patients discontinued their
treatment early due to AR, 56 patients refused or were unable to attend baseline visits, and
at least one of the control visits and 405 patients met the inclusion criteria. Figure 1 syn-
thetizes the analysis of those patients who was intended to receive treatment, the pre-study
drop-outs, those lost for follow-up, and those who discontinued treatment due to AR.

The inclusion criteria are extensively presented in Table 1 and comprise adult patients
with at least a 6-month duration of T2DM prior to admission, treated in a standard-of-
care regimen for 6 months prior to the baseline visit, and who received at least one of
the BP-lowering or lipid-lowering drugs of interest. The included patients had to attend
at minimum two of the three visits of interest which were, respectively, a baseline visit
(mandatory) (V0M), a plus 6-month visit (V6M) or a plus 12-month visit (V12M), or both a
plus V6M and V12M. Furthermore, patients were assigned to one of three groups depending
on their non-insulinic treatment for DM which were, respectively, metformin, metformin
plus SGLT-2i, and metformin plus GLP-1 Ra. The exclusion criteria are also presented in
Table 1 and include non-adult patients with other types of DM.
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Figure 1. Patient selection and inclusion process. AR—adverse reaction; SGLT-2i—sodium glucose
loop transporter 2 inhibitor; GLP-1 RA—glucagon-like peptide 1 receptor agonist.

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Adults > 18 years old Younger than 18 years old
Duration of T2DM > 6 months Type 1 DM or secondary DM

Standard-of-care treatment for T2DM with maximum
tolerated doses > 6 months prior to inclusion

Severe/acute heart failure, renal
insufficiency or hepatic insufficiency

At least two visits from V0M, V6M and V12M
Treatment with BB and/or CCB

and/or ARB/ACEI and/or statin
DM—diabetes mellitus; T2DM—type 2 diabetes mellitus; V0M—baseline visit; V6M—6 months visit;
V12M—12 months visit; BB—beta-blockers; CCB—calcium-channel blockers; ARB—angiotensin receptor blockers;
ACEI—angiotensin converting enzyme inhibitors.

The drugs of interest from the SGLT-2i and GLP-1 RA classes are the ones that were
available and approved by the National Drug Association at the time of the study, begin-
ning with empagliflozin and dapagliflozin for SGLT-2i, and dulaglutide, lixisenatide, and
exenatide for GLP-1 RAs.

Patients’ real-life data regarding their demographic parameters (e.g., age, gender,
and settlement), clinical examination (BMI, heart rate-HR, systolic, and diastolic BP),
comorbidities (e.g., high BP and dyslipidemia, etc.), paraclinical profile (fasting glycaemia,
A1c, total-C, HDL-C, LDL-C, and TG), and data about the treatment (antidiabetic, BP-
lowering, and lipid-lowering drugs) at V0M, V6M, and V12M were collected from the
electronic database of the N. Paulescu National Institute for Diabetes Mellitus, Nutrition
and Metabolic Disorders, Bucharest, Romania. Using Excel software 2019th version and
SPSS software, 20th version, the data were statistically analyzed using the Kolmogorov–
Smirnov test for normality, ANOVA test for baseline characteristics comparison, and
student t-test for comparison between visits if the variables had normal distribution, as
well as a Wilcoxon test and Kruskal–Wallis tests for non-normal distributions.
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3. Results

Detailed data regarding the included patients’ participation, demographics, comor-
bidities, and treatment for the molecules of interest are shown in Table 2. The Romanian
standard–of-care treatment regarding the maximum tolerated dose for T2DM for the met-
formin group is represented by metformin, or metformin plus insulin; in the SGLT-2i group
by metformin plus SGLT-2i or metformin plus SGLT-2i plus insulin; in the GLP-1 RA group
by metformin plus GLP-1 RAs plus insulin, as shown in Table 2; and, alongside with CV
treatment of interest, respectively, beta-blockers (BB), calcium-channel blockers (CCB),
angiotensin-converting enzyme inhibitors/angiotensin receptor blockers (ACEI/ARB) or
statins and, when needed, diuretics.

Table 2. Data about the patient’s participation at visits, demographic and standard-of-care treatment
for T2DM and cardiovascular (CV) treatment of interest.

Metformin SGLT-2i GLP-1Ras

No of patients (% of total) 167 (41.2%) 119 (29.4%) 119 (29.4%)
No of patients at V6M (% of group) 148 (88.62%) 109 (91.59%) 106 (89.07%)
No of patients at V12M (% of group) 155 (92.81%) 112 (94.11%) 101 (84.87%)

Insulin treatment (%) 16 (9.58%) 15 (12.6%) 61 (51.26%) p < 0.001, η2 = 0.24
Female (%) 65 (38.9%) 34 (71.4%) 57 (47.9%) p = 0.009, η2 = 0.023

Mean age (years) [mean ± SD] 57 ± 10 56 ± 10 59 ± 9 p = 0.185, η2 = 0.008
Urban settlement (%) 113 (67.66%) 98 (82.35%) 88 (73.95%) p < 0.001, η2 < 0.001

Active smoker (%) 29 (17.36%) 15 (12.6%) 27 (22.68%) p = 0.281, η2 = 0.006
Chronic kidney disease (%) 14 (8.38%) 15 (12.6%) 20 (16.80%) p = 0.097, η2 = 0.012

Heart failure (%) 10 (5.98%) 14 (11.76%) 8 (6.72%) p = 0.174, η2 = 0.009
BB (%) 94 (56.28%) 78 (65.54%) 74 (62.18%) p = 0.268, η2 = 0.007

CCB (%) 43 (25.74%) 28 (23.52%) 28 (23.52%) p = 0.818, η2 = 0.01
ACEI/ARB (%) 104 (62.27%) 84 (70.58%) 94 (78.98%) p = 0.01, η2 = 0.023

Statin (%) 135 (80.83%) 104 (87.39%) 106 (89%) p = 0.112, η2 = 0.011
Diuretics (%) 73 (43.71%) 36 (30.25%) 43 (36.13%) p = 0.181, η2 = 0.008

SGLT-2i—sodium glucose loop transporter 2 inhibitor; GLP-1 Ras—glucagon-like peptide 1 receptor ag-
onist; V6M—6-month visit; V12M—12-month visits; BB—beta-blockers; CCB—calcium channel blockers;
ACEI—angiotensin converting enzyme inhibitors; ARB—angiotensin receptor blockers; SD—standard deviation.

The baseline visit (V0M) parameters of interest are the clinical parameters—Body mass in-
dex (BMI), heart rate (HR), systolic and diastolic BP, and the metabolic parameters—fasting
glycaemia, total-cholesterol (total-C), HDL-cholesterol (HDL-C), LDL-cholesterol (LDL-C)
and triglycerides (TG); these are shown in Table 3.

Table 3. The V0M parameters of interest for clinical (BMI, HR, systolic and diastolic BP) and metabolic
parameters (fasting glycaemia, total-C, HDL-C, LDL-C and TG).

Metformin
(n = 167)

SGLT-2i
(n = 119)

GLP-1Ras
(n = 119)

BMI (kg/m2)
[mean ± SD]

31.8 ± 5.8 p = 0.672 35.5 ± 6.5 p = 0.209 32.1 ± 6.1 p = 0.022 p < 0.001, η2 = 0.067

Systolic BP (mmHg)
[mean ± SD] 133.4 ± 12.8 p = 0.004 131.7 ± 13.4 p = 0.009 131.4 ± 1 p = 0.022 p = 0.377, η2 = 0.05

Diastolic BP (mmHg)
[mean ± SD] 80.4 ± 8.7 p < 0.001 79.7 ± 12.7 p < 0.001 79.3 ± 8.8 p < 0.001 p = 0.63, η2 = 0.002

HR (beat per minute)
[mean ± SD] 78 ± 11 p < 0.001 77 ± 12 p = 0.009 73 ± 8 p = 0.23 p < 0.001, η2 = 0.041

Fasting glycaemia
(mg/dL) [mean ± SD] 155.4 ± 48.4 p = 0.026 170.6 ± 66.1 p = 0.006 155.7 ± 49.5 p = 0.003 p = 0.041, η2 = 0.016

HbA1c (%)
[mean ± SD] 7.4 ± 1.2 p = 0.006 8.1 ± 1.5 p = 0.068 7.4 ± 1.4 p = 0.044 p < 0.001, η2 = 0.05
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Table 3. Cont.

Metformin
(n = 167)

SGLT-2i
(n = 119)

GLP-1Ras
(n = 119)

Total-C (mg/dL) * 172 (52) p = 0.236 161 (61) p = 0.595 168 (60) p = 0.654 p = 0.215, η2 = 0.008
HDL-C (mg/dL)

[mean ± SD] 46 ± 12 p = 0.008 43 ± 16 p < 0.001 44 ± 13 p = 0.11 p = 0.182, η2 = 0.008

LDL-C (mg/dL) * 92 (41) p = 0.232 98 (47) p = 0.168 91 (53) p = 0.403 p = 0.816, η2 = 0.001
TG (mg/dL) * 170 (103) p = 0.004 172 (115) p = 0.002 170 (82) p < 0.001 p = 0.419, η2 = 0.004

SGLT-2i—sodium glucose loop transporter 2 inhibitor; GLP-1 RA—glucagon like peptide 1 receptor agonist; total-
cholesterol—total-C; HDL-cholesterol—HDL-C; LDL-cholesterol—LDL-C; TG—triglycerides; SD—standard devi-
ation. *—where the baseline distribution was not normal, we reported the data as median and interquartile range.

The 6-month visit (V6M) parameters of interest are the clinical parameters—BMI, HR,
systolic and diastolic BP, and the metabolic parameters—fasting glycaemia, total-C, HDL-C,
LDL-C and TG; these are shown in Table 4.

Table 4. The V6M parameters of interest for clinical (BMI, HR, systolic and diastolic BP) and metabolic
parameters (fasting glycaemia, total-C, HDL-C, LDL-C, TG).

Metformin
(n = 148)

SGLT-2i
(n = 109)

GLP-1Ras
(n = 106)

BMI (kg/m2) [mean ± SD] 31.3 ± 5.9 p = 0.756 31.6 ± 5.5 p = 0.96 31.5 ± 5.8 p = 0.022
Systolic BP (mmHg) [mean ± SD] 133.1 ± 12.8 p = 0.004 133.1 ± 12.8 p = 0.017 130.7 ± 16.1 p = 0.08
Diastolic BP (mmHg) [mean ± SD] 80.8 ± 9.9 p < 0.001 81.6 ± 10.1 p < 0.001 76.9 ± 9.7 p < 0.001
HR (beat per minute) [mean ± SD] 77 ± 9 p = 0.009 76 ± 9 p = 0.015 73 ± 8 p = 0.782

Fasting glycaemia (mg/dL) [mean ± SD] 136.8 ± 36.1 p = 0.357 133.9 ± 35.3 p = 0.282 135.4 ± 35.3 p = 0.099
HbA1c (%) [mean ± SD] 7.1 ± 1.2 p = 0.002 7 ± 1.2 p = 0.027 7.1 ± 1.3 p = 0.02

Total-C (mg/dL) * 170 (60) p = 0.32 167 (61) p = 0.23 164 (55) p = 0.345
HDL-C (mg/dL) [mean ± SD] 46 ± 11 p = 0.029 47 ± 12 p = 0.117 45 ± 11 p = 0.855

LDL-C (mg/dL) * 92 (52) p = 0.425 88 (50) p = 0.266 90 (50) p = 0.081
TG (mg/dL) * 156 (120) p = 0.132 142 (123) p = 0.171 154 (91) p = 0.026

SGLT-2i—sodium glucose loop transporter 2 inhibitor; GLP-1 RA—glucagon like peptide 1 receptor agonist; total-
cholesterol—total-C; HDL-cholesterol—HDL-C; LDL-cholesterol—LDL-C; TG—triglycerides; SD—standard devi-
ation. *—where the baseline distribution was not normal, we reported the data as median and interquartile range.

The 12-month visit (V12M) parameters of interest are the clinical parameters—BMI,
HR, systolic and diastolic BP, and the metabolic parameters—fasting glycaemia, total-C,
HDL-C, LDL-C, and TG; these are shown in Table 5.

Table 5. The V12M parameters of interest for clinical (BMI, HR, systolic and diastolic BP) and
metabolic parameters (fasting glycaemia, total-C, HDL-C, LDL-C, TG).

Metformin
(n = 155)

SGLT-2i
(n = 112)

GLP-1RAs
(n = 101)

BMI (kg/m2) [mean ± SD] 31.0 ± 5.8 p = 0.582 31.2 ± 5.4 p = 0.78 31.3 ± 5.7 p = 0.05
Systolic BP (mmHg) [mean ± SD] 133.2 ± 13.0 p = 0.005 132 ± 12.7 p = 0.011 130 ± 13.6 p = 0.029
Diastolic BP (mmHg) [mean ± SD] 79.9 ± 10.7 p < 0.001 80.3 ± 11.4 p < 0.001 76.5 ± 10.3 p < 0.001
HR (beat per minute) [mean ± SD] 77 ± 9 p = 0.063 77 ± 9 p = 0.03 73 ± 9 p = 0.327

Fasting glycaemia (mg/dL) [mean ± SD] 142.9 ± 39.9 p = 0.157 139.2 ± 36.8 p = 0.262 146 ± 50.7 p = 0.007
HbA1c (%) [mean ± SD] 7.1 ± 1.1 p = 0.01 7 ± 1 p = 0.073 7.1 ± 1 p = 0.023

Total-C (mg/dL) * 173 (57) p = 0.035 165 (58) p = 0.053 166 (62) p = 0.508
HDL-C (mg/dL) [mean ± SD] 47 ± 12 p = 0.019 48 ± 12 p = 0.096 45 ± 13 p = 0.212

LDL-C (mg/dL) * 92 (43) p = 0.064 87 (39) p = 0.091 91 (50) p = 0.504
TG (mg/dL) * 162 (103) p = 0.017 140 (100) p = 0.095 152 (85) p = 0.017

SGLT-2i—sodium glucose loop transporter 2 inhibitor; GLP-1 RA—glucagon like peptide 1 receptor agonist; total-
cholesterol—total-C; HDL-cholesterol—HDL-C; LDL-cholesterol—LDL-C; TG—triglycerides; SD—standard devi-
ation. *—where the baseline distribution was not normal, we reported the data as median and interquartile range.
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The patients were evaluated both clinically (BMI, systolic and diastolic BP, and HR)
and paraclinically (fasting glycaemia, HbA1c, total-C, HDL-C, LDL-C, and TG) at V6M
and at V12M as compared to V0M, and at V12M as compared to V6M; the results are
synthetized in Table 6. They had at least one statistically significant value with p < 0.05,
while for systolic BP, HR, total-C, and HDL-C there were no significant differences.

Table 6. Clinical (BMI, diastolic BP) and paraclinical (fasting glycaemia, HbA1c, HDL-cholesterol
and tryglicerides) at V6M and at V12M as compared to V0M, and at V12M as compared to V6M.

Metformin SGLT-2i GLP-1 RAs

Mean
Difference

Mean
Difference

Mean
Difference

V6M compared to V0M
BMI (kg/m2) 0.5 ± 0.09 p < 0.001 3.9 ± 0.78 p < 0.001 0.6 ± 0.1 p < 0.001

Diastolic BP (mmHg) 0.4 ± 0.8 p = 0.380 1.9 ± 1.3 p = 0.151 2.4 ± 0.8 p = 0.013
Fasting glycaemia (mg/dL) 18.6 ± 3.8 p < 0.001 36.7 ± 7.4 p < 0.001 20.3 ± 4.6 p < 0.001

HbA1c (%) 0.3 ± 0.1 p = 0.018 1.1 ± 0.2 p < 0.001 0.3 ± 0.1 p = 0.01
HDL-cholesterol (mg/dL) 0 ± 0.6 p = 0.765 4 ± 2 p < 0.001 0 ± 0.8 p = 0.895

Triglycerides (mg/dL) 4 ± 8.3 p = 0.38 30 ± 12.5 p = 0.023 2 ± 12.2 p = 0.258
V12M compared to V0M

BMI (kg/m2) 0.3 ± 0.1 p < 0.001 4.3 ± 0.75 p < 0.001 0.8 ± 0.1 p < 0.001
Diastolic BP (mmHg) 0.9 ± 0.9 p = 0.728 0.6 ± 1.3 p = 0.314 2.8 ± 1.1 p = 0.008

Fasting glycaemia (mg/dL) 6.1 ± 4 p = 0.018 31.4 ± 7.2 p = 0.001 9.7 ± 5.2 p = 0.05
HbA1c (%) 0 ± 0.08 p = 0.195 1.1 ± 0.1 p < 0.001 0.3 ± 0.1 p = 0.075

HDL-cholesterol (mg/dL) 1 ± 0.7 p = 0.056 5 ± 2 p < 0.001 1 ± 0.6 p = 0.283
Triglycerides (mg/dL) 8 ± 8.1 p = 0.906 32 ± 7.2 p = 0.019 28 ± 12.9 p = 0.099

V12M compared to V6M
BMI (kg/m2) 0.8 ± 0.08 p = 0.04 4.3 ± 0.09 p = 0.086 0.2 ± 0.09 p = 0.083

Diastolic BP (mmHg) 0.5 ± 1 p = 0.67 1.3 ± 1.3 p = 0.759 0.4 ± 1.1 p = 0.322
Fasting glycaemia (mg/dL) 12.5 ± 3 p = 0.024 31.4 ± 3.3 p = 0.045 10.6 ± 3.5 p = 0.025

HbA1c (%) 0.3 ± 0.07 p = 0.426 0 ± 0.9 p = 0.952 0 ± 0 p = 0.24
HDL-cholesterol (mg/dL) 1 ± 0.6 p = 0.342 1 ± 0.6 p = 0.536 1 ± 0.8 p = 0.442

Triglycerides (mg/dL) 6 ± 0.1 p = 0.51 2 ± 12.5 p = 0.974 16 ± 8.1 p = 0.798

SGLT-2i—sodium glucose loop transporter 2 inhibitor; GLP-1 RAs—glucagon like peptide 1 receptor agonist;
V0M—baseline visit; V6M—6-month visit; V12M—12-month visit; BMI—body mass index; BP- blood pressure;
HR—heart rate; Chol -cholesterol; TG—triglycerides.

Moreover, a comparison of the SGLT-2i and GLP-1 RA groups with the metformin
group for efficacy, looking at BMI, HR, systolic and diastolic BP, HbA1c, fasting glycaemia,
total-C, HDL-C, LDL-C, and TG at V0M, at V6M and at V12M are statistically signifi-
cant only for BMI (3.69 ± 0.73 kg/m2, p < 0.001), fasting glycaemia (15.27 ± 6.79 mg/dL,
p = 0.025), and HbA1c (0.72 ± 0.16%, p < 0.001) at V0M when comparing SGLT-2i to met-
formin. Meanwhile, no parameter was efficient when comparing GLP-1 RAs to metformin.

To summarize our results, both SGLT-2i and GLP-1 RA are efficient in terms of weight
control, reflected by patients significantly lowering their BMIs after 6 months, with a
benefit that was maintained until 12 months. Additionally, metabolic control evaluated
by fasting glycaemia and HbA1c improved when comparing the data from V6M and
V12M to V0M, and when comparing V12M to V6M; however, only fasting glycemia had
a significant decrease after 6 months. Moreover, when comparing SGLT-2i and GLP-1
RAs with metformin, efficacy data were only found for SGLT-2i at V0M for BMI, fasting
glycaemia, and HbA1c as compared to metformin.

4. Discussion

Our real-world study confirms that, compared to metformin, the antidiabetic non-
insulin drugs SGLT-2i and GLP-1 RAs confer extra benefits when administered in standard-
of-care treatment and in association with CV drugs used for the treatment of High BP (HBP),
such as BB, CCB, ACEI, or ARB, or for the treatment of dyslipidaemia, such as statins. It is
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important to emphasize that the two classes are reported to have cardioprotective benefits,
but the complex mechanisms that lie beyond this property are still being studied.

CVOTs reported that the standard–of-care treatment that included SGLT-2i could
provide benefits such as metabolic control by reducing HbA1c [13–15], ameliorating hy-
perglycaemia [14,16], lowering body weight [13,15,16], reducing systolic and diastolic
BP [13,14,16], and ameliorating the lipid profile by reducing TG levels [13].

CVOTs that evaluated GLP-1 RAs with the standard–of-care treatment demonstrated that
this class has beneficial effects on the reduction of HbA1c [17–19], fasting glycaemia [17–20],
body weight [17–19], systolic and diastolic BP [17,19], and amelioration of the lipid pro-
file [17,19] by reducing LDL-C, total-C, and TG levels.

Metformin has been used in T2DM as a first-line standard-of-care treatment for several
decades [21]. Its benefits were not evaluated by CVOTs [22] because it was widely available
with no severe AR, and due to its easy affordability and tolerability [23]. It has beneficial
CV effects, as shown in the United Kingdom Prospective Diabetes Study (UKPDS) [23]. It
is efficacious in reducing fasting glycaemia [24,25], HbA1c [25], and body weight [25,26],
and has modest effects on the lipid profile, especially LDL-C and TG [26]. The following
is a narrative comparison of the actions of metformin versus the GLP-1RAs and SGLT-2i
agents as reported in the literature and a parallel to our study.

4.1. BMI

Metformin, one of the first-line treatment options in T2DM treatment, is reported to
reduce weight by inducing satiety and improving insulin sensitivity [25–27]. For example,
Zyrek et al. [28] reported a reduction in the BMI of patients with T2DM from baseline
(27.29 ± 2.1 kg/m2) to the 3-month visit (28.27 ± 2.71 kg/m2), p < 0.0001, which is similar
to the findings in our study when comparing BMI at V6M to V0M; V12M to V0M; and
V12M to V6M (Tables 3–5).

The GLP-1 RAs are a class of antidiabetic drugs used in the treatment of T2DM
and have multiple benefits such as increased satiety, reduced appetite and food intake
with weight loss, and concomitant gastrointestinal effects such as slowing the gastric
emptying rate and small intestinal peristalsis [17,19,20,29]. For this class, Tofé et al. [30]
reported a decrease in BMI for patients with T2DM treated with GLP-1 RAs at 6 months
(37.05 ± 6.1 kg/m2) and at 12 months (37.21 ± 6.8 kg/m2) as compared to their initial visit
(38.56 ± 6.6 kg/m2), p < 0.001, results that are similar to the ones from our study when
comparing V6M to V0M and V12M to V0M (Tables 3–5).

Another aspect is the lack of a significant decrease in BMI between V6M and V12M.
This confirms the results of previous studies [31], where the maximum decrease in BMI
under GLP-1 RAs is observed after 30 weeks and then is maintained over time.

Another class of antidiabetic drugs with cardioprotective benefits that is used in the
treatment of T2DM along with GLP-1 RAs are the SGLT-2i that block SGLT-2-mediated
glucose reabsorption in the kidneys, resulting in glycosuria and weight loss [13,15,16,32].
In a study by Sawada et al. [33], there was a decrease in the BMI of patients with T2DM
treated with SGLT-2i (without specifying the duration of treatment administration) from
30.3 ± 6.1 kg/m2 to 29.2 ± 5.7 kg/m2, p < 0.001. In our study, SGLT-2i was efficient in
terms of reducing BMI at V6M as compared to V0M and at V12M as compared to V0M
(Tables 3–5).

4.2. Blood Pressure

GLP-1 RAs in T2DM are reported to lower BP secondary to weight loss, increase in natriure-
sis, and provide better regulation of the renin–angiotensin–aldosterone system [17,19,29,34,35].
In a study by Hu et al. [35] a reduction in diastolic BP of −0.898 mmHg, p < 0.001, was
reported in patients with T2DM treated with GLP-1 RAs, consistent with our study results,
where we found a reduction at V6M as compared to V0M and V12M as compared to V0M
(Tables 3–5).
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BP reduction in the SGLT-2i class of patients with T2DM can be explained by decreased
sodium reabsorption in the proximal renal tubule, increase in diuresis with a reduction
in the plasma volume, improved arterial stiffness, and by the indirect effect of weight
reduction [36,37]. The data reported by Sawada et al. [33] showed a decrease in diastolic
BP in patients with T2DM treated with SGLT-2i from 74 ± 12 mmHg before initiation to
71 ± 12 mmHg afterwards, p = 0.332, but they did not state the duration of the follow-up.

4.3. Fasting Glycaemia

Metformin ameliorates fasting glycaemia in patients with T2DM by decreasing the
hepatic glucose production and the production of reactive oxygen species, resulting in
an improvement in cerebral memory and cognitive performance, along with glycaemic
control [24,25,38]. In a study by Rosenstock et al. [39], there was a reported reduction in
plasma glycaemic levels in patients with T2DM treated with metformin (191 ± 49 mg/dL) as
compared to levels during the 26-week visit (mean reduction −35 ± 3 mg/dL). Interestingly,
this is similar to our results from V6M as compared to V0M; V12M as compared to V0M;
and at V12M as compared to V6M (Tables 3–5).

SGLT-2i reduces proximal glucose reabsorption in the kidney, leading to a decrease in
blood glucose levels when used in patients with T2DM [40]. Singh et al. [41] reported that
SGLT-2i used in the treatment of T2DM has durable efficiency in reducing glycaemic levels,
which is consistent with our findings at V6M as compared to V0M; at V12M as compared
to V0M; and at V12M as compared to V6M (Tables 3–5).

GLP-1 RAs ameliorate the glycaemic profile in patients with T2DM by increasing the
secretion of insulin and synthesis of pancreatic islet cells, in parallel with a decrease in
glucagon secretion and β-cell apoptosis [17–20,34]. In a study conducted by Tofé et al. [30] in
patients with T2DM, treatment with GLP-1 RAs was efficient in reducing fasting glycaemia
at 6 months (145 ± 51 mg/dL) and at 12 months (153 ± 53 mg/dL) as compared to the
initial visit (177 ± 59 mg/dL), p < 0.0001. In our study, the differences in terms of glycaemic
control were encountered at V6M as compared to V0M; at V12M as compared to V0M; and
at V12M as compared to V6M (Tables 3–5).

4.4. HbA1c

Metformin reduces HbA1c in patients with T2DM [25]. Rosenstock et al. [39] reported
that in patients with T2DM with initial HbA1C ≥ 8%, metformin therapy led to a reduction
in HbA1c from 8.70 ± 0.033% to 7.57 ± 0.08% at 3 months, p < 0.0001, which is consistent
with our results showing HbA1c at V6M as compared to V0M (Tables 3–5).

GLP-1 RAs are credited with glucose-lowering effects and with an approximately 1%
reduction in HbA1c when used in patients with T2DM [17–19,34]. Tofé et al. [30] reported
that GLP-1 RA therapy reduced HbA1c at 6 months (7.24 ± 1.45%) and at 12 months
(7.29 ± 1.51%) as compared to the initial visit (8.18 ± 1.53%), p < 0.0001, in subjects with
T2DM—results that are similar to our study when comparing V6M to V0M (Tables 3–5).

SGLT-2is are reported to reduce HbA1c in patients with T2DM with values that range
from 0.5% to 1% [42], but the reduction can be larger as, for example, in a meta-analysis
by Masson W et al., where they reported a reduction in HbA1c of −0.94% 95% CI (−1.69,
−0.18), p = 0.002 [43], results that are similar to our study when comparing V6M with V0M
and V12M with V6M.

It is important to emphasize that a possible explanation for the lower improvement in
HbA1c between V12M and V6M as compared to V6M as compared to baseline could be
secondary to the lower HbA1c from the baseline.

4.5. SGLT-2i, GLP-1 RAs and Metformin Comparison

Optimal management of T2DM frequently requires combination therapy with several
glucose-lowering drugs. Since metformin has a long track record, it has been generally
accepted as a safe and effective first-line therapy by international consensus guidelines and
recommendations. Our study showed the efficacy of both SGLT-2i and GLP-1 RAs only for
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fasting glycaemia when compared to metformin in the treatment of T2DM as standard-of-
care in patients with T2DM. The data from the literature indicate that they are also efficient
for metabolic control (HbA1c, fasting glycaemia), body weight, BP lowering, and improving
the lipid profile. A systematic review and meta-analysis by Milder et al. [44] compared the
combination of SGLT-2i and metformin with metformin alone in the treatment of T2DM.
Differences in efficacy were observed for HbA1c, with a 95% confidence interval (95% CI)
of −0.55% (−0.67, −0.43), body weight with a 95% CI of –2 kg (−2.34, −1.66), and systolic
and diastolic BP reduction. In a meta-analysis that also compared the differences in efficacy
between SGLT-2i plus metformin with metformin alone in the treatment of T2DM, Jinfang
et al. [45] reported a reduction in HbA1c with 95% CI of −0.50% (−0.62, −0.38), weight
gain with a 95% CI of −1.72kg (−2.05, −1.39), systolic BP with a 95% CI of −4.44 mm
Hg (−5.45, −3.43), and diastolic BP with a 95% CI of −1.74 mm Hg (−2.40, −1.07), as
well as fasting plasma glucose levels of −20.16 mg/dL with a 95% CI of (−24.84, −15.66).
The DISCOVER study by Khunti et al. [46] evaluated the association of metformin with
sulphonylurea (SU), dipeptidyl peptidase-4 (DPP-4) inhibitors, SGLT-2i, or GLP-1 RAs and
reported a significantly reduction in HbA1c and body weight for the last three groups as
compared to the first one.

In a study by Hutmacher et al. [47], GLP-1 RAs plus basal insulin reduced HbA1c by
−0.7% (95% CI −1.2, −0.2) when compared with basal insulin and placebo; the effects of
long-acting GLP-1 RAs (−1.0%, 95% CI −1.2, −0.8) and of short-acting GLP-1 RAs (−0.5%,
95% CI −1.2, −0.8) were similar. However, it is generally believed that long-acting GLP-1
RAs are more efficient in terms of reduction in HbA1c, fasting plasma glycaemia, and body
weight when compared to short-acting GLP-1 RAs.

A systematic review and meta-analysis by Patoulias et al. [48] reported that GLP-1
RAs offered better HbA1c reduction with −0.38% (95% CI −0.55, −0.22) as compared to
SGLT-2i, but with similar improvements in body weight −0.29 kg (95% CI −1.24, 0.66) and
fasting plasma glycaemia in T2DM. GLP-1 RAs are not superior to SGLT-2i for systolic BP
0.98 (95% CI −1, 2.97) and for diastolic BP 1.01 (95% CI −0.25, 2.27).

4.6. Future Perspectives in Efficacy of Cardioprotective Molecules

Taking into consideration the evolution of modern medicine towards precision treat-
ment, including in the case of DM and especially in T2DM, we should not forget that
the efficacy of any treatment should be reported to the type of the patient [8]. Future
studies should analyze if the drugs provide different grades of efficacy due to their variable
curves of efficacy or due to different cut-offs until which the patients respond, or due to the
different pathophysiology of DM, different DM evolution patterns, complication onsets, or
comorbidities of the patients [49,50].

Moreover, in addition to the present real-life clinical practice results in efficacy for
cardioprotective antidiabetic drugs, we reported in a previous paper [51] data about their
safety as part of the same research project. Clinical inertia may be the main cause for low
rates of success in achieving metabolic control. However, in this project, we did not select
the included patients, but enrolled them consecutively, and clinicians tend to indirectly
select the patients that receive these drugs based on their medical judgement, despite the
guideline recommendations and the need to move the paradigm from HbA1c control to a
comprehensive metabolic control that targets weight control, lipid profile, or BP control [52],
which allow for a reduction in CV risk.

Thus, there is hope for patients with T2DM because recently, in randomized multicen-
ter, clinical studies, it was reported that the reduction in MACEs and mortality is incremen-
tally related to the number of risk factors that reached the recommended targets [53,54].

The strengths of our study rely on gaining real-life clinical practice data for molecules
that once more proves their benefits in body weight and BP control, and in helping to
achieve a lipid profile and metabolic profile closer to the recommended ones as compared
to the CVOT data, where the patients are more carefully selected, monitored, and treated.
On the other hand, the limitations of our study include that, despite a robust association,
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its observational design precludes establishing a definite causal relationship, along with
a relatively small number of subjects. The short period of follow-up of a maximum of
three visits in a one-year duration can also explain why the only discontinuation cause
was AR, while the real-life conditions brought up dietary and physical activity variation
between patients, as well as different grades of adherence, which are difficult to quantify,
but may influence the results; the baseline differences between treatment groups and
patient selection by the diabetologists may include preferential selection of patients who
are more adherent to the medical recommendations, due to the high financial burden that
the treatment represents for the national health system. However, our results are promising
and provide the basis for larger, randomized studies in this therapeutic area and in real-life
settings, which can be performed on a longer duration to evaluate the maintenance of
the effect in time or to figure out several explanations for poor efficacy, including the
segregation by clusters of T2DM patients.

5. Conclusions

The present real-life study presents two classes of noninsulin antidiabetic agents,
namely GLP-1 RAs and the SGLT-2i, which appear to be efficacious in the reduction in body
weight reflected by BMI at 6 and 12 months as compared to baseline, along with metabolic
control reflected by reducing fasting glycaemia at 6 and 12 months as compared to baseline
and at 12 months as compared to the 6-month visit, and by reducing HbA1c at 6 months
as compared to baseline visit when used in a real-life clinical practice setting for patients
with T2DM, even in combination with therapeutic agents for treating HBP (BB, CCB, ACEI,
or ARB) or for the treatment of dyslipidaemia with statins. Therefore, this study adds to
the body of literature, and is close to real-world, clinical, and translational care, showing
that the resultant multifactorial reduction in CV risk may prove to be highly beneficial in
reducing morbidity and mortality in patients with T2DM.
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Abstract: Background: Metabolic syndrome (MetS) is a disorder associated with an increased risk for
the development of diabetes mellitus and its complications. Lower isometric handgrip strength (HGS)
is associated with an increased risk of cardiometabolic diseases. However, the association between
HGS and arterial stiffness parameters, which are considered the predictors of morbidity and mortality
in individuals with MetS, is not well defined. Objective: To determine the association between HGS
and HGS asymmetry on components of vascular function in adults with MetS. Methods: We mea-
sured handgrip strength normalized to bodyweight (HGS/kg), HGS asymmetry, body composition,
blood glucose, lipid profile, blood pressure, pulse wave velocity (PWV), reflection coefficient (RC),
augmentation index @75 bpm (AIx@75) and peripheral vascular resistance (PVR) in 55 adults with a
diagnosis of MetS between 25 and 54 years old. Results: Mean age was 43.1 ± 7.0 years, 56.3% were
females. HGS/kg was negatively correlated with AIx@75 (r = −0.440), p < 0.05, but these associations
were not significant after adjusting for age and sex. However, when interaction effects between sex,
HGS/kg and age were examined, we observed an inverse relationship between HGS/kg and AIx@75
in the older adults in the sample, whereas in the younger adults, a weak direct association was found.
We also found a significant association between HGS asymmetry and PVR (beta = 30, 95% CI = 7.02;
54.2; p <0.012). Conclusions: Our findings suggest that in people with MetS, maintaining muscle
strength may have an increasingly important role in older age in the attenuation of age-related
increases in AIx@75—a marker of vascular stiffness—and that a higher HGS asymmetry could be
associated with a greater vascular resistance.

Keywords: handgrip; metabolic syndrome; blood pressure; isometric strength; vascular stiffness;
muscle strength dynamometer

1. Introduction

Metabolic syndrome (MetS) is associated with an increased risk of type 2 diabetes
and cardiovascular diseases (CVDs). MetS is defined by the presence of at least three
of the following risk factors: high waist circumference, hypertriglyceridemia, low HDL
cholesterol, hypertension and dysglycemia [1]. Between 20% and 30% of the adult popu-
lation can be characterized as having metabolic syndrome, which is considered a clinical
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picture associated with an increased incidence of arterial hypertension, atherosclerosis, left
ventricular hypertrophy, diastolic dysfunction as well as an increase in premature mortality
from coronary and cerebrovascular diseases [2].

While it is well established that a higher adiposity increases the risk of MetS, recent
evidence also supports an association between lower muscle strength and mass, and the
development of MetS and CVDs in adults [1–4] as well as a poorer metabolic risk profile
in children [5]. Skeletal muscle loss and fat accumulation share a combination of factors,
including increased oxidative stress, elevated inflammatory cytokines, mitochondrial dys-
function and insulin resistance (IR) [6]. It is believed that a persistent condition of these
factors, particularly IR, justifies the close association between MetS and sarcopenia [7]. This
can be substantiated by considering that one of the main causes of this syndrome is the
increase in IR, which can be significantly exacerbated by the reduction in skeletal muscle
mass—a tissue responsible for approximately 80% of glucose clearance [8]. Another reason
that underscores this association is that IR is accompanied by an increase in the release
of free fatty acids and the inhibition of the growth hormone (GH)–insulin-like growth
factor 1 (IGF1) axis. This inhibition further hampers skeletal muscle protein synthesis.
Additionally, it is believed that hyperinsulinemia caused by IR also augments the amount
of myostatin, which acts to diminish skeletal muscle [8,9].

MetS is associated with an increased arterial stiffness across all age groups. This
is thought to be mainly due to hormonal and metabolic abnormalities present from the
onset of a state of insulin resistance—a preponderant factor that commonly accelerates
vascular aging. Arterial stiffness is characterized by the loss of the elastic properties
of the arteries, and while a consequence of physiological vascular aging, it can also be
accelerated in a variety of pathological conditions [10,11]. Specifically, the mechanisms
that promote arterial stiffness are an increase in the collagen/elastin ratio, oxidative stress,
endothelial dysfunction, vascular smooth muscle proliferation, calcification, metabolic
alterations, genetic mutations, epigenetic abnormalities, sympathetic activation and renin–
angiotensin–aldosterone system. The increase in cardiovascular risk in patients with MetS
has been associated with changes in arterial parameters, including those that determine the
degree of arterial stiffness. Specifically, some studies estimate that individuals with higher
arterial stiffness are estimated to have a 48% higher risk of developing cardiovascular
disease [10–13].

Decreased arterial compliance and elasticity leads to an increase in arterial stiffness, a
common risk factor for the development of atherosclerotic cardiovascular diseases [12,13].
The augmentation increase index (AIx) and PWV are considered the main markers of
systemic arterial stiffness in the general population, and provide an estimation of vas-
cular aging in patients with Mest. These can be measured non-invasively by tonometry,
oscillometry, ultrasound, magnetic resonance imaging, with elevated values indicative of
an increased arterial stiffness. The PWV is considered the “gold standard” non-invasive
parameter for measuring arterial stiffness. AIx has also shown independent associations
with cardiovascular events and all-cause mortality [14,15].

Some studies report an inverse relationship between muscle strength and arterial
stiffness in healthy populations and in older adults, and it is suggested that endothelial
dysfunction and arterial stiffness could mediate the association between muscle strength
and cardiovascular events [14–20]. However, the association between strength and variables
that relate to arterial stiffness in subjects with MetS has not been described. Furthermore,
studies examining associations between strength and components of vascular function have
a typically measured dynamic strength using equipment that, due either to cost and/or to
time requirement for implementing the assessment, are not practical to implement in clinical
settings [21]. In contrast, isometric handgrip dynamometry assessment is a relatively low
cost, portable and rapid means to obtain a measure of maximal strength [22]. Handgrip
strength (HGS) is the measure most commonly used in studies showing associations
between low strength and the current metabolic risk profile and the risk of future CVD
disease and mortality, including associations with hypertension [23–27]. Although HGS
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measures in these studies focus on the maximum HGS, interest in HGS asymmetry has
increased due to evidence showing that its inclusion in analyses increases the predictive
power of HGS on health outcomes such as falls, limitations functions, cognitive alterations,
future chronic disease risk events and mortality [28–32].

Studies examining the association between HGS and arterial stiffness have found
inconsistent results [20,33,34]. Furthermore, to the best of our knowledge, neither this
association nor HGS asymmetry have been investigated in a MetS population. The present
study aims to determine the association between maximal HGS, HGS asymmetry and
aspects of vascular function in individuals with MetS.

2. Methodology

The present study was a cross-sectional analysis of fifty-five men and women between
25 and 54 years of age diagnosed with MetS according to the criteria of the International
Diabetes Federation (three or more of the following factors: abdominal obesity (>80 cm
in women/>90 cm in men), blood pressure (≥130/85 mmHg) or taking antihyperten-
sive drugs, a fasting blood glucose between 100 and 125 mg/dL, elevated triglycerides
(>150 mg/dL) and a decreased HDL (<40 mg/dL in men/<50 mg/dL in women) or taking
lipid-lowering medications) [1,35]. The sample was selected through a non-probabilistic
convenience sampling of the employees of two health institutions in Bucaramanga, Colom-
bia. The participants were a subsample of subjects recruited for a randomized clinical trial
of isometric strength training (EEFIT). A physiotherapist and/or nurse approached each
of the potential participants in the workplace to implement the first stage of screening,
which consisted of measuring the abdominal circumference with a measuring tape and
blood pressure with a validated digital blood pressure monitor (Omron HEM 705 CP,
Omron Healthcare Inc., Lake Forest, IL, US) to confirm two of the inclusion criteria before
performing analyses of blood biochemistry. Those that fulfilled at least one of the additional
criteria (fasting blood glucose, triglycerides or HDL) were then invited to participate, and
the same professionals performed other hemodynamic and anthropometric measures and
assessment of HGS. Evaluations were carried out between the months of October 2019 and
January 2020.

2.1. Procedures

After a 15 min rest period, sitting, without crossing the legs, arterial stiffness parame-
ters were assessed using the Mobil-O-Graph® 24Hpwa device (IEM, Stolberg, Germany).
The device cuff was placed on the non-dominant arm and with the arm supported at
the level of the heart. The equipment initially measures blood pressure. The cuff is then
inflated for approximately 10 s to the level of diastolic pressure to allow the measurement
of pulse waves of the brachial artery from which several arterial stiffness parameters are
indirectly estimated using the ARCSolver® algorithm (Austrian Institute of Technology,
Vienna, Austria). The following parameters were estimated and used in further analysis:
pulse wave velocity (PWV); defined as the time difference between the start of the for-
ward pulse wave and the beginning of the reflected wave, augmentation index at 75 bpm
(AIx@75); the difference between the second and first systolic peaks, also representing the
intensity of the reflection of the pulse waves, reflection coefficient (RC); the relationship
between the amplitude of the reflected pulse wave and the incident pulse wave, and pe-
ripheral vascular resistance (PVR); the resistance in the circulatory system that contributes
to blood pressure [36]. Height was measured using a standard height rod graduated in
centimeters (cm) and millimeters (mm), to the nearest 0.1 cm. Body weight was measured
using a digital scale with a precision of 100 g, and body mass index (BMI = kg/m2) was
calculated. Fat mass (kg) and % fat was estimated using bioimpedance (BC—554 Ironman®,
Tanita, Tokyo, Japan). Isometric HGS was evaluated using a hydraulic hand dynamometer
(JAMAR®—5030J1, Chicago, IL, USA) with the participant seated, shoulders adducted and
without rotation, with the elbow flexed at 90◦, forearm and wrist in neutral position with
an extension between 0 and 30◦ and with an ulnar deviation of 0◦–15◦. Three maximal
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voluntary contractions were performed in each hand and the highest of the three attempts
was used in further analysis after normalizing for bodyweight (HGS/kg). HGS was mea-
sured alternately in the right and left hand, with a rest period of approximately one minute
between measurements of the same hand [37].

We calculated an asymmetry ratio by dividing the higher HGS by the lower HGS,
irrespective of hand “dominance”, to generate an absolute % magnitude value (independent
of direction).

2.2. Statistical Analysis

Data were analyzed using Stata 12.0 (Stata Corp LCC, College Station, TX, USA).
Measures of central tendency and dispersion were calculated for the quantitative variables,
and absolute and relative frequencies for categorical variables. Gender differences in
variables were assessed using the student’s t-test. We determined correlations between
HGS/Kg, HGS asymmetry and arterial stiffness parameters. A multiple linear regression
model was performed using three levels of interaction where HGS/Kg, age and sex were
used as predictors and Aix @75, RVP, PWV, RC as response variables. An additional
multiple linear analysis was performed between the arterial stiffness variables and HGS
asymmetry, adjusting for gender, age, BMI, fat mass, triglycerides, glucose and HDL. An
alpha level of 5% was set as significant for all analyses.

3. Results

The general characteristics and the metabolic profile of the study population are de-
scribed in Table 1. The mean age was 43 years and 56% were women, who presented
significantly lower values of grip strength (difference = −18.09 ± 4.1 Kg, p < 0.001), relative
handgrip strength (difference = −0.06 ± 0.09 Kg/kg, p < 0.05), diastolic blood pressure (dif-
ference = −7 ± 10 mmHg, p = 0.001), systolic blood pressure (difference = −6 ± 4 mmHg,
p < 0.001) and waist circumference (difference = −9 ± 5.4 cm, p = 0.001); men showed
lower fat percentage (difference = −10 ± 4, p < 0.05), HDL (difference = −9 ± 6.1 mg/dL,
p < 0.001) and AIx@75 (difference = −13 ± 7, p < 0.001).

Table 1. Characteristics of the study population.

Variable
Female (n = 31)

Mean (SD)
Male (n = 24)
Mean (SD)

Total (n = 55)
Mean (SD)

Age (years) % 44.48 (6.92) 41.42 (7.02) 43.15 (7.07)

BMI (kg/m2) 29.25 (4.93) 29.10 (2.80) 29.18 (4.10)

Waist circumference (cm) 89.27 (9.02) 98.52 (6.69) * 93.31 (9.26)

Fat mass (%) 37.13 (6.44) 27.36 (3.98) * 32.86 (7.33)

Handgrip strength (kg) 25.74 (6.17) 43.83 (6.68) * 33.64 (11.05)

Relative handgrip strength (kg/weight in kg) 0.36 (0.10) 0.52 (0.09) * 0.43 (0.12)

Handgrip strength asymmetry (%) 15.8 (17.1) 11.8 (11.4) 14.0 (14.9)

Glucose (mg/dL) 99.25 (10.37) 101.70 (10.45) 100.32 (10.38)

TC (mg/dL) 196.31 (37.69) 190.97 (36.62) 193.98 (36.98)

LDL (mg/dL) 131.13 (33.42) 123.88 (28.35) 127.97 (31.24)

HDL (mg/dL) 44.69 (10.37) 36.48 (7.29) * 41.11 (9.97)

Triglycerides (mg/dL) 183.56 (73.39) 244.07 (174.98) 209.97 (130.20)

Systolic blood pressure (mm/Hg) 113.61 (7.89) 121.58 (10.12) * 117.09 (9.70)

Diastolic blood pressure (mm/Hg) 72.74 (6.93) 78.96 (6.52) * 75.45 (7.38)

RHR (bpm) 74.23 (7.93) 72.25 (7.16) 73.36 (7.60)
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Table 1. Cont.

Variable
Female (n = 31)

Mean (SD)
Male (n = 24)
Mean (SD)

Total (n = 55)
Mean (SD)

PVR (s.mmHg/mL) 1.28 (0.20) 1.22 (0.17) 1.25 (0.19)

Reflection coefficient (%) 61.23 (6.94) 57.62 (13.57) 59.65 (10.42)

Aix@75 (%) 25.65 (11.17) 12.96 (9.22) * 20.11 (12.08)

Pulse wave velocity (m/s) 6.50 (0.87) 6.41 (0.62) 6.46 (0.77)

SD: Standard deviation; PVR: peripheral vascular resistance; Aix@75: augmentation index at 75 bpm; BMI: body
mass index; LDL: low-density lipoprotein; HDL: high-density lipoprotein; RHR: resting heart rate; TC: total
cholesterol; * p < 0.05, t-test.

Figure 1 shows negative correlations (Pearson) between HGS/kg and Aix@75 (r = −0.440,
p = 0.0008) and PVR (r = −0.260, p = 0.050), and a positive correlation between HGS asym-
metry and PVR (r = 0.322, p = 0.016). The linear regression analysis, adjusted for sex
and age, and the model of covariance with three levels of interaction were not significant.
The two-level interaction effect regression model showed an inverse association between
HGS/kg and Aix@75 as age increased in the population (p < 0.05) (Table 2).

Table 2. Univariate and multivariate linear regression coefficients of HGS/kg, age and sex with
indicators of arterial stiffness.

Response Characteristic
Univariate Multivariate

SS (CI 95%), p value SS (CI 95%), p Value

Aix@75

Male −12.69 (−18.34 to −7.03), p < 0.001 * −73.71 (−127.11 to −20.31), p = 0.008 *

Age 0.16 (−0.31 to 0.63), p = 0.488 2.42 (0.61 to 4.23), p = 0.010 *

HGS −43.96 (−68.66 to −19.25), p = 0.001 * 314.56 (76.48 to 552.63), p = 0.011 *

I-HGS_Age −0.73 (−1.24 to −0.22), p = 0.006 * −7.40 (−12.51 to −2.28), p = 0.005 *

I-HGS_Sex −23.66 (−34.43 to −12.88), p < 0.001 * 3.24 (−59.33 to 65.80), p = 0.918

I-Sex_Age −0.29 (−0.43 to −0.16), p < 0.001 * 1.42 (0.21 to 2.62), p = 0.022 *

PVR

Male −0.07 (−0.17 to 0.03), p = 0.187 −0.93 (−1.92 to 0.05), p = 0.064

Age 0.00 (−0.00 to 0.01), p = 0.516 0.03 (−0.01 to 0.06), p = 0.125

HGS −0.40 (−0.81 to 0.01), p = 0.055 2.90 (−1.50 to 7.30), p = 0.192

I-HGS _Age −0.01 (−0.01 to 0.00), p = 0.135 −0.08 (−0.17 to 0.02), p = 0.108

I-HGS_Sex −0.12 (−0.31 to 0.07), p = 0.206 0.44 (−0.72 to 1.60), p = 0.449

I-Sex_Age −0.00 (−0.00 to 0.00), p = 0.243 0.02 (−0.01 to 0.04), p = 0.138

β = Coefficient for linear regression; HGS: body weight-normalized handgrip strength; Aix@75 = augmentation
index at 75 bpm; PVR: peripheral vascular resistance. I-HGS_Age: Interaction between HGS and age adjusted for
sex; I-HGS_Sex: interaction between HGS and sex; I-Sex_Age: interaction between sex and age. * p < 0.05.

Multiple linear regression analysis adjusted for gender, age, BMI, fat mass, triglyc-
erides, glucose and HDL showed a significant association between HGS asymmetry and
PVR values (beta = 30; 95% CI = 7.02;54.2; p = 0.012) (Table 3).
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Figure 1. Analysis of the correlation between HGS/Kg, HGS asymmetry and indicators of arterial
stiffness in individuals with MetS. Aix@75 = augmentation index at 75 bpm; PVR = peripheral
vascular resistance.
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Table 3. Univariate and multivariate linear regression coefficients of handgrip asymmetry with
indicators of arterial stiffness.

Variable
Crude Model Fully Adjusted Models †

SS (CI 95%), p-Value OR (95%CI), p-Value

Aix@75 (%) 0.23 (−0.09; 0.57), 0.159 0.25 (−0.16; 0.68), 0.227

PWV (m/s) 0.48 (−4.87; 5.84), 0.856 10 (−0.94; 21.5), 0.072

RC (%) 0.03 (−0.36; 0.42), 0.878 0.04 (0.39; 0.48), 0.824

PVR (s.mmHg/mL) 26 (4.94; 46.7), 0.016 * 30 (7.02; 54.2), 0.012 *
CI: Confidence interval; Aix@75 = augmentation index at 75 bpm; PVR: peripheral vascular resistance; † fully
adjusted models controlled for age, sex, BMI, fat mass, triglycerides, glucose; HDL: high-density lipoprotein.
* p < 0.05.

4. Discussion

In the present analysis of associations between HGS and markers of vascular function
in middle-aged adults with MetS, there were three principal findings. First, after adjusting
for age and sex, relative strength (HGS/Kg) was not associated with any marker of vascular
function. Second, we found a significant interaction effect between HGS/Kg and AIx@75 as
a function of age, such that, in the older study participants (aged between 40 and 55 years
old), a greater HGS/kg was inversely associated with this marker—an indicator of the state
of the muscular or peripheral arteries. Third, those subjects with high HGS asymmetry
were shown to be more likely to present high PVR values. This suggests that inadequate
muscle strength with increasing age, as well as elevated strength asymmetry, could be
predictors of arterial stiffness, at least in people with metabolic syndrome.

Women presented lower values of handgrip strength, blood pressure, lower adiposity
and arterial stiffness than men. The differences evidenced in body composition, muscle
strength and blood pressure between the men and women analyzed are commonly de-
scribed in the literature [38]. However, the higher AIx@75 values found in the women in
the present study conflict with the findings of Ogola et al. [39], who observed lower levels
than in men of the same age. This may be related to the majority of women in their study
being of reproductive age. Although the protective mechanisms on arterial stiffness in
women of reproductive age are not fully elucidated, it is believed that hormonal factors,
specifically those in relation to estrogen levels, as well as the density of their receptors,
have a significant influence on vascular health. Despite this, it is important to note that the
decrease in the levels of this hormone does not occur exactly at 50 years of age, which is
the average age considered for the onset of menopause; therefore, the deleterious effects of
estrogen decline on the cardiovascular system may begin before the natural cessation of
menstruation, and could partly explain our results [40].

To our knowledge, only two studies have evaluated the association between HGS/Kg
and AIx@75%, in hypertensive and diabetic subjects with a mean age of 58 and 61 years,
respectively. These studies showed both lower values of grip strength and higher values
of AIx@75% than those obtained in the present study, consistent with their older age and
their a diagnosis with two of the chronic pathologies that are commonly associated with
an increased arterial stiffness. They observed a negative correlation between HGS/Kg
and AIx@75% [20,33]. Another study found a negative correlation between maximum
dynamic strength and AIx@75% in individuals with mobility limitations and a mean age
of 68 years [41]. This may be explained by the association between muscle function and
capillary density, an important determinant of microvascular function [21,42,43].

It is also known that there is an inverse relationship between the augmentation index
and the bioavailability of nitric oxide (NO), a potent vasodilator and anti-atherogenic
substance produced in the vascular endothelium [44]. Aging is accompanied by a reduction
in the bioavailability of NO and by an increase in the formation of peroxynitrite in smooth
and skeletal muscle. The former limits blood perfusion to muscle fibers [45,46] while
the latter decreases contractile force and increases susceptibility to muscular fatigue, [43]
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providing potential explanations for the observed associations between muscle function
and AIx@75% as age increases in people with Mets. Alternatively, microvascular blood flow
is a determinant of anabolic processes, and as such, a diminished vascular function might
accelerate the ageing-related losses of muscle mass, and as a consequence, a reduction in
muscle strength and function. In addition, microvascular dysfunction can alter metabolism,
mainly developing insulin resistance, a factor that affects arterial stiffness and accelerates
arterial aging [18,47–49].

Another of the possible mechanisms that explain the relationship between HGS and
markers of stiffness observed relates to the understanding of muscle as an endocrine or-
gan, having a better state and which can promote the production of myokines (such as
interleukin-15, myostatin and irisin), which improve the processes of the regulation of fats
and carbohydrates, thus favoring endothelial function and neovascularization, which in
turn is accompanied by lower values of arterial stiffness [50]. In addition, arterial stiffness,
as well as the attenuation of NO bioavailability that commonly accompanies it, could
reduce blood flow to resting muscle tissue and hyperemia due to physical exercise by
approximately 45%, which leads to a reduced supply of oxygen and nutrients to the muscle,
thus limiting its contractile ability [41,51] These conditions have also been shown to affect
satellite cell activation and therefore the hypertrophy of skeletal muscle fibers [52]. Addi-
tionally, the literature reports that a decrease in NO synthesis may negatively affect muscle
excitation–contraction coupling, by reducing the activity of dihydropyridine receptors
located in the T-tubules of the cytoplasmic membrane, as well as the activity of the enzyme
calcium—ATPase—and the release of calcium from the sarcoplasmic reticulum through an
alteration in ryanodine receptors [53–55].

The average asymmetry of HGS in the studied population was 14%, showing above
the 10% threshold considered to be significant asymmetry by a number of studies [28–32].
Based on this cut-point, 51% of those evaluated presented an elevated asymmetry, similar to
that reported previously in samples over 50 years of age [28,56]. However, it is important to
highlight that there is no unified diagnostic criterion for asymmetry, considering the limited
epidemiological information on this topic. The association between HGS asymmetry and
PVR may be related to the finding that increased asymmetry has been shown to be a marker
of decreased muscle function [28,57], a condition that may be accompanied by endothelial
and smooth muscle vascular deterioration, mainly at the arteriolar level where peripheral
vascular resistance is regulated [42,43,58]. In addition, individuals with a reduced muscle
function are likely to also present with a lower capillary density [59], a factor that could also
promote an increase in PVR [60]. While potential mechanisms linking strength asymmetry
and cardiovascular disease risk are not clear, several studies have shown that a higher HGS
asymmetry is associated with poorer cardiovascular health outcomes [61]. Our findings
align with this and supports the need for the inclusion of asymmetry measures in the
further investigation of potential associations between strength and cardiovascular health
in those with, and without MetS.

The methodology and results of the present study do not permit us to determine the
physiological and/or molecular mechanisms that describe the influence of HGS on arterial
stiffness. However, there are common factors that may contribute to low muscle strength,
as well as an increased arterial stiffness, including oxidative stress, insulin resistance,
increased body fat percentage, endothelial dysfunction and the presence of higher levels
of circulating inflammatory markers (elevated levels of C-reactive protein, interleukin-6,
D-dimer, factor VIII) [33,62–64].

Amongst the other results that emerged in the interaction analysis, there was a direct
relationship between HGS/kg and AIx@75% in people aged 25 to 40 years, an association
that was stronger in women. This finding is contrary to the prior literature, showing that
regardless of age, higher strength is related to a better vascular status [21,65–67]. Associa-
tions between grip strength and PWV are reported primarily in subjects older than 50 years,
a potential explanation for the lack of association in the present study [14,18,48,65–70]. In
addition, as this marker is more representative of lower-body arterial stiffness, it may be
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more associated with measures of lower body strength than with HGS, which correlates
more strongly with upper extremity strength [71,72].

Studies that reported associations similar to that of the present investigation used
diverse evaluation modalities. Most evaluated vascular health status using tonometry and
plethysmography [21,41,65–67], while one used oscillometry [20], which is the modality
employed in the present study and which is shown to have good psychometric properties
compared to invasive and non-invasive evaluation methods [73,74]. Despite the predictive
value shown by arterial stiffness and grip strength on cardiovascular health status, as
well as the adequate psychometric properties of the different tools used to assess these
markers, their use is mainly described in the research context, with little applicability in
clinical practice. There is therefore a need to determine if the data obtained with these
tools can facilitate clinical decisions, considering that they are economical and versatile.
In addition, they have shown to be useful for the early identification of biological aging
before cardiovascular disease is evident, making their use as a screening/preventive tool
attractive—HGS in particular, as it is highly reproducible and is faster and less prone to
errors. Therefore, further research examining the association between the two variables of
interest analyzed in this study might further develop our understanding of the relationship
between HGS and CVD in subjects with MetS. Furthermore, it is conceivable that targeted
interventions and/or advice to improve muscle strength in those diagnosed with low HGS
may contribute to an improved arterial health [18,41,75–77]. Particularly promising are the
results of low-intensity isometric exercise in reducing systolic blood pressure [78,79], with
some evidence that improvements in specific aspects of vascular function contribute to this
effect [80].

5. Study Limitations

The study’s limitations include the small sample size, which may have limited our abil-
ity to confirm other associations, the lack of control over the use of antihypertensive drugs
or hormone replacement therapies—a potential confounding influence on the associations
observed—and finally, the cross-sectional design, which prevents us from establishing
causality. However, recognizing that HGS, HGS asymmetry and arterial stiffness are mark-
ers of biological age, it is possible that there is not a unilateral or bilateral causal relationship
between these variables, and the possible association observed is due to them measuring
the same characteristic.

6. Conclusions

Our findings suggest that in people with MetS with increasing age, a lower relative
handgrip strength is increasingly associated with higher AIx@75; moreover, HGS asym-
metry could also be a marker of arterial stiffness. The causality and direction of causality
remain to be determined. In this population, at an elevated risk of diabetes and CVDs, fur-
ther studies are needed to examine whether isometric exercise interventions that promote
the development of strength or reduce strength asymmetry can improve AIx and/or other
markers of vascular function/stiffness and whether these changes may have an impact on
the outcome. In addition, the positive interaction between HGS/kg and Aix observed in
the younger participants warrants further investigation. Finally, further work is needed to
understand causality and the pathophysiological mechanisms involved.
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Abstract: The aim of our study was to compare the features of macrophage (mf) composition of
the kidneys in patients with fatal myocardial infarction (MI) and in patients without cardiovascular
diseases (CVD). We used kidney fragments taken during autopsy. Macrophage infiltration was
assessed by immunohistochemistry: antibodies CD68 were used as a common mf marker, CD80—M1
type mf marker, CD163, CD206, and stabilin-1—M2 type. Macrophage composition of the kidneys in
patients with fatal MI was characterized by the predominance of CD163+ cells among studied cells,
and the control group was characterized by the predominance of CD163+, CD206+, and CD68+. In
patients with MI, biphasic response from kidney cells was characterized for CD80+ and CD206+: their
number decreased by the long-term period of MI; other cells did not show any dynamics. The exact
number of CD80+ cells in kidneys of individuals without CVD was slightly higher than in patients
with MI, and the number of CD206+—strikingly predominant. Subsequent analysis of CD80+ and
CD206+ cells in a larger sample, as well as comparison of data with results obtained from survivors
of MI, may bring us closer to understanding whether the influence on these cells can serve as a new
target in personalized therapy in postinfarction complications.

Keywords: myocardial infarction; cardiac remodeling; cardiac macrophages; kidney macrophages;
inflammation

1. Introduction

Impaired hemodynamics and inadequate renal perfusion cause the formation of car-
diorenal syndrome (CRS) in myocardial infarction (MI) [1]. Acute impairment of kidney
function in patients with MI develops in 7.1–29.3% of cases, worsens both short-term and
long-term prognosis in this cohort of patients, and increases hospitalization time [2]. The
existing understanding of CRS within its classification according to clinical and anamnestic
data can detect cardiorenal dysfunction but does not change disease management and
prognosis [3,4]. The cardiorenal relationships at the cellular level are poorly studied [5] and
the existing experimental data are not sufficient to affect the course of the disease. Recently,
it has become evident that cells of innate immunity are important to maintain a balanced
relationship between the heart and the kidneys [5,6]. Changed polarization of macrophages
(mf) in the kidneys induced by ischemia enhances the release of granulocyte–macrophage
colony-stimulating factor into the bloodstream, which in turn causes subsequent polariza-
tion of myocardial mf into the regenerative M2 type and is associated with the development
of fibrosis and adaptive myocardial hypertrophy [5]. However, clinical data on this interac-
tion of innate immune cells along the heart–kidney axis are limited [7,8]. In our previous
study, we investigated the composition of mf in the kidneys and its relationship with
changes in mf infiltration into the heart, and with an adverse course of the disease in
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patients with fatal MI. A pronounced heterogeneity of the mf composition in the kidneys
with the predominance of CD163+ cells was revealed in this cohort of patients. Among
all studied cells we revealed two types—CD206+ and CD80+, which showed significant
quantitative dynamics in the late period after MI and a number of relationships with both
adverse prognosis and cardiac macrophages [9]. Yet, it remains unclear whether our data
indicate changes in the mf composition of the kidneys in response to myocardial ischemia,
and whether these changes can affect the course and prognosis of the disease. In this regard,
the aim of the study was to compare data on the features of the mf composition in the
kidneys in patients with fatal MI and in patients from the control group without a history
of cardiovascular diseases (CVD).

2. Materials and Methods

2.1. Clinical and Anamnestic Characteristics

The study involved patients with fatal type 1 MI. The exclusion criteria were type
II–V MI, oncological disorders, infectious complications (sepsis, pneumonia), and valvular
defects requiring surgical intervention. The study protocol was approved by the Biomedical
Ethics Committee of Cardiology Research Institute (Tomsk, Russia), protocol No. 128, of
23 December 2014. The study was conducted in accordance with the principles of the
Declaration of Helsinki. Pathological autopsy was carried out in accordance with the
order of the Ministry of Health of the Russian Federation of 6 June 2013, No. 354n, on
the procedure of postmortem examinations. In this study, informed consent could not be
obtained, yet this did not contradict the principles for conducting the study in accordance
with the Declaration of Helsinki (informed consent, paragraph 32).

The study object was kidney fragments taken from MI patients (n = 30) and from
patients in the control group (n = 8) during autopsy. The control group consisted of people
who died from fatal injuries and did not have CVD (aged from 18 to 55). An autopsy was
performed within 24 h after death. The material was fixed in 10% buffered formalin for
1 day. The material for histological examination was prepared by standard method using a
Thermo Scientific Excelsior AS (Thermo Fisher Scientific, Waltham, MA, USA). After that,
the material was embedded in paraffin using a Tissue-Tek® TEC™ 6 embedding console
system (Sakura, Tokyo, Japan). The results were obtained using the equipment of the
Center for Collective Use “Medical Genomics”, Tomsk National Medical Research Center.

To study the spatiotemporal pattern of accumulation of mf in the kidneys and their
phenotypes, the patients with MI were divided into groups depending on infarction du-
ration: group 1 involved those who died during the first three days after MI, within 72 h;
group 2 included patients who died on day 4–28.

We have already reported clinical and anamnestic data on these groups of patients [9].
It should be noted that the average age of the examined patients was 74.8 ± 9.8. The time
from the onset of the disease to admission to the hospital was 180 min (120–720 min.).
Circular MI was recorded in 40% of cases, and recurrent MI was observed in half of the
patients. Heart failure (HF) in anamnesis occurred in 50% of patients. Cardiogenic shock
was the main death factor; other reasons were cardiac rupture and arrhythmogenic shock.

2.2. Immunohistochemical Analysis

To perform an immunohistochemical analysis with a rotary microtome (HM 355S,
Thermo Fisher Scientific, Waltham, MA, USA), kidney sections were prepared: 10 sections
from each block. The material was then applied to L-polylysine-coated slides, two sections
per slide. The study was performed using an automated immunostainer (Leica Bond-Max,
Wetzlar, Germany) in accordance with a standard protocol [10]. The study used antibodies
against mf markers. CD68 was used as a common mf marker. CD80 was used as M1 type
mf marker. CD163 and CD206 were used as classical M2 type mf markers, and stabilin-1
was used as an additional M2 type mf marker. We used mouse monoclonal antibodies
against CD68 (Cell Marque, 1:500 dilution), antibodies against CD163 (Cell Marque, Rocklin,
CA, USA, 1:50 dilution), antibodies against CD80 (Invitrogen, Waltham, MA, USA, 1:600
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dilution), mouse monoclonal antibodies against CD206 (Santa Cruz, 1:100 dilution), and
antibodies against stabilin-1 RS1 (1:1000 dilution) synthesized in the Laboratory of Innate
Immunity and Immunological Tolerance (University of Heidelberg).

The studied markers were visualized using the BOND Polymer Refine Detection
system (Leica, Wetzlar, Germany). BOND Polymer Refine Detection contains a peroxide
block, post-primary, polymer reagent, DAB chromogen, and hematoxylin counterstain.
Two independent experts counted positively stained mfs in the kidney and analyzed
10 randomly chosen fields of view (40× objective) using a Zeiss Axio Imager M2 microscope,
bright field.

2.3. Statistical Analysis

The obtained data were analyzed using the STATISTICA 12.0 software package. The
quantitative data were tested for normality using the Shapiro–Wilk test. All quantitative
indicators that showed abnormal distribution were described by the median (Me) and
interquartile interval (Q1; Q3). The Mann–Whitney test was used to compare quantitative
indicators in independent groups, Kendall rank correlation coefficient and Wilcoxon signed-
rank test were used to dependent groups. Statistical hypotheses were tested with the
significance value p = 0.05.

3. Results

The features of mf composition in the kidneys and its dynamics in MI patients were
revealed through the analysis of the data obtained from both the control group and MI
patients at different time periods—early and late periods after MI (Table 1).

Table 1. Features of macrophage composition in the kidneys in patients with fatal MI and in patients
from the control group (number of positive stained macrophages counted per histology section area
of interest and analyzed in 10 randomly chosen fields of view).

Cells
All Patients

(n = 30)
Control
(n = 8)

p1
Group 1
(n = 17)

Group 2
(n = 13)

p2 p3 p4

CD163+ 55 (32; 97) 47 (34; 68) 0.5 55 (34; 72) 58 (32; 97) 0.5 0.9 0.4
CD68+ 30 (23; 51) * 41 (33;48) 0.45 30 (24; 49) * 35(23; 51) * 0.7 0.4 0.7
CD206+ 4 (2; 6) *, ** 30 (27; 35) 0.0005 6 (5; 8) *,** 2 (1; 2) *, ** 0.01 0.005 0.0001

Stabilin-1+ 2 (1; 3) *, **, *** 2 (1; 3) *, **, *** 0.8 1 (1; 4) *, **, *** 2 (1; 2) *, ** 0.3 0.9 0.7

CD80+ 3 (2; 5) *, **, *** 6 (6; 7) *, **, ***,
**** 0.0003 5 (3; 5) *, **, *** 2 (1;2) *, ** 0.01 0.0005 0.0007

Note: MI—myocardial infarction. p1—Significant difference between the group with fatal MI and the control
group; p2—significant difference between patients with fatal MI from group 1 and group 2; p3—significant
difference between patients with control group from group 1; p4—significant difference between patients with
control group from group 2. *—Significant difference in the group between the number of CD163+ cells and other
cells; **—significant difference in the group between the number of CD68+ cells and other cells; ***—significant
difference in the group between the number of CD206+ cells and other cells; ****—significant difference in the
group between the number of stabilin-1+ cells and other cells.

CD163+ cells were predominant in the kidneys of MI patients; however, in the control
group these cells were predominant with CD68+ and CD206+ cells (Figures 1 and 2).

Interestingly, among the studied kidney cells, CD206+ and CD80+ were the types of
cells that had dynamics that changed depending on the MI period (Table 1). The number of
these cells in the kidneys decreased in the late period after MI. The number of these cells
in the kidneys of patients from the control group exceeded that in MI patients (Table 1,
Figure 2). Other kidney cells neither changed over time nor differed from those in patients
from the control group.
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Figure 1. Features of macrophage infiltration of kidneys (a) in patients with myocardial infarction
and (b) of control group, immunohistochemistry; scale bar: 50 μm.

Figure 2. Features of the macrophage composition in the kidneys in patients with fatal MI (n = 30)
and in patients from the control group (n = 8). Note: * —significant difference between patients with
fatal MI from group 1 and group 2. Abbreviation: MI—myocardial infarction.

4. Discussion

Our data are unique and novel since we are the first to reveal the features of changes in
the kidney mf composition in MI patients, and show the relationship between these changes
and unfavorable outcome through comparison of these changes with the results obtained for
patients without CVD. However, the results mainly indicate pathophysiological processes
that occur under experimental ischemic conditions in animals.

Among all the studied cells, CD163+ predominate in terms of their number in the
kidneys of patients with MI and they serve as one of the leading cell types in the control
group. The CD163 cellular receptor is actively expressed on both monocytes and mf, and
serves as a marker for alternatively activated M2 mf [11]. Monocytes are known to express
a small amount of CD163. However, mf, particularly in the inflammation resolution phase,

93



Biomedicines 2023, 11, 1843

exhibit a high expression of CD163 [12]. As previously reported, a high concentration of
these cell types in kidney biopsy specimens from patients with lupus nephritis [13] was
due to the unfavorable course and prognosis of the disease. Similar data were reported for
patients with IgA nephropathy [14] and for patients after kidney transplantation [15]. A
high concentration of these cells in the myocardium in the late postinfarction period was
also due to unfavorable outcome [16]. However, we assume that these cells are most likely
involved in tissue homeostasis, immunological regulation, and tissue regeneration in case
of any injury, and initiation, which explains their high and comparable concentration in
kidney tissues in both groups [7].

The number of CD68+ cells is the next largest in the group of MI and they also serve as
one of the leading cell types in the control group. CD68 is an immunohistochemical marker
of the common population of mf, of which the main function is the absorption of apoptotic
and damaged cells [17]. This can be the cause of a high concentration of these cells in MI
patients. A high concentration of this cell type in kidneys in the late observation period
probably shows their involvement in a prolonged inflammatory reaction and is associated
with unfavorable prognosis, which indicates involvement of the innate immune system in
postinfarction kidney regeneration. In a number of studies, concentration of CD68+ cells
correlated with albuminuria and unfavorable outcome [18]. The number of these cells in
MI patients from the studied group was comparable to the number of CD68+ cells in the
kidneys of patients with a reduced glomerular filtration rate and the presence of lupus
nephritis [19]. Yet, the number of cells was similar to that in healthy individuals, which
may indirectly indicate the lack of the impact of this cell type on cardiorenal relationships
in MI patients.

One of the most widely studied markers of M1 mf is CD80 [20]. M1 mf secrete
pro-inflammatory cytokines, cathepsins, and matrix metalloproteinases, which induce
the elimination of cellular debris and apoptotic cells and the beginning of the repair
process [21]. The decrease in the level of these cells in patients with MI by the late period
of MI determines the physiological course of the inflammatory response [21]. However,
the fact that the level of CD80 cells is lower in individuals with MI than in the control
group, along with a decrease in the level of M2 mf– CD206+ cells by the late period of MI
and becoming comparable with CD80+ and stabilin-1 cells, may cause an adverse course
of the disease. An inadequate weak inflammatory response, along with an inadequate
low-intensity regeneration phase, can cause an unfavorable outcome of MI.

The study of the concentration of stabilin-1+ cells in the kidneys of patients with MI
and without CVD showed single stabilin+ cells. Studies on the role of stabilin-1+ cells in
cardiovascular pathology are insufficient [16,22]. Some data were obtained for patients with
cancer [23]. The study of these cells in the kidneys of MI patients has not been performed.
A low content of cells in the renal tissue of the examined MI patients probably indicates a
negligible impact, or lack thereof, of these cells on the cardiorenal relationships. The data
obtained in this study show inadequacy of the dichotomous model for assessing mf and
their functions with regard to their conditional division into two phenotypes—pro- and
anti-inflammatory. The behavior of all the studied M2 type mf is completely different. They
are different in their concentration in tissues and in their response to myocardial ischemia.

In our opinion, among all the studied kidney mf, CD206+ cells belonging to M2 type
mf are most interesting and promising for further research [24]. This is the type of mf
that showed significant dynamics in renal tissue in the late period after MI, as well as
a significantly lower concentration in patients with fatal MI. A number of researchers
reported data that are partly comparable to our data. In particular, comparison of the
number of these cells in the kidneys of patients with acute interstitial nephritis and in a
cohort of patients with acute tubular necrosis showed a lower number of CD206+ cells in
patients with acute tubular necrosis [25]. This type of cells was referred to as a resident
type of mf [25] involved in renal tissue homeostasis; therefore, their number can reduce
under ischemic conditions and trigger an unfavorable course of the disease. In addition,
according to the experimental data on rodents [5], the polarization of kidney mf under
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ischemic conditions, including CD206+ cells, stimulates the polarization of myocardial mf
into M2 type, followed by the development of adaptive left ventricular hypertrophy and
myocardial fibrosis. The effect of these processes on the disease outcome remained unclear.
However, it should be noted that IL-4, IL-13, and IL-10 play a central role in the polarization
of mfs in the direction of the M2 type [7]. We cannot currently confirm or deny these data,
because the lack of a comprehensive, systematic analysis, including an analysis of the
microenvironment, as well as the level of circulating markers, is a limitation of our study,
the elimination of which is planned by us in the subsequent data collection. In addition to
the influence of the microenvironment on the cell phenotype, a metabolic factor such as
hypoxia may explain the low functional activity of CD206+ cells in kidneys tissue in patients
with MI, which was different from that in patients without CVD [26]. It is interesting that
the number of CD206+ cells in persons with MI was several times lower than in persons
from the control group. An adequate/greater number of M2 mf in the kidneys may be
required to change the polarization of cardiac mf in the early period after MI, which may
affect the inflammatory response in the early postinfarction period and lead to unfavorable
outcome. The number of these cells in MI patients was twice as low as that in patients
with tubulointerstitial necrosis [25], which may indicate active involvement of this cell type
in cardiorenal relationships under ischemic conditions. According to our previous data,
the number of CD206+ cells in MI patients with CKD+ and CKD- was different, and the
results of the multivariate analysis confirm our assumption about the relevance of studying
this cell type as one of the key components of cardiorenal relationships under ischemic
conditions [9]. The subsequent detailed analysis of the most pronounced pathological
mf, and comparison of the data obtained on the autopsy material with those obtained for
patients who have successfully come through MI, will help identify a specific target. This
will contribute to targeted therapy and improve the prognosis for patients with MI affecting
the development, course, and progression of postinfarction heart and renal failure.

Limitation

This study was conducted as a single-center trial and the size of a sample was small.
In addition, the ratio of kidney/myocardial mf at a given time period was not a static
indicator. Nowadays, this work is of a fundamental and descriptive nature. Therefore, one
promising direction for future research is the changes in the amount of cells with these
phenotypes in vivo in patients with MI and favorable outcome. Future investigation needs
to have a complex systematic approach, accessing the cells and microenvironments changes
in the heart and comparing them with the changes in target organs, with a connection with
circulated biomarkers and unfavorable outcomes of MI. For these reasons, further studies
are required.

5. Conclusions

Macrophage composition of the kidneys in patients with fatal MI among all the cells
studied by us was characterized by the predominance of CD163+ cells, the control group
characterized by the predominance of CD163+, CD206+, and CD68+. In patients with fatal
MI, biphasic response from kidney macrophages was characterized for CD80+ and CD206+
cells: their number decreased by the long-term period of MI; other cells did not show any
dynamics. Moreover, the exact number of CD80+ cells in kidneys of individuals without
cardiovascular disease was slightly higher than in fatal MI, and the number of CD206+
cells was strikingly predominant. Subsequent analysis of CD80+ and CD206+ cells in a
larger sample, as well as comparison of data with results obtained from survivors of MI,
may bring us closer to understanding whether the influence on these cells can serve as a
new target in personalized therapy in postinfarction complications.
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Abstract: Two-dimensional speckle-tracking echocardiography (2DSTE) detects myocardial dysfunc-
tion despite a preserved left ventricular ejection fraction. Fibroblast growth factor 23 (FGF23) has
become a promising biomarker of cardiovascular risk. This study aimed to determine whether FGF23
may be used as a marker of myocardial damage among patients with diabetes mellitus type 2 (T2DM)
and no previous history of myocardial infarction. The study enrolled 71 patients with a median
age of 70 years. Laboratory data were analyzed retrospectively. Serum FGF23 levels were deter-
mined using a sandwich enzyme-linked immunosorbent assay. All patients underwent conventional
echocardiography and 2DSTE. Baseline characteristics indicated that the median time elapsed since
diagnosis with T2DM was 19 years. All subjects were divided into two groups according to left
ventricular diastolic function. Individuals with confirmed left ventricular diastolic dysfunction had
significantly lower levels of estimated glomerular filtration rate and higher values of hemoglobin
A1c. Global circumferential strain (GCS) was reduced in the majority of patients. Only an epicardial
GCS correlated significantly with the FGF23 concentration in all patients. The study indicates that a
cardiac strain is a reliable tool for a subtle myocardial damage assessment. It is possible that FGF23
may become an early diagnostic marker of myocardial damage in patients with T2DM.

Keywords: fibroblast growth factor 23; two-dimensional speckle-tracking echocardiography; left
ventricular diastolic dysfunction; diabetes mellitus

1. Introduction

Diabetes mellitus (DM) poses a serious challenge to the world’s health. Despite global
efforts to tackle the diabetes pandemic, the number of adults living with DM is on the rise.
The International Diabetes Federation reported that the number of adults with DM has
already surpassed 537 million and is predicted to rise to 643 million by 2030 [1]. Even more
frightening, is the fact that there are another 541 million people with impaired glucose
tolerance, who are at high risk of type 2 diabetes mellitus (T2DM). T2DM accounts for
approximately 90% of all cases of DM [2].

Cardiovascular disease (CVD) is the most prevalent cause of morbidity and mortality
in a diabetic population [3]. DM is associated with a 2- to 3-fold increased risk of my-
ocardial infarction (MI) and stroke [4]. The dreadful combination of DM and ischemic
heart disease (IHD) has always put a severe strain on diabetologists and cardiologists.
An increased prevalence of IHD in patients with DM contributes to the greater incidence
of heart failure (HF). The risk of HF in diabetic patients is more than twice that of the
nondiabetic population [5,6].

Nearly 50 years ago, Rubler et al. introduced the concept of diabetic cardiomyopathy
(DCM), which is considered a primary myocardial disease in diabetic patients [7,8]. DCM
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was defined as abnormal cardiac structure and performance in the absence of IHD, arterial
hypertension (HA), or significant valvular disease. Despite the importance of this entity,
the mechanisms underlying DCM pathogenesis have remained poorly elucidated. Dysreg-
ulated glucose and lipid metabolism causes increased oxidative and inflammation stress,
which both mediate pathological cardiac remodeling, characterized by left ventricular (LV)
concentric hypertrophy and increased myocardial fibrosis [9]. Subsequently, the gradual
decline in LV function (diastolic often precedes systolic) may be observed [10]. Therefore, a
diabetic population is particularly susceptible to a long-standing subclinical myocardial
dysfunction before development of overt HF.

DM claims lives and triggers disability. Patients with DM have unfavorable prognoses
due to multiple diabetic complications and frequent comorbidities, worse cardiovascular
(CV) outcomes, and higher rates of hospitalization compared to their healthy counter-
parts [5,6,11]. Numerous studies indicate that poor glycemic control is associated with an
increased risk of exacerbation of IHD and HF [12,13]. DM combined with cardiac diseases
is frequently related to a poorer quality of life and the burden of high medical costs.

Transthoracic echocardiography (TTE) is the most fundamental method for a cardiac
function evaluation of patients with DM. Although reduced left ventricular ejection fraction
(LVEF) indicates HF among symptomatic patients, a considerable proportion of patients
with HF still have preserved LVEF [14]. The latter cannot be efficiently detected by tradi-
tional echocardiographic parameters. Hence, development of other techniques, particularly
noninvasive, objectively identifying myocardial dysfunction is highly desirable.

In 1973, Mirsky and Parmley described the concept of evaluating myocardial stiffness
by using a measure of deformation (i.e., strain) [15]. Myocardial strain was defined as the
percent change in the length of a myocardial segment relative to its resting length and
considered an indicator of LV function [16]. Two-dimensional speckle-tracking echocar-
diography (2DSTE) is a new technique, which enables reliable evaluation of regional
deformation in three directions: longitudinal, circumferential, and radial [17]. Due to
2DSTE, it is feasible to identify patients with a preserved LVEF, no previous history of CVD,
and asymptomatic LV systolic or diastolic dysfunction.

In recent years, fibroblast growth factor 23 (FGF23) has gained wide attention in many
fields of medicine and has become a promising biomarker linking chronic kidney disease
(CKD) with CV morbidity and mortality [18,19]. FGF23, as an endocrine-acting phos-
phaturic hormone, plays a pivotal role in calcium-phosphate metabolism and interorgan
signaling. Apart from its physiologic actions, an elevated FGF23 level is also associated
with pathologic effects, such as left ventricular hypertrophy, and mediates cardiac remodel-
ing [20]. Some data indicate that FGF23 triggers production of inflammatory markers (e.g.,
transforming growth factor β), which promotes development of myocardial fibrosis [21,22].
Multiple publications have indicated that FGF23 is a novel biomarker of CV risk; however,
most of them have promoted a clear relationship between FGF23 level and CV mortality
and morbidity in patients with HF rather than IHD [23,24]. In our previous study, we
reported consistent results with recent findings. We did not provide the evidence for any
correlation between FGF level and either overt IHD (33% of study population) or LVEF
(56%, interquartile range (IQR) 52–60) [25]. Therefore, in furtherance of our earlier research,
we aimed to determine whether FGF23 may be used as a marker of early myocardial
damage among patients with long-standing T2DM and no previous history of MI. The
utility of FGF23 was assessed with reference to the global longitudinal (GLS) and global
circumferential strain (GCS). An early detection of DCM is pivotal to the enhancement of
outcomes in a diabetic population.

2. Materials and Methods

2.1. Study Design and Population

For the present analysis, we included 71 consecutive patients. Data of all individuals
were obtained from a Diabetes Outpatient Clinic (Lodz, Poland) database between 2019 and
2021. Patients had the following inclusion criteria: (1) T2DM duration of >10 years; (2) reg-
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ular follow-up care by a mutual diabetologist; and (3) hemoglobin A1c (HbA1c) ≤ 8% were
enrolled in the study, whereas subjects with any of the following conditions were excluded:
(1) age < 18 years; (2) previous history of MI; (3) active infection; (4) malignant tumor;
(5) no electronic TTE data available for retrospective analysis; or (6) missing key clinical
data. Afterwards, participants were divided into two groups according to a diagnosis of
left ventricular diastolic dysfunction (LVDD): Group 1 (non-LVDD, n = 46) or Group 2
(LVDD, n = 25). A flowchart of the study is shown in Figure 1.

Figure 1. Study flow chart. Abbreviations: DM, diabetes mellitus; T2DM, type 2 diabetes mellitus;
HbA1c, hemoglobin A1c; COVID-19, coronavirus disease 2019; FGF23, fibroblast growth factor 23;
TTE, transthoracic echocardiography; 2DSTE, two-dimensional speckle-tracking echocardiography;
LVDD, left ventricular diastolic dysfunction.

Demographic and clinical characteristics were collected during a structured interview,
and included, among others: sex, age, height, body weight, body mass index (BMI), T2DM
duration, and smoking history. Data related to comorbidities (e.g., HA, arrythmias), cardio-
vascular hospitalization, and family history of heart disease or DM were obtained from
all participants as well. Diaries of self-control were used to verify home blood pressure
monitoring. Laboratory examination data, such as HbA1c (%), creatinine (Cr; mg/dL), esti-
mated glomerular filtration rate (eGFR) (mL/min/1.73m2), total cholesterol (TC) (mg/dL),
high-density lipoprotein cholesterol (HDL-C) (mg/dL), low-density lipoprotein cholesterol
(LDL-C) (mg/dL), non-high-density lipoprotein cholesterol (non-HDL-C) (mg/dL), and
triglycerides (TG) (mg/dL), were analyzed retrospectively.

The study protocol was in accordance with the Declaration of Helsinki and approved
by the Ethics Committee of the District Medical Chamber in Lodz (No. K.B.-10/18, 11 April
2018). Written informed consent was obtained for inclusion of the patients.

2.2. FGF23 Measurement

Serum levels of intact FGF23 (iFGF23) were measured using a sandwich enzyme-linked
immunosorbent assay (ELISA) with a FGF23 ELISA kit (SunRed Biological Technology,
Shanghai, China). All blood samples were collected in the morning after an overnight fast
(minimum 10 h), during previously scheduled appointments at the Diabetes Outpatient
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Clinic, and stored at −80 ◦C before analysis. The reference range for serum iFGF23 level in
healthy adults is 8.2–54.3 pg/mL [26].

2.3. Conventional Echocardiography

All patients underwent two-dimensional (2D) TTE using a commercially available
ultrasound system (Vivid E9, General-Electric Healthcare, Horten, Norway) equipped with
a 3.5-Mhz transducer. Participants were evaluated with 2D, M-mode, color Doppler, pulse
Doppler, and continue Doppler echocardiographic examinations in the left lateral decubitus
position. To achieve optimal image quality, we adjusted gain, compression, depth, and
sector width. The images were acquired in the apical (four- and two-chamber and apical
long-axis views) and parasternal views (long- and short-axis views) at the basal, papillary,
and apical LV levels at high frame rates of 70–90 frames/s.

LV volumes were measured from the apical four- and two-chamber views. LVEF
was calculated in the apical four-chamber view using the modified Simpson’s rule. LVDD
was defined in accordance with the most recent guidelines [27]. To determine whether
a diastolic function is normal or abnormal, analysis of four variables with the following
cutoff values was performed: (1) annular e′ velocity (septal e′ < 7cm/s, lateral e′ < 10cm/s);
(2) average E/e′ ratio > 14; (3) peak tricuspid regurgitation velocity > 2.8 m/s; and (4) left
atrial volume index > 34 mL/m2. If more than two parameters met the above-mentioned
cutoff values, LVDD was diagnosed, as shown in Figure 2.

Figure 2. Algorithm for diagnosis of LVDD in patients with preserved LVEF. Abbreviations: LVEF,
left ventricular ejection fraction; TR, tricuspid regurgitation; LAVI, left atrial volume index; LVDD,
left ventricular diastolic dysfunction.
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2.4. Two-Dimensional Speckle-Tracking Echocardiography

LV function was further evaluated with 2DSTE using a software package (EchoPAC,
Horten, Norway, version 201 software, General-Electric Medical Systems) by two experi-
enced and independent observers. In each plane, three consecutive cardiac cycles were
captured during a breath hold at the end-expiration and stored in a cine-loop format for
offline analysis. 2DSTE is a relatively new technique of cardiac imaging based on frame-
by-frame tracking of ultrasonic speckles in gray scale. It allows accurate assessment of
myocardial deformation in two dimensions. Two different patterns [i.e., circumferential
strain (CS) and longitudinal strain (LS)] may be evaluated using the apical and parasternal
short-axis views. LS shows systolic shortening in the long-axis plane, while CS represents
systolic shortening but in a short-axis plane. During systole, LS and CS are anticipated
to be negative values. Moreover, we analyzed CS in three myocardial layers: epicardium,
mid-wall, and endocardium, under the assumption that the alterations among diabetic
population may appear layer-specific. The software automatically divided the region of
interest (ROI) into six equal segments and provided the time–strain curves for each myocar-
dial segment. If necessary, ROI was manually adjusted using a point-and-click approach
to enhance tracking quality. Curves of regional and global peak systolic strain, previously
calculated by segmental averaging, were obtained. The reference range for GLS and GCS
strain values are based on Nagata et al. [28].

2.5. Statistical Analysis

All statistical analyses were performed using STATISTICA v. 14 software (StatSoft
Polska, Kraków, Poland). A p-value of 0.05 was used as the threshold of statistical signifi-
cance. The normality assumption was verified using the Shapiro–Wilk test. Categorical
variables are expressed as the number of observations (N) with the corresponding percent-
ages (%), whereas quantitative variables as median and IQR. Pearson’s χ2 test was used to
determine differences between categorical variables. If the number of cases were less than
5, Yates’s correction for continuity was used. Continuous variables were analyzed with a
nonparametric test. The Mann–Whitney U test was used to compare two independent trials.
Spearman’s rank correlation coefficient was used for assessment of correlation strength.

3. Results

A total of 71 individuals with T2DM and no prior history of MI were enrolled in
the study. There were 36 women (51%) and 35 men (49%) with a median age of 70 years
(IQR 66–74). Baseline characteristics indicated that the median time elapsed since diagnosis
with T2DM was 19 years (IQR 13–24). According to the results, the median BMI of the study
population was 29.7 kg/m2. Patients were diagnosed with various diseases, among others:
arterial hypertension (83%), atrial fibrillation (AF) (5%), and stroke (7%). Furthermore,
we assessed the frequency of chronic complications of DM, such as retinopathy (17%),
neuropathy (10%), and diabetic foot syndrome (4%). Nearly two-thirds (66%) of the
patients were either current or former smokers. As many as 15% of the patients were
hospitalized due to CVD at least once in their lifetime. Family history of heart disease and
DM were, respectively, reported in 49% and 66% patients. Table 1 presents demographic
and clinical data according to the presence or absence of LVDD. As shown, there are no
statistically significant differences between the two groups of patients.

Table 1. Baseline characteristics.

Variable
Total

N = 71
Without LVDD

N = 46
With LVDD

N = 25
p Value

Age, years 70 (66–74) 67.5 (65–74) 70 (69–74) 0.061

Female sex 36 (51) 22 (49) 14 (56) 0.511

T2DM duration, years 19 (13–24) 18 (13–22) 19 (14–27) 0.446
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Table 1. Cont.

Variable
Total

N = 71
Without LVDD

N = 46
With LVDD

N = 25
p Value

BMI, kg/m2 29.7 (25–33) 29 (25–33) 29.7 (27–33) 0.572

Arterial hypertension 59 (83) 37 (80) 22 (88) 0.631

Stroke 5 (7) 2 (4) 3 (12) 0.472

Atrial fibrillation 4 (5) 3 (7) 1 (4) 0.921

Diabetic retinopathy 12 (17) 8 (17) 4 (16) 0.856

Diabetic neuropathy 7 (10) 4 (9) 3 (12) 0.977

Diabetic foot syndrome 3 (4) 1 (2) 2 (8) 0.583

Cardiovascular hospitalization 11 (15) 8 (17) 3 (12) 0.798

Family history of heart disease 35 (49) 24 (52) 11 (44) 0.511

Family history of diabetes mellitus 47 (66) 29 (63) 18 (72) 0.446

Current and former smokers 47 (66) 30 (65) 17 (68) 0.979

Nonsmokers 24 (34) 16 (35) 8 (32) 0.979

Note: Data are expressed as median (interquartile range) or number (%). Abbreviations: LVDD, left ventricular
diastolic dysfunction; T2DM, type 2 diabetes mellitus; BMI, body mass index.

Table 2 demonstrates the laboratory test results according to an LV diastolic function
status. In our study, we determined the concentration of FGF23, HbA1c, renal parameters,
and a lipid profile.

Table 2. Laboratory test results.

Variable
Total

N = 71
Without LVDD

N = 46
With LVDD

N = 25
p Value

FGF23, pg/mL 256 (214–567) 255 (206–567) 268 (232–380) 0.918

Cr, mg/dL 0.83 (0.73–0.96) 0.79 (0.7–0.92) 0.91(0.79–1.04) 0.022

eGFR, mL/min/1.73 m2 88 (75–102) 101 (76–102) 80 (64–101) 0.029

HbA1c, % 6.8 (6.4–7.4) 6.5 (6.3–7.2) 7 (6.7–7.7) 0.045

TC, mg/dL 155 (129–187) 157 (132–194) 140 (125–176) 0.327

HDL-C, mg/dL 51 (43–62) 51 (43–62) 51 (44–61) 0.764

LDL-C, mg/dL 73 (54–98) 80 (55–102) 71 (51–98) 0.489

non-HDL-C, mg/dL 102 (77–126) 104 (80–126) 98 (77–126) 0.381

TG, mg/dL 121 (90–169) 121 (93–169) 120 (90–166) 0.976

Note: Data are expressed as median (interquartile range). Abbreviations: LVDD, left ventricular diastolic
dysfunction; FGF23, fibroblast growth factor 23; Cr, creatinine; eGFR, estimated glomerular filtration rate;
HbA1c, hemoglobin A1c; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; TG, triglycerides.

FGF23 was elevated in all patients (256 pg/mL, IQR 214–567). Interestingly, there
was no significant difference in its levels between patients with LVDD and normal LV
diastolic function (255 pg/mL, IQR 206–567; 268 pg/mL, IQR 232–380; p = 0.918), as shown
in Figure 3. Individuals with confirmed LVDD appeared to have significantly higher con-
centrations of HbA1c and lower levels of eGFR (7%, IQR 6.7–7.7; 80 mL/min/1.73 m2,
IQR 64–101) compared to subjects with normal diastolic function (6.5%, IQR 6.3–7.2;
101 mL/min/1.73 m2, IQR 76–102). Furthermore, none of the lipid parameters correlated
with either normal or abnormal LV diastolic function. A lipid profile included measure-
ments of TC (155 mg/dL, IQR 129–187), HDL-C (51 mg/dL, IQR 43–62), LDL-C (73 mg/dL,
IQR 54–98), non-HDL-C (102 mg/dL, IQR 77–126), and TG (121 mg/dL, IQR 90–169).
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Figure 3. Scatter plot of FGF23 levels according to LV diastolic function status. Abbreviations: LVDD,
left ventricular diastolic dysfunction; FGF23, fibroblast growth factor; LV, left ventricular.

All patients underwent TTE evaluation. The echocardiographic findings are summa-
rized in Table 3. Individuals with LVDD had higher values of LVMI (109 g/m2, IQR 100–121;
p = 0.003), IVSs (17 mm, IQR 16–19; p = 0.014), and IVSd (13mm, IQR 11–13; p = 0.002). How-
ever, no correlation was found between either normal or abnormal LV diastolic function
and the following variables: LVEF, LVESV (left ventricular end systolic volume), LVEDV
(left ventricular end diastolic volume), left atrial volume, LAVI (left atrial volume index),
TAPSE (tricuspid annular plane systolic excursion), and RVOT (right ventricular outflow
tract) proximal diameter.

Table 3. Transthoracic echocardiographic parameters.

Variable
Total

N = 71
Without LVDD

N = 46
With LVDD

N = 25
p Value

LVEF, % 56 (54–62) 56 (53–62) 56 (54–60) 0.827

LVESV, mL 31 (28–35) 31 (28–35) 33 (29–35) 0.353

LVEDV, mL 45 (43–48) 45 (43–48) 47 (45–49) 0.155

LVMI, g/m2 98 (83–110) 92 (81–107) 109 (100–121) 0.003

LA volume, mL 50 (43–63) 49 (42–61) 56 (48–77) 0.166

LAVI, mL/m2 27 (22–33) 27 (21–31) 30 (25–37) 0.158

TAPSE, mm 22 (20–25) 22 (21–25) 21 (19–24) 0.247

RVOT proximal diameter, mm 32 (30–34) 32 (31–34) 32 (30–35) 0.565

IVSs, mm 16 (15–17) 16 (15–16) 17 (16–19) 0.014

IVSd, mm 11 (10–12) 11 (10–12) 13 (11–13) 0.002

average E/e’ ratio 9 (7–11) 8 (7–10) 11 (8–15) 0.002

Note: Data are expressed as median (interquartile range). Abbreviations: LVDD, left ventricular diastolic
dysfunction; LVEF, left ventricular ejection fraction; LVESV, left ventricular end systolic volume; LVEDV, left
ventricular end diastolic volume; LVMI, left ventricular mass index; LA, left atrium; LAVI, left atrial volume index;
TAPSE, tricuspid annular plane systolic excursion; RVOT, right ventricular outflow tract; IVSs, interventricular
septum thickness at end-systole; IVSd, interventricular septum thickness at end-diastole.

The parameters derived from 2DSTE are listed in Table 4. After considering age
dependency, average GCS was diminished in the majority of patients. Average GCS was
−16.4%, endocardial GCS was −24.8%, whereas epicardial GCS was considerably reduced
and amounted to −9.2%. According to Nagata et al., the reference ranges for average,
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endocardial, and epicardial GCS are, respectively, as follows: −21.2% ± 2.1, −29.3% ± 2.9,
and −15.6% ± 1.9 [28]. GLS was within the normal range, which is −19.4% ± 1.7 [28].
Contrary to our expectations, there were no significant differences in GLS and GCS between
patients with LVDD and normal LV diastolic function. Even the analysis of a layer-specific
GCS did not reveal any correlation with LV diastolic function. The examples of LV CS curves
of endocardium, mid-wall, and epicardium from papillary muscles level are illustrated in
Figure 4.

Table 4. Two-dimensional speckle-tracking echocardiography data.

Variable
Total

N = 71
Without LVDD

N = 46
With LVDD

N = 25
p Value

GLS, %

apical 4 chamber −18.6 (−21.6, −16.5) −19.5 (−21.6, −17.2) −17.7 (−20.9, −15.6) 0.189

apical 2 chamber −19.4 (−22.5, −15.6) −20.6 (−23.3, −16.9) −18.4 (−19.6, −15.6) 0.060

apical 3 chamber −19.6 (−21.7, −14.1) −19.9 (−21.5, −15.6) −18.6 (−21.8, −13.2) 0.373

average −19.1 (−21.6, −16.1) −19.9 (−22.0, −16.3) −18.2 (−19.6, −16.1) 0.115

GCS, %

epicardial −9.2 (−11.7, −9.2) −8.8 (−11.2, −6.8) −10.2 (−12.1, −7.6) 0.348

mid-wall −14.9 (−17.2, −11.1) −15.1 (−17.1, −11.1) −14.9 (−17.2, −11.8) 0.824

endocardial −24.8 (−29.0, −18.5) −24.3 (−29.7, −18.8) −25.3 (−27.6, −18.4) 1.000

average −16.4 (−18.8, −11.8) −16.2 (−18.9, −11.8) −16.4 (−18.4, −13.5) 0.962

Note: Data are expressed as median (interquartile range). Abbreviations: LVDD, left ventricular diastolic
dysfunction; GLS, global longitudinal strain; GCS, global circumferential strain.

 

Figure 4. Layer–specific (endocardial, transmural, epicardial layer) circumferential global and seg-
mental strain curves obtained from 2DSTE from papillary muscles level. Abbreviations: 2DSTE,
two–dimensional speckle–tracking echocardiography.

This study also assessed the utility of FGF23 with reference to cardiac strain. It
revealed that an epicardial GCS correlated with FGF23 level regardless of LV diastolic
function status (p = 0.041), as shown in Figure 5. Such correlation was not found in the
following subgroups, patients with LVDD and with normal diastolic function. None of the
other strains correlated with the FGF23 levels either in the study population or in patients
with LVDD or with normal diastolic function.
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Distribution of GLS, endocardial and epicardial GCS values according to a LV diastolic
function status are demonstrated in Figure 6A–C.

Figure 5. Spearman correlation between epicardial GCS values and FGF23 levels in patients with
long–standing type 2 diabetes mellitus. Abbreviations: GCS, global circumferential strain; FGF23,
fibroblast growth factor.

Figure 6. Cont.
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Figure 6. Scatter plot of average GLS (A), GCS endocardial (B), and GCS epicardial (C) levels
according to LV diastolic function status. Abbreviations: LVDD, left ventricular diastolic dysfunction;
GLS, global longitudinal strain; GCS, global circumferential.

4. Discussion

The overwhelming majority of publications indicate a significant correlation between
an elevated level of FGF23 and increased CV risk in CKD. However, little is known about
the relationship between FGF23 and CVDs in a diabetic population, particularly without
kidney failure. Furthermore, most researchers have posited a clear association between
FGF23 concentration and CV risk in the subjects with HF rather than IHD. Our study
included patients with long-standing T2DM, relatively good glycemic control, preserved
renal function, and no previous history of myocardial infarction. Due to a careful selection
of the target group, the interference of confounding factors was reduced to a certain extent.
The main goal of the research was to determine whether FGF23 may be used as an early
marker of myocardial damage among patients with T2DM and no previous history of
myocardial infarction. To the authors’ best knowledge, this is the first study to investigate
the correlation between FGF23 and a cardiac strain in a diabetic population. The study
indicates that a cardiac strain is a reliable tool for a subtle myocardial damage assessment.
We have proven that myocardial injury in patients with long-standing T2DM is layer-
specific and starts from the epicardium. Furthermore, we performed an in-depth analysis
showing that an elevated level of FGF23 is significantly associated with a reduced value
of epicardial GCS among our patients. It is possible that FGF23 may become an early
diagnostic marker of myocardial damage in patients with long-standing T2DM.

T2DM is a metabolic disease associated with a considerably higher risk of HF and
CV mortality, even in the absence of IHD. Patients with T2DM and no previous history of
IHD have an equal CV risk compared to a nondiabetic population with a prior MI. Patho-
physiological links between T2DM and CVD have not been fully elucidated. It is known
that DM has a profound effect on a CV system, causing extracellular matrix remodeling,
increased oxidative stress, and endothelial cell dysfunction [29–32]. Over time, LV remodel-
ing, myocardial fibrosis, and histological alterations lead to LVDD, which usually precedes
systolic dysfunction. Eventually, one observes the development of overt HF. Concentric
LV remodeling has been considered an adverse prognostic marker of CV events [33,34].
Some data also indicate that LV remodeling results from renin-angiotensin-aldosterone
system activation, microangiopathy, inflammatory cytokines, or CV autonomic neuropa-
thy [35,36]. Early myocardial injury among patients with T2DM is typically slow, insidious,
and symptoms are not specific [37,38]. There is an increased risk of hospitalization and
adverse outcomes.
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Heart failure with preserved ejection fraction (HFpEF) is an urgent health and social
problem. It is estimated that HFpEF accounts for nearly 50% of all HF cases [14]. It is
possible that the high prevalence of HFpEF results from a greater awareness of physicians,
but especially the ageing population and widely known risk factors, such as advanced
age, HA, obesity, or metabolic syndrome. Its complex pathophysiology has not been
fully elucidated; therefore, we may find multiple definitions in the literature. According
to the earlier guidelines, LVDD was required to confirm HFpEF and responsible for HF
manifestation. On the one hand, the CHARM echocardiographic substudy showed that
LVDD was observed in 67% of patients, whereas only moderate and severe LVDD (44%)
was a significant and independent predictor of adverse outcome [39]. On the other hand, a
community-based study in Olmsted County (Minnesota, USA) demonstrated that among
2042 randomly selected residents, LVDD was confirmed in 28%, but only 2.2% were
diagnosed with HF [40]. Diagnosis of HFpEF might be challenging, even for HF specialists.
However, identification of patients, among LVDD cases, who will subsequently develop
HF seems particularly difficult.

LVEF assessed in TTE is a cornerstone of cardiac function evaluation. Nonetheless,
we must bear in mind that LVEF may remain preserved in the early stages of many heart
diseases, despite actual impaired myocardial contractility. Many scientists suggest that the
prognosis of patients with reduced and preserved LVEF is similar [14,41]. Myocardial strain
is based on the speckle-tracking method and has been acknowledged as a more accurate
tool for myocardial function assessment than conventional echocardiography. Park et al.
conducted a study of 4172 patients with acute HF [42]. Approximately 40% of them died
within 5 years. They demonstrated that GLS was a better prognostic marker than LVEF.
No difference was observed in LVEF between still living individuals and those who had
died, whereas GLS was reduced in deceased patients. The same researchers carried out
a study, which included 355 patients with LVEF of ≥50% and without significant LVDD,
to evaluate GLS value as a HF predictor [43]. Impaired GLS was defined as <16%. They
showed that 28% of patients with acute HF and preserved LVEF as well as elevated levels of
natriuretic peptides had no LVDD. The utility of conventional echocardiography appeared
limited in this group of patients, because according to the contemporary definition of
HFpEF, they would not have been classified as having HF [44]. The analysis of GLS during
resting TTE indicated that the individuals with an impaired GLS had a worse prognosis.
Data concerning GCS as a prognostic marker are rather poor. Collaborators from South
Korea and Australia published an article implying that GCS is a better predictor of adverse
cardiac events (readmission for HF or cardiac death) than LVEF and GLS [45]. They
evaluated data of 201 subjects hospitalized for acute HF. Pezel et al. conducted a study
of 1506 patients, of whom 122 were diagnosed with severe IHD and 91 had confirmed HF
during follow-up (15.9 years [12.9–16.6]) [46]. They were the first to assess the prognostic
value of layer-specific regional CS in the general population. Eventually, they proved that a
layer-specific regional CS may be an independent predictor of incidental HF and severe
IHD. Skaarup and colleagues demonstrated that endocardial GCS, rather than epicardial
GCS, is independently related to incidental HF in the general population and may be used
as a marker of early cardiac pathology [47]. Our study likewise indicates that a cardiac
strain is a better tool for a subtle myocardial assessment than LVEF. In the literature, one
may find rather inconsistent data regarding the best evaluated strain parameter. This issue
clearly requires further research.

Interestingly, there are a few articles presenting the relationship between myocardial
strain and DM; however, the great majority of them concern LV LS, while CS was not
explored or did not show any difference in a diabetic population. Flores-Ramírez et al.
conducted a study of 121 diabetic patients including: 14 individuals with mildly reduced
LVEF, 76 diabetics with preserved LVEF, and 31 controls [48]. They showed that the diabetics
had lower GLS than the controls; however, no difference was found in GLS in the diabetics
with preserved LVEF compared to the controls. Chinese researchers analyzed the data of
247 patients with T2DM and no prior history of CV complications [49]. They concluded that
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impaired GLS in this population was an independent predictor of CV events, such as acute
coronary syndrome, cerebrovascular stroke, CV death, and hospitalization for HF. A recent
concept has been based on a multilayer analysis of myocardial deformation, which relates
to an anatomical aspect. Tadic et al. evaluated 146 individuals (44 controls, 48 patients
with DM, and 54 patients with DM and HA) who underwent 2DSTE [50]. The research
led to the following conclusions: (1) GLS and GCS gradually worsened from controls,
through patients with DM, to those with both DM and HA; (2) all layers of myocardium
were affected by DM and HA; (3) progressive deterioration of impaired GLS and GCS in
mid-wall and epicardial layers were observed; and (4) HA exerted an additional deleterious
effect on LV deformation in patients with DM. Our findings unequivocally suggest that an
epicardium is the first affected layer of myocardium in patients with T2DM. Apparently,
large clinical trials are highly desired to dispel any doubts related to GLS or GCS as potential
predictors of adverse outcomes in both the general and diabetic populations. It is possible
that the multilayer analysis of myocardial deformation may prove beneficial for CV risk
stratification as well.

Several publications indicate that the underlying pathophysiology of systolic and
diastolic dysfunction is aberrant calcium homeostasis [51,52]. Adeniran et al. developed
a biophysically detailed model of HFpEF to explore calcium mishandling in LVDD [53].
They demonstrated that HFpEF triggers systolic calcium level decline, which subsequently
leads to reduction in contractile reserve. Simultaneously, they noted an increase in diastolic
calcium concentration, which results in prolonged relaxation and increased filling pressure.
Interestingly, mounting evidence pointed to FGF23 as a regulator of intracellular calcium
and cardiac contractility. American scientists showed that an abrupt rise in FGF23 level
affects primary cardiomyocytes causing a significant increase in intracellular calcium [54].
Furthermore, prolonged exposure to FGF23 triggered calcium overload. They suggested
that calcium may appear to be a key link between increased FGF23 level, long-term car-
diac remodeling, hypertrophy, and finally HF. Numerous publications demonstrated that
elevations in a circulating FGF23 have a clear relationship with HF. For example, Robinson-
Cohen et al. included 6413 participants without CVD, and found a significant correlation
between FGF23 level and HF risk [23]. Another large study showed that an increased level
of FGF23 was associated with subclinical cardiac disease, new HF, and a 14% greater risk
of IHD [24]. Data concerning FGF23 level in a diabetic population are rather poor and
inconsistent, especially in terms of patients with preserved renal function [55,56]. In the
literature, there are a few hypotheses explaining the relationship between elevated FGF23
level and diabetes mellitus [57–64].

One of the questions that interested us concerned a relationship between FGF23
and myocardial strain in a diabetic population. Our results revealed that epicardial GCS
correlated significantly with elevated FGF23 level in a T2DM population, with a preserved
LVEF, but confirmed LVDD. It is noteworthy that patients enrolled in our study had
relatively good glycemic control, despite long-standing T2DM, preserved kidney function,
and no previous history of MI. To our knowledge, no studies have so far explored this issue.
Patel et al. evaluated the relationships of baseline serum FGF23 with cardiac magnetic
resonance (CMR) measurements at a 10-year follow-up [65]. They demonstrated that in a
multi-ethnic, community-based cohort of 2276 participants, baseline FGF23 concentrations
were independently associated with higher LV mass, reduced GCS, mid-wall CS, and lower
left atrium function; GLS was not assessed. Belgian researchers prospectively analyzed
the data of 143 patients with HFpEF and 31 controls of similar age and gender [66]. They
showed that: (1) FGF23 level was significantly elevated in HFpEF patients compared to
controls; (2) FGF23 correlated with fibrosis estimated by extracellular volume measured
by CMR T1 mapping; and (3) higher FGF23 concentration was associated with some
proinflammatory co-morbidities, such as CKD, DM, and AF.

According to the current state of the art findings and our findings, the incorporation of
a new technique, such as 2DSTE in combination with FGF23, would increase the diagnostic
sensitivity of subclinical myocardial dysfunction in asymptomatic patients with T2DM. The
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question arises whether GLS or GCS has better predictive value of adverse CV outcome in
this population. Undoubtedly, GLS has become the most widely used strain parameter and
has been considered a better risk predictor than LVEF. In the literature, one may find rather
poor information about GCS as a tool for CV risk stratification, particularly in a diabetic
population. FGF23 is another potent predictor of CV risk. Our results revealed that GLS
and GCS were both diminished in all patients. However, only epicardial GCS correlated
significantly with an elevated level of FGF23 in T2DM patients. Data from clinical trials are
highly awaited in order to evaluate the role of GCS and FGF23 in patients with T2DM.

5. Study Limitations

The present investigation has certain limitations. Our study was limited by its sample
size. Furthermore, FGF23 level might have been affected by numerous conditions. More-
over, its measurement might have been affected by technical problems. Finally, the normal
range of FGF23 and GCS has not been established yet; therefore, their practical usefulness
is limited.

6. Conclusions

Diabetes mellitus is a global epidemic, frequently associated with an increased CV
risk, resulting in significant cardiac morbidity and mortality. Early detection of HF is of
paramount importance to a preventive approach aimed at enhancing outcomes in this
population. Our study indicates that a cardiac strain is a reliable tool for a subtle myocardial
damage assessment. Interestingly, the myocardial injury in patients with T2DM was found
to be layer-specific and started from the epicardium. Furthermore, we showed that an
elevated level of FGF23 was significantly associated with a reduced value of epicardial
GCS among patients with long-standing T2DM. It is possible that FGF23 may become
an early diagnostic marker of myocardial damage in patients with long-standing T2DM.
Further larger investigations are essential to validate our findings. Estimation of calcium
concentration would be a worthwhile subject of future research.
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Abstract: Postoperative complications in cardiovascular surgery remain an important unresolved
problem, in particular in patients with aortic aneurysm. The role of the altered microbiota in such
patients is of great interest. The aim of this pilot study was to determine whether the development
of postoperative complications in patients with aortic aneurysm is related with initial or acquired
disorders of microbiota metabolism by monitoring the level of some aromatic microbial metabolites
(AMMs) circulating in the blood before the surgery and in the early postoperative period. The study
comprised patients with aortic aneurysm (n = 79), including patients without complications (n = 36)
and patients with all types of complications (n = 43). The serum samples from the patients were
collected before and 6 h after the end of the surgery. The most significant results were obtained for
the sum of three sepsis-associated AMMs. This level was higher before the surgery in comparison
with that of healthy volunteers (n = 48), p < 0.001, and it was also higher in the early postoperative
period in patients with all types of complications compared to those without complications, p = 0.001;
the area under the ROC curve, the cut-off value, and the odds ratio were 0.7; 2.9 μmol/L, and 5.5,
respectively. Impaired microbiota metabolism is important in the development of complications after
complex reconstructive aortic surgery, which is the basis for the search for a new prevention strategy.

Keywords: cardiovascular surgery patients; aortic aneurism; aortic dissection; aromatic microbial
metabolites; tyrosine metabolites; 4-hydroxyphenyllactic acid; infectious complications

1. Introduction

With major reconstructive operations in cardiovascular surgery, the problem of the
development of postoperative complications remains extremely relevant, since complica-
tions affect the short- and long-term results of surgical intervention, and also significantly
increase financial costs. Aortic aneurysm is a severe life-threatening disease, which occurs
with the involvement of almost all systems and organs in the pathological process, is char-
acterized by hypoperfusion of organs, impaired tissue metabolism and progression of the
inflammatory process, and is often accompanied by aortic dissection with the threat of fatal
bleeding, etc. [1,2]. In modern cardiac surgery clinics, it is possible to minimize the adverse
effect of a number of intraoperative factors during aortic prosthetics, namely to reduce the
time of cardiopulmonary bypass and surgical intervention, the volume of blood loss, the
degree of patient’s cooling, etc. Excellent results have recently been achieved without lethal
outcomes, even such large-scale operations as replacement of the entire aorta in patients
with widespread aneurysmal dilatation of the aorta [3] or hybrid aortic repair in patients
with type III aortic dissection and concomitant proximal aortic lesion [4]. Despite the fact
that sterility is guaranteed in operating rooms and that perioperative antibiotic prophylaxis
is widely used, the level of local and systemic infectious complications, including septic
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conditions, is still high. In a significant number of patients, complications develop not
only in the early postoperative period, but also after discharge from the surgical clinic. For
example, aortic endograft infection after endovascular aneurysm repair is one of the most
dangerous infectious complications with the lethality of 16.9–39.2% [5].

The working hypothesis of this study is that microbiota disorders initially accompany
aortic aneurysm and may subsequently cause the development of postoperative complica-
tions in conditions when preoperative preparation, surgery and early intensive therapy do
not contribute to improvement, but, on the contrary, aggravate previous disorders.

In choosing research methods, the authors relied on a number of previous works. The
fact of deep disturbances in the composition of the gut microbiota was revealed during
the examination of patients in intensive care units using the 16S rRNA gene sequencing
method. The authors point to the loss of biodiversity, a sharp reduction in the number
of species of beneficial anaerobic bacteria inherent in the body of a healthy person, and
excessive growth of potentially pathogenic microorganisms [6–9]. The mechanism for the
development of complications associated with the altered microbiota of a cardiac surgery
patient was also studied. It was reported that in planned heart operations (heart valve
surgery, coronary artery bypass grafting, etc.), postoperative infectious complications were
observed in 17% of cases, and the species composition of the microbiota in the group of
patients with infectious complications was significantly changed initially in comparison
with the group without complications [10].

Changes in the profile of microbiota metabolites in the gut and then in the blood are
secondary to species dysbiosis. At the same time, the assessment of the degree of microbiota
metabolism disorder may be clinically more significant than information about taxonomic
disorders [11,12]. The chapter in the work by Beloborodova N.V., 2022 summarizes the
results of the study of microbial metabolites of aromatic structure as markers for monitoring
septic conditions in intensive care units [13]. Earlier, an explanation was offered describing
an increase in serum concentrations of aromatic amino acid metabolites with its high
diagnostic significance. The accumulation of intermediates of tyrosine and phenylalanine
metabolism, namely phenyllactic, 4-hydroxyphenylacetic and 4-hydroxyphenyllactic acids,
is a consequence of a violation of the microbiota, which loses the ability to biodegrade
aromatic amino acids [14]. Later, the bacterial metabolic pathway of aromatic amino acids
was studied in more detail and, using the model of gnotobiological mice, aromatic microbial
metabolites was shown to affect intestinal permeability and systemic immunity [15]. Thus,
the profile and levels of a number of aromatic amino acid metabolites circulating in the
blood are associated with taxonomic and metabolic disorders of the gut microbiota, which
can be used to assess the degree of metabolic dysfunction of the microbiota. In cardiac
diseases, the study of microbiota metabolites is of interest both as markers of postoperative
sepsis [16] and as participants in the genesis of myocardial infarction [17].

It is always difficult to compare groups of patients and the results of surgical treat-
ment, especially in regard to such pathology as aortic aneurysm where different types of
operations are used and much depends on the experience of surgeons and anesthesiologists.
In order to avoid doubts about the results that could be related to the qualifications and
experience of medical personnel, the ethics committee made a decision to include in this
study patients operated on by one specific team of surgeons and treated by a specific team
of specialists in anesthesia and intensive care.

The aim of this study was to determine whether the development of postoperative
complications in patients with aortic aneurysm is related with initial or acquired disorders
of microbiota metabolism by monitoring the level of aromatic microbial metabolites (AMMs)
circulating in the blood before the surgery and in the early postoperative period (6 h).

2. Materials and Methods

2.1. Study Design

The present study was a single-center clinical study performed at the Petrovsky
Russian Research Center of Surgery (Moscow, Russia). Patients with a diagnosis of
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aneurysm/aortic dissection were included in the study. In order to exclude the influence of
individual qualities and skill of surgeons and anesthesiologists, all patients involved in the
study were operated on by the same team of surgeons and anesthesiologists.

Inclusion criteria: patients aged from 18 to 75 years; reconstructive aortic surgery in
2021 performed by a team of surgeons under the guidance of Corresponding Member of
the Russian Academy of Sciences, Professor, MD E.R. Charchyan; and a team of anesthe-
siologists under the guidance of Professor of the Russian Academy of Sciences, MD B.A.
Axelrod; the presence of informed consent statement.

Exclusion criteria: age under 18 or over 75 years; aortic surgery performed by another
surgical team; refusal of the patient to participate in the study at any stage; mental disor-
ders that prevent obtaining informed consent statement; and patient’s transfer to another
hospital early after surgery.

2.2. Biological Samples

The total number of the serum samples was 206, including 158 samples from the
patients and 48 samples from the healthy volunteers. The samples of blood serum from
the patients (n = 79) before the surgery and 6 h after the end of the surgery were collected
and frozen at −30 ◦C in Petrovsky Russian Research Center of Surgery (Moscow, Russia).
The Local Ethic Committee approved the study (N7 from 15 February 2021) which was
conducted in accordance with the ethical standards of the Declaration of Helsinki and
formal consent for participation in this study was obtained from each patient or their legal
representative. The samples of the blood serum from the healthy volunteers (n = 48) were
collected in Federal State Budgetary Institution N.N. Burdenko Main Military Clinical
Hospital (Moscow, Russia). The concentrations of aromatic acids (benzoic, phenylpropi-
onic, phenyllactic, 4-hydroxybenzoic, 4-hydroxyphenylacetic, 4-hydroxyphenylpropionic,
homovanillic, and 4-hydroxyphenyllactic acids) were measured using gas chromatography-
mass spectrometry (Trace GC 1310 gas chromatograph and ISQ LT mass spectrometer,
Thermo Electron Corporation, Waltham, MA, USA) in Federal Research and Clinical Center
of Intensive Care Medicine and Rehabilitology (Moscow, Russia) as it was previously
described [18]. The limit of quantitation for all aromatic acids is 0.5 μmol/L with relative
standard deviation of 10–30%. The calibration curves were linear functions for all aromatic
metabolites in the most clinically significant range of concentrations 0.5–7 μmol/L.

2.3. Statistical Analysis

The Shapiro–Wilk test was used to assess the normality of the data distribution. Con-
tinuous and categorial variables were described using median and interquartile ranges,
frequency and percentages, respectively. Group differences were explored using Mann–
Whitney U test for continuous variables; categorical baseline variables were analyzed using
Chi-square test and Fisher’s exact test. The cut-off value was chosen using the receiver op-
erating characteristic (ROC) analysis with the assessment of area under the curve parameter
and its 95% confidence intervals (CI) in order to achieve the optimal sensitivity/specificity
ratio (Youden’s J statistic). Additionally, odds ratio, sensitivity, specificity, positive and neg-
ative predictive values and accuracy were calculated. CI for sensitivity and specificity are
“exact” Clopper–Pearson CI. Scatter plots with linear regression were used for visualization
and modeling the relationship between metabolic status of the patients and anthropometric
parameters. All analyses were conducted using IBM SPSS Statistics for Windows, Version
27.0. Armonk, NY, USA: IBM Corp. The differences were considered significant at p < 0.05.

3. Results

3.1. Patients

From 166 patients with thoraco-abdominal aorta surgeries performed in 2021, 81 pa-
tients met the protocol conditions because they were operated on by one specific team. Two
patients were excluded from the analysis due to the positive test for COVID-19 infection
and were transferred to another clinic. Finally, 79 patients were included in the study. The
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median age of patients was 57 (46–64) years, 57 (72%) men and 22 (28%) women. There were
15 (19%) patients with acute/subacute aortic dissection (Figure 1). All patients survived.

 

Figure 1. Scheme of the patients’ recruitment in a prospective single-center study who were admitted
during 2021 for thoracoabdominal aortic prosthetics surgery.

Several concomitant diseases were diagnosed in all patients participating in the study,
including hypertension in 57 (72%) and heart defects in 55 (70%) patients, as well as various
diseases of the gastrointestinal tract in 48 (61%) patients, multifocal atherosclerosis in
24 (30%) patients, ischemic heart disease in 20 (25%) patients, rhythm disturbances and
cardiac conduction in 18 (22%) patients, and chronic kidney disease in 16 (20%) patients
(Table S1). Prognostic comorbidity assessed by Charlson comorbidity index [19] was 4
(2; 5).

The patients underwent different types of reconstructive operations on the aorta,
including

• Prosthetics of one or more parts of the thoracic aorta, n = 21 (27%);
• Hybrid surgery: stenting of the descending thoracic aorta with or without plastic

surgery/prosthetics of the root and ascending aorta using Bentall–DeBono techniques
or T. David, n = 25 (32%);

• Prosthetics of the aortic valve and ascending aorta using the Bentall–DeBono technique,
n = 14 (18%);

• Prosthetics of the root and ascending aorta by the method of David, n = 9 (11%);
• Prosthetics of the thoracoabdominal aorta, n = 5 (6%).

Some patients underwent additional surgical interventions at the same time:

• Prosthetics/plastics of the aortic, mitral or tricuspid valve, n = 19 (24%);
• Myocardial revascularization (aorto-mammary coronary, prosthetic coronary bypass

surgery), n = 12 (15%);
• Radiofrequency ablation, n = 3 (4%).

For perioperative antibiotic prophylaxis in 57 (72%) patients, cefazolin was standardly
used (2 g once immediately before surgery), and then it was prescribed at a dosage of 2 g
three times a day for two or three days. Other cephalosporins (cefuroxime, ceftazidime) or
antimicrobials of other groups or their combinations with vancomycin, fluconazole, etc.,
were rarely used according to individual indications, taking into account the anamnesis.
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When comparing indicators in groups of patients with and without complications who
received different antimicrobials for antibiotic prophylaxis, no differences were detected.

3.2. Aromatic Metabolites in Patients and Healthy Volunteers

A number of tyrosine and phenylalanine metabolites was measured in the serum sam-
ples of the patients and healthy volunteers, and the limit of quantitation for all metabolites
was 0.5 μmol/L (Table 1). The serum samples of all patients before the surgery (n = 79)
were characterized by higher values of benzoic and 4-hydroxyphenyllactic acids compared
to the healthy volunteers (n = 48). The parameter which describes the content of the
diagnostically significant sepsis-associated microbial metabolites [20] includes the sum
of phenyllactic, 4-hydroxyphenylacetic and 4-hydroxyphenyllactic acids (Σ3AMM). This
parameter was also higher in the serum samples of the patients before the surgery. The
concentration of other aromatic acids (phenylpropionic, phenyllactic, 4-hydroxybenzoic,
4-hydroxyphenylacetic, 4-hydroxyphenylpropionic, and homovanillic acids) was less than
the limit of quantitation (0.5 μmol/L) in most cases.

Table 1. The concentrations of aromatic metabolites in the serum samples of the patients before the
surgery (n = 79) and healthy volunteers (n = 48), and the results of the Mann–Whitney U test.

Aromatic Acid, μmol/L
Healthy Volunteers

(n = 48)
Patients (n = 79) p-Value

Benzoic 0.5 (0.5–0.6) 1.2 (0.9–1.5) <0.001
Phenylpropionic <0.5 (<0.5–0.5) <0.5 (<0.5–<0.5) -

Phenyllactic <0.5 (<0.5–<0.5) <0.5 (<0.5–0.5) -
4-Hydroxybenzoic <0.5 (<0.5–<0.5) <0.5 (<0.5–<0.5) -

4-Hydroxyphenylacetic <0.5 (<0.5–<0.5) <0.5 (<0.5–0.6) -
4-Hydroxyphenylpropionic <0.5 (<0.5–<0.5) <0.5 (<0.5–0.7) -

Homovanillic <0.5 (<0.5–<0.5) <0.5 (<0.5–<0.5) -
4-Hydroxyphenyllactic 1.3 (1.0–1.6) 1.6 (1.2–1.9) 0.003

Σ3AMM 1.9 (1.4–2.3) 2.3 (1.9–3.1) <0.001

3.3. Aromatic Metabolites in Different Groups of Patients

All patients (n = 79) were divided into groups according to the course of the post-
operative period. There were patients without complications (n = 36) and patients with
different types of complications (n = 43). More than half of patients with a complicated
course of the postoperative period had infectious complications (n = 26) such as pneumonia
or local infection of the skin and soft tissues in the area of surgery. Among other types of
complications, there were the development of organ dysfunctions or surgical complications
(bleeding, hematomas in the area of surgery), etc. Most often, patients with complications
needed longer treatment in the ICU or were re-transferred from the specialized department
to the intensive care at different times of the postoperative period, for example, due to the
development of respiratory or cardiovascular insufficiency.

The serum samples from the patients were collected before the surgery (0 points)
and 6 h after the end of the surgery (1 point). The characteristics of the patients, the
intraoperative parameters, the length of stay, and the concentrations of aromatic metabolites
are demonstrated in Table 2.
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The intraoperative parameters (time of cardiopulmonary bypass and myocardial
ischemia, drainage, intraoperative and total blood loss) and length of hospital stay were
statistically different in the patients with all types of complications (n = 43) and without
complications (n = 36). The concentration of one of the sepsis-associated metabolites 4-
hydroxyphenyllactic acid in serum sample collected 6 h after the end of surgery (1 point)
and the difference (Δ 1–0) was higher in patients with complications (n = 43). The same
results were obtained for the sum of sepsis-associated microbial metabolites Σ3AMM.

The results for the comparison of the patients without complications (n = 36) and the
patients with infectious complications (n = 26) were similar to those for patients with all
types of complications (n = 43).

Age, gender, metabolic status of the patients (BMI), concomitant diseases and other
initial factors of patients, as well as the general index of concomitant pathology of Charlson
had no significant differences between the two groups of patients. We detected a trend
towards an increase in Σ3AMM with increasing age that did not reach statistical significance
(p = 0.065), and there was no significant relationship between BMI and Σ3AMM (p = 0.892)
(Figure S1).

3.4. Aromatic Metabolites for the Assessment of the Risk of Postoperative Complications in Patients

The ROC-analysis (Figure 2, Table 3) was carried out for the 4-hydroxyphenyllactic
acid and Σ3AMM concentrations in serum samples collected 6 h after the end of the surgery,
which were significantly different in the patients with all types of complications (n = 43) and
without complications (n = 36). The areas under the ROC curve for 4-hydroxyphenyllactic
acid and Σ3AMM were 0.686 and 0.717, respectively. The optimal cut-off values for 4-
hydroxyphenyl lactic acid (2.0 μmol/L) and Σ3AMM (2.9 μmol/L) were calculated. The
risk of postoperative complications was 3.4 times greater (95% CI 1.3–9.0) and 5.5 times
greater (95% CI 1.9–15.0) for 4-hydroxyphenyl lactic acid and Σ3AMM, respectively, when
the cut-off value was exceeded.

Figure 2. Prognostic value of 4-hydroxyphenyllactic acid and Σ3AMM in patients after cardiac
surgery.

121



Biomedicines 2023, 11, 1335

Table 3. The ROC analysis results for the 4-hydroxyphenyllactic acid and Σ3AMM concentrations in
serum samples collected 6 h after the end of the surgery (1 point) as the predictors of the postoperative
complications in cardiac surgery patients.

Parameter
4-Hydroxyphenyllactic

Acid (1)
Σ3AMM (1)

Area Under the Curve 0.686 0.717
Standard Error 0.060 0.058

p-Value 0.005 0.001

Asymptotic 95% CI Lower Bound 0.569 0.604
Upper Bound 0.804 0.830

Cut-Off Value 2.0 μmol/L 2.9 μmol/L
Sensitivity (95% CI), % 79 (64–90) 81 (67–92)
Specificity (95% CI), % 47 (30–65) 56 (38–72)

Positive Predictive Value, % 64 69
Negative Predictive Value, % 65 71

Accuracy, % 65 70
Odds Ratio 3.4 (1.3–9.0) 5.5 (1.9–15.0)

4. Discussion

Despite the great progress in cardiovascular surgery, the percentage of postoperative
complications, such as infections at the site of surgery, pneumonia, and others, does not
decrease and, according to the literature, on average is registered to range from 12.6 to
21%. The studies on this topic provide analyses of the risk factors for complications,
which most often include age, gender, chronic lung diseases, heart failure, duration of
cardiopulmonary bypass [21–23]. In recent years, there has been a growing interest in
studying the potential connection of human microbiota with cardiovascular diseases [24,25]
and the role of the intestinal microbiota in the pathogenesis of heart failure [26,27]. Scientific
data confirm the potential involvement of microbiota-related factors, for example, taxonomy
features of gut microbiota in cardiosurgical intensive care patients [28] and increased risk
of bacterial translocation followed by a pro-inflammatory condition [24,29]. The studies
consider the possibilities of influencing the microbiota in order to improve the results of
treatment of patients with heart diseases in the future [30–32]. However, we did not detect
any studies describing the relationship between the metabolic activity of the microbiota
though metabolites of tyrosine and phenylalanine and the development of cardiac surgical
complications.

In this study, the authors took as a basis the postulate that “function is more important
than systematics” [13] and assessed the state of the microbiota by the products of micro-
bial metabolism of aromatic amino acids circulating in the blood. The obtained results
confirmed the working hypothesis that patients with aortic aneurysm had deviations in
the level of circulating AMMs at the stage of admission to the clinic, before surgery, in
comparison with the healthy volunteers. This fact, on the one hand, is a manifestation of
microbiota dysfunction as part of multiple organ disorders in conditions of atherosclerotic
process, hypertensive and ischemic diseases, and genetically determined connective tissue
dysplasia [33]. On the other hand, a disorder of the integrity of the vascular wall against
the background of an inflammatory process of various etiologies may be due to active
changes in microbial metabolism and bacterial translocation. Risk factors for the develop-
ment of perioperative complications (surgical trauma, prolonged cardiopulmonary bypass,
myocardial ischemia, massive blood loss) additionally disrupt the metabolic function of the
microbiota, which was manifested by a statistically significant increase in serum AMMs
6 h after surgery (1 point) compared to those before surgery (0 points) in patients with
complications (Table 2).

Age, gender, BMI, concomitant diseases and other initial factors of patients, as well as
the general index of concomitant pathology of Charlson displayed no significant differences
between the two groups of patients. At the same time, aromatic metabolites, such as 4-
hydroxyphenylacetic and 4-hydroxyphenyllactic, and especially the sum of three AMMs,
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were significantly higher (p < 0.05). In the group of patients with complications, the median
value of the difference of the sum of three AMMs (Δ 1–0) was more than two times higher
than this level in the group without complications (p = 0.001), which can be used for
monitoring and prognosis of complications in the future. It is noteworthy that 6 h after
the surgery, the sum of three AMMs in patients with infectious complications (n = 26) was
within 4.3 (3.0–5.7) μmol/L and did not reach high values (up to 10 μmol/L or more),
as, for example, it was reported in patients with sepsis [20,34]. Moreover, all patients
survived, and the average duration of stay of patients in the intensive care unit was 1 day
for patients without complications in comparison with 4 days for patients with all types of
complications (p < 0.001).

It is also interesting to note that not all patients at the highest risk with acute/subacute
aortic dissection (n = 15) were in the group with complications after surgery. As can be seen
from Figure 1, four patients (27%) had no postoperative complications. This fact once again
indicates the high significance of microbiota metabolic disorders compared, for example, to
the fact of the acute aortic dissection or the scope of surgical intervention.

Our study is a pilot single center study with obvious limitations. In the medical
center where the study was conducted, 1087 different cardiac surgical interventions were
performed in 2021, including 166 (15%) surgeries for aortic aneurysm/dissection. In
accordance with the protocol of the study, patients (n = 79) which were operated on by one
surgical team in 2021 were analyzed in our study. We purposefully selected operations on
the aorta due to the greatest risk of postoperative complications, taking into account the
severity of this pathology and a complex of concomitant diseases in every patient included
in the study (Table S1). All patients with this pathology need individually selected options
for reconstructive aortic surgery, differing in type, localization, duration, and volume,
which are listed in Section 3.1. Despite the small number of patients, a disorder in metabolic
function of the microbiota as an important risk factor for postoperative complications was
identified, which was not previously taken into account. In addition, it was determined
that this risk factor can be determined with a high degree of confidence early enough after
surgery (6 h). The authors assume that this important result will be confirmed with other
types of operations in further extensive studies.

It is important to consider that operations on the aorta in such patients with multiple
risk factors are not performed in all cardiac surgery clinics, which makes it difficult to
organize multicenter studies, and it is almost impossible to select a group of similar patients.

The authors believe that the results of this pilot study are extremely important for
understanding the mechanisms of complications. Impaired microbiota metabolism is
important in the development of complications after complex reconstructive aortic surgery,
which is the basis for the search for a new prevention strategy. At the time of writing of this
paper, a randomized clinical trial has already begun in the same cardiac surgery center to
study the effectiveness of antimicrobial prevention based on the regulation of the metabolic
activity of the microbiota.

5. Conclusions

The microbiota metabolism disruption is an important risk factor for postoperative
complications in cardiovascular surgery, in particular, after aortic prosthetics. The degree
of microbiota metabolism disruption can be assessed by monitoring the level of some
AMMs circulating in the blood. It is necessary to look for the ways to adjust the metabolism
of the microbiota to improve the results of surgical treatment in future by searching for
replacement the compensation of its functions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines11051335/s1, Table S1: Frequency of concomitant
diseases in patients with aortic aneurysm/dissection included in the study (n = 79); Figure S1: Scatter
plot and linear regression for (A) Σ3AMM and age, (B) Σ3AMM and BMI.
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Abstract: Background: severe carotid artery stenosis is a major cause of ischemic stroke and conse-
quent neurological deficits. The most important steps of atherosclerotic plaque development, leading
to carotid stenosis, are well-known; however, their exact timeline and intricate causal relationships
need to be more characterized. Methods: in a cohort of 119 patients, who underwent carotid en-
darterectomy, we studied the histological correlations between arterial calcification patterns and
localization, the presence of the inflammatory infiltrate and osteopontin expression, with ulceration,
thrombosis, and intra-plaque hemorrhage, as direct signs of vulnerability. Results: in patients with an
inflammatory infiltrate, aphasia was more prevalent, and microcalcification, superficial calcification,
and high-grade osteopontin expression were characteristic. Higher osteopontin expression was also
correlated with the presence of a lipid core. Inflammation and microcalcification were significantly
associated with plaque ulceration in logistic regression models; furthermore, ulceration and the
inflammatory infiltrate were significant determinants of atherothrombosis. Conclusion: our results
bring histological evidence for the critically important role of microcalcification and inflammatory
cell invasion in the formation and destabilization of advanced carotid plaques. In addition, as a
calcification organizer, high-grade osteopontin expression is associated with ulceration, the presence
of a large lipid core, and may also have an intrinsic role in plaque progression.

Keywords: calcification; inflammation; osteopontin; carotid stenosis; carotid endarterectomy

1. Introduction

Ischemic vascular brain disease, manifesting as brain infarction and white matter
lesions (WMLs), is highly prevalent in the elderly, being the second leading cause of
death globally, and can lead to permanent disability due to irreversible neurological and
cognitive deficits [1]. It is most commonly caused by severe carotid stenosis or embolization
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from a high-risk carotid plaque resulting in a stroke. Atherosclerotic plaque development
is driven by systemic and local factors that ultimately determine where plaques form
and how they progress. Local susceptibility to plaque formation depends on the arterial
microenvironment, including arterial mechanics, matrix remodeling, and lipid deposition
through the regulation of vascular cell function [2].

The pathophysiology of atherosclerosis is well documented, considered a chronic,
insidious lipid-driven inflammatory process with several potential contributors, which lead
to ischemia of target tissues through narrowing of the large- and medium-sized arteries’
lumen. This process is initiated by endothelial dysfunction, followed by a cascade of cellular,
functional, and molecular events, which imply the activation of inflammatory pathways [3].
Lipid deposition in the arterial wall causes an influx of macrophages to remove the lipid
deposits, but the continuous increase in plasma cholesterol and the ineffective removal
result in extracellular lipid accumulations, along with macrophage necrosis, leading to
the formation of a necrotic core. This intimal inflammatory response activates smooth
muscle cells in the underlying medial layer, which shift their phenotype and migrate into
the neointima. Through fibroproliferative remodeling, smooth muscle cells contribute to
the growing plaque size and lumen occlusion. However, this fibroproliferative response
also forms a protective fibrous cap, rich in smooth muscle cells and collagen, which ensures
the mechanical stability of the plaque and prevents plaque rupture [3].

Before the era of the inflammatory theory, vascular calcification was thought to be a
passive process and a late manifestation of atherosclerosis. In the coronaries, calcification is
a predictor of future cardiovascular events [4]; less is known about its causal relationships
in the case of carotids. Recent histological evidence from human cerebral artery specimens
has demonstrated that calcification may affect two different layers of the wall: the intima
and/or the media. Calcification of the media is often associated with diabetes and chronic
kidney disease. Intimal calcification is a typical feature of advanced atherosclerosis and
manifests as two sub-types: micro- or spotty, early-stage calcification or macro-, sheet-
like, and late-stage calcification [5]. Evidence from histopathological analyses and clinical
imaging studies has confirmed that intimal calcification is more associated with plaque
vulnerability. In contrast, medial calcification, particularly of the inner elastic lamina,
contributes to artery stiffness rather than lumen stenosis [6].

Microcalcification develops due to activated macrophages and smooth muscle cells,
which first form matrix vesicles and then crystallizing mineral deposits [4]. These can be
identified by PET-CT imaging or optical coherence tomography; functionally, they increase
the mechanical stress between the fibrous cap and lipid core, resulting in plaque rupture [7].
Several analyses have associated the late-stage “macrocalcification” with the presence of
more differentiated smooth muscle cells and a more organized extracellular matrix, confer-
ring plaque stability [8,9]; however, other recent studies have suggested that superficial,
multiple calcifications and ulceration are associated with intra-plaque hemorrhage, and may
represent higher-risk lesions [10]. Conversely, intraplaque hemorrhage and erythrocyte ex-
travasation may stimulate osteoblastic differentiation and intralesional calcium phosphate
deposition [11]. Osteopontin (OPN), a phosphoglycoprotein expressed in many tissues,
consistently co-localizes with ectopic calcification. The molecule is a pro-inflammatory
cytokine and can be further induced by reactive oxygen species, interleukin-1β (IL-1β),
and tumor necrosis factor α (TNFα) [12]. Due to the density of glutamic and aspartic acid
residues, OPN can fix a significant amount of calcium [13]. It was suggested that acute
increases in OPN might have a protective role because it reduce calcification and assist in
wound healing and neovascularization. However, its sustained elevation confers a high
cardiovascular risk [12]. According to these data, the risk of a cerebrovascular event due to
a vulnerable atheromatous plaque depends on the severity of vascular stenosis and plaque
morphology and composition.

Taking these considerations, we studied the relationships between calcification pat-
terns, the presence of inflammatory cell infiltrates, and histological signs of vulnerability:
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ulceration and thrombosis on arterial specimens of a cohort of patients who underwent
carotid endarterectomy due to severe atherosclerosis.

2. Materials and Methods

2.1. Patients and Tissue Fragments

Carotid plaque specimens were collected by carotid endarterectomy from patients
diagnosed with symptomatic carotid artery stenosis hospitalized between January 2020
and December 2022 in the Vascular Surgery Clinic—County Emergency Clinical Hospi-
tal and the Cardiovascular Surgery Clinic—Cardiovascular Disease and Transplantation
Emergency Institute of Târgu Mures, (Romania).

A total of 119 cases were selected for the histopathology study (plaques collected
during carotid endarterectomy from 82 males and 37 females, all of them with severe
carotid stenosis) based on strict criteria: patients with complete clinical documentation
and the written informed consent of enrollment in the study, and last but not least, tissue
samples with adequate quantity and quality for histological evaluation (Figure 1). Indica-
tion for carotid endarterectomy (CEA) was made on the clinician’s decision according to
the European Society for Vascular Surgery and European Stroke Organization guidelines
which recommend CEA for asymptomatic patients with carotid stenosis between 60–99%
and for symptomatic patients with carotid stenosis between 50–99%. Prior to surgery,
imaging tests (CT angiography and a Doppler ultrasonography) were performed to di-
agnose, localize, and grade the stenosis. The exclusion criteria consisted of patients with
carotid near occlusion, which refers to severe carotid stenosis with distal vessel collapse
and no significant improvement in stroke prevention within the first 5 years following
endarterectomy [14,15], those who had experienced a major stroke, those with a second
stenotic lesion in the intracranial segment of the internal carotid artery, and those who had
previously undergone carotid endarterectomy on the same side [16]. Figure 1 shows the
study flowchart with the main exclusion steps at the clinical and histopathological levels.

Figure 1. Flowchart of the study.

2.2. Patients Data Collection

Demographic information (age and sex) and clinical data (neurological symptoms at
the time of admission, history of hypertension, diabetes mellitus, hypercholesterolemia,
coronary heart disease, presence of atherosclerotic disease involving more than one vas-
cular bed, current history of smoking, use of antiplatelet or anticoagulant, hypolipidemic,
and anti-hypertensive drugs and previous stroke/transient ischemic attack history) were
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collected and checked against medical records. Hypertension, diabetes mellitus, and hy-
percholesterolemia have been defined according to recent guidelines [17–19]. A history
of stroke was based on the definition in the World Health Organization criteria, includ-
ing a syndrome of rapidly developing symptoms, with no apparent cause other than of
vascular origin, of focal or global cerebral dysfunction lasting 24 h or longer, or leading
to death [20]. From the laboratory examination results, we have noted recent data on
absolute neutrophil and lymphocyte count and neutrophil/lymphocyte ratio. Our group’s
epidemiological, clinical imagistic, and laboratory characteristics are summarized in Table 1,
which also shows the data broken down to subgroups with and without an inflammatory
cellular infiltrate.

Table 1. Clinical variables of the 119 atheromatous plaques, with vs. without inflammatory infiltrate.

Variable
Median (Quartile

Range)/Mean ± SE
INF+ Group (n = 75) INF− Group (n = 44) p Values

Demographic and lifestyle variables

Age (years) 67 (61–72) 67 (60–73) 67.5 (63–71) 0.412
Gender (f/m) 37 (31.1)/82 (68.9) 23 (30.7)/52 (69.3) 14 (31.8)/30 (68.2) 1.000

Smoking (yes/no) 58 (48.7)/61 (51.3) 40 (53.3)/35 (46.7) 18 (40.9)/26 (59.1) 0.254

Disease characteristics and comorbidities

Grade of stenosis * (%) 81.3 ± 0.7 80.3 ± 0.9 83.1 ± 1.2 0.062
Carotid atherosclerosis, uni- vs.

bilateral (u/b) 84 (70.6)/35 (29.4) 50 (66.7)/25 (33.3) 34 (77.3)/10 (22.7) 0.297

Stroke history (y/n) 76 (63.9)/43 (36.1) 51 (68)/24 (32) 25 (56.8)/19 (43.2) 0.240
Occurrence of aphasia (yes/no) 17 (14.3)/102 (85.7) 15 (20)/60 (80) 2 (4.5)/42 (95.5) 0.027

Occurrence of paresis/plegia (yes/no) 13 (10.9)/106 (89.1) 11 (14.7)/64 (85.3) 2 (4.5)/42 (95.5) 0.128
Hypertension (y/n) 110 (92.4)/9 (7.6) 67 (89.3)/8 (10.7) 43 (97.7)/1 (2.3) 0.151

Diabetes (y/n) 33 (27.7)/86 (72.3) 18 (24)/57 (76) 15 (34.1)/29 (65.9) 0.471
Polyvascular disease (1/2/3 arterial

beds affected)
80 (67.2)/28

(23.5)/11 (9.3) 58 (77.3)/15 (20)/2 (2.7) 22 (50)/13
(29.5)/9(20.5) 0.001

Plaque calcification

Calcification extent (grade
3–4/grade 0–2) 54 (45.4)/65 (54.6) 30 (40)/45 (60) 24 (54.5)/19 (45.5) 0.142

Superficial/deep calcification 65 (54.6)/54 (45.4) 48 (64)/27 (36) 17(38.6)/27 (61.4) 0.008
Microcalcification (yes/no) 54 (45.4)/65 (54.6) 42 (56)/33 (44) 12 (27.3)/32 (72.7) 0.004

Nodular calcification (yes/no) 71 (59.7)/48 (40.3) 49 (65.3)/26 (34.7) 22 (50)/22 (50) 0.122
Extended/confluent calcification

(yes/no) 41 (34.5)/78 (65.5) 20 (26.7)/55 (73.3) 21 (47.4)/23 (52.3) 0.027

Metaplasia (yes/no) 33 (27.7)/86 (72.3) 17 (22.6)/58 (77.3) 16 (40.9)/28 (59.1) 0.138

OPN expression (grade 1/2/3) 57(47.9)/36
(30.3)/26(21.8) 21(28)/29(38.7)/25(33.3) 36(81.8)/7(15.9)/1(2.3) <0.001

Biological variables and medication

Hypercholesterolemia (yes/no) 115 (96.6)/4 (3.4) 74 (98.7)/1 (1.3) 41 (93.2)/3 (6.8) 0.142
Abs. neutrophil count (109/L) 5.29 (4.05–6.66) 5.51 (4.04–6.8) 5.07 (4.05–6.38) 0.293

Abs. lymphocyte count (109/L) 1.95 (1.56–2.53) 1.95 (1.64–2.47) 1.93 (1.45–2.64) 0.686
Neutrophil/Lymphocyte ratio 2.70 (1.91–3.62) 2.8 (1.95–3.62) 2.55 (1.65–3.75) 0.338
Anti-hypertensive drugs (y/n) 110 (92.4)/9 (7.6) 67 (89.3)/8 (10.7) 43 (97.7)/1 (2.3) 0.151

Anticoagulant pre.op.(y/n) 7 (5.8)/112 (94.2) 0 (0)/ 75 (17.1) 37 (89.2)/7 (10.8) 0.077
Anti-aggregants pre.op.(y/n) 111 (93.2)/8 (6.8) 71 (94.6)/4 (5.4) 40 (90.9)/4 (9.1) 0.465
Anticoagulant post.op. (y/n) 95 (79.8)/24 (20.2) 62 (82.6)/13 (17.4) 33 (75)/11 (25) 0.349

Anti-aggregants post.op. (y/n) 119 (100)/0 75 (100)/0 44 (100)/0 -
Hypolipidemics (y/n) 116 (97.4)/3 (2.6) 73 (97.3)/2 (2.7) 43 (97.7)/1 (2.3) 1.000

Values of variables with normal distribution (marked with asterisk) are represented by the mean ± SE, whereas
values of variables with abnormal distribution are shown as median (quartiles). Binomial variables are represented
as absolute numbers and percentages (in brackets). Comparison of variables with discrete values was performed
by the Fisher’s exact test (2 × 2 groups) and the Pearson χ2 test (3 × 2 groups). For the numeric variables, groups
were compared with the Mann–Whitney U test. The level of statistical significance has been set to p = 0.05.
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This study was conducted according to the principles of the Helsinki Declaration. It
was approved by the Ethical Committee of the George Emil Palade University of Medicine,
Pharmacy, Science, and Technology of Targu Mures (no.906/2020) and the institutional
review board of County Emergency Clinical Hospital of Targu Mures (no. 29496/2019)
and of Cardiovascular Disease and Transplantation Emergency Institute of Târgu Mures,
(no. 1680/2020). Written informed consent was obtained from each patient involved in
this study.

2.3. Histological Processing

After surgery, the tissue samples were immediately fixed in 10% neutral buffered
formalin and sent for histological analyses. Following decalcification in ethylene-diamine-
tetra-acetic acid (EDTA) solution pH 7, all fragments were processed according to the
standard methodology. For immunohistochemistry, consecutive histological sections were
prepared. Morphological features of carotid plaques were examined in 4–5 μm sections
stained with hematoxylin and eosin (H&E) by a senior pathologist (EH) blinded to the
patient’s characteristics. Atherosclerotic plaques were classified accordingly to the Modified
American Heart Association Classification in type IV-VII [21]. After establishing the grade,
based solely on visual estimation of histological features without quantitative measure-
ments, detection of characteristic signs of plaque vulnerability for each case was proposed,
as follows: active mononuclear cells infiltration (macrophages and lymphocytes) within
the atherosclerotic plaque, neovascularization within the lipid core, pattern of calcification
(type, position, and extension), structure of lipid core (lipid-rich large necrotic core or
hyaline rich core), intra-plaque hemorrhage, and fibrous cap damage (with or without
parietal thrombus fragments) [22], each scored as being present or absent. Plaque rupture
was identified by the presence of fibrous cap discontinuity with an endothelial defect of
at least 1000 μm in width or a clear cavity formed inside the plaque [4], with or without
thrombus, intra-plaque hemorrhage. The lipid core was categorized into large necrotic
if cellular detritus predominated in its structure, along with macrophages with foamy
cytoplasm and cholesterol crystals. In addition, we considered being fulfilled the criteria
for an active mononuclear inflammatory infiltrate when macrophages and lymphocytes
were observed around the core regardless of their quantity. The presence or absence of new
vessels within the lipid core was also noted.

Focusing on their calcification type, plaques were included in four categories depend-
ing on the calcified patch distribution, size, and shape: (a) microcalcification (defined
as a punctate pattern of numerous small micronodules/scattered small mineral foci),
(b) nodular calcification (single/multiple stratified mineral deposits with a nodular aspect),
(c) confluent/large calcification (a conglomerate of mineral material with irregular edges in
collagen-rich plaque), and (d) osteoid metaplasia (mature bone with lamellar structure and
bone marrow in a mineral mass of fibrocalcific plaque). Although there is no conventional
standard of size, the consensus was taken into account that categorizes microcalcifications
and macrocalcifications based on nodules of <50 and ≥50 μm, respectively [23]. Regarding
position/location of calcification, we established two categories: superficial calcifications
as calcified nodules located at the intimal–luminal interface or close to the lumen [10] and
deep calcifications located in the thickness of the media or closer to the adventitia than to
the lumen [4]. Extension of mineral mass was quantified depending on the occupied area
from the total surface of the examined material and scored from 1 to 4, namely grade 1: less
than 25%; grade 2: between 25–50%; grade 3: between 50–75% and grade 4: over 75%.

2.4. Investigation of the Osteopontin (OPN) Expression within the Atherosclerotic Plaque
by Immunohistochemistry

Immunohistochemical staining was performed using Osteopontin (OPN) polyclonal
antibody (pab73623) purchased from Covalab (Villeurbanne, France) in combination with
EnVision FLEX/HRP (Agilent, Dako, Santa Clara, CA, USA) as secondary antibody and
3,3′-diaminobenzidine chromogen (DAB), respectively, according to the manufacturer’s
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instructions. Nuclei were counterstained by hematoxylin. For negative control, normal
serum was substituted for the primary antibody. According to the extension of the brown
color reaction product, plaques were categorized in low-grade (score 1), mild-grade (score
2), and high-grade (score 3) OPN expression. Score 1 was considered as few positive cells
(<25 cells in no more than two areas of the plaque examined with 20× magnification). Score
2 was represented by immunolabelled cells in slightly increased numbers, not exceeding
50 elements in no more than two areas of the plaque examined with 20× magnification.
When the number of positive cells exceeded 50 in number in the examined areas, samples
were labeled as score 3.

2.5. Statistical Analysis

Categorical variables and transformed continuous variables were assessed for absolute
and relative distribution frequency. Analysis of 2 × 2 or 3 × 2 contingency tables has
been performed with the Fisher’s exact test and the Pearson χ2 test. Nonlinear logistic
regression models were set for the prediction of ulceration and atherothrombosis. In all tests,
p-values < 0.05 were considered statistically significant. Data processing was performed
using Microsoft Excel 2016 (Microsoft Corporation, Redmond, WA, USA) and GraphPad
Prism 9.5.0 (GraphPad Software LLC., San Diego, CA, USA).

3. Results

3.1. Study Group Characteristics

A total of 119, out of which 82 were male and 37 female patients, were enrolled in
the study group, with a median age of 67 (61–72). All patients had severe carotid artery
stenosis over 70% (mean ± SE 81.3 ± 0.7). A total of 84 individuals showed unilaterally, and
35 possessed bilateral involvement of the carotids. Seventeen patients suffered from various
forms of sensory or motor aphasia, and hemiparesis/hemiplegia occurred in 13 study group
members. A previous stroke history was confirmed in 76 subjects. The vast majority of cases
were hypertensive (92.4%), and 27.7% were diabetic (type 1 and type 2). Eighty of them
showed only carotid atherosclerosis; in 28 patients, two arterial bed involvement (carotids
and limbs or coronary), and in 11 cases, three arterial bed involvement (carotids, limbs, and
coronary arteries) was established. A total of 48.7% of the cohort were smokers, and except
for four subjects, the rest presented hypercholesterolemia. No significant differences in the
absolute neutrophil count, the absolute leucocyte count, and the neutrophil/lymphocyte
ratio were observed (Table 1).

3.2. Histopathogical Features of Carotid Atherosclerotic Plaques

First, we investigated the plaque architecture and histological features by light mi-
croscopy. These plaques, some unstable, others advanced, showed a varied histological
composition. Characteristic signs of plaque vulnerability for each case were reported. A
lipid-rich large necrotic core (Figure 2a) was detected in 58.8% of specimens. An active
mononuclear cell component (macrophages and lymphocytes) was found in 63.02% of
cases surrounding the necrotic core or extending to the hyalinised zones (Figure 2b). Ac-
cumulation of erythrocyte aggregates in the plaque structure (intra-plaque hemorrhage)
(Figure 2c) was present in 32.8% of cases. Many plaques showed neovascularization by the
proliferation of small, thin-walled microvessels with a collapsed lumen (66.4%), in most
cases coexisting with inflammation and intra-plaque hemorrhage (Figure 2d). Ulcerated
plaques with irregular and discontinuous fibrous caps (43.7%) led to thrombus formation
in 16 cases (Figure 2e,f).

Because all examined plaques showed signs of calcification, the next step was to
characterize the pattern, extent, and location of calcification. Regarding the intra-plaque
calcification patterns, microcalcification, as numerous micronodules/scattered small min-
eral foci forming a calcification front within fibrosis (Figure 3a), was present by itself or in
predominance in association with other types of calcification in 45.4% of cases. Seventy-
one plaques (59.7%) showed a predominance of nodular calcification, as well-shaped
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single/multiple stratified mineral deposits with a nodular aspect (Figure 3b). Extensive
(confluent) calcification (a conglomerate of mineral material with irregular edges (Figure 3c)
dominated 34.5% of cases, and osteoid metaplasia (mature bone with lamellar structure and
bone marrow (Figure 3d) was present in only 33 cases (27.7%). Depending on the location
of the calcified foci in the thickness of the plaque, we observed a slight predominance in
favor of superficial calcification over deep calcification 65 (54.6%) vs. 54 (45.4%). Mineral
mass with grades 0–2 (54.6%) exceeded grades 3–4 (45.4%).

 

Figure 2. Representative sections of unstable carotid plaques from six different patients characterized
by complex morphology and composition, H&E stain: (a). atherosclerotic plaque fragment with
large necrotic lipid core (blue arrows; necrosis marked by star); (b). an abundant mononuclear
inflammatory cell population (macrophages and lymphocytes) surrounds the lipid core and extends
in the hyaline areas; (c). endarterectomy specimen shows erythrocyte aggregates in the plaque
structure (intra- plaque hemorrhage) (blue arrows); (d). obvious intra-plaque neovascularization
is seen both within and at the periphery of the plaque. The size of the neo-formed vessels varies
between foci, some exceeding 10 μm (red arrow). (e). atheromatous plaque leading to narrowing and
deformation of the lumen (blue arrows) shows fibrous cap discontinuity with an endothelial defect of
at least 1000 μm in width (red arrows); (f). plaque ulceration in association with parietal thrombus
represents a frequent cause of ischemic events. Bar represents 500 μm in all of the tissue sections.

3.3. Osteopontin Expression

After the characterization of carotid atherosclerotic plaque morphology, the ensuing
investigation has focused on the role of OPN in plaque instability. We examined by
immunohistochemical technique whether OPN expression is only cell-associated or is also
present at the extracellular level in the plaque. In Figure 4, endothelial cells of the intima
and neoformed vessels, macrophages, those transformed into foam cells, and fibroblasts
are intensively cytoplasmic stained for OPN (Figure 4a). Vascular smooth muscle cells,
other significant constituents of the atherosclerotic plaque and capable of transformation
into foam cells, were also OPN positive (Figure 4b–d). In plaque structure without addition
to the cells mentioned above, OPN staining of an extracellular component can also be
observed. Details are shown on Figure 4.
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Figure 3. Calcification pattern in carotid plaques, H&E stain: Decalcified specimens from different
cases show a various aspects and extension of mineral mass. (a). Large lipid core with sheet-
like microcalcification forming a calcification front within fibrosis. (red arrows). Mononuclear
inflammatory infiltrate is more abundant in the area around calcified foci; (b). nodular calcification
with smooth rounded edges in the thickness of the fibrohyaline plaque (blue arrows); (c). plaque
with heterogeneous structure, largely occupied by extensive calcification formed by conglomerated
mineral nodules with irregular margins, extending towards the luminal surface of the plaque (red
star); (d). plaque with large hyalinized areas in which osteoid metaplasia (trabecular bone and bone
marrow foci) is also observed (blue arrows); (e). calcified nodule located at the intimal–luminal
interface (red arrows), covered by thin fibrous cap (superficial calcification); (f). fibrous plaque with
deep calcifications located in the thickness of the media (blue arrows, vascular lumen marked by
star). Bar represents 500 μm in all of the tissue sections.

This result indicates that extracellular OPN is an active component of atherosclerotic
plaque, but to clarify if it interacts with proteins involved in the plaque structure requires
further immunohistochemical studies. Because the immunohistochemical results showed
that osteopontin is produced by multiple cells, we hypothesized that the amount of OPN in
situ influences plaque instability. Based on the scoring system applied to quantify the OPN
expression, we found that a low-grade OPN expression (score 1) is significantly associated
with the absence of an inflammatory infiltrate (63.1% vs. 36.9%). In contrast, in those
with mid-grade (score 2) and high-grade (score 3) OPN expression, the incidence of the
infiltrate was 80.5% and 96.1%, respectively (p < 0.001). The low-grade OPN expression was
present in 59% of plaques without a lipid core, but the high-grade OPN was characteristic
for 84.6% of plaques with a lipid core (p < 0.001). The OPN score 3 was also significantly
correlated with plaque ulceration (53.8%), whereas the OPN score 1 case in 70.2% showed
no ulcers (p = 0.021). Moreover, in patients with polyvascular atherosclerotic disease
affecting 3 arterial beds, 10 had an OPN score of 1, and only 1 had an OPN score of 3. In
cases with one arterial bed involvement, the expression of OPN was more equilibrated
(41.2% OPN score one vs. 23.7%) (p = 0.037). No relationship was observed with age,
gender, neovascularization, thrombosis, intra-plaque hemorrhage, hypertension, aphasia,
hemiparesis/hemiplegia, or bilateral carotid involvement. Microcalcification strongly
correlated with osteopontin expression: its absence was observed in 73.7% of the cases with
an OPN score of 1. On the contrary, its presence was documented in 80.7% of those with
an OPN score of 3 (p < 0.001). Out of 65 cases with calcification of the superficial vessel
wall layers, 22 had an OPN score of 1, and 19 had an OPN score of 3. However, in those
with deep layer (media and adventitia) calcification, the distribution was unequal: 35 cases
showed low, whereas only 7 cases showed high OPN expression (p = 0.003).
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Figure 4. OPN-labelled cellular and extracellular structures in atherosclerotic plaque, immunohis-
tochemical visualization (3,3′-diaminobenzidine chromogen): (a). OPN positive endothelial cells,
macrophages (red arrows), fibroblasts (blue arrows). OPN is also present extracellularly in the lipid core
(star); bar represents 200 μm. (b,c). vascular smooth muscle cells are also OPN positive (blue arrows);
bar represent 100 μm in (b), respectively, 20 μm in (c,d). OPN containing macrophages in the plaque
at higher magnification. Many of these cells are foam cells with lipid droplets removed by organic
solvents used for tissue processing, empty for OPN (red arrows); bar represents 50 μm.

The extent of calcification, the nodular, the extended/confluent patterns, metapla-
sia, and the cumulated calcification pattern did not have significant associations. The
distribution of OPN expression scores is indicated in Supplementary Table S1.

3.4. Comparison of the Inflammatory Infiltrate Positive (INF+) and Negative (INF−) Groups

Seventy-five patients possessed atheromatous plaques with a significant inflammatory
infiltrate (INF), whereas 44 showed no elements of inflammation. Table 1 synthesizes
the distribution of different variables in these two groups. The demographic parameters
were similar in the two groups. The occurrence of aphasia was significantly lower in the
inflammatory infiltrate negative (INF−) subgroup: 4.5% compared to 20% in the positive
(INF+) subgroup (p = 0.027). In addition, the frequency of hemiparesis/hemiplegia was
lower (4.5% vs. 14.7%) but without significance. The grade of carotid stenosis showed a
borderline difference between the groups (p = 0.06). There were no essential differences con-
cerning the incidence of diabetes, hypertension, bilateral carotid involvement, or previous
stroke history. Polyvascular atherosclerotic disease with three arterial beds involvement
was represented in 20.5% of cases in the INF− group vs. 2.7% in the INF+ group, whereas
solitaire carotid artery involvement equaled 50% in the INF− and 77.3% in the INF+ group
(p < 0.001).

3.5. The Distribution of Atheroma Calcification Patterns

Fifty-four plaques presented extended calcification (grades 3 and 4), out of which
30 (40%) were classified in the INF+ and 24 (54.5%) in the INF− group. In addition,
54 specimens showed microcalcification from the overall group, with a significantly biased
distribution between the groups: 42 (56%) in the INF+ group and only 12 (27.2%) in the
INF−. Regarding the localization, the calcification was superficial in 54 and affected the
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deep layers in 65 cases. Superficial calcification characterized more (64%) INF+ plaques
and less (38.4%) of those INF− (p = 0.008). Among the calcification patterns, the nodular
pattern was more frequent in the overall group than in the extended/confluent form (59.7%
vs. 34.5%). The distribution of these patterns was significantly biased in the latter case:
26.7% of the INF+ group had extended/confluent calcification, compared to 47.4% of the
INF− cases (p = 0.027). Osteoid metaplasia was detected at 33 plaques in the entire group,
being more frequent in those INF− (40.9% vs. 22.6%), but this difference did not reach the
significance threshold.

3.6. Treatment Correlations

Anti-hypertensive medication has been administered to all hypertensive patients
(n = 110). A small subgroup was treated with anticoagulants (n = 7) preoperative (p.e.),
and the majority of subjects received postoperative (p.o.) anti-coagulants (n = 95). Lipid-
lowering treatment was administered to all, with the exception of three cases.

3.7. Correlations of Calcification Extent, Localization and Patterns with Ulceration, Thrombosis
and Hemorrhagic Rupture of the Plaque

Ulceration occurred in a significantly higher proportion of plaques showing microcal-
cification: 34 of 54 vs. 18 of 65 (p < 0.001). Ulceration was relatively more frequent in those
with superficial layer calcification than in plaques with deep layer involvement (p = 0.064).
The nodular, the extended/confluent patterns, and the presence of metaplasia were not
significantly associated with the ulcerative complication, neither as solitaire correlates nor
in cumulative patterns (we classified in this group the occurrence of co-existing patterns,
each component with a minimum weight of approximately 25%).

The presence of thrombosis was not correlated with calcification extent, localization,
or patterns, as seen in Table 2.

Table 2. Occurence of ulceration, thrombosis and hemorrhage in subgroups with various calcifica-
tion patterns.

Ulceration Thrombosis Hemorrhage

No Yes p No Yes p No Yes p

Localization
superficial 32 33 0.064 superficial 57 8 0.789 superficial 38 27 0.031

deep 36 18 deep 46 8 deep 42 12

Microcalcification
No 47 18 <0.001 No 58 7 0.422 No 48 17 0.117

Yes 20 34 Yes 45 9 Yes 32 22

Nodular pattern
No 28 20 0.85 No 40 8 0.422 No 36 12 0.165

Yes 39 32 Yes 63 8 Yes 44 27

Extended/confluent pattern
No 40 38 0.173 No 67 11 1 No 47 31 0.019

Yes 27 14 Yes 36 5 Yes 33 8

Osteoid metaplasia
No 47 39 0.68 No 77 9 0.14 No 55 31 0.277

Yes 20 13 Yes 26 7 Yes 25 8

OPN expression

1+ 40 17

0.022

1+ 50 7

0.924

1+ 42 15

0.2992+ 16 20 2+ 31 5 2+ 21 15

3+ 12 14 3+ 22 4 3+ 17 9

Cumulative patterns: Nodular
AND/OR extended/confluent
AND/OR Osteoid metaplasia

No 47 39 No 76 10 No 55 31

Yes 21 12 0.493 Yes 27 6 0.47 Yes 25 8 0.46

Variables are represented as absolute numbers; comparisons were performed with the χ2 test. The level of
statistical significance has been set to p = 0.05.

The hemorrhagic rupture had a higher incidence in plaques with superficial calcifi-
cation (27 of 65) than in those with deep layer calcification (12 of 54, p = 0.031). Further,
the extended/confluent pattern was significantly associated with the lack of hemorrhagia
(p = 0.019). No other calcification parameters or cumulative patterns correlated with the
hemorrhagic rupture of the atheroma (Table 2).
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3.8. Predictors of Plaque Ulceration

Univariate regression analysis revealed significant associations between plaque ul-
ceration, the presence of single arterial bed involvement (p = 0.042), and morphological
characteristics of the plaque: the lipid core (p = 0.004), micro-calcification (p < 0.001), and
the presence of inflammatory infiltrate (p < 0.001). No significant relationships could be
observed with diabetes, hypertension, a positive stroke history, unilateral vs. bilateral
carotid involvement, age, gender, smoking, or hypercholesterolemia. A tendency for a
lower odds ratio was registered in the presence of extended/confluent calcification pattern
and in the highest vs. the lowest quartile of stenosis grade (p = 0.079 and p = 0.091). No
other calcification patterns were correlated with ulceration (Table 3).

Table 3. Univariate logistic regression of variables associated with plaque ulceration.

Variables Coefficient SD OR (95%CI) p-Level

Age (Q4/Q1) 0.089 0.251 1.19 (0.45–3.18) 0.721
Gender (M/F) 0.182 0.408 0.83 (0.38–1.82) 0.656

Diabetes (Yes/No) −0.044 0.227 0.82 (0.36–1.86) 0.846
Smoking (Yes/No) −0.019 0.387 1.02 (0.49–2.11) 0.959

Hypertension (Yes/No) −1.060 0.733 0.34 (0.08–1.45) 0.150
Carotid atherosclerosis, unilateral/bilateral (u/b) −0.335 0.412 0.71 (0.32–1.60) 0.418

Stroke history (Yes/No) −0.084 0.385 0.92 (0.43–1.90) 0.826
Polyvascular disease (≥2 a. beds/single bed) −0.647 0.315 26.68 (1.52–468.19) 0.042

Stenosis grade (Q4/Q1) −0.416 0.244 0.43 (0.16–1.14) 0.091
Hypercholesterolemia (Yes/No) 0.836 1.170 2.30 (0.23–22.85) 0.476

Revascularization (Yes/No) −0.284 0.391 0.75 (0.35–1.62) 0.468
Calcification extent (High/Low) −0.297 0.373 0.43 (0.15–1.21) 0.427

Nodular (Yes/No) 0.225 0.379 1.15 (0.55–2.41) 0.554
Extended/confluent (Yes/No) −0.716 0.405 0.54 (0.25–1.19) 0.079
Osteoid metaplasia (Yes/No) −0.197 0.417 0.78 (0.34–1.77) 0.637

Mixed calcification pattern (Yes/No) −0.451 0.336 0.68 (0.30–1.57) 0.182
Microcalcification (Yes/No) 1.568 0.398 4.44 (2.04–9.63) <0.001

Superficial/deep −0.721 0.380 2.06 (0.98–4.35) 0.059
Lipid core (Yes/No) 1.190 0.402 3.28 (1.49–7.24) 0.004

Inflammatory infiltrate (INF+/INF−) 2.015 0.474 7.50 (2.96–19.00) <0.001

We constructed non-linear multiple logistic regression models to predict the ulceration
of the plaques. In a model adjusted for the absence of polyvascular disease, a greater
stenosis extent, hypertension, the presence of superficial and an extended/confluent pattern
of calcification, and the presence of a lipid core, microcalcification (p = 0.003), and the
presence of an inflammatory infiltrate (p = 0.007) remained significant predictors (Table 4).
However, when we also adjusted for osteopontin expression, this abolished the significant
influence of microcalcification and lipid core.

Table 4. Summary of multiple logistic regression analysis of the factors correlated to atheromatous
plaque ulceration in the overall patient group (n = 119).

Model 1.
Variables

Estimate SD Odds Ratio (95% CI) p Value

Microcalcification 1.470 0.491 4.44 (2.04–9.63) 0.003
Lipid core (Yes/No) 0.104 0.526 3.28 (1.49–7.24) 0.843

Superficial/deep 0.376 0.509 2.06 (0.98–4.35) 0.460
Extended/confluent calcification −0.048 0.496 0.54 (0.25–1.19) 0.922

Inflammatory infiltrate (INF+/INF−) 1.575 0.574 7.50 (2.96–19.00) 0.007
Stenosis grade (Q4:Q1) −0.376 0.300 0.43 (0.16–1.14) 0.212

Polyvascular disease (≥2 a. beds/single bed) −0.390 0.409 26.68 (1.52–468.19) 0.342
Hypertension (Yes/No) −0.042 0.880 0.34 (0.08–1.45) 0.961

136



Biomedicines 2023, 11, 881

3.9. Predictors of Atherothrombosis

In univariate regression models, ulceration proved to be a strong predictor of throm-
bosis (p < 0.0001). The inflammatory infiltrates were also significantly associated (p = 0.046),
whereas revascularization and the lipid core showed a borderline significance (p = 0.074
and p = 0.064, respectively). The other factors did not correlate, as shown in Table 5.

Table 5. Univariate logistic regression of variables associated with thrombosis of the plaque.

Variables Estimate SD OR (95%CI) p-Level

Age (Q4/Q1) 0.150 0.364 1.60 (0.25–10.29) 0.681
Gender (M/F) −1.284 0.408 1.44 (0.29–7.06) 0.656

Diabetes (Yes/No) 0.313 0.301 1.69 (0.56–5.09) 0.300
Smoking (Yes/No) 0.230 0.343 0.79 (0.27–2.29) 0.675

Hypertension (Yes/No) 0.233 1.095 1.26 (0.14–10.83) 0.821
Carotid atherosclerosis, unilateral/bilateral −0.669 0.675 1.95 (0.52–7.33) 0.323

Stroke history (Yes/No) 0.603 0.612 1.82 (0.55–6.06) 0.326
Polyvascular disease (≥2 a. beds/single bed) 0.545 0.547 1.67 (0.57–4.88) 0.320

Stenosis grade (Q4/Q1) −0.189 0.375 0.68 (0.15–2.98) 0.615
Revascularization (Yes/No) 1.409 0.783 4.09 (0.88–18.98) 0.074

Nodular (Yes/No) −0.454 0.539 0.63 (0.22–1.82) 0.401
Extended/confluent (Yes/No) −0.167 0.577 0.84 (0.27–2.62) 0.772
Osteoid metaplasia (Yes/No) 0.834 0.552 2.30 (0.78–6.80) 0.133

Mixed calcification pattern (Yes/No) 0.524 0.562 1.69 (0.56–5.09) 0.353
Microcalcification (Yes/No) 0.505 0.541 1.65 (0.57–4.79) 0.353

Superficial/deep 0.214 0.537 0.80 (0.28–2.31) 0.690
Lipid core (Yes/No) 1.252 0.670 3.49 (0.93–13.01) 0.064

Inflammatory infiltrate (INF+/INF−) 1.572 0.782 4.81 (1.04–22.33) 0.046
Ulceration (Yes/No) 23.78 - 61.02 (3.55–1046) 0.005

In univariate regression analysis, ulceration was strongly associated with plaque
thrombosis (p < 0.0001). Further, the presence of inflammatory infiltrate was also signif-
icantly more frequent in those with thrombosis, (p = 0.046), whereas revascularization
(p = 0.074) and the presence of the lipid core (p = 0.064) showed a tendency to significance.
Age, gender, diabetes, hypertension, and smoking could not be associated, and no relation-
ship has been revealed with the presence of polyvascular disease, unilateral involvement,
and the grade of vascular stenosis. Furthermore, none of the calcification patterns could be
correlated to the atherothrombotic complication (Table 6). In a multiple logistic regression
model, ulceration and inflammation remained significant predictors, when adjusted for
revascularization and the presence of the large lipid core (p = 0.002 and p = 0.007).

Table 6. Summary of multiple logistic regression analysis of the factors correlated to thrombotic
complication in the overall patient group (n = 119). Model 2.

Variables Estimate SD Odds Ratio (95% CI) p Value

Lipid core (Yes/No) 0.609 0.823 3.28 (1.49–7.24) 0.843
Inflammatory infiltrate (INF+/INF−) 0.623 0.971 7.50 (2.96–19.00) 0.007

Revascularization (Yes/No) 2.021 0.832 0.43 (0.16–1.14) 0.212
Ulceration (Yes/No) 3.335 1.082 61.02 (0.08–1.45) 0.002

4. Discussion

Carotid endarterectomy and carotid stenting are two treatment modalities for patients
with severe carotid stenosis. Histopathological processing of endarterectomy specimens
provides useful information, which, together with clinical data and imaging investigation,
contributes to the efficient secondary prevention of cerebrovascular events.

Carotid plaques have a complex morphology and composition, consisting of both
extracellular (necrotic core, lipids, extracellular matrix proteins, lipids, and free cholesterol
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recognized as clefts) and cellular components dominated by inflammatory cells, smooth
muscle cells, and fibrous tissue, which explains the existence of considerable differences in
vulnerability between plaques with identical degrees of stenosis. In this context, histopatho-
logical assessment of plaque characteristics is one of the “gold standards” used to classify
plaques as stable or unstable, first proposed by Lovett et al. in 2004 [22,24].

Although the precise sequence of lesion progression leading to plaque vulnerability is
poorly elucidated, the morphological signs of instability as a potential indicator of stroke
risk are well known. This hallmark includes a large lipid core, macrophage-mediated
inflammatory changes, intraplaque neoangiogenesis/hemorrhage, ulceration, and micro-
calcification [25]. In this context, histological identification of these signs in endarterectomy
specimens may provide valuable data concerning underlying plaque morphologies and
should guide the treatment strategy to prevent further cerebral events.

Arterial plaques contain macrophages (MFs) involved in all steps of atherosclero-
sis. They are influenced by several cytokines and chemokines in the vessel wall and
interact with local microenvironmental factors, which drive their differentiation into vari-
able functional phenotypes. MFs can take up oxidized LDL and low-density lipoprotein
(LDL)-derived cholesterol as lipid droplets and transform them into foam cells. These
are significant players in the initiation and progression of atherosclerosis. The debris
of macrophage-derived foam cells provides the major source of the necrotic core in the
atherosclerotic plaque [26]. The liponecrotic tissue in atheroma with necrotic core appears
to be developed by the structural collapse of the lipid core of atheroma due to the loss of
elastic and collagen fibers; MFs are organically involved in this mechanism [27]. Matrix
metalloproteinases synthesized by infiltrating macrophages are mainly responsible for
their intra-plaque elastolytic and collagenolytic activity. Genetic deficiency of MMP-1a
strongly suppresses atherogenesis in the aorta of apo E −/− mice [28]. Interestingly,
collagen structure, along with synthesis, degradation, and remodeling of vascular wall
elastin, proteoglycans, and glycosaminoglycans, modulate the phenotype of infiltrating
inflammatory, but also of the resident cells [29].

In our case, histopathological examination of 119 endarterectomy specimens revealed
the presence of a lipid-rich, large necrotic core (Figure 1a) in 58.8% of specimens. This
core was associated with an active mononuclear cell component (macrophages and lym-
phocytes) that surrounded the necrotic core in 63% of cases. In patients without a high
inflammatory component in their carotid plaques, the occurrence of cerebrovascular events
such as aphasia, hemiparesis, or hemiplegia was significantly lower compared to the INF-
positive subgroup. These results suggest that MF-mediated inflammation, initiated by
the lipid content, destabilizes atherosclerotic plaques through the degradation of their
cross-linked structural proteins. Increases in the size of the necrotic core may happen as a
consequence of two factors, MF death, and impaired efferocytosis. In addition, necrosis
contributes to forming an inflammatory microenvironment, enhanced oxidative stress, and
thrombogenicity [3].

Fissuration and ulceration, landmarks of destabilization, are also the result of MF-
released enzymatic activity. Tomas et al., in 159 carotid specimens obtained by endarterec-
tomy, identified an altered metabolomic signature of unstable carotid plaques, comprising
increased glycolysis and amino acid utilization along with low fatty-acid oxidation. A
series of pro-inflammatory cytokines, like interleukins IL-1b, IL-6, IL-15, IL-17, and IL-18,
are abundantly expressed in homogenates of the cluster characterized by the signature
mentioned above [25,30]. Chemokines synthesized by MFs, like monocyte chemoattractant
protein-1 (MCP-1) and MF inflammatory protein-1b (MIP-1b) were also up-regulated in
unstable vs. stable plaques [30].

Our study defines ulceration, thrombosis, and intra-plaque hemorrhage as major
morphological manifestations of atherosclerotic plaque vulnerability. Clinical findings
support this assumption: the presence of ulceration, as the sole sign, is predictive of
neurological symptoms and, together with advanced-grade stenosis, represents a high
risk for stroke [31]. Sixty-one subjects were investigated by multi-detector computed
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tomography, and in 16 ulcerated plaques, no correlation was observed with the plaque
volume. In contrast, ulcerative lesions were strongly associated with the presence of a
lipid-rich content [31].

In univariate logistic regression models, we observed that the sizeable necrotic lipid
core, but not hypercholesterolemia, was significantly associated with ulceration. How-
ever, this association was abolished in a multiple logistic regression model focused on
ulceration, inflammation, revascularization and the lipid core. Regarding the infiltrating
inflammatory elements of the atherosclerotic plaques and the circulating neutrophil count,
or neutrophil/lymphocyte ratio, no correlation was found, even though several studies
report higher neutrophil counts along the presence of microemboli detected by transcranial
Doppler ultrasound in symptomatic patients [32]. Instead, the presence of the inflamma-
tory cellular infiltrate, consisting predominantly of MFs, and microcalcification proved
to be the strongest predictors of ulceration, which remained significant after adjustments
for the stenosis grade, the presence of the lipid core, and superficial layer calcification.
Further, ulceration and the inflammatory infiltrate, but not calcification extent or pattern,
were defined as significant determinants of atherothrombosis, another important sign of
plaque vulnerability.

An MF-rich inflammatory infiltrate was present in almost 2/3 of cases, so we inves-
tigated its histological correlates and compared it in INF+ and INF– groups. We showed
that there were no essential differences between these groups in terms of the incidence of
diabetes, hypertension, bilateral carotid involvement, or previous stroke history. In contrast,
atheroma calcification patterns and location showed a significantly biased distribution of
microcalcification and superficial calcification in favor of the INF+ group. Even though
the effect of calcification is considered biphasic, from pro-inflammatory properties of “mi-
crocalcification” to anti-inflammatory properties of “macrocalcification,” in our study, the
distribution of extended/confluent pattern was almost twice less frequent in the case of the
INF+ group (See Table 1). This result may suggest that extensive calcification, even if not a
direct predictor of plaque ulceration and thrombosis, is less associated with inflammation
and intra-plaque hemorrhage and might be considered a sign of plaque stability.

As reported in the literature, the calcification of atheromatous plaque is a remarkable
feature of advanced atherosclerosis. It is triggered by inflammation, emerges as microcalcifi-
cation, and develops through a spectrum of events to macrocalcification, with the formation
of bone-like structures within the plaque. The release of matrix vesicles from macrophages
and the death of VSMC initiates the calcification process of the plaque. Other factors are also
involved in the process, including reduced levels of mineralization inhibitors or increased
osteogenic transdifferentiation (VSMC pericytes) [3]. In our study, a part of the plaques
showed mixed calcification patterns, containing foci with both microcalcification and differ-
ent types of macrocalcification. In this case, the dominant patterns were considered, and for
macrocalcification, cumulative patterns also were investigated. Our results demonstrated
the presence of ulceration and intra-plaque hemorrhage in a significantly higher proportion
of plaques with microcalcification. Furthermore, they showed dominance in plaques with
superficial layer calcification compared to those with deep layer damage. No significant
influence of the macrocalcification patterns was observed; no other single calcification
parameters or cumulative patterns correlated with the hemorrhagic rupture of the plaque
(See Table 2).

The role of calcification in the development of plaque progression is a controver-
sial topic in the literature. The promoting role of microcalcification-induced stress on
thin fibrous caps has been demonstrated in plaque rupture both by a three-dimensional
blood-vessel modeling [33] and by imaging, histological and morphometric analysis [4,34].
Imagistic studies revealed some interesting aspects of calcification linkage with arterial wall
inflammation: higher calcium scores appear along multiple sites in arteries in aging [35].
Carotid artery calcification was investigated in 130 patients included in the dal-PLAQUE
study with 18F-labeled fluorodeoxyglucose positron emission tomography and computed
tomography at entry and six months. The study revealed a poor overlap between vascu-
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lar inflammation and calcification on multiple arterial beds. However, those with some
calcification content at baseline showed more calcification progression than patients with-
out. These arterial segments with progressive calcification showed a high [18F] FDG-PET
signal, which highlights the putative causal role of inflammation in the progression of
calcified lesions [35]. Macrocalcification is easily detected and quantified (calcium scores
as predictive value for cardiovascular incidence) using the CT scan method. By contrast,
microcalcification-the early stage of plaque calcification, is observed only with Positron
Emission Tomography (PET)/CT Imaging and Optical Coherence Tomography (diagnostic
methods that are not used in daily practice) [36]. However, the CT analysis of calcium
subtypes is limited by the resolution and blooming artifacts. In this context, the histopatho-
logical examination of the endarterectomy specimens provides helpful information to the
clinician to develop a treatment strategy. Molecular imaging of macrophages highlighted
enhanced proteolytic activity via matrix metalloproteinases MMP-2, MMP-9, and MMP-
13 [37]. MMP-9 is up-regulated by osteopontin, cleaves collagen and elastin substrates
in the extracellular matrix, and determines hydroxyapatite crystal deposition [38]. In
experimental conditions, the cysteine protease-activatable NIRF-imaging revealed that
vascular calcification evolves parallel with bone osteolysis and might be driven by shared
inflammatory driver mechanisms [37].

Several cytokine-type soluble regulators were described, which interact with different
steps of calcification. For example, osteoprotegerin is elevated in the serum of patients with
polyvascular atherosclerotic disease [39,40] and, in animal models, inhibits arterial calci-
fication without affecting the development of the number and volume of atherosclerotic
lesions [41]. Another regulator is osteopontin (OPN), a pro-inflammatory glycophospho-
protein involved in bone morphogenesis, a multi-faceted regulator of biomineralization,
calcification, and tissue remodeling. Five isoforms of OPN may be expressed due to alterna-
tive splicing, which is a possible reason why it shows a diverse linkage with cardiovascular
events in the population. OPN increases dramatically in acute stroke, and it is presumed
that its early role is protective, attenuates vascular calcification, and promotes post-ischemic
neovascularization. Paradigmatically, in chronic inflammatory pathways involving the
vessel wall, OPN is probably harmful. It may be expressed in infiltrating macrophages,
differentiating myofibroblasts, and endothelial cells of the vessel wall [42]. Wolak T. et al.,
in a study focusing on carotid atherosclerosis in hypertensive patients, demonstrated that
none of the OPN “family members” have anti-inflammatory properties. OPN-N terminal
fragment is associated with increased plaque inflammation [43].

In our tissue sections, a rather diverse cell population was stained for OPN. Mor-
phologically, most of the OPN+ cells were macrophage-derived foam cells, VSMCs, and
endothelial cells. We found that in our cohort, low-grade OPN expression was significantly
associated with the absence of an inflammatory cell infiltrate. Furthermore, microcalcifica-
tion was significantly correlated with OPN expression. Higher OPN scores were associated
with plaque ulceration and the presence of a lipid core, and lower expression was observed
in plaques without ulceration. Additionally, low OPN scores were observed in patients
with polyvascular disease with three arterial bed involvement. These data converge with
those obtained by Strobescu–Ciobanu in a recent study: the authors described in 49 carotid
specimens a significant association of higher OPN with ulceration and inflammation of
the atherosclerotic lesions [44]. However, no significant association could be defined with
calcification; this discrepancy might lie in the applied methodology as calcium content was
determined by carotid arteries’ ultrasonography based on plaque echogenicity.

5. Limitations

The results from the histological processing of the 119 specimens characterize the
CA plaques at a well-determined moment (the occurrence of neurological complications)
without the possibility of following the disease progression.

We considered that the semi-quantitative evaluation of plaque complexity accurately
characterizes the most important histological features of the plaque and may predict the
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behavior of the plaque at the time of examination. Although it has been based solely on
visual estimation and might have been limited by subjectivity and variability between
observers, we chose this method for the properties of the specimens; in contrast to autopsy
and experimental study subjects, the fragmented aspect of the specimens does not allow
the accurate evaluation of the components and their ratio by morphometric methods. It
may have affected our sensitivity to detect relevant associations.

6. Conclusions

In a previous morphometric study, we demonstrated that femoral and carotid plaques
show different morphology and the tendency for calcification, suggesting that the mech-
anism is site-specific and vessel wall structure dependent [45]. In the current study,
we focused on the carotid plaque’s intimate structure, with a particular emphasis on
inflammation, as an important correlate and histological signs of vulnerability: ulceration,
atherothrombosis, and hemorrhage.

Our results highlight the following critical issues related to carotid atherosclerotic
plaques linked to severe carotid stenosis: (1) considerable differences in vulnerability signs
between plaques with identical degrees of stenosis are due to complex morphology and
composition; (2) in patients with carotid plaques with low/mild inflammatory components,
the occurrence of cerebrovascular events (aphasia, hemiparesis/hemiplegia) is significantly
lower compared to those with high degrees of inflammation, suggesting the role of pro-
inflammatory MFs in atheroma vulnerability; (3) the presence of the inflammatory infiltrate
and of the large necrotic lipid core increase the probability of ulceration; (4) ulceration
and intra-plaque hemorrhage have appeared in a significantly higher proportion of speci-
mens with microcalcification and dominated in plaques with superficial layer calcification
compared to those with deep layer damage; and (5) our data suggest a potential role for
OPN in the development of vulnerability: expression of OPN significantly correlated with
microcalcification, and at the same time, higher OPN scores were associated with plaque
ulceration and the presence of a sizeable necrotic lipid core.

Based on our results, we hypothesize that the lesions described are characteristic
of advanced stages of atherogenesis; clarifying how plaque composition changes from
apparent early lesion formation to clinically significant vascular stenosis require further
longitudinal, multidisciplinary studies.
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Abstract: There is a strong relationship between obstructive sleep apnea (OSA) and obesity hypoven-
tilation syndrome (OHS). When OHS is combined with severe OSA, treatment consists of continuous
positive airway pressure (CPAP), followed by noninvasive ventilation (NIV) in the case of CPAP
failure. Currently, the impact of a previous use of CPAP on the quality of NIV is unknown. We
conducted a cross-sectional study with OHS patients, to assess the quality of NIV according to
previous CPAP use. We included 75 patients with OHS on NIV (65 women, 87%). Among these,
40 patients (53.3%) who had had prior CPAP (CPAP+ group) were compared to the remaining 35 pa-
tients (46.7%) (CPAP− group). Key characteristics were comparable between the CPAP+ and the
CPAP− groups: age at diagnosis of OHS was 67 ± 3 vs. 66 ± 4 years (p = 0.8), age at inclusion was
73 ± 15 vs. 69 ± 15 years (p = 0.29), number of comorbidities was 3.7 ± 1.2 vs. 3.3 ± 1.5, the Charlson
index was 5.1 ± 2 vs. 4.6 ± 1.8, and BMI was 41.6 ± 7.6 kg/m2 vs. 41.2 ± 8.2, respectively, all p > 0.05.
Follow-up length was greater in CPAP+ vs. CPAP− patients (5.6 ± 4.2 vs. 2.9 ± 2.9 years, p = 0.001).
The quality of NIV based on daily adherence, pressure support, apnea–hypopnea index (AHI) and
leaks was similar in both groups. Reduced adherence (less than 4 h daily) was found in 10 CPAP+
patients (25%) versus 7 CPAP− patients (20%), p = 0.80. NIV efficacy was also similar. This study
found no difference in the quality of NIV or in adherence between patients who had had prior CPAP
and those who had not. Previous CPAP does not appear to improve the quality of NIV.

Keywords: obesity hypoventilation syndrome; obstructive sleep apnea; CPAP; noninvasive ventila-
tion; NIV adherence

1. Introduction

The worldwide prevalence of obesity is increasing. It is estimated by the World Health
Organization (WHO) that approximately 4 million deaths each year are attributable to obe-
sity globally [1]. Obesity hypoventilation syndrome (OHS) is a chronic respiratory failure
that is related to obesity. It is defined as the simultaneous presence of obesity (namely,
body mass index (BMI) of ≥30 kg/m2) and daytime hypercapnia (pCO2 > 45 mmHg) in
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the absence of other causes of alveolar hypoventilation [2]. Obstructive sleep apnea is
frequently associated with OHS [2]. OHS carries substantial morbidity and mortality [2],
with high consumption of healthcare in affected individuals [3,4]. The treatment of OHS has
evolved over time and has long relied on noninvasive ventilation (NIV). Recent research
has highlighted the role of continuous positive airway pressure (CPAP) therapy in the
management of OHS in stable patients, notably when diagnosed in a sleep laboratory [5–8].
Accordingly, the latest recommendations from the American Thoracic society (ATS) pro-
posed the introduction of first-line CPAP treatment in stable OHS, with a switch to NIV in
the event of CPAP failure [9]. While NIV can be an effective treatment for OHS, its success
depends on patient adherence, which improves efficacy and arterial blood gases, quality of
life, and mortality [10]. Efficiency of the treatment also depends on the quality of the NIV
in terms of leaks or obstructive events [11].

The clinician’s task is to find strategies that will encourage the patient to adhere to
a treatment regimen that may necessitate changes to their lifestyle. Thus, there is value
in seeking all the possible levers that could be used to improve NIV compliance. Ennis
et al. identified several factors that were associated with improved adherence to NIV in
patients with nocturnal hypoventilation, including previous experiences with positive
airway pressure therapy, subjective symptom improvement, familiarity with medical
treatments, understanding of nocturnal hypoventilation and its consequences, support
from family and healthcare providers, and early adaptation to treatments [12]. CPAP
treatment uses similar equipment to NIV, and patients may thus feel familiar with the
equipment and treatment. Because it also uses pressure to keep the airway open, one
might imagine that CPAP creates a ventilation memory in the patient. In any case, there is
little change in the patient’s environment during the transition from CPAP to NIV. In daily
practice, it is common to encounter patients already receiving CPAP for OSA, who then
present hypercapnic respiratory insufficiency leading to a diagnosis of OHS. In this context,
these patients are switched from CPAP to NIV.

We hypothesized that previous CPAP use would enhance the adherence to home
nocturnal NIV in patients with OHS. Therefore, the aim of this study was to compare the
adherence and quality of NIV in OHS patients who had previously received a CPAP device
for OSA with those who had not. The primary outcome measure was NIV adherence, and
secondary outcomes included NIV quality, assessed by leaks and the apnea–hypopnea in-
dex (AHI), and NIV efficacy, assessed by daytime partial pressure of carbon dioxide (pCO2).

2. Patients and Methods

We performed an observational, cross-sectional, single-center study in a cohort of OHS
patients from the Department of Respiratory Medicine at the University Hospital (CHU) of
Martinique. All patients followed-up for OHS in our department are systematically entered
into a database. The Respiratory Medicine Department is responsible for the management
and care of all patients with chronic respiratory diseases on our island. Patients were
adults (>18 years) diagnosed with OHS based on body mass index (BMI) > 30 kg/m2,
daytime hypercapnia, and the absence of another cause of hypoventilation. We excluded
patients with a smoking history > 10 pack-years in women or 15 pack-years in men and
patients associated with an obstructive pattern in spirometry (FEV1/FVC < 70%) in whom
associated chronic obstructive pulmonary disease (COPD) cannot be ruled out [13,14].

At the time when OHS was diagnosed, patients systematically underwent screening
for OSA (polygraphy or polysomnography, unless they already had documented and
treated OSA) and (as far as possible) a pulmonary functional test and echocardiography.
If pulmonary hypertension was suspected, exploratory right heart catheterization was
performed to confirm or rule out the diagnosis. Polygraphy/polysomnography data were
interpreted according to the International Classification of Sleep Diseases (ICSD-3 2023).
Severity was defined based on AHI and classified as follows: absent if AHI < 5/h, mild OSA
with AHI of 5 to <15, moderate with AHI of 15 to 29, and severe with AHI of ≥30. In the case
of hypercapnic acute respiratory insufficiency, NIV was initiated during hospitalization.
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Settings were fixed arbitrarily at the outset and adjusted during hospitalization. For patients
who had previously been receiving CPAP, PAP was determined by subtracting 2 cmH2O
from the average pressure 90% of the time. For other patients, PAP was determined at
the physician’s discretion and then adjusted on the basis of the residual AHI. Support
pressure was determined with a target tidal volume of 8 mL/kg of theoretical bodyweight
calculated according to the Lorentz formula and optimized based on response to CO2 and
leaks. For initiation of CPAP, we started with three days of auto-adjusting CPAP and then
set the device in fixed mode to the average pressure 90% of the time. Of note, patients who
had previously received CPAP for OSA all had auto-adjusting devices, and they did not
undergo screening for OHS.

All patients had regular follow-up in outpatient consultations, and at each follow-up,
we recorded mean adherence for the last 90 days, blood gases, ventilatory parameters,
and data reflecting the quality of NIV (leaks and AHI). Patients included in the study
were seen in consultation between 1 January 2022 and 31 October 2022. We collected
sociodemographic data (age, age at diagnosis, sex, BMI), history of previous use of PAP
devices for OSA at time of diagnosis, arterial blood gas at diagnosis, last blood gas in
a stable state, and spirometry data at inclusion. Daily adherence, leaks, and AHI were
measured for the last 90 days, and NIV parameters (IPAP, EPAP, and pressure support)
were measured at inclusion, using stored data from the devices.

Functional tests were interpreted according to the EU Standard criteria, taking ethnicity
into account [15–17].

The study was performed in accordance with the Declaration of Helsinki and received
the approval of the Institutional Review Board of the University Hospitals of Martinique
(under the number 2022/158).

We performed descriptive analysis. We describe quantitative variables as mean ±
standard deviation (SD) and qualitative (categorical) variables as count and percentage.
Continuous variables were compared using Student’s t-test and proportions with the chi
square or Fisher’s exact test as appropriate. Normality of distributions was tested using the
Shapiro–Wilk test. Bivariable analyses for the association between previous use of CPAP
and daily adherence, quality of NIV, and efficacy were performed using binary logistic
regression modeling. Statistical analyses were performed using SAS software version 9.4
(SAS Institute Inc., Cary, NC, USA). p-values < 0.05 were considered statistically significant.

3. Results

We included 75 patients with OHS using NIV, 65 (87%) of whom were women. Of
the entire group, 40 (53%) had used CPAP previously (CPAP+ group), with the remaining
35 (47%) having gone directly onto NIV (CPAP− group). Key characteristics were compa-
rable in the CPAP+ versus CPAP− groups as follows: mean age at diagnosis of OHS was
67 ± 3 vs. 66 ± 4 years, mean age at inclusion was 73 ± 15 versus 69 ± 15 years, mean
number of comorbidities was 3.7 ± 1.2 versus 3.3 ± 1.5 (p = 0.3), mean Charlson index was
5.1 ± 2 versus 4.6 ± 1.8 (p = 0.3), and mean BMI was 41.6 ± 7.6 kg/m2 versus 41.2 ± 8.2
(p = 0.8), respectively. The average length of follow-up was 5.6 ± 4.2 years in the CPAP+
group versus 2.9 ± 2.9 years in the CPAP− group (p = 0.001).

The comorbidities and therapeutic characteristics of the patients are detailed in Table 1.
The spirometric data at inclusion are displayed in Table 1.
Adherence to NIV and quality of ventilation including ventilator settings, leaks, and

residual AHI were similar in the two groups (Table 2).
Ten patients (25%) in the CPAP+ group and seven (20%) in the CPAP− group used

NIV less than a mean of 4 h daily over 90 days (p = 0.8). There were also no differences in
NIV efficacy between the two groups based on hypercapnia resolution (p = 0.3).
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Table 1. Comorbidities, circumstances of diagnosis, and spirometry in patients undergoing noninva-
sive ventilation according to the previous use of continuous positive airway pressure (CPAP).

CPAP+
N = 40

%
CPAP−
N = 35

% p

Age at diagnosis 67 ± 3 66 ± 4 0.8

Age at inclusion 75 ± 15 69 ± 15 0.29

Female sex 33 82.5 32 91.4 0.32

Body mass index (BMI) ≥ 40 20 36.7 19 44.4 0.6
Comorbidities

Arterial hypertension 32 80.6 31 88.6 0.4
Diabetes mellitus 24 60 22 62.9 0.8
Asthma 17 42.5 8 22.9 0.09
Cardiac arrhythmia 5 12.5 7 20 0.5
Other heart diseases 7 17.5 7 20 1
Pulmonary hypertension 5 12.5 5 14.3 1
Lower limb arterial disease 4 10 1 2.9 0.4

Circumstances of OHS diagnosis
Acute respiratory failure 25 52.5 31 88.6 0.02
Follow-up of sleep apnea 15 37.5 0 0
Follow-up of another disease 0 0 1 2.9
Unknown 0 0 3 8.6

Pulmonary functional test at inclusion

CPAP+ CPAP− p

FEV1 (%) * 58.7 56.1 0.5
FVC (%) * 63.2 58.1 0.3
FEV1/FVC (%) ** 77 77.9 0.8
TLC (%) * 73.6 75.9 0.6
RV (%) * 90.8 109.9 0.09
ERV (%) * 80.3 71.4 0.6

* % of theoretical value ** RatioX100 FEV1: forced expiratory volume in 1 s. FVC: forced vital capacity. TLC: total
lung capacity. RV: residual volume. ERV: expiratory reserve volume.

Table 2. Adherence, quality of NIV, and arterial blood gas at inclusion in OHS patients with and
without previous CPAP.

Characteristics at Inclusion
CPAP+
N = 40

CPAP−
N = 35

p

Daily adherence (Hours) 6.2 ± 3.2 6.1 ± 3.2 0.8
Adherence < 4 h 10 7 0.6
Median unintentional leaks (L/min) 13.8 ± 23.3 13.6 ± 21.3 0.9
AHI 5.2 ± 6.6 4 ± 5.9 0.4
Hypercapnia (>45 mmHg) 27 20 0.3
EPAP (cmH2O) 8.7 ± 2.4 8.4 ± 2.7 0.9
IPAP (cmH2O) 20.6 ± 3.2 20.3 ± 2.8 0.7
Support pressure (cmH2O) 11.9 ± 2.6 11.9 ± 1.9 0.9

Arterial blood gas
pH 7.38 ± 0.03 7.39 ± 0.03 0.4
pCO2 (mmHg) 46 ± 5 47 ± 6 0.5
pO2 (mmHg) 78 ± 17 71 ± 8 0.08
Bicarbonates (mmol/L) 27 ± 4 28 ± 4 0.4

CPAP: continuous positive airway pressure, AHI: apnea–hypopnea index, EPAP: expiratory positive airway
pressure, IPAP: inspiratory positive airway pressure, pCO2: partial pressure of carbon dioxide, pO2: partial
pressure of oxygen.
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4. Discussion

In this study, we found that there was no significant difference in adherence to NIV
between those individuals who were previously managed with CPAP and those who
were prescribed NIV as an initial therapy. Similarly, no between-group differences in the
quality of ventilation were reflected in residual AHI and leaks nor in the effectiveness
of NIV measured by the resolution of hypercapnia among this population of patients
with OHS. Because it is a pragmatic study, we were considering a calculation of power a
posteriori. Because the averages are strictly the same (6.2 ± 3.2 versus 6.1 ± 3.2), this does
not seem relevant.

Adherence to NIV is known to be an important predictor of treatment success in
patients with hypercapnic chronic respiratory failure [10], and previous experience with
therapy has been identified as a factor that can influence adherence in nocturnal hypoventi-
lation [9]. While CPAP treatment is a viable alternative to NIV in stable OHS [6,8–10], it
is important to note that the long-term effectiveness of CPAP may wane over time, lead-
ing to a transition to NIV in some cases [11]. In our cohort, 53% of patients had already
received CPAP treatment for OSA before being diagnosed with OHS, and NIV treatment
is recommended for those who continue to experience nocturnal hypoventilation despite
using CPAP [6]. Adherence to NIV and correction of hypercapnia are critical to the effective
management of nocturnal hypoventilation. A number of studies have demonstrated that
persistent hypercapnia is linked to high mortality rates and significant healthcare utilization
in affected individuals [1,2,18]. In this context, adherence to treatment is a key determinant
of patient outcomes [7]. Molkhlesi et al. found that daily adherence to PAP of 5 to 7 h
was associated with improved arterial blood gas parameters in patients with OHS [10].
Castro-Anon reported that NIV adherence of less than 4 h per day was linked to higher
mortality in this patient population [19]. The quality of NIV has predominantly been
studied in patients with hypercapnic chronic respiratory failure related to neuromuscular
diseases. Morelot-Panzani et al. reported that the correction of leaks, management of OSA
and adaptation to the patient’s degree of ventilator dependence all improve the prognosis
in amyotrophic lateral sclerosis (ALS) [11]. Georges et al. also reported that survival was
reduced with upper obstructive events on NIV in ALS [20].

In this study, we hypothesized that patients who had previously received CPAP
treatment might have better adherence to NIV and improved treatment outcomes, due to a
possible “ventilation memory” effect. We hoped that this would lead to greater efficiency
in the management of OHS. Our findings indicate that previous exposure to PAP devices
does not seem to affect the quality of NIV via better adherence in patients with OHS. We
observed in this study that patients were generally quite adherent overall, with an average
of more than 4 h per day of use. Only a very small number of patients had daily use below
4 h during the study period. This was not evaluated at the time of NIV initiation, which
may have occulted any effect of prior CPAP use over time.

We believe that patients on two-level pressure ventilation should receive the same
attention and psychological support to improve adherence [16], regardless of whether they
have previously used a PAP device or not.

Our study raises the question of the possible under-diagnosis of OHS. Indeed, patients
being followed up in sleep clinics or by physicians specialized in sleep disorders do not
undergo screening for OHS, and the diagnosis may come to be made in a context of acute
respiratory insufficiency. We noted that patients who were already receiving CPAP less
frequently had a diagnosis made in the context of acute respiratory failure, in line with a
previous report [21]. There is clearly a need to implement systematic screening for OSA in
persons with obesity, and a need of screening for OHS in those with OSA and obesity, with
a view to initiating early management.

Furthermore, the patients in our study presented a predominantly restrictive syn-
drome, likely related to obesity. Restrictive syndrome may contribute to the occurrence of
alveolar hypoventilation in obese patients. In a previous work, we already reported that
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the persistence of hypercapnia under NIV was more strongly associated with the severity
of a restrictive syndrome than with the severity of obesity [22].

5. Study Strengths and Limitations

A strength of our study is that it presents data from a population of mainly Afro-
Caribbean descent; a population that is markedly affected by both OSAS and obesity,
but in whom OHS has not been widely investigated. This is also a population that is
representative of real-life practice. The study question also has important public health
implications, because CPAP is now recommended in first intention in OHS, with NIV
used in case of CPAP failure, meaning that increasing numbers of patients may switch
from CPAP to NIV in the future. It seems important to anticipate patient needs in terms
of therapeutic education. There are a number of limitations of this study that need to be
acknowledged. Firstly, it is a single-center, observational, retrospective study, which has the
typical limitations associated with this design, such as the lack of knowledge about potential
confounding biases, limited data availability, and a small number of patients. Additionally,
we were unable to determine adherence to CPAP treatment before transitioning to NIV.
Some patients had several years of NIV use, which may have allowed them time to adjust
to their treatment. Due to the delay between diagnosis and study measurements, we cannot
exclude the possibility that less compliant patients were no longer being followed up for
various reasons (NIV discontinuation, death) and therefore could not be included in this
study. Finally, we did not dispose of data regarding the initial polygraphy, which would
have allowed us to compare polygraphy data between groups. The majority of patients
were followed for OSA by specialists in respiratory medicine. We considered that their
diagnosis, which had been made several years before, was reliable, and therefore, we did
not re-conduct the examinations in view of the following factors:

- Difficulties and delays in accessing the required examinations.
- Most patients presented with acute respiratory insufficiency requiring immediate NIV

or intubation.

Our results should be confirmed in prospective studies to better identify the factors
that influence compliance in patients with OHS.

6. Conclusions

In current medical practice, it is common for patients with OHS to switch between
continuous positive airway pressure (CPAP) and noninvasive ventilation (NIV) treatment.
While the quality of NIV is a crucial element in its effectiveness as a treatment, our study
did not find any effect of previous CPAP use on NIV quality, via improved adherence.
Based on these findings, we recommend implementing the same therapeutic education
procedure for all OHS patients, regardless of whether they have previously used CPAP
therapy or not.
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Abbreviations

BMI Body mass index
CHU University hospital center
CPAP Continuous positive airway pressure
COPD Chronic obstructive pulmonary disease
EPAP Expiratory positive airway pressure
ERV Expiratory reserve volume
FEV1 Forced expiratory volume in 1 s
FVC Forced vital capacity
IPAP Inspiratory positive airway pressure
mmHg Millimeter of mercury
NIV Noninvasive ventilation
pCO2 Partial pressure of carbon dioxide
pO2 Partial pressure of oxygen
PS Pressure support
OHS Obesity hypoventilation syndrome
OSA Obstructive sleep apnea
RV Residual volume
TLC Total lung capacity
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Abstract: Cardiovascular diseases (CVDs), such as arterial hypertension, myocardial infarction,
stroke, heart failure, atrial fibrillation, etc., still represent the main cause of morbidity and mortality
worldwide. They significantly modify the patients’ quality of life with a tremendous economic impact.
It is well established that cardiovascular risk factors increase the probability of fatal and non-fatal
cardiac events. These risk factors are classified into modifiable (smoking, arterial hypertension,
hypercholesterolemia, low HDL cholesterol, diabetes, excessive alcohol consumption, high-fat and
high-calorie diet, reduced physical activity) and non-modifiable (sex, age, family history, of previous
cardiovascular disease). Hence, CVD prevention is based on early identification and management of
modifiable risk factors whose impact on the CV outcome is now performed by the use of CV risk
assessment models, such as the Framingham Risk Score, Pooled Cohort Equations, or the SCORE2.
However, in recent years, emerging, non-traditional factors (metabolic and non-metabolic) seem to
significantly affect this assessment. In this article, we aim at defining these emerging factors and
describe the potential mechanisms by which they might contribute to the development of CVD.

Keywords: cardiovascular diseases; conventional risk factors; cardiovascular prevention; emerging
risk factors

1. Introduction

Despite tremendous advancements in prevention and treatment, CVDs are still the
leading causes of mortality and the major contributors to disability in industrialized coun-
tries, with a huge impact on social and economic systems. Since the first observations from
the Framingham Heart Study started in 1948 [1], several other epidemiological studies
have confirmed the impact of the so-called conventional CV risk factors, such as age, blood
pressure, glucose blood levels, lipid profile, and smoking status, as major determinants
of CV disease development and clinical outcome [2]. Based on all these data, the current
guidelines on cardiovascular prevention using the SCORE algorithm define the risk of
fatal and non-fatal events in a 10-year period [3]. The achievement of targets for all the
modifiable risk factors is the primum movens in prevention [3]. However, despite the major
effort in promoting a healthy lifestyle and keeping the cardiovascular risk factors at target,
in 2019, an estimated 17.9 million people died from CVDs, representing 32% of all global
deaths. Of these deaths, 85% were related to heart attack and stroke [4–7]. Thus, the
optimistic expectation of cardiologists to reduce the CVD burden because of improved
prevention strategies and treatment of the modifiable risk factors has been largely unmet.
Several aspects should be taken into account to explain the reasons of such failure. In
December 2022, the American College of Cardiology (ACC) announced the publication of
“The Global Burden of Cardiovascular Diseases and Risk: A Compass for Future Health”.
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In this document, 18 specific CV conditions and 15 risk factors across 21 global regions
were analyzed to provide an up-to-date overview of the global burden of CVD [8]. This
document includes data from 204 countries, analyzing the major global modifiable CVD
risk factors, how they contribute to disease burden, and recent strategies for prevention [8].
Based on this analysis, hypertension, hypercholesterolemia, dietary lifestyle, and air pollu-
tion were the leading causes of CVD worldwide. A total of 15 leading risks for CV diseases
were included and divided in three categories: environmental (air pollution, household
air pollution, low and high temperature); metabolic (systolic blood pressure, low-density
lipoprotein cholesterol, body mass index, fasting plasma glucose, kidney dysfunction); and
behavioral (dietary, smoking, alcohol use, physical activity). This report has also evaluated
the disability-adjusted life years (DALYs), looking at the years of life lost because of prema-
ture mortality, and years lived with disability [8]. As a main result of this analysis, ischemic
heart disease remains the major cause of CV death, with up to 9.44 million deaths in 2021
and 185 million DALYs. Hypertension remains the modifiable risk factor mainly associated
with premature CV deaths, with up to 10.8 million CV deaths and 11.3 million deaths over-
all in 2021 [8]. A dietary lifestyle evaluation has considered under-consumed food, such as
vegetables, fruits, fiber, vegetables, and over-consumed food, such as meats, sodium, and
sugar-sweetened beverages. This analysis reveals an association of 6.58 million CV deaths
and 8 million deaths overall in 2021 [8]. However, the conventional risk factors evaluated in
this latest document may explain only part of the cardiovascular disease burden. In the last
few years, several epidemiological and experimental studies have linked the development
of CVDs to novel and emerging risk factors [9], such as homocysteine and vitamin D levels,
gut microbiota, sleep apnea, sleep duration, uric acid plasma concentration over the air
pollution, and climate change, as already stated by the ACC document [8]. In the present
manuscript, we will evaluate how these emerging non-conventional risk factors are linked
to CVDs and how they should be managed for cardiovascular prevention.

2. Literature Sources and Search Strategy

We performed a non-systematic review of the literature by applying the search strategy
in different electronic databases (MEDLINE, EMBASE, Cochrane Register of Controlled
Trials, and Web of Science). Original reports, meta-analyses, and review articles in peer-
reviewed journals up to June 2023 evaluating the clinical role of non-conventional risk
factors in determining CVD in the general population. Homocysteine, uric acid, vitamin D,
gut microbiota, sleep apnea, air pollution, global temperature, and sleep duration were
incorporated into the electronic databases for the search strategy. The references of all
identified articles were reviewed to look for additional papers of interest to extrapolate the
more recent available data on the link between non-traditional risk factors and CVD.

3. Metabolic Risk Factors

3.1. Homocysteine: The Never-Ending Debate in Cardiovascular Prevention

Homocysteine is a sulphur amino acid that originates from the metabolism of me-
thionine. Methionine, an essential food-derived amino acid, plays a vital role in cellular
processes through the donation of methyl groups [10]. The first metabolite originating from
methyl transfer is S-adenosyl methionine, which is subsequently converted to S-adenosyl
homocysteine, the immediate precursor of homocysteine. The latter can be ‘recycled’ by
taking the methylation route, resulting in the regeneration of methionine, or alternatively,
it can be eliminated renally via the transulfuration route, leading to the formation of cys-
teine. Both processes are mediated by enzymes whose cofactors are vitamin B12, folic
acid, and vitamin B6 [11,12]. Under physiological conditions, there is a balance between
homocysteine formation and elimination [12]. If homocysteine can accumulate in the body,
the biochemical transformation process fails, leading to a serum level increase [12]. Serum
homocysteine values between 5 and 15 micromol/L are considered normal while mild
hyperhomocysteinemia is defined as values between 15 and 30 micromol/L; moderate,
between 30 and 100 micromol/L; and severe, if greater than 100 micromol/L [13]. In
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the healthy population, blood levels of homocysteine do not appear to be significantly
influenced by dietary intake [14]. Hyperhomocysteinemia has many causes, with genetic
profiles playing a dominant role: several genetic polymorphisms have been recognized [15]
as responsible for the deficiency of enzymes involved in homocysteine metabolism [16].
The most frequent polymorphisms involve the gene coding for methylenetetrahydrofolate
reductase and the one coding for cystathionine beta synthase [17]. Other causes include
vitamin B12, B6 and folic acid deficiency [18]; advanced age; male sex; menopause; lifestyle
habits, such as alcohol abuse and smoking [19]; and certain diseases, including cancers [15],
chronic kidney disease [20], hypothyroidism [21], and inflammatory bowel disease [22].
Mention should be made of drugs that may interfere with the metabolism of homocysteine
or its enzymatic cofactors: these include methotrexate, carbamazepine, nitrates, fibrates,
and metformin [23].

Over the past few decades, the correlation of homocysteine with the incidence of cardio-
and cerebrovascular events as well as its potential role in the pathogenesis of atheroscle-
rosis have been the subject of countless debates [24–26]. The first correlation between
serum homocysteine levels and the incidence of coronary artery disease is dated 1956 [27].
Numerous clinical studies and meta-analyses have subsequently supported this theory,
reporting a 20% increase in the risk of new coronary events for every 5 micromol/L increase
above normal serum homocysteine levels [28] and an increased risk of fatal and non-fatal
coronary [29–31] and cerebrovascular events [30,32]. Further analyses corroborate these
data, showing a 25% reduction in homocysteine levels (approximately 3 micromol/L)
correlates with a lower risk of cardiac ischemic events and stroke [32].

The relationship between hyperhomocysteinemia and mortality for coronary artery
diseases or cardiovascular causes or all causes has been evaluated in a meta-analysis of
20 prospective studies reporting that elevated homocysteine levels were an independent
predictor of cardiovascular events, mortality from cardiovascular causes, and mortality
from all causes [33].

Other studies have correlated hyperhomocysteinemia with an increased risk for and
recurrence of venous thromboembolic events [34–36], peripheral artery diseases [37], and
congestive heart failure [38].

Based on this evidence, hyperhomocysteinemia has been proposed as an independent
cardiovascular risk factor [38,39].

Several cellular mechanisms have been proposed to explain how hyperhomocys-
teinemia is implicated in the etiology of cardio- and cerebrovascular events. Endothelial
dysfunction, increased arterial stiffness, and a prothrombotic state are common in patients
with hyperhomosysteinemia [40]. The main pathways associated with this endothelial
impairment are: a) increased oxidative stress [41]; b) a reduction in the expression of the
endothelial isoform of nitric oxide synthetase (eNOS) and increase in the cellular expres-
sion of caveolin-1 that is an inhibitor of eNOS, thus leading to a reduced release of nitric
oxide [42]; and c) the upregulation of cell adhesion molecules, resulting in an increased
chemotaxis of monocytes on the endothelium and increased endothelial expression of IL-8,
which favor inflammatory processes [43].

Hyperhomocysteinemia is also associated to collagen synthesis [44] and vessel smooth
muscle cell proliferation [45], through activation of cyclin A, protein kinase C, and the proto-
oncogenes c-myc and c-fos [45,46] as well as increased production of phospholipids [46] and
increased expression of platelet growth factor [47]. This smooth muscle cells proliferation
as well as increased collagen deposition and alterations in elastic tissue composition [48] is
responsible for increased arterial wall stiffness [49–51]. This phenomenon is facilitated by
the inactivation of eNOS and the reduced production of nitric oxide [52]. A schematic view
of homocysteine pathways involved in CVD is provided in Figure 1.
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Figure 1. Possible role of homocysteine in CVD.

Moreover, several studies have also linked hyperhomocysteinemia to increased pro-
thrombotic state [53]. This effect has been mainly related to: (a) factor XII and factor V
activation [54]; (b) tissue factor expression [55]; (c) thrombomodulin inhibition [56] that
results in a reduction of protein C activation [57]; (d) a reduction in the anticoagulant effect
of antithrombin III, thus altering the binding capacity of endothelial heparan sulphate
with the latter [58]; and (e) the reduction of plasminogen activator function and increased
expression of its inhibitor [59].

In light of these basic findings, several clinical studies have investigated whether the
treatment of hyperhomocysteinemia might result in cardiovascular benefits in terms of
cardio- and cerebrovascular event reduction with conflicting results.

3.2. Uric Acid: Still a Controversial Cardiovascular Risk Factor?

Uric acid (UA) is the final product of purine metabolism. The increase in its blood
levels may depend either on an increased production or on a reduced elimination [60]. If
hyperuricemia develops, urate crystals accumulation may occurs in the joints leading to
the clinical manifestations of gout, subsequently also affecting the renal parenchyma and
the excretory tracts with the picture of gouty nephropathy and nephro/urolithiasis [61].
Beyond this known effect, several other clinical studies have also investigated the rela-
tionship between high blood levels of UA and the development of CVDs [62] and, as for
homocysteine, with conflicting results. The Framingham Heart Study did not indicate hy-
peruricemia as an independent risk factor for coronary artery disease, cardiovascular death,
and death from all causes [63,64]. Some epidemiological studies have described a J- or
U-shaped relationship between UA levels and cardiovascular risk, meaning that patients
with either very low or very high UA values have an increased cardiovascular risk [65].
More recently, clinical studies seem to support the role of hyperuricemia in atherosclero-
sis, systemic arterial hypertension, atrial fibrillation, and chronic kidney disease as the
pathophysiological processes promoted by UA, such as oxidative stress and inflammation
that are the basis of endothelial dysfunction, which may contribute to atherothrombotic
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events. An increase in the activity of the enzyme xanthine oxidase, which regulates the
synthesis of UA and which uses molecular oxygen as an electron acceptor for its function,
determines the formation of reactive oxygen species (ROS) [66]. ROS are responsible for the
lipid oxidation and the reduction of the nitric oxide concentration, which causes the loss of
the physiological vasodilating effect of the endothelium and determines a prothrombotic
phenotype. UA also favors an increase in the deposition of low-density lipoproteins at the
endothelial level and their uptake by macrophages, which are transformed into foam cells,
thus starting the process of atherosclerosis [67]. More recently, it has been highlighted how
endothelial cells (ECs) may acquire a prothrombotic phenotype by expressing functional
tissue factor (TF) once exposed to increasing doses of UA that can be reversed by the
preincubation with an uricosuric agent [68]. Moreover, the endothelial dysfunction induced
by hyperuricemia also favors the expression on the cell surface of the adhesion molecules
(CAMs) involved in the initiation of the atherosclerosis process. This mechanism appears
to be regulated by a modulation of the NF-kappaB pathway, leading to the upregulation of
TF on cell surface and downregulation of its natural inhibitor, the Tissue Factor Pathway
inhibitor (TFPI) [69]. Furthermore, the inflammasome [70] seems also to be involved with
an increase in caspase-1 function, which would promote a particular type of endothelial
cell apoptosis, known as pyroptosis, and the release of TNF-alpha [71]. A summary of the
possible mechanisms by which UA is involved in CVD is provided in Figure 2.

Figure 2. Major pathways UA related involved in pathogenesis of CVD.

These basic findings have been corroborated by a more recent clinical evaluation on
patients with acute coronary syndrome (ACS) [72] by reporting that higher UA levels are
associated with higher C-reactive protein (CRP) and troponin values. Additionally, ACS
patients with high UA levels showed an angiographic picture of multivessel coronary artery
disease and complex atherosclerosis according to the Ellis classification [72]. As regards the
relationship between hyperuricemia and systemic arterial hypertension, several studies
have shown an increase in blood pressure in patients with increased uric acid. A meta-
analysis that studied 55,607 patients showed that for each 1 mg/dL increase in uric acid, the
incidence of arterial hypertension increases by approximately 13% [73]. At the basis of this
relationship, there would be the lower release of nitric acid and the activation of the renin–
angiotensin–aldosterone system promoted by uric acid, which determine vasoconstriction
and consequent increase in blood pressure. A relationship between hyperuricemia and
increased onset of atrial fibrillation (AF) has been highlighted by the ARIC study, which
shows a 1.16-fold increase in the risk of AF in subjects, mostly female and of African origin,
with high UA values [74]. Atrial remodeling induced by the inflammatory effects and
oxidative stress related to UA seems to be the underlying mechanism [75]. In light of

156



Biomedicines 2023, 11, 2353

the relationship between hyperuricemia and increased cardiovascular risk, the current
therapeutic options mainly are represented by allopurinol and febuxostat, which inhibit the
enzyme xanthine oxidase, and therefore, the UA production could have a role in reducing
the incidence of cardiovascular events.

3.3. Vitamin D: Light and Shadow in Cardiovascular Prevention

Vitamin D, commonly known as the “sunshine vitamin”, is an essential nutrient that
plays a critical role in the absorption and regulation of calcium and phosphorus, essential
minerals necessary for strong bones, teeth, and overall skeletal health [76]. Unlike other
vitamins, the human body can produce vitamin D through exposure to sunlight [77]. The
precursor form of vitamin D, indeed known as 7-dehydrocholesterol, is naturally present
in the skin [78]. Upon exposure to UVB radiation emitted by sunlight, a photochemical
reaction takes place, leading to the transformation of 7-dehydrocholesterol into pre-vitamin
D3 [78]. Subsequently, through heat-induced isomerization, pre-vitamin D3 is converted
into cholecalciferol, also known as vitamin D3. Another form of vitamin D, the Vitamin
D2, also known as ergocalciferol, is primarily derived from plant-based sources and is
commonly utilized in fortified food products and some dietary supplements. Vitamin
D2 and D3 are fully activated through two consecutive hydroxylation reactions catalyzed
by specific P450 isoenzymes. The First hydroxylation, which occurs on the carbon in
position 25, takes place in the liver by vitamin D 25-hydroxylase (CYP2R1) to form the
pro-hormone 25-hydroxyvitamin D. Due its solubility and BPD binding properties, the
level of this metabolite better reflects the body’s vitamin D status. The second hydrox-
ylation occurs on the carbon in position 1 by 25-hydroxyvitamin D-1alpha-hydroxylase
renal (CYP27B1) and is responsible for the synthesis of the biologically active metabolite,
1,25-dihydroxyvitamin D [78].

Beyond its well-known role in bone health, vitamin D has garnered increasing atten-
tion in relation to cardiovascular health. Numerous observational studies have investigated
the link between vitamin D levels and CVDs. Although the results show some degree of
variability, they consistently highlight an inverse association between vitamin D status and
the risk of developing CVD [79–81]. The inverse correlation between vitamin D status and
CVD seems to be particularly strong in older adults [82,83]. Meta-analyses of epidemio-
logical studies support the inverse correlation between vitamin D levels and CVD [82,84].
The correlation between vitamin D levels and arterial hypertension holds significant im-
portance. Blood pressure tends to exhibit geographical and racial disparities, whereby
the risk of hypertension tends to rise from south to north in the Northern hemisphere.
A suggested explanation for this latitude-based correlation is that sunlight exposure may
offer protection, potentially due to the influence of ultraviolet B (UVB) radiation or vitamin
D [85]. This association appears to be supported by animal studies. Mice that lack the
vitamin D receptor (VDR) or have a genetic deficiency in the 1-alpha-hydroxylase gene,
which is responsible for vitamin D activation, have been shown to develop high renin
hypertension and cardiac hypertrophy [86,87]. In vitro studies highlight a favorable cardio-
protective effect of 1,25-dihydroxyvitamin D. It has been reported that the pretreatment
of ECs with vitamin D reduce the expression and activity of TF and CAMs induced by
oxidized lipids [68] or interleukin-6 [88], possibly preserving endothelial function.

All the putative cardiovascular mechanisms associated with vitamin D are provided
in Figure 3.

While in vitro studies and epidemiological studies have provided promising insights
into the potential cardioprotective effects of vitamin D, the results from randomized con-
trolled trials (RCTs) in this field have been inconclusive to date. The majority of trials
conducted so far have primarily focused on investigating the impact of vitamin D sup-
plementation on bone health. In many cases, vitamin D supplementation has been ad-
ministered alongside calcium supplementation. Meta-analyses of randomized controlled
trials (RCTs) have demonstrated non-significant reductions in CVD events with vitamin D
supplementation [89–91]. According to a Cochrane review, vitamin D supplementation was
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found to significantly reduce all-cause mortality when compared to a placebo or no inter-
vention. However, the review did not demonstrate a significant impact on cardiovascular
mortality [92].

Figure 3. Putative cardiovascular pathways Vitamin D-related: see text for details.

3.4. Gut Microbiota: The Axis Heart–Intestine in CVDs Development

Gut microbiota is a community made up of 1014 microorganisms, in symbiosis with
the host, with numerous functions, such as the fermentation of indigestible carbohydrates,
synthesis of vitamin K and biotin, and promotion of mucosal immune system [93]. In
recent years, emerging studies have considered gut microbiota as a “forgotten organ”
with metabolic, endocrine, and immunological functions, relevant for human health [94].
The balance of microbiota, in terms of number and diversification of species present,
depends on various factors: presence of modulators (antibiotics, probiotics, and prebiotics),
host’s characteristics (genetic background, immune system, hormones), and environmental
conditions (diet).

The imbalance of gut microbiota, defined intestinal dysbiosis, is involved in the
pathogenesis of many diseases, including atherosclerotic CVDs [95].

A recent meta-analysis and systematic review [96] reported a decrease in Bacteroides
and Lachnospira with an increase in Enterobacteria, Actinobacteria, and Verrucomicrobiota
in patients affected by coronary artery disease (CAD).

Intestinal dysbiosis promotes atherosclerosis through various mechanisms: local
infections with microbial translocation and systemic inflammatory state activation and the
production of pro-atherogenic metabolites, acting on the cholesterol metabolism.

The formation of atherosclerotic plaque can be promoted by an infection of the arterial
wall or a distant infection. Some studies report in the vascular wall the presence of DNA of
the same bacteria found in human gut [97]. These data do not indicate that bacteria are a
CAD etiological agent, but they suggest that these organisms can promote plaque formation
or accelerate disease progression [98]. Moreover, even a distant infection can promote
atherosclerosis. In fact, some bacteria can compromise the integrity of the intestinal barrier,
favoring lipopolysaccharide (LPS) translocation to systemic circulation [99]. LPS interaction
with Toll-like receptor 4 (TLR4) on immune cells’ surface activates the NF-kappaB pathway
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with the production of pro-inflammatory cytokines that alter tissue homeostasis [100]. In
fact, the pro-inflammatory state increases insulin resistance, which favors the development
of diabetes mellitus and obesity and determines macrophage infiltration in the vascular
wall, which initiates atherogenesis [101]. Certainly, microbial translocation, secondary to
altered permeability of intestinal barrier, determinates a sub-acute or chronic low-grade
inflammatory state, which induces metabolic syndrome development. The use of probiotics
and prebiotics has been evaluated as a tool to reduce the systemic inflammatory response
through the modulation of gut microbiota [102].

Furthermore, gut microbiota has a metabolic activity greater than the host’s activity.
Some microbial species are able to metabolize complex dietary carbohydrates, indigestible
or partially digestible by humans, into short-chain fatty acids (SCFAs); Bacteroides are the
principal producers of acetate and propionate, and Firmicutes are the principal producers
of butyrate [103]. SCFAs may have anti-inflammatory effects [104]. Hence, the alteration
of intestinal homeostasis correlates with systemic inflammation and, therefore, promotes
atherogenesis [95]. Moreover, some substances (choline, carnitine, betaine), contained in
some nutrients, such as red meat, are metabolized by gut microbiota into trimethylamine,
subsequently oxidized by hepatic flavin monooxygenase (FMO) into trimethylamine N-
oxide (TMAO) [105], a pro-atherogenic metabolite. At a systemic level, TMAO causes
endothelial dysfunction, a crucial phase in the pathogenesis of atherosclerosis, and increases
platelet calcium signaling with a pro-thrombotic effect [106,107]. TMAO blood levels are
proportional to atherosclerotic plaque vulnerability and evaluated with optical coherence
tomography (OCT). These data confirm TMAO’s pathogenetic role in atherogenesis but
also suggests its potential role as a biomarker of coronary plaque progression [108].

In addition, gut microbiota has important effects on cholesterol metabolism. In fact,
there are bacteria that metabolize primary bile acids, produced in the liver from cholesterol,
into secondary bile acids. These, through farnesoid X receptor (FXR) and G protein-coupled
TGR5 receptor, have effects on the host’s metabolic activity (hepatic accumulation of triglyc-
erides) and on the inflammatory state [109]. Alterations in gut microbiota influence the
type of secondary bile acids that are produced. Changes in the typology of bile acids
correlate with metabolic disturbances. For example, an increase in 12α-hydroxylated bile
acids (cholic acid, deoxycholic acid) correlate with insulin resistance development [110]. Re-
cently, emerging data correlate blood cholesterol levels with different microbial species. In
particular, Bacteroides reduce blood cholesterol levels through various mechanisms, mainly
via the esterification of cholesterol into coprostanol that is not absorbed in the intestine and,
therefore, eliminated with faeces and the inhibition of cholesterol synthesis [111].

Finally, a relationship between gut and thrombus microbiota in patients presenting
with ACS has been also reported [112] with Prevotella coronary thrombus content remark-
ably increased and associated with higher thrombus burden, TMAO, CDL40, and vWF,
especially in hyperglycemic ACS patients [112]. These data support the role of TMAO in
increasing coagulation.

All the possible atherosclerotic mechanisms associated with gut microbiota are sum-
marized in Figure 4.

Despite this growing evidence, the relationship between gut microbiota and CVDs is
still under intensive investigation.
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Figure 4. Summary of the main mechanisms by which gut microbiota, in condition of dysbiosis,
influences the pathogenesis of atherosclerosis. * Precursors to TMAO: choline, L-carnitine and betaine.
See text for details.

3.5. Lipoprotein(a): Unveiling the Enigmatic Lipid Particle

Lipoprotein(a), often abbreviated as Lp(a), is a lipoprotein particle that has garnered
significant attention in the field of atherosclerotic CVD, becoming subject of intense re-
search and debate in the last few decades [113]. The Lp(a) structure consists of a large and
highly polymorphic glycoprotein referred to as apo(a) covalently bound to a molecule of
apoB-100 [114]. In normotriglyceridemic individuals, apo(a) primarily associates with low-
density lipoproteins (LDL). However, in dyslipidemic patients, apo(a) can also combine
with apoB100 found in triglyceride-rich particles, specifically very low-density lipopro-
teins (VLDL) and intermediate-density lipoproteins (IDL) [115]. By the biochemical point
of view, apo(a) is characterized by loop-like structures known as kringles, a structural
motif also found in other coagulation factors, such as plasminogen (PLG), prothrombin,
urokinase, and tissue-type PLG activators [114]. Elevated Lp(a) levels are thought to sig-
nificantly contribute to atherosclerosis, primarily by interfering with macrophages [116].
Specifically, the macrophage’s receptor for VLDL can engage with a high affinity to Lp(a),
facilitating its breakdown via endocytosis within lysosomes, resulting in its degradation
and prompting the formation of foam cells with the deposition of cholesterol in atheroscle-
rotic plaques [116]. This hypothesis gains support from observations that Lp(a) is widely
present in human coronary atheroma and is more abundant in tissue from culprit lesions of
patients with unstable coronary disease when compared to those with stable disease [117].
Furthermore, oxidized phospholipids present on Lp(a) trigger inflammation through a TLR
2-mediated pathway, exacerbating endothelial disfunction and contributing to increased in-
flammation within the arterial wall [118]. Lp(a) may also affect the coagulative homeostasis
enhancing TF-mediated thrombosis and restrain the dissolution of clots [119], interfering
with fibrinolysis competing with plasminogen [120,121]. However, therapeutic efforts
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to reduce Lp(a) levels using an mRNA inhibitor (Pelacarsen) did not result in changes
to fibrinolysis, suggesting that negatively affecting fibrinolysis might not be a clinically
significant characteristic of Lp(a) [122]. Large epidemiological studies support a strong
correlation between Lp(a) levels and atherosclerotic CVD [113]. Pooled data derived from
36 prospective studies involving a total of 126,634 participants revealed that age and sex
corrected risk ratio for CVD increases with each rise in standardized concentrations of
Lp(a) [123]; elevated CVD risk persisted even after adjusting for conventional CV risk fac-
tors [123]. Lp(a) concentration shows consistent associations also with risk of stroke [123].
Recently, Lp(a) has been linked also to the inflammatory and calcification processes that
underlie aortic valve degeneration and progression of aortic stenosis [124]. A summary of
its putative mechanisms is provided in Figure 5.

Figure 5. Lp(a) connection with CVD.

3.6. The Metabolic Syndrome: A Cocktail of Ingredients Interconnected with Cardiovascular Risk

Metabolic syndrome (MS) is defined as the presence of at least three diagnostic criteria
(central obesity, hyperglycemia, HTN, hypertriglyceridemia, low high-density lipopro-
tein (HDL)) [125]. Its correlation with increased CV risk has been well characterized [125].
A multifactorial pathogenesis underlines this condition with inflammation and insulin resis-
tance (IR) as key playmakers [125,126]. IR, characterized by a reduced cellular response to
insulin, determines MS development through various pathways [127]. It is well established
that IR is linked to obesity through several mechanisms (the alteration of glucose transport
by down-regulation of GLUT4 and increased expression of protein tyrosine phosphatases,
which dephosphorylate and interrupt intracellular signaling) [128]. Furthermore, hyperin-
sulinemia, secondary to IR, is also responsible for obesity [128]. IR determines development
of HTN due to reduced NO production by ECs [129] and hyperactivation of the sympathetic
system [129]. Lipid metabolism alterations are also induced by IR [130]. In particular, the
increased release of fatty acids from adipocytes causes increased hepatic VLDL secretion
and, therefore, hypertriglyceridemia. VLDL stimulates the exchange of cholesterol esters
from HDL, reducing its bioavailability for reverse cholesterol transport [130]. A schematic
view is provided in Figure 6.

Strict glycemic control has a cardioprotective action through anti-inflammatory, anti-
oxidative mechanisms with a reduction in endothelial dysfunction [131,132]. However,
despite the achievement of glycemic compensation, CVDs continue to develop. The im-
provement of insulin sensitivity, through drugs such as metformin, leads to a reduction in
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cardiovascular events [133]. This suggests that CV risk is more related to IR than to blood
glucose levels [134]. Thus, a marker of IR should considered by the current guidelines to
better evaluate CV risk [134]. On this regard, HOMA index is a well-established marker of
IR [135] with a defined prognostic value in CV patients [136] and it should be add to the
current score for CV risk estimation.

 

Figure 6. Schematic view of metabolic syndrome leading to CVD.

A summary of mechanisms involved in the relationship between non-metabolic risk
factor and CVDs has provided in Table 1.

Table 1. Metabolic risk factors.

Risk Factor
Observed Effects/Impact on

Conventional CV Risk Factors
Mechanisms

Homocysteine

- CHD
- Stroke
- peripheral arterial disease
- venous thromboembolism

- Endotelial disfunction: oxidative stress; Reduced
NO bioavailability; increased expression of
HMGCoAR; increased expression of CAM and
pro-inflammatory interleukin (IL-8)

- Incremented arterial stiffness: elastic lamina
disruption, proliferation of smooth muscle cells
and incremented synthesis of collagen

- Incremented arterial intimal-medial thickening:
proliferation of smooth muscle cells; incremented
synthesis of collagen.

- Prothrombotic state: activation of pro-coagulant
factor: factor XII, factor V, TF; plasminogen
activator inhibitor-1 and reduced activity or
expression of anti-coagulant factor:
thrombomodulin; protein C, Heparan Sulfate;
Antithrombin III; plasminogen activator
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Table 1. Cont.

Risk Factor
Observed Effects/Impact on

Conventional CV Risk Factors
Mechanisms

Uric Acid

- Increased Oxidative stress
- Reduced NO
- Endothelial disfunction
- Inflammation

The synthesis of uric acid determines the formation of
ROS. ROS are responsible for the lipid oxidation and the
reduction of the NO concentration which causes the loss
of the normal endothelial function and induces a
pro-inflammatory and pro-trombotic state

Vitamin D
- CVD risk reduction.
- Effects on blood pressure.

- Reduced expression and activity of TF and CAMs
on ECs induced by oxidized lipids or interleukin-6,
possibly preserving endothelial function.

- Vitamin D regulation of renin synthesis

Gut Microbiota
Alteration

- Cholesterol reduction
- Insulin resistance
- Systemic pro-inflammatory state
- Endothelial dysfunction
- Pro-trombotic state

- Reduction of cholesterol synthesis and absorption
- Bacterial wall product translocation
- Reduced SCFAs formation
- TMAO production

Lipoprotein(a) - Atherosclerotic CVD

- Intimal cholesterol deposition
- Inflammation
- Lipid oxidation
- Hemostasis impairment

Metabolic Syndrome

- Hyperglicemia
- Hypertension
- Dyslipidemia

- alteration of glucose transport by down-regulation
of GLUT4, increased expression of protein tyrosine
phosphatases which dephosphorylate and
interrupt intracellular signaling

- reduced NO production and hyperactivation of
the sympathetic system

- increased release of fatty acids from adipocytes;
increased hepatic VLDL secretion and therefore
hypertriglyceridemia; stimulation exchange of
cholesterol esters from HDL

4. Non-Metabolic Risk Factors and Surrogates

4.1. Obstructive Sleep Apnea Syndrome: The Diving Board to CVDs

Obstructive sleep apnea (OSA) syndrome is a clinical condition characterized by
cyclical episodes of total (apnea) or partial (hypopnea) collapse of the upper airways,
occurring during sleep, with the persistence of thoracoabdominal movements. At the end
of the events, arousal occurs with transient hypoxemia, autonomic alterations, and sleep
fragmentation [137].

Apnea is defined as a reduction in airflow of at least 90% compared to the basal one,
lasting at least 10 s while hypopnea is defined as a reduction in airflow of at least 30%, for no
less than 10 s, associated with a reduction of at least 3% in oxygen saturation (SaO2) [138].

The severity of OSA is based on the number of events/hour, and it is defined as AHI
index (apnea/hypopnea index). Specifically, <5 events/hour define a normal respiratory
pattern, 5–14 events/hour a mild apnea, 15–29 events/hour a moderate apnea, and from
30 events/h a severe apnea [138]. The gold standard for the diagnosis of OSA is represented
by polysomnography (PSG) [138].

A diagnosis of OSA is made based on nocturnal breathing disorders (snoring, breath-
ing pauses in sleep, restless sleep, awakening choking) and/or daytime sleepiness symp-
toms associated with an AHI > 5; on the contrary, if the AHI index is greater than 15, OSA
can be diagnosed in the absence of symptoms [139].
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In general population, OSA prevalence is approximately 34% in men and 17% in
women [137,140] while in CVD populations, it ranges from 40% to 60% [141,142].

During sleep, a failure of the neuromuscular reflex that preserves the patency of
the airways occurs, resulting in hypoxemia and hypercapnia, determining an increase in
the respiratory effort and an awakening of a few seconds, which restores patency of the
upper airways, thanks to a series of reflex mechanisms. When sleep resumes, the cycle
repeats [143].

OSA represents an independent risk factor for CVDs, such as HTN, AF and other
arrhythmias, HF, CAD, stroke, pulmonary hypertension, metabolic syndrome, and diabetes
as shown in Figure 7. The involved mechanisms are multiple and probably interconnected.

Figure 7. Pathophysiological pathways OSA related leading to CVD.

During the apneic phase, by stimulating peripheral and central chemoreceptors [144],
hypoxia and hypercapnia determine the activation of the sympathetic nervous system with
consequent peripheral vasoconstriction and an increase in vascular resistance and heart
rate [145]. This results in an increase in left ventricular afterload and cardiac work. In
addition, there is an overall increase in left ventricular transmural pressure (that is the
difference between ventricular systolic pressure and intrathoracic pressure) with increased
wall stress [146,147]. The cycle repeats many times every night; therefore, the cardiovascular
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system is chronically exposed to neuro-hormonal stress, and the hyperactivity of the
autonomic nervous system also extends to the daytime hours over time [145,148].

Intermittent hypoxia is also responsible for an increase in oxidative stress [149]: during
the hypoxic phase, the cells adapt to an environment with low oxygen content, and with
the reoxygenation phase, there is a sudden increase of oxygen with ROS formation, leading
to cellular damage in the ischemic tissue [150,151].

Furthermore, a reduction in the levels of circulating NO has also been highlighted
during OSA [152], and this could be implicated in endothelial dysfunction [153].

OSA is present in up to 30–50% of HTN patients, and 80% of patients with resistant
HTN have OSA [139,154], representing an independent risk factor [137]. In patients with
OSA, due to the overactivity of the sympathetic nervous system, the physiological reduc-
tion in blood pressure during the night (which configures the “dipper” profile) does not
occur [155,156]. Therefore, there seems to be a correlation between sleep apnea and the
non-dipper profile of essential HTN [157,158]. Furthermore, several randomized trials
and meta-analysis have shown a reduction in blood pressure in patients with sleep apnea
treated with CPAP [137,159].

OSA is associated with heart rhythm disturbances and sudden death; pauses and
bradycardia are common in patients with OSA [139].

OSA is also an independent risk factor for AF with several pathophysiological mecha-
nisms implicated. In particular, sudden changes in intrathoracic pressure can cause atrial
remodeling and atrial fibrosis with consequent electrophysiological alterations [160]. More-
over, the sudden increase in sympathetic activity during apneas can lead to the activation
of catecholamine-sensitive atrial on channels, thus determining focal discharges from
which AF can be originated [161]. OSA is also associated with an increase in systemic
inflammation, which may contribute to the genesis of AF [162].

Sleep apnea also increases the risk of CAD by favoring atherosclerotic process via
oxidative stress, endothelial dysfunction, inflammatory state, and autonomic dysfunction. It
has been reported that in OSA patients, myocardial infarction occurs more frequently during
the night hours [163], and a higher pro-inflammatory profile is present [164] with an effective
reduction of the latter if CPAP therapy is used [164]. This study, therefore, suggests that
OSA could activate vascular inflammation with non-traditional pathogenetic mechanisms.

OSA is also a risk factor for incident strokes, stroke recurrence [165], and functional
and cognitive outcomes [166].

Pulmonary hypertension is closely related to OSA. Hypoxia and hypercapnia induce
arteriolar vasoconstriction in the short term and vascular remodeling in the long term that
could lead to an irreversible increase in pulmonary vascular resistance and the development
of pulmonary hypertension [167].

Sleep apnea, mainly the central form (CSA), is highly prevalent in HF patients as well,
ranging from 40% to 60% of symptomatic patients [168].

OSA is also linked to obesity and metabolic syndrome since chronic intermittent hypox-
emia and sleep loss is associated to higher plasma leptin levels [169], glucose metabolism
impairment, and insulin resistance [170].

At least, there is a reciprocal interaction between obesity and OSA where they both rein-
force their progression and their severity in a vicious circle. It is believed that the deposition
of fat in the upper airways and the functional alteration of the airways themselves are the
mechanisms involved in the pathogenesis of OSA in the obese subjects [171]. On the other
hand, daytime sleepiness and decreased physical activity together with hyperleptinemia
are the mechanisms probably implicated in weight gain in OSA.

4.2. Air Pollution: Health Breath as Part of Prevention

Air pollution is the contamination of the environment, indoor or outdoor, by a mixture
of chemical, physical, or biological agents that change the characteristics of the atmosphere
and even at low concentrations cause damage to human health, other living organisms
and the environment [172]. According to the Global Burden of Disease (GBD) report, air
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pollution was responsible for 6.7 million deaths in 2019 alone [172,173]. Globally, nearly
20% of CVD deaths are attributable to air pollution [173]. The main components of this
mixture of pollutants are Total Suspended Particulate Matter (PM), gaseous compounds
including ozone (O3), nitrogen dioxide (NO2), carbon monoxide (CO), sulfur dioxide (SO2),
and volatile organic compounds including benzene [172]. According to the World Health
Organization, 99% of the world’s population breathes air that contains annual average
levels of air pollutants that exceed guideline recommendations. Particularly high exposures
have been documented in cities in Asia, western sub-Saharan Africa, and Latin Amer-
ica [172]. The most consistent evidence on health damage is attributed to PM, i.e., the set
of airborne particles, ranging in diameter from 0.1 to 100 mm, capable of remaining in
suspension in the air even for long periods [174,175]. Short- and long-term exposure to
PM is associated with increased morbidity and mortality, impacting the progression of
atherosclerosis [176], ischemic heart disease [177–179], stroke [180], and lung disease as
well as the course of pregnancy and the health of newborns [181]. PM10 (particles between
2.5 and 10 mm in diameter) and, largely, PM2.5 (diameter < 2.5 mm), are the most linked to
CVD and affecting global public health [182,183]. Lung inflammation and oxidative stress
pathway is the primary response to air pollution exposure [184], contributing to the devel-
opment of a systemic pro-inflammatory state and activation of secondary effector pathways
that result in endothelial dysfunction, increased atherosclerotic plaque vulnerability, and
the activation of a prothrombotic and proarrhythmic state [177,185,186]. Experimental
animal models seem indeed to support this hypothesis [187]. Moreover, human expo-
sure to pollutant nanoparticles causes their translocation into the systemic circulation
through the alveolus-capillary membrane, interacting with the endothelium, accumulating
at sites of vascular inflammation, thus favoring atherosclerotic process [188–190], with
effects similar to those observed in the lungs [191] and thrombotic complications [192].
A relevant change in platelet function toward increased prothrombotic tendency has been
confirmed in diabetic patients after recent (within two hours) exposure to PM [193]. In
addition to these mechanisms, short-term PM2.5 exposure in animal models is associated
with sympathetic nervous system activation and hypertension, probably mediated by neu-
roinflammation [194,195]. In a meta-analysis of 33 studies, short-term exposure to PM2.5
was associated with a significant decrease in heart rate variability (HRV) [196]. Decreased
HRV is an index of autonomic system dysfunction and predicts an increased risk of car-
diovascular morbidity and mortality in patients with heart disease [197]. Increased blood
pressure and decreased HRV suggest an autonomic imbalance in favor of sympathetic tone
and could further explain the rapid cardiovascular responses associated with air pollution,
such as the initiation of fatal tachyarrhythmias and increased myocardial infarctions [177],
as confirmed by the available literature [198]. High short-term exposure to PM2.5 is associ-
ated with an increased risk of acute coronary event, acutely destabilizing and rupturing
atherosclerotic plaque, in patients with clinically significant pre-existing CAD but not in
those with uninjured coronary arteries [199]. Moreover, short-term exposure to elevated
levels of PM2.5 and PM10 is also associated with increased daily hospitalizations for STEMI
and increased incidence of STEMI-related ventricular arrhythmias and cardiac death [200].
The effect of long-term exposure to major air pollutants was assessed by the ESCAPE study
that have evaluated the incidence of acute coronary events in 11 European cohorts. At
a mean follow-up of 11.5 years, exposure to annual mean levels of PM2.5 > 5 μg/m3 and
PM10> 10 μg/m3 was associated with a 13% and 12% increase in the risk of nonfatal acute
coronary events, respectively, with no evidence of heterogeneity between cohorts [201].
Other observational studies and meta-analyses have reported a positive correlation between
long-term exposure to air pollution and the development and progression of subclinical
atherosclerosis and calcium accumulation [202] as well as increased carotid intima-media
thickness [203]. Based on the published data, no more doubts should exist on the role
of air pollutants in CVD development. A schematic view of the relationship between air
pollution and CVD is provided in Figure 8.
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Figure 8. Molecular mechanisms linked air pollution to CVD.

4.3. Climate Change: The Impact of Temperature

Temperature and its extreme variation is now recognized as a cardiovascular risk fac-
tor [204–206]. A very recent analysis evaluating 32,000 cardiovascular deaths in 27 countries
on 5 continents over 40 years support the role of extremely hot or cold temperatures in deter-
mining heart disease deaths [206]. Mortality and morbidity induced by climate change are
not exclusively due to hypothermia or hyperthermia, but also to indirect causes, such as res-
piratory diseases and CVDs, which can be undetected when the human body tries to adapt
to climate changes [207]. A relationship between mortality from CVD and temperature
exists with a U-, V-, or J shaped curve [208–210]. While the correlation between temperature
and CVD has been established, the role of diurnal temperature range (DTR), defined as
the difference between the maximum and minimum temperatures recorded in one day,
in determining CV events needs to be better evaluated. Extreme cold weather conditions
associated to climate change contributes to an increase in temperature variability that might
increase clinical cardiovascular events [205]. It is known that exposure to cold activates
both the sympathetic nervous system (SNS) and the renin-angiotensin-aldosterone system
(RAAS), which interact with each other, leading to HTN and myocardial damage [211].
Skin blood flow (SBF) is reduced in response to cold due to vasoconstriction and increased
urine output, thus inducing dehydration, hemoconcentration, and hyperviscosity [212].
Furthermore, eNOS and adiponectin inhibition contributes to endothelial dysfunction and
lipid deposition, thus favoring atherosclerosis and plaque instability. Cold exposure also
triggers mitochondrial dysfunction with myocardial damage, cardiac hypertrophy, and
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cardiac dysfunction. The increase in cardiac work and peripheral resistance contributes to
an increase in oxygen consumption and a reduction in the ischemic threshold [211], which
is clinically relevant, especially when the coronary circulation is already compromised.

On the contrary, exposure to heat leads to increased blood flow and sweating with loss
of fluids and dehydration. The resulting hemoconcentration and hyperviscosity may cause
thromboembolism, leading to increased risk of ischemic stroke [213]. In the presence of
heat stroke, the increase in core temperature redistributes the flow on the skin to facilitate
heat loss. Intestinal blood flow is reduced, and this could cause increased permeability of
the intestinal epithelium, allowing bacteria, their toxic cell wall component LPS, or HMBG1
to move from the intestinal lumen into the circulation. TLR4 recognizes these molecules,
stimulating innate and adaptive immune responses and causing systemic inflammatory
response syndrome (SIRS). Along with this, hyperthermia induces the occlusion of arte-
rioles and capillaries (microcirculatory thrombosis) or excessive bleeding (consumptive
coagulation), leading to multiorgan dysfunction. The putative mechanisms linking climate
changes and CVD is provided in Figure 9.

Figure 9. Correlation between climate changes and CVD: possible basic mechanisms. Several
variables affect the response to temperature changes.

- Gender: historically, sex differences in thermoregulation were often assumed due to
anthropometric factors. However, there is no evidence that women are at greater risk
of heat illness when the usual risk-management techniques are in place regarding
exercise intensity, clothing, and hydration [214]. It is still matter of debate whether the
documented influences of reproductive hormones on thermoregulatory mechanisms
in women result in quantifiable differences between the sexes in the capacity to dis-
sipate heat [214]. In males, winter cold may play a role in the constriction of major
epicardial vessels. In women, the greatest number of events occurs in the autumn
and not in the winter, of which the mechanism remains unclear and should consider
the different coronary anatomy (less elastic, smaller coronaries and fewer collateral
circulations) [215]. In women in whom microvascular angina is more common, cold
exposure could exacerbate its onset [216]. Furthermore, women have a higher temper-
ature threshold beyond which the sweating mechanisms are activated and a lower
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production of sweat than men, which leads to less heat loss by evaporation and greater
susceptibility to the effects of heat. Conversely, males had a greater reduction in core
body temperature when exposed to cold, which could explain the higher cardiovascu-
lar risk and mortality in response to the cold [214]. Despite these pathophysiological
difference, a recent meta-analysis indicates that gender did not affect the seasonal
dynamics of myocardial infarction, with a trend of higher susceptibility in men than
in women [217].

- Age: the elderly are more vulnerable to low temperatures, whose thermoregulatory
capacity is often compromised (especially 65–75 or >75 years) [216,218], with exposure
to heat, people > 60 years respond with less sweating, reduced blood flow to the skin,
less increase in cardiac output, and less redistribution of splanchnic and renal blood
flow than younger people. On the other hand, during exposure to the cold, elderly
people respond with reduced peripheral vasoconstriction (implying greater heat loss)
and reduced metabolic heat production.

- Regional differences: people living in metropolitan areas have greater socio-economic
resources, medical resources, and a better ability to adapt, with lower mortality than
people living in rural areas [219].

- Occupational exposure: heat exposure is an increasingly severe challenge, especially
to those susceptible occupations (miners, farmers) [220].

- Diabetes: characterized by endothelial dysfunction and hypercoagulability. Several
factors, such as oxidative stress and protein kinase C, could contribute to microvascular
damage from hyperglycemia. The cold could affect diabetic patients more. The
impaired thermoregulation and the reduced autonomic control could explain why
diabetic patients are more vulnerable to warm temperatures [221].

- Cardiovascular diseases: patients with prior MI are more susceptible to extreme
temperatures; endothelin 1, an indicator of vascular damage, is higher in these patients
in response to cold than in the healthy population.

- Kidney disease: renal disorders are commonly associated with increased blood pres-
sure, which is also an additional effect of extreme cold temperatures.

- Hypertension: among patients with a history of hypertension, increased urea/creatinine
levels, a marker of dehydration, have been observed in response to climate change.

Traditional risk factors as well as hormones and environmental factors (air pollution
and infections) have seasonal variability with a winter cluster [222,223].

A negative relationship has been also observed between cardiovascular events and
humidity [224]. When the air has a high percentage of humidity, perspiration and thermal
homeostasis processes could be impaired, which would increase respiratory fatigue and
heart rate [224].

In recent years, the increased concentrations of greenhouse gases due to human
activities have led to an increase in temperatures. Unfortunately, the modification of this
risk factor requires a major effort worldwide with green political strategies able to reduce
the impact of global warming in the next few decades.

4.4. Sleep Duration: Is There a Right Time for Cardiovascular Benefits?

The correlation between sleep duration (even napping) and CVD has been investi-
gated in the last few decades. Some studies focused on “short sleep”, defined as sleep
time < 6 h/night, while others have focused on “long sleep”, defined as sleep time > 9 h/night [225].
The most dated studies do not support this correlation [226]. However, recent evidence
suggest a link between sleep duration and CVD development and outcome [227–230].

The MORGEN study (Sleep Duration and Sleep Quality in Relation to 12-Year Cardio-
vascular Disease Incidence) [231] has evaluated sleep length and quality in 20,432 subjects
between 20–65-year-olds with no previous diagnosis of CVD during a follow-up period
of 10–15 years. The population was stratified into short sleepers (<6 h), normal sleepers
(7–8 h), and long sleepers (>9 h). Short sleepers showed a 15% higher risk of CVDs and
23% higher of CHD that increased up to 63% and 79% if a short sleep duration was as-
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sociated with poor sleep quality. According to these data, a long sleep duration was not
associated with increased risk of CVD or CHD. It has been reported that sleep restriction is
associated with metabolic changes [232] with impaired fasting glucose (probably because
of elevation in cortisol level) and higher energy intake due to altered production of hor-
mones, such as leptin and ghrelin [233]. In addition, hyperactivation of the sympathetic
branch of the autonomic nervous system, inflammation pathways (including secretion
of IL-6 and TNF-alpha), and oxidative system proteins (such as myeloperoxidase) have
been described [234]. Moreover, a higher risk of HTN and metabolic syndrome as well as
higher arrhythmic risk (mainly AF) have also been linked to sleep deprivation [235–237].
More recent evidence has led researchers to reconsider the correlation between prolonged
sleep duration (>9 h) and cardiovascular risk, such as stroke, CVD, CHD, obesity, and
diabetes mellitus [238]. This risk is exponentially related with an increase in the hours of
sleep. The PURE study, enrolling 116,632 subjects from seven different regions, showed
a J-shaped correlation between sleep hours and mortality or major cardiovascular events,
with an estimated minimum risk between 6–8 h/day of sleep, including both night and
daytime rest (daytime naps) [230]. These findings were corroborated by other observations,
too [239–241]. A more recent prospective study on 33,883 adults aged 20–74 years old
also support this correlation, pointing out the driving role of underlying conditions (HTN
and diabetes) [228]. This increased risk seems to be related to several factors, including
inflammation markers and vascular diseases, a sense of fatigue and lethargy during the day,
and worsening of sleep fragmentation, which has been associated with atherosclerosis [242].
Moreover, long sleepers often have health issues, such as uncontrolled chronic diseases,
OSAS or depression, or social discomfort due to low socioeconomic status, unemployment,
or a low level of education [243,244], as shown in Figure 10.

Figure 10. Association between Sleep duration and CVD.

A summary of mechanisms involved in the relationship between non-metabolic risk
factor and CVDs has provided in Table 2.

Table 2. Non-metabolic risk factors.

Risk Factor
Observed Effects/Impact on

Conventional CV Risk Factors
Mechanisms

Obstructive sleep apnea
syndrome

HTN, AF and other arrhythmias, HF,
CAD, stroke, pulmonary hypertension,
metabolic syndrome and diabetes

Hyperactivation of SNS; systemic oxidative stress;
endothelial dysfunction; systemic inflammation;
atherosclerosis; higher plasma leptin levels; glucose
metabolism impairment and insulin resistance
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Table 2. Cont.

Risk Factor
Observed Effects/Impact on

Conventional CV Risk Factors
Mechanisms

Air Pollution

HTN, endothelial dysfunction, increased
atherosclerotic plaque vulnerability and
activation of prothrombotic and
proarrhythmic state

Systemic oxidative stress & Inflammation,
autonomic imbalance in favor of sympathetic tone

Air temperature

-Cold: HTN,
atherosclerosis, stroke
-Heat: stroke, multiple organ failure,
cardiovascular dysfunction

-Cold: SNS and RAAS activation; lipid deposition;
dehydration, urinary voiding and hemoconcentration
-Heat: dehydration and hemoconcentration; gut
epithelial membrane permeability and SIRS; vascular
endothelium injury

Sleep duration Increased CVD risk and HTN in both
short and long sleep duration

Short: metabolic changes, hyperactivation of ANS,
inflammation and oxidative system protein.
Long: increased inflammation, vascular disease,
atherosclerosis. Association to uncontrolled chronic
diseases and social discomfort.

5. Discussion

An evaluation of cardiovascular risk has evolved in the last few years. The optimistic
expectations in managing traditional risk factors, such as HTN, hypercholesterolemia,
hyperglycemia, and smoking, to reduce the burden of CVDs have been largely unmet.
Clinicians and researchers have clearly realized that traditional risk factors may explain
only part of the occurrence of acute events in the general population.

A risk factor is a factor associated with a greater probability of the onset of the disease.
It must possess two fundamental characteristics: (1) constant (frequent) association and
(2) plausible temporal sequence. An etiological or causal factor is a condition directly
implicated in the determinism of the disease. It must meet the following requirements:
biological plausibility, biological gradient of effects, strength of association, and specificity
of the association. Starting from this statement, non-conventional risk factors are now
emerging to better define cardiovascular risk profile. Several efforts have been made
in exploring newer metabolic and non-metabolic risk factors and how they may affect
cardiovascular outcome. The present article summarize the available evidence on these
emerging factors and surrogates supporting the need for further researches to better address
the controversial points.

On behalf of metabolic risk factors, homocysteine, UA and Vitamin D levels, gut
microbiota status, Lp(a), and MS seem to be clearly linked to CVDs.

Although the role of homocysteine as a strong and independent cardiovascular risk
factor is clear at present, conflicting data exist on the effect of the hyperhomocisteinamia
lowering strategy and cardiovascular benefits. Observational studies and meta-analyses
exploring the folic acid and vitamin B12 supplementation to reduce hyperhomocisteinemia
seems to be beneficial in both primary and secondary prevention on the development of
CAD and stroke and on the incidence of mortality from cardiovascular causes [245,246].
However, other prospective, randomized, case-controlled, and meta-analyses studies have
shown no benefit of hyperhomocysteinemia treatment in the context of primary and
secondary prevention of cardiovascular events (CAD, myocardial infarction, cardiovascular
death, and all-cause mortality), except for a reduction in the risk of stroke, observed only
in some of these meta-analyses [247–254]. Hence, current guidelines on cardiovascular
prevention do not suggest serum homocysteine as standard practice in CVD prevention [3].
Better-designed clinical trials are needed to clarify the existing doubts on this regard.

Similarly, UA levels seem to offer a good picture of inflammatory status and coronary
atherosclerosis in cardiovascular patients. Currently, the limit value for UA set by the
Guidelines is <7 mg/dL in men and <6 mg/dL in women [255]. The URRAH observational
study, which included 22,714 patients, defined the cutoff value > 5.6 mg/dL as associated
with an increased risk of cardiovascular mortality [256]. Based on the available data
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correlating UA with the basic/clinical features of CVDs, the use of hypouricemic drugs
even at an early age in patients with known CVD or other risk factors could represent a
possible effective therapeutic strategy. However, current guidelines fail in defining a clear
recommendation for this issue.

Vitamin D is another promising additional marker for cardiovascular evaluation, but
the controversial findings from the clinical trial published to date have limited its predictive
value. The primary challenge in investigating the relationship between vitamin D levels and
CVD disease lies in distinguishing the cause–effect relationships from statistical correlations.
While it is evident that vitamin D levels represent an unconventional cardiovascular risk
factor, the existence of a direct causal relationship between vitamin D metabolism and
CVD is still a subject of debate. The most controversial trial published to date is the VITAL
study [257]. A total of 25,871 participants were enrolled to evaluate the effect of vitamin
D supplementation on cardiovascular prevention [257]. However, only 15,787 vitamin D
levels were available. Of these participants, only 12,7% (2005 subjects) were vitamin D
deficient (with a value below 20 ng/dL), and 32,2% were insufficient (with a value between
20–30 ng/dL). Based on the available literature showing that cardiovascular risk increase for
levels below 20 ng/dL [79,258], the number of deficient subjects in VITAL study seems to be
too small for any conclusion. Taking into account the antithrombotic and anti-inflammatory
properties reported in different experimental model, better-designed clinical trials are
needed to finally clarify the role of vitamin D as a marker of CVD.

Gut microbiota is an organ with an important role in host’s metabolism due to several
systemic effects. Intestinal dysbiosis, through the mechanisms previously described, repre-
sents a non-traditional cardiovascular risk factor [259]. A greater knowledge of microbe-
microbe and microbe-host relationships could be the prerequisite for targeted strategies
for microbiota modulation with the purpose to modify host’s immune-inflammatory and
metabolic state in the desired direction.

Lp(a), with its distinctive composition, enigmatic functions, and substantial clinical
implications, has ignited scientific interest and debate. As research progresses, a more
profound comprehension of its pathophysiology could potentially unlock innovative di-
agnostic tools, therapeutic approaches, and preventive strategies, thereby enhancing our
capacity to effectively manage and reduce risks linked to this intriguing lipid particle.

Several epidemiological and clinical studies have clearly shown the relationship be-
tween MS and CVD with an estimated risk up to 50–60% [125]. Taking into account that IR
is the pathophysiological substrate of MS [127], its early detection by the available markers
is of great importance. HOMA index is a reliable marker of IR [135]. It can be easily
detected and should be considered by the current SCORE for CV definition.

Metabolic risk factors for CVDs are an evolving concept. Our understanding of their
role in modulating cardiovascular pathways is increasing. A recent report has shown
that even pre-menopausal breast fat density might predict cardiovascular outcome [260]
because of its inflammatory, pro-apoptotic properties, and pleiotropic negative effects on
the cardiovascular system [261]. This aspect is of great importance because despite the
reported sex difference for incident and recurrent coronary events and all-cause mortality
with lower risk in women [262], the presence of overweight and metabolic distress could
cause major adverse cardiac events in women via over-inflammation [263] Thus, future
researches should take into account most of these novel modulators to better define the
metabolic CV risk of the general population.

Other non-metabolic risk factors with pathophysiological implications affect the car-
diovascular system. Of these, OSA, air pollution, climate changes, and sleep duration may
modify cardiovascular outcome; thus, they should be considered and quantify in defining
cardiovascular risk.

OSA is clearly linked to any CVD, and because of its prevalence in general population,
it should be added to the current score to define CV outcome. The chronic hypoxia and
hypercapnia, induced by the mechanical collapse of the upper airways during sleep, leads
to different functional and metabolic changes that, as discussed above, are responsible
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of the CVD pathogenesis. However, current studies have failed to show cardiovascular
benefits from OSA treatment with CPAP [264]. These negative results seem to be related
to the poor compliance of the patients to the treatment [264]. Hence, additional trials are
needed to solve this issue.

On the contrary, the role of air pollution in CVD has been defined. Considering
the evidence to date, the most recent guidelines of the European Society of Cardiology
have identified air pollution as a major modifiable risk factor relevant to the prevention
and management of CVD [3]. The APHEKOM project, conducted in 25 European cities,
calculated that meeting the annual average PM2.5 values recommended by the WHO
guidelines (annual average 10 mg/m3) would add up to 22 months of life expectancy at
age 30, corresponding to a total of 19.000 delayed deaths [265]. A greater understanding
of the mediators underlying the impact of air pollution on human health are needed to
spur political forces to the implementation of targeted, effective, and enforceable legislation
on global air pollution reduction in order to protect people at risk and reduce the effect
on CVD.

Climate change is another well-defined non-conventional risk factor. The consequence
of global warming is the exposure of the population to moderate to extremely hot temper-
atures and less exposure to the cold, with consequences for human health [266]. Several
studies have suggested an increase in heat-related mortality. A reduction in risk is often
considered a sign of adaptation, either as a result of a physiological acclimatization re-
sponse to temperature changes (intrinsic adaptation) or through non-climatic factors that
contribute to risk reduction (extrinsic adaptation), such as socioeconomic development or
personal care [267]. Management of this risk factor should be part of a global strategy with
green interventions able to reduce its impact in a close future.

Lastly, evaluation of sleep duration should become part of the medical examination
since the available literature support its correlation with CVD [268]. Currently, the most im-
portant European and American associations for sleep and CVDs suggest a nocturnal sleep
duration, preferably unfragmented, of about 7 h [269,270]. Daytime naps are discouraged,
except for subjects who have a nocturnal sleep time below 6 h.

6. Conclusions

Management of CVD is evolving. Current evidence clearly indicates that beyond
traditional risk factors, the medical community should start to consider different non-
conventional factors and surrogates that may induce pathophysiological changes linked
to CVD and outcome. The latest guidelines from international societies still fail to add
these emerging factors and surrogates to the available SCORE for cardiovascular risk
evaluation and better define the countries at risk taking into account their climate and
air pollution status, too. Thus, a major effort should be made by researchers to generate
a novel algorithm that by combining conventional and non-conventional risk factors might
be more accurate for cardiovascular risk scoring.
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ACC (American College of Cardiology); ACS (acute coronary syndrome); AF (atrial
fibrillation); AHI (apnea-hypopnea index); ANS (autonomic nervous system); CAD (coro-
nary artery disease); CAMs (cell adhesion molecules); CHD (congenital heart defects); CO
(carbon monoxide); CPAP (continuous positive airway pressure); CRP (C-reactive protein);
CSA (central sleep apnea); CV (cardiovascular); CVD (cardiovascular diseases); DALYs
(disability-adjusted life years); DTR (diurnal temperature range); EC (endothelial cells);
eNOS (endothelial nitric oxide synthetase); FMO (flavin monooxygenase); FXR (farnesoid
X receptor); GBD (Global Burden of Disease); HDL (high-density lipoprotein); HF (heart
failure); HMGB1 (high mobility group box 1); HRV (heart rate variability); HTN (hyperten-
sion); IDL (intermediate-density lipoproteins); IR (insulin resistance); LDL (low-density
lipoprotein); Lp(a) (lipoprotein a); LPS (lipopolysaccharide); MS (metabolic syndrome);
MI (myocardial infarction); NF-kappaB (nuclear factor kappa B); NO (nitric oxide); NO2
(nitrogen dioxide); O3 (ozone); OCT (optical coherence tomography); OSA (obstructive
sleep apnea); PM (particulate matter); PLG (plasminogen); PSG (polysomnography); RAAS
(renin-angiotensin-aldosterone system); RCTs (randomized controlled trials), ROS (reactive
oxygen species); SaO2 (oxygen saturation); SBF (skin blood flow); SCFAs (short-chain
fatty acids); SCORE (Systematic COronary Risk Evaluation); SIRS (systemic inflammatory
response syndrome); SNS (sympathetic nervous system); SO2 (sulfur dioxide); STEMI (ST-
elevation myocardial infarction); TF (tissue factor); TFPI (tissue factor pathway inhibitor);
TLR (Toll-like receptor); TMAO (trimethylamine N-oxide); TNF-alpha (tumor necrosis
factor alpha); UA (uric acid); UVB (ultraviolet B); VDR (vitamin D receptor); VLDL (very
low-density lipoprotein); WHO (World Health Organization).
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Abstract: Cardiovascular diseases (CVD) are a global health concern, affecting millions of patients
worldwide and being the leading cause of global morbidity and mortality, thus creating a major
public health concern. Sodium/glucose cotransporter 2 (SGLT2) inhibitors have emerged as a
promising class of medications for managing CVD. Initially developed as antihyperglycemic agents
for treating type 2 diabetes, these drugs have demonstrated significant cardiovascular benefits beyond
glycemic control. In our paper, we discuss the role of empagliflozin, dapagliflozin, canagliflozin,
ertugliflozin, and the relatively recently approved bexagliflozin, the class of SGLT-2 inhibitors, as
potential therapeutic targets for cardiovascular diseases. All mentioned SGLT-2 inhibitors have
demonstrated significant cardiovascular benefits and renal protection in clinical trials, in patients
with or without type 2 diabetes. These novel therapeutic approaches aim to develop more effective
treatments that improve patient outcomes and reduce the burden of these conditions. However, the
major scientific achievements of recent years and the many new discoveries and mechanisms still
require careful attention and additional studies.

Keywords: diabetes mellitus; heart failure; sodium/glucose cotransporter 2 (SGLT2) inhibitors;
bexagliflozin

1. Introduction

Diabetes mellitus (DM) is a metabolic disease related to chronic hyperglycemia caused
by impaired insulin secretion and/or action. It occurs mainly in the older population and
is often undiagnosed. More than 400 million adults worldwide suffer from it, and it is
estimated that this number will increase by more than 50% in the next 20 years [1].

Persistently increased levels of glucose in the blood result in symptoms such as
polyuria, polydipsia, drowsiness, or weight loss. The consequences of uncontrolled dia-
betes are ketoacidosis or nonketotic hyperosmolar syndrome. Chronically elevated blood
glucose levels are associated with the development of numerous complications, such as
nephropathy, neuropathy, and retinopathy. However, the leading causes of morbidity and
mortality in both type 1 and type 2 DM are heart failure and cardiovascular disorders [2].

DM and heart failure (HF) are among the most widespread diseases in the adult
population, and their numbers are increasing with age. It is very common for the two
illnesses to co-exist in the same patient, and in people over the age of 65, as many as 22%
of people with type 2 diabetes have HF simultaneously [2–4]. The co-existence of these
two diseases is complex and bidirectional. The risk of developing HF is over twice as high
in patients with diabetes than in those without diabetes [5]. Furthermore, it increases the
hospitalization rate and worsens cardiovascular outcomes. The prognosis in this group is
far worse, and mortality from all causes is enhanced, but especially from cardiovascular
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causes [6]. Research shows that HF is also an independent predictor of clinical prognosis,
both fatal and nonfatal, in patients with DM.

Diabetic cardiomyopathy is a state of ventricular dysfunction in the absence of other
cardiac risk factors in diabetics [7]. There are various mechanisms that contribute to dia-
betic cardiomyopathy. This includes systemic metabolic disorders, subcellular component
abnormalities, numerous molecular mechanisms, or dysfunction of the renin–angiotensin–
aldosterone system [8].

Most current antidiabetic drugs have an adverse effect by exacerbating cardiovascular
risk factors. Some antihyperglycemic therapies, such as the use of insulin or thiazolidine-
diones, cause weight gain and fluid retention [9], while saxagliptin, a dipeptidylpeptidase
4 (DDP4) inhibitor, is related to an increased risk of HF in comparison to standard treat-
ment [10,11]. New classes of agents are proven to be beneficial for cardiovascular protection.
They include glucagon-like peptide-1 receptor agonists (GLP-1 RAs) and sodium/glucose
cotransporter 2 (SGLT2) inhibitors. SGLT-2 inhibitors have demonstrated cardiovascular
benefits in large-scale clinical trials. The possible mechanisms of these profits are being
widely investigated because there is a small likelihood that they are related to improved
glycemic control. According to the Empagliflozin Cardiovascular Outcome Event Trial
in Type 2 Diabetes Mellitus Patients–Removing Excess Glucose (EMPA-REG OUTCOME)
study, treatment with one of the SGLT-2 inhibitors, empagliflozin, decreased the rate of
cardiovascular death and hospitalization for HF in diabetic patients [12]. Empagliflozin
is especially recommended for patients with prevalent cardiovascular diseases (CVD) to
reduce the risk of death [13]. However, the choice of drug for CVD prevention should be
based on the presence of risk factors and the co-existence of CVD.

SGLT-2 inhibitors that are nowadays available in the United States are empagliflozin,
dapagliflozin, canagliflozin, and ertugliflozin. In the European Union, we also have
sotagliflozin. Nevertheless, on 23 January 2023, the U.S. Food and Drug Administration
(FDA) approved a new antihyperglycemic agent called bexagliflozin. It has been proven
to significantly improve glycemic control with a single daily dose of 20 mg. Importantly,
in addition to its hypoglycemic effect, it also shows a systolic blood pressure-lowering
effect [14].

The aim of this review is to list, discuss, and compare each individual SGLT-2 inhibitor,
with a focus on the recently approved bexagliflozin. We also want to outline the most
important properties and side effects of this particular group of medications.

2. Empagliflozin

The SGLT-2 inhibitors, which include empagliflozin, are one of the more recent groups
used in antihyperglycemic therapy. On the basis of numerous studies and comparative
meta-analyses, it was noted that it significantly reduced HF hospitalizations in patients
with both stable cardiovascular disease and acute HF. Empagliflozin reduced all-cause and
cardiovascular mortality and reduced the risk of cardiovascular disease, regardless of the
initial risk [6,15–17]. It also significantly improved myocardial function in patients, regard-
less of their ejection fraction levels [18–21]. The mechanisms by which SGLT-2 inhibitors
both improve glycemic levels and improve parameters in cardiovascular disease are not
fully understood. However, ongoing studies have noted that the use of empagliflozin
reduces interstitial fibrosis of the ventricular myocardium, improves aortic stiffness, and
induces anti-inflammatory effects [22–26]. As with other SGLT-2 inhibitors, it also reduces
the amount of pericardial fat [27]. In addition, improvements in hematocrit and hemoglobin
were found in patients, which, like the aforementioned findings, may have contributed
to a reduction in HF hospitalizations and mortality in patients both with and without
diabetes [18,19,22,28,29].

Preclinical studies report that the use of empagliflozin reverses the effect of glucotoxic-
ity by lowering serum methylglyoxal levels and attenuating AGE/RAGE signaling [30,31].
It was also observed to inhibit NADPH oxidase and reduce reactive oxygen species (ROS)
production, leading to a reduction in oxidative stress on endothelial cells. In addition, it
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led to increased NO production by improving endothelial nitric oxide synthase (eNOS)
activity [30,32]. Empagliflozin was also responsible for decreasing the expression of in-
flammatory molecules such as adhesion molecules (ICAM-1, VCAM-1) and macrophage
markers (MCP-1), contributing to the reduced induction of endothelial damage [32]. Em-
pagliflozin also improved endothelial cell health by maintaining the integrity of the glyco-
calyx [33]. Moreover, the cardioprotective and anti-inflammatory effects of empagliflozin
included a reduction in the concentrations of eicosanoids such as PGE2 and TXB2, which
led to vascular wall damage and vessel lumen constriction [34]. Notably, empagliflozin
contributed to the decline of atherosclerotic plaque by reducing the levels of circulating
TNF alpha, IL-6, and MCP-1 in the blood [35].

The first study to evaluate the effect of SGLT-2 inhibitors on cardiovascular events
was EMPA-REG OUTCOME [12]. The study was a randomized, double-blind, placebo-
controlled trial, and its principal objective was to evaluate the effect of empagliflozin on
the occurrence of cardiovascular events in adults with type 2 diabetes and established
cardiovascular disease. The primary outcome was the occurrence of one of the events, such
as death from cardiovascular causes, nonfatal myocardial infarction, or nonfatal stroke,
while the key secondary outcome was the primary outcome along with hospitalization for
unstable angina. After a mean follow-up of 3.1 years, it was noted that patients receiving
empagliflozin had a significantly lower incidence of the primary outcome compared to the
placebo group (10.5% and 12.1%, respectively). In contrast, given the similar incidence of
hospitalization for unstable angina in both groups, there was no meaningful difference in
the key secondary outcome. Furthermore, it was observed that empagliflozin markedly
reduced cardiovascular mortality, any cause mortality, and hospitalization for HF [12].
During follow-up, a slight decrease in weight, systolic and diastolic blood pressure without
an increase in heart rate, and elevated hematocrit and hemoglobin values were noted in
patients. In a post-analysis of the EMPA-REG OUTCOME trial, it was concluded that an
increase in hematocrit and hemoglobin levels was associated with a decreased risk of HF
hospitalization and death from HF. This was related to enhanced myocardial function,
improved oxygen supply, and reduced cardiac preload and afterload [36].

In the randomized EMPEROR-Reduced trial, 3730 patients with chronic HF (NYHA 2–4)
and a left ventricular ejection fraction (LVEF) of 40% or less were screened to assess the effect
of empagliflozin on the incidence of cardiovascular death or first HF hospitalization (the
first outcome), as well as the rate of all HF hospitalizations (the first-second outcome) [37].
The primary composite outcome appeared in a distinct minority of those subjects who took
empagliflozin in comparison to those who took a placebo, 19.4% and 24.7% (HR = 0.75,
p < 0.001), respectively. The preceding effect was similar in both the diabetic and non-
diabetic groups (hazard ratios of 0.72 and 0.78 in comparison with the placebo group,
respectively). During the course of the trial, the number of all hospitalizations for HF in
patients taking empagliflozin was lower as compared to the placebo group (HR = 0.70,
p < 0.001). It should also be emphasized that patients experienced significant improvements
in cardiovascular and renal outcomes regardless of their baseline diabetes status [21].

A subsequent study was EMPEROR-Preserved [20], enrolling patients with chronic
HF (NYHA 2–4) and LVEF above 40%. Both the first outcome and secondary outcomes
were similar to those of the EMPEROR-Reduced trial. The onset of the first outcome
was lower in the empagliflozin group (13.8%) than in the placebo group (17.1%). Both
hospitalizations for HF and deaths from cardiovascular causes decreased. Importantly, the
observed changes were the same across subgroups, including patients with diabetes (16.3%
vs. 19.8%, HR = 0.79) and without diabetes (11.5% vs. 14.5%, HR = 0.78), according to the
placebo group. In the first-second outcome, the rate of hospitalization from HF was also
lower in the empagliflozin group than in the placebo group (HR = 0.73, p < 0.001), and the
time to first hospitalization was prolonged. In the post-analysis of the study, improvements
in parameters were observed in the form of a decrease in glycated hemoglobin levels
and body weight and an increase in hemoglobin levels [38]. In addition, a decrease in
NT-proBNP levels was noted, which was initially similar in patients with and without
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diabetes. However, in the following weeks, a more pronounced decline was noted in
patients with diabetes.

The EMPA-Tropism trial examined whether empagliflozin also had a positive effect
on heart failure with reduced ejection fraction (HFrEF), exercise capacity, and quality of life
in non-diabetic patients [22]. The first outcome was to determine whether empagliflozin
attenuates adverse myocardial remodeling as assessed by improvements in left ventricular
end-diastolic volume (LVEDV) and left ventricular end-systolic volume (LVESV). In the
second outcome, among others, changes in peak oxygen consumption, left ventricular
mass, LVEF, distance in the 6 min walk test (6MWT), and quality of life were assessed using
the KCCQ-12 scale. After a 6-month follow-up, substantial improvement was noted in
LVEDV in the empagliflozin versus placebo group (−25.1 ± 26.0 mL vs. −1.5 ± 25.4 mL;
p < 0.001) compared to the beginning of the study [39]. Similar changes were observed
for left ventricular end-systolic diameter (LVESD) (−26.6 ± 20.5 mL vs. −0.5 ± 21.9 mL,
p < 0.001). In addition, the empagliflozin group had a significant reduction in left ventricular
mass (−17.8 ± 31.9 g vs. 4.1 ± 13.4 g; p < 0.001) and a more pronounced increase in LVEF
(6 ± 4.2 vs. −0.1 ± 3.9; p < 0.001) in comparison with placebo. There was a notable
enhancement in peak oxygen consumption (1.1 ± 2.6 mL/min/kg) and distance extension
in the 6MWT (81 ± 64 m) in the empagliflozin group [22,39]. All the above-mentioned
elements contributed to a meaningful improvement in the patient’s quality of life.

EMPULSE was a prominent trial that investigated empagliflozin’s effects in people
with acute HF [40]. The trial aimed to introduce empagliflozin into HF treatment while
patients were still in the hospital. The developments observed during the trial provided
clinically significant benefits to patients at the same time as providing no safety concerns
about its use [41]. The main objective was to improve survival, reduce symptoms, and
reduce the incidence of heart failure events. There were 11 deaths in the empagliflozin
group (4.2%), while 22 patients (8.3%) died in the placebo group. Sixty-seven patients had
at least one heart failure event (HFE) during the study, with twenty-eight patients in the
empagliflozin group and thirty-nine in the placebo group (10.6% and 14.7%, respectively).
Furthermore, there was a greater absolute change in the Kansas City Cardiomyopathy
Questionnaire Total Symptom Score (KCCQ-TSS) from baseline to day 90 in patients in
the empagliflozin group (HR = 4.45; 95% CI 0.32–8.59) and a significant reduction in
NT-proBNP levels (HR = 0.90, 95% CI 0.82–0.98) [41].

The individual SGLT-2 inhibitors have a similar range of action; therefore, an important
factor comparing them to one another will be cardiovascular events and the occurrence of
adverse events [42]. In a meta-analysis conducted by Zelniker et al. [16] both empagliflozin,
canagliflozin, and dapagliflozin were associated with reduced hospitalizations for HF and
reduced progression of kidney disease. However, in patients with atherosclerotic CVD, the
positive effect of empagliflozin on reducing cardiovascular death was more pronounced
than with the other SGLT-2 inhibitors. A similar effect was observed for all-cause mor-
tality [43,44]. In the retrospective trial conducted by Suzuki et al. [45], the incidence of
subsequent cardiovascular risk in terms of HF, myocardial infarction, angina, stroke, and
atrial fibrillation was compared in accordance with individual SGLT-2 inhibitors. It turned
out that no significant differences in the risk of the above-mentioned cardiovascular events
were observed between empagliflozin, dapagliflozin, canagliflozin, or other SGLT-2 in-
hibitors (ipragliflozin, tofogliflozin, and luseogliflozin). A comparable effect was observed
in reducing HF progression [43]. Entirely different conclusions were reached in a study
by Jing et al. [44], in which empagliflozin was associated with a more favorable effect on
the occurrence of cardiovascular events than canagliflozin or dapagliflozin. Additionally,
according to Tang et al. [46], it was more likely to reduce the risk of HF or HF requiring hos-
pitalization compared to the other SGLT-2 inhibitors. The studies comparing empagliflozin
with other SGLT-2 inhibitors are summarized in Table 1.
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Table 1. A comparison of empagliflozin with other SGLT-2 inhibitors in patients with type 2 diabetes.

Study Tang et al. [46] Zelniker et al. [16] Täger et al. [43] Suzuki et al. [45] Jiang et al. [44]

Year 2016 2019 2021 2022 2022

Study design Meta-analysis Meta-analysis Meta-analysis Retrospective
cohort study Meta-analysis

No of patients 28,859 34,322 74,874 25,315 70,574

Patient’s
characteristics

Patients > 18 years
old with T2DM

Mean age 63.5
years, 60.2%
patients with

atherosclerotic
CVD, 11.3%

patients with
history of HF,
14.9% patients
with eGFR <

60 mL/min per
1.73 m2

Patients
52–69 years old,

HbA1c level
between 7.2% and

9.3%

Median age
52 years, median
HbA1c level 7.5%

Mean age
59.2 years old,

mean HbA1c level
8.3%

SGLT2 inhibitors

Canagliflozin,
dapagliflozin, or
empagliflozin vs.
placebo or other

active anti-diabetic
treatments

Empagliflozin
10 mg, 25 mg,
canagliflozin

100 mg, 300 mg,
dapagliflozin

10 mg

Canagliflozin,
dapagliflozin,
empagliflozin,
ertugliflozin

Empagliflozin,
dapagliflozin,

canagliflozin, other
SGLT2 inhibitors

(ipragliflozin,
tofogliflozin,

luseogliflozin)

Empagliflozin
5 mg, 10 mg,
25 mg, 50 mg,
canagliflozin

100 mg, 300 mg,
dapagliflozin
2.5 mg, 5 mg,

10 mg, placebo

Comparison of
SGLT2 inhibitors

Empagliflozin
significantly lower
the risk of MACE

and any-cause
mortality than

placebo and other
SGLT2 inhibitors.

Furthermore,
empagliflozin

lower risk of HF
and HF requiring
hospitalization.

Empagliflozin has
superior effect on

reducing death
from

cardiovascular
causes than

canagliflozin or
dapagliflozin.

There is an
increased risk of

fractures and
amputations with

canagliflozin.

Empagliflozin is
superior to

canagliflozin and
dapagliflozin in

reducing all-cause
mortality and
cardiovascular

mortality.
However, all

without significant
differences reduce

HF worsening.

There were no
relevant

differences in the
risk of myocardial
infarction, angina

pectoris, heart
failure, atrial

fibrillation and
stroke among

individual SGLT2
inhibitors.

Empagliflozin is
associated with

significantly lower
risk of all-cause
mortality and
cardiovascular

events than
canagliflozin and

dapagliflozin.

T2DM, type 2 diabetes mellitus; MACE, major adverse cardiovascular events; HF, heart failure; CVD, cardiovascu-
lar disease; eGFR, estimated glomerular filtration rate.

3. Dapagliflozin

One example of a selective SGLT2 inhibitor is dapagliflozin, used under the trade name
Forxiga® in Europe or Farxiga® in the US, in doses of 5 or 10 mg. It was approved in 2012 by
the European Medicines Agency (EMA) and in 2014 by the Food and Drug Administration
(FDA) [47,48]. As for the drug’s pharmacokinetics, due to its approximately 14 h half-life, it
can be used once daily, reaching maximum plasma concentrations after about 2 h, while its
metabolites are excreted mainly in the urine and feces [47–49]. Dapagliflozin acts mainly in
the proximal tubule of the kidney, and the mechanism involves reducing the reabsorption
of glucose. This increases the excretion of glucose in the urine, which leads to the desired
hypoglycemic effect. Indirectly, there is a partial reduction in body weight through negative
energy balance and a reduction in blood pressure due to osmotic diuretic action—mild
natriuresis [50,51]. The characteristics of the properties and actions of dapagliflozin are
presented in Figure 1 [50,52].
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Figure 1. Characteristics of dapagliflozin [50,52].

In the European Union, it is used in monotherapy or combination therapy in T2DM
when patients fail to achieve normal glycemic control despite lifestyle changes, i.e., diet
and adequate exercise. Dapagliflozin has been shown in numerous studies to reduce
hospital admissions for heart failure and the rate of death from cardiovascular causes
in both patients with and without T2DM [49,53]. In patients with parenchymal CVD, it
probably caused a reduction in renal disease progression [49]. Dapagliflozin also has a
partial metabolic effect caused by increasing muscle insulin sensitivity [54]. Worthy of
mention is the international, randomized Dapagliflozin Effect on Cardiovascular Events–
Thrombolysis in Myocardial Infarction 58 (DECLARE–TIMI 58) study. It had a double-blind,
placebo-controlled, phase 3 trial to evaluate the effect of dapagliflozin in patients with
T2DM and established atherosclerotic cardiovascular disease or multiple atherosclerotic
cardiovascular risk factors on cardiovascular events [1]. Positive effects on the kidneys, such
as natriuresis and improved endothelial function, have also been observed [49]. The study
included 17,160 patients diagnosed with T2DM. It showed that the use of dapagliflozin
resulted in reduced cardiovascular deaths and hospitalizations for HF, regardless of ejection
fraction [48,55,56]. In contrast, SGLT2 treatment did not lead to a statistically significant
reduction in MACE [48,57,58]. Another study, Dapagliflozin and Prevention of Adverse
Outcomes in Heart Failure (DAPA-HF), included 4744 patients with heart failure with or
without T2DM, reduced EF (≤40%), NYHA score II–IV, and elevated NT-proBNP. Patients
were randomly assigned to take one 10 mg tablet of dapagliflozin daily. Less than 42%
of the subjects had additional T2DM [59,60]. The characteristics of patients with T2DM
participating in the DAPA-HF study are presented in Table 2.

Table 2. Characteristics of patients with T2DM participating in the DAPA-HF study [60].

Characteristics in Patients with T2DM

Higher body mass index

More obese individuals
More people with a history of myocardial infarction, ischemic disease, coronary artery disease

NYHA score II–IV
Higher serum NT-proBNP levels

Lower values of mean eGFR
More patients with hypertension

NYHA, New York Heart Association; eGFR, estimated glomerular filtration rate.
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These studies indicated that HF and HFrEF, regardless of the presence or absence of
T2DM, who were consuming dapagliflozin, had a lower risk of cardiovascular death [60].
An important cardioprotective component of dapagliflozin is the reduction in cardiac
preload and afterload through blood volume reduction caused by mild diuresis. Reduc-
ing oxidative stress in cells may improve the structure of damaged cardiac cells, which
consequently improves long-term prognosis [56]. Studies in mice have shown a vasodila-
tory effect of dapagliflozin on the thoracic aorta, depending on the voltage of potassium
channels [30]. This suggested a direct effect on vascular cells for both acute and chronic
treatment. The vascular response resulted in a reduction in oxidative stress by reducing
glycation [30,61]. The beneficial effect on the endothelium is due to several vasodila-
tory mechanisms, such as reduced infiltration of macrophages into the myocardium and
activation of eNOS phosphorylation [61].

As for contraindications to the use of the drug, these are, of course, a history of
hypersensitivity reactions, for example, angioedema or anaphylactic reaction, and patients
on dialysis therapy [62]. Adverse reactions during dapagliflozin pharmacotherapy did
occur, but they represented a small percentage.

Patients could experience rhinosinusitis, upper respiratory tract infections in general,
headaches, back pain, or the occurrence of diarrhea [49]. The most well-known complication
due to glucosuria is emerging urinary tract infections, including cases of urosepsis or
pyelonephritis. There is also a risk of fungal genital infections or life-threatening Fournier
gangrene [1,57,59]. The use of SGLT2 inhibitors has been linked to the occurrence of
both hypoglycemia and cases of diabetic ketoacidosis, which have also led to deaths.
Of course, these cases occurred only in patients with T2DM [1,49,58]. There were also
transient decreases in renal creatinine clearance, and some patients presented clinical signs
of hypotension [49,62]. When thinking about dapagliflozin, it is worth remembering a
number of its systemic effects. In addition to its obvious and best-studied hypoglycemic
and glycated hemoglobin-reducing effects, it also has cardioprotective and renoprotective
properties [49]. The drug’s mechanism of action also determines a positive effect on
metabolic syndrome, which will indirectly contribute to the reduction of cardiovascular
events in these patients [63]. What is important is that it is well tolerated by a wide range
of patients, regardless of a history of CVD [49].

4. Canagliflozin

Canagliflozin is one of the SGLT2 inhibitors. Primarily used to treat type 2 diabetes,
it has also been studied for its potential cardiovascular benefits. Principally, canagliflozin
reduced the risk of cardiovascular events in people with type 2 diabetes, regardless of the
coincidence of CVD [64–66]. Canagliflozin improves several cardiovascular risk factors,
including lowering body weight and blood pressure, body composition, uric acid levels,
vascular stiffness, pulse pressure, cardiac workload, and magnesium levels [67–70]. A
growing body of literature points to the significant role of SGLT2 inhibitors in improving
symptoms in patients with HF [71]. Canagliflozin improves patients’ symptom burden,
driven primarily by volume and hemodynamic effects. The protection provided may be
a result of natriuresis-induced decreases in preload and afterload [72], systemic blood
pressure lowering [73,74], modification of the intrarenal renin–angiotensin axis [75], and
reduction in arterial stiffness [76]. In addition, it has shown beneficial solid effects on
decreasing cardiovascular death rates and hospitalized HF, especially in those with a
history of CVD [77–79]. Furthermore, according to this study, canagliflozin might reduce
the progression of atherosclerosis, adhesion molecules, and markers of inflammation (i.e.,
vascular cell adhesion molecule-1 and monocyte chemotaxis protein-1). Additionally,
canagliflozin enhances atherosclerotic plaque stability in mouse models [80]. Nevertheless,
the characterization of cardiac function that would identify the patient groups that would
benefit from the administration of canagliflozin has not been fully investigated, despite
increasing proof of its positive effects on HF.
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Canagliflozin demonstrates cardioprotective benefits independent of a glucose-lowering
effect, including preservation of cardiac function during myocardial ischemia. Canagliflozin
considerably attenuates the size of myocardial infarcts [81,82]. Sabe et al. found that
canagliflozin therapy enhances myocardial function and perfusion to the ischemic region
in a swine model of chronic myocardial ischemia. These outcomes may be mediated by
antioxidant signaling, adenosine monophosphate-activated protein kinase activation, and
attenuation of fibrosis via decreased Jak/STAT signaling [83]. Furthermore, according to
this research, the intravenous administration of canagliflozin decreased the expression
of apoptotic and nitro-oxidative stress markers while increasing the phosphorylation of
cardioprotective signaling mediators, such as adenosine monophosphate-activated protein
kinase, acetyl-CoA carboxylase, endothelial nitric-oxide synthase, and Akt, in non-diabetic
rats. Additionally, canagliflozin has been linked to a slower increase in biomarkers of
cardiac wall stress, such as high-sensitivity troponin I and NT-proBNP, as well as a rise
in hematocrit [84]. Correspondingly, canagliflozin inhibited the onset of systolic and
diastolic dysfunction after ischemia-reperfusion damage [85]. Table 3 provides a summary
of canagliflozin’s cardioprotective effects.

Table 3. Cardioprotective effects of canagliflozin on myocardial infarction.

Study Year Study Design Participants Findings

Januzzi, J.L.; Butler, J.;
Jarolim, P. et al. [83] 2017

Randomized,
double-blind,

placebo-controlled

666 patients with DM
type 2 and high

cardiovascular risk

Canagliflozin had a favorable effect on
cardiovascular biomarkers in older adults

with DM type 2. In comparison to a placebo,
the administration of canagliflozin in older

patients with DM type 2 resulted in a
significant delay in the increase of serum

NT-proBNP and hsTnI levels

Huynh, K. [81] 2017 Randomized,
controlled

10,142 patients with
type 2 DM and high
cardiovascular risk

Canagliflozin was associated with a lower
risk of cardiovascular events in patients

with DM type 2.
Lim, V.G.; Bell, R.M.;

Arjun, S.;
Kolatsi-Joannou, M.;

Long, D.A.;
Yellon, D.M. [80]

2019
Randomized,
double-blind,

placebo-controlled

Diabetic and
non-diabetic rats

Canagliflozin attenuated myocardial
infarction in both diabetic and non-diabetic

mice. The observed effects were
independent of glucose levels during the

occurrence of ischemia/reperfusion injury.

Sayour, A.A.;
Korkmaz-Icöz, S.;

Loganathan, S. et al.
[84]

2019 Randomized,
controlled Non-diabetic male rats

Acute canagliflozin treatment protected
against in vivo myocardial

ischemia-reperfusion injury in non-diabetic
male rats and enhanced

endothelium-dependent vasorelaxation.

Sabe, S.A.; Xu, C.M.;
Sabra, M.; et al. [82] 2023 Randomized,

controlled
Swine model of chronic

myocardial ischemia

Canagliflozin improved myocardial
perfusion, fibrosis, and function in a swine

model of chronic myocardial ischemia.

DM, diabetes mellitus; NT-proBNP, N-terminal pro-B-type natriuretic peptide; hsTnI, high-sensitivity troponin I.

A remarkable cardioprotective effect against cardiac arrest and resuscitation-induced
cardiac dysfunction was obtained by canagliflozin [85,86]. Interestingly, in comparison
to control mice, animals pretreated with canagliflozin had better survival rates (p < 0.05),
a faster return of spontaneous circulation (p < 0.01), and increased neurological scores
(p < 0.01 or p < 0.001) following resuscitation. Canagliflozin may exert its effects through
the STAT-3-dependent cell-survival signaling pathway, according to this study [85].

The possible benefit of canagliflozin use in the development and progression of atrial
fibrillation (AF) has been suggested [87]. This study has demonstrated that the administra-
tion of canagliflozin reduces atrial electrical and structural remodeling, interstitial fibrosis,
and oxidative stress levels in canine models [88]. On the contrary, this meta-analysis
by Li et al. showed that SGLT2 inhibitor use is linked to a 19.33% lower risk of serious
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adverse events of AF and atrial flutter (AFL) when compared with placebo. However,
only dapagliflozin (1.02% vs. 1.49%; RR 0.73; 95% CI 0.59–0.89; p = 0.002; I2 0%), but not
canagliflozin (1.00% vs. 1.08%; RR 0.83; 95% CI 0.62–1.12; p = 0.23; I2 0%), significantly re-
duced AF and AFL. Further studies are required to establish whether canagliflozin similarly
exerts protective effects against AF/AFL development [89]. A summary of canagliflozin’s
effects on the cardiovascular system is shown in Table 4.

Table 4. Canagliflozin effects on cardiovascular system.

Cardiovascular Benefit Effect on Cardiovascular Risk Factors Mechanism of Action

Reduction in cardiovascular events

Lowered body weight and blood
pressure, improved body composition,

uric acid levels, vascular stiffness, pulse
pressure, cardiac workload, and

magnesium levels.

Not fully investigated.

Improvement in heart failure symptoms

Improvement in volume and
hemodynamic effects,

natriuresis-induced decreases in preload
and afterload, systemic blood pressure
lowering, modification of the intrarenal
renin–angiotensin axis, and reduction in

arterial stiffness.

Not fully investigated.

Reduction in cardiovascular death rates
and hospitalization for heart failure

Decrease in atherosclerosis progression,
adhesion molecules, and markers of

inflammation.

Enhanced atherosclerotic plaque stability
in mouse models.

Preservation of cardiac function during
myocardial ischemia Attenuation of myocardial infarct size.

Antioxidant signaling, adenosine
monophosphate-activated protein kinase
activation, and attenuation of fibrosis via

decreased Jak/STAT signaling.

Slower increase in biomarkers of cardiac
wall stress

Inhibition of onset of systolic and
diastolic dysfunction after

ischemia-reperfusion damage.
Not fully investigated.

Cardioprotective effect against cardiac
arrest and resuscitation-induced cardiac

dysfunction

Improved survival rates, shorter return of
spontaneous circulation, and higher

neurological scores following
resuscitation.

STAT-3-dependent cell-survival signaling
pathway.

Possible benefit in the development and
progression of atrial fibrillation

Reduced atrial electrical and structural
remodelling, interstitial fibrosis, and

oxidative stress levels in canine models.

Not fully established; conflicting results
in clinical studies.

5. Ertugliflozin

Ertugliflozin is an SGLT2 inhibitor that is used as an adjunct therapy for the treatment
of DM. The cardioprotective effects of ertugliflozin among individuals with CVD have not
been extensively investigated in clinical trials.

In preclinical models, ertugliflozin has been found to improve cardiac energy metabolism
by increasing the availability of ketone bodies as an alternative energy source for the heart.
This shift in substrate utilization may help preserve cardiac function in conditions such as
HF. Furthermore, the drug has demonstrated the ability to attenuate cardiac remodeling,
including left ventricular hypertrophy, fibrosis, and inflammation, pathological changes
commonly observed in CVD [90,91].

The VERTIS CV trial assessed the impact of ertugliflozin in patients with type 2
diabetes and CVD, including those with a history of HF and known a pre-trial ejection
fraction. The study demonstrated that treatment with ertugliflozin reduced the occurrence
and total hospitalizations for HF events. This benefit was observed in patients with and
without a history of HF, as well as in those with reduced or preserved ejection fraction [92].
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The trial also revealed that the risk reduction for the first hospitalization for HF with
ertugliflozin was consistent across most baseline subgroups. However, a greater benefit
was observed in three specific populations: those with an estimated glomerular filtration
rate (eGFR) less than 60 mL/min/1.73 m2, albuminuria, and diuretic use. Additionally,
ertugliflozin use was associated with decreased albuminuria and preservation of eGFR
over time, indicating its potential for kidney protection in patients with type 2 diabetes and
CVD [93,94].

Overall, these findings suggest that ertugliflozin may have additional cardiovascular
positive effects, apart from its effects on lowering glucose levels. Thus, it might be a
promising therapeutic method for those with HF and CVD. However, further research is
needed to fully comprehend the underlying mechanisms responsible for these effects.

6. Bexagliflozin

Bexagliflozin is a novel agent approved by the FDA in 2023. This highly potent and
selective inhibitor of SGLT2 is indicated for adults with type 2 DM with an eGFR greater
than 30 mL/min/1.73 m2. It is available as 20 mg oral tablets, recommended to be taken
once daily, regardless of the meal. Patients with diabetes and mild to moderate kidney
failure have fewer treatment options compared to those with preserved kidney function.
Dosage modifications have been presented in Tables 5 and 6.

Table 5. Dosage modifications of bexagliflozin in renal impairment.

Renal Impairment
eGRF

(mL/min/1.73 m2)
Dosage Modifications

Mild-to-moderate 0–89 No dosage adjustment required.

Severe <30
Not recommended owing to the decline of
glucose-lowering effect and reduction in

urine output.
Dialysis - Contraindicated.

eGFR, estimated glomerular filtration rate.

Table 6. Dosage modifications of bexagliflozin in hepatic impairment.

Hepatic Impairment Child–Pugh Score Dosage Modifications

Mild-to-moderate A or B No dosage adjustment required.

Severe C Not studied.

A 96-week phase 2 clinical study showed that bexagliflozin monotherapy led to a long-
lasting, clinically relevant improvement in glycemic control, with a significant reduction
in weight and blood pressure [14]. In a clinical study of patients with T2DM and co-
existing chronic kidney disease (CKD) (at stage 3a/3b), bexagliflozin was well tolerated
and demonstrated a decrease in hemoglobin A1c levels as well as body weight, systolic
blood pressure, and albuminuria [95]. Allegretti et al. [95] have also revealed adverse
events such as urinary tract infections and genital mycotic infections. However, those
findings have been previously attributed to SGLT2 inhibition. A summary of side effects is
shown in Table 7.
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Table 7. Side effects of bexagliflozin [96].

Side Effects Prevention

Ketoacidosis
Consideration of predisposing factors, discontinuing bexagliflozin for at least 3

days prior to surgery and
clinical situations known to predispose to ketoacidosis.

Lower limb amputation
Consideration of predisposing factors, monitoring for signs and symptoms of

infection, new pain or tenderness, sores or ulcers
involving the lower limbs.

Volume depletion Assessment of volume status and renal function, monitoring for signs and
symptoms of volume depletion.

Urosepsis and pyelonephritis Evaluation patients for signs and symptoms of urinary tract infections.
Hypoglycemia with concomitant use with

insulin and insulin secretagogues lower dose of insulin or insulin secretagogue.

Necrotizing fasciitis of the perineum
(Fournier’s gangrene)

Evaluation of patients for pain or tenderness, erythema, or swelling in the genital
or perineal areas, along with fever or malaise.

Genital mycotic infections Monitoring patients with a history of genital mycotic infections and those who are
uncircumcised.

Bexagliflozin has been proven to be non-inferior to other SGLT2 inhibitors.
Halvorsen et al. [97] revealed that its effects on body weight and blood pressure were
even superior to commonly prescribed add-on therapy with the DPP-4 inhibitor, sitagliptin.
It has also been non-inferior to glimepiride in lowering HbA1c [98]. Furthermore, it has
achieved superiority over glimepiride in the reduction of body mass and systolic blood
pressure (SBP) [5]. Another important finding was the demonstration of remarkably fewer
hypoglycemic events than with glimepiride. Importantly, McMurray et al. [99] have shown
bexagliflozin’s non-inferiority for hard clinical outcomes in high-risk CVD cohorts.

7. SGLT-2 Inhibitors’ Effects on the Kidney and Heart

The summary of SGLT2 inhibitors’ effects on the kidney and heart is presented in
Figures 2 and 3.

Figure 2. Beneficial effects of SGLT2 inhibitors on the kidney [47,49,51].
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Figure 3. Beneficial effects of SGLT2 on the heart [26].

8. Conclusions

According to recent epidemiological data [100], type 2 DM is closely related to cardio-
vascular disease development. Heart failure, as a leading cause of morbidity and mortality
in diabetics, is especially perilous among this group of patients [101]. Since 2008, the
FDA has required proof of cardiovascular safety for new glucose-lowering therapies [102].
SGLT2 inhibitors have revealed a number of cardio-protective beneficial effects in both
primary and secondary prevention [103]. Not only do they reduce cardiovascular events,
improve HF symptoms, or decrease cardiovascular death rates and hospitalizations for
HF, but they are also proven to preserve cardiac function during myocardial ischemia
as well as slow the progression of AF. Evidence of the clinical benefits of this new anti-
hyperglycemic therapy has led to a relevant change in the care paradigm across several
high-risk populations.

Beyond their glucose-lowering effects, all of the mentioned SGLT2 inhibitors have
been proven to have additional cardiovascular benefits and could be a promising treatment
option for patients with CVD and HF. Empagliflozin has been proven to be the most effec-
tive SGLT2 inhibitor in lowering the risk of HF. It is also superior in reducing death from
cardiovascular causes to canagliflozin or dapagliflozin. Undeniably, bexagliflozin has been
actively awaited, mainly due to the ever-increasing prevalence of T2DM as well as increased
morbidity and mortality from associated cardiovascular consequences. Studies have shown
its non-inferiority for hard clinical outcomes in high-risk CVD cohorts [99]. Nowadays,
it is also undergoing clinical development for the treatment of essential hypertension in
the USA.

In conclusion, it has been proven that patients with HF and DM may benefit from
SGLT2 inhibitors. The balance of profits and adverse impacts depends on the individual
risk profiles.
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Abbreviations

6MWT 6 min walk test
AF Atrial fibrillation
AFL Atrial flutter
CAD Coronary artery disease
CKD Chronic kidney disease
CVD Cardiovascular disease
DAPA-HF Dapagliflozin and Prevention of Adverse Outcomes in Heart Failure

DECLARE–TIMI 58
Dapagliflozin Effect on Cardiovascular Events–Thrombolysis in
Myocardial Infarction 58

DM Diabetes mellitus
DDP4 Dipeptidylpeptidase 4
eGFR Estimated glomerular filtration rate
EMA European Medicines Agency

EMPA-REG OUTCOME
Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes
Mellitus Patients–Removing Excess Glucose

FDA Food and Drug Administration
GLP-1 RAs Glucagon-like peptide-1 receptor agonists
HF Heart failure
HFE Heart failure event
HFrEF Heart failure with reduced ejection fraction
LVEDV Left ventricular end-diastolic volume
LVEF Left ventricular ejection fraction
LVESD Left ventricular end-systolic diameter
LVESV Left ventricular end-systolic volume
MACE Major adverse cardiovascular events
NYHA New York Heart Association
SBP Systolic blood pressure
SGLT2 Sodium/glucose cotransporter 2
T2DM Type 2 diabetes mellitus

References

1. Wiviott, S.D.; Raz, I.; Bonaca, M.P.; Mosenzon, O.; Kato, E.T.; Cahn, A.; Silverman, M.G.; Zelniker, T.A.; Kuder, J.F.; Murphy, S.A.;
et al. Dapagliflozin and Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. J. Med. 2019, 380, 347–357. [CrossRef] [PubMed]

2. Bertoni, A.G.; Hundley, W.G.; Massing, M.W.; Bonds, D.E.; Burke, G.L.; Goff, D.C. Heart Failure Prevalence, Incidence, and
Mortality in the Elderly with Diabetes. Diabetes Care 2004, 27, 699–703. [CrossRef] [PubMed]
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Abstract: The global demand for cardiac transplants continues to rise, even with advancements in
assistive devices. Currently, the estimated annual mortality rate stands at 3–5%, and patients often
face a waiting time of approximately four years on transplant waiting lists. Consequently, many
transplant centers have started to consider heart transplants from donors who may be deemed “less
than ideal” or marginal. However, the decision to accept such donors must be highly individualized,
taking into consideration the risks associated with remaining on the waiting list versus those posed by
the transplantation procedure itself. A potential solution lies in the creation of two distinct recipient
lists, matched with donor criteria, allowing marginal donors to provide the lifeline that selected
patients require. This paper follows a two-step approach. Firstly, it offers an overview of the current
state of affairs regarding the topic of transcatheter aortic valve implantation (TAVI) in orthotopic
heart transplant (OHT) patients. Secondly, it presents firsthand experience from our clinical center
with a comprehensive case presentation of a patient in this unique medical context. The clinical
case refers to a 62-year-old male patient, a smoker with a history of hypertension, dyslipidemia,
and a prior OHT a decade earlier, who presented with fatigue during minimal physical exertion.
The Heart Team carefully reviewed the case, considering the patient’s immunosuppressed status
and the heightened risk associated with a repeat intervention. In this instance, transcatheter aortic
valve implantation (TAVI) was deemed the appropriate treatment. The TAVI procedure yielded
successful results, leading to improved clinical status and enhanced cardiac function. The inclusion
of marginal donors has introduced novel challenges related to the utilization of previously diseased
marginal organs. TAVI has already demonstrated its efficacy and versatility in treating high-risk
patients, including heart transplant recipients. Consequently, it emerges as a vital tool in addressing
the unique challenges posed by the inclusion of marginal donors.

Keywords: orthotopic heart transplantation (OHT); transcatheter aortic valve implantation (TAVI);
heart valve replacement; aortic valve

Biomedicines 2023, 11, 2634. https://doi.org/10.3390/biomedicines11102634 https://www.mdpi.com/journal/biomedicines



Biomedicines 2023, 11, 2634

1. Background

In the present day, orthotopic heart transplantation (OHT) stands as one of the estab-
lished approaches for managing advanced heart failure. Its legacy spans over 55 years,
commencing with the controversial inaugural global human transplant in 1967 [1].

Much later, in 2002, the inaugural transcatheter aortic valve implantation (TAVI) pro-
cedure was successfully conducted by Professor Alain Cribier in France. The development
of this technique began in 1980 due to an increasing demand for alternative treatments. In
its early stages, the primary focus was on balloon aortic valvuloplasty for patients with
high-risk aortic stenosis. Although this approach led to symptom improvement, it was
associated with numerous complications and lacked favorable mid- to long-term outcomes.
As a result, it is now considered only as a palliative measure when TAVI or surgical aortic
valve replacement (SAVR) is not feasible.

In 1992, the first crimped biological valve prosthesis was patented, though it remained
unused until further studies in 1994 demonstrated its ability to maintain its shape within a
calcified annulus. Despite initial skepticism surrounding TAVI, multiple studies conducted
between 1999 and 2002 affirmed its viability as a valuable treatment option [2].

Since its inception, OHT has witnessed significant advancements in patient survival,
medical interventions, and the management of associated complications. Notably, the
5-year survival rate following OHT has increased from 62.7% in 1980 to 72.5% in 2014. Data
from the registry of the International Society of Heart and Lung Transplantation (ISHLT)
indicates that around 21% of patients remain alive at the 20-year mark, with select centers
reporting an impressive 20-year survival rate of 55% of patients [3,4].

Complications that arise following OHT play a pivotal role in determining patient out-
comes and their susceptibility to subsequent cardiac surgeries. Among the most commonly
reported complications are chronic allograft vasculopathy (CAV), malignancies, infections,
acute rejection, and renal insufficiency.

CAV is prevalent in approximately one third of patients within their initial five years
post OHT, and this incidence surges to over 50% after a decade. Its significance is under-
scored by the fact that CAV contributes to approximately 10% of annual deaths among re-
cipients. Ten years post OHT, malignancy diagnoses affect 35% of patients, with skin cancer
being the most frequently reported type. After the first five years post OHT, malignancy-
related mortality stands at approximately 22% annually.

Infections represent a critical complication, with a substantial mortality rate of up to
30% within the first year following OHT. However, this complication tends to decline in
subsequent years, potentially attributable to a reduction in immunosuppressive therapy.

Acute rejection assumes particular importance, especially during the initial years post
OHT, accounting for approximately 10% of deaths within the first three years.

The incidence of renal insufficiency escalates over time, reaching 30% at the ten-year
mark following OHT [4,5].

Since the inception of OHT and TAVI, significant progress has been achieved in
the field of cardiovascular surgery. These advancements have expanded the scope of
indications, allowing for the application of these procedures even in cases that fall outside
the established guidelines under specific circumstances.

Through consistently delivering positive outcomes and actively sharing experiences,
the entire medical community can enhance their clinical practice and remain well-informed
about the latest developments in this field. This collaborative approach ensures that patients
benefit from the most current and effective treatments available [3].

Despite the remarkable advancements in cardiac surgery, it remains imperative to
carefully consider patients with OHT and their unique set of risks and comorbidities. This
thoughtful approach is essential for enhancing both their survival rates and overall quality
of life. Through tailoring medical care and interventions to the specific needs and challenges
of OHT patients, healthcare professionals can continue to improve patient outcomes and
ensure a better quality of life for this distinct patient population.
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2. Literature Review

This section delves into a thorough review of the existing literature, encompassing
documented cases and studies related to OHT recipients facing aortic stenosis. It elucidates
the challenges associated with this unique patient group and highlights instances where
TAVI emerged as a viable intervention.

Currently, there is a noticeable absence of specific clinical guidelines for managing
aortic stenosis in patients who have previously undergone OHT. The lack of such guidelines
leaves clinicians with limited guidance on how to approach aortic stenosis in this unique
patient population.

With the success of heart transplantations and the increasing number of OHT recipi-
ents, there is a growing need to address the specific medical conditions and complications
that arise in this population. Aortic stenosis is not uncommon in this group, and as such, it
necessitates specialized consideration.

Patients with a history of OHT present a clinical complexity that requires tailored ap-
proaches. Their immunosuppressive status, previous cardiac surgeries, and comorbidities
need to be factored into treatment decisions. Aortic stenosis management in this context
demands careful evaluation and a nuanced understanding of the associated risks and
benefits of various interventions.

While the absence of established guidelines can be challenging, it also presents an
opportunity for innovation in patient care. Exploring alternative procedures such as TAVI
and evaluating their outcomes in OHT recipients can pave the way for the development of
evidence-based protocols that improve patient outcomes and quality of life.

3. Objective

In this literature review, our primary aim was to identify previously published studies
of individuals with a history of OHT who subsequently developed aortic valve disease
necessitating aortic valve replacement. Our analysis focused on investigating the man-
agement strategies employed in such cases, specifically examining the choice of valve
type (balloon-expandable or self-expandable) and the approach used (femoral artery
or transapical). Additionally, we aimed to assess the clinical outcomes associated with
these interventions.

4. Methods

4.1. Eligibility Criteria

For this literature review, we sought studies involving individuals who had previously
undergone OHT and subsequently developed aortic valve disease necessitating aortic
valve replacement. We conducted a comprehensive search for articles published in English.
In the selected articles, we examined demographic information, including population
characteristics, sex, age at OHT, age at TAVI, the time elapsed between OHT and TAVI, the
type of aortic valve prosthesis used, the procedural approach, and clinical outcomes.

4.2. Information Sources

Our search encompassed electronic databases, including Pubmed, Cochrane Library,
and EMBASE. Additionally, we explored the PROSPERO registry for any relevant reviews,
although none were identified.

4.3. Search Strategy

To identify pertinent studies, we conducted electronic searches using keywords such
as heart transplant, OHT, heart transplant recipient aortic disease, aortic stenosis, TAVI,
TAVR, and aortic valve replacement after heart transplant.

4.4. Study Records–Data Management

Upon selecting articles that described aortic valve replacement in OHT recipients, we
sought data pertaining to patient characteristics, age at transplantation and at aortic valve
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replacement, the duration between OHT and aortic valve replacement, prosthesis type and
size, procedural approach, clinical status of patients at the time of OHT and/or aortic valve
replacement, and outcomes.

• Selection process: Two independent reviewers selected studies adhering to the afore-
mentioned eligibility criteria from the same electronic databases.

• Data collection process: Given the predominance of case reports in the literature, we
independently extracted data from these reports.

We retrieved data related to population characteristics, including age at transplantation
and aortic valve replacement, gender, and comorbidities. Additionally, we gathered infor-
mation on the clinical status of patients at the time of OHT and aortic valve replacement, the
type and size of the valve utilized, the procedural approach, and defined outcomes encom-
passing mortality, complications, the necessity for additional interventions, improvements
in cardiac function, and post-procedural clinical status.

4.5. Outcomes and Prioritization

Our primary outcomes of interest were patient survival and procedure-related com-
plications, including the need for reintervention, bleeding, tamponade, paravalvular leak,
coronary complications associated with the procedure, the requirement for a pacemaker,
and broader outcomes such as post-procedural contractility, clinical status enhancement,
and hospital discharge.

4.6. Data Synthesis

Given the relatively small number of patients and their variability, a systematic repre-
sentation of the targeted patient profile cannot be made.

Due to the incomplete data reported in the articles found and small population with
this particular characteristic, we cannot have a statistical analysis of the cases found in the
literature. So, we described each case published until the first draft of the manuscript was
submitted and compared the data in a table to make it easier to observe.

5. Results

The current clinical guidelines do not provide specific recommendations for the man-
agement of individuals with aortic stenosis who have previously undergone OHT. Con-
sequently, we recognized the significance of contributing a case study involving a patient
who underwent a TAVI procedure following OHT.

While the medical literature contains an extensive body of research discussing OHT
and TAVI as separate entities, there is a paucity of literature addressing the intersection of
TAVI in OHT recipients. This knowledge gap has resulted in the absence of a consensus
regarding the optimal management of this specific patient population. As a result, clinical
decisions are typically made on a case-by-case basis by interdisciplinary Heart Teams [3].

Given the limited number of patients available for study and the inherent heterogeneity
within this patient cohort, it is not feasible to construct a systematic representation of the
typical characteristics of individuals undergoing TAVI after OHT.

Furthermore, due to the presence of incomplete data within the identified literature
and the restricted size of the population possessing this unique clinical profile, we were
unable to perform a robust statistical analysis of the cases reported in the literature. Con-
sequently, we adopted a descriptive approach, summarizing each case published up to
the submission of our initial manuscript draft and presenting this information in a tabular
format to enhance ease of comprehension.

The inaugural case of TAVI in an OHT recipient was published in 2010 by Seiffert
and colleagues. This case involved an 81-year-old patient, deemed high-risk, who had
undergone OHT 15 years prior. The patient exhibited a reduced left ventricular ejection
fraction (LVEF) of less than 30%, attributed to concomitant coronary artery disease (CAD).
The choice of the transapical approach was made due to severe calcification of the entire
aorta and kinking of the iliac arteries. A 26 mm Edward Sapien transcatheter heart valve
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(THV) was utilized and successfully implanted, with minimal residual paravalvular regur-
gitation. Subsequently, the patient required a percutaneous coronary intervention (PCI)
involving the placement of a drug-eluting stent (DES) in the left anterior descending (LAD)
artery. Intraoperative transesophageal echocardiography (TEE) demonstrated improved
contractility and an LVEF of 50%. Preoperative TTE had revealed a mean aortic gradient of
23 mm Hg and an effective orifice area of 0.6 cm2, consistent with the characteristic findings
of low-flow, low-gradient severe aortic stenosis [6].

The second documented case, reported in the same year by Bruschi et al., involved
a 67-year-old male patient who underwent TAVI for severe aortic stenosis approximately
nine years after receiving a heart transplant. Preoperative assessments revealed significant
findings, including a peak gradient of 87 mmHg, an indexed aortic valve area (AVA) of
0.5 cm2/m2, and pronounced left ventricular (LV) systolic dysfunction, with a LVEF of
35%. The medical team opted for a 29 mm CoreValve prosthesis (Medtronic) for the TAVI
procedure, which resulted in only mild paravalvular regurgitation [7].

TAVI has also been employed as a treatment option for heart transplant recipients
presenting with aortic regurgitation and deemed at high surgical risk. The initial case report
of such an intervention was published by Zanuttini et al., involving a 75-year-old individual
who had OHT approximately 14 years after the original transplantation procedure. The
patient’s initial heart transplant had been necessitated by end-stage dilated cardiomyopathy
(DCM) and had involved mitral and aortic valve replacements.

Preprocedural TTE revealed a mildly dilated left ventricle with moderate LVEF of
40% and thickening of the tricuspid aortic valve. The patient presented with severe aortic
regurgitation characterized by a central jet, attributed to the deformation and retraction
of the left coronary cusp. Given the patient’s high surgical risk, as indicated by a Eu-
roSCORE of 36%, the medical team elected to perform a TAVI procedure. A 29 mm
CoreValve prosthesis was employed for this intervention. Post procedure, the patient
developed a third-degree atrioventricular (AV) block, necessitating the placement of a
permanent pacemaker. Subsequent TEE demonstrated normal prosthetic valve function,
with peak and mean gradients measuring 16 and 10 mmHg, respectively, and a mild
paravalvular leak [8].

In 2013, Praetere et al. reported the fourth case involving a 77-year-old male patient
who underwent TAVI for the treatment of aortic stenosis. This intervention took place two
decades after the patient had received an OHT. Initial assessment of the patient revealed
an aortic valve area (AVA) of 1 cm2, indicative of severe aortic stenosis. The patient also
presented with a low-flow, low-gradient condition and severe left ventricular dysfunction,
characterized by a left ventricular ejection fraction (LVEF) of less than 25%. Additionally,
the patient had undergone multiple PCIs for CAD. Further diagnostic evaluation included
low-dose dobutamine stress echocardiography (DSE), which was inconclusive in accurately
assessing the true severity of aortic stenosis (AS). Consequently, a decision was made to
perform a balloon aortic valvuloplasty (BAV) to reevaluate the patient’s symptoms and
LVEF. In the months following the BAV procedure, the patient experienced moderate symp-
tom improvement and a subsequent increase in LVEF to 30%. However, after seven months,
the patient experienced symptom relapse, prompting the medical team to consider TAVI as
the next course of action. The TAVI procedure was carried out via the transapical approach,
utilizing a 23 mm Edwards Sapien valve. Postprocedural evaluation demonstrated a 30%
LVEF and the absence of paravalvular leak, with peak and mean gradients measuring 18
and 11 mmHg, respectively [9].

The fifth case, documented by Ahmad et al. In 2016, involves a 25-year-old female
who underwent an urgent OHT at the age of 11 due to severe congestive heart failure. The
patient had previously undergone corrective surgeries for ventricular septal defects at ages
1 and 3. It’s worth noting that some cases of OHT lack comprehensive data regarding the
dono’s heart at the time of implantation. However, in this particular case, it was reported
that the donor was a 62-year-old woman with preexisting moderate coronary artery disease
and mild aortic stenosis. Approximately 14 years following the initial heart transplant, the
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recipient began experiencing NYHA III heart failure symptoms. TTE revealed a severely
calcified tricuspid aortic valve with severe aortic stenosis, characterized by a peak gradient
of 77 mmHg and a mean gradient of 44 mmHg. The AVA measured less than 1 cm2, and
severe aortic regurgitation was also present, despite normal LVEF. Subsequently, the patient
underwent a TAVI procedure using a 23 mm Edwards Sapien 3 valve in a standard protocol.
Following the TAVI intervention, the patien’s clinical condition improved significantly.
Postprocedural TTE demonstrated normal valve function with no evidence of paravalvular
regurgitation. Additionally, peak and mean gradients were measured at 20 mmHg and
11 mmHg, respectively, indicating favorable hemodynamic outcomes [10].

In the same year, Herrmann et al. reported another case of TAVI in an OHT recipient.
This case involved a 73-year-old male who had received a heart transplant 13 years earlier
and subsequently developed severe aortic stenosis, with the additional finding of a bicuspid
aortic valve. Preprocedural TTE revealed an AVA measuring 0.58 cm2 and a mean gradient
of 43 mmHg. Given the patient’s high surgical risk, as indicated by a Society of Thoracic
Surgeons (STS) score of 8.024%, the decision was made to proceed with the TAVI procedure.
The intervention followed the standard approach, utilizing a 26 mm Edwards Sapien
3 valve and the transfemoral access route. Postprocedural TTE assessment demonstrated
the normal functionality of the implanted valve. Furthermore, there was no evidence of
paravalvular regurgitation, and the measured peak and mean gradients were 27 mmHg
and 13 mmHg, respectively, reflecting successful hemodynamic outcomes [11].

In 2018, Akleh et al. reported a case involving TAVI in an OHT recipient. The pa-
tient was a 77-year-old male who had undergone heart transplantation 23 years earlier
and presented with exertional dyspnea attributed to aortic stenosis. The original heart
transplant had been conducted due to idiopathic dilated cardiomyopathy (DCM), although
no records were available from the 1994 procedure. The patient’s postoperative clinical
course had been generally favorable, with the exception of paroxysmal atrial flutter, which
necessitated the implantation of a single-chamber pacemaker in 2008. Subsequently, in
2010, the patient underwent atrial flutter ablation. TTE revealed progressive degeneration
of a bicuspid aortic valve, indicated by a peak gradient of 65 mmHg, an AVA measuring
0.9 cm2, and a preserved LVEF of 59%. Multidetector computer tomography (MDCT)
confirmed significant calcification of the aortic valve and ruled out aortoiliac atheroscle-
rosis, which was crucial in selecting the transfemoral approach for the TAVI procedure.
Given the patient’s high surgical risk, as denoted by a Society of Thoracic Surgeons (STS)
score predicting a 7.035% mortality risk within 30 days, the Heart Team opted for TAVI
as the preferred treatment strategy. The TAVI procedure adhered to established protocols
and utilized a 29 mm Edwards Sapien 3 valve. Additionally, the patient’s single-chamber
pacemaker was upgraded to a dual-chamber system on the day following the TAVI. Post-
procedural TTE revealed normal function of the aortic bioprosthesis, with peak and mean
gradients measuring 14 mm Hg and 12 mm Hg, respectively. No paravalvular leak was
observed, and the patient maintained a preserved LVEF. Following the procedure, the
patient experienced symptomatic and hemodynamic improvement and was discharged
48 h post TAVI. He continued to receive immunosuppressive therapy as part of his ongoing
post-transplant care [12].

In 2019, Avula S. et al. reported the eighth case of TAVI in an OHT recipient in the
United States. This case involved a 73-year-old male who had undergone heart transplan-
tation 19 years prior due to non-ischemic cardiomyopathy. Over the years following the
transplant, a transthoracic echocardiogram revealed progressive sclerotic changes that
began around 15 years post-transplantation and eventually led to the diagnosis of severe
aortic stenosis in 2019. The patient’s post-transplant medical history indicated the presence
of non-occlusive CAD in addition to aortic stenosis. Given the patient’s high surgical risk,
as indicated by an STS score of 12.20%, the medical team opted for TAVI as the preferred
treatment strategy. The TAVI procedure was conducted in a standard manner, utilizing a
29 mm Edwards Sapien 3 valve. Local anesthesia and sedation were employed for the pro-
cedure. Postprocedural TTE demonstrated the normal functioning of the implanted valve,
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with no evidence of valve leakage, and the patient exhibited a normal LVEF. Following
the intervention, the patient’s clinical course was favorable, and he was discharged on the
second day after the procedure [13].

In 2020, Beale et al. reported the ninth case of TAVI in OHT recipients. This particular
case involved a 45-year-old patient who had received a heart transplant 22 years earlier,
originally due to non-ischemic cardiomyopathy. The patient’s medical history included sev-
eral notable factors, such as a BAV in the transplanted heart, hypertension, hyperlipidemia,
and various transplantation-associated complications. Among the notable complications
were squamous cell carcinoma of the hard palate, which had been treated with resection
and grafting, as well as end-stage renal disease (ESRD) necessitating hemodialysis due to
cyclosporine toxicity. Given the patient’s complex medical history and high-risk status, the
Heart Team elected to perform a TAVI procedure, which yielded optimal results [14].

The tenth case reported involved a 61-year-old patient who developed aortic stenosis
a remarkable 34 years after undergoing an OHT. Unfortunately, there were no available
details regarding the specific type of heart donor used in the transplantation. The patient’s
advanced aortic stenosis was treated with a self-expandable valve due to the presence of a
significantly enlarged annulus and severe calcifications affecting both the mitral and aortic
valves. The TAVI procedure yielded favorable outcomes, as evidenced by the absence of
valve leakage and the preservation of a normal LVEF [15].

In Table 1, we have systematically summarized the findings to facilitate a comparative
analysis of common characteristics between the case reports and the evidence found in
the literature.

Table 1. Literature review summary of the TAVI procedure in OHT patients.

Authors
Year Pub-

lished

Age at
Trans-
plant

Age at
TAVI

(Years)

Years
from

OHT to
TAVI

LVEF
(%)

TVG
(mmHg)

TAVI
Valve
Size

(mm)

Type of
TAVI

Type of
Implanta-

tion
Outcome

Seiffert
et al. [6] 2010 66 81 15 <30 M23 26 Edward

Sapien TA DES/LAD;
LVEF 50%

Bruschi
et al. [7] 2010 56 67 9 35 P87 29 CoreValve TF

Mild
paravalvular
regurgitation

Zanuttini
et al. [8] 2013 61 75 14 40 No data 29 CoreValve TF

Mild
paravalvular
regurgitation

3rd-degree AV
block,

Permanent
pacemaker

Praetere
et al. [9] 2013 57 77 20 <25% 32/17 23 Edward

Sapien TA
LVEF 30%; no
paravalvular

leak

Ahmad
et al. [10] 2016 11 25 14 Normal 77/44 23 Edward

Sapien 3 TF no paravalvular
leak

Julien
et al. [11] 2016 60 73 13 No data M43 26 Edward

Sapien 3 TF no paravalvular
leak

Akleh
et al. [12] 2018 54 77 23 59 P65 29 Edward

Sapien 3 TF No paravalvular
leak

Avula S.
et al. [13] 2019 54 73 19 Normal 29 Edward

Sapien 3 TF No paravalvular
leak

Beale et al.
[14] 2020 23 45 22 Normal M52 No data No data TF

complete heart
block, trace

paravalvular
leak

Saad M.
Ezad et al.

[15]
2022 27 61 34 No data No data 34 Evolut R TF No paravalvular

leak
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6. Case Presentation

We present the case of a 62-year-old male with a history of OHT a decade ago. He had
a medical history that included a myocardial infarction with delayed admission, leading to
refractory cardiogenic shock necessitating an intra-aortic balloon pump (IABP) and veno-
arterial extracorporeal life support (V-A ECLS). Due to his critical condition, he underwent
emergent OHT, resulting in a NYHA class II heart failure diagnosis and moderate aortic
stenosis. Limited information was available about the donor, except that the allograft came
from a marginal donor.

Upon discharge, the recipient had an aortic valve area of 1.1 cm2, but no data were
available regarding transvalvular gradients. The patient also had chronic kidney disease
(creatinine 1.75 mg/dL), colonic diverticulosis, hyperuricemia, and a right bundle branch
block. Several months before admission, the patient experienced flu-like symptoms, which
were not confirmed as a COVID infection.

His current home treatment regimen included antiplatelet therapy, a low-dose di-
uretic, cholesterol-lowering medication, and immunosuppressive therapy (cyclosporine,
prednisone, and mycophenolic acid). Unfortunately, the patient did not adhere to the
mandatory follow-up plan for cardiac transplant recipients, and there had been no recent
bloodwork or cardiac evaluations in the past five years.

Upon admission, TTE revealed a LVEF of 40% with mild diffuse hypokinesia. Addition-
ally, there was evidence of degenerative aortic disease with severe stenosis and moderate
aortic regurgitation, accompanied by substantial calcifications of the aortic leaflets. The
AVA measured 0.4 cm2, with a peak gradient of 100 mmHg, a mean gradient of 62 mmHg,
and a 20 mm diameter aortic annulus. The patient exhibited moderate concentric hypertro-
phy, severe diastolic dysfunction with a restrictive pattern, and elevated filling pressures.
Left atrium dilation was notable, with a volume of 140 mL. The evaluation of other valves
indicated mild degenerative mitral regurgitation with posterior annulus calcifications, as
well as moderate tricuspid and pulmonary regurgitations. The right ventricle displayed
normal contractility, but the estimated pulmonary artery systolic pressure (PASP) was
69 mmHg. A further CT-angiography (CTA) scan indicated a dilated ascending aorta with
a diameter of 41 mm.

The Heart Team reviewed the case, taking into account the patient’s immunosup-
pressed status and the high risk associated with a redo intervention. The decision was
made to proceed with TAVI. The patient underwent the necessary pre-procedural assess-
ments, including coronary angiography, CTA scans, and bacteriology and viral screenings.

The CTA scan revealed a tricuspid aortic valve with an annulus area of 434 mm2 and
dimensions near the lower limit, measuring between 26 mm and 23 mm. Notably, calcium
protrusions toward the left ventricular outflow tract (LVOT) were observed below the left
coronary cusp (LCC) and non-coronary cusp (NCC), increasing the risk of disturbances. To
determine sizing and assess calcium behavior, a balloon valvuloplasty was considered. The
left coronary artery (LCA) was found to be at a distance of 15 mm from the aortic annulus,
while the right coronary artery (RCA) was at a distance of 17.5 mm. The access vessels
showed calcification, with borderline diameters for eSheath placement on both sides. CTA
with 3D reconstruction—access vessels is presented in Figure 1. In Figure 2 can be observed
aortography of aortic root and ascending aorta, and origins of coronary arteries (a) and
CTA 3D reconstruction of aortic root with coronary arteries origin, ascending aorta (b).
The lines in Figure 2a represent the plane of the aortic annulus (pink) and the position
perpendicular to the aortic axis (yellow). Proper alignment for prosthesis implantation.

The TAVI procedure was performed under general anesthesia and standard monitoring
protocols, with temporary rapid pacing achieved through an internal jugular vein catheter.

Percutaneous diagnosis was accomplished using a 6 French (F) sheath inserted via the
left femoral artery. Subsequently, a Safari stiff guidewire was introduced, followed by the
insertion of a specific eSheath through the right femoral artery. The hydrophilic guidewire,
along with the AL 1 catheter, was navigated retrogradely across the aortic valve. Following
this, the hydrophilic guidewire was exchanged for the stiff Safari guidewire, and the Sapien
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3 valve, size 23 mm, was positioned at the level of the aortic annulus. Figure 3 presents
a fluoroscopy image showing valve positioning. With the aid of rapid pacing, the valve
was expanded (nominal volume +1 mL). During transesophageal echocardiography (TEE)
assessment, a paravalvular leak was detected.

 

Figure 1. CTA with 3D reconstruction—access vessels.

 

Figure 2. Investigative images: Aortography—aortic root and ascending aorta, and origins of
coronary arteries (a) and CTA 3D reconstruction—aortic root with coronary arteries origin, ascending
aorta (b).
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Figure 3. Fluoroscopy image—Valve positioning.

To address the paravalvular leak, a subsequent post-dilation was performed through
inflating the valve’s specific balloon with a nominal volume of +2 mL. Fluoroscopy image
of aortic root showing baloon inflating in order to expand the aortic prosthesis is observed
in Figure 4a, while Figure 4b presents a fluoroscopy image showing inflated baloon in
the expanded prosthesis with coronary arteries visible. TEE examination following the
post-dilation revealed minimal regurgitation. At the supravalvular aortic injection, only
mild regurgitation was observed. Figure 5 presents a fluoroscopy image where checking
the valve position and regurgitation can be observed. The guidewires were then carefully
withdrawn, and another TEE confirmed minimal residual regurgitation. Hemostasis was
achieved through the use of Proglide and Angioseal devices following the removal of
guidewires and sheaths.

 

Figure 4. Fluoroscopy images of aortic root—baloon inflating in order to expand the aortic prosthesis
(a) and inflated baloon in the expanded prosthesis with coronary arteries visible (b).
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Figure 5. Fluoroscopy image—Checking the valve position and regurgitation.

The patient experienced an uneventful recovery, marked by extubation within one
hour of the procedure. On the second day, the patient was transferred to the ward, and after
one week, he was discharged. Upon discharge, the patient displayed no symptoms of heart
failure and exhibited improved cardiac function. During the first follow-up appointment
at one month post procedure, mild aortic regurgitation was detected, though it was not
associated with significant symptoms.

At the time of discharge, the patient received the following medical treatment recom-
mendations per day:

• 100 mg aspirin;
• 150 mg cyclosporine;
• 1440 mg mycophenolate;
• 5 mg prednisone;
• 150 mg allopurinol;
• 40 mg famotidine;
• 40 mg furosemide;
• 10 mg atorvastatin;
• 160 mg fenofibrate.

These medications were prescribed to optimize the patient’s post-procedure care
and management.

7. Discussion

The enhanced categorization of heart failure is imperative for optimizing the timing
of surgical interventions, particularly in critical and emergent scenarios. A significant
development in this regard occurred in 2009 with the publication of a study that introduced
the INTERMACS classification (Interagency Registry for Mechanically Assisted Circulatory
Support). This classification system delineates seven distinct clinical profiles of heart
failure, offering a valuable framework for refining treatment strategies in advanced heart
failure cases.

Of particular relevance are Classes 1 and 2 within the INTERMACS classification,
as patients falling into these categories require urgent interventions such as assist device
implantation or OHT. In these critical cases, there arises an opportunity to expand the pool
of available donor organs through considering a supplementary list of marginal donors.
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This approach aims to provide patients with a lifeline, thereby reducing the risk of mortality
while awaiting transplantation [16]. Classes 1 to 3 encompass patients who are currently
reliant on inotropic agents and are in pressing need of heart transplantation. It is noteworthy
that a substantial majority, approximately 80%, of heart transplantations are conducted
within this subset of heart failure patients. Furthermore, there is a burgeoning consensus
within the medical community, particularly for patients falling under the INTERMACS
Classes 1 and 2, in favor of considering hearts from marginal donors for transplantation.
This shift in perspective acknowledges the critical urgency of addressing the needs of these
high-risk patients and underscores the potential benefits of utilizing marginal donor organs
to save lives in these challenging cases [17].

Given the rising demand for heart transplantation and the elevated mortality risk asso-
ciated with patients classified under Class 1 and Class 2 heart failure, numerous transplant
centers are confronted with the necessity of considering hearts that may not meet the tradi-
tional criteria for ideal transplantation candidates. This includes the potential acceptance of
hearts from older donors with conditions such as moderate valvular disease, mild coronary
artery disease, and comorbidities like hypertension, diabetes, and dyslipidemia. These
deviations from the strict transplantation contraindications reflect the imperative to expand
donor options in order to address the pressing need for life-saving heart transplants [3].

In select emergency cases, transplant centers may find it necessary to accept hearts
from marginal donors, even if the results may be less than ideal. This decision may entail
making certain annotations to the donor criteria. Notable considerations include:

• Increase in donor age: The acceptance of older donors, acknowledging that chronolog-
ical age alone may not necessarily preclude organ suitability.

• Extended ischemic time: A willingness to tolerate longer periods of ischemia, recog-
nizing that timely organ retrieval may not always be feasible.

• Acceptance of size mismatch: Being open to heart size variations between donor and
recipient, as long as the functional compatibility is maintained.

• Atrioventricular valvular disease: The inclusion of donors with atrioventricular valvu-
lar disease, provided it does not compromise overall heart function.

• Left ventricular hypertrophy: The consideration of hearts with left ventricular hyper-
trophy, which may be compatible with transplantation in certain cases.

• Hepatitis B/C: The acceptance of hearts from donors with hepatitis B or C, while
carefully evaluating the recipient’s condition and risk factors.

• Significant coronary artery disease: The evaluation of donor hearts with significant
coronary artery disease, taking into account the potential impact on transplanta-
tion success.

• Brain malignancies: The assessment of hearts from donors with brain malignancies,
weighing the risks and benefits for recipients in critical need.

• Non-beating hearts: The consideration of non-beating hearts (donors who have expe-
rienced cardiac arrest), contingent upon the viability of the organ.

• Drug abuse/intoxication: The evaluation of hearts from donors with a history of drug
abuse or intoxication, with careful consideration of the recipient’s circumstances.

Each of these characteristics presents potential independent risk factors for the out-
come of OHT. However, in cases involving terminally ill patients with no alternative
treatment options, accepting hearts from donors with these characteristics may represent a
viable solution, potentially leading to an extended lifespan and improved quality of life
(QOL) for the recipient [3].

The concept of implementing alternative donor lists for marginal donors has arisen
as a means to expand the pool of potential donor options. It is estimated that through
increasing the age limit for donors to 55 years old and potentially even up to 65 years old,
more than 15,000 patients could potentially benefit from OHT. In the case of the higher age
limit, the number of potential beneficiaries could range from 50,000 to 70,000, assuming
that the survival rates align with current research findings. The acceptance of alternative
lists for marginal donors hinges on the condition that the survival rates achieved with these
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donors remain comparable to the existing standards. Similar to the strategies employed in
kidney transplantation, where “old-to-old” donor–recipient pairings have been successful,
embracing hearts from marginal donors could provide the opportunity to include older,
critically ill patients on the transplant waiting list. This approach seeks to maximize the
utilization of available donor organs while prioritizing the well-being and survival of
transplant recipients [3].

The International Thoracic Organ Transplant Registry of the International Society
for Heart and Lung Transplantation (ISHLT) has compiled data from a total of 481 adult
thoracic transplant centers across the globe. This dataset is estimated to encompass approx-
imately 75% of all heart transplants performed worldwide. The ISHLT has leveraged this
comprehensive data to analyze changes in recipient characteristics over recent decades.
According to the ISHLT’s 2021 data publication, the landscape of heart transplant recip-
ients has evolved significantly. This transformation can be attributed to advancements
in mechanical circulatory support therapies, improved medical and surgical treatments,
and modifications to the criteria for accepting candidates for heart transplantation. Con-
sequently, older and sicker patients have been included in the transplant population and
have benefited from appropriate medical care. The study conducted by the ISHLT spans
a substantial timeframe, covering the years from 1992 to 2018, and includes data from
three major regions: North America, Europe, and other countries, encompassing South
America, Asia, the Middle East, Australia, and various other regions. This comprehensive
analysis sheds light on the dynamic changes in heart transplant recipient demographics
and highlights the evolving landscape of heart transplantation on a global scale [18–20].

To analyze the trend in recipient acceptance criteria, the study divided the data into
three distinct periods: 1992–2000, 2001–2009, and 2010–2018, with a similar number of heart
transplants performed in each period. Over this time frame, several noteworthy changes in
recipient characteristics were observed:

• Increasing age: Recipient age has seen a steady rise, increasing from an average of
53 years in the first period to 57 years in the most recent period.

• Higher body mass index (BMI): The median BMI has also increased, with values rising
from 25 kg/m2 to 26.5 kg/m2. This shift is attributed to a corresponding increase in
median weight, from 75.7 kg to 80 kg.

• Kidney function trends: Surprisingly, there has been a declining trend in kidney dys-
function, as measured via glomerular filtration rate (GFR), across all three geographic
regions. Several factors contribute to this trend, including an increased incidence
of heart–kidney transplants for candidates with severe kidney disease, improved
kidney function resulting from the use of ventricular assist devices before transplant,
a decreasing incidence of recipients with ischemic cardiomyopathy (who are more
prone to kidney disease due to cardiovascular risk factors), and a rising percentage of
female recipients.

• Blood type compatibility: The blood type of recipients has remained relatively stable
over time. This is attributed to the increase in transplantation of allo-sensitized pa-
tients, likely due to advances in managing patients before and after transplantation.
These advances include therapies for pretransplant desensitization and posttransplant
rejection, improved human leukocyte antigen (HLA) typing, enhanced antibody detec-
tion and quantification. Consequently, the percentage of patients with a pretransplant
panel of reactive antibodies (PRA) exceeding 20% increased from 5.2% to 17.9%, and
the percentage of highly sensitized patients (PRA > 80%) rose from 0.9% to 3.6% over
the same period.

• Increased medical comorbidities: Heart transplant candidates have shown a greater
burden of medical comorbidities over time. This includes a rising incidence of diabetes
(from 16.7% to 27%), a history of malignancy (from 3.8% to 8.7%), previous cardiac
surgery (from 37.8% to 50.1%), and dialysis (from 3% to 4.7%). The increase in dialysis
cases is often associated with non-acute kidney failure and a higher likelihood of
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recovery. Additionally, patients with chronic kidney disease on dialysis may be
referred for simultaneous heart–kidney transplantation.

These trends highlight the evolving landscape of heart transplant recipient character-
istics, reflecting changes in both the patient population and the criteria for heart transplant
candidate acceptance over the decades [19].

During the same period from 1992 to 2018, Khush et al. conducted an analysis of
donor data and observed several trends in how the donor profile has evolved. These
trends include:

• Increased donor age: The median age of donors has seen a notable increase world-
wide, rising from 31 years to 35 years. This trend is partly attributable to changes in
transplant practices in Europe, where the median donor age has significantly increased
from 31 to 45 years.

• Higher body mass index (BMI): Donor BMI has also experienced an increase, with
the median BMI rising from 24.1 kg/m2 to 26 kg/m2. This change is likely associated
with the growing prevalence of obesity, primarily observed in North America.

• Stable gender distribution: The distribution of donor genders has remained relatively
stable over time, with approximately 70% of donors being male and 30% female.

These trends in donor characteristics provide insights into the shifting donor pro-
file over the years, reflecting changes in both donor demographics and health-related
factors [20].

An intriguing observation is that the cause of death among donors in the European
region has shifted from predominantly head trauma to a higher incidence of cerebrovascular
accidents (CVAs) or strokes. Conversely, in North America, head trauma remains the
primary cause of donor death, but there is also an increase in deaths due to anoxia, which
could be linked to a rise in opioid use and drug abuse.

The increasing age of donors in Europe may play a role in this change in the cause of
death, as older donors are more likely to experience natural and age-related deaths. This
shift in donor causes of death highlights the complex interplay of various factors, including
medical conditions, lifestyle choices, and demographics, that can influence the donor pool
and impact the availability and suitability of donor organs for transplantation [20].

Observations regarding substance use among donors have revealed notable trends
over the years:

• Cigarette smoking: The percentage of donors with a history of cigarette smoking
(≥20 pack-years) has decreased significantly, dropping from 40% in 1995 to 15% in
2018. This decline likely reflects broader efforts to reduce smoking rates and improve
public health.

• Alcohol use: Donor alcohol use (≥2 alcoholic drinks per day) has remained relatively
stable during this period, suggesting that alcohol consumption patterns among donors
have not undergone significant changes.

• Cocaine use: There has been a troubling increase in cocaine use among donors, rising
from 11% in 2000 to 27% in 2018. This increase in cocaine use raises concerns about
the potential health implications for both donors and recipients.

• Use of other drugs: Donors reporting the use of other drugs, such as non-intravenous
street drugs like crack, marijuana, prescription narcotics, sedatives, hypnotics, or
stimulants, have seen a substantial increase.

This percentage surged from 25% to 57% over the same period. This significant rise in
the use of other drugs underscores the need for careful donor screening and evaluation to
ensure the safety and health of both donors and transplant recipients.

These trends in substance use among donors highlight the evolving landscape of
donor health behaviors and underscore the importance of robust donor screening protocols
to safeguard the well-being of transplant recipients [20].

Despite advancements in organ procurement and preservation, increased willingness
to accept marginal donor hearts, and the utilization of hearts from donors with certain
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medical conditions (such as drug abuse or hepatitis C viremia) and after circulatory death,
the number of heart transplants has remained stable over this period. This stability in the
number of heart transplants suggests that there may be limitations to increasing the rate of
procedures, primarily due to a shortage of available donor organs [19,20].

The availability of suitable donor organs remains a critical factor in determining the
number of heart transplants that can be performed. Efforts to address this limitation may
include initiatives to increase organ donation rates, improve donor organ quality, and
enhance organ preservation techniques. The stability in the number of heart transplants
underscores the ongoing challenges in meeting the demand for life-saving heart transplant
procedures [19–22].

8. Conclusions

Despite advancements in organ procurement and preservation, increased willingness
to accept marginal donor hearts, and the utilization of hearts from donors with certain
medical conditions (such as drug abuse or hepatitis C viremia) and after circulatory death,
the number of heart transplants has remained stable over this period. This stability in the
number of heart transplants suggests that there may be limitations to increasing the rate of
procedures, primarily due to a shortage of available donor organs.

The availability of suitable donor organs remains a critical factor in determining the
number of heart transplants that can be performed. Efforts to address this limitation
may include initiatives to increase organ donation rates, improve donor organ quality,
and enhance organ preservation techniques. The stability in the number of heart trans-
plants underscores the ongoing challenges in meeting the demand for life-saving heart
transplant procedures.

In conclusion, the growing need for improved treatment options in the medical field
has driven physicians to explore innovative methods that were once considered unthinkable.
TAVI stands as a notable example of medical progress throughout history. Today, there is a
rapid increase in the demand for effective treatments for end-stage heart failure, which has
necessitated a reevaluation of the criteria for “ideal” donors.

Despite continuous advancements in assist devices, heart transplantation remains the
ultimate solution for many patients. Expanding the donor pool has become imperative in
addressing this increasing need. However, the inclusion of marginal donors presents new
challenges in treating organs that may have previously been compromised.

TAVI has emerged as a proven and versatile treatment method, particularly for high-
risk patients like heart transplant recipients. It has become one of the primary tools in
managing the complexities associated with the use of marginal donors. Our case presenta-
tion contributes to addressing the current gap in documentation regarding the use of TAVI
in heart transplant recipients. Coupled with a brief literature review, it underscores the
feasibility and reliability of TAVI as a valuable solution within this specific medical context.
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Abstract: Cardiovascular disease (CVD) is a serious health burden with increasing prevalence, and
CVD continues to be the principal global source of illness and mortality. For several disorders,
including CVD, the use of dietary and medicinal herbs instead of pharmaceutical drugs continues to
be an alternate therapy strategy. Despite the prevalent use of synthetic pharmaceutical medications,
there is currently an unprecedented push for the use of diet and herbal preparations in contemporary
medical systems. This urge is fueled by a number of factors, the two most important being the
common perception that they are safe and more cost-effective than modern pharmaceutical medicines.
However, there is a lack of research focused on novel treatment targets that combine all these
strategies—pharmaceuticals, diet, and herbs. In this review, we looked at the reported effects of
pharmaceutical drugs and diet, as well as medicinal herbs, and propose a combination of these
approaches to target independent pathways that could synergistically be efficacious in treating
cardiovascular disease.

Keywords: cardiovascular disease; diet; herbs; pharmaceutical drugs; remodeling

1. Introduction

According to the World Health Organization, each year 17.9 million people world-
wide die from cardiovascular disease (CVD), accounting for 31% of all mortality [1]. The
American Heart Association reports that roughly half of all Americans have a type of
CVD [2]. Of these, heart attacks (i.e., myocardial infarction, MI) and strokes account for
80% of CVD fatalities [2]. An MI occurs when an artery to the heart is clogged, and the
heart does not receive enough blood or oxygen for a significant amount of time leading
to ischemia/infarction of the tissue downstream of the obstruction. Upon infarction, if
reperfusion does not occur in a timely manner, cardiac cells will become ischemic and
metabolically compromised.

Cardiac cells (including cardiomyocytes), capillaries, and extracellular matrix (ECM),
which is made up of various collagen fiber types and ensures structural integrity, are the
three crucial components of heart muscle that enable effective contraction and pumping
of the blood to the whole body. When cells die due to ischemia, a cascade of events is
triggered to clear and replace the damaged cells and tissues. These events are dynamic and
are broadly divided into three stages: inflammation/necrosis to remove dead cells/tissue;
proliferation/fibrosis to replace cells, ECM, and set up tissue vascularization; and long-
term remodeling/maturation to regenerate the tissue and/or mature the scar and provide
tissue integrity and function [3]. Different risk cues, either exogenous or endogenous,
may start the inflammatory response. Microorganism invasion is considered exogenous,
whereas tissue injury is considered endogenous. Pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs) are the names given to the
external and endogenous signaling molecules that are released, respectively, by pathogens
or necrotic cells [4]. Toll-like receptors (TLRs), nucleotide-binding oligomerization domain
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(NOD)-like receptors (NLRs), C-type lectins, and receptors for advanced glycation end-
products (RAGE) are just a few of the pattern recognition receptors (PRRs) that may
detect PAMPs and DAMPs. A described genus of specific pro-resolving mediators (SPMs)
including lipoxins, resolvins, protectins, and maresins is activated during the resolution
phase of inflammation [5]. These mediators have strong, direct anti-inflammatory and
pro-resolution properties that limit the recruitment of inflammatory leukocytes while
encouraging macrophage clearance of apoptotic neutrophils. By controlling ventricular size,
shape, and function, left ventricular (LV) remodeling defines the heart’s (mal)adaptation to
injury and/or mechanical, neurohormonal, and hereditary alterations. While the increased
microcirculatory blood supply provided during the proliferation phase will support any
live cardiomyocytes, continual LV remodeling (due to uncontrolled inflammation) leads
to cardiomyocyte loss, expansion of the ischemic area, persistent collagenase activity, and
degradation of high-tensile collagens; this in turn leads to LV dilation, with wall thinning
and fibrosis [6]. This “adverse” or “pathological” remodeling following MI is maladaptive,
carries a disproportionate risk of heart failure (HF), and dramatically lowers survival [7].
Over the last twenty years, the prevalence of HF has increased [8]. Despite immediate
revascularization and subsequent treatment options that significantly lower the mortality of
acute MI, ischemic heart disease remains the main cause of HF [8,9]. Comorbidities foretell
the severity and progression of HF [10,11]; in fact, more than 50% of HF patients have more
than seven comorbidities, with age and sex being the two main predictors of HF [12]. Men
have a larger heart mass and a higher incidence of subclinical coronary artery disease than
women [13,14]. Women show less severe incidence than men in terms of atherosclerosis,
left ventricular hypertrophy, and cardiomyocyte apoptosis [15,16]. Similarly, mortality
post-MI correlates with advancing age, regardless of infarct size [17], which may be related
to a higher prevalence of ventricular hypertrophy but also to a decreased immunological
response, scarring, and autophagy [18].

Medications that have been effective in treating HF include neurohormonal antagonists
(beta blockers, angiotensin receptor blockers, and aldosterone antagonists), which can
prevent or reverse remodeling and have been shown to lower mortality and morbidity [19].
The use of medications has been practiced over the years for the prevention of HF. However,
some of these medications produce adverse effects and due to high cost are not easily
available to every patient. Over the past three decades, there has been a significant rise in
the use of herbal supplements to prevent, avoid, and/or treat different conditions, including
CVD; this rise results from a perceived safety (natural, non-toxic sources), efficiency with
few or no adverse effects (unlike synthetic/chemical medications), and low cost [20]. The
US Dietary Supplement Health and Education Act (DSHEA) of 1994 categorizes herbal
products as dietary supplements. In addition to herbal supplements, epidemiological
research showed that consuming fruits, vegetables, olive oil, wine, legumes, and whole
grains, as found in the Mediterranean diet, has a cardioprotective effect [21]. Foods high in
polyphenols, such as berries and olive oil, have been demonstrated to have cardioprotective
benefits that enhance endothelial function and plasma lipid profiles while preventing
aberrant platelet aggregation and decreasing inflammation [22]. Thus, diet and dietary
supplements have important roles in maintaining homeostasis and reducing CVD and
warrant further investigation. Preload, afterload, and molecular mechanisms of remodeling
have been targeted using synthetic drug therapy to date; can this also be achieved through
diet and natural supplements? This review focuses on the use of prescription drugs, herbal
products, and diet modification on cardiovascular remodeling.

2. Cardiovascular Health and Drugs Treatment

Over the past two centuries, the pathways of discovery, innovation, and therapeutic
improvement in cardiovascular science and medicine have been really astounding. Nabel
and Braunwald [23] discussed the remarkable decrease in cardiovascular disease deaths
due to scientific advancements from 1950, when it was over 450 deaths per 100,000 of the
population, to approximately 100 deaths per 100,000 by 2010. Even though many clinical ad-
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vancements have contributed to this impressive decline, they emphasized the significance
of β-blocking therapy and 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG Co-A) reduc-
tase inhibition, as well as the introduction of novel antihypertensive agents in the context of
the national high blood pressure education program. Nevertheless, notwithstanding these
medical advances, concurrent disorders such as diabetes mellitus, obesity, and congestive
HF contribute to the consistently high prevalence of CVD. Additionally, because of the
remarkable decline in MI mortality rates, affected individuals live longer but nearly 40%
develop HF, which has a worse prognosis than acute MI. Despite prior advancements in
pharmacological therapy, such as oral diuretics and medication treatment for hypertension,
progress is still being made in the management of cardiovascular disorders such as HF and
cardiac arrhythmias.

HF patients with systolic LV dysfunction treated with angiotensin-converting en-
zyme (ACE) inhibitors present reduced mortality and morbidity [24]. ACE inhibitors
act as vasodilators and their effectiveness in reducing remodeling is supported by both
experimental and clinical studies, particularly in the post-infarction setting [20–22,25–27].
However, with ACE inhibitors, reverse remodeling has infrequently been observed in siz-
able patient cohorts. One of the aspects of this therapy that may limit its ability to provide
long-term benefit is protection without reversion of remodeling. In clinical studies with
ACE inhibitors, the survival curves of patients assigned to either the active treatment or
the placebo groups typically show an early divergence of the curves followed by a parallel
trend through time [28,29]. This shows that these medications more often delay the onset
of the disease than stop it [30].

Angiotensin receptor blockers (ARBs) are also used in HF treatment, instead of or in
combination with ACE inhibitors. ARBs selectively reduce the activity of type 2 receptors
(AT2R), which mediate vasodilation and may prevent myocardial fibrosis, without affect-
ing type 1 receptors (AT1R), which primarily mediate cardiac hypertrophy, aldosterone
production, fibrosis, and vasoconstriction [31].

Matrix metalloproteinase (MMP) activation and maladaptive LV remodeling have
a clear cause-and-effect relationship, as shown by experimental research [32–34]. Thus,
MMPs have long been recognized as an attractive target to decrease or prevent maladaptive
cardiac remodeling. MMP inhibitors have been suggested as a treatment for several
illnesses in order to lessen matrix deterioration, blunt inflammation, and enhance tissue
regeneration. However, difficulties in producing MMP specific inhibitors and the many
functions of MMPS (both beneficial and detrimental) have led to little progress in clinical
trials and still need further investigation [35–37].

3. Cardiovascular Health and Diet

According to data from the Centers for Disease Control (CDC) and Prevention, some
of the most common health problems in the United States are chronic diseases such as
cancer, diabetes, heart disease, and stroke. Many of these chronic illnesses can be prevented,
though, as they are linked to unhealthy eating and lifestyle choices. Dietary intervention al-
lows for a better blending of various diets and nutrients. Healthy eating practices therefore
encourage a greater magnitude of favorable impacts than the potential effects of a single
nutrient supplementation because of the synergistic health effects among them. Research
has shown that a high intake of fiber, antioxidants, vitamins, minerals, polyphenols, mo-
nounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA), low intakes of
salt, saturated fats, and trans fats, and a high intake of carbohydrates with low glycemic
loads are all indicators of healthy eating habits [38].

Although some cardiovascular diseases are congenital, years of investigation into
the relationship between diet and heart disease concentrated on specific vitamins and
minerals, types of fats, and individual nutrients such as cholesterol (and foods high in
dietary cholesterol, such eggs). This has been eye-opening, but it has also led to some
dead ends and perpetuated misconceptions about what a heart-healthy diet is. People
eat food, not nutrition, which explains this [38]. A growing heart need nutritious grains,

222



Biomedicines 2023, 11, 1697

vegetables, and fruits, as well as a mineral balance (sodium and potassium) and body
weight maintenance, as well as sufficient sleep. People who follow this eating pattern have
a 31% lower risk of heart disease, a 33% lower risk of diabetes, and a 20% lower risk of
stroke [39]. Neonatal malnutrition, inflammation, and growth retardation are linked to a
lifelong decrease in cardiomyocyte number, systolic and diastolic dysfunction, ischemia
sensitivity, and hypertension [40–43]. A significant body of scientific research supports
nutrition as one of the most effective ways to avoid CVD associated mortality [44] and may
even be able to reverse heart disease [45]. Even more, the management of other risk factors,
such as excess weight, hypertension, diabetes, or dyslipidemia, appears to depend heavily
on nutrition and exercise [45]. In this regard, foods or dietary habits that can improve CVD
prevention have been identified and categorized.

3.1. Mediterranean Diet

The Mediterranean diet (MeDiet), known as a mainly plant-based diet, characterized
by a high consumption of fruits, vegetables, and whole grains as well as fish, nuts, and
legumes, unsaturated fatty acids, and low to moderate intake of alcohol (consumed with a
meal) has been reported to have a great impact on the arterial wall, which could account
for the association between MeDiet and low CVD prevalence [46]. Intriguingly, MeDiet ap-
pears to modulate the expression of pro-atherogenic genes like cyclooxygenase-2 (COX-2),
monocyte chemoattractant protein-1 (MCP-1), and low-density lipoprotein receptor-related
protein (LRP1), while decreasing plasmatic levels of molecules negatively linked to plaque
stability and rupture, such as MMP-9 and interleukins (IL-10, IL-13, or IL-18) [47,48].
Furthermore, in order to reduce the risk of CVD, the American Heart Association Nutri-
tion Committee and the European Society of Cardiology both strongly recommend daily
consumption of several portions of both fruits and vegetables [49,50], hallmarks of the
MeDiet. These recommendations are mostly supported by epidemiological studies and
meta-analyses [49–53]. According to a meta-analysis [52] of 83 studies, an increase in
the consumption of fruits and vegetables was significantly inversely related to C-reactive
protein (CRP) and tumor necrosis factor (TNF) levels and directly related to an increase in
the proliferation of T-cell populations (71 clinical trials and 12 observational studies). The
main component of the MeDiet, extra virgin olive oil (EVOO), has bioactive components
shown to improve endothelial dysfunction, oxidative stress, and overall inflammatory
state [54]. A meta-analysis by Schwingshackl et al. [55] found that, compared to controls,
daily ingestion of 1 mg and 50 mg of olive oil significantly reduced CRP in 30 randomized
control studies with a total of 3106 participants. Additionally, those who consumed the
most olive oil had a substantially higher flow-mediated dilatation score (0.6%, p < 0.002).
Similar to EVOO, nuts contain monosaturated fats; numerous sizable studies have shown
that nuts significantly lower CVD morbidity and death [56–59]. Hence, a MeDiet rich in
nuts had been linked to better weight reduction, lower low-density lipoprotein-cholesterol
(LDL-c) levels [60–62], lower risk of developing hypertension [61,63], and lower levels of
inflammatory and oxidative mediators [64,65].

3.2. Paleo Diet

Another eating plan based on foods popular during the Old Stone Age is the Paleolithic
diet (Paleo), which primarily consists of lean meat, fish, eggs, fruits, vegetables, roots, and
nuts while avoiding grains, dairy products, processed foods, added sugars, and salts [66].
This eating plan has less salt but more protein, several micronutrients such as vitamins
C and E, carotenes, and fiber [67]. It also has fewer calories from refined carbohydrates
and fat [67–69]. According to a meta-analysis of 8 studies, a Paleo diet significantly im-
proved circulating concentrations of total cholesterol, triglycerides, LDL-c, and CRP while
also significantly lowering body weight, waist circumference, body mass index, body fat
percentage, and systolic and diastolic blood pressure. It was also reported to significantly
increase HDL cholesterol [70]. Another meta-analysis of four randomized control trials
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(RCTs) suggested short-term improvements in metabolic syndrome components following
adoption of a Paleo diet, as reported by Manheimer et al. [71].

3.3. Keto Diet

Diets low in carbohydrates, but usually high in fats and/or proteins, have also be-
come increasingly popular, referred to as ketogenic diets (keto diet). A keto diet restricts
carbohydrate intake to less than 25 to 50 g per day, in an attempt to induce tissues to use
fat or ketones as fuel during caloric restriction. As a result, the liver begins to produce
ketone bodies, which are then utilized as an alternative energy source, particularly by the
central nervous system [62]. From several reports, the keto diet may be linked to some
improvements in various cardiovascular risk factors, such as obesity, type 2 diabetes, and
HDL cholesterol levels [72–77]. On the other hand, a recent report describes keto diet
causing cardiac fibrosis and inhibiting mitochondrial biogenesis [78]. According to their
study, keto diet or repeated deep fasting impaired mitochondrial biogenesis, decreased cell
respiration, and enhanced cardiac fibrosis and death in cardiomyocytes. As revealed by
the research, increased levels of the histone deacetylase 2 (HDAC2) and inhibitor ketone
body -hydroxybutyrate (-OHB), which promotes histone acetylation of the Sirt7 promoter
and activates Sirt7 transcription, caused an increase in cardiac fibrosis and cardiomyocyte
apoptosis [75]. Sirt7 transcription also prevents the transcription of mitochondrial ribosome-
encoding genes. According to Xu and colleagues, consuming a keto diet over an extended
period or accumulating -OHB may raise the chance of developing cardiovascular disease.
In another population-based study, a low-carbohydrate diet, similar to keto, resulted in
deleterious effects on the coronary artery [79]. In contrast, a research study in 2020 showed
a keto diet was beneficial in diabetic patients by promoting cardiomyocyte survival and
reducing interstitial fibrosis [79]. Although it is not clear what the reason(s) are for the
discrepancies observed within these studies, it could result from differences between the
animal models.

3.4. DASH

In 1990, dietary approaches to stop hypertension (DASH) were initiated; these ap-
proaches have received attention and several grants from the National Institute of Health
(NIH) to see if specific dietary interventions were useful in treating hypertension. Some
of the individuals enrolled showed a 6 to 11 mm Hg reduction in systolic blood pressure
from the food intervention alone [80]. Both hypertensive and normotensive individuals
experienced this effect, and as a result, DASH has occasionally been recommended as
the first-line pharmacologic therapy in conjunction with lifestyle modifications. DASH
encourages the eating of fresh produce, lean meat, low-fat dairy products, and foods rich
in micronutrients. Additionally, it encourages limiting daily sodium intake to 1500 mg.
DASH places a strong emphasis on eating fresh, minimally processed foods. The DASH
diet is very similar to other dietary styles that are supported for cardiovascular health. The
DASH diet is a synthesis of the old and new [81–83].

4. Cardiovascular Health and Herbal Medicine

Traditional herbal remedies have been used for decades and are typically regarded
as safer than synthetic pharmaceuticals [84–86]. Approaches influenced by traditional
medicine are still crucial, particularly for the management of chronic illnesses and to
speed up the development of natural product drugs [87,88]. When administered with
contemporary synthetic treatments, combinations of herbal medications or phytochemical
active ingredients have been demonstrated to be useful in treating several disorders [89].
While the market for dietary botanical supplements is expanding, it is strongly recom-
mended that more thorough clinical and scientific research be conducted on herbal and
traditional medicines to increase their acceptance and visibility. Moreover, it is necessary to
increase control on the quality of the materials used for formulation of the herbal/dietary
supplements to ensure efficacy and safety.
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In plants, certain polyphenols are present with adequate bioavailability singly or in
combination with others (acting additively or synergistically). According to laboratory data
gathered over the years, medicinal herbs can affect several CVD risks factors and, therefore,
may have therapeutic utility in treating CVDs (Table 1). To effectively use herbs in CVD
therapy, there have been numerous initiatives to shift studies on medicinal herbs from the
bench to the bedside [90,91]. Natural products’ biological activity and structural variety
outperform any existing synthetic drug screening library, which is another factor leading to
a return of interest in them [90].

The herbs ginseng, ginkgo biloba, ganoderma lucidum, and gynostemma pentaphyllum
have been reported to prevent CVDs [92,93]. These herbs are becoming more and more
well-known due to their presence in commercial commodities in numerous markets around
the world and their established therapeutic potential in a variety of settings, including
cardiovascular conditions [92]. These organic compounds profoundly alter important
cellular, molecular, and metabolic processes that regulate the etiology and pathogenesis of
CVDs [94]. Recent research shows that these herbal remedies have strong therapeutic effects
and can improve pathological diseases linked to CVDs [92,93]. Clear clinical therapeutic
advantages have not, however, been established. Rafacho et al. [95] demonstrated rosemary
supplementation (Rosmarinus oficinallis L.) to cause reduced myocardial damage and blood
pressure in hypertensive rats fed a high-fructose diet and protected the heart against
cardiac dysfunction and fibrosis after MI in rats. From their findings, it was concluded
that the mechanism could involve improved energy metabolism and reduced oxidative
stress. In general, herbs could prevent or treat more than one disease since they have
several therapeutic properties. As an illustration, the herb Crocus sativus L. was discovered
to contain therapeutic properties that may be used to treat five different types of heart
illness, including hypertension, heart attacks, blood fat reduction, antioxidants, and cardiac
tonics [96–98]. This herb’s role in preventing cardiovascular disorders was reportedly
attributed to its anti-inflammatory and antioxidant properties [84,99].

In another study, due to strong antioxidant and free radical-scavenging activity, Citrus
medica L. has also been reported to have cardioprotective potential [100]. In addition, a
Crataegus species was observed to be a safe, nontoxic therapy option for ischemic heart
disease and cardiovascular disease [101]. For example, the fruit or, alternatively, the leaves
and flowers of Crataegus monogyna, which are high in polyphenols, are used medicinally.
Direct scavenging of reactive oxygen species (ROS), increased catalase and superoxide
dismutase activities, antioxidant activity, and downregulation of the caspase 3 gene are
some of the known mechanisms of action of the Crataegus species [101]. Hawthorns are
frequently utilized in a holistic approach to treat circulatory problems and congestive heart
failure [102]. Moreover, stage 1 hypertension individuals who consume Elettaria cardamom
have significantly lower blood pressure, increased fibrinolysis, and improved antioxidant
status [103]. A recent study investigated the ability of cardamom oil to reestablish lipid
homeostasis in the presence of hypercholesterolemia [104]. This study reduced athero-
genicity index with dietary intervention with cardamom powder and oil, demonstrating
the cardioprotective benefit of cardamom [104]. Researchers have also discovered two
major methods through which the bark of Terminalia arjuna demonstrates cardioprotective
advantages against induced cardiotoxicity which includes increased coronary artery flow
and protection of the myocardium from ischemic damage [105].
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Table 1. List of herbal remedies traditionally used for the treatment of different forms of CVDs.

Herbs Forms of CVDs Reference

Ginseng Oxidative stress, hypertension, cardiac disease,
hyperlipidemia and ion regulation [93,106]

Ginkgo biloba Cardiac activity, vasorelaxant and vasoconstriction
activity, hypertension [93]

Ganoderma lucidum Atherosclerosis, hyperlipidemia [107]

Gnostemma pentaphyllum Hyperlipidemia [92]

Rosemary oficinalis L. Cardiac dysfunction and fibrosis [95]

Cocus sativus L. Systolic hypertension, oxidative stress,
inflammation [86,92]

Citrus medica L. Ischemia heart disease [100]

Crataegus monogyna Congestive heart failure [101]

Elettaria cardamom Hypercholesterolemia [104]

Terminalia arjuna Cardiotoxicity [105]

Punica granatum L. Blood pressure, inflammation [108,109]

Apple (Malus pumila) Blood lipid levels [110,111]

Watermelon (Citrullus lanatus) Heart attacks, ischemic strokes, atherosclerosis [112–114]

Berries Myocardial infarction, oxidative stress,
inflammation, platelet aggregation [115–117]

Grapes (Vitis vinifera L.) Cardiac fibrosis, hyperlipidemia [118,119]

Garlic (Allium satinum L.) Hypertension, hypercholesterolemia [120]

Cinnamon (Cinnamomum verum) Oxidative stress, inflammation, artherosclerosis [121]

5. Polyphenols and Cardiovascular Health

Plants and plant products have been documented to have over 8000 known polyphe-
nols [122]. Human health and wellness have been shown to directly be affected by a
polyphenol-rich diet. According to Quideau et al. [123], polyphenols are substances with
several phenolic units and no nitrogen-based functionalities that are generated from the
polyketide and/or shikimate/phenyl propanoid pathways. After being metabolized, most
polyphenols are glycosylated and either can bind to other phenols or conjugate with glu-
curonic acid, galacturonic acid, or glutathione [124]. Polyphenols are categorized into four
main types: phenolic acids, stilbenes, lignans, and flavonoids (Figure 1).

5.1. Phenolic Acids

Phenolic acids include caffeic acid, which can be found in almost all fruits; chlorogenic
acid, found in strawberries, pineapple, and other foods; and p-coumaric acid, present
in cereal grains. The two families of phenolic acids—derivatives of benzoic acid and
derivatives of cinnamic acid—are widely present in foods. Except for some red fruits,
black radishes, and onions, which can have concentrations of many tens of milligrams per
kilogram fresh weight of hydroxybenzoic acid, the hydroxybenzoic acid content of food
plants are often modest [125].

5.2. Stilbenes

Stilbenes are phenolic substances with two phenyl groups joined by a bridge made of
two carbon atoms in the methylene ring. Most stilbenes in plants function as phytoalexins,
which are substances that are often only produced as a result of infection or injury. Resvera-
trol is one of the most thoroughly investigated stilbenes. Red wines, red grape juice, and
peanuts all contain stilbenes [126,127].
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Figure 1. Chemical compositions of the various polyphenol classes. The amount of phenol rings
a polyphenol contains and the structural components that hold these rings together are used to
categorize polyphenols. They can be generally divided into four classes: stilbenes, lignans, phenolic
acids, and flavonoids. Hydroxyl benzoic and hydroxyl cinnamic acids are two more subgroups of
phenolic acids. Phenolic acids, which are present in all plant material but are more prevalent in
fruits with an acidic flavor, make up around one-third of the polyphenolic substances in our diet.
Some common phenolic acids include ferulic acid, gallic acid, and caffeic acid. The most prevalent
polyphenols in the human diet are flavonoids, which have a basic structure that consists of two
aromatic rings connected by three carbon atoms to create an oxygenated heterocycle. Biogenetically,
one ring typically develops from a resorcinol molecule, while the other ring develops from the
shikimate route. Two phenyl moieties are joined by a two-carbon methylene bridge in stilbenes. The
majority of stilbenes in plants function as phytoalexins, which are substances that are only produced
in reaction to infection or damage. Resveratrol has been the stilbene that has been investigated the
most. The 2,3-dibenzylbutane structure of lignans, which are diphenolic substances, is created when
two cinnamic acid residues dimerize.
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5.3. Lignans

A wide class of low molecular weight polyphenols called lignans is present in many
types of plants, especially seeds, whole grains, and vegetables. The word “wood” in Latin
is the source of the name. Phytoestrogens’ predecessors are lignans [128]. They might act
as antifeedants to protect seeds and plants from herbivores [129]. Secoisolariciresinol from
flaxseed [130] and sesamin from sesame seed [131] are two major examples of lignans.

5.4. Flavonoids

Fruits, vegetables, legumes, red wine, and green tea all contain flavonoids. They
are further divided into chalcones, anthocyanins, proanthocyanidins, flavanols, flavonols,
flavones, isoflavones, and flavanones [97]. Green and black tea include flavanols, such
as epigallocatechin gallate [132]. Onions, broccoli, and blueberries all contain flavonols,
such as kaempferol and quercetin [133]. In strongly colored fruit, anthocyanins can be
discovered (cyanin glucoside is one of the examples) as reported by Ly et al. [124]. Parsley
and celery both contain flavones, such as apigenin, chrysin, and luteolin [124]. Soya and its
processed derivatives contain isoflavones, such as daidzein and genistein [134]. Grapefruit
contains flavanones, such as naringenin [124]. Chalcones are primarily plentiful in hops
used in beer making. They are also plentiful in numerous plants and spices, as well as
in several vegetables and fruits, such as shallots, tomatoes, potatoes, and bean sprouts
(as well as licorice and cardamom). The primary prenylated chalcone is xanthohumol,
which is mostly present in hops and hence in beer [135]. Condensed flavan-3-ols known
as proanthocyanidins are present in numerous plants, including apples, grape seeds,
grape skin, and cocoa beans (the main source) [136]. Another group of polyphenols is the
curcuminoids which includes turmeric or the compound curcumin.

Generally, the most prevalent polyphenols among these several types are phenolic
acids and flavonoids [137]. Various protective properties of natural polyphenols against car-
diovascular illnesses have been reported [59,88,138,139]. It has been noted that polyphenols
belonging to various subclasses can reduce heart fibrosis and dysfunction after a cardiac
injury. Quercetin with its glycoside derivative, rutin, or solitary quercetin reduced cardiac
dysfunction and myocardial damage brought on by isoproterenol, prevented cardiac fibro-
sis, and inhibited the synthesis of connective tissue growth factor (CTGF), transforming
growth factor-β (TGF-β1), and ECM components [140]. Panchal et al. [141] reported that
by blocking the NF-κB signaling pathway and promoting nuclear factor erythroid 2-related
factor 2 (Nrf-2) and its downstream components, heart remodeling was prevented in an
obese rat model fed a Western diet supplemented with quercetin.

The most common and powerful catechin in green tea is epigallocatechin-3-gallate
(EGCG) [142]. In rats, EGCG has been reported to reduce heart hypertrophy and the
proliferation of cardiac fibroblasts (CFs) [143]. Other findings revealed EGCG inhibited
oxidative stress, which slowed heart hypertrophy both in vivo and in vitro [144]. In the
meantime, it reduced the activation of rat CFs induced by AngII through the involvement
of β -arrestin1 [145]. By blocking the NF-κB signaling pathway during hypertrophic
stimulation, Cai et al. [146] discovered that EGCG might inhibit the expression of fibronectin
and collagen formation in rat CFs brought on by AngII. It also significantly improved
excessive CTGF expression and cardiac fibrosis [146]. An appropriate dose is necessary
for EGCG to play its protective effect in reducing heart fibrosis, though. In contrast, a
high dose of EGCG causes the creation of cardiac collagen and worsens cardiac fibrosis in
mice [147].

NADPH oxidases (NOXs), a class of enzymes linked to the production of ROS, were
found to contribute to the advancement of myocardial fibrosis and HF [148]. The my-
ocardium expresses all forms of NOX, but NOX2 and NOX4 are predominant. In disease,
the human heart’s end-stage failure exhibits enhanced NOX expression, and cardiac hy-
pertrophy is evidently a significant source of elevated cardiac ROS. According to Wang
et al. [149], luteolin inhibits CFs proliferation by reducing oxidative stress in vitro. The
mechanism underlying this effect is dependent on the regulation of NOX2 and NOX4
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in cardiac hypertrophy, which reduces the production of c-Jun N-terminal kinase (JNK)
and TGF-1 β and lowers cardiac fibrosis [150]. Additionally, the anthocyanins found in
grape skins, such as malvidin-3-glucoside, delphinidin-3-glucoside (Dp3G), cyanidin-3-
glucoside (Cy3G), petunidin-3-glucoside (Pg3G), and peonidin-3-glucoside, guard against
problems from ischemia/reperfusion and diabetic mellitus [151]. Dp3G and Cy3G, but
not Pg3G, were able to restore complex I of the mitochondrial respiratory chain to its
original condition and increase ischemia-depleted ATP levels via promoting oxidative
phosphorylation [152]. Because of its high potential to decrease cytosolic cytochrome c,
Cy3G, but not Pg3G, protects the rat heart against ischemia/reperfusion-induced apoptosis
and necrosis [153]. Administration of Cy3G improves cardiac dysfunction and cardiac
inflammation in STZ-induced diabetic cardiomyopathy by activating MMP-9 and lowering
the level of tissue inhibitor of MMP-9 (TIMP-1) found in diabetic rat hearts [154].

Curcumin, a natural inhibitor of p300-specific histone acetyltransferase, has been
demonstrated to prevent HF [155]. Curcumin alone or in combination with enalapril re-
duces severe perivascular fibrosis in rats after MI and enhances left ventricular systolic
function via reducing nuclear expression of p300 [155,156]. According to a different study,
curcumin prevents unfavorable cardiac repair and lessens the fibrotic response to ischemia
and reperfusion by slowing the breakdown of the extracellular matrix and preventing the
synthesis of collagens through the TGF-β/Smad pathway [157]. Curcumin dramatically
reduced collagen buildup in vivo, as well as CF proliferation, migration, and MMP produc-
tion, according to another line of study [158]. According to Zeng et al. [159], curcumin’s
ability to up-regulate Nrf-2 expression and suppress NF-κB activation was directly related
to its protective role. Resveratrol administration has been shown to prevent and/or slow
down the progression of cardiac remodeling in an animal model of HF [160].

Due to their biological actions as an antioxidant, an anti-inflammatory, and an an-
ticancer agent, polyphenols are commonly present in many foods and have received
significant attention. Polyphenols are chemicals with a benzene ring structure with two or
more phenolic hydroxyl groups and, depending on their structural properties, they can
be divided into flavonoids and phenolic acids. Several positive impacts of polyphenols
on health have been documented [161–166]. They are endowed with special functional
capabilities to exercise their good effects on human health and are added to meals owing to
their remarkable biological activities, such as antioxidant and antibacterial effects, as well
as their natural availability and biocompatibility. In the prevention of numerous chronic
diseases such as diabetes, hypertension, and cancer, the potential significance of functional
foods containing polyphenolic chemicals is of importance.

Flavonoids are divided into six main subclasses based on the variety in the type
of heterocycle involved: flavonols, flavanones, flavanols, flavones, anthocyanins, and
isoflavones. Individual variances within each group are caused by differences in the
quantity, arrangement, alkylation, and/or glycosylation levels of the hydroxyl groups.
The C ring of flavonols (such as quercetin and kaempferol) has a 3-hydroxy pyran-4-one
group. The C ring of flavanones (such as naringenin and taxifolin) contains an unsaturated
carbon-carbon bond. The 4-one structure in the C ring and the 3-hydroxyl group are absent
from flavanols (such as the catechins). There is no hydroxyl group in the 3-position on the C
ring of flavones (such as luteolin). Isoflavones, such as genistein, have the B ring connected
to the C ring in the 3-position rather than the 2-position as is the case with other flavonoids.
Anthocyanins, such as cyanidin, are characterized by the presence of an oxonium ion on
the C ring and are strongly colored as a result.

6. Food-Drug and Herb-Drug Interactions

Drug release, absorption, distribution, metabolism, and/or elimination can be signifi-
cantly impacted by the concurrent consumption of food or herbs and medications, which
can also have a negative/positive impact on the efficacy and safety of pharmacotherapy.
Food and herb consumption alters the human gastrointestinal (GI) tract’s physiological en-
vironment in a number of ways that can influence a drug’s release, absorption, distribution,

229



Biomedicines 2023, 11, 1697

metabolism, and/or elimination. These interactions between food, herbs, and drugs are
general, thus they will apply to any oral formulation [167]. Their applicability, however,
depends on the drug’s formulation and physical characteristics. It is possible to lessen
negative drug reactions and iatrogenic disorders by increasing understanding of interindi-
vidual variation in drug breakdown capability and results regarding the influence of drugs,
nutrition, and herbal items. Medical care needs to be increasingly individually adjusted to
each patient, and when diet and herbal treatments are administered in conjunction with
medications, this can boost therapeutic efficacy and reduce drug toxicity. Designing a
patient’s ideal personal regimen can be aided by understanding how dietary components
might increase or decrease pharmacological efficacy. Understanding all the variables can
aid in creating individualized medicine, nutrition, and herbal remedy plans for patients,
preventing negative side effects, and fostering healing and health [168]. The synergistic
impact of some herbs with some drugs to lessen xenobiotic inputs may be intriguing in
that situation. Herbs/foods that boost a prescription drug’s effectiveness may allow for
lower drug doses when taken concurrently—a potentially advantageous interaction.

7. Conclusions

Numerous epidemiological studies have found a link between consuming natural
polyphenols and a lower risk of developing chronic diseases. The risk of developing major
cardiovascular illnesses, MI, and cardiovascular mortality is inversely correlated with
higher fruit and vegetable consumption [169]. Synthetic medications, herbal medicine
and diets have been utilized in the management of CVDs for decades. It is important
to note that though many reports establish that the molecular mechanisms of cardiac
remodeling have been improved using these therapies individually and not as combinations
medication of HF, little research has investigated new therapeutic targets that incorporate
all three tactics. While their possible interactions should be considered, a combination of
treatments that target independent pathways could proof very efficacious in the treatment
of CVD (Figure 2).

Figure 2. Diagrammatic representation of the influence of synthetic pharmaceutical medications,
dietary and herbal products in CVD management, with emphasis in common pathways that are
targeted by each intervention. DAMPs = damage-associated molecular patterns, SPMs = specific
pro-resolving mediators, CFs = cardiac fibroblasts, NOX = NADPH oxidases, TNF-α = tumor necrosis
factor, MMPs = metalloproteinases, DNA = deoxyribonucleic acid, ECM = extracellular matrix. Figure
created with Biorender.com.
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Abstract: Lipoprotein(a) (Lp(a)) is made up of apoprotein(a) (apo(a)) and an LDL-like particle. The
LPA gene encodes apo(a) and thus determines the characteristics and amount of apo(a) and Lp(a). The
proportion of Lp(a) in each individual is genetically determined and is only minimally modifiable by
the environment or diet. Lp(a) has important pro-atherosclerotic and pro-inflammatory effects. It has
been hypothesized that Lp(a) also has pro-coagulant and antifibrinolytic actions. For these reasons,
high Lp(a) values are an important independent risk factor for cardiovascular disease and calcific
aortic valve stenosis. Numerous studies have been performed in adults about the pathophysiology
and epidemiology of Lp(a) and research is under way for the development of drugs capable of
reducing Lp(a) plasma values. Much less information is available regarding Lp(a) in children and
adolescents. The present article reviews the evidence on this topic. The review addresses the issues
of Lp(a) changes during growth, the correlation between Lp(a) values in children and those in their
parents, and between Lp(a) levels in children, and the presence of cardiovascular disease in the family.
Gaining information on these points is particularly important for deciding whether Lp(a) assay may
be useful for defining the cardiovascular risk in children, in order to plan a prevention program early.

Keywords: lipoprotein(a); children; adolescents; cardiovascular risk

1. Introduction

Lipoprotein(a) (Lp(a)) was first described by K. Berg in 1963 [1]. For several years,
interest in this lipoprotein was modest, until the sequencing of the LPA gene encoding
apolipoprotein(a) (apo(a)), a key constituent of Lp(a) [2], and the subsequent recognition
of Lp(a) as an independent risk factor for cardiovascular disease by epidemiological and
Mendelian randomization studies [3,4]. Later, high Lp(a) values were also associated with
calcific aortic valve stenosis [5] and increased risk of ischemic stroke [6,7].

2. Structure and Features of Lp(a)

Lp(a) consists of a very low-density lipoprotein (LDL)-like particle with apoprotein
B100 being bound via a single disulfide link to a single apoprotein(a) (apo(a)) (Figure 1).

Apo(a) is a glycoprotein that has structural similarities with plasminogen. Plasmino-
gen is made from a protein chain with a terminal part with protease activity joined to
five aggregates of about 90 amino acids that have been named kringles because of their
shape resembling that of a typical Northern European cake. In plasminogen, the kringles
are present in single copy and are named with Roman numerals from KI to KV. Unlike
plasminogen, apo(a) has an inactive protease domain and does not contain KI, KII, or KIII
kringles, but consists of only one KV subtype and ten KIV subtypes, which are present in
single copy except for the KIV2 subtype that can repeat from one to forty times [8] (Figure 2).
Polypeptide structures similar to kringle domains are found in several enzymes (thrombin,
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tissue plasminogen activator, hepatocyte growth factor) as well as in plasminogen and
Lp(a). The KVs of plasminogen and apo(a) have strong structural homology, as do the KIVs
of plasminogen and Lp(a). However, KV and KIV are quite different from each other, both
structurally and as amino acid composition. In contrast, the various subtypes 1 to 10 of
KIV have important structural homologies and differ in their composition by only a few
amino acids. These small differences may, however, account for different activities such as,
for example, the ability to create disulfide bonds between KIV9 and apoB100. The specific
function of KIV2 is not known, nor is the physiological function of Lp(a). The characteristic
of KIV2 is its ability to be replicated a highly variable number of times in the structure of
apo(a) [9].

Figure 1. Structure of lipoprotein(a). Lipoprotein(a) consists of a very low-density lipoprotein (LDL)-
like particle, with apoprotein B100 (apo-B100) being bound via a single disulfide link to a single
apoprotein a (apo(a)).

Figure 2. Schematic depiction of plasminogen and apoprotein (a). Apoprotein(a) is a glycoprotein
with remarkable similarities to plasminogen, in both the protease part (P) and the inactive part (Pi),
and in the kringle protein structure (K). The apoprotein(a) does not have KI to KIII, while it has
KIV to KV; KV and subtypes 1 and 3 to 10 are expressed in single copy, while subtype 2 is pre-sent
in variable copy numbers. Apoprotein(a) can vary greatly in length and molecular weight. Sialic
acid (SA) with other N-glucans and O-glucans has structural functions and protects apoprotein(a)
from proteases. Apoprotein(a) transports a considerable amount of oxidized phospholipids (flox),
which, added to the LDL-like ones connected to apoprotein(a) via apoprotein B100 (ApoB100), make
lipoprotein(a) the major carrier of oxidized phospholipids.

Thus, the length of apo(a) is highly variable and its molecular weight has a range
from 275 to 800 kDa. Apo(a) contains a fair amount of oligosaccharides, in particular, sialic
acid and other N-glycans and O-glycans, which have structural and protective functions
against the activity of proteolytic enzymes [10,11]. Another relevant aspect in the structure
of apo(a) is the presence of oxidized phospholipids, mainly attached to the KIV10 subtype.
Considering also the proportion contained in the LDL-like component, Lp(a) is the ma-
jor carrier of oxidized phospholipids [12], so individuals with high Lp(a) values are at
greater risk of coronary heart disease and stroke. Apo(a) is produced exclusively by the
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endoplasmic reticulum of the liver, where it also undergoes post-translational modifica-
tions with the creation of a disulfide bond in each kringle that assumes the characteristic
shape. The formation process is completed in the Golgi apparatus where the lipoprotein
undergoes glycosylation [13]. The question of whether the assembly of Lp(a) with apo(a)
and apoprotein B-100 takes place in the hepatocyte, on the surface or even outside, is
not settled yet. Some studies suggest that an initial non-covalent bond between apo(a)
and apoprotein B100 could be formed inside the hepatocyte [10], while the final disulfide
bond that completes the formation of Lp(a) would be created outside the hepatocyte, in
the Disse spaces of the hepatic sinusoids [14,15]. A small proportion of apo(a) remains
unaggregated and is eliminated with urine; no particular function has been attributed to
it [16]. The amount of circulating Lp(a) depends on how much apo(a) is produced by the
liver, which, in turn, depends on the activity of the LPA gene, which, being made up of
two codominant alleles, encodes two isoforms of apo(a) that may differ in length. In each
individual, therefore, there are two different Lp(a)s which may have different molecular
weights. The variability in Lp(a) levels in the general population is extremely high, and
its plasma concentration can range from 0.1 to 300 mg/dL. Hepatic production of Lp(a) is
80–90% genetically determined; therefore, it is little affected by environmental factors and
tends to be stable in adults [17]. Therefore, in this age group, a single Lp(a) assay may be
sufficient to know the related risk profile of the individual. However, this point is a matter
of debate, as it is reported that Lp(a) levels would change over time [18]; moreover, this
occurs in the presence of certain diseases. First, it should be noted that Lp(a) behaves as an
acute phase protein, so it tends to increase in inflammatory states [19] and this should be
taken into account when scheduling the measurement. In addition, nephropathies are also
associated with significant increases in Lp(a) levels, which can be explained by different
mechanisms depending on the type of kidney disease. Already in the early stages of renal
failure, an increase in Lp(a) can be shown, with increases proportional to the decrease in
glomerular filtrate. However, in the nephrotic syndrome, Lp(a) can increase up to fourfold
due to an increment of its synthesis by the liver [20]. Chronic kidney disease patients have
a significantly increased risk of cardiovascular disease, related to the level of Lp(a) [21]. The
amount of circulating Lp(a) is inversely proportional to the length of the apo(a), thus to the
number of KIV2 kringles. Therefore, individuals with longer apo(a) isoforms of Lp(a), thus
with higher molecular weight, produce less Lp(a) than those with shorter, lower molecular
weight isoforms. The lower amount of Lp(a) produced by individuals in which the higher
molecular weight isoforms predominate could be due to the longer time required for its
production [22] or to the greater molecular weight isoforms that have not assumed the
correct conformation being translocated outside the endoplasmic reticulum, ubiquitinated
and degraded [23]. In addition to length, other genetic factors may influence the increased
or decreased production of Lp(a). In particular, several single nucleotide polymorphisms
of the LPA gene are known to be associated with increased or decreased apo(a) and Lp(a)
production [24,25]. Regarding cardiovascular risk, it is currently believed that it would be
related to the amount of circulating Lp(a) and not to its qualitative characteristics. Thus,
subjects with higher plasma concentrations of this lipoprotein, who are those with lower
molecular weight isoforms of Lp(a), are most at risk [3]. Lp(a) is metabolized mainly by
the liver and to a lesser extent by the kidney. Several receptors are called upon for Lp(a)
uptake, such as the BI scavenger receptor, plasminogen receptors, and LDL receptors, but
these aspects are not yet fully elucidated [26]. The variability of Lp(a) gives reason for
the difficulties there are in developing precise laboratory methods for its assay. In particu-
lar, when polyclonal antibodies, also directed toward the repeated part of apo(a) (KIV2),
are used, larger isoforms tend to be overestimated, while smaller ones may be underesti-
mated [27]. These difficulties can be overcome by performing analyses with calibrators
containing Lp(a) of different lengths or with monoclonal antibodies directed only toward
the single-copy portion of apo(a). Lp(a) assays are often expressed in mg/dL, as if directly
measuring the entire lipoprotein, and thus, not only its protein part but also its cholesterol
content, cholesterol esters, phospholipids, triglycerides, and carbohydrates. This is not
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quite correct because the assays reflect the quantitative molar ratio between apo(a) and
the antibodies that interact with it. Therefore, it would be more correct to express Lp(a)
values in nmol/L [27]. Again because of the variability of Lp(a), there can be no precise
conversion factor between mg/dL and nmol/L. However, from a practical point of view, a
conversion factor between 2 and 2.5 is still accepted [28].

3. Lp(a) and Cardiovascular Risk

Lp(a) is associated with an increased risk of cardiovascular events because of some of
its structural and functional characteristics that promote atherosclerotic plaque formation
and growth. In addition, it has been suggested that Lp(a) promotes coagulation processes
following plaque rupture. This, however, is currently only a hypothesis and needs vali-
dation. Lp(a) contains a proportion of cholesterol that corresponds to about 30–40% of its
weight [29]. This amount of cholesterol is less than that found in LDL and is negligible
when circulating Lp(a) is in low concentration. However, in individuals who have high
Lp(a) values, its contribution to the amount of atherogenic cholesterol can be significant,
mainly due to the ease with which Lp(a) crosses the endothelium and accumulates in the
inner layer of the artery wall, where it is able to activate smooth muscle cell proliferation
and migration and foam cell formation [13]. Interestingly, high levels of Lp(a) promote
the earlier stages of atherosclerosis and not just the more advanced phases. Imaging stud-
ies have shown that Lp(a) promotes the development of arterial wall inflammation [30]
and that in the presence of coronary artery disease, high Lp(a) levels are associated with
an increase in the amount of calcium and necrotic core volume from the atherosclerotic
plaque [31,32]. The processes promoting inflammation and calcium deposition seem mainly
related to the presence of oxidized phospholipids [33,34], which would be responsible for
the secretion of chemotactic substances and proinflammatory cytokines, upregulation of
adhesion molecules, and trans-endothelial migration of monocytes [30,35]. Finally, the
presence in apo(a) of a protease-like domain similar to that of plasminogen, but inactive,
suggests that Lp(a) might also have a role in promoting coagulation processes and reducing
fibrinolysis. The latter effect of Lp(a) is still under debate [36]. However, it seems that
Lp(a) has no role in venous thromboembolism events [37]. In summary, Lp(a) would
have pro-atherosclerotic, pro-inflammatory, and possibly pro-coagulant and antifibrinolytic
effects. Regarding calcific aortic valve stenosis, numerous studies have shown micro- and
macro-calcifications of the aortic valve in adults aged 45 to 55 years with elevated Lp(a)
values [5,38,39]. It is estimated that individuals with higher Lp(a) percentiles are three
times more likely to develop calcific aortic valve stenosis than those with lower Lp(a) per-
centiles [38]. Furthermore, high plasma Lp(a) levels correlate with more rapid progression
of valve stenosis [12]. The etiopathogenetic mechanisms explaining the association between
Lp(a) and calcific aortic valve stenosis have yet to be elucidated; however, oxidized phos-
pholipids would again be called into play, which, in addition to activating inflammatory
processes, would stimulate the activation of genes that regulate osteoblastic processes in
the cells of the valve interstitium [12,35].

Some considerations should be added regarding the relationship between hypolipi-
demic drug therapy and the levels of Lp(a). Statins have been reported to be associated
with a tendency to increase Lp(a) levels, whereas ezetimibe would have no effect [40,41].

In contrast, apheresis [42] and drugs such as niacin [43] and PCSK9 inhibitors [44] are
able to reduce plasma Lp(a) concentrations. However, while it has been shown that the
decrease in Lp(a) levels induced by apheresis is approximately 75% and is associated, in
subjects with extremely high Lp(a) levels, with a significant reduction in cardiovascular
risk [42], the same clinical outcome is not achieved with the administration of niacin or
PCSK9 inhibitors [45,46], which induce reductions in Lp(a) values of 20–30% [43,44]. On
the basis of the current data, a significant reduction in cardiovascular risk by lowering
Lp(a) awaits further studies. Of note, niacin and PCSK9 inhibitors do not currently have a
pediatric indication.
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4. Lp(a) in Adults

The plasma concentration of Lp(a) is widely variable, and in all populations, there are
individuals with very-high Lp(a) values. However, important differences can be found in
the distribution of Lp(a) in different ethnic groups. In fact, average Lp(a) values increase
from Chinese, to South Asians, to Whites to Blacks, with average concentrations of 16, 19,
31, and 75 nmol/L, respectively [47]. Hispanics have values intermediate between South
Asians and Caucasian Whites [48]. In general then, Black individuals are those with higher
Lp(a) values; in fact, the mean value of the plasma Lp(a) concentration among Blacks is in
the fifth quintile of the White population distribution [49]. These differences among the
different ethnic groups would be largely explained by the greater presence of isoforms with
lower KIV2 kringle number in the Black, Caucasian, and Hispanic populations, respectively,
although mutations in the LPA gene and other yet unknown factors would play a non-
secondary role [50,51]. A recent large study confirms the inverse relationship between the
distribution of Lp(a) values and its isoforms and the different distribution among different
ethnic groups [52]. The study shows that Chinese and South Asian populations have
the lowest average Lp(a) values and largest isoforms, while Africans and Arabs have the
highest concentrations and smallest isoforms. Europeans, Latin Americans, and Southeast
Asians rank in between for both parameters. The same study shows a correlation between
the presence of Lp(a) values greater than 50 mg/dL with the risk of myocardial infarction
with an odds ratio of 1.48 (95% CI: 1.32–1.67) in the entire population. The risk increased
from Africans, to Arabs, Chinese, Europeans, Latin Americans to Southeast Asians who
had the highest odds ratio [52]. This study suggests that ethnicity should also be taken
into account when assessing the cardiovascular risk associated with Lp(a) levels, as similar
Lp(a) values might be associated with different patterns of cardiovascular risk in different
ethnicities. Lp(a) values could also differ according to gender. However, the reports on this
issue are conflicting: some authors report that males have higher values than females [53],
while for other authors, the opposite would be true [47]. In males, Lp(a) values would
remain consistent throughout adult life [54], whereas in females, there would be an increase
after menopause [55–58]. In adults, the correlation between Lp(a) levels and cardiovascular
risk has a linear and continuous pattern. In general, individuals with Lp(a) values less
than 30 mg/dL can be considered at low risk and those with values greater than 50 mg/dL
at high risk. Concentrations between 30 and 50 mg/dL are considered borderline [27]. It
should be emphasized, however, that in the assessment of an individual’s cardiovascular
risk, Lp(a) values are only one aspect, albeit an important one, that must be considered in
the totality of the other known risk factors. The most recent European guidelines suggest
that Lp(a) should be measured at least once in a lifetime in adults and that this information
should be included in the overall estimate of the risk of developing atherosclerotic-based
disease [27].

5. Lp(a) in Children and Adolescents

The number of Lp(a) studies performed in pediatric populations is much smaller
than those performed in adults. This is because pediatric research on cardiovascular risk
factors is often ancillary to that in adulthood, but also because cardiovascular events
are exceptional in very young people. However, four studies have been published that
relate to increased Lp(a) values to the occurrence of arterial ischemic stroke in infants and
children [59–62]. In addition, a meta-analysis reported an OR of 6.27 (95% CI, 4.52 to 8.69)
for ischemic stroke in children with elevated Lp(a) compared to children with normal
values [63]. However, arterial ischemic stroke is a very rare condition in childhood, so
this finding refers to a restricted aspect of the relationship between elevated Lp(a) levels
and cardiovascular disease in youth. Studies that relate to Lp(a) measurement in children
and adolescents are in small numbers and involve two time periods. The oldest studies
date back to the 1990s, and publications have resumed in more recent times when interest
around Lp(a) has grown, partly because of the possibility of specific therapy that could
reduce its values.
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Thus, the main questions are (i) how does Lp(a) vary during childhood and (ii) is there
a correlation between Lp(a) values in children, those of their parents, and the presence of
markers of atherosclerosis in adolescents and/or cardiovascular disease in the family?

In the available studies, the Lp(a) assay is expressed with different units: in mil-
ligrams/liter, in milligrams/deciliter, or in nanomoles/liter. In reporting the results of the
different studies, we have kept the data as expressed in the original articles.

5.1. Changes in Lp(a) Values in Childhood

As for this topic, the questions are (i) how do Lp(a) levels vary during childhood;
(ii) when do they reach adult values; (iii) will a child with high Lp(a) be an adult with high
Lp(a) values?

A first study carried out in 1983 showed that Lp(a) values in neonates are very low
compared to those in adults [64]. A subsequent study confirmed that the Lp(a) val-
ues at birth are very low and increase significantly by the seventh day of life and are
still increasing even at 180 days after birth [65]. A later study reported Lp(a) values in
232 infants including 123 of white ethnicity and 109 of black ethnicity. The birth value of
Lp(a) was 4 mg/dL with no differences by ethnicity and gender. The same study showed
that Lp(a) values increased gradually from birth, reaching adult values already by the
second year of life [66]. Schumacher and Wood assayed Lp(a) in 123 term infants showing
a mean concentration of 13.9 mg/L in the umbilical cord blood and 10.2 mg/L in the
capillary blood [67]. Subsequently, the same group published a study conducted on
625 infants and 221 children in the first year of life. The median value of Lp(a) in
children less than 1 year old was 37.0 mg/L regardless of gender (males 37.1, females
37.0 mg/L) [68]. Wilcken et al. calculated the 50th and 95th percentile values of Lp(a) on a
sample of more than 1000 children in the third–fifth days of life, which were found to be
30 and 130 mg/L, respectively. Repeat assays at month 8 in a subgroup of the same sample
showed that the values were doubled [69]. A Turkish study conducted in 430 children with
dosing at 7, 13, 24, and 36 months showed mean Lp(a) values of 84, 156, 134, and 136 mg/L,
respectively. The authors also found a strong correlation between the Lp(a) concentrations
of the four measurements in the individual child [70]. Two recent studies have made
important contributions regarding the evolution of Lp(a) values from infancy and adoles-
cence. In the first, the authors assayed Lp(a) in the umbilical cord, at birth at 2 months
and at 15 months obtaining values of 2.2, 2.4, 4.1, and 14.6 mg/dL, respectively, showing
a strong correlation between umbilical cord blood and venous blood values at birth and
a moderate correlation between values at 2 and 15 months [71]. In the second, a group
of Dutch researchers published data collected on a sample of nearly 3000 children and
adolescents referred to an outpatient clinic dedicated to the treatment of dyslipidemia. The
population had high mean LDL cholesterol values (184 mg/dL), and in about two-thirds
of the cases, a diagnosis of familial hypercholesterolemia had been made and confirmed
on genetic analysis. Lp(a) assays, performed by two different analytical methods, showed
mean values of 117 and 103 mg/L. Lp(a) values increased with age in both the group
of untreated individuals and those taking hypolipidemic drugs. In individuals in whom
multiple assays had been performed at different times, at least a 20% increase in Lp(a) levels
was observed. Individuals who showed high values when they were children maintained
high values as adults. Finally, the researchers showed that in all of the study population,
Lp(a) values increased into adulthood, and individuals treated with statins tended to have
a greater increase. Subjects taking the statin/ezetimibe combination reached a plateau at
age 15 years [72]. These data would confirm what has already been observed in adults in
whom statin treatment would induce an increase in Lp(a) values not shown in those taking
ezetimibe [40,41]. Finally, a recent study conducted in 416 Korean children with a mean age
of 11.1 years, in which the mean values were 21.5 nmol/L, should be noted. The prevalence
of individuals with Lp(a) values > 100 nmol/L (equal to about 50 mg/dL) was 11.3%. No
age- or gender-related differences were evident [73].
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5.2. Correlation between Pediatric Lp(a) Values and Clinical Data

In his study, Wilcken et al. [69] showed a correlation between Lp(a) values in children
in the third–fifth day of life and those of their parents, and this correlation was even clearer
in measurements performed at eight months. The study by de Boer [72] confirmed a corre-
lation between Lp(a) values from eight years of age to adulthood, with an increase in values
of about 20 percent. Qayum et al. assayed Lp(a) in 257 14-year-old adolescents referred to
an outpatient cardiovascular prevention clinic based on the presence of dyslipidemia or
early cardiovascular events in the family. The sample was divided into two groups based on
the presence of Lp(a) values greater or less than 30 mg/dL, showing that African–American
ethnicity was more represented in the group with high Lp(a) values, while there were no
differences related to gender. In addition, the prevalence of early cardiovascular events in
the family was higher in the group with high Lp(a) values, HDL cholesterol values were
higher, and triglyceride values were lower. In contrast, there were no differences in carotid
intima-media thickness or pulse wave velocity, two surrogate indices of atherosclerosis [74].
A recent study confirmed the absence of significant differences in early vascular aging in a
group of young people with elevated Lp(a) compared with a control group [75]. Recently,
the Italian LIPIGEN network demonstrated in a group of 653 Caucasian children and
adolescents aged 2 to 17 years with clinical and/or genetic diagnosis of familial hyperc-
holesterolemia that individuals with the highest Lp(a) values were also those with a higher
prevalence of early cardiovascular events in first- or second-degree gentiles [76]. Finally,
a very new publication [77] considered two studies in which the relationship between
Lp(a) values in young people aged 9 to 24 years and 8 to 17 years and the incidence of
cardiovascular events at the mean age of 47 years was assessed. After adjustment for
several other cardiovascular risk factors, Lp(a) values > 30 mg/dL carried about twice the
risk of early cardiovascular events. The concurrent presence of elevated LDL cholesterol
values doubled this risk. When the data were analyzed continuously, the risk of events
increased by 30 percent for every 1 standard deviation increase in Lp(a) value. In children,
the clinical diagnosis of FH is based almost exclusively on LDL cholesterol values, since
the other clinical signs contributing to the diagnostic scores, which are present in adults,
are never found in children. Because when we assay LDL cholesterol, we cannot distin-
guish the amount of cholesterol carried by LDL (which increases in the presence of FH)
from that related to Lp(a), the presence of high Lp(a) values could lead to misdiagnosis of
heterozygous FH. De Boer’s group tested this hypothesis by analyzing a sample of subjects
less than 18 years of age referred for family history of FH and/or early cardiovascular
disease and/or hypercholesterolemia in the family [78]. The authors noted that children
with a diagnosis of FH confirmed by genetic analysis had lower Lp(a) values than those
with a phenotype suggestive of FH for elevated LDL cholesterol values but with a negative
genetic diagnosis. The latter group was also the one with a higher prevalence of familiarity
for early cardiovascular events. These data suggest that high Lp(a) values may be a greater
risk factor than carrying a genetic mutation causing heterozygous FH [79]. On the sidelines,
we can mention that recently, the analysis of data from the LIPIGEN network in adults
confirmed that very high Lp(a) levels can explain at least part of the clinical diagnoses of
FH in subjects with very high-LDL cholesterol values and negative analysis for causative
genes of this disease [80].

In conclusion, Lp(a) values at birth are very low, but they increase rapidly in the first
few months of life. It is believed that definitive values are reached around the age of two
years, but some data cast doubt on this assumption. There is evidence, however, of the
existence of a correlation between Lp(a) values in childhood and in adulthood. There also
seems to be a correlation between child and parental Lp(a) values. Finally, high Lp(a)
values in children and adolescents correlate with a higher frequency of cardiovascular
events in the family and an important increased risk of early cardiovascular events.
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6. Role of Lp(a) in Defining Pediatric Cardiovascular Risk and Preventive Activity

Cardiovascular disease is the leading cause of death in Europe and the World [81,82]
and is also a major cause of disability and health spending [83]. In low-income countries,
it is not economically and organizationally feasible to provide adequate care for patients
with cardiovascular disease [84,85], while in developed countries, where effective and
innovative but expensive treatments are available [86], the economic burden of these dis-
eases can become critical for welfare systems [83]. Even with these considerations in mind,
primary prevention should be the key choice of a correct and forward-looking health policy.
Cardiovascular disease manifests clinically in adulthood, but the underlying atheroscle-
rotic processes are already evident even in the first decade of life [87,88]. Paradoxically,
atherosclerosis could be considered a pediatric disease. Prevention of cardiovascular dis-
ease should therefore be started very early. It is well known that unhealthy lifestyles
and diet, as well as exposure to environmental pollution, promote the development of
atherosclerosis [89,90]. Therefore, all children and adolescents should be offered proper
nutrition, adequate physical activity, and the opportunity to live in a healthy environ-
ment. However, these generalized interventions on the pediatric population should be
complemented by a personalized one to early identify those children who already carry
risk factors (hypertension, dyslipidemia, alterations in glucose metabolism, hyperuricemia)
with the aim of stratifying the risk profile of each individual, as is already the practice for
adults. Recently, it has been proposed to include Lp(a) in the algorithms for calculating the
cardiovascular risk of the adult population [91]. Although less precisely than in adults, it
may also be possible in children and adolescents to define an estimate of future cardiovas-
cular risk, and this may be useful in planning individualized interventions. The questions
to be answered are whether pediatric Lp(a) assay is useful, is cost-effective, should be
offered to all children as screening and at what age or whether it should be reserved
for particularly high-risk individuals. Currently, there is no agreement among Scientific
Societies regarding the indication to perform Lp(a) assay to all individuals, despite the
evidence for the correlation between Lp(a) and cardiovascular risk. The European Society
of Cardiology and the European Atherosclerosis Society suggest dosing everyone at least
once in a lifetime [91], while United States Scientific Societies recommend measuring Lp(a)
only in at-risk individuals [92–94]. On this basis, the position expressed in 2015 by McNeal
not to perform Lp(a) assay routinely in young people and to reserve it only for particular
cases, suggesting healthy lifestyles for all children and adolescents [95], is consequential.
More recently, Khon and colleagues have instead suggested the possibility of generalized
screening in pediatric age, albeit with a number of concerns [96]. Concerns relate to the
absence of a specific treatment that can reduce Lp(a) levels, the risk of creating worry in
families or inducing excessive dietary restrictions in younger children, the uncertainty of
what the risk thresholds of Lp(a) values are in children of different ethnicities, and, finally,
the lack of evidence on what course of action to take once children with elevated Lp(a)
values become adults. An argument against performing generalized pediatric screening is
that since the American Academy of Pediatrics’ indication to perform a lipid profile assay
to all 10-year-old children is poorly followed, it would be unnecessary to add an indication
to also assay Lp(a) [97]. However, the evidence that would suggest the clinical utility of per-
forming Lp(a) dosing before the age of 20 is plentiful [96] and, certainly, it seems reasonable
to perform the assay when the LDL cholesterol value is high, in suspicion of heterozygous
FH [98–100]. So, there is an open discussion on this issue. In this debate, one point to be
clarified is what is meant by the term screening. Should Lp(a) dosing be performed in all
children, or should the assay be performed only in children at cardiovascular risk, as a
component of the risk profile, in addition to family history, anthropometric parameters,
blood pressure measurement, and metabolic profile assay (lipid profile, glucose profile,
and serum uric acid)?

In conclusion, in our opinion, including the Lp(a) assay within the panel of pedi-
atric cardiovascular metabolic risk factors could be of clinical utility for several reasons.
Although it is not entirely clear whether, after the age of two years, the LPA gene is fully ex-
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pressed or Lp(a) values continue to rise into adulthood, and children with high Lp(a) values
will continue to maintain high values as adults. Lp(a) promotes all steps of atherosclerosis,
but it is particularly active in promoting the early stages of atherosclerosis because of its
ability to enter the subendothelial layers of arteries. Thus, children with high Lp(a) will
develop earlier atherosclerotic lesions and, other risk factors being equal, more rapidly
progress through the steps leading to atherosclerotic plaque formation. The clinical man-
ifestations of atherosclerosis belong almost exclusively to adulthood, yet atherosclerotic
changes in the vessels progress in each individual with a speed proportional to the presence
of his/her risk factors throughout life. Thus, true primary prevention is effective only if it
is started from an early age. Knowing each individual’s risk early, including by assessing
Lp(a) levels, can help implement earlier and more effective prevention. There are currently
no effective treatments available to reduce Lp(a), and when there are, young people will
not be the first to be offered them. However, the presence of elevated Lp(a) recommends
increased attention in controlling other modifiable risk factors and a stronger indication to
lead a healthy life beginning in childhood and adolescence. Finally, the finding of elevated
Lp(a) values in a child could be a stimulus for the family, in the presence of other risk factors
such as excess weight and/or hypertension, to greater adherence to dietary-behavioral
or pharmacological treatments that are proposed and could suggest the need for testing
in parents.

A final point to clarify is whether to measure Lp(a) in all children and at which age.
The value of Lp(a) is genetically determined and is randomly distributed in the population.
If the value in the parents is not known, there are no other parameters to decide which
children to measure. Considering that Lp(a) dosing has a low cost, it would be appropriate
to measure it once in a lifetime in all children, after two years of age. As mentioned above,
it would be appropriate to combine the Lp(a) assay with a comprehensive analysis of the
individual’s risk factors. An elevated Lp(a) value increases overall cardiovascular risk,
becoming more significant in children with familial dyslipidemia, hypertension, obesity, or
glucose metabolism disorders. Since the American Academy of Pediatrics recommends
that all children between the ages of 9 and 11 be evaluated for lipid status [97], it may be
advisable to add the Lp(a) assay at this time. If high Lp(a) values are found in one or both
parents, measuring in the offspring is mandatory. The measurement, in our opinion, can
be performed after the age of two, at whatever age an improvement in lifestyle and diet is
deemed appropriate and effective.

7. Conclusions and Research Perspectives

Lp(a) has very low values at birth because its gene activity is not yet fully expressed,
and its levels increase during childhood, but it is unclear when values proper to adults are
stably reached and whether or not growth continues into adolescence. Thus, in children
and adolescents, a single Lp(a) assay may not be sufficient as is suggested for adulthood.
However, it seems clear that a child with high Lp(a) will almost certainly become an adult
with high values of this lipoprotein, so a child with high Lp(a) values should be consid-
ered an individual with increased future cardiovascular risk. The gender and ethnicity
differences known in adults have not been clearly demonstrated in pediatric age. Based
on these considerations, studies in unselected pediatric populations would be needed
to understand whether different Lp(a) threshold values should be defined according to
age, gender, and ethnicity. Finally, the cardiovascular risk in individuals with high Lp(a)
values has been defined as equal or even greater to that of heterozygous carriers of familial
hypercholesterolemia [79], for whom hypolipidemic drug treatment is planned from a
pediatric age [98,99]. Therefore, when drugs, currently in trials [46,101], that can reduce
Lp(a) values become available, it will be appropriate to evaluate, even in pediatric age, in
which individuals these medications might be useful.
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Abstract: Atrial fibrillation (AF) is associated with atrial remodeling, cardiac dysfunction, and poor
clinical outcomes. External direct current electrical cardioversion is a well-developed urgent treatment
strategy for patients presenting with recent-onset AF. However, there is a lack of accurate predictive
serum biomarkers to identify the risks of AF relapse after electrical cardioversion. We reviewed
the currently available data and interpreted the findings of several studies revealing biomarkers for
crucial elements in the pathogenesis of AF and affecting cardiac remodeling, fibrosis, inflammation,
endothelial dysfunction, oxidative stress, adipose tissue dysfunction, myopathy, and mitochondrial
dysfunction. Although there is ample strong evidence that elevated levels of numerous biomarkers
(such as natriuretic peptides, C-reactive protein, galectin-3, soluble suppressor tumorigenicity-2,
fibroblast growth factor-23, turn-over collagen biomarkers, growth differential factor-15) are associ-
ated with AF occurrence, the data obtained in clinical studies seem to be controversial in terms of
their predictive ability for post-cardioversion outcomes. Novel circulating biomarkers are needed to
elucidate the modality of this approach compared with conventional predictive tools. Conclusions:
Biomarker-based strategies for predicting events after AF treatment require extensive investigation in
the future, especially in the presence of different gender and variable comorbidity profiles. Perhaps,
a multiple biomarker approach exerts more utilization for patients with different forms of AF than
single biomarker use.

Keywords: atrial fibrillation; electrical cardioversion; post-procedural complications; biomarkers

1. Introduction

Atrial fibrillation (AF) is the most common form of sustained cardiac arrhythmia in
the world [1]. The prevalence of AF advances with increasing age. After the age of 80,
atrial fibrillation affects 10–17% of the population [2]. The morbidity is increased and
mortality rises up to 3.5-fold in men and women [3]. Along with it, AF frequently occurs
in patients at higher risk of cardiovascular diseases (CVD) as well as among individuals
with known CVD [4]. Unfortunately, AF and CVD exacerbate each other and mutually
intervene in prognosis. Indeed, patients with any form of AF demonstrated poorer clinical
outcomes if there is concomitant heart failure (HF), coronary artery disease (CAD), type 2
diabetes mellitus (T2DM), obesity, obstructive sleep apnea, chronic kidney disease (CKD),
or peripheral artery disease [5–7]. Further, the prognosis of patients with AF is poorer
than the prognosis of patients with various CVD and comorbid conditions (i.e., HF, CKD)
without AF [8]. Multi-morbidity among patients with AF seems to play a pivotal role in
natural evolution of primary and secondary AF through direct and indirect impact on the
structural and/or electrophysiological abnormalities that occur in AF [9,10]. AF influences
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electrical remodeling, i.e., shortening of refractoriness due to the high atrial rate itself,
resulting in adverse cardiac remodeling [11]. Yet, the persistence of AF itself modulates the
risk of cerebrovascular and cardiovascular events [12,13].

The management of AF includes either rhythm restoration or rate control along with
comorbidity management, prevention of stroke, and systemic thromboembolism [14].
Synchronized electrical cardioversion can terminate AF. Combined with sedation, it is
a safe procedure and highly effective, restoring sinus rhythm in more than 90% [15–17].
It is important to detect AF recurrence after successful electrical cardioversion. In this
case, early cardioversion could prolong the subsequent duration of sinus rhythm and slow
disease progression compared to delayed sinus rhythm restoration [18].

Although the current clinical protocol of initial AF management seems to be very
useful in practice [1], it poses challenges in predicting incidental AF and early detection of
AF-related complications [19,20]. There are many factors associated with AF recurrence,
such as duration of AF, higher age, sex, HF, LA volume index, chronic obstructive pul-
monary disease, hypertension, obstructive sleep apnea, hyperthyroidism, smoking, and
obesity [21,22]. However, the role of biomarkers reflecting the different stages of AF patho-
genesis has not been completely understood. The purpose of the study is to summarize
the current evidence on the value of various biomarkers in predicting the likelihood of AF
recurrence after electrical cardioversion.

2. Promoting Factors and Electrophysiological/Anatomical Substrates of AF

Vulnerable substrates for the occurrence, support, and recurrence of AF are electrophys-
iological and adverse cardiac remodeling, along with structural remodeling, mechanical
dysfunction, and trigger activity, which are mediated by genetic ion channel alterations, con-
comitant cardiovascular (CV) diseases (acute and chronic coronary syndromes, multifocal
atherosclerosis, primary and secondary cardiomyopathy, etc.), CV risk factors (hyperten-
sion, smoking, obesity, diabetes mellitus, resistance to insulin, and dyslipidemia), and
comorbidities (chronic obstructive pulmonary disease, bronchial asthma, chronic kidney
disease) (Figure 1). In addition, concomitant hemodynamic factors as a result of numerous
diseases (heart failure, atrial cardiomyopathy, pulmonary hypertension, inherited and
acquired heart diseases, myocarditis) and conditions (chemotherapy, cardiac toxicity) play
a crucial role in secondary structural remodeling of the heart [23–25]. These factors con-
tribute to AF occurrence by maintaining afterdepolarization-induced triggered ectopic
activity, focal enhanced automaticity, altered function of ion channels, micro-reentrant
circus rotor, less dynamic head–tail interactions during re-entry in cardiac tissue, altered
ion accumulation on the dynamics of re-entry and electrical heterogeneity [26]. Indeed,
head–tail interactions have previously been known to have a causative impact on the
dynamics of the reentrant action potential, which plays a pivotal role in inducing AF [26].
To note, intracellular ions, mainly Ca2+ and Na+, accumulated during reentrant arrhythmia
through the rapid repetitive cellular excitation may lead to spontaneous termination of
re-entry or break-up of the re-entry loop into multiple pathways resulting in AF. Along
with it, the initiation and persistence of AF are controlled by both parasympathetic and
sympathetic stimulation, as well as hormonal influences, which also seem to play a role
in AF recurrence [27]. However, the continuous interaction between electrophysiological,
structural, and anatomical remodeling leads to intercellular uncoupling and a pro-fibrotic
response, which is crucial for trigger activity, the presence of AF, and the transformation of
cardiac dysfunction into HF [28].
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Figure 1. Promoting factors and plausible pathogenetic mechanisms of AF. Abbreviations: AF, atrial
fibrillation; CV, cardiovascular; CKD, chronic kidney disease; SAS, sympathoadrenal system; IR,
insulin resistance; HF, heart failure; RAAS, renin-angiotensin-aldosterone system.

2.1. Electrophysiological Remodeling

Electrophysiological remodeling affects variable changes in specific ionic currents,
such as a reduction in transient outward potassium current, L-type calcium current, and
ultra-rapid delayed rectifier current, as well as shortening of the effective refractory period
and prolongation of the action potential, which are also associated with the increase in
the stimulation rate [29,30]. The overload of intracellular calcium in cardiac myocytes
and its spontaneous release from the sarcoplasmic reticulum seems to be a major factor
in the occurrence of delayed afterdepolarizations and triggered ectopic activity in the my-
ocardium [30]. Although sympathetic activation and direct stimulation by angiotensin-II
are classic mechanisms of enhancing propensity for AF, there are numerous other mecha-
nisms that intervene in altered afterdepolarizations. They mainly include a reduced inward
rectifier, as well as increased activity of the Na/Ca exchanger and residual beta-adrenergic
responsiveness [31,32]. Yet, alterations in the regulation and accumulation of intracellular
calcium can be a result of properly persistent AF and alternative arrhythmogenic mecha-
nisms (intramural decremented conduction, transmural heterogeneity of repolarization,
prolongation of QT-interval, and block of the premature impulse), which are activated due
to progress of pre-exciding CV diseases including HF and coronary artery syndromes [33].
To note, asynchronous down-regulation of voltage-dependent potassium currents and
L-type calcium currents between layers of myocardium through the calcium/calmodulin-
dependent kinase II signal pathway activated by hemodynamic factors (fluid overload,
hypertension), ischemia/hypoxia, hormonal dysfunction (hyperthyroidism), perivascular
edema due to microvascular inflammation, impaired mitochondrial metabolism and ox-
idative stress due to metabolic diseases/conditions (diabetes mellitus, obesity, myopathy,
insulin resistance) and cardiac hypertrophy may support electrophysiological remodel-
ing [34–39]. Although the role of hemodynamic factors and ischemia in shaping AF risk is
well established [34,35], the impact of metabolic influences on electrophysiological remod-
eling is not always obvious. For instance, among patients with thyroid dysfunction, free
thyroxine levels but not thyroid-stimulating hormone concentrations are associated with an
increased risk of incident AF regardless of preexisting CV disease [37]. On the other hand,
a hypothyroid state may directly induce myocardial fibrosis via stimulating autophagy
and inhibiting TGF-β1/Smad2 signal transduction pathway [38]. Obesity and T2DM link
glycemic fluctuations to electrophysiological remodeling that leads to the onset and main-
tenance of AF through mitochondrial dysfunction, oxidative stress, and inflammation [39].
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Chan YH et al. (2019) [40] reported that insulin resistance (IR) was associated with sig-
nificantly increased sarcoplasmic reticulum calcium content and diastolic calcium sparks
in the atrial myocardium. Moreover, IR increased collagen accumulation and superoxide
production in the atrial myocardium through increased synthesis of transforming growth
factor beta 1 (TGF-β1) and abnormal upregulation of calcium-homeostasis-related pro-
teins, such as oxidized CaMKIIδ, phosphorylated-phospholamban, phosphorylated-RyR-2,
and sodium–calcium exchanger [40].

Yet, subcellular mechanisms underlying electrophysiological remodeling seem to
relate to the alteration of connexin 43 expression, which is a principal ventricular gap
junction protein [40,41]. However, significant changes in connexin 43 phosphorylation
were found to be more closely associated with timing AF persistence and the presence
of HF [42]. In particular, these changes can even explain an association of such powerful
components of electrophysiological features as increased transmural dispersion in refrac-
toriness and conduction with increased inducibility of AF and low efficacy of electrical
cardioversion [43,44]. Moreover, this may be a novel paradigm of electrophysiological
remodeling based on the timing of conduction abnormalities in connection to dynamic
changes in connexin 43 isoforms, cardiac dysfunction, and comorbidities [43,44]. Indeed,
there is strong evidence of the fact that apelin-13-an aliphatic multifunctional peptide,
mainly originated from the myocardium, skeletal muscles, and liver-increased connexin
43 through autophagy inhibition and inducing AKT and mTOR phosphorylation and
thereby decreases susceptibility to cardiac arrhythmias including AF and cardiomyocyte
death [45,46]. Yang M et al. (2022) [47] recently reported that the apelin/AMPK/mTOR
signaling pathway, which regulates angiotensin II-mediated autophagy and apoptosis of
cardiac myocytes, is under close control of miRNA-122-5p. The overexpression of miRNA-
122-5p leads to exacerbation of cardiac and vascular hypertrophy, cardiac fibrosis, and
dysfunction. Thus, the overexpression of miRNA-122-5p may be an underlying mechanism
of binding myocardial fibroblasts and activation of AF. On the other hand, angiotensin-II
acts as a promoter of expression of pro-apoptotic molecules, such as P62 and Bax, and
as a mediator of mTOR phosphorylation, which downregulates LC3II, beclin-1, and con-
tributes to the imbalance of autophagy and apoptosis in the myocardium. These changes
were associated with increased myocardial accumulation of collagen I and collagen III,
overexpression of TGF-beta-1 and connective tissue growth factor (CTGF), as well as down-
regulation of myocardial expression of apelin, angiotensin-converting enzyme-2 (ACE2),
and growth differential factor-15 (GDF-15) [47–49]. These facts confirm a close interplay be-
tween the Apelin-APJ axis and ACE2-GDF-15-porimin signaling in angiotensin-II-mediated
myocardial hypertrophy and fibrosis, which are crucial substrates for AF occurrence and
prolongation. Therefore, they modulate the relationship between electrophysiological and
anatomical cardiac remodeling.

2.2. Adverse Cardiac Remodeling

Adverse cardiac remodeling in AF patients includes AF-related atrial remodeling
and cardiac remodeling due to concomitant CV diseases [50]. Both variants may be as-
sociated with sinus node dysfunction, variability in conduction gaps due to parasympa-
thetic/sympathetic stimulation and epigenetic regulation of intercellular communication,
cardiac cell-to-cell heterogeneity, and extracellular matrix alteration [50–53]. Therefore, the
overlap between both variants of remodeling is mediated by concomitant hemodynamic
changes such as valvular regurgitation [54]. AF-related alteration of atrial structure starts
with the differentiation of cardiac fibroblasts into myofibroblasts, which is regulated by nu-
merous triggers, including angiotensin-II, noradrenaline, thyroid hormones, inflammatory
cytokines, chemokines, matrix metalloproteinases, galectine-3, soluble suppression of
tumorigenesis-2 (sST2), TGF-beta-1 and microRNAs (Figure 2).
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Figure 2. Molecular mechanisms of AF. Abbreviations: CV, cardiovascular; CRP, C-reactive protein;
ECM, extracellular matrix; FGF21, fibroblast growth factor-21; GDF15, growth differential factor-15;
Gal-3, galectine-3; TGF-beta-1 transforming growth factor beta-1, TNFα tumor necrosis factor alpha;
TRPC3 transient receptor potential channel-3; TRPM7, transient receptor potential cation channel,
subfamily M, member 7; Nav1.5, voltage-gated sodium channel, Kv1.5, voltage-gated potassium
channel; MMPs. Matrix metalloproteinases; sST2, soluble suppression of tumorigenesis-2; RANKL,
tumor necrosis factor ligand superfamily member 11; OPG, osteoprotegerin.

These triggers contribute to the altered expression of several ion channel proteins,
such as transient receptor potential channel-3 (TRPM3) and member 7 TRPC3, which
regulate intracellular calcium flow, and mediate dysfunction of the ion channels on the
surfaces of target cells [54]. Angiotensin-II, aldosterone, endothelin, and catecholamines,
as well as several inflammatory cytokines (TNF-alpha, interleukin-2) acting as signaling
molecules contribute to fibroblast proliferation via Ca2+ entry via transient receptor po-
tential channels (voltage-gated sodium [Nav1.5] and potassium channels [Kv1.5]) [55].
In addition, myofibril protein breakdown is stimulated by overexpressed calpain, which is
activated by intracellular Ca2+ loading [56]. As a result, activated myofibroblasts not only
produce several types of collagens shaping collagen deposition and cardiac fibrosis but also
directly interact with cardiomyocytes promoting AF [57]. Moreover, myofibroblasts and
fibrotic areas interfere with atrial tissue conduction and lead to intercellular uncoupling.
Indeed, interactions between myofibroblast and cardiomyocyte alter conduction and elicit
focal activity in the atria [58]. Finally, cell uncoupling, along with cardiac myocyte disar-
mament and extensive fibrosis, lead to gap junctions and non-uniformity of anisotropy
modulating AF. In addition, pre-exceeding CV diseases, such as myocardial infarction,
cardiomyopathies, myocarditis, and cardiac hypertrophy, through the strength of local
mechanical forces, loss of cardiac myocytes and extensive fibrosis intervene in anisotropy
modality of cardiac electrical conductivity and shaping arrhythmogenic substrate [59].

Although collagen accumulation in the myocardium is regulated by autocrine/paracrine
and neurohumoral mechanisms, the atria are more prone to extracellular matrix remodel-
ing and collagen deposition than the ventricles. Possibly, it depends on the distinguished
presence of matrix metalloproteinases, their inhibitors, and pro-inflammatory molecules
involved in the subsequent regulation of collagen synthesis and degradation. The accumu-
lation of collagen, other matrix proteins (elastin, fibronectin 1, fibrillin 1), and proteoglycans
in abundance lead to severe heterogeneous areas in the atria with variable alteration of
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electrophysiological properties [59]. This eventually leads to changes in myocardial cell
architecture, such as elongation and disturbed alignment of demarcated fibers. This sub-
sequently causes anisotropic changes in the entire myocardium, mediating a discrepancy
between transverse and longitudinal electrical conduction leading to AF.

3. Electrical Cardioversion of AF: Safety and Outcomes

It seems that standard external direct current electrical cardioversion is a well-developed
urgent treatment strategy for patients presenting recent-onset AF [1,60]. Numerous retro-
spective one-center studies and multicenter trials yielded 86–88% efficacy of the approach
in restoring sinus rhythm along with 6–10% relapse of AF in a short-term perspective
(7–28 days) [61–63]. Overall, electrical cardioversion in AF patients who required emer-
gency department transportation was associated with infrequent hospital admission and
few mild-to-moderate complications [61]. However, the duration of AF in the majority of
studies was less than 48 h in 99% of the patients. Burton JH et al. (2004) [61] observed
in a retrospective multicenter study that electrical cardioversion had an 86% success rate,
and only 10% of the patients returned to the emergency department within 7 days. Fried
AM et al. (2021) [16] reported that the efficacy of this procedure, defined as restoration
of sinus rhythm, reached 88% in routine clinical practice, whereas major complications
(post-cardioversion stroke, thromboembolic events, jaw thrust maneuver for hypoxia, and
overnight observation for hypotension) and predefined minor adverse events (frequently
related to general anesthesia, skin burns) were detected in 0.3% and 14%, respectively.
In addition, electrical cardioversion was about 2.5 times more effective than conventional
pharmacological treatment in restoring sinus rhythm [62,63]. Although there are numerous
potential complications of electrical cardioversion (i.e., ventricular fibrillation, thromboem-
bolism due to inadequate anticoagulant therapy, nonsustained ventricular tachycardia,
various forms of atrial arrhythmias, bradycardia, transient left bundle branch block, my-
ocardial necrosis, asymptomatic myocardial dysfunction, acute HF, transient hypotension,
pulmonary edema, and stroke), they occur less frequently than recurrent AF. Further, 6.4%
of patients revisited the emergency department within 30 days, and 4.8% returned with
AF or atrial flutter. It is noteworthy that the return visit rate for patients with relapsed AF
varies between 3% and 17% [64].

Overall, 30-day all-cause mortality among AF patients undergoing direct-current elec-
trical cardioversion was 0.8% [65]. Data received from the FIRE (Atrial Fibrillation/flutter
Italian Registry) registry showed that predictors of unsuccessful electrical cardioversion
were onset of AF > 48 h, concomitant HF, increasing age, syncope, transient ischemic attack
(TIA)/stroke as well as previous admission to a non-cardiology department [66]. The in-
vestigators also found several predictors of in-hospital mortality in this patient population,
including age, HF, diabetes mellitus, previous admission to a non-cardiology department,
and TIA/stroke [66]. Thus, patients at low risk for thromboembolic complications, includ-
ing stroke and heart failure, seem to benefit more from electric cardioversion than other
individuals with recent-onset AF [67].

Another reason for physicians to use this approach may be cost savings and a short
period of emergency department admission [67,68]. Houghton AR et al. (2000) [69] and
Boriani G. et al. (2007) [70] did not identify concise hemodynamic predictors of successful
external electrical cardioversion or relapses after electrical cardioversion among patients
with persistent AF or atrial flutter. However, only two predictors (duration of arrhythmia
≥1 year and previous cardioversion) were found to be powerful for this matter [69,70],
whereas, in previous investigations, relapse of AF was associated with reduced left ven-
tricular ejection fraction [71]. Along with it, standard external biphasic direct current
electrical cardioversion has better efficacy than monophasic electrical cardioversion (360-J)
for restoration of sinus rhythm in AF patients, although dual external monophasic 360-J
cardioversion may increase the success rate as a rescue technique after failing standard
external direct current cardioversion [72,73]. In this concept, the prediction of plausible
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cardiovascular events, including relapsed AF, with a biomarker strategy seems promising
in patients with recent-onset AF.

4. Predictors for AF Recurrence Following Electrical Cardioversion

Biomarkers reflecting the complex pathophysiological mechanisms underlying AF
seem to be an effective tool to predict rhythm status after cardioversion as well as other AF-
related complications, which can intervene in mortality, hospital admission, cardiovascular
(CV), and non-CV outcomes (Table A1).

4.1. Natriuretic Peptides

Natriuretic peptides (brain natriuretic peptide [BNP], N-terminal pro-B-type natri-
uretic peptide (NT-proBNP), mid-regional pro-A type natriuretic peptide (MR-proANP))
serve as circulating cardiac biomarkers of biomechanical stress, adverse cardiac remodeling
and fluid overload with established diagnostic and predictive values for acute and chronic
HF involving any phenotypes [74,75]. Along with it, elevated levels of NPs were strongly
associated with all-cause and CV mortality and urgent hospitalization among patients with
AF, T2DM, CKD, hypertension, and cardiac hypertrophy [76,77]. Moreover, NT-proBNP
and BNP were found to be predictors for AF [78–80]. However, it has been suggested that
restoration of sinus rhythm through effective electric cardioversion may associate with
a reduction in NP concentrations and thereby predict the recurrence of new episodes of
arrhythmia. Xu X et al. (2017) [81] observed in a meta-analysis that low levels of BNP and
NT-proBNP were associated with the maintenance of sinus rhythm and that the baseline
concentrations of both biomarkers may be a predictor of AF recurrence after successful
electrical cardioversion. Ari H. et al. (2008) [82] reported that a significant decrease in BNP
levels 30 min after electric cardioversion corresponded to six-month maintenance of sinus
rhythm in follow-up.

In the GAPP-AF (The gene expression patterns for the prediction of atrial fibrillation)
study, Meyre PB (2022) [83] investigated 21 conventional and new circulating biomarkers
reflecting inflammation, myocardial injury, cardiac biomechanical stress, and renal dysfunc-
tion before and 30 days after electrical cardioversion and evaluated plausible associations
of changes in circulating biomarker levels with rhythm status at 30-day follow-up. The pa-
tients included in the study had no acute HF, severe valvular disease, or life-limiting active
or chronic serious concomitant diseases. The authors found that low levels of NT-proBNP
were independently associated with sinus rhythm restoration after electric cardioversion.
On the other hand, initial levels of BNP and NT-proBNP in patients with persistent AF
without established CVD did not predict long-term sinus rhythm maintenance, although
conversion to sinus rhythm related to a significant decrease in circulating BNP but not
NT-proBNP level [84]. In contrast, NT-proBNP levels were found to be a predictor of AF
recurrence 30 days after successful electric cardioversion among patients with persistent
AF and CV risk factors, including hypertension and dyslipidemia [85]. In another study,
pre-procedural NT-proBNP levels, but not post-procedural levels of the peptide, indepen-
dently predicted the relapse of AF after successful electrical cardioversion [86]. These
controversial issues perhaps may relate to the presence of concomitant HF. Indeed, in the
CAPRAF (Candesartan in the Prevention of Relapsing Atrial Fibrillation) trial, plasma
NT-proBNP concentrations measured before electrical cardioversion did not predict car-
dioversion success nor the relapse of AF in patients without HF [87]. Mabuchi N et al.
(2000) [88] noticed that low atrial natriuretic peptide (ANP) and high BNP levels before
electric cardioversion were independent predictors of recurrent AF in mild chronic HF
patients. Moreover, the authors established that ANP to BNP ratio <0.44 was a significant
risk factor for AF recurrence [88]. The BNP level of 700 fmol/mL or higher on day 7 after
cardioversion was most predictive for AF recurrence (sensitivity, 78%; specificity, 71%),
whereas ANP did not predict the relapse of AF [89]. Buccelletti F. et al. (2011) [90] measured
the levels of NT-proBNP in 200 patients admitted to the emergency department due to
new-onset AF (<2 weeks) regardless of HF presence. The authors found that NT-proBNP
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levels of either ≤450 pg/mL or >1800 pg/mL seem to show positive and negative predic-
tive values for cardioversion in rate-control and rhythm-control strategies, respectively.
In the range of 450 to 1800 pg/mL, NT-proBNP did not exhibit serious clinical utility [90].
However, it remained unclear whether continuous monitoring of the dynamic changes of
NPs after sinus rhythm restoration predicts recurrent AF [91]. Overall, the restoration of
sinus rhythm after electric cardioversion in AF patients is associated with a decrease in
circulating levels of NPs and low levels of NT-proBNP predicts a sustainable maintains of
sinus rhythm in follow-up.

4.2. Biomarkers of Fibrosis

Cardiac fibrosis was found to be closely associated with AF. Circulating biomarkers
of fibrosis have already been proposed as a promising tool in its evaluation, but which
biomarkers are most appropriate for AF remains unclear [92]. There are a large number of
circulating biomarkers, which characterize the accumulation of extracellular matrix compo-
nents and fibrosis, such as soluble suppressor tumorigenicity-2 (sST2), galectin-3 (Gal-3),
procollagen type III N terminal peptide (PIIINP), type I collagen carboxyl telopeptide
(ICTP), and fibroblast growth factor 23 (FGF-23) [93].

4.2.1. Galectin-3

Gal-3 is a multifunctional galactose-binding protein that belongs to the transforming
growth factor beta superfamily and a biomarker of fibrosis, involved in atrial remodeling,
cardiac fibrosis, and AF [94]. Previous studies revealed that patients with AF had higher
Gal-3 values than non-AF patients, regardless of their comorbidity profile [95,96]. Moreover,
elevated Gal-3 levels were independently associated with paroxysmal non-valvular AF [97].

There is ample evidence of a close relation between elevated Gal-3 levels, atrial re-
modeling (i.e., parameters of left atrial dimension, volume, compliance, and contractility)
and AF recurrence following successful electrical cardioversion [98–100]. Gürses KM et al.
(2019) [98] reported that pre-cardioversion Gal-3 levels in persistent AF corresponded to
a higher left atrial volume index and were associated with early AF recurrence following
successful sinus rhythm restoration. In contrast, Cichoń M et al. (2021) [101] did not
find any link between circulating Gal-3 levels and the risk of recurrent AF in obese and
non-obese patients with persistent AF. The same results were obtained in another study
involving 75 non-HF patients with paroxysmal or persistent AF referred for electrical
cardioversion [102]. Although the authors of the study established a correlation between
the Gal-3 levels and oxidative stress and inflammation in AF patients, only circulating
myeloperoxidase, but not Gal-3, was associated with the maintenance of sinus rhythm in a
multivariate model, possibly due to the small number of patients and relatively early stage
of AF [102]. Whether these changes may be explained in connection with single nuclear
polymorphisms of the Gal-3 gene has not been fully elucidated [103]. Thus, the predictive
ability of Gal-3 for sinus rhythm restoration following successful electrical cardioversion
requires thorough investigations in face-to-face comparison with other biomarkers before
implementation in clinical practice.

4.2.2. sST2

Soluble suppression of Tumorigenicity 2 protein (sST2) is part of the interleukin 1
receptor/Toll-like superfamily, which is related to cardiac inflammation, fibrosis, and also
remodeling. Current clinical guidelines for HF consider sST2 as an alternative biomarker
of all-cause and CV mortality as well as HF-related complications, including hospital ad-
mission, especially in HF with preserved ejection fraction (HFpEF) [74,75]. Although sST2
is involved in cardiac fibrosis, local and systemic inflammation, and atrial and ventricular
remodeling, its role in predicting clinical outcomes of electrical cardioversion of AF remains
uncertain [104,105]. In patients with HF and acute myocardial infarction, elevated sST2
levels were a powerful risk factor for new-onset AF [106,107]. Moreover, in AF patients
without concomitant cardiovascular disease, sST2 concentrations were positively associated
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with LV myocardial strain and T1 mapping indices [108]. Previous studies have demon-
strated significant predictability of AF recurrence after cryoballoon and radiofrequency
ablation using sST2 [109–111].

It appears that limited evidence exists regarding a discriminatory effect of sST2 mea-
sured before and after electrical cardioversion on AF recurrence. Wałek P. et al. (2020) [112]
found that sST2, but not Gal-3, predicted sinus rhythm maintenance after successful electri-
cal cardioversion of AF in patients without HF. Perhaps, sST2 may be considered as part of
a multimarker panel for the prediction of AF recurrence along with NPs and Gal-3. Over-
all, sST2 seems to be a promising predictive biomarker for AF recurrence after electrical
cardioversion, cryoballoon, and radiofrequency ablation.

4.2.3. Other Biomarkers of Fibrosis

Begg GA (2017) [113] investigated an association of biomarkers related to fibrosis
and collagen metabolism with procedural risk and AF recurrence rates among 79 patients
undergoing external direct current cardioversion in comparison with 40 age-and-disease-
matched volunteers. The authors found that Gal-3, PIIINP, and ICTP were not predictive for
AF recurrence after electrical cardioversion, whereas FGF-23 had a weak predictive ability
for relapsing AF [113]. In contrast, Kawamura M. et al. (2012) [114] found no discriminatory
levels of interleukin-6, high-sensitivity C-reactive protein, BNP, renin, and aldosterone for
the 24-month recurrence rate of AF, whereas baseline serum levels of PIIINP > 0.72 U/mL
predicted AF relapse. Thus, there is a serious discrepancy between biomarker levels
corresponding to the presence of atrial fibrosis confirmed by cardiac magnetic resonance
imaging and their discriminatory properties for recurrent AF [115–117].

Furthermore, elevated serum levels of FGF-23 strongly correlated with the total num-
ber of major cardiovascular events and left atrial dimension in paroxysmal AF patients as
well as with new-onset AF in sinus rhythm patients presenting CV risk factors, but not with
the maintenance of sinus rhythm during follow-up [117–119]. Meta-analysis of 15 clinical
studies, enrolling 36,017 participants, revealed that elevated serum FGF-23 levels, but not
GDF15 levels, were associated with the risk of AF [120]. A meta-analysis of 15 clinical trials
involving 36,017 participants found that elevated serum FGF-23 levels, but not GDF15
levels, were associated with AF risk [120]. However, it remains unclear whether these
results also apply to patients undergoing electrical cardioversion.

4.3. Biomarkers of Inflammation
4.3.1. GDF15

GDF15 is a member of the TGF-beta superfamily whose expression is increased in
response to biomechanical myocardial stress, inflammation, or ischemia/hypoxia [121].
GDF15 is involved in the regulation of energy homeostasis, thermogenesis, and eating
behavior [122]. Yet, GDF15 also exerts anti-inflammatory and anti-proliferative prop-
erties, although the underlying molecular mechanisms are still unclear [123]. Elevated
GDF15 levels were found in patients with any phenotypes of chronic HF, stroke, AF, and
T2DM [124–128]. In the general population, GDF-15 did not show a positive association
with the prevalence of AF and the risk of AF occurrence [129]. The suitability of GDF15
for predicting bleeding and/or atrial thrombosis during anticoagulant therapy remains
questionable [130]. Clinical evidence for the discriminative value of GDF15 for AF re-
lapse or sinus rhythm maintenance is extremely limited. There is one small study that
prospectively included 82 patients with persistent AF [101]. Although log10 serum GDF-15
levels correlated positively with the CHA2DS2-VASc score, there was no close association
between GDF-15 levels and sinus rhythm maintenance in patients after successful electric
cardioversion [101]. Thus, a discriminative potency of GDF15 for the prediction of clinical
efficacy of electrical cardioversion among patients with nonvalvular/valvular AF is not
completely understood and requires scrutiny in large clinical studies.
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4.3.2. hs-CRP

High-sensitivity C-reactive protein (hs-CRP) is a classic biomarker of inflammation
and is a component of the inflammatory profile observed in AF patients. Elevated hs-
CRP levels were found in patients with all forms of nonvalvular/valvular AF, regardless
of etiology and concomitant comorbidities [131,132]. hs-CRP predicted new-onset AF
both in the general population as well as in patients with established cardiovascular
or metabolic diseases, such as HF, acute myocardial infarction, T2DM, and metabolic
syndrome [133–135]. Among patients with AF complicated by systemic thromboembolism,
the levels of hs-CRP correlated positively with the CHA2DS2-VASc score [136].

Loricchio ML et al. (2007) [137] investigated plausible predictors for a 1-year risk
of AF recurrence after electrical cardioversion. In a Cox regression analysis, the authors
found that age, gender, hypertension, T2DM, LVEF, left atrial diameter, use of various
antiarrhythmic and antihypertensive (including angiotensin-converting enzyme inhibitors
or angiotensin II antagonists) drugs, and statins were not associated with relapsing AF.
On the contrary, a low quartile of hs-CRP levels was found to be a strong predictor for this
outcome [137]. Lombardi F. et al. (2008) [138] did not find any changes in hs-CRP levels
after cardioversion in patients with persistent AF and preserved LVEF, regardless of the
post-procedural underlying rhythm. However, NT-proBNP levels decreased significantly
in patients who maintained sinus rhythm but not in those who had AF. Yet, baseline hs-CRP
levels, but not echocardiographic features of atrial dysfunction and initial NT-proBNP
levels, predicted recurrences of AF after cardioversion in patients without pre-existing
left ventricular dysfunction [138]. Barassi A et al. (2012) [139] and Korantzopoulos P et al.
(2008) [140] confirmed that in patients with persistent AF and preserved LVEF, elevated
hs-CRP levels independently predicted subacute AF recurrence rate, whereas NT-proBNP
concentrations were not associated with arrhythmic outcome but corresponded to the
alterations of cardiac hemodynamics secondary to the presence of AF.

Overall, there is ample strong evidence that elevated preprocedural hs-CRP levels may
provide independent predictive information for both successful electrical cardioversion
of AF and maintenance of sinus rhythm after conversion [141,142]. The meta-analysis by
Liu et al. [143], which included six prospective observational studies (n = 366 patients),
showed that peripheral blood CRP levels were higher in patients with failed electric
cardioversion than in those with successful restoration of sinus rhythm. In another meta-
analysis by Yo CH et al. (2014) [144], a cut-off value of 1.9 mg/L hs-CRP predicted long-term
AF recurrence (77% sensitivity, 65% specificity), and more than 3 mg/L predicted short-
term AF relapse (73% sensitivity, 71% specificity). Thus, the measurement of CRP levels
before the procedure may provide additional prognostic information about the success of
sinus rhythm maintenance.

In addition, there are data illustrating that hs-CRP levels measured shortly after
electrical cardioversion may be a powerful biomarker for assessing the risk of relapsing
AF in the long-term. In particular, Celebi OO et al. (2011) [145] reported that hs-CRP
levels measured before and 2 days after electrical cardioversion predicted the 1-year risk
of AF relapse. Whether postprocedural hs-CRP provides more information to predict
the event than preprocedural hs-CRP is still unclear. However, elevated levels of hs-
CRP predicted new-onset AF in the general population and among patients with known
cardiovascular diseases, while their role as a marker of sustainable sinus rhythm control
places under question.

4.4. Myokines and Adipocytokines

Several interdependent canonic signaling pathways, such as the renin-angiotensin-
aldosterone system; TGF-beta pathway, inflammatory chemokines, and cytokines lead
to cardiac fibrosis through modulation of oxidative stress and inflammation. However,
the direct mechanical stretch may act as a modulator of extracellular matrix remodel-
ing by attenuating the expression of matrix metalloproteinases and their inhibitors. Re-
cently, another signaling pathway has been identified that induces atrial fibrosis via the
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secretion of adipokines from epicardial, perivascular, and adipose tissue white adipocytes.
In addition, recent studies have shown that myokines derived from cardiac and skeletal
muscle myocytes may act as adaptive regulators of extracellular matrix remodeling and
can attenuate fibrosis [146,147]. Depending on their origin, adipokines and myokines
may modulate myofibroblast capabilities, regulate myocyte energy homeostasis and pro-
tect against inflammation and fibrosis [148,149]. However, some pro-fibrotic adipokines
and myokines can switch a generation of reactive oxygen species to pro-inflammatory
and pro-fibrotic stimuli, stimulate myofibroblast differentiation through JAK/STAT3 and
JNK/c-Jun signaling, interfere with myocyte electrophysiology, and promote fibrosis in
the myocardium [150–152]. Numerous previous studies have shown that resistin, apelin,
and adiponectin are adipokines associated with several known risk factors for AF and risk
of AF [153–156]. A recent meta-analysis of 34 studies (total number of patients = 31,479)
showed that some adipokines, mainly adiponectin, apelin, and resistin, were associated
with the risk of AF in the pooled univariate data, whereas the associations were not appar-
ent after multivariate adjustment [157]. However, there is limited evidence of the relation
between adipokine and myokine signatures and the risk of AF-related outcomes after
electric cardioversion.

4.4.1. Apelin

Apelin is a multifunctional regulatory peptide with potential cytoprotective properties.
It is a ligand of the angiotensin II protein J receptor (APJ) receptor and belongs to the G
protein-coupled receptor family [158]. Apelin mRNA is widely expressed in tissues such
as the cardiovascular, central nervous, adipose, skeletal muscles, and gastrointestinal sys-
tems. The Apelin/APJ axis mediates signal transduction for regulating energy homeostasis,
including glucose and lipid metabolism, mitochondrial function, angiogenesis, cellular
proliferation, and differentiation [159]. Furthermore, apelin inhibits apoptosis, decreases
myocardial infarction size, and prevents myocardial ischemia/reperfusion injury via the
PI3K/Akt and ERK1/2 caspase signaling. It is also engaged in the autophagy pathway,
attenuation of inflammatory reactions, and prevention of atherosclerotic plaque forma-
tion [160]. Several controversial issues remain regarding whether the apelin/APJ system is
essential for regulating atrial and ventricular remodeling by alleviating myocardial hyper-
trophy induced by angiotensin II, oxidative stress, and TGF-beta1 [161–163]. Nevertheless,
it has been shown that atrial wall stretching can activate the myocardial APJ axis [164].
Moreover, APJ was found to be essential for stretch-induced contractility and may also
induce ectopic electrical activity by Ca2+ sensitization of myofilaments. It is believed
that apelin counteracts APJ’s stretch-triggered hypertrophy signaling by suppressing Ca2+

transients [164]. Along with it, there are a variety of vascular effects of apelin that include
regulation of systolic and diastolic blood pressure through vasorelaxation and an increase
in regional blood flow [165,166].

Previous studies have shown that circulating levels of apelin were sufficiently lower
in patients with established cardiovascular diseases (coronary artery disease, myocardial
infarction, acute coronary syndrome, HF), T2DM, and obesity than in healthy volun-
teers [167,168]. A meta-analysis of 30 studies revealed a negative association of apelin
serum levels with cardiovascular diseases [169]. However, peripheral blood apelin con-
centrations were not only significantly decreased in AF patients compared with healthy
controls but also independently predicted recurrent AF in patients with persistent AF. This
included cases occurring after pulmonary vein isolation in subjects without structural
heart disease [170–172]. It has been suggested that low apelin levels may interfere with AF
susceptibility through elevated atrial NADPH-dependent oxidative stress and the TGF-
β/Smad2/α-SMA pathway associated with mitochondrial dysfunction and myocardial
fibrosis [173,174]. In addition, the apelin/APJ axis might be involved in atrial thrombus
formation among AF patients, possibly as a result of concomitant downstream plasminogen
activator inhibitor-1 (PAI-1) [175].

262



Biomedicines 2023, 11, 1452

The predictive role of apelin for AF occurrence after electric cardioversion remains
uncertain. In a small comparative study, Kallergis EM et al. (2010) [176] showed that
baseline apelin levels did not independently predict AF recurrence, whereas NT-proBNP
did. Interestingly, maintenance of sinus rhythm after electrical cardioversion resulted in
an increase in serum apelin levels and a decrease in serum NT-pro-BNP levels. However,
more studies are needed to clarify apelin’s discriminative potency for AF recurrence in
AF patients after electrical cardioversion, with comparisons of apelin’s predictive value to
other conventional and promising biomarkers.

4.4.2. Irisin

Irisin was previously described as a hormone-like myokine, which is mainly secreted
by skeletal muscle and myocardium and is a derivative of the membrane protein fibronectin
type III domain-containing 5 (FNDC5) [177]. Exercise increases serum levels of irisin,
which exert cytoprotective effects on remote organs and tissues, including the heart, kidney,
vasculature, bones, and brain [177,178]. Irisin interacts with αV/β5 integrin on the surface
of target cells and induces a wide range of biological effects, including stimulation of
glucose and lipid metabolism, increase in insulin resistance, browning of visceral adipose
tissue, thermogenesis, angiogenesis, survival of osteoblasts, and production of bone-related
proteins such as sclerostin [179–182].

Serum irisin levels were significantly decreased in obese and T2DM patients compared
with nondiabetic controls, as well as in patients with known cardiovascular disease (car-
diac hypertrophy, stable coronary artery disease, chronic HF, multifocal atherosclerosis)
compared with healthy volunteers [183,184]. On the contrary, acute HF, acute coronary
syndrome, and acute myocardial infarction were associated with an increase in irisin levels,
which is considered an adaptive factor that reduces endothelial damage by inhibiting
inflammatory reactions and suppressing oxidative stress [185–187]. A low irisin level was
described as an independent predictor of clinical outcomes in HF patients [188,189]. Al-
though patients with HFpEF and AF had significantly lower irisin levels than those without
AF [190], the role of irisin in predicting AF-related events, including relapse after electric
cardioversion, has not yet been investigated.

4.4.3. Bone-Related Proteins

There is growing strong evidence that inflammatory responses are involved in the
development of AF and its complications. Bone-related proteins are matricellular peptides
that mediate diverse biological functions and are involved in many pathological conditions
in cardiovascular disease, including fibrosis, microvascular inflammation, calcification,
extracellular remodeling, and atherosclerotic plaque formation [191]. Bone-related proteins,
such as osteoprotegerin (OPG) and TNF-related apoptosis-inducing ligand (TRAIL), medi-
ate a link between cardiovascular comorbidities and diseases, such as diabetes mellitus,
CKD, atherosclerosis, HF, vascular calcification, and the occurrence of AF [192]. Indeed,
cardiovascular comorbidities were associated with higher OPG levels and lower TRAIL lev-
els immediately after the first hours of AF paroxysm [125,193]. Furthermore, osteopontine
(OPN) levels were related to an increased risk of systemic thromboembolism and ischemic
stroke in patients with AF [194]. OPG and OPN were found to be predictors of HF outcomes
independent of AF presence and have been included in a multiple-scoring system to predict
survival in chronic HF [195]. In a small clinical study involving 100 non-CVD patients
with and without AF recurrence, low levels of bone morphogenetic protein 10 exhibited
predictive value for sinus rhythm maintenance with a striking similarity to NT-proBNP [83].
However, it remains unclear whether these biomarkers have prognostic abilities for the
maintenance of sinus rhythm in AF patients after electrical cardioversion.
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4.5. Biomarkers of Oxidative Stress and Endothelial Dysfunction
4.5.1. Cell-Free Circulating DNA

Cell-free circulating DNA (cfcDNA) circulates in two main pools: circular and single-
stranded molecules belonging to mitochondrial-derived and nuclear-derived subpopu-
lations, reflecting patterns of DNA methylation and a variety of neutrophil extracellular
traps (NETosis) [196,197]. The cfcDNA are determined in subdetectable concentrations
under certain physiological conditions, such as physical exercise, whereas increased circu-
lating levels of these fragments are strongly associated with cardiovascular, autoimmune,
rheumatic diseases, infections, and malignancy [198–202]. The main causes of cfcDNA
production are mitochondrial dysfunction and inflammation, which are powerful drivers
of numerous diseases and conditions, including AF [203].

Wiersma M. et al. (2020) [204] reported that levels of cell-free circulating mitochondrial
DNA (cfc-mtDNA) were significantly increased in patients with paroxysmal AF under-
going AF treatment, especially in men and in patients with AF recurrence after electrical
cardioversion or pulmonary vein isolation. In contrast, cfc-mtDNA levels gradually de-
creased in patients with persistent AF and long-standing persistent AF. Nevertheless, the
authors suggested that cfc-mtDNA levels might be associated with the stage of AF and the
risk of AF recurrence after treatment, especially in men. Gender differences in descriptive
values of cfc-mtDNA for AF recurrence remain poorly understood but could be related to
different comorbidities in both subpopulations. However, another study found no signifi-
cant changes in mtDNA copy number in the peripheral blood of AF patients of different sex
and age [205]. Perhaps, cfcDNA may be included in the multiple biomarker models with
the aim of improving their predictive potency in AF patients with low levels of NT-proBNP
or in AF patients with malignancy who are treated with chemotherapy.

4.5.2. mRNA

MicroRNAs (miRNAs) participate in atrial remodeling and cardiac fibrosis, contribut-
ing to the development of AF [206]. Garcia-Elias A et al. (2021) [207] established that
circulating levels of miR-199a-5p and miR-22-5p, which regulate fibrogenic response in
the myocardium, were higher in HFrEF patients with AF than in those without AF [207].
MiR-21, which corresponds to atrial fibrosis, is associated with the risk of persistent AF
in patients with left atrial enlargement [208]. Interestingly, increased circulating levels of
miR-1-3p, which is a myosine gene regulator involved in hypertrophy, myocardial infarc-
tion, and cardiac arrhythmogenesis, predicted a high risk of subclinical AF [209]. MiR423,
which downregulates fibrosis-related genes such as collagen I, collagen III, fibronectin,
and TGF-beta, may be a pivotal factor in stratifying patients at risk of AF occurrence and
persistence [210]. Moreover, differences in miRNA expression in the atrial myocardium
of men and women may mediate a sex-specific association between circulating miRNAs
in plasma and AF at the population level [206]. In addition, there is evidence that epige-
netic regulation of NETosis may participate in the development of AF susceptibility. As a
matter of fact, miR-146a and miR21 may provide prognostic information in patients with
AF [211,212] due to its direct effects on NETosis. In a study by da Silva AMG (2018) [213],
miR-21, miR-133b, and miR-499, which are directly involved in the downregulation of
apoptosis and fibrosis, were found to be directly involved in AF. However, it remains to
be determined whether a signature of mi-Rs can be used to predict poor response to AF
treatment, including electrical cardioversion. At the same time, Zhou Q et al. (2018) [213]
reported that among 123 miRs affecting cardiac fibrosis, hypertrophy, and inflammation by
relation with the SMAD7 and FASLG genes, only miR-21 demonstrated a positive correla-
tion with left atrial low-voltage areas in patients with persistent AF and was associated
with post-ablation outcome. Overall, the signature of miRs appears to be a more promising
tool for higher AF risk than for outcomes after treatment, although this conjecture needs to
be further investigated in the future.
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4.5.3. Asymmetric Dimethylarginine

Asymmetric dimethylarginine (ADMA) is a well-known biomarker of endothelial
dysfunction that indirectly reflects vascular NO production and exhibits certain predictive
information for mortality and morbidity of cardiovascular diseases, including AF [214,215].
In the population-based Gutenberg Health Study (n = 5000), ADMA levels were correlated
with left ventricular hypertrophy and AF prevalence [216]. An ARISTOTLE (Apixaban for
Reduction in Stroke and Other Thromboembolic Events in Atrial Fibrillation) substudy
showed that elevated ADMA levels exhibited a weak association with thromboembolic
events in AF patients treated with anticoagulants (warfarin or apixaban) for a median of
1.9 years [217]. The investigators found that tertile groups of ADMA levels were sufficiently
associated with death, stroke, and systemic embolism and that incorporating ADMA into
CHA2DS2-VASc or HAS-BLED predictive models significantly improved C-indices for
those clinical outcomes [217].

There is strong evidence that acute and persistent episodes of AF seem to show
elevated ADMA levels accompanied by increased biomarkers of ischemic myocardial injury
like cardiac troponins [218]. In the animal AF model, ADMA concentrations in peripheral
blood returned to normal within 24 h after successful electrical cardioversion [218]. Along
with it, increased circulating levels of ADMA in AF may be reduced by a Mediterranean
diet and statin treatment [219,220]. Thus, being closely associated with thrombus formation
and CHADS2/CHA2DS2-VASc score, ADMA is a biomarker for predicting pro-thrombotic
risk in AF [221,222].

There are controversial data for ADMA’s predictive ability regarding AF recurrence
after electrical cardioversion. Xia W et al. (208) [223] reported that elevated ADMA
levels were strongly associated with an increased risk of AF relapse within 1 month after
electrical cardioversion. On the contrary, Tveit A et al. (2010) [224] found that the levels of
ADMA and the L-arginine/ADMA ratio did not exert predictive ability for sinus rhythm
maintenance after electrical cardioversion, while the L-arginine/ADMA ratio remained
elevated in patients with sinus rhythm for 6 months compared with patients with AF
recurrence. The discriminative potency of ADMA may be strongly related to comorbidities.
Indeed, serum ADMA levels were not associated with incident AF in the general population
after adjusting for other cardiovascular risk factors [224]. Overall, the utility of ADMA
refines clinical risk stratification in AF regardless of the treatment strategy.

5. Conclusions

Previous clinical studies demonstrated limited ability to predict the efficacy of electrical
cardioversion with conventional biomarkers, which described adverse cardiac remodeling,
biomechanical stress, fibrosis, inflammation, endothelial dysfunction, oxidative stress,
and mitochondrial dysfunction. Epigenetic biomarkers such as miRs and biomarkers of
oxidative stress and inflammation such as cfcDNA appear to show highly variable results
in predicting post-procedural events. A biomarker-based strategy for predicting events
after AF treatment requires extensive future investigation, especially in different gender
and variable comorbidity profiles. Therefore, a multiple biomarker approach may be more
useful than using a single biomarker for patients with different forms of AF. Large clinical
trials are needed to make direct face-to-face comparisons with different biomarkers and
their combinations.
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Appendix A

Table A1. Predictive values of different biomarkers in prediction of AF-related complications after
electrical cardioversion.

Biomarkers Population Observation Period Significance/Outcomes References

Biomechanical stress

BNP 58 patients with persistent AF
and preserved LVEF 6 months

Baseline BNP level and the magnitude
of its decrease after successful

cardioversion predicted AF recurrence
[82]

NT-proBNP and
BMP10

100 non-CVD patients with and
without AF recurrence 30-day follow-up

Low NT-proBNP levels and BMP10
levels after electric cardioversion

predicted sinus rhythm restoration
[83]

BNP and
NT-proBNP 43 patients with persistent AF 18 months

Pre- and post-procedural levels of
BNP and NT-proBNP did not predict

new episodes of AF
[84]

NT-proBNP 199 patients with persistent AF 30 days

The levels of NT-proBNP > 500 ng/L
predicted recurrence of AF in 30 days

after successful electrical
cardioversion

[85]

NT-pro-BNP 40 patients with persistent AF 1 month
Elevated baseline NT-pro-BNP

predicted AF recurrence after electric
cardioversion

[86]

NT-pro-BNP 171 patients with persistent AF
without HF 1 month

Pre-cardioversion and
post-cardioversion NT-pro-BNP levels

did not predict a relapse of AF in
patients without HF

[87]

ANP and BNP 71 HF patients with
persistent AF 1 month

Low ANP and high BNP levels before
electric cardioversion independently

predicted recurrent AF
[88]

ANP and BNP 60 patients with persistent AF 12 months

The BNP level ≥700 fmol/mL on
day 7 after cardioversion predicted AF

recurrence. ANP level was not
predictive of AF recurrence

[89]

NT-proBNP 200 patients with newly onset
AF with and without HF 1 month

NT-proBNP levels of either
≤450 pg/mL or >1800 pg/mL had

positive and negative predictive
values for cardioversion in

rate-control and rhythm-control
strategies

[90]

Cardiac fibrosis

Gal-3 90 patients with persistent AF 3 months

Serum Gal-3 level independently
predicted early AF recurrence

following successful direct-current
electrical cardioversion.

[98]

Gal-3 82 patients with persistent AF 1 month
Baseline serum levels of Gal-3 were

not associated with a risk of
recurrent AF

[101]

Gal-3 75 non-HF patients with
paroxysmal or persistent AF 1 year Pre-procedural Gal-3 levels did not

predict recurrent AF [102]
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Table A1. Cont.

Biomarkers Population Observation Period Significance/Outcomes References

sST2 80 patients with persistent AF
without HF 12 months

Serum levels of sST2 predict sinus
rhythm maintenance after

cardioversion of AF in patients
without HF

[112]

FGF-23 79 patients with persistent AF 12 months
FGF-23, but not Gal-3, PIIINP, and

ICTP, had weak predictive ability for
relapsing AF

[113]

PIIINP
88 patients with maintenance of

sinus rhythm and 54 patients
with AF recurrence

24 months
Baseline PIIINP levels >0.72 U/mL

independently predicted AF
recurrence after electric cardioversion

[114]

Inflammation

GDF15 82 patients with persistent AF 1 month

GDF-15 levels correlated positively
with the CHA2DS2-VASc score, but

not associated with a risk of recurrent
AF after electric cardioversion

[101]

hs-CRP 102 patients with non-valvular
persistent AF 1 year

Low levels of hs-CRP were associated
with long-term maintenance of sinus
rhythm after electrical cardioversion

for AF

[137]

hs-CRP 53 patients with persistent AF
and a mean LVEF of 58.7 ± 6% 3 weeks

No changes in hs-CRP levels and
decrease in NT-proBNP levels after

effective cardioversion.
Pre-procedural levels of hs-CRP
predicted recurrence rate of AF

[138]

hs-CRP 57 patients with a mean LVEF of
58.7 ± 6% 3 weeks

Pre-procedural levels of hs-CRP, but
not NT-proBNP, predicted recurrence

rate of AF
[139]

hs-CRP
60 patients who received

amiodarone for sinus rhythm
maintenance

3 years

Pre-procedural levels of
CRP >0.43 mg/dL were an
independent predictor of

AF recurrence

[140]

hs-CRP 106 patients with a history of
symptomatic AF lasting ≥ 1 day 36 days

Pre-procedural hs-CRP
levels ≥0.06 mg/dL predicted both
AF recurrence and maintenance of

sinus rhythm

[141]

hs-CRP 56 patients with persistent AF 180 days

Pre-procedural hs-CRP <0.8 mg/L
was significantly associated with

lower AF recurrence rates and
maintenance of sinus rhythm

[142]

hs-CRP 216 patients with persistent AF 12 months
The baseline and 2-day levels of

hs-CRP levels contributed a risk of
AF recurrence

[145]

Apelin and
NT-proBNP

40 patients with persistent AF
and 15 controls in sinus rhythm 1 month

Pre-procedural apelin levels were
lower and NT-pro-BNP levels were

higher in patients with AF compared
to controls. Cardioversion led to an

increase in apelin levels and a
decrease in NT-proBNP levels. Apelin

did not predict AF recurrence, but
NT-proBNP did

[176]
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Table A1. Cont.

Biomarkers Population Observation Period Significance/Outcomes References

Biomarkers of oxidative stress and mitochondrial dysfunction

cfc-mtDNA

59 non-AF patients undergoing
cardiac surgery, 100 patients

with paroxysmal AF,
116 patients with persistent AF,
20 longstanding-persistent AF

individuals and 84 control
individuals

-

Elevated cfc-mtDNA levels were
found in patients with paroxysmal AF
undergoing electrical cardioversion or
pulmonary vein isolation, as well as in

patients with AF relapse after AF
treatment. In patients with persistent
AF and longstanding persistent AF,

the levels of cfc-mtDNA
gradually decreased

[204]

miR-199a-5p
and miR-22-5p

49 HFrEF with AF and 49 HFrEF
with sinus rhythm -

Elevated levels of circulating
miR-199a-5p and miR-22-5p were

associated with AF in HFrEF patients
[207]

miR-21
60 persistent AF patients and

60 matched sinus rhythm
volunteers

-

Circulating miR-21 positively
correlates with the quantification of
left atrial fibrosis and is associated

with the risk of persistent AF in
patients with left atrial enlargement

[208]

miR-1-3p

64 consecutive patients with
cryptogenic stroke, 9 patients

with AF and 9 individuals with
sinus rhythm

6 and 12 months Elevated plasma levels of miR-1-3p
predicted AF [209]

miR-21,
miR-133a,
miR-133b,
miR-150,
miR-328,

and miR-499

5 acute new-onset AF patients,
16 well-controlled AF and

15 control
-

miR-21, miR-133b, and miR-499,
which downregulate apoptosis and
fibrosis, were found to be directly

related to AF

[213]

Biomarkers of endothelial dysfunction

ADMA 64 patients with persistent AF 1 month

High levels of ADMA were strongly
associated with an increased risk of

AF relapse after electrical
cardioversion

[222]

ADMA 98 patients with persistent AF 6 months
Changes in ADMA did not predict

rhythm outcome after electrical
cardioversion

[223]

Abbreviations: ADMA, asymmetric dimethylarginine; ANP, atrial natriuretic peptide; CVD, cardiovascular
disease; BNP, brain natriuretic peptide; BMP10, bone morphogenetic protein 10; HF, heart failure; hs-CRP,
high-sensitivity C-reactive protein; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-B-type
natriuretic peptide; sST2, soluble suppressor tumorigenisity-2; Gal-3, galectin-3; PIIINP, procollagen type III N
terminal peptide; ICTP, type I collagen carboxyl telopeptide; FGF-23, fibroblast growth factor 23, cfc-mtDNA,
cell-free circulating mitochondrial DNA.
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Abstract: Heart failure affects more than 64 million people worldwide, having a serious impact on
their survival and quality of life. Exploring its pathophysiology and molecular bases is an urgent
need in order to develop new therapeutic approaches. Thyroid hormone signaling, evolutionarily
conserved, controls fundamental biological processes and has a crucial role in development and
metabolism. Its active form is L-triiodothyronine, which not only regulates important gene expression
by binding to its nuclear receptors, but also has nongenomic actions, controlling crucial intracellular
signalings. Stressful stimuli, such as acute myocardial infarction, lead to changes in thyroid hormone
signaling, and especially in the relation of the thyroid hormone and its nuclear receptor, which are
associated with the reactivation of fetal development programmes, with structural remodeling and
phenotypical changes in the cardiomyocytes. The recapitulation of fetal-like features of the signaling
may be partially an incomplete effort of the myocardium to recapitulate its developmental program
and enable cardiomyocytes to proliferate and finally to regenerate. In this review, we will discuss
the experimental and clinical evidence about the role of the thyroid hormone in the recovery of the
myocardium in the setting of heart failure with reduced and preserved ejection fraction and its future
therapeutic implications.

Keywords: thyroid hormone; thyroid receptors; low T3 syndrome; heart failure; coronary disease;
cardiac remodeling

1. Introduction

Heart failure (HF) is a clinical syndrome with specific symptoms and signs (e.g.,
breathlessness, peripheral edema) due to structural or functional cardiac abnormalities
that result in elevated intracardial pressure and/or impaired cardiac output [1]. Although
the prognosis of patients has considerably improved over the last few decades, HF still
affects more than 64 million people worldwide, having a serious impact on their survival
and quality of life [2]. Hospitalizations because of HF represent 1–2% of all admissions
in Western countries, and HF is the most common cause of hospitalization of individuals
>65 years. Around 30–40% of HF patients have a history of hospital admission, and 50%
are readmitted within 1 year of their initial diagnosis. Mortality is high, with the 1-year
risk being between 15–30% and the 5-year risk up to 75% in several populations [2]. The
current health care costs per year for every HF patient are up to EUR 25,000 in the Western
world, while the increasing prevalence of HF is expected to lead to prohibitive costs,
even for developed countries [2]. Therefore, there is an urgent need to better understand
the pathophysiology and molecular basis of HF in order to develop new therapeutic
approaches.

Thyroid hormone (TH) signaling, evolutionarily conserved, controls fundamental
biological processes and has a crucial role in development and metabolism [3]. The active
form of TH is L-triiodothyronine (T3), which regulates important gene expression by
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binding to its nuclear receptors, TH receptors (TRs; TRalpha1-2 and TRbeta1-2) [4]. In
the heart, ventricular cardiomyocytes mostly express TRalpha1, while both TRalpha1
and TRbeta1 are expressed in the peripheral ventricular conduction system [5]. TRs
are transcription factors that reside in the nucleus but also rapidly shuttle between the
cytoplasm and nucleus. Genomic actions of TRs include interactions with TH response
elements in specific genes [6]. Nongenomic actions of TH regulate important intracellular
signaling pathways and are mediated via cytosolic TRs or via the membrane integrin
receptor αvβ3 [6].

One of the best-characterized TRs in mammals is TRalpha1, which is present and
well described in the heart [7]. Interestingly, during fetal life, due to low levels of T3,
TRalpha1, highly expressed, is in an unliganded state, acting as an aporeceptor, repressing
the expression of the adult gene program and allowing the proliferation of cardiomy-
ocytes and an increase in cardiac mass. After birth, a burst of T3 results in the liganded
state of TRalpha1, which, acting as a holoreceptor, triggers the expression of adult genes
promoting heart maturation and development [8]. It is of great interest that TRalpha1
seems to act like a “molecular switch” during heart development, since its status as an
apo- or a holoreceptor controls the proliferation and differentiation of the cardiomyocytes,
and thereby this role can be of great clinical relevance [9]. Indeed, in a recent study, a
dominant negative TRalpha1—which is unable to bind T3 and become a holoreceptor—in
a mouse heart, prevented myocardial cells from complete differentiation and permitted
their proliferation—and thus the regeneration—of the myocardium after acute myocardial
infarction (AMI) [10]. Importantly, in adult life after stressful stimuli and during disease
states, such as in HF, the fetal profile of the TRalpha1-T3 axis recurs. This recapitulation
of fetal-like features of the signaling may be an incomplete effort of the myocardium to
recapitulate its developmental program and enable cardiomyocytes to proliferate and
finally to regenerate [8]. In organs with very limited regenerative potential, such as the
heart, the fetal profile of the TRalpha1-T3 axis during stress results in cell hypertrophy
without progressing to reductive mitosis. This hypertrophy can temporally compensate
the dysfunction, but when accompanied by adoption of a low energy profile, it becomes
maladaptive and leads to failure [11]. Therefore, after stress, a drop in T3 serum levels takes
place—a phenomenon known as “low T3 syndrome”—whilst the unliganded TRalpha1
moves to the nucleus to induce dedifferentiation and reactivation of fetal genes, as well as
growth in cardiomyocytes. The main regulators of T3 concentration at the tissue level are
enzymes called deiodinases, which mediate the activation or inactivation of TH. Types 1,
2, and 3 iodothyronine deiodinases have unique catalytic properties and tissue distribu-
tions [12–14]. Deiodinase type 3 (D3) has a high affinity in inactivating T3, playing a critical
role in T3 availability in the systematic level as well as locally in the injured tissue [13].
Interestingly, D3 is highly expressed in the heart after myocardial injury [15]. In addition,
the shuttling of TRalpha1 to the nucleus is shown to be controlled by the activation of
the adrenergic system [16], which is thought to be involved in fetal gene reactivation and
cardiac remodeling. Milestones of the fetal-like shift in the myocardium are an increase
in the beta myosin heavy chain (the predominantly fetal type of myosin, which is slower
and less energy-consuming than the adult alpha type of myosin), the decreased ratio of sar-
coplasmic reticulum-calcium ATPase (SERCA) to phospholamban (PLN), and the “energy
shift” of the stressed myocardium to the use of glucose as an energy substrate instead of
fatty acids (like in fetal life) [17,18]. Although this transcriptional shift in the short term
allows the cardiomyocytes to recover to a less energy-demanding state by having a lower
maximum shortening velocity [19], in the long term it becomes detrimental, leading to
further deterioration of the organ’s structure and function [20] (Figure 1).

Exogenous administration of T3 in the setting of acute or chronic heart injury turns
TRalpha1 to its holoreceptor form, promoting the expression of the adult transcriptional
program and ameliorating cardiac structure and function [9]. In accordance, a series of
epidemiological studies reveal an association of low T3 levels after stress with adverse
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clinical outcomes in cardiological patients such as the ones with HF, while exogenous T3
treatment has promising results [7].

In this review, we will discuss the experimental and clinical evidence about the role of
TH in the recovery of the myocardium in HF with reduced and preserved ejection fraction
(HFrEF, HFpEF) and its future therapeutic implications.

 

Figure 1. After stress, TRalpha1 increases in the nucleus while T3 is inactivated by D3. As a conse-
quence, TRalpha1 acts as an aporeceptor, leading to fetal gene reactivation and cardiac remodeling.

2. TH and HFrEF

Cardiac dysfunction results from myocardial injury and/or changes in the viable
nonischemic myocardium, a process known as cardiac remodeling. This response is charac-
terized by altered cardiac chamber geometry, a shift in cardiomyocyte protein expression to
a fetal pattern, energy deficit, and the induction of fibrosis [21,22]. Despite the advances
in current treatments, cardiac remodeling occurs in nearly 30–40% of patients with AMI
treated with reperfusion, and results in progressive dilatation and HF, making coronary
artery disease the most common cause of HfrEF [23].

2.1. Preclinical Studies

Significant changes in TH signaling take place during cardiac remodeling after acute
myocardial injury. In a model of AMI in rats, T3 levels drop within a week, and TH-related
genes, such as myosin isoforms and SERCA, normalize after TH administration [18]. A
distinct pattern of TRalpha1 alteration is also present after acute injury and in the course
of HF. During the compensatory stage of HF, TRalpha1 expression increases and declines
thereafter with the progression to the noncompensatory left ventricular dysfunction [24]. In-
terestingly, the pharmacological inactivation of TRalpha1 in the postischemic myocardium
in mice results in a decreased ratio of SERCA to PLN and in activated proapoptotic p38
mitogen-activated protein kinase (MAPK). Therefore, there is a further dramatic deteriora-
tion of postischemic heart function [25], and this makes the emerging role of TH signaling
in the response to stress after myocardial injury clear. In more detail, mice with AMI,
which are treated with the selective TRalpha1 inhibitor debutyl-dronedarone, exhibit a
significantly depressed left ventricular (LV) function with lower ejection fraction (EF) and
higher wall tension index compared to the control group. These changes are accompanied
by a marked activation of the proapoptotic p38 MAPK, known for its negative inotropic
effect. On the other hand, when TH is administered to the same model of acute myocardial
injury and HFrEF, in a replacement dose, there is a significant improvement of LV function
and geometry, a decrease in the expression of the fetal type of myosin (beta myosin), and
an enhancement of the prosurvival signaling Akt [26]. Likewise, in a rat model of ischemic
heart disease, TH treatment results in improved LV geometry as well as function, inhibits
the expansion of the scar over time [27], and reduces apoptosis by activating Akt again [28].
Early and constant replacement of T3 levels in the same model also prevents the progression
towards HF, likely due to increased capillary formation and mitochondrial protection [29].
Even with the presence of comorbidities, such as diabetes, TH administration improves
wall stress, increases cardiac mass, and ameliorates cardiac remodeling [30]. Moreover, TH
pretreatment in ex vivo rat models of ischemia show a protective effect against ischemia–
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reperfusion injury by suppressing the activation of the proapoptotic p38 kinase cascade [31],
while T3 treatment at reperfusion significantly helps the recovery of function and reduces
apoptosis and tissue necrosis [32].

2.2. Epidemiological Studies

On the basis of the aforementioned experimental evidence, TH signaling appears to
be essential for the response of the myocardium to stress in the setting of acute myocardial
injury. In fact, in numerous epidemiological studies, researchers have noticed the asso-
ciation of TH levels with clinical outcomes in the clinical conditions of acute myocardial
ischemia and HF. In patients with AMI followed by percutaneous coronary intervention
(PCI), the levels of T3 six months after the incidence appear to be an independent predictor
of recovery of cardiac function [33]. In the same setting, patients younger than 75 years old
with low free T3 levels have higher mortality [34], while patients with elective or primary
PCI and subclinical hypothyroidism have worse outcomes of repeat revascularization
and cardiac death following PCI [35]. Interestingly, patients with ST segment elevation
myocardial infarction, treated with PCI who developed cardiogenic shock, have lower free
T3 (FT3) and higher free T4 (FT4) upon admission compared to those without cardiogenic
shock. During 2.5 years of follow-up, those with low FT3 (<2.85 pg/mL) and high FT4
(≥0.88 ng/dL) have the highest all-cause mortality (18.2%), while those with high FT3 and
low FT4 have the lowest (3.8%) [36]. The prognostic value of the ratio FT3 to FT4 is also
examined in patients with myocardial infarction with nonobstructive coronary arteries.
Patients with lower ratio have a higher incidence of major adverse cardiovascular events
(MACE) (10.0%, 13.9%, 18.2%; p = 0.005) over the median follow-up over 41.7 months. The
risk of MACE also increases when FT3/FT4 is decreased after multivariate adjustment, and
a low level of FT3/FT4 ratio is strongly connected to a poor prognosis [37]. The association
between low T3 levels and mortality was once again highlighted by a ThyAMI-1 study in
which patients with AMI and low T3 syndrome had significantly higher all-cause mortal-
ity [38]. In patients with chronic HF, Pingitore et al. also showed that low T3 levels are an
independent predictor of mortality [39]. Significantly worse one-year all-cause mortality
was also identified in patients with decompensated acute HF [40]. In those patients, levels
of T3 are proposed to be used for their risk stratification [41]. In hospitalized patients
with chronic HF, low T3 is associated with higher cardiac and all-cause mortality [42],
while exercise capacity, as an indicator of functional status, is reduced in patients with
HF and low T3 levels [43]. Kannan et al. showed that in patients with pre-existing HF,
subclinical hypothyroidism with thyroid stimulating hormone (TSH) ≥7 mIU/L and low
T3 levels is associated with poor prognosis [44]. Interestingly, in patients with idiopathic
dilated cardiomyopathy, low FT3 level is also associated with myocardial fibrosis and
perfusion/metabolism abnormalities as evaluated by cardiac magnetic resonance imaging
(CMR), single-photon emission computed tomography (SPECT), and positron emission
tomography (PET) [45].

2.3. Clinical Trials

Based on the above clinical findings and on the aforementioned experimental evidence,
TH treatment has been used in several trials in patients with HF or ischemic heart disease.
A study of acute intravenous administration of T3 in a small number of patients with
advanced HF established the basis for further investigation into the safety and potential
benefits of TH treatment. An intravenous bolus dose of T3 was administered to 23 patients
with advanced HFrEF without adverse events. T3 administration increased cardiac output
along with a reduction in systemic vascular resistance in patients receiving the largest
dose [46]. In another study, short-term synthetic L-T3 replacement therapy in patients with
HF had positive results [47]. A total of 20 patients with ischemic or nonischemic HF and low
T3 syndrome, clinically stable, were enrolled. The study group (10 patients) underwent 3-d
synthetic L-T3 infusion in order to restore normal T3 levels as rapidly as possible without
adverse effects. The control group (10 patients) underwent placebo infusion. The main
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finding of the study was the positive effect in the cardiac function and neuroendocrine
profile of the patients. Thus, the study group had an improved stroke volume of the LV and
a significantly reduced noradrenalin, aldosterone, and N-terminal-pro-B-type natriuretic
peptide (NTproBNP) [47]. On the contrary, in a small randomized, double-blind, crossover,
placebo-controlled interventional study, oral T3 given twice daily for three months in pa-
tients with low T3 levels, chronic HF, and modestly reduced LVEF did not improve cardiac
function and neurohormonal profile [48]. Although this could be partly explained by the
small sample size and the oral type of treatment for a relatively short time of period, another
randomized double-blind, placebo-controlled trial had different results. In more detail,
fifty adult patients with clinically stable HF and low T3 levels received oral liothyronine or
placebo for 6 weeks. Liothyronine had an important impact in patients’ functional status
by significantly improving the 6 min walk test, their neurohormonal profile, and cardiac
LVEF [49]. Although the above studies examine the effect of T3 in patients with HF and
low T3 syndrome, an ongoing multicenter, open-label, randomized, parallel group trial
(ThyroHeart-CHF), aims to evaluate the efficacy and safety of levothyroxine replacement
on the exercise capability in chronic systolic HF patients with subclinical hypothyroidism
without examining T3 levels [50]. In more detail, eligible patients have to be 18 years or
older, with systolic HF (New York heart association (NYHA) class II–III), LVEF ≤ 40%,
and subclinical hypothyroidism. They will be randomly 1:1 assigned in order to receive
thyroxine replacement therapy along with standard chronic HF treatment or only standard
HF therapy. The initial levothyroxine dose will be 12.5μg once a day and will be titrated
until TSH normalization (T3 or T4 values are not examined). The primary endpoints in-
clude the difference in 6 min walk test results between 24 weeks and baseline. Secondary
endpoints are the differences in neurohormonal and serum lipid profiles, changes in the
NYHA classification, cardiovascular death, rehospitalization, differences in heart structure
and function as assessed by echocardiogram and CMR imaging measures, and Minnesota
living with heart failure questionnaire results between 24 weeks and baseline.

In the last few years, several phase II studies have been conducted for the first time to
investigate the potential of TH treatment after AMI to prevent the development of cardiac
remodeling and HF. Pingitore et al. investigated whether TH replacement therapy is safe in
patients after AMI with low T3 syndrome and whether it has an impact on the infarct size
and LV volumes and function. In this study, 37 patients with AMI were randomly treated
or untreated with T3 for 6 months in addition to the standard therapy. At discharge and at
6 months, the LV volumes, LVEF, wall motion score index (WMSI), and infarct extent were
measured by CMR. At follow-up, there was a significant reduction in WMSI for patients
in both groups, while the difference value (discharge/follow-up) was significantly higher
in the T3-treated group. In addition, stroke volume increased significantly at follow-up
after T3 treatment, which appeared to be safe and able to improve regional dysfunction
in patients with AMI. However, no effect of TH replacement therapy was found in infarct
extent, LV volumes, and EF [51].

In another double-blind, randomized clinical trial, 95 patients with AMI were ran-
domized to receive either levothyroxine (starting at 25 μg) or a placebo for 52 weeks, and
cardiac function was assessed by CMR imaging at baseline and at the end of the study.
Treatment with levothyroxine was shown to be safe but did not significantly improve EF,
LV volumes, or infarct size after 52 weeks [52]. The dose and timing of administration may
play a significant role in these trials. Upon ischemic stress, there is an impaired conversion
of T4 to T3, while T3 inactivation is increased due to alterations in deiodinase activity.
Furthermore, changes at the level of TH receptors take place and modify the response of
the myocardium to THs [7]. More recently, a pilot, randomized, double-blind, placebo-
controlled trial (ThyRepair study) investigated potential effects of acute, high-dose LT3
treatment in patients with ST-elevation anterior AMI. LT3 treatment started after primary
PCI with an intravenous bolus injection of LT3 followed by a constant infusion for 48 h.
Data were analyzed from 37 patients who had CMR at hospital discharge and 6 months
follow-up. Acute LT3 treatment resulted in significant lower LV end-diastolic volume index
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and LV systolic volume index at hospital discharge, while CMR infarct volume was lower
in the LT3-treated group at 6 months. These findings may be of high clinical relevance.
Early LV dilatation, as assessed by CMR, was shown to carry 57% long-term mortality vs.
27% and 26% of late and absence of dilatation, respectively [53]. Moreover, after adjustment
for LVEF and age, early dilatation was the exclusive independent predictor of long-term
mortality [53]. The primary endpoint of the present study, LVEF%, was found increased in
the LT3-treated group of compared to the placebo, although without statistical significance.
It seems that at this stage, LV with higher dilatation, which was found in untreated patients,
could contribute to higher LVEF% via Starling’s law effect [53]. However, LVEF% difference
between groups, evident at 6 months of follow-up, was at a magnitude of 5 units, and this
is of clinical relevance since an LVEF% change of higher than 5 units is a powerful predictor
of both HF hospitalizations and survival [54], although a bigger sample size was necessary
to designate a significant change in LVEF% at this stage. Furthermore, it is also interesting
that ECG QRS duration at 6 months follow-up was significantly lower in the LT3-treated
group, indicating a potential positive effect of T3 on electrical remodeling of the heart. In
fact, the prolonged duration of QRS after AMI shows adverse electrical remodeling and
correlates with increased mortality [55]. Despite a tendency for increased incidence of atrial
fibrillation during the first 48 h, serious, life-threatening events related to LT3 treatment
were not observed [56].

Interestingly, TH therapy has been also used for the hemodynamic support of heart
donors in cardiac transplantation, having a protective role against ischemic injury. This
effect was evident in a series of 66,629 organ donors, where T3 or T4 treatment was con-
nected to the attainment of a significantly higher number of cardiac grafts. Astonishingly,
this effect was also associated with increased graft survival after transplantation and was
also independent of other factors [57,58].

We could consider several variables in any attempt to explain inconsistencies between
the above trials, such as the time and dosing of administration, intrinsic methodological
differences in the analysis tools, and clinical endpoints and the nature and severity of
injury/disease. Based on the above, the exogenous administration of TH seems to be both
safe and beneficial for patients with HF and ischemic heart disease. However, large-scale
trials are needed in order to validate these results (Table 1).

Table 1. Clinical studies with TH administration in HF and AMI settings.

Clinical Study Patients (N) Setting Treatment Outcome Safety

Hamilton et al. [46] 23 Advanced HF and
low T3

0.15–2.7 ìg/kg (iv) T3 for
6–12 h

Increased CO and
reduction in SVR No AEs

Pingitore et al. [47] 20 HF and low T3
35.6 ìg LT3 (iv) in the first
24 h and 15 ìg/day until
72 h

Increased SV and lower HR;
decrease in NT-proBNP,
noradrenaline, and
aldosterone

No AEs

Holmager et al. [48] 13 Stable systolic HF
and low T3

20 μg oral T3 per day for
3 months

No changes in cardiac
function and
neurohormonal profile

No AEs

Amin et al. [49] 50 Chronic stable HF
and low T3

T3 replacement dose by oral
liothyronine for 6 weeks

Increased 6 min walk test,
decreased hsCRP, decrease
in NTproBNP

No AEs

Zhang et al. [50] 124 (estimated) Chronic HF and
low T3

Oral levothyroxine with a
starting dose of 12.5 μg Ongoing Ongoing

Pingitore et al. [51] 37 AMI and low T3
Oral liothyronine (T3)
(maximum dosage 15
mcg/m2/die for 6 months

Significant reduction in
WMSI difference value
(discharge/follow-up),
increased stroke volume at
follow-up

No AEs
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Table 1. Cont.

Clinical Study Patients (N) Setting Treatment Outcome Safety

Jabbar et al. [52] 95
AMI and
subclinical
hypothyroidism

Oral levothyroxine (25 μg
titrated to serum
thyrotropin levels between
0.4 and 2.5 mU/L

No significant differences No AEs

Pantos et al. [56] 52 Anterior STEMI
undergoing PCI

(i.v.) bolus injection of
0.8μg/kg of LT3 followed
by a constant infusion of
0.113μg/kg/h i.v. for 48 h

Significantly lower LV
end-diastolic volume index
and LV end-systolic volume
index at discharge, CMR IV
tended to be lower in the
LT3-treated group at
6 months

Tendency for an
increased
incidence of AF
during the first
48 h

2.4. TH and HFpEF

Although the prevalence of HFpEF is rapidly growing, due to the aging population
and an increase in pathological conditions such as hypertension and diabetes [59], its
therapy remains challenging [60]. Pathophysiologicaly, diastolic impairment with abnormal
relaxation and increased passive stiffness predominate [61]. Myocardial stiffening can be
attributed to the giant cytoskeletal protein titin as well as to the extracellular matrix,
and HFpEF patients have both increased collagen content and titin-dependent stiffness.
Changes in calcium homeostasis, including increased diastolic calcium levels [62], are also
quite important contributors to abnormal relaxation in HFpEF, while impaired bioenergetics
have also been proposed as a key mechanism [63]. Interestingly, TH biological actions
can pleiotropically affect the underlining pathophysiology of HFpEF. It is known that THs
not only stimulate cell growth and neoangiogenesis, but also decrease cardiac fibrosis by
enhancing metalloproteinase activity [64]. It is also of great importance that THs enhance
the expression of genes encoding SERCA and negatively regulate the transcription of PLN.
The increase in SERCA and the inhibition of PLN not only increase the calcium available in
systole, but also improve its reuptake into the sarcoplasmic reticulum during relaxation of
the heart [65]. In terms of bioenergetics, importantly, THs stimulate cardiac mitochondrial
biogenesis and improve oxidative phosphorylation, and this can have a great impact not
only in systolic but also in diastolic cardiac function [66].

Indeed, abnormal and especially low TH levels are associated with diastolic cardiac
impairment [67]. Patients with subclinical hypothyroidism that were evaluated by Doppler
echocardiography showed significant prolongation of the isovolumic relaxation time, re-
duced E/A ratio, and an increased A wave [68]. In the subgroup of patients that were
re-evaluated after TH profile normalization, diastolic abnormalities were reversed [68]. In
patients with overt HFpEF, subclinical hypothyroidism and low T3 syndrome are quite
common. The inflammatory process in HFpEF, along with the intracellular hypoxia, may
contribute to the increased D3 gene expression, which results in the degradation of T3 into
inactive metabolites and in local hypothyroidism [15,69]. In an interesting study, among 89
patients with HFpEF, 22% exhibited low T3 levels, which were associated with markers of
severity, such as B-type natriuretic peptides as well as echocardiographic parameters of
diastolic impairment [70]. Data from animal models of HFpEF suggest an improvement
in diastolic function after TH treatment. Longstanding hypertension, in animal models,
results in low T3 in serum and heart tissue along with increased collagen and a fetal
phenotype shift in myosins. Treatment with low doses of T3 in the long term not only
normalizes serum and cardiac tissue T3 levels, but also restores α/β myosin protein levels,
collagen, and systolic wall stress, tending to improve diastolic function [71]. In a rat model
of type II diabetes, T3 treatment prevents tissue fibrosis, cardiomyocyte dedifferentiation
and cytoarchitectural alterations, reverses the diabetes-induced reactivation of fetal genes
and pathological growth, and improves myocardium ultrastructure (unpublished data).

There are no clinical trials that have investigated the effects of TH treatment in patients
with HFpEF. Interestingly, a phase II randomized trial aims to determine the feasibility,
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safety, and preliminary efficacy of oral LT3 therapy in patients with HfpEF, and is expected
to be completed in 2023. The design includes a treatment during an approximate period
of 8 weeks, with every week titration of study drug for 4 weeks, a maintenance dose of 4
weeks, then a 2-week washout, and finally crossing over to the other arm (drug/placebo).
LT3 is titrated based on serum T3 levels. The minimum LT3 dose is set to 2.5 mcg three
times daily and the maximum LT3 dose to 12.5 mcg three times daily. Endpoints of efficacy
include the peak maximal rate of oxygen consumption during exercise (VO2 Max), quality
of life, and NT-proBNP levels [72].

Effective treatments for HFpEF are lacking. Thus, understanding the potential ther-
apeutic role of TH in this syndrome could prove the missing link in the quest for novel
treatments for diastolic dysfunction.

3. The Challenge of Clinical Translation

Exogenous administration of TH in experimental models of HF has showed, as already
mentioned, great therapeutic potential. Nevertheless, translating this new therapeutic
strategy into clinical practice has proven a great challenge. The coronary drug project
was the first randomized, placebo-controlled trial that investigated the effect of a TH
analog, dextrothyroxine (DT4), in patients after AMI. In this old study, in an era when
reperfusion with PCI or thrombolysis did not exist, DT4 was given at high doses for
several months, and resulted in small but significant increases in arrhythmia and mortality,
which caused the discontinuation of this treatment arm [73]. In another, more recent
study, patients with chronic HF were treated with excessive doses of another TH analog,
diiodothyropropionic acid (DITPA), for 6 months. DITPA improved some hemodynamic
parameters, such as cardiac index and vascular resistance, but was poorly tolerated, mainly
due to fatigue [74]. Several preclinical studies published during the last few years have
increased our knowledge about the favorable or detrimental actions of TH treatment in
cardiovascular diseases. In the injured or failing heart, the conversion of T4 to T3 is
impaired and deactivation of T3 is enhanced due to increased D3 activity. Furthermore,
changes occur in the expression and/or shuttling of TRs, resulting in an altered response of
the myocardium to THs compared to the normal myocardium [7]. Thus, high doses of TH
are needed in order to increase T3 levels locally in the diseased heart. However, in dose-
dependent preclinical studies, long-term administration of high doses of T4 and T3 have
shown adverse effects in cardiac remodeling and increased mortality [26]. The dose, timing,
and duration of administration are probably critical points in translating the beneficial
effects of TH. As reported above, three recent phase II randomized, double-blind, placebo-
controlled trials were performed in patients with AMI, and three different therapeutic
approaches were tested: low-dose (replacement) LT4 treatment for 52 weeks [52]; low-dose
(replacement) LT3 treatment for 6 months [51]; and high-dose (7–10 times the replacement
dose), acute LT3 treatment for 48 h [56]. The safety of the treatment was observed in
each case. LT4 did not show any beneficial effect, while some secondary beneficial effects
were seen after LT3 treatment for 6 months. On the other hand, acute, high-dose LT3
showed great therapeutic potential, improving LV dilatation and reducing infarct volume.
However, some concerns were raised due to a trend towards a higher incidence of early
reversible atrial fibrillation in LT3-treated patients. Furthermore, there was a modest
increase in heart rate, and nervousness was observed in some patients during the period of
administration [56].

A different or complementary therapeutic approach could include the development of
drugs that enhance local tissue T3 levels indirectly by potentiating the conversion of T4 to
T3 or by inhibiting D3 activity [75]. In fact, a beneficial role of vitamin D supplementation
has been shown in the conversion of LT4 to LT3 via D2 in experimental studies. In addition,
in a recent clinical study in AMI patients, a relationship between hypovitaminosis D and
LT3 levels has been found, indicating that vitamin D supplementation could potentially act
to restore local T3 levels [76].
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The development and synthesis of novel TH analogs could also prove valuable in order
to selectively target specific TRs [77]. In this regard, TH analogs lacking iodine molecules
would be resistant to deiodinase activity and could specifically activate TR receptors of
interest in low doses.

Specific delivery and targeting of injured tissues could also be achieved through
novel nanotechnology approaches. Recently, Karakus et al. formulated and characterized
chemically modified polymeric nanoparticles (NPs) incorporating T3 in the surface in order
to target membrane integrin receptor αvβ3 in such a manner that only the nongenomic
effects are activated [78]. Modified T3 was conjugated to polylactide-co-glycolide (PLGA),
which is a biodegradable and hydrophobic FDA-approved drug delivery carrier, in order
to enhance T3 delivery and restrict its nuclear translocation [79,80]. Interestingly, PLGA-T3
NPs showed an enhanced cardioprotective effect, improved mitochondrial function, energy
status, and preserved cytoskeletal integrity under hypoxic conditions. This nanotargeted
delivery of T3 can prolong the circulation half-life of T3 and allows for the encapsulation of
different bioactive molecules such as phosphocreatine, which could further improve the
energy status of cardiomyocytes. In the field of HFpEF, nanomedicine-based approaches
could be of utmost importance for the specific delivery of TH in the heart and the avoidance
or minimization of TH-associated adverse effects. One recent attempt (funded by the
EuroNanoMed III) incorporates computational, chemistry, and cellular biology approaches
to develop a nanoparticle-based drug delivery system that will target and deliver T3 in
diabetes-injured cells in order to restore cardiac and renal function. Both polymeric and
lipid nanoparticles are functionalized with specific molecules in the surface that permit
targeting and uptake from stressed cells. After uptake, T3 is released in the cell and acts
on TRs. The main advantages of these smart nanocarriers are that adverse effects such as
tachycardia, arrhythmias (mainly atrial fibrillation), kidney hyperfiltration, nervousness,
and disruption of the thyroid axis could be avoided [81].

4. Conclusions

HF greatly affects patients’ quality of life and survival, and novel therapeutic ap-
proaches for its treatment are quite necessary. TH signaling, on the other hand, has a crucial
role in the pathophysiology of HF and ischemic heart disease, while past and ongoing
studies are promising, regarding TH’s therapeutic results. Novel or complementary thera-
peutic approaches with the use of cutting-edge technologies could become an important
tool to highlight and enhance TH therapeutic potential, at the same time avoiding probable
adverse effects.
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Abstract: Cardiovascular thromboembolic diseases and cancer continue to be a leading cause of death
and disability worldwide. Therefore, it is crucial to advance their diagnoses and treatment in the
context of individualized medicine. However, the disease specificity of the currently available markers
is limited. Based on analyses of a subset of peptides and matching proteins in disease vs. healthy
platelets, scientists have recently shown that focused platelet proteomics enables the quantification
of disease-specific biomarkers in humans. In this review, we explored the potential of accurate
platelet proteomic research, which is required to identify novel diagnostic and pharmaceutical targets
by comprehending the proteome variety of healthy individuals and patients for personalized and
precision medicine.

Keywords: platelet; proteomics; CVDs; cancer; transfusion

1. Introduction

Platelets are small anucleated cell fragments that play a central role in regulating
thrombosis and hemostasis in the body. They contain more than 1500 proteins, including
those involved in platelet activity, and are composed of alpha granules, dense granules,
lysosomal granules, and glycogen [1]. Due to platelets’ high granular content of growth
factors (GFs), cytokines, and other biological modulators that can respond to a variety
of signals and regulate a wide variety of biological processes, including inflammation,
angiogenesis, stem cell migration, and cell proliferation, scientific research and technology
have recently offered a new perspective on platelets and their functions.

Recently, the objective identification and quantification of the protein profile, the
so-called proteome of cells, tissues, or organs, has drawn interest from several sectors as
it provides extra useful information for research problems. This tool has been utilized to
comprehend disease and to find biomarkers for the prognosis and diagnosis of diseases
with various etiologies. Proteomics and platelet biology are sciences that are growing
quickly and have great promise. Platelets are thought to act as biosensors for both health
and diseases, and their proteome may be used to recognize the telltale signs of both [1]. It
is known that platelet production is affected by one’s health status and that they can even
take up molecules from nearby cells and release microvesicles into the bloodstream [2–4].
Therefore, the clinical management of some pathologies in which platelets play a significant
role necessitates the development of alternative therapies, as is the case in patients whose
thrombosis–bleeding balance is disturbed, and a proteomics approach may help in the
identification of novel targets in such cases.

It may be possible to find biomarkers that might be employed in early diagnosis,
illness prediction, or therapy response by understanding how the platelet protein functions
physiologically and how this may be changed in the case of disease. Additionally, because
platelets are naturally lacking in a nucleus, proteomics can be one of the most intriguing
methods for studying them. Moreover, studying platelet proteomics could make it possible
to find new targets for developing individualized treatment plans. On the other hand,
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platelet proteomics could offer a substantial biomarker-finding tool in other disorders,
outside those primarily connected to platelets, given the varied and diversified activities of
platelets throughout ontogeny or in inflammation.

2. The Principal Role of Platelet: Hemostasis and Thrombosis

Platelets are tiny (2–3 μM in diameter) cell fragments that are the second-most preva-
lent component of blood circulation, after red blood cells (RBCs). They originate from the
cytoplasm of megakaryocytes (MK) present in the lungs and bone marrow. After they
become senile, they circulate for 7–10 days in the circulatory system before being eliminated
in the spleen or liver [5]. Platelets execute many tasks from primary hemostasis to inflam-
mation depending on their activation. Platelets have various receptors on their surface and
biological components kept in various granules that play a role in their activation. Upon
platelet activation, the platelet secretes a milieu of physiologically active metabolites and
proteins from its granules in a well-regulated manner, and these are effectively transported
to their sites of action, which strengthens the coagulative response in a positive-feedback
loop [6]. There are three distinct types of granules in platelets: α-granules that consist of
a variety of proteins, cytokines, chemokines, and GFs; dense-granules that house small
molecules, such as serotonin, adenosine diphosphate (ADP), polyphosphates, and calcium;
and lysosomes that house deteriorating enzymes (Table 1) [7]. These contents are secreted
through an open canalicular system (OCS), a unique surface-connected network of chan-
nels. Toll-like receptor 9 (TLR9), protein disulfide isomerase (PDI), and vesicle-associated
membrane protein 8 (VAMP-8) are present in T-granules, and it has been hypothesized that
these molecules are attracted to the cell surface and aid in secretion [8].

Table 1. Various proteins present in platelet granules.

Granule Type Contents Role

α-granules

Adhesive proteins

P-selectin, Fibrinogen, von Willebrand
factor, Fibronectin,
Thrombospondin-1/2, Laminin-8,
Vitronectin

• Promoting adherence of WBCs to activated platelets
and endothelium. Promotion of leukocyte
adherence to activated platelets and endothelium

• Binding to GpIIb/IIIa receptors, factor VIII, integrin
α5β1, αvβ3, β1, αIIβ3, αvβ3, α3β1, and α6β1,
and uPAR

Growth factors

Epidermal-growth factor,
Insulin-like-growth factor,
Hepatocyte-growth factor,
Platelet-derived-growth factor

• Stimulating/inhibiting the proliferation of
fibroblasts, epithelial cells, and smooth muscle cells.

• The major mediator of growth hormone-stimulated
somatic growth and growth hormone-independent
anabolic responses. The primary mediator of
growth hormone (GH)-stimulated somatic growth
and GH-independent anabolic responses

• Metabolic flux of glucose in different
insulin-sensitive cell types; plays a key role in β-cell
homeostasis. Metabolic flux of glucose in various
types of insulin-sensitive cells; plays a key role in
the homeostasis of beta cells

Angiogenic factors
Growth factor from vascular
endothelium, Platelet-derived growth
factor, Fibroblast

• Enhance the proliferation, migration, survival, and
invasion of endothelial cells

• Enhance permeability of existing vessels, forming a
lattice network for endothelial cell migration,
chemotaxis, and homing of bone marrow-derived
vascular precursor cells. Improvement of the
permeability of existing vessels, formation of a
lattice network for the migration of endothelial cells,
chemotaxis, and homing of vascular progenitor cells
derived from the bone marrow

• Modulating the proliferation and recruitment of
perivascular cells

• Activation of a serine-rich protein or serine-rich
phosphorylating kinase network regulating
alternative splicing of vascular endothelial growth
factor receptor 1 (VEGFR1) in endothelial cells.
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Table 1. Cont.

Granule Type Contents Role

Chemokines

CXCL8/7/1/5/2/6/12 • Activating and recruiting neutrophils

CCL5/3/2/7
• Helps in the recruitment of basophils, macrophages,

monocytes, eosinophils, polymorph nuclear WBCs,
and neutrophils

IL1β • Recruitment and activation of WBCs

Clotting factors

Factor V • Cleavage of prothrombin to thrombin

Protein S • Anticoagulant by inhibition of factor IXa

Factor XI • Hemostasis by activating factor IX

Factor XIII • Fibrin network stabilization

Kininogens • Activating factor XI

Plasminogen • Fibrinolysis by means of binding to the fibrin clot

Integral membrane proteins
Integrin αIIbβ3, GPIba-IX-V, GPVI,
TLT-1, P-selectin

• Activation of platelets, adjacent platelets
aggregation, formation of thrombus. Plays a role in
inflammatory insult-induced bleeding. Promotes
the adhesion of WBCs to activated platelets and
endothelium

Immune mediators
Complement C3/C4 precursor
Factor D/H, C1 inhibitor,
Immunoglobulins

• Triggers inflammation, phagocytosis, cell lysis, and
cell activation by cleaving to C3a and C3b by
intruders

• Inhibition of activation of early clotting proteins and
the classical complement pathway

• Antigenic binding and neutralization

Protease inhibitors
α2-antiplasmin, PAI-1, α2-antitrypsin,
α2-macroglobulin, TFPI, C1-inhibitor

• Inhibition of plasminogen binding to fibrin and
fibrin cross-linking

• Binding to and inhibition of tissue-type
plasminogen activator and urokinase-type
plasminogen activator

• Anti-inflammatory properties through the
destruction of major proteases

• Binding of foreign peptides, acting as a humoral
barrier against pathogens

• Blocks the initial steps of the extrinsic coagulation
pathway by inhibiting Factor Xa and Factor VIIa

• Inhibits activation of early coagulation proteins and
the classical complement pathway

Proteoglycans MMP2/9
• Degradation of collagen, elastin, fibronectin, gelatin,

and laminin and remodeling of the extracellular
matrix

Dense granules

Amines Serotonin, Histamine

• Minimize blood loss by inducing constriction of
injured blood vessels and enhancing platelet
aggregation

• Provides aggregation and immunological stimuli

Bivalent cations Ca2+, Mg2+

Nucleotides ATP, ADP, GTP, GDP

Lysosome granules
Acid proteases

Cathepsin D and E, Carboxypeptidases (A, B), Prolinecarboxypeptidase, Collagenase, Acid
phosphatase, Arylsulphatase

Glycohydrolases Heparinase, β-N-acetyl-glucosaminidase

3. Activation of Platelets

Platelets become activated upon exposure to extracellular matrix proteins including
collagen, von Willebrand factor (vWF), or fibronectin when there is any endothelial damage
(Figure 1). Normally, endothelial cells help to keep them inactive by secreting prostaglandin
I2 (prostacyclin, PGI2) and nitric oxide (NO), and by expressing CD39 (ectonucleotidase
that cleaves ADP/ATP). Platelets react fast to damage to the vessel wall; they adhere to
the affected regions and become activated to close the wound [9]. vWF, which is generated
from plasma, alters the shape of platelets in high-shear circumstances and enables their
binding to the exposed collagen via glycoprotein (GP) VI and αIIbβ3 integrin at the injured
region [10]. In addition, the GPIb-V-IX complex is necessary to maintain platelet adherence
to the vascular surface under high-shear circumstances [11]. Collagen binding by the
integrin α2β1 at low-shear circumstances also plays a significant part in platelet adherence
to the damaged endothelium.
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Figure 1. Overall signaling mechanism of platelet activation.

Through GPVI, a member of the immunoglobulin family that is connected to the Fc
receptor (FcR), collagen starts the activation of platelets. Immune receptor tyrosine-based
activation motif (ITAM), which is present in the cytoplasmic tail of FcR, is phosphorylated
by Src kinases [12]. Upon activation, platelets undergo a shapeshift from discoid to a more
spherical shape, develop filopodia, and completely expand into lamellipodia. Activated
platelets function in a paracrine and autocrine manner to recruit more circulating platelets
and further activate after adhesion. Thromboxane A2 (TxA2) synthesis and the ADP release
from dense granules stimulate TxA2 and P2Y(1 and 12) receptors, respectively, by coupling
to G-protein to facilitate the activation process.

The second messengers inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG),
which are derived from the membrane phospholipid phosphatidylinositol 4,5-bisphosphate
(PIP2), are produced when the G-protein and ITAM-coupled receptors are activated. While
DAG will activate several protein kinase C (PKC) isoforms, IP3 will cause the release of
Ca2+ from intracellular reserves [13]. Several platelet reactions, including cytoskeletal
modifications, integrin activation, and degranulation, are triggered by an increase in Ca2+.
The guanine nucleotide exchange factor CalDAG-GEFI, in turn, activates the small GTPase
Rap1 in response to an increase in Ca2+ [14]. Rap1 then attracts talin to the plasma mem-
brane, further activating integrin αIIβ3 as a result. To regulate the additional cytoskeletal
remodeling required for complete platelet spreading and clot retraction, active αIIβ3 will
convey outside-in signaling upon binding to its ligands (such as fibrinogen, vWF, etc.) [15].
By attaching platelets to one another, this binding also helps to stabilize aggregates. Last but
not least, exposed injured tissue releases tissue factor, which encourages the production of
thrombin. Thrombin cleaves fibrinogen into fibrin, which will further strengthen aggrega-
tion [16]. As a result of secondary hemostasis, actin-myosin platelet retraction mediates the
clot’s ultimate stability. However, unbalanced clot formation (thrombosis) could result in
the occlusion of the vessels in certain pathological conditions when the balance between the
platelet stimulatory and inhibitory pathways is disrupted. This could result in myocardial
infarction, stroke, or venous thromboembolism [17]. In conclusion, it is critical to tightly
control platelet activation to guarantee a correct platelet functional response and avoid the
development of unintended thrombi that might have serious pathological consequences.

4. Platelet Proteomics

A proteome is the complete set of proteins expressed within a defined sample under
specific conditions that may be highly complex, as the composition depends on the phase,
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fate, and environment of a cell, as well being modulated by metabolic pathways and
post-translational modifications (PTM). In nucleated cells, there are thought to be about
10,000 distinct proteins, among which 2000–6000 proteins have been shown to be analyzed
by proteomic assays. Although platelets are anucleated cells, they retain a large portion
of their cytoplasmic content from MKs and thus contain RNA, which carries messages for
several platelet proteins including chemokines, FcRs, plasminogen activator inhibitor-1
(PAI-1), and PKC (Table 1). Combining proteomics with platelets will help us to analyze
the total protein components of platelets under certain conditions.

Theoretically, the total expression of protein-coding genes in platelets is now predicted
to be 1400 proteins based on data from the genome-wide platelet transcriptome. As far
as we now understand, mitochondrial, metabolic, signaling/adaptor and transcription
proteins are notably prevalent in the discovered platelet proteome [18]. A lot of progress
has been achieved in the last 10 years in determining the protein makeup of platelets
which are newly separated from human blood samples. The number of proteins has grown
from 1300 proteins discovered by mass spectrometry and label-free analysis in 2011 to
5400 proteins, of which 3700 have estimated copy numbers [19–21]. The 500 proteins with
the greatest copy numbers were analyzed, and it was found that proteins involved in
signaling, small GTPases, the actin and microtubule cytoskeletons, and α-granules were
the most abundant [22]. Numerous virtually intact 20 S and 26 S proteasomes were also
found, supporting normal protein degradation in platelets [23]. A study also showed
that 80 proteins (9%) associated with plasma proteins and signaling proteins had different
abundances in small and big platelets generated from single healthy donors [24].

5. Methods of Platelet Proteomic Analysis

Platelet isolation without contamination is a challenging procedure and is performed
by the centrifugation of whole blood. Indeed, various factors including the recent admin-
istration of a drug (aspirin, prednisolone), quick isolation after blood collection, age, and
platelet suspension temperature may modify the protein of platelets [23,25–27]. Therefore,
various methods are used to prepare the proteomics sample depending upon the purpose
of the experiments [28]. The most widely used method is the lysis of platelets to extract the
protein in them, and several lysis methods have been used, among which glycerol lysis
appeared to be the most reproducible and efficient [29].

Protein separation can be done by two processes: Sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE) and two-dimensional gel electrophoresis (2-DE). In SDS-
PAGE, proteins are separated according to polypeptide size using polyacrylamide gel in
which low to medium-size separation occurs [30]. In the high-resolution 2-DE process of
protein separation, proteins are separated by their two distinct properties: initially by their
isoelectric point and then according to their relative molecular mass [31]. The composition
of platelets’ subcellular organelles, such as lipid rafts, membranes, secretory granules, and
platelet microparticles, as well as the identification of proteins and the mapping protein
phosphorylation of resting and active platelets, have all been studied using this technique.
The rough relative measurement and monitoring of platelet differences under various
physiological and pathological situations were made possible by further protein comparison
staining or pre-labeling of the proteins from various biological samples and mixing them
before separation. Mass spectrometry (MS) has increasingly become the method of choice
for the analysis of complex protein samples and is currently proteomics’ most important
tool, as it measures the femtoliter concentration of protein [32]. For the digestion of
protein to generate peptides in MS, enzymatic digestion by trypsin is known to be the best
method used [33]. To minimize the complexity of the mixture, high-performance liquid
chromatography (HPLC) is used in combination with electrospray ionization coupled to MS.
The mass analysis and detection of peptide ions are performed by the MS. MS analysis of the
peptides is divided into peptide mass fingerprinting and tandem MS (MS/MS) [34]. MS/MS
allows for the sequencing of proteins and peptides, which is why it is an indispensable
tool for the recognition of proteins, detection of the site of phosphorylation, structure
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illustration, and characterization of PTMs [35]. In MS/MS, labeling leucine is performed in
protein identification [36]. The advantages and disadvantages of each method of platelet
proteomics analysis are listed in Table 2.

Table 2. Advantages and disadvantages of gel-based and gel-free platelet proteomics analysis.

Gel-Based (2D) Gel-Free (LCMS/MS)

Advantages 1. Detection of isoforms on protein level
2. Relative quantification

1. High sensitivity
2. High throughput
3. High dynamic range
4. PTMs site location
5. Precise quantification
6. Application in clinics

Disadvantages

1. Low throughput
2. Low sensitivity
3. Low protein coverage
4. Time-consuming sample processing
5. Limited detection of hydrophobic proteins

1. Expensive analytical equipment
2. Sophisticated data analysis

To determine the quality of protein, quantitative proteomics can be performed. There
are two different approaches for the quantification of protein which are label-free and
isobaric labeling (tandem mass taqs or isobaric tags for relative and absolute quantifica-
tion; iTRAQ). The label-free quantification approach has been the most popular and is
the simpler technique, and measures the absolute concentrations of all proteins based on
summarized ion counts. After protein biosynthesis, PTM is performed to control multiple
biological functions of protein: protein folding, localization, and interaction with other
biomolecules [37]. In the case of platelets, PMTs are studied for the phosphorylation sites,
ubiquitylation, and proteolysis of proteins, as well as some special interest in platelet activa-
tion [34]. Additionally, pathway and network analysis techniques have become increasingly
popular, as these aim to identify activated pathways and pathway modules from functional
proteomic data [38]. Pathway analysis also helps to organize a long list of proteins in a short
list of pathway knowledge maps, which makes the interpretation of molecular mechanisms
easier when they are involved in protein alteration and their expression.

Validation of the proteomics analysis is a crucial step to confirm the data and can
be performed by several methods including western blot, ELISA, immunoblotting, and
immunoprecipitation [39].

6. Platelet Proteome in Health and Diseases

When platelets are activated, they release a variety of chemicals that can have an
impact on various pathophysiological processes, such as inflammation, tissue regenera-
tion and repair, cancer growth, and cardiovascular diseases (CVDs) (Figure 2). Earlier
studies on platelet proteomics, phosphorylation, and other PTMs are done in resting and
activated states where the composition and copy numbers of human and mouse platelets
are thoroughly described [20,21,40]. Additionally, the “platelet release”, the term for the
proteomic composition of the granules released by activated platelets, is described and
characterized [6]. A thorough map of human platelets and an examination of inter- and
intra-donor variation also revealed that 85% of the platelet proteome is stable [21,41]. Since
the fundamentals are already established, this can be used to investigate how various
illnesses change platelets and, hopefully, to understand how to target those signaling
pathways with drugs.
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Figure 2. Schematic diagram of platelet proteomics and its application.

CVDs are the primary cause of death in developed countries, and it is well-known that
platelets play a significant role in their development. Methods for the detection and prog-
nostication of CVD progression are urgently needed, but the underlying signal transduction
is still poorly understood. Acute coronary syndrome and stable coronary artery disease
may now be distinguished using comparative proteomics of “platelet releasates” [42]. A
study showed that 6 out of 400 proteins that were tested had distinct expression patterns
in individuals with acute and chronic coronary syndromes [43]. In a small cohort of
10–30 participants that compared acute vs. chronic coronary syndromes in individuals,
it was established that the differently regulated proteins have a role in the cell structure,
morphology, and cell assembly processes, all of which are crucial for platelet activation [34].
In particular, signaling, glycolysis, and cytoskeletal-related platelet proteins were shown to
be differentially altered in two groups of patients with acute coronary syndrome [44,45].

Likewise, in contrast to circulating platelets, gel-based proteomics found a change
in 16 platelet proteins including integrin αIIb and thrombospondin-1 collected from the
intracoronary culprit site in patients with ST-elevation myocardial infarction (STEMI) [46].
Furthermore, a platelet phosphoproteomic study of STEMI patients showed an elevation in
critical tyrosine phosphorylation upon GPVI activation, raising the idea that GPVI might be
used as an antithrombotic target in STEMI [46,47]. Platelet releasate from individuals with
stable angina pectoris and whole platelets from patients with lupus anticoagulant-related
thrombosis showed that only a small number of proteins are changed [48].

According to targeted mass spectrometry, the difference in integrin αIIbβ3 was found
to be only 5% for platelets from control participants compared to patients with type I Glanz-
mann thrombasthenia, a severe bleeding disease [49]. In addition, as compared to control
platelets, plasma proteins endocytosed by integrin αIIbβ3 seemed to be downregulated,
including fibrinogen, factor XIII, plasminogen, and carboxypeptidase 2B. Quantitative
proteomics analysis on platelets from a patient with Scott syndrome, a rare moderate
bleeding condition, showed that 134 (6%) proteins were either up- or down-regulated,
including the full absence of the phospholipid scramblase anoctamin-6 and low levels
of the platelet-morphology-regulating calpain-1 protease [50]. Likewise, in patients with
the severe bleeding condition X-linked thrombocytopenia with thalassemia, 83 changed
proteins along with cyclooxygenase 1 (COX1) and a number of the cytoskeleton and protea-
some proteins were discovered by quantitative proteomics [51]. Additionally, 123 platelet
proteins were primarily downregulated in 5 out of 47 gray platelet syndrome patients
(a milder bleeding condition) with novel variations in NBEAL2, with the majority being
granule-associated and cargo proteins at unchanged mRNA expression levels [52].
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Although several studies have looked at the platelets from individuals with cardio-
vascular conditions, complete platelet proteomic evidence is still lacking. Large-scale
validation studies are necessary to determine whether platelet proteomics may be a valu-
able tool in cardiology treatment and clinical practice, even though prior research has
shown that platelet activation varies across certain cardiovascular illnesses. With the most
recent technology, it is possible to monitor the protein abundance in “platelet releasates” to
assess uneven platelet reactivity and probable future thrombus development.

Some proteomic studies have looked at platelets from individuals with somatic mu-
tations in cancer or genetically less well-defined disorders in addition to uncommon
congenital defects. Quantitative proteome analysis research revealed disease regulation
by a wide range of platelet proteins from 12 patients with early-stage malignancies, in
contrast to healthy participants [53]. The majority of these proteins returned to normal
following surgical resection. It has been suggested that the platelet proteome contains
variably expressed proteins linked to early-stage cancer, and as a result, platelet proteins
are identified as a novel source of potential biomarkers [53]. However, these findings were
supported by proof-of-concept research conducted only on a small cohort of patients with
lung or pancreatic cancer. Additional focus is required in this area as some of the proteins
that are controlled by platelets may serve as biomarkers for certain malignancies.

Platelet function issues also are linked to chronic kidney disease, which can result
in bleeding and thrombotic problems, leading to high morbidity and mortality [54,55].
Platelet glycoproteins GPIIb/IIIa, serotonin, and ADP release, as well as problems with the
metabolism of arachidonic acid and prostaglandins, are potential contributory factors [54].
Additionally, uremic toxins have been demonstrated to affect endothelial cells, vascular
smooth muscle cells, macrophages, and platelets, increasing inflammation and causing
platelet activation and aggregation [56]. Due to platelets’ multifactorial nature, disease
stage-associated variability, and interpatient variability, unraveling the factors that con-
tribute to platelet dysfunction through proteomics analysis for diagnostic and prognostic in-
terests would substantially aid in the recognition of risk factors and treatment alternatives.

Significantly, the amounts of plasma proteins involved in immunological responses
and inflammation were increased, which showed that these patients may also have an
immune deficiency. Plasma proteins including fibrinogen and 2-macroglobulin, which
are associated with enhanced endocytosis or stickiness of the patient’s platelets, were
shown to be raised in the platelet proteome of individuals with progressive multiple
sclerosis [57]. Platelet quantitative proteomics found roughly 300 regulated proteins in
dengue virus-infected individuals [58]. A total of 360 differently regulated proteins were
discovered, among which four of them, PHB, UQCRH, GP1BA, and FINC, were effective in
differentiating between patients and healthy controls during the platelet proteomic analysis
of patients with mild and severe cognitive impairment in the search for an Alzheimer’s
disease biomarker [59].

Neutrophil Extracellular Traps (NETs) are formed by neutrophils during the immune
response by a controlled cell death process called NETosis and are web-like structures
composed of DNA and histones [60]. TLR2 and TLR4 are involved in the activation
of neutrophils [61]. Histones within NETs can also activate platelets directly via TLR2
and TLR4, enhancing platelet aggregation and thrombin production [62]. Histones also
stimulate the release of vWF from vascular endothelial cells, mediating further platelet
adhesion and aggregation. Importantly, platelet activation can cause the dysregulation of
NETosis, which can result in immune-mediated scattered microthrombi, hypercoagulability,
and tissue damage through the vWF–NETs axis, leading to multiple organ failure and
death [63,64]. For example, the vWF–NET axis has been noted to contribute to thrombotic
complications in acute ischemic stroke and COVID-19 [65]. It has been observed that NETs
cause patients with gastric cancer to have hypercoagulable platelets by upregulating the
cell-surface expression of P-selectin and phosphatidylserine [66,67]. Malignant tumors
may also trigger immunothrombosis by stimulating neutrophils and/or platelets, which
is followed by the formation of a NET [68]. Furthermore, Guglietta et al. provided a link
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between NETs and platelets in an animal model of small intestinal tumors [69]. There is
evidence that the interaction between platelets and NET causes autoimmune diseases like
systemic lupus erythematosus by affecting coagulation [70]. It has now been demonstrated
that type 1 diabetes and the platelet–neutrophil interaction are related [71]. The pancreas of
non-obese diabetes mice showed a correlation between an increase in platelet–neutrophil
aggregates in the circulatory system and NET markers, indicating that platelets may
stimulate neutrophils for transmigration into islets, which is followed by NETosis and islet
destruction. The TLR4–ERK5 platelet axis has been shown to facilitate NET formation in
the lung and further promote metastasis [72]. Taken together, the TLR-mediated vWF–NET
signaling pathway plays an important role in immune response and is linked to the pro-
thrombotic state in various diseases. The detailed analysis of proteins involved in vWF–NET
axis-mediated thrombosis and inflammation may be a valuable tool in identifying novel
biomarkers and therapeutic targets in CVDs and other diseases associated with thrombosis.

7. Platelet Proteomics in Transfusion Medicine

A long-standing problem is how to optimally store platelets to preserve their func-
tions after transfusion [73]. Proteomics is being actively used to describe temperature-
induced platelet changes. According to transcriptome-based research, freshly separated
platelets have a limited potential for protein synthesis and are continuously degrading
RNA species [74]. Frequently, platelet concentrates used in transfusions may be kept in
storage for a few days before the platelets begin to lose their functional characteristics, a
condition known as platelet storage lesion [75]. Numerous investigations on the protein
alterations of aging platelets have been conducted to determine the source of this lesion.
In an early study, the majority of the 2900 identified proteins were found to have new
N-termini, which showed that platelet storage included significant proteolytic process-
ing [76]. Endocytosis- and cytoskeleton-related proteins were shown to alter with platelet
age to enrich younger circulating platelets in a platelet apheresis intervention program [77].
According to two quantitative proteomic investigations, changed proteins in particular
had a role in degranulation as the storage duration increased [78,79]. Due to the stim-
ulation of glycoprotein shedding, platelets kept at 2–6 ◦C were shown to exhibit lower
levels of glycoproteins and higher amounts of surface activation indicators, although their
viability was unaffected [80]. In the wake of the transfusion of aging platelets, several
organizations are looking for proteins present in the platelet that might justify harmful
transfusion responses that harm the health of patients. In terms of pathogen inactivation,
the exposure of concentrated platelets to riboflavin and ultraviolet light for two days led
to the production of reactive oxygen species, which led to a slight increase in the number
of oxidized peptides when compared to the 18% of the 9400 identified platelet peptides
that were already oxidized [81,82]. Age-related upregulation of proinflammatory cytokines
(CCL5, PF4) and metabolic proteins (such as glycolysis and lactate synthesis) was seen in
proteomic investigations on extracellular vesicles produced by aging platelets [83].

As technology advanced, proteomic research using label-free quantification showed
that prolonged storage for 13–16 days decreased the levels of proteins involved in platelet
degranulation, secretion, and exocytosis while increasing the levels of 2-macroglobulin,
glycogenin, and Ig chain C region [78]. Wang et al. discovered that varied storage tem-
peratures resulted in various PSLs after comparing the proteomic signatures of platelets
kept at 22 ◦C, 10 ◦C, and 80 ◦C. While cold storage affects SNARE interactions in vesicu-
lar transport and vasopressin-regulated water reabsorption, the storage duration mostly
affects endocytosis, Fc gamma R-mediated phagocytosis, and actin rearrangement [79].
Concentrated platelets for customized transfusions may become available in the future of
precision medicine.

8. Hurdles in Accurate Platelet Proteome Research

While studying platelets by proteomics may appear simple and straightforward, there
are several issues, mostly with the quality control of samples used in this proteomics
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research. The use of high-throughput proteomics to study platelet biology raises several
issues, as accepted by all industry professionals. These range from the collection of blood
samples, such as the isolation method, use of anticoagulant, and sample processing, to
components of mass spectrometry technology and data analysis, such as protein detection
low-abundance, modifiable protein abundance, etc.

Washed platelets are often employed in platelet proteome studies today. Reliable
proteome analysis depends on the platelet purity, quantity, and activation state. Although
washed platelets have been isolated in most studies with a high purity (99–99.99%), the
presence of proteins from plasma, RBCs, and white blood cells (WBCs) cannot be totally
ruled out [18]. The platelet separation process is often built upon a series of low-speed
centrifugation stages that separate whole blood into distinct blood components depending
on their densities while leaving the tiny, light platelets floating in the liquid plasma [84,85].
However, because platelets in direct contact with blood plasma have a prolonged open
canicular system, leftover plasma proteins are always present in the majority of listed
platelet proteomes [18]. Although the ability to separate platelets from whole blood has
increased throughout the years, earlier studies with platelet proteomics demonstrated a
broad range of platelet purities, platelet concentrations, and protein use quantities per
sample under analysis. In the first proteomics investigation on mice, protein abundance
patterns were examined along several purification processes to separate real platelet pro-
teins from impurities in plasma, WBCs, and RBCs [40]. The study showed that there can be
the presence of more than 200 impurities (mostly RBC components or extremely abundant
plasma proteins such as apolipoproteins, and complement factors due to the clustering of
proteins at various purification stages) [40].

It was claimed that the OptiPrepTM density gradient centrifugation method could
recover more than half the population of platelets with a 99.99% platelet purity and little
WBC contamination, but it has not been used for proteomic investigations. Microfluidic
platelet preparation or a completely automated method that offers a high yield and pu-
rity (>99%) with the reduced activation of platelets are suggested to be used in place of
centrifugation methods for analyzing the platelet transcriptome [86].

For high-throughput research, additional controls should be created to guarantee
full platelet lysis and digestion, low peptide loss during the preparation of samples, and
automation for the analysis of a large number of samples. In the laboratories working
with platelets’ biological and translational applications, quality control methods of mass
spectrometry-based proteomics data acquisition must be established. For example, a cloud-
based quality control system or web-based apps can be applied [86–88]. Label-free analysis,
which allows for infinite numbers of samples to be compared at the level of the proteome,
can be done for greater throughput applications [78].

Searching known databases of fragmentation spectra is the most often utilized method
for proteomic data analysis. It provides a useful summary of current bioinformatics ap-
proaches for the identification and quantification of proteins [89]. Data normalization,
which involves applying adjustments in accordance with predetermined standards to
eliminate inconsistent data points followed by statistical testing/screening for false dis-
covery rates, is a crucial stage in the analysis. A changing protein abundance should
not be the reason for the apparent regulation of a phosphorylation site in phosphopro-
teomics [90]. Special methods must be used to determine a phosphorylated peptide’s site
of phosphorylation and the kinase that is involved with platelet function [91].

One of the major drawbacks that has been observed in several studies is the inclusion
of just a few platelet samples for comparison. Because of this, even when comparing healthy
individuals to those who are sick, it has become challenging to make conclusions about
inter-subject variances. Other technical drawbacks include inadequate protein abundance
that is associated with inadequate peptide coverage, difficult spectral data processing,
missing hydrophobic peptide sequences, and uncertain functions for several newly found
proteins [92]. Therefore, the quantity of samples is another aspect that cannot be overlooked
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in platelet proteomic research. Strategies must be established in the future that allow for
the use of only a few microliters of blood for platelets-based proteome study.

Since many studies only use a small number of samples and mass spectrometry
proteome analyses are still expensive, it is difficult for institutions to conduct research with
the ideal number of samples needed for careful data interpretation. Proteomics analysis
is complicated and needs educated employees, which prevents the widespread use of the
technology at diagnostic clinical laboratories. The equipment may not be inexpensive
for clinical institutions. This raises questions about how well platelet proteomics may be
applied in the therapeutic setting. It is recommended that standard protocols and areas of
concern need to be created for platelet preparation, sample processing, and data analysis in
order to increase the reproducibility of platelet research.

Most importantly, PTMs are another big hurdle in studying platelet biology. PTM
is defined as the addition, subtraction, exchange, or rearrangement of functional groups
to the side chains of amino acids and the N- and C-termini of proteins. After biosynthe-
sis, proteins are subjected to PTMs, which are known to regulate a variety of biological
processes, including protein activity, folding, localization, and interactions with other
biomolecules [93]. Although more than 400 PTMs have been characterized, the full extent
of their physiological functions is yet unknown. Phosphorylation, ubiquitylation, and
proteolysis are the PTMs for platelets that have been extensively researched, while glyco-
sylation, acetylation, and palmitoylation are given little consideration. The interaction of
platelet PTMs during activation is also particularly intriguing.

Although there will be a lot of difficulties in making this shift, the development of
proteomics as a basic tool for platelet research and moving this field from the discovery
stage into the biology and preclinical application stage is important. In summary, for the
field to advance, standardized criteria that enhance the repeatability of platelet preparation,
proteomic sample processing, and complicated data analysis across laboratories should
be implemented.

9. Is Clinical Translation between Mouse Platelet Proteome to Human Clinical
Studies Possible?

Preclinical models have enabled a wide range of clinical uses, including surgery,
vaccine development, illness detection, and therapy, among others. According to the
thorough understanding thus far drawn from interspecies investigations, conclusions
gained from animal research cannot be casually extrapolated to humans. Nevertheless,
some research topics need the use of animal preclinical models, where researchers may
phenocopy human illnesses, pathologies, or diseases in order to better understand the
process underlying these qualities and test possible innovative therapies.

Human and mouse platelets share a substantially conserved proteome, thus providing
evidence for the application of the proteomics technique in both intra- and inter-species
fields [94]. This is also supported by an increasing number of preclinical or clinically
applicable investigations in humans. Additionally, the similarity of the physiological,
anatomical, and genetic characteristics between mice and humans justifies the use of
mice as preclinical models, despite the evident differences between the two species [95].
Moreover, we have the ability to modify them genetically and physiologically. Therefore,
although there are differences between the platelet formation processes in humans and
mice, it is possible to study the megakaryopoiesis, thrombopoiesis, and platelet function of
humans using mice as a model [95,96]. Murine preclinical models can enable us to illustrate
how different proteins, including transcription factors, receptors, signaling molecules,
hormones, cytokines, etc., function pathophysiologically in humans [97,98].

10. Conclusions and Future Perspectives

Myocardial infarction, ischemic stroke, and pulmonary embolism are just a few ex-
amples of cardiovascular thromboembolic diseases that continue to be the leading causes
of death and disability in the world. Therefore, it is crucial to advance diagnoses and

302



Biomedicines 2024, 12, 585

treatment in the context of individualized medicine. The disease specificity of currently
available indicators is restricted, despite the fact that traditional platelet-activation markers
are sensitive in detecting excessive or faulty activation states. Recent studies of platelet
proteomics signatures, in contrast, demonstrate an enhanced disease specificity. Based
on analyses of peptides and matching proteins in disease vs. healthy individuals, it has
recently been shown that focused human platelet proteomics enables the quantification of
CVD and other thrombotic disease biomarkers. In a customized and precision medicine
scenario, it will become more critical to analyze the individual diversities in the proteomes
of healthy people and patients.

Although the studies on the subject must be further validated by various independent
investigations, the recent advances in mass spectrometer technology have made it possible
to analyze numerous previously unidentified and newly discovered proteins quantitatively
and to reveal the intricate phosphorylation patterns of proteins, many of whose functions
are still unknown. The discovery of novel platelet proteins as possible biomarkers for
diseases would be another breakthrough in the proteomic discipline. Some of the altered
proteins that are indicative of an increased risk for CVDs and other platelet-associated
disease states, reflecting alternations in platelet function and signaling pathways, are listed
in Table 3.

Table 3. Various key platelet protein biomarkers involved in CVDs and other platelet-associated
disease conditions.

Biomarker Disease Conditions References

Podoplanin
Tumor-induced platelet activation and tumor
metastasis and invasion. [99–104]

CD40 ligand
Acute coronary syndromes, coronary
revascularization procedures, atherosclerosis, and
inflammatory processes.

[105–107]

Platelet-derived growth factors (PDGFs) Gliomas, sarcomas, leukemias, and epithelial cancers. [108,109]

P-selectin
Coronary heart disease, hypertension, arterial
fibrillation, congestive heart failure,
stroke, atherosclerosis.

[110–114]

Glycoprotein IIb/IIIa
Platelet aggregation, thrombosis, hemostasis, carotid
atherosclerosis, and diabetes. [115–118]

Thrombospondin
Myocardial infarction, heart failure, coronary artery
disease, coronary heart disease, abdominal
aortic aneurysms.

[119–122]

Advanced glycation end products
Peripheral artery disease increases thrombotic effect in
diabetes and coronary heart diseases. [123–125]

Troponin
Myocardial infarction, heart failure, arterial fibrillation,
Takotsubo cardiomyopathy, stroke, atherosclerosis. [126–130],

Signal transducer and activator
of transcription

Chronic inflammation, osteosarcoma, and
prostate cancer. [131,132]

Vascular endothelial growth factor
Breast cancer progression, invasion, and migration,
angiogenesis. [133–135]
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Table 3. Cont.

Biomarker Disease Conditions References

β2-Glycoprotein I
Autoimmune condition antiphospholipid
syndrome, thrombosis. [136]

Oxidized LDL receptors Atherosclerosis. [137]

Vasodilator stimulated phosphoprotein Metastasis in colorectal cancer. [138]

Myeloperoxidase
Atherosclerosis, coronary artery disease, myocardial
infarction, heart failure, inflammation, colon cancer,
breast cancer.

[139–141]

RANTES

Acute coronary syndrome, atherosclerosis,
inflammation. Development and progression of
atherosclerosis, inflammation, thrombosis, diabetes,
myocardial infarction, and atherothrombosis.

[142–152]

Platelet factor 4
Liposarcoma, mammary adenocarcinoma, and
osteosarcoma, inflammation, atherosclerosis,
myocardial infraction.

[153–156]

VWF
Atherosclerosis, hepatic carcinoma, hemostasis and
thrombus formation. [157–160]

Beta amyloid precursor protein II Alzheimer’s disease. [161–163]

IL-1B
Atherosclerosis, inflammation, diabetes, coronary
heart disease, stroke, peripheral vascular disease. [164–167]

Autoantibody against platelet protein Immune thrombocytopenia. [168]

Facotor XII
Coronary heart disease, atherosclerosis, ischemic and
hemorrhagic stroke, myocardial infraction. [169–172]

ADAMTS13

Thrombotic microangiopathies, Thrombotic
thrombocytopenic purpura, hepatocellular carcinoma,
peripheral arterial disease, coronary heart disease,
stroke, heart failure, myocardial infarction,
liver cirrhosis.

[158,173]

Neutrophil extracellular traps (NETs)
interacting protein

Autoimmune and inflammatory disorders,
atherosclerosis, thrombosis. [174–177]

Neutrophil elastase
Colorectal cancer, gastric cancer, pulmonary
arterial hypertension. [178–180]

Citrullinated histones Thrombosis, inflammation, thromboembolism. [181,182]

ERK5 Inflammation, atherosclerosis, hypertension. [183–185]

Autotaxin
Alzheimer’s disease, ischemic dilated cardiomyopathy,
calcified aortic valve stenosis. [186,187]

Cyclooxygenase Atherosclerosis, aneurysm [188,189]

Platelet-derived microvesicle
Development and progression of atherosclerosis,
inflammation, thrombosis, diabetes, myocardial
infarction, and atherothrombosis.

[145–152]

Despite wide variations in mass spectrometry and spectrum analysis techniques,
the exact composition of the ‘typical’ human platelet proteome is still unknown. The
attainable human platelet proteome will need to be defined through a coordinated multi-
laboratory effort. The manner and purity of sample preparation, including the platelet
concentration, activation state, and all sample processing, differ significantly between the
studies done to date. In order to compare new research results more effectively, inter-
laboratory standardization is expected to be required. Independent methods to confirm
conclusions about protein up- or down-regulation have led to the inconsistency and non-
repeatability of the research results.
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The physiological roles in platelets of many proteins of putative biomarker importance
remain unknown, and more complex protein function studies than general pathway studies
are needed (e.g., using Gene Ontology). This objective may be accomplished with the use
of a recent categorization scheme of all proteins predicted to be or present in platelets.
Mass spectrometry can be substituted by less expensive, immune-based, or flow-cytometry
techniques in bigger/clinical research if a biomarker is confirmed.

Low sample sizes have prevented published studies of patients from examining
common intersubject factors, including blood cell characteristics, gender, age, and health
history. The simultaneous comparison of several platelet samples is possible thanks to new
high-throughput analytic techniques that combine label-free quantification approaches with
data-independent acquisition, which is necessary for these clinically pertinent concerns.

Detailed information regarding protein distributions in healthy volunteers and pa-
tients will be provided by quantitative proteomics research. The phosphorylation patterns
of platelets will also be helpful in comprehending platelet activation and finding potential
new treatment approaches. Beyond the conventional depiction of linear pathways, a greater
knowledge of platelet signaling will be possible thanks, in particular, to quantitative phos-
phoproteomic research. Over the past decade, although these unique technical approaches
have and will continue to produce important discoveries, signaling has proven to be much
more dynamic than expected in comparison to existing techniques. To identify previously
unidentified post-translational changes, the unsupervised elucidation of platelet signaling
using artificial intelligence may become increasingly significant in the future. In order
to merge traditional biochemical knowledge with unexpected discoveries from big data
methods, fresh data analysis strategies are needed to handle the enormous quantity of data
generated by quantitative proteomics investigations.
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Abstract: Exposure to risk factors in youth can exacerbate the development of future cardiovascular
disease (CVD). Obstructive sleep apnea (OSA), characterized by repetitive episodes of airway obstruc-
tions, could trigger said CVD acting as a modifiable risk factor. Measurements from echocardiography
have shown impairments in the anatomy and function of the heart related to the severity of OSA.
Therefore, the aim of this review was to propose a new clinical approach to the management of
cardiovascular risk (CVR) in children based on treating OSA. The review includes studies assessing
echocardiographic parameters for cardiac function and structure in pediatric OSA diagnosed using
the apnea–hypopnea index (AHI) ≥ 1/h using polysomnography (PSG) and conducted within a
year. Based on the reviewed evidence, in addition to PSG, echocardiography should be considered in
OSA children in order to indicate the need for treatment and to reduce their future CVR. A follow-up
echocardiography after treatment could be performed if impairments in the anatomy and function
were found. Prioritizing parameters intimately connected to comorbidity could propel more effective
patient-centered care. In conclusion, a reevaluation of pediatric OSA strategies should be considered,
emphasizing comorbidity-related parameters in the cardiovascular field. Further studies are needed
to assess this approach, potentially leading to enhanced protocols for more effective pediatric OSA
treatment and CVR prevention.

Keywords: cardiovascular; echocardiography; sleep apnea; adenotonsillectomy; children

1. Introduction

1.1. Cardiovascular Disease in the Pediatric Population

Cardiovascular disease (CVD) is the main cause of death globally [1]. Although these
adverse events are infrequent in children, the basis of these CVDs, atherosclerosis, may
begin in childhood [2–4]. The exposure to risk factors and behaviors in youth can exacer-
bate its development. Hence, both addressing the social, economic, and environmental
determinants of health to prevent the onset of risk factors (primordial prevention) and
intervening to prevent risk factors from progressing into clinical diseases in adulthood
(primary prevention) should be contemplated [2,5].

Focusing on primary prevention, some of these factors are related to life habits, while
others are hereditary or the result of diseases [6]. The most common factors are excess
body mass, high blood pressure (HBP), tobacco, low physical activity, and alterations in
glucose and lipid metabolism [3–5,7]. Controlling said morbidities could decrease the
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atherosclerotic process and delay future cardiometabolic disease [8–10]. However, the
importance of sleep as a possible trigger of CVD is often not considered despite the recent
evidence highlighting its association [11,12]. It is imperative to consider the diagnosis and
treatment of sleep disorders, even in the absence of clinically manifested CVD, as these
may serve as potential contributors to them.

1.2. Sleep Disordered Breathing in the Pediatric Population

Sleep disturbances, and more concisely, sleep disordered breathing (SDB), are preva-
lent conditions in the pediatric population. SDB ranges from primary snoring (PS) to
obstructive sleep apnea (OSA), being the prevalence of SDB of 10–17% and between 1 and
4% in OSA [13–15]. OSA is characterized by repetitive episodes of partial (hypopnea) or
total (apnea) airway obstructions, driving immediate consequences that include changes
in intrathoracic pressure, intermittent hypoxia, and sleep fragmentation [16]. The gold
standard test to diagnose OSA is polysomnography (PSG), an objective sleep study that col-
lects neurophysiological and cardiorespiratory variables, which is performed in-laboratory
during the night. OSA in children is considered when the apnea–hypopnea index (AHI), a
parameter obtained from the sleep study that collects the number of respiratory events per
hour of sleep, is greater than 1–3 events per hour. Adenotonsillectomy (AT) is the first line
and effective treatment in moderate-to-severe OSA patients (AHI ≥ 5) when adenotonsillar
hypertrophy, the most-frequent cause in children, is also present [16,17].

1.3. OSA Treatment as a Modifiable Cardiovascular Risk Factor

OSA has particularly been related to adverse cardiovascular (CV) responses due to its
associated immediate consequences [18], which result in the activation of the sympathetic
nervous system, increased oxidative stress, and a proinflammatory and hypercoagulable
state [19]. All these processes taking place in children with OSA have an impact on their
CV sphere: alterations in hemodynamic and cardiac structure and function, increase in
blood pressure (BP) levels with special impact during night, activation of the inflammatory
cascade, and dysfunction of endothelium [20]. Therefore, treating OSA could reduce
these intermediate mechanisms acting as a modifiable risk factor in the development of
future CVD.

In the present review, CV risk (CVR) was evaluated through the alteration of both
the anatomy and function of the heart, assessed using the ultrasound-based imaging
technique (echocardiography). On the other hand, OSA was considered for the narrative
review when AHI ≥ 1/h was identified from PSG performed in-laboratory. Performing
an echocardiography as a complementary test to the PSG could help to identify children
who have OSA and concomitant increased CVR. Therefore, the main aim of this review
was to propose a new clinical management of CVR in children based on treating OSA as a
potential modulator of this risk.

2. Material and Methods

For the narrative review, Table 1 contains reports including information about echocar-
diography and PSG within the pediatric population. The terms “echocardiography” and
“obstructive sleep apnea” were used in PubMed and Web of Science to search for these
articles. The reports had to meet the following criteria: (1) echocardiographic parameters
evaluating cardiac function and anatomy; (2) OSA diagnosis using an AHI ≥ 1/h ob-
tained from in-laboratory PSG; (3) realization of PSG and echocardiography within 1 year;
(4) age below 18 years; (5) articles written in English from 2000 to the present. Exclusion
criteria were as follows: (1) participants with comorbidities, neuromuscular disorders, or
syndromic disorders; (2) systematic reviews and meta-analyses; (3) obese-only populations.
Finally, after a careful evaluation of all the studies, 10 studies with adequate data meeting
the criteria of the authors were integrated into the narrative synthesis.

315



Biomedicines 2024, 12, 411

3. Results and Discussion

3.1. Association between OSA and Echocardiography Parameters
3.1.1. The Impact of OSA on Cardiac Structure and Function

There is inconsistency in the evidence supporting an association between pediatric
OSA and cardiac remodeling. As suggested by previous reviews [21,22], said controversy
may be due to heterogeneity in their designs, comprising characteristics of participants
(anthropometric variables and medical history), recruitment strategies, follow-up peri-
ods, OSA diagnosis and stratification, composition of control groups, echocardiographic
parameters, and echocardiographic imaging methods.

OSA in children has been associated with cardiac alterations involving both left (LV)
and right (RV) ventricles and pulmonary arteries. Said CV disturbances may be worsened
as OSA severity increases but reverted with effective treatment. Related to LV structure
impairments associated with OSA, Amin et al., 2002 and 2005 [23,24], found a statistically
significant increase in the LV mass associated with OSA severity measured using the AHI,
desaturation index (DI), and oxygen saturation (SpO2). This hypertrophy improved after
treatment. Similarly, Villa et al., 2011 [25], indicated that SDB children (OSA and PS), but
not no-SDB participants, had a tendency for increased LV mass. Chan et al., 2009 [26],
showed increased relative wall thickness (RWT) and interventricular septal thickness index
to height (IVSI) in moderate-to-severe OSA children (AHI > 5/h) vs. mild OSA (AHI
1–5/h). These variables improved in OSA children adequately treated but not in persistent
OSA. The same results have been recently published by Domany et al., 2021, in which
OSA children (obstructive AHI—OAHI > 1/h) had increased LV mass worsened with
OSA severity.

3.1.2. OSA Impact in Cardiac Function

Regarding LV function, the study by Amin et al., 2002 and 2005 [23,24], identified a
decrease in LV diastolic function as E/A ratio, which measures flow velocities across the
mitral valve, was diminished in PS (AHI < 1/h) and OSA (AHI ≥ 1/h) children. Comparing
both groups, this dysfunction only improved in OSA but not in PS after treatment. Similar
results were shown by Ugur et al., 2008 [27], in which OSA children (AHI > 2/h) presented
diastolic dysfunction demonstrated by an increase in the mitral Em/Am ratio, with changes
after AT. Similar results were reported by Chan et al., 2009 [26], demonstrating an alteration
in diastolic function with E/e’, a marker of LV filling pressure, which was elevated when
the severity of OSA increased. Kaditis et al., 2010 [28], showed decreased LV systolic
function in moderate-to-severe OSA (OAHI > 5/h) vs. PS (AHI ≤ 2/h) measured through
lower LV ejection fraction (LVEF), defined by the volume ejected in systole in relation to the
volume in the ventricle at the end of diastole, and LV shortening fraction (LVSF), a measure
of LV contractility. In the study by Villa et al., 2011 [25], LV dysfunction was demonstrated
through a diminished LVEF in OSA children (AHI ≥ 1/h) vs. PS (AHI < 1/h), decreased
E/A ratio, and increased isovolumetric relaxation time (IVRT). Recently, Domany et al.,
2021 [29], reported that, in OSA children (OAHI > 1/h), LV diastolic dysfunction worsened
with OSA severity with improvements after AT, measured by a decrease in the E/e’ ratio in
the follow-up.

Regarding the association of the RV architecture and OSA, Amin et al., 2002 [23], indi-
cated an association between the OSA and RV dimensions in children independent of BP
and body mass, with RV abnormalities being more common in OSA patients (AHI ≥ 1/h)
compared to PS (AHI < 1/h). In terms of RV function, Ugur et al., 2008 [27], observed RV di-
astolic dysfunction through lower tricuspid Em/Am values in the OSA group (AHI > 2/h),
with a favorable change after AT, demonstrated by the elevation of this value in the surgery
group. In the study by Chan et al., 2009 [26], many measurements of RV dysfunction were
significantly different when OSA severity increased: greater RV systolic volume index
(RVSVI), lower RV ejection fraction (RVEF), and right ventricular myocardial performance
index (RVMPI). Also, an improvement in RVMPI values related to a significant reduction in
the AHI was shown after treatment (surgery or nasal steroid therapy). These results were
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not effective in the group with persistent OSA. Goldbart et al., 2010 [30], found a strong
association between the measurement of RV function, tricuspid regurgitation (TR), and
OSA severity. Prior to AT, TR values were elevated in comparison to normal values for
children, and these measurements normalized after surgery.

Finally, few studies have investigated the effect of OSA on pulmonary arterial pressure
(PAP). Ugur et al., 2008 [27], communicated an increase in PAP in OSA children, with
a decrease after treatment through surgery. Similarly, Tinano et al., 2022 [31], showed a
reduction in pulmonary arterial systolic pressure (PASP) after AT.

However, although most of the studies reported alterations in the CV sphere, other
studies have shown that these abnormalities in preoperative echocardiography were not
directly associated with OSA severity. Also, these studies did not find a direct association
between surgery and cardiac impairments. Kaditis et al., 2010 [28], could not find an asso-
ciation between diastolic function and cardiac structure in SDB. Goldbart et al., 2010 [30],
did not find a correlation between the AHI and LV end-diastolic diameter, suggesting a
stronger impact on RV than on LV in OSA children with an AHI ≥ 5/h. Finally, Teplitzky
et al., 2019 [32], showed no significant functional or structural cardiac impairments in a
very severe OSA cohort (AHI ≥ 30/h).

In summary, it has been shown that OSA could trigger cardiac alterations involving
LV and RV, highlighting impairments in diastolic and systolic functions, increased mass,
and higher PAP. These disturbances, in terms of architecture and function, were usually
worsened as OSA severity increased, as measured using the AHI. In many studies, the
impact of treatment was assessed, leading to an observation of a general improvement
when children were adequately treated.

Therefore, it seems that OSA is an important risk factor in the CV sphere and that OSA
treatment may be useful for the health of the heart in this population. The early identifi-
cation and management of both cardiac issues and sleep disturbances might improve the
overall health and quality of life of children, potentially reducing the risk of complications
and improving long-term health outcomes.
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3.2. Advantages of Performing an Echocardiography Complementary to Polysomnography

In this sense, performing an echocardiography in addition to the sleep study has sev-
eral advantages. First, it is a short-term, non-invasive, and easy-to-perform technique com-
pared to other procedures such as blood sample analysis used to obtain specific biomarkers
described for evaluating cardiac function. Moreover, it is the most used technique in the
study of heart disease due to its low cost and its wide availability [33].

Secondly, knowing that OSA has a negative impact on cardiac structure and function,
it could be used to identify patients in whom treating OSA with AT could reverse these
alterations [24,26,27,29–31].

Thirdly, it may help to better characterize OSA patients. Actually, OSA management
is based on the AHI, which does not reflect the heterogeneity of the disease [34]. Selecting
OSA patients undergoing surgery based on only the AHI could explain the different results
found on AT, being the disease resolved in only 60–80% of children [35,36]. Unresolved
OSA may not reverse the negative consequences promoted by OSA and could lead to
neurocognitive deficits, behavioral changes, low academic performance, and low quality
of life, among others [37]. Therefore, in addition to the AHI, new variables including
echocardiographic parameters could be considered for better OSA management and define
the phenotype of children undergoing AT. In this sense, the echocardiographic study could
identify the group of patients in whom, regardless of its severity measured using the AHI,
OSA is having an impact on their cardiac function and/or structure. Furthermore, these are
potentially reversible changes which could reduce the development of short- and long-term
adverse health outcomes. In the same way, follow-up echocardiography and PSG could
help monitor the effectiveness of treatment for cardiac conditions and sleep disorders,
enabling adjustments to be made when needed [38].

Fourthly, children are an ideal population to perform this technique since their risk
factors can be modified before CVD is well established or advanced [20]. Additionally,
first-line treatment in said population (AT) is effective in terms of compliance while in
adults, first-line treatment, continuous positive airway pressure (CPAP), is conditioned by
its adherence. Although the association between OSA and CVD is well known in adults,
randomized clinical trials have failed to demonstrate the effect of CPAP in reducing major
CV events [39–41]. The most sustained hypotheses are the low compliance of treatment and
the inclusion of patients with CVD (secondary prevention) in said studies. Thus, selecting
the pediatric population could clarify the response to the intervention of OSA in CVR
without confounding factors or biases.

Finally, echocardiography is used to identify cardiac abnormalities that can lead to pe-
rioperative and postoperative complications in patients with severe OSA, as recommended
by the American Thoracic Society (ATS) and American Heart Association (AHA) [42].
Therefore, performing an echocardiography for OSA children treated with AT could pre-
vent said surgery-related difficulties due to cardiac impairments.

Otherwise, echocardiography has several limitations that need to be commented
on. The main limitation is the need for qualified personnel who are essential for the
realization and interpretation of the results obtained. Both PSG and echocardiography
procedures could cause discomfort, particularly in children, which could lead to stress
during the tests, potentially affecting the accuracy of the results. Another disadvantage
could be the waiting time for both tests to be performed, which might lead to delays in
surgery. Finally, echocardiography measures cardiac structure and function but no other
important CV alterations such as elevated BP values, which have been related to future CVD
in children [39,43].

3.3. Management Proposal for Children with CVR and OSA

Historically, the AHI has served as a primary marker guiding surgical indications for
values ≥ 5 events per hour of sleep. Recent studies, however, have illuminated structural
and functional cardiac abnormalities in children with AHI values below this threshold.
Notably, these alterations appear to be potentially reversible with appropriate treatment. In
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this discourse, we advocate for a paradigm shift in the assessment of treatment indications,
favoring a focus on preventing future comorbidities rather than relying solely on parameters
that may not encapsulate the entire spectrum of the disease.

Furthermore, emerging data introduce novel parameters within the realm of OSA,
which exhibit stronger associations with CV consequences more than the traditional AHI.
Consequently, we propose that future clinical guidelines for the OSA definition in children
and severity levels should be based on associated comorbidities and their potential ramifi-
cations. However, research exploring the genetic basis of OSA and its relationship with
CV outcomes has uncovered candidate genes and pathways that may play crucial roles in
both conditions. These genetic factors could influence not only the severity and susceptibil-
ity to OSA but also contribute to the development and progression of CV comorbidities
associated with the disorder [44].

A transformative approach to diagnostic methods is suggested, directing efforts to-
wards parameters more intricately linked to comorbidity. This would not only simplify
diagnostic processes but also enhance their relevance in clinical decision-making. We
posit that the diagnostic algorithm should incorporate assessments for organic damage,
particularly CV impact. Compared to adults, the management of OSA in children faces two
relevant problems: (1) the scientific knowledge in OSA and CVR association is less explored
and slower in the child population; (2) the incorporation of the results into clinical practice
is delayed. In order to mitigate these problems, strategic actions are relevant, including the
following: developing research to transfer the knowledge to the pediatric population and
the periodic updating of clinical guidelines based on scientific evidence.

Although guidelines published by ATS and AHA recommend performing preop-
erative echocardiography only on children with severe OSA [42], the reviewed studies
have reported that children with SDB from PS to OSA may have cardiac abnormalities.
Accordingly, children referred to the sleep unit for suspected SDB should undergo echocar-
diography in addition to the PSG, to adapt the treatment to the complete resolution of
OSA and reduce their CVR. Additionally, a reevaluation of children after treatment may
decide future readjustment when necessary, although it is not clear what the ideal follow-up
period should be.

Beyond its role in diagnosis, echocardiography serves as a valuable tool for indi-
cating the necessity of treatment and mitigating CVR. By employing echocardiographic
parameters that intimately link to comorbidities, such as cardiac structure and function,
clinicians can enhance their understanding of the diverse CV manifestations associated.
This approach not only aids in treatment decision-making but also in more tailored and
patient-centered care strategies. Furthermore, the integration of follow-up echocardiogra-
phy post treatment, when necessary, provides an additional insight into the effectiveness of
interventions, allowing for the continuous refinement of management strategies.

Implementing these modifications would fundamentally alter the current treatment
management algorithm, allowing for the identification of patient cohorts deriving clear
treatment benefits. This risk-based approach, departing from arbitrary measures, offers a
more personalized framework for the management of pediatric OSA. The delay produced
in the application of these advances involves the development and implementation of
tailored educational programs for healthcare professionals. These programs could focus on
disseminating the latest research findings to clinicians to make them well-informed about
advancements in the field. Furthermore, fostering collaboration between researchers and
healthcare practitioners (specialist and primary care practitioners) through interdisciplinary
forums and conferences may enhance mutual understanding and facilitate the translation
of research findings into clinical practice also in primary care levels.

As always, in the health management of children, promoting a supportive relation-
ship, addressing parental concerns, promoting understanding, and obtaining informed
consent are integral components of the diagnostic and treatment processes. By prioritiz-
ing these aspects, healthcare providers can enhance the quality of care and outcomes for
pediatric patients.
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Finally, the strengths and limitations of this review need to be commented on. The
strengths of the study include a summarized broad spectrum of literature that provides a
comprehensive overview of echocardiographic parameters in pediatric OSA. The inclusion
of rigorous selection criteria, such as the strict age limit (under 18 years), standardized
diagnostic criteria (PSG) for diagnosis and classification, and the temporal proximity
between both methods, enhances the internal validity of our findings. Moreover, this
population is of special interest as it offers insights into a critical developmental stage.

Within the limitations of the study, there is some controversy on the reported results,
which may be due to the heterogeneity of the populations, composition of the control
group that was predominantly PS children, different follow-up periods for reevaluation,
and differences in echocardiographic performance. Additionally, the inclusion criteria
for papers may have introduced selection bias, as only studies published in English were
included, and those with participants presenting comorbidities or specific disorders were
excluded. Additionally, there may be an underrepresentation of certain populations or
recent advancements. These limitations should be considered when interpreting the results,
and future research could address these constraints to understand the interplay between
pediatric OSA and CV health.

4. Conclusions

In conclusion, we advocate for a comprehensive reevaluation of definitions, as well
as diagnostic and management strategies, in pediatric OSA. By prioritizing parameters
intimately connected to comorbidity and organic damage, we can propel the field towards
a more effective, patient-centered care.

More studies with an adequate design are necessary to evaluate the possible implemen-
tation of this proposed management in the pediatric population. These studies may include
a useful test for OSA diagnosis, and echocardiographic parameters should be considered
for treatment indication according to its objective impact and reversibility. Therefore, it
may prompt the development of novel protocols that could enhance the management of
children’s OSA treatment.
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