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The association between cardiovascular (CV) pathologies and metabolic/endocrine
dysfunctions was first observed a long time ago, and great emphasis has been given to
this relationship. Several guidelines of the European Society of Cardiology on coronary
artery disease, arterial hypertension, heart failure (HF), and dyslipidemia include chapters
on diabetes mellitus (DM) and chronic kidney disease (CKD) [1–6]. However, there are
still unanswered questions regarding common pathophysiologic pathways, risk profile,
and management of these comorbid associations of cardio-endocrine/metabolic patholo-
gies. Another subject of interest is the benefits of newly developed drugs, and also their
safety profiles.

In recent decades, the connections between endocrine dysfunctions and the CV system
(CVS) have captivated the attention of several researchers [7,8]. Recent studies highlight
that this morbid relationship begins even sooner than initially assumed. Besides genetic
factors [9], multiple hormones (thyroid and sexual hormones, cortisol, insulin-like growth
factor, etc.) influence the evolution of the CVS starting from the intrauterine evolution
and play a pivotal role in its structural and functional development throughout childhood.
On one side, hormones are involved in the maintenance of blood pressure, fluid balance,
and myocardial remodelling, and, on the other side, endocrine imbalance may lead to
CV alterations. Calcaterra et al. explored the heart’s intrinsic endocrine activity and how
hormonal signals interact with the development of the CVS starting from the fetal state
and continuing through early childhood [7]. Metabolic, thyroid, and other endocrine
dysfunctions could lead to the earlier onset of CV pathologies in adult life [10]. The
early interplay between the endocrine/metabolic system and CVS could account for the
clustering of several metabolic and CV pathologies in the same patient, during adult life.

Another topic is the impact of sex-related differences on CV and metabolic pathologies.
Stoiculescu et al. analyzed the influence of sex and DM on the rehospitalization rate in
1018 patients with HF with mildly reduced or/and preserved ejection fraction [11]. They
determined that women without DM represent a low-risk phenotype, whereas diabetic
men exhibit the highest risk of recurrent hospitalizations due to HF decompensation [11].
Metabolically-dysfunction-associated steatotic liver disease (MASLD) is common in pa-
tients with DM [12], and was for a long time considered to be more frequently diagnosed
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in men. Up-to-date research has demonstrated that, in women, MASLD often develops
later, typically after menopause, being associated with a greater burden of comorbidi-
ties, higher mortality, increased cirrhosis prevalence, and a higher likelihood of requiring
liver transplantation. New data, supported by detailed hepatic evaluations, suggest that
postmenopausal women with visceral obesity showed similar or worse liver and car-
diometabolic profiles than men, despite the failure of routine clinical and laboratory data
(transaminases and the Fatty Liver Index) to diagnose MASLD. In women over 50 years
old, anthropometric height-adjusted measurements (body mass index, waist circumference,
waist-to-height ratio) and non-invasive markers of fibrosis and steatosis, together with
the application of sex-specific cut-offs, may help reveal a comparable or slightly higher
burden of disease associated with visceral fat accumulation. These data indicate that a more
tailored approach, including sex-specific clinical and diagnostic criteria, for the detection of
MASLD is needed in postmenopausal women, particularly in those with central obesity, to
ensure early identification and management of this liver disease [13].

With the availability of modern tools for the diagnosis and management of HF, re-
searchers realized that there is a bidirectional relationship between HF and metabolic/
endocrine dysfunctions. As HF worsens, more and more organs are affected. Dilated
cardiomyopathy (DCM) is often diagnosed in patients with severe signs and symptoms
of HF. As a connection between metabolic/endocrine and CVD has been established,
researchers are focusing on a possible correlation between type 2 DM (T2DM), obesity,
thyroid dysfunction, and the prevalence of DCM [14]. In their retrospective cohort study
on 1079 patients, Tica et al. [15] demonstrated that in non-insulin-treated T2DM patients,
hypothyroidism and male sex were independently associated with an increased risk of
developing DCM. These findings support the hypothesis that the coexistence of an in-
creased metabolic burden (DM, obesity, metabolic syndrome), hypothyroidism, and even
sex-related risk factors in the same patient group could favour a higher incidence of DCM
or other CV alterations [16,17].

In recent years, researchers have observed the co-occurrence of multiple diseases in
the same patient, which at first glance appear to have little in common. Another example
of multiple cardio-metabolic dysfunctions and other peculiar diseases is the co-existence
of DM, CV pathologies, and periodontal disease (PD) in the same individual [18–20]. The
increased incidence of all three pathologies observed in recent years could partially explain
this phenomenon. Another possible explanation could result from common pathophysi-
ological mechanisms, such as chronic inflammation (elevated levels of Interleukin (IL)-6,
tumour Necrosis Factor (TNF)-α, and reactive protein C (CRP)), immune dysregulation,
oxidative stress, and microbial dysbiosis. DM exacerbates PD and accelerates tissue de-
struction via hyperglycaemia, while periodontitis worsens glycemic control and insulin
resistance (IR). Both conditions independently elevate CVR. Periodontal therapy has led
to lower glycemic levels and improved endothelial dysfunction, while cardiometabolic
therapies (statins, Glucagon-Like Peptide (GLP-1) receptor agonists, Sodium-Glucose
Cotransporter-2 inhibitors (SGLT2i)) ameliorated PD [20].

Peculiar adverse hormonal effects such as tertiary hyperparathyroidism (THPT), often
encountered in CKD [21] due to prolonged secondary hyperparathyroidism, have been di-
agnosed in patients with diabetic nephropathy. THPT in DM favours vascular calcifications
and increases the risk of developing major CV events. These patients raise diagnostic and
therapeutic challenges, often requiring a multidisciplinary approach to address CV, renal,
and metabolic pathologies [22]. The absence of standardized diagnostic criteria delays the
diagnosis of THPT in patients with diabetic nephropathy, leading to inconsistent treatment
strategies. Management must therefore integrate targeted metabolic and CV strategies,
alongside specific therapies for THPT, including vitamin D analogues, calcimimetics, and
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phosphate-lowering drugs [22]. Patients with diabetic nephropathy and THPT undergoing
haemodialysis are particularly difficult to treat as current guidelines offer wide reference
ranges of optimal parathormone targets.

Referring to ESC guidelines, highly recommended HF therapies such as first-
generation SGLT2i (empagliflozin and dapagliflozin) have substantially reshaped the
management of HF and also of T2DM, owing to their glucose-lowering properties and
to their consistent CV and renal protective effects [2,23,24]. The purpose of developing
next-generation SGLT2-based therapies is to refine pharmacological selectivity, optimize
pharmacokinetic profiles, and expand therapeutic applicability in patients without DM.
Next-generation SGLT2is are characterized by structural and pharmacokinetic innova-
tions, refined or deliberately balanced SGLT2/SGLT1 selectivity profiles, and enhanced
engagement of extra-renal and glucose-independent pathways, including myocardial en-
ergy consumption, inflammatory modulation, vascular function, and gut–heart signalling.
Dual SGLT1/SGLT2 inhibition further broadens therapeutic use by incorporating incretin-
mediated mechanisms and intestinal glucose modulation, which may be particularly rele-
vant in patients with high CV risk or with acute/decompensated CV pathologies. Recent
findings indicate that the renal benefits of SGLT2i are disease-specific, with differential re-
sponses due to the underlying disease. Similarly, in HF, SGLT2-based therapies target both
acute hemodynamic decompensation and chronic myocardial remodelling, supporting
their use in HF [25].

Concerning risk reduction strategies, statins are widely used lipid-lowering agents that
significantly reduce CV morbidity and mortality by lowering low-density lipoprotein (LDL)
levels. Although employed for decades in patients with CVD, researchers suggested that
they are prone to drug-to-drug interactions, and even some vitamins could influence their
effects [26]. In their study, Cozma et al. explore the complex relationship between statins,
vitamin D, and their impact on CV outcomes [27]. Both molecules intersect metabolically
at 7-dehydrocholesterol. While theoretical concerns exist about the capacity of statins
to impair vitamin D synthesis, clinical studies suggest a neutral or modestly positive
effect on circulating 25(OH)D levels. Statin therapy does not appear to induce vitamin
D deficiency and may modestly increase serum 25(OH)D concentrations, particularly
lipophilic statins such as rosuvastatin and atorvastatin. Although routine vitamin D
supplementation is not indicated in all statin-treated individuals, targeted repletion in
those with confirmed deficiency—especially in the context of statin-associated muscle
symptoms—may enhance tolerability and therapeutic adherence. While low vitamin D
levels are associated with higher CV risk, supplementation has demonstrated consistent
benefit in reducing major CV events, underlying the need for targeted research in high-risk,
vitamin D-deficient populations [27].

Several studies demonstrated that hepatic overproduction of very-low-density lipopro-
tein (VLDL) worsens dyslipidemia and increases CV risk [28,29]. As the levels of cyclic
adenosine monophosphate (cAMP) are indirectly correlated to the activation of the mi-
crosomal triglyceride transfer protein (MTP), which is essential in the hepatic production
of VLDL, theophylline, a methylxanthine found in tea, may alter the hepatic production
of VLDL by increasing intracellular cAMP. Park et al. demonstrated in their ex vivo rat
model that tea-derived theophylline could directly inhibit MTP activity in rat hepatocytes
after diet-induced increased MTP levels [30]. This inhibition decreases the secretion of
triglycerides, total cholesterol, and VLDL while simultaneously doubling the high-density
lipoprotein (HDL) output, thereby improving the TC/HDL-C and TG/HDL-C ratios and
the atherogenic index. These results highlight the potential of theophylline to improve
diet-induced dyslipidemia and reduce CV risk. Considering that theophylline is naturally
abundant in common dietary sources, such as green tea, cacao, and kola nuts, its regular
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consumption may improve lipid profile and reduce the associated CV risk, allowing the
reduction in lipid-lowering drug doses [30].

Future studies should focus on early identification and targeted management of CV
risk factors including sex-specific hormonal dysregulation and refinement of CV risk-
profiles strategies that address combined genetic, demographic, sexual, and metabolic
characteristics [7,15]. Large-scale double-blind randomized studies, combined with multi-
disciplinary approaches and targeted health strategies, are required to address coexisting
endocrine/metabolic, renal, and CV pathologies and to improve long-term outcomes for
this category of very high-risk patients [20,22,25,27,30].

Regarding peculiar therapeutic options discussed in this reprint, such as the effects of
theophylline on lipid metabolism [30], of vitamin D on statins [27], and the CV, renal, and
metabolic effects of next-generation SGLT2i [25], future research should rigorously evaluate
their effectiveness, optimal dosing regimens, possible adverse effects, and long-term safety
in specific populations, such as patients with cardiomyopathies, liver diseases, advanced
CKD, or acute hemodynamic instability, and the long-term implications of early initiation
strategies in acute HF. Additional challenges relate to implementation, including cost-
effectiveness, access, and integration into guideline-directed therapy without unintended
adverse interactions [22,25,27,30].
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Abstract

The endocrine system plays a pivotal role in all stages of cardiac development and in
maintaining the structural and functional integrity of the heart. Notably, the heart itself
functions as an endocrine organ, producing hormones that regulate blood pressure, fluid
balance, and myocardial remodeling. This narrative review explores the endocrine mecha-
nisms underlying cardiac development and function, with a focus on fetal and pediatric
life. Special attention is given to the heart’s intrinsic endocrine activity and how hormonal
signals interact with the cardiovascular system during early development. Hormonal sig-
naling is essential for maintaining physiological homeostasis and supporting proper heart
development during growth. Disruptions in these signals may serve as silent precursors
to structural or functional heart disease, potentially manifesting later in life. Understand-
ing these interactions is clinically relevant, as endocrine imbalances can contribute to the
onset, progression, and prognosis of pediatric cardiac disorders. Early identification of
hormonal dysregulation can help prevent or mitigate adverse cardiovascular outcomes.
Furthermore, recognizing age-specific patterns in hormone–heart interactions may enable
the development of targeted diagnostic and therapeutic strategies.

Keywords: heart; cardiac; endocrine system; hormones; pediatrics; children

1. Introduction

The heart is the first organ to form and function during embryonic development,
and its early maturation is essential for the viability of the growing embryo [1]. Cardiac
development begins as early as the third week of gestation, guided by a complex inter-
play of molecular pathways, transcription factors, and morphogenetic cues that drive the
differentiation and organization of cardiogenic progenitor cells into a structurally and
functionally competent heart [2,3]. This process culminates in the formation of a four-
chambered heart capable of supporting the fetal circulatory needs and preparing for the
dramatic hemodynamic changes that occur at birth.

However, beyond the intrinsic genetic cardiogenesis programs, the endocrine system
plays a fundamental and often underappreciated role in modulating every phase of cardiac
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development. Hormones such as thyroid hormones (THs) cortisol, insulin-like growth
factors (IGFs), insulin, and sex steroids are key modulators of cardiac cell proliferation,
metabolic reprogramming, sarcomere maturation, and mitochondrial biogenesis [4–7].
These hormones not only act systemically but also exert local paracrine effects within the fe-
tal heart, creating a tightly regulated hormonal microenvironment that adapts dynamically
throughout gestation.

For instance, THs are critical in promoting terminal differentiation of cardiomyocytes
and the postnatal metabolic switch from glycolysis to oxidative phosphorylation [8]. Glu-
cocorticoids facilitate structural remodeling and upregulate genes involved in calcium
handling and contractile function [9]. Meanwhile, IGF-II and insulin drive early myocardial
growth through proliferation, while IGF-I becomes more prominent in late gestation, sup-
porting hypertrophy and maturation [10,11]. These processes are not isolated; rather, they
are temporally coordinated through hormonal surges and feedback mechanisms involving
the hypothalamic–pituitary–thyroid (HPT), hypothalamic–pituitary–adrenal (HPA), and
pancreatic axes.

Disruption of this finely tuned endocrine environment, whether due to maternal dis-
ease, intrauterine stress, genetic syndromes, or iatrogenic factors, can significantly impair
fetal cardiac development [12]. Emerging evidence links prenatal hormonal imbalances to
congenital heart defects (CHDs), altered cardiomyocyte function, and long-term cardiovas-
cular dysfunctions such as hypertension, metabolic syndrome, and arrhythmias [13,14].

Importantly, the heart itself acts as an endocrine organ, particularly through the
production of atrial and brain natriuretic peptides (ANP and BNP), which regulate blood
pressure, fluid homeostasis, and myocardial remodeling. These cardiac hormones have
gained clinical significance in pediatric cardiology, not only as markers of heart failure but
also as tools to assess disease severity, guide therapy, and predict outcomes in children with
CHDs, cardiomyopathies, pulmonary hypertension, and inflammatory syndromes such as
Kawasaki disease and multisystem inflammatory syndrome in children (MIS-C) [15–18].

Given the complex, bidirectional relationship between the endocrine and cardiovascu-
lar systems, understanding the hormonal regulation of cardiac physiology is crucial for
both developmental biology and clinical practice. Hormonal signaling pathways not only
shape cardiac architecture during development but also influence the heart’s capacity to
adapt, repair, and respond to physiological or pathological stress across the lifespan [6].

The aim of this narrative review is to explore the endocrine mechanisms involved
in cardiac development and function, including the heart’s intrinsic endocrine activity,
with particular focus on how hormones interact with the cardiovascular system during
fetal life and childhood. We also investigate the clinical relevance of these interactions in
pediatric pathologies, highlighting how endocrine imbalances may contribute to disease
onset, progression, and prognosis. This review integrates developmental endocrinology
and pediatric cardiology to provide a comprehensive perspective on the hormone–heart
relationship and its relevance to diagnosis, treatment, and preventive care.

2. Methods

A narrative review was conducted to explore the endocrine regulation of cardiac
development and function, including the heart’s own endocrine activity, with particular
emphasis on hormonal interplay during fetal life and childhood, and its clinical implications
in pediatrics.

The literature search was performed using PubMed and Scopus databases, covering
publications from the past 10 years (2015–2025). The keywords used, either individually
or in combination, included: hormones, endocrine system, endocrine function, heart,
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development, atrial natriuretic peptides, brain natriuretic peptides, heart function, children,
pediatrics, congenital heart diseases.

Inclusion criteria comprised original research articles, clinical trials, meta-analyses,
reviews, and cases series published in English within the last decade. Studies primarily
focusing on pediatric populations were prioritized; however, research involving adult
populations or animal models was also included if it contributed to understanding the
relevant mechanisms or offered translational insights into pediatric conditions.

Exclusion criteria included editorials, commentaries, letters, case reports, and all
articles not published in English.

The initial search identified 990 articles. Of these, 185 were excluded prior to screening
due to duplication or other reasons, leaving 805 articles for screening. After reviewing titles
and abstracts, 185 full-text articles were assessed for eligibility, and 130 met the inclusion
criteria for the review. The reference lists of the included studies were also examined to
identify any additional relevant publications.

The article selection process is summarized in Figure 1.

Figure 1. Flowchart of article selection.

3. Fetal Heart Development

The heart is the first functional organ to complete its formation developing from
a group of specialized progenitor cells through the activation of specific cellular and
molecular signals.
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Heart formation begins during gastrulation (day 15–17 postconception), when meso-
dermal progenitors migrate from the primitive streak to the antero-lateral plate meso-
derm [19,20]. These progenitors diversify into the first heart field (FHF) and second heart
field (SHF). The FHF primarily generates the linear heart tube, from which the left ventricle
and parts of the atria will develop, whereas the SHF is a source of cells that add to the poles
of the heart tube contributing in the development of the right ventricle and outflow tract
at the arterial pole of the heart and to part of the atria at the venous pole. Expression of
specific transcription factors (such as NKX2-5, GATA4, ISL1, TBX5, and MEF2C) drives
commitment and differentiation of cardiac lineage cells [21]. At around 19 days of gestation
FHF-derived bilateral endocardial tubes fuse at the midline to form the primitive heart
tube. This tube, comprising an inner endocardium, cardiac jelly, and outer myocardium,
begins contracting around day 21 of gestational age [19,20]. By approximately day 22–28,
rightward looping (also known as D-looping) occurs, transforming the linear structure into
a curved configuration allowing the alignment of the atrio-ventricular canal and of the
outflow tract for subsequent septation. At about 7 weeks of gestation the heart achieves a
four-chambered structure with distinct systemic and pulmonary outlets. The intracardiac
septations of the atria, the ventricles, and the outflow tracts are fundamental to complete
heart formation and they all are interdependent [19,20]. The cardiac conduction system
arises from specialized cardiomyocyte populations: the sinoatrial node originates from the
posterior SHF and the atrioventricular node with the His–Purkinje system originates from
the atrioventricular canal [22].

After birth, environmental conditions and demands on the heart change dramati-
cally. Postnatally, cardiomyocytes are exposed to higher oxygen levels and must cope with
increased blood pressure and mechanical load. Consequently, extensive changes in the
myocardium occur during late gestation and the postnatal period in order to adapt to these
new demands. During cardiac maturation, the vast majority of cardiomyocytes exit the
cell cycle, losing the ability to reproduce and regenerate, and initiate essential metabolic,
structural, and electrophysiological changes [23]. The major metabolic change is the shift
from a metabolism based on glycolysis during fetal life to the more efficient oxidative phos-
phorylation. At the same time, there is also an increase in the number, size, and complexity
of mitochondria [23]. Structural changes include binucleation and polyploidization, reor-
ganization and hypertrophy of the sarcomeres, development of T-tubules, accumulation
of gap junctions at the intercalated discs, and switching to mature isoforms of structural
proteins and membrane channels that improve the electromechanical performance of the
cardiomyocyte [23]. All these processes appear to be driven by endocrine signals related to
normal fetal development and postnatal adaptation.

4. Hormonal Regulation of Heart Development and Function

4.1. Hormonal Control of Heart Development in Fetal Life

Hormonal signals have a crucial role in cardiomyocyte proliferation, maturation, and
metabolic programming during fetal development and postnatal life. TH, IGFs, GH, insulin,
and adrenal hormones each play critical and distinct roles in shaping the embryonic heart.
This complex hormonal interplay ensures the heart develops in a way that supports both
feto-maternal circulation and the transition to an independent circulation after birth. In the
next subsections we will display how each hormone impacts on fetal heart development.

4.1.1. Thyroid Hormones

During pregnancy and embryogenesis, thyroxine (T4) and triiodothyronine (T3) sup-
ply is entirely provided by maternal sources. These hormones are essential for proper
organogenesis to occur, including cardiac embryogenesis [20,23,24]. From the 28th ges-
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tational week until term, there is a transition from complete maternal dependence to
autonomous fetal synthesis of these hormones. This transition is granted and triggered
by a physiological increase in fetal cortisol levels, which upregulates deiodinase enzymes,
key regulators of thyroid hormone metabolism. The deiodinase family, consisting of three
isoenzymes: D1, D2 and D3, regulate local activation or inactivation of thyroid hormones
in a tissue-dependent manner. Specifically, D1 is active in the liver, kidney, thyroid, and
pituitary gland and converts T4 to T3 and reverse T3 (rT3) whereas D3, expressed in the pla-
centa and fetal tissues, inactivates T3 and converts T4 to rT3, thus protecting the fetus from
hormone excess. During pregnancy, D3 predominates; near term the increase in cortisol re-
duces D3 activity in favor of D1; this switch is necessary to allow the fetus to meet postnatal
metabolic demands through the autonomous production of thyroid hormones [24].

The hypothalamus–pituitary–thyroid gland axis governs TH production. Because of
endogenous and environmental cues, the hypothalamus secretes thyrotropin-releasing hor-
mone (TRH), which will activate the pituitary gland and it will release into the circulation
thyroid-stimulating hormone (TSH). Finally, the thyroid-stimulating hormone stimulates
follicular cells of the thyroid gland to synthesize the prohormone T4 and the activated form
T3. Upon binding of T3, nuclear thyroid receptors (TRα and TRβ) form heterodimers with
the retinoic acid receptor and interact with the T3 response elements (TREs) to activate
gene expression. Moreover, THs can bind cell surface receptors and mediate non-genomic
pathways, such as the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mTOR
pathway and mitogen-activated protein kinase (MAPK)/extracellular signal-regulated
kinase (ERK). Both signaling pathways are involved in controlling cell cycle progression
and proliferation [5].

Thyroid hormones surge near term, triggering cardiomyocyte maturation, indeed T3

engaging MAPK/PI3K pathways promotes structural and metabolic transitions within
cardiomyocytes [5]. Specifically, T3 downregulates cell cycle genes, reducing proliferation,
and contributes to sarcomere maturation, improved calcium handling and enhanced mito-
chondrial biogenesis. In collaboration with cortisol, T3 also helps the transition from IGF-II
to IGF-I expression patterns, serving as a maturational switch [25].

There is increasing interest in studying how thyroid hormones interact with the car-
diovascular system, especially in light of the hormones’ possible ability to regenerate the
myocardium. It has been demonstrated that T3 promotes the proliferation of cardiomy-
ocytes, particularly during the early phases of development. Exogenous T3 administration
seems to activate the ERK1/2 signaling pathway via IGF-1R, promoting cell proliferation
in response to injury or trophic stimuli in neonatal mouse models, where cardiomyocytes
retain immature characteristics and proliferative capacity [26].

This regenerative capacity, however, appeared to decrease after the sixth postnatal
day; beyond this threshold, cardiomyocytes appeared to be refractory to mitogenic stimuli.
Further investigations in the area of regional myocardial proliferation, conducted by Bo-
gush et al. [10], showed that administration of T3 (3.5 ng/g/day for three consecutive days,
from postnatal day 7 to day 9) induces a significant increase (of about 18%) in the number
of cardiomyocytes in the left ventricle, with proliferation predominantly localized to the
ventricular apex. The phosphatase DUSP5, which prevents ERK1/2 activation, controls this
phenomenon. From the ventricular base to the apex, DUSP5 expression progressively rises
during development, progressively restricting the proliferation of cardiomyocytes. The
regional specificity of the T3-induced proliferative response at the apex was confirmed by
clonal lineage tracing. Subsequent research revealed that T3 was able to restore cardiomy-
ocyte proliferation through genetic inhibition of DUSP5, supporting the previously stated
thesis and suggesting possible therapeutic uses for myocardial regeneration following
infarction [27]. The idea that thyroid hormones may influence cardiac regeneration during
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neonatal life and possibly beyond is supported by these findings, which are consistent
with larger studies investigating the activation of the ERBB2 pathway, which is linked to
cardiomyocyte dedifferentiation and proliferation [28,29].

In addition to its proliferative and regenerative effects, thyroid hormones contribute
significantly to postnatal cardiac maturation by promoting mitochondrial biogenesis and
facilitating the metabolic switch to oxidative phosphorylation. T3 increases the number
and density of mitochondrial cristae within cardiomyocytes. This increase is necessary to
meet the increased energy requirements for cardiac growth and functional efficiency [30].

4.1.2. Corticosteroid Hormones

Corticosteroid hormones (CHs) include mineralocorticoids and glucocorticoids. The
pituitary gland releases adrenocorticotropic hormone (ACTH) which induces the secretion
of mineralocorticoids and glucocorticoids in the cortex of the adrenal glands.

Cortisol is the predominant glucocorticoid in humans. Upon stimulation by ACTH or
angiotensin II, cortisol is synthesized in the mitochondria via conversion of cortisone by
type 1 11β-hydroxysteroid dehydrogenase.

Cortisol can bind to the glucocorticoid receptor (GR) and the closely related mineralo-
corticoid receptor (MR). The GR is represented in most tissues by two main isoforms (GRα
and GRβ) [23,31]. Ligand binding triggers homodimerization and translocation to the nu-
cleus, where the GR interacts with DNA response elements (GREs) to activate the genomic
pathway [32]. GRs can also bind to the circular DNA of mitochondria, thereby regulating mi-
tochondrial gene transcription. Cortisol can also impact gene expression via the interaction
of the GR with other transcription factors, such as nuclear factor-κB (NF-κB) and activator
protein-1 (AP-1) [4]. Membrane-associated GRs can also mediate non-genomic pathways
such as PI3K/MAPK signaling, PLC signaling, and the Ca2+/calmodulin-dependent pro-
tein kinase II pathway, promoting cardiomyocyte maturation [33].

The prepartum cortisol surge contributes to initiating structural, functional, and
metabolic changes in the fetal myocardium, synergically with THs and IFG-I. In fact,
cortisol stimulates local T3 production in the cardiac tissue and collaborates in the IGF-II to
IGF-I switch at late gestation by downregulation of IGF-II [25].

The principal mineralocorticoids are aldosterone and deoxycorticosterone, secreted
by the zona glomerulosa of the adrenal cortex under the regulation of ACTH, plasma
potassium, and the renin–angiotensin–aldosterone system (RAAS) [34]. Aldosterone binds
to the MR, classically regulating sodium reabsorption, potassium excretion, and extra-
cellular fluid volume [35]. In the fetus, these actions are critical for maintaining blood
pressure stability and optimizing placental perfusion. By influencing vascular resistance
and intravascular volume, mineralocorticoids indirectly affect cardiac preload and sys-
temic hemodynamics [36]. Importantly, MRs are expressed in the developing myocardium
and vasculature. Their activation contributes to vascular remodeling and may influence
cardiomyocyte growth [35].

Deoxycorticosterone, though less potent, appears to provide redundancy during fetal
life, ensuring vascular tone and electrolyte balance [37].

4.1.3. Catecholamines

The adrenal medulla secretes epinephrine and norepinephrine, whose concentrations
increase during gestation and peak in the perinatal period [38]. This surge is essential for
the dramatic cardiovascular adjustments at birth.

Catecholamines act primarily through β-adrenergic receptors, enhancing myocardial
contractility, heart rate, and stroke volume, thereby ensuring adequate cardiac output under
intrauterine stress conditions such as hypoxia or labor [39]. Through α-adrenergic receptors,
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they modulate vascular tone and systemic blood pressure, contributing to redistribution
of blood flow towards vital organs such as the brain, heart, and adrenal glands during
hypoxic episodes [40].

Beyond these immediate effects, catecholamines influence cardiac gene expres-
sion and structural remodeling, including hypertrophic growth and metabolic flexibil-
ity [41]. Their role in stress responsiveness during fetal life is crucial for survival at
birth, where the sudden transition from placental to pulmonary circulation requires rapid
cardiovascular adaptation [42].

Inadequate catecholamine signaling can impair neonatal blood pressure regula-
tion, contractility, and thermogenesis, highlighting their essential role in perinatal
cardiovascular resilience [43].

4.1.4. Sex Hormones

SHs are mainly secreted by the testes and the ovaries, where they play a primary
role in sexual differentiation and reproductive development. However, a fraction of SHs,
especially adrenal androgens, is also synthesized in the adrenal cortex (zona reticularis),
representing a minor but functionally relevant contribution during fetal life.

Among other hormones, the anterior pituitary secretes gonadotropins, which regulate
the production of estrogens from the ovaries in the female and androgens from the testes
in the male. In postmenopausal women and men, estrogens are converted predominantly
from adrenal and ovarian or testicular androgens. Sex-hormone-binding globulin (SHBG)
regulates the levels of free sex hormones that can readily enter the cell by passive diffusion,
but it has also been shown that cellular uptake of SHBG-bound androgens and estrogens
could be realized by endocytosis and that sex steroid signaling, at least in part, depends on
this route [44].

Estrogens can bind to three forms of estrogen receptors (ERα, ERβ, and G-protein-
coupled estrogen receptor (GPER)). In the nucleus, estrogen binding to ERs triggers the
recruitment of coactivators that facilitate binding to DNA via estrogen response elements
(EREs), mediating the effects of estrogens via the genomic pathway [44]. ERs can also
bind to mitochondrial DNA and induce transcription of mitochondrially encoded genes
directly or indirectly via nuclear respiratory factor-1 (NRF-1) [18]. ERs located in the plasma
membrane or cytosol can mediate more rapid effects via non-genomic pathways, such as
PI3K/AKT/mTOR and MAPK/ERK [44].

In the same way as estrogens, androgens cross the cell membrane and primarily bind
to nuclear androgen receptors (ARα and ARβ), thereby inducing the genomic pathway
via DNA response elements in target gene promoters. Testosterone can be converted
intracellularly to dihydrotestosterone, which forms much more stable complexes with ARs
and thus can amplify the androgen signaling in individual cells [23]. Membrane-bound
receptors mediate non-genomic effects most prominently via the activation of protein
kinase A (PKA) and protein kinase C (PKC) but also via activation of MAPK/ERK [23].

Besides well-known cardioprotective effects of estrogens during adult life, some stud-
ies also hint at the impact of sex hormones on the electrophysiological maturation of
cardiomyocytes [23,45]. Estrogens also induce the transcription of mitochondria-encoded
genes relevant for oxidative phosphorylation, enforcing the metabolic switch during car-
diomyocyte maturation [33]. While the major hallmarks of cardiomyocyte maturation apply
to both sexes, mitochondria demonstrate a clear sexual dimorphism, which is thought to
originate from the exclusive maternal inheritance of their genome, resulting in an optimized
function in female compared to male individuals [33]. This seems to contribute to gender
differences in cardiac function, as well-summarized by Ventura-Clapier et al. [33].
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4.1.5. Growth Hormone/Insulin-like Growth Factors and Insulin

GH exerts significant effects on cardiac growth, function, and contractility. Many
of these actions are mediated through IGF-I, which is primarily produced in the liver in
response to GH stimulation. Therefore, the GH/IGF axis represents a central regulatory
pathway in cardiac development and adaptation.

IGFs and insulin have an important role in the regulation of intrauterine growth [25,46].
IGF-I is primarily produced in the liver in response to GH, but the bioavailability of
IGF-I/-II is regulated by their receptors (IGF-R), by the IGF-binding proteins, and by
themselves. IGFs can bind either to their receptors or to the insulin receptor (IR) due
to some structural homology. IGF-IRs belong to the receptor tyrosine kinase family and
triggers phosphorylation of intracellular lipids, second messengers, and serine/threonine
kinases upon ligand binding. Thereby, they activate non-genomic pathways such as
PI3K/AKT/mTOR and MAPK/ERK [23,25]. IGF-I can also activate phospholipase C (PLC)
via a heterotrimeric G protein, initiating an inositol 1,4,5-trisphosphate (IP3)-dependent
signaling pathway that eventually affects intracellular calcium levels [23]. IGF-II can bind to
IGF-IR but also to the mannose 6-phosphate receptor with high affinity, which is, therefore,
known as the IGF-IIR. The IGF-IIR lacks the tyrosine kinase domain, therefore, binding
this receptor results in internalization and degradation of the ligand instead of inducing
phosphorylation cascade [23]. Accordingly, the bind of IGF-II to the IGF-IIR inhibits the
signaling of IGF-II via the IGF-IR. Therefore, the main role of the IGF-IIR is to regulate
IGF signaling.

IGF-II is the primary in utero growth factor, essential for cardiac mass expansion via
cardiomyocyte proliferation. Near term, GH receptor expression increases, inducing IGF-I
synthesis as IGF-II declines [25]. IGF-I promotes fetal cardiomyocyte hypertrophy and
maturation, synergistically with THs and cortisol [5]. Insulin supports myocardial growth
alongside and enhancing glucose transport and metabolic efficiency. Unlike IGF-I, insulin
primarily stimulates mass growth rather than differentiation [25].

Beyond these indirect mechanisms, GH also exerts direct effects on the heart. GH
receptors are expressed in cardiomyocytes, and their activation influences cardiac mass,
geometry, and performance. Experimental and clinical studies have shown that GH can
enhance myocardial contractility, improve diastolic function, and modulate vascular resis-
tance [47,48]. Thus, the GH/IGF axis integrates both endocrine and paracrine/autocrine
mechanisms, representing a central pathway in cardiac development and adaptation.

The endocrine regulation of fetal heart development is schematically represented
in Figure 2.

Table 1 provides an overview of the major hormones implicated in cardiovascular
development and function during fetal life.

4.2. Hormonal Effects on Heart Function in Childhood
4.2.1. Cardiac Effects of Thyroid Hormones

The thyroid mainly produces T3 and T4. Most circulating hormone is T4, an inactive
prohormone, which is peripherally converted into the active T3. T3 acts by binding to
nuclear receptors, stimulating the transcription of genes encoding contractile proteins
(e.g., myosin isoforms) and proteins involved in intracellular calcium regulation (e.g.,
SERCA2 and phospholamban) [49]. In addition to genomic effects, thyroid hormones
exert rapid non-genomic actions: they modulate membrane ion channels (Na+, K+, Ca2+),
influencing cardiac excitability and contractility. Moreover, thyroid hormones activate
intracellular signaling pathways such as those mediated by phosphatidylinositol 3-kinase
(PI3K) and protein kinase B (AKT); these signaling pathways enhance cell survival and
physiological myocardial hypertrophy. Through the previously described mechanisms,
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which are activated with distinct temporal patterns, thyroid hormones exert an overall
stimulatory effect on the cardiovascular system. This effect is manifested by positive
chronotropic and inotropic actions, an increase in cardiac output, peripheral vasodilation,
enhanced cellular metabolic activity, and elevated oxygen consumption [49]. In addition,
THs improve diastolic relaxation (positive lusitropic effect) and increase cardiac preload
through activation of the renin–angiotensin–aldosterone system. They also reduce systemic
vascular resistance via direct vasodilatory actions on vascular smooth muscle. At the
cellular level, thyroid hormones upregulate calcium-handling proteins such as SERCA2a
and modulate β-adrenergic receptor density and sensitivity, thereby amplifying adrenergic
responsiveness [49]. These combined mechanisms lead to higher heart rate, improved
myocardial performance, and increased tissue oxygen delivery in order to sustain enhanced
metabolic demands [50,51].

Figure 2. Endocrine regulation of fetal heart development. Various hormones contribute to the growth,
maturation, and differentiation of cardiomyocytes during fetal development. Key hormonal players
include thyroid hormones, adrenal and sex hormones, insulin-like growth factors, catecholamines,
and natriuretic peptides. These hormones act through specific molecular signals and transduction
pathways, modulating processes such as proliferation, hypertrophy, mitochondrial maturation, and
cardiac energy metabolism. The coordinated interaction of these signals is essential to ensure the
formation of a functionally competent heart at birth.

Table 1. Major hormones involved in cardiovascular development and function, with their roles and
effects of dysfunction during fetal life.

Hormone Main Cardiovascular Functions
Effects of Dysfunction During Fetal
Development

Thyroid hormones

Promote cardiomyocyte terminal
differentiation, sarcomere maturation,
mitochondrial biogenesis, and metabolic
switch from glycolysis to oxidative
phosphorylation. Regulate calcium handling
and contractile proteins.

Hypothyroidism → impaired
cardiomyocyte proliferation, abnormal
chamber geometry, reduced
systolic/diastolic function, increased
perinatal morbidity.
Hyperthyroidism → tachycardia,
arrhythmias, hypertrophy.
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Table 1. Cont.

Hormone Main Cardiovascular Functions
Effects of Dysfunction During Fetal
Development

Glucocorticoids (cortisol)

Regulate cardiomyocyte maturation,
stimulate local T3 production, support IGF-II
→ IGF-I switch, enhance calcium handling
and contractility.

Excess → hypertrophy, disrupted
architecture, arrhythmias, mitochondrial
dysfunction. Deficit → delayed
maturation, poor adaptation to birth
hemodynamic stress.

Mineralocorticoids (aldosterone) Modulate vascular tone and fluid balance via
mineralocorticoid receptors.

Hyperaldosteronism → atrial
enlargement, fibrosis, oxidative stress, ↑
increased atrial fibrillation risk.

Catecholamines
Essential for fetal cardiac contractility, heart
rate regulation, and stress adaptation;
support vascular tone and placental circulation.

Deficiency (e.g., impaired adrenal
development) → reduced cardiac output,
hypotension, poor stress response.
Excess → tachycardia, arrhythmias,
myocardial oxygen imbalance.

Growth hormone Direct myocardial effects (↑ mass, geometry,
contractility). Indirect effects via IGF-I production.

Growth hormone deficiency → reduced
left ventricular mass, impaired
contractility, endothelial dysfunction.

Insulin-like growth factors

IGF-II drives early cardiomyocyte
proliferation; IGF-I supports hypertrophy
and maturation near term; regulate
PI3K/AKT/mTOR and MAPK/ERK signaling.

Low IGF signaling (e.g., intrauterine
growth retardation) → reduced
cardiomyocyte number, myocardial
thinning, impaired growth and function.

Insulin
Supports myocardial growth, enhances
glucose uptake and metabolic efficiency,
promotes adaptive hypertrophy.

Insulin deficiency/resistance →
metabolic inefficiency, risk of
cardiomyopathy, association with
maternal diabetes-related congenital
heart diseases (CHDs).

Sex hormones (estrogens, androgens)

Estrogens: mitochondrial gene expression,
oxidative metabolism, cardioprotection.
Androgens: improve contractility, influence
electrophysiological maturation.

Estrogen deficiency → impaired
maturation, metabolic dysfunction.
Androgen deficiency (e.g., delayed puberty)
→ impaired myocardial performance.

Natriuretic peptides
Regulate blood pressure, natriuresis,
anti-hypertrophic and anti-fibrotic effects;
biomarkers of stress and heart failure.

Deficiency → hypertrophy, fibrosis,
increased arrhythmias; high neonatal
brain natriuretic peptide predicts CHD
severity or perinatal stress.

Studies analyzing the interactions between THs and cardiac physiology in cohorts
of healthy patients are limited. Among these, a prospective study examined a number
of parameters of cardiological and endocrinological interest to determine how thyroid
hormones, specifically FT4 and TSH, affected cardiovascular function in preschool-aged
children [8]. TSH and FT4 levels, left ventricular (LV) mass by echocardiography, arterial
stiffness by carotid–femoral pulse wave velocity (CFPWV), and systolic and diastolic blood
pressure were measured in a group of 4251 children, all of whom had an average age of
6 years. Additionally, dual-energy X-ray absorptiometry (DEXA) was used to analyze body
composition. The results showed an inverse association between FT4 and LV mass, as well
as between FT4 and lean mass. About 55% of the effect of FT4 on LV mass was mediated by
lean mass, indicating that FT4 indirectly influences cardiac structure through modulation of
body composition. TSH was inversely associated with LV mass, particularly in males, and
positively correlated with systolic and diastolic blood pressure [52]. These data suggest that
elevated FT4 levels correlate with a reduction in LV mass and that this effect is mediated in
large part by the action of hormones on lean mass composition. The differing associations
of TSH and FT4 with cardiovascular parameters show different mechanisms by which THs
rule cardiovascular function in childhood, highlighting the importance of the thyroid axis
as an early regulator of cardiac and vascular physiology with possible implications for
adult cardiovascular disease prevention [53].
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The role of TH in cardiac physiology is also confirmed in “subclinical” conditions.
Banu Rupani et al. [54] examined the effects of six-month treatment with levothyroxine on
specific echocardiographic parameters in a cohort of 30 pediatric patients diagnosed with
subclinical hypothyroidism. The parameters evaluated were: ejection fraction (EF), frac-
tional shortening (FS), myocardial performance index (MPI), left ventricular end-diastolic
diameter (LVEDD), and left ventricular end-systolic diameter (LVESD). The group consisted
of 19 males (63.3%) and 11 females (36.7%), with a mean age of 6.60 ± 2.13 years. After
treatment, some statistically significant changes were observed, including: the mean EF
increased significantly from 63.13 ± 3.01% to 69.07 ± 4.50% (p < 0.001), and the FS increased
from 31.83 ± 1.62% to 35.10 ± 1.13% (p < 0.001). MPI also showed a significant increase,
from 0.28 ± 0.02 to 0.33 ± 0.03 (p < 0.001). LVEDD showed a significant reduction from
3.47 ± 0.46 cm to 3.05 ± 0.40 cm (p < 0.001). E/E′ and LVESD did not show statistically
significant changes [54]. Overall, the results seem to suggest that levothyroxine therapy
may lead to improvements in cardiac function in children with subclinical hypothyroidism.

Finally, the interaction between THs and cardiac function was also supported by data
on the influence of THs on prognostic impacts of thyroid hormones on outcomes of cardiac
pediatric patients [55,56] and severe illness [57,58] and the beneficial effects of thyroid
hormone supplementation [57].

4.2.2. Cardiovascular Control via the Hypothalamic–Pituitary–Adrenal (HPA) Axis

The range of action of the HPA axis is greatly expanded by their numerous peripheral
targets, including the heart. Through a widely controlled hormonal cascade, the HPA axis,
which is made up of the anterior pituitary, the adrenal cortex, and the paraventricular
nucleus (PVN) of the hypothalamus, coordinates the body’s reaction to stress. Corticotropin-
releasing hormone (CRH) and arginine vasopressin (AVP) are released by hypothalamic
neurons in response to a stress stimulus. These neurotransmitters cause the anterior
pituitary to release adrenocorticotropic hormone (ACTH). The adrenal cortex then uses
ACTH to promote the production and release of glucocorticoids, mainly cortisol [9].

CRH influences cardiovascular physiology both directly and indirectly. Indirect ef-
fects are mediated by the release of cortisol. Direct effects occur through receptors on
cardiomyocytes and vascular walls (CRH-R2/CRH-R1): the CRHR2 receptor, predomi-
nantly expressed in the heart, mediates chronotropic and positive inotropic effects through
activation of the cAMP signaling pathway [59]. The hormone–receptor interaction can
trigger the release of peptides such as ANP and BNP. In addition, binding to CRH-R2 may
promote an increase in coronary blood flow and directly participate in processes involved in
cardiac remodeling, i.e., the structural changes that the heart enacts in response to chronic
conditions such as hypertension or heart failure [9]. Furthermore, in other studies in animal
models, it can be observed that central stimulation of the CRH system appears to increase
blood pressure through CRHR1, while peripheral stimulation via CRHR2 tends to reduce
blood pressure [59].

AVP regulates water balance and vascular tone through three receptors (V1aR, V1bR,
V2R), with effects varying by tissue oxygenation and vascular region. ACTH may
also directly influence vascular tone through MC2R on endothelial cells, independently
of cortisol [9].

ACTH influences cardiovascular physiology mainly through the production of cortisol
but can also have direct vascular effects. ACTH, in fact, acts directly on cardiovascular
physiology by binding to MC2R receptors expressed on vascular endothelial cells. This
interaction induces the local production of vasoactive mediators, modulating vascular
tone and contributing to the regulation of blood pressure independently of cortisol via an
autocrine/paracrine mechanism [9].
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As already noted, each component of the HPA axis exerts direct effects on the car-
diovascular system, however, it is undisputed that cortisol synthesis represents the most
incisive of the final events put into play by the axis in the cardiovascular system.

Glucocorticoids influence cardiovascular physiology through genomic and non-
genomic mechanisms. The effects defined as genomic are expressed through the activation
of intracellular receptors. GR-mediated signaling is crucial for the maintenance of contractil-
ity and for the structural and functional organization of the sarcomere: it is closely linked to
the expression and transcription of numerous genes involved in the encoding of contractile
proteins and channel proteins responsible for the exchange of calcium ions between the
cytoplasmic environment and the sarcoplasmic reticulum and in other key processes such
as the inflammatory response [59]. By triggering intracellular signaling pathways like those
mediated by PI3K and MAPK kinases, glucocorticoids can more quickly start non-genomic
actions and enable instantaneous cardiac function adaptation to acute stimuli [59].

Additionally to GR, glucocorticoids can also activate mineralocorticoid receptors (MRs)
in cardiac tissue [60]. This is made possible by the heart’s low expression of the enzyme
11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2). The previously mentioned enzyme
catalyzes the conversion of physiologically active cortisol into its inactive metabolite
cortisone, which has a low affinity for MRs, in mineralocorticoid-sensitive organs. In
tissue environments where it is essential that glucocorticoids do not compete for MR
activation, this enzyme is required. Glucocorticoids’ interaction with MR tends to promote
inflammation and fibrosis, processes involved in cardiac remodeling and dysfunction [61].
At the level of the vascular endothelium, glucocorticoids appear to be responsible for and
to exert protective effects under conditions of acute stress due to the anti-inflammatory
mechanisms and the regulation of vascular reactivity that they activate [62]. Chronic
exposure to such stimuli, however, can impair vascular repair mechanisms, promoting
chronic conditions of vascular dysfunction such as hypertension. This duality underlines
the complexity of endocrine–cardiovascular interactions in cardiovascular physiology and
the potential consequences of HPA axis dysfunction [60].

In addition to glucocorticoids and mineralocorticoids, adrenal medullary hormones
also contribute significantly to cardiovascular regulation. Catecholamines (epinephrine
and norepinephrine) exert their effects primarily through the activation of adrenergic
receptors on cardiomyocytes, vascular smooth muscle cells, and endothelial cells. Bind-
ing to β1-adrenergic receptors increases intracellular cAMP levels, leading to enhanced
calcium influx, positive chronotropic and inotropic effects, and improved cardiac out-
put. β2-adrenergic stimulation promotes vasodilation in skeletal muscle and coronary
arteries, optimizing blood flow distribution during stress [63]. Conversely, activation of
α1-adrenergic receptors in the peripheral vasculature increases intracellular IP3 and DAG,
mobilizing calcium from the sarcoplasmic reticulum and causing vasoconstriction, thereby
contributing to the maintenance of systemic vascular resistance and blood pressure [64].
Chronic catecholamine excess often results in sustained hypertension, concentric left ven-
tricular hypertrophy, arrhythmias, and in some cases catecholamine-induced cardiomy-
opathy [65,66]. Conversely, catecholamine deficiency or secondary adrenal suppression
following prolonged corticosteroid therapy impairs the cardiovascular stress response,
leading to hypotension, reduced perfusion, and increased vulnerability during acute illness
or surgery [67].

4.2.3. Insulin’s Roles in Cardiac Metabolism and Vascular Function

With effects that differ greatly depending on physiological conditions and insulin
resistance, insulin plays a crucial role in the cardiovascular system through both direct and
indirect mechanisms [29].
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The heart is highly dependent on the availability of metabolic substrates and requires
an enormous amount of ATP to maintain contraction and electrolytic activity. Both directly
and indirectly, through their effects on peripheral tissues and the heart muscle, circulat-
ing insulin levels, which vary with dietary intake and circadian rhythms, shape cardiac
metabolism [29]. Cardiac mitochondria occupy a significant portion of heart cells and are
responsible for producing large amounts of energy (ATP). The heart mainly uses long-chain
fatty acids as fuel, followed by glucose and lactate. This flexibility in metabolism depends
on a continuous oxygen supply and is essential for meeting the heart’s energy needs [68,69].

Studies on pediatric samples show a correlation between body mass and cardiac
mass, suggesting that insulin modulates cardiac growth indirectly, via metabolic regula-
tion linked to systemic nutritional status, and thus regardless of hemodynamic load [70].
This relationship is also confirmed by research conducted on adolescents suffering from
anorexia nervosa, who show a significant reduction in cardiac mass that improves with
nutritional recovery [71].

At the intracellular level, insulin binds to the IR, activating the PI3K/Akt pathway,
with Akt1 mediating cardiac hypertrophy and normal postnatal growth. IGF-1, through
its receptor and hybrid complexes with the IR, exerts similar effects on cardiac tissue,
promoting cell survival and expansion [72]. Glucose uptake, mainly regulated by Akt2 via
GLUT4, is crucial for cardiac metabolism [73].

The direct effects of insulin include stimulation of nitric oxide synthase (eNOS) in cells,
increasing nitric oxide (NO) production, which promotes vasodilation and protects against
atherosclerosis. In addition, insulin increases myocardial glucose uptake via GLUT4 and
stimulates adaptive cardiomyocyte growth through mTOR signaling [74].

In insulin resistance, where PI3K/Akt signaling is disrupted while other pathways,
such MAPK/ERK, remain active, the indirect effects become more evident. Activated
in smooth muscle and vascular endothelial cells, this pathway generates endothelin-1
and stimulates cell proliferation, so promoting vasoconstriction and pathological vascular
remodeling. This indirect mechanism is one of several maladaptive responses induced
by hyperinsulinemia [74].

Among the effects mediated by hyperinsulinemia there is also the activation of the
renin–angiotensin–aldosterone system (RAAS). Hyperinsulinemia activates the RAAS
through various mechanisms: first, it directly stimulates renin secretion by juxtaglomerular
cells and indirectly through the activity of the sympathetic nervous system [75]. Hyperin-
sulinism can also increase angiotensinogen synthesis, leading to higher levels of angiotensin
II. Moreover, visceral obesity could be a last mechanism in charge of activating the system
since it not only creates an environment of chronic inflammation and oxidative stress
that prolongs system activation but also stimulates angiotensinogen synthesis. Chronic
renin–angiotensin–aldosterone system (RAAS) activation promotes and aggravates con-
gestive heart failure, systemic hypertension, and chronic kidney disease. A pro-fibrotic,
pro-inflammatory, and hypertrophic environment resulting from too high levels of circulat-
ing and tissue angiotensin II (AngII) and aldosterone causes remodeling and dysfunction
in renal and cardiovascular tissues [76].

Apart from the abovementioned consequences, loss of insulin control over lipolysis
results in an increase in free fatty acids, which activate protein kinase C (PKC) and aggra-
vate oxidative stress and vascular stiffness. Insulin’s immunomodulating action is also
compromised in conditions of insulin resistance: this compromises its capacity to reduce
pro-inflammatory molecules in macrophages such MCP-1, so encouraging inflammation
and atherogenesis [77]. In general, insulin protects the cardiovascular system under physi-
ological conditions; in insulin resistance, indirect processes favoring vascular dysfunction,
inflammation, and atherosclerosis predominate.
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5. Cardiac Endocrine Function

Cardiac endocrine activity in children is predominantly mediated by the natriuretic
peptides ANP and BNP, released mainly by atrial cardiomyocytes [73,74,78].

Their expression is developmentally regulated during fetal and postnatal life, respond-
ing to mechanical stress, inflammation, and neurohormonal input. The NPPA and NPPB
genes encoding ANP and BNP are regulated tightly: NPPA is expressed in early cardiac
development in both atria and ventricular regions and becomes more atrial-specific over
time, influenced by transcription factors GATA4, NKX2-5, and TBX5 [79]. Although NPPA
and NPPB tend to be co-regulated under mechanical strain such as pressure overload, BNP
expression can also be upregulated independently by inflammatory cytokines, especially
IL-1β and TNF-α, as observed in myocarditis [80]. In healthy conditions, natriuretic peptide
secretion predominates from the atria, while ventricular production becomes clinically
significant only in pathologic conditions such as heart failure [81].

These peptides exert their effects via three known receptors. NPR-A (NPR1) activates
guanylyl cyclase to promote vasodilation, natriuresis, and anti-hypertrophic effects; NPR-B
(NPR2) binds CNP and is more relevant to non-cardiac functions such as bone growth; and
NPR-C (NPR3) serves primarily to clear circulating peptides [5].

BNP mediates potent anti-hypertrophic, anti-fibrotic, and anti-arrhythmic actions
through paracrine and autocrine mechanisms [17]. BNP-deficient animal models develop
ventricular hypertrophy and fibrosis even in the absence of hypertension, underscoring
its role in preventing adverse remodeling [15]. Clinically, elevated NT-pro-BNP levels
predict left ventricular hypertrophy independently of overt heart failure [7], though ge-
netic variation in ANP and NPR-A may confer stronger susceptibility to hypertrophic
remodeling than BNP itself [82–86]. BNP deficiency accelerates pro-fibrotic signaling via
pathways involving noradrenaline, angiotensin II, and TGF-β [83] and limits immunologic
cell recruitment via NPR-A-mediated suppression of monocyte chemotaxis [6,84]. Clini-
cally, higher BNP and NT-proBNP levels correlate with increased risk of atrial fibrillation,
ventricular arrhythmias, and sudden cardiac death [80–83,87].

ANP and BNP also regulate blood pressure and fluid homeostasis by increasing
capillary permeability and relaxing vascular smooth muscle [88]. While chronic loss of
NPR-A does not significantly alter long-term blood pressure, acute endothelial deletion
leads to hypertension, hypervolemia, and disrupted vascular permeability [89]. In heart
failure patients, BNP infusion reduces arterial pressure and systemic resistance. Natriuresis
and diuresis occur both in health and disease, but an increase in glomerular filtration rate
(GFR) is seen predominantly in healthy subjects [90]. These renal effects arise from afferent
arteriole dilation, efferent constriction, and reduced sodium reabsorption, though NPR-A
expression seems limited to glomerular and vascular structures rather than tubules [87–89].

Furthermore, BNP appears to modulate the sympathetic nervous system: α-adrenergic
activation enhances peptide secretion while β-adrenergic stimulation suppresses it [91–94].
ANP has been shown to inhibit sympathetic nerve activity in various vascular beds in
animal models, though human data remain inconsistent [91–98]. BNP infusion at low
doses reduces cardiac sympathetic activity, with higher doses needed to suppress renal
sympathetic output [99]. Finally, BNP suppresses RAAS activation via direct inhibition of
renin and aldosterone, amplifying its natriuretic and diuretic effects [100].

6. Clinical Implications of Endocrine Disease-Related Cardiovascular
Effects in Fetal and Pediatric Populations

Several endocrine conditions can alter cardiac function and development in fetal and
pediatric age groups. The main ones are diabetes mellitus, obesity, thyroid disorders, and
adrenal dysfunction.
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6.1. Cardiac Involvement in Diabetes

Diabetes can negatively impact cardiac development and function both during preg-
nancy and in children affected by the disease.

In the fetal stage, maternal pregestational or gestational diabetes mellitus (GDM)
disrupts normal cardiac morphogenesis as early as the first trimester [101]. This occurs
through mechanisms such as oxidative stress, inflammation, and mitochondrial damage,
which interfere with epigenetic regulation and molecular signaling pathways essential for
heart formation [101].

Numerous epidemiological studies have demonstrated a strong and consistent associ-
ation between maternal diabetes, both type 1 (T1D) and type 2 (T2D), and an increased risk
of CHD in offspring.

Early reports [102], and more recent large-scale investigations, such as a Canadian
population-based study involving nearly 2.3 million births between 2002 and 2010, have
confirmed that the risk of CHD in infants born to mothers with pregestational diabetes is
approximately 4–5%, compared to 1% in the general population [103].

This risk varies according to CHD subtype. The Baltimore-Washington Infant Study
found an increased risk of laterality and cardiac looping defects (heterotaxy), outflow tract
anomalies, and atrioventricular and membranous ventricular septal defects but no signifi-
cant increase in left/right-sided obstructive defects, muscular ventricular septal defects,
atrial septal defects, or persistent ductus arteriosus [104]. Additionally, late gestational ex-
posure to maternal diabetes has been associated with hypertrophic cardiomyopathy [105].

The Canadian study further demonstrated that type 2 diabetes in mothers was asso-
ciated with the highest risk for heterotaxy and left ventricular outflow tract obstructions,
while type 1 diabetes was more strongly linked to conotruncal anomalies and atrioven-
tricular septal defects [103]. Both types of diabetes also increased the risk of other CHDs,
including right ventricular outflow tract obstructions and atrial/ventricular septal defects,
though to a lesser extent.

Ghouse et al. [106] investigated whether prenatal exposure to maternal diabetes
was associated with subtle alterations in neonatal left ventricular structure and function.
Findings showed more pronounced changes in infants born to mothers with pre-existing
diabetes compared to those with GDM, suggesting that, even in the absence of overt
congenital heart defects, maternal diabetes, particularly when pre-existing, can subtly
influence neonatal cardiac anatomy and function.

Gireada et al. [107] used Fetal HQ, a 2D speckle-tracking echocardiography technique,
to assess whether fetuses of mothers with well-controlled GDM displayed altered cardiac
shape and contractility; despite adequate glycemic control, 60% of fetuses in the GDM
group exhibited at least one form of contractility abnormality (global, longitudinal, or
transverse) in one or both ventricles.

The association between diabetes and CHD are supported by multiple other studies,
which consistently report a 3- to 5-fold higher prevalence of CHD among infants exposed
to pre-existing maternal diabetes [108–112].

In children diagnosed with diabetes, both T1D and T2D, various forms of cardiovascu-
lar involvement have been observed. In pediatric patients with T1D, subclinical myocardial
dysfunction can emerge early, often without clinical symptoms [113]. Advanced imaging
techniques have revealed reduced longitudinal and circumferential strain, altered ven-
tricular remodeling, and early signs of myocardial fibrosis [114,115]. Cardiac autonomic
neuropathy is also common in children with T1D, affecting more than 30% of patients in
some cohorts, and is associated with poor glycemic variability and suboptimal adherence
to therapy [113].
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In pediatric T2D, which is becoming increasingly prevalent, the cardiovascular risk
is compounded by additional metabolic abnormalities such as obesity, dyslipidemia, and
insulin resistance. Adolescents with T2D had increased left ventricular mass and evidence
of diastolic dysfunction compared to normoglycemic peers [116]. These structural and
functional changes often occur within a few years of diagnosis and are compounded by
endothelial dysfunction and early arterial stiffness [117].

Another important aspect concerns electrocardiographic (ECG) abnormalities. As
reported by Galli-Tsinopoulou A et al. [118], T1DM youths have a sixfold increased risk
for QT/QTc prolongation and should have regular follow-ups for cardiac autonomic
dysfunction. A QTc length prolongation during the diagnosis of diabetic ketoacidosis
and ketosis has been reported by Aygün D et al. [119]. Additionally, children with T1D
are at high risk of impaired ventricular depolarization and repolarization [120]. The
electrophysiological changes can precede detectable structural abnormalities and may
serve as early indicators of arrhythmic risk [121].

6.2. Cardiac Dysfunction and Childhood Obesity

Severe obesity in children and adolescents is a significant global public health concern.
According to current estimates, the prevalence of at least one cardiometabolic risk factor
in children with severe obesity ranges from 67% to 86%. Obesity and insulin resistance in
youth are associated with early signs of cardiac dysfunction.

Burden et al. [122] in a meta-analysis shows that obese children and adolescents
exhibit increased left ventricular mass and cardiac wall thickening compared to their
normal-weight peers. Impairments in both diastolic and systolic function are observed,
even in the absence of clinical symptoms. The risk of developing heart disease in adulthood
therefore appears to be already increased in childhood.

Childhood obesity is associated with changes in myocardial geometry and function
indicating early onset of unfavorable alterations of the myocardium [123]. Erbs et al. [124],
using cardiac MRI, observed that left atrial enlargement aligns with the pathophysiological
model whereby obesity increases blood volume, cardiac output, and peripheral vascular
resistance, ultimately leading to cardiac chamber dilatation, a condition that appears, at
least at this stage, to be reversible with weight reduction.

Yi LF et al. [125] showed that school-age children with obesity have impaired auto-
nomic nerve function, presenting with reduced vagal tone, which is particularly prominent
in those with dyslipidemia; the more obese the children, the lower the vagal tone, which
may increase the risks of cardiovascular diseases. In 2023, a cross-sectional observational
study involving 70 children with a body mass index (BMI) greater than one standard devia-
tion above the mean for Thai children was conducted at Naresuan University Hospital. The
study found that cardiac functional abnormalities in childhood obesity were significantly
positively correlated with BMI and several cardiac parameters, including increased ventric-
ular wall thickness [126]. A cross-sectional study published in 2014 registered the heart
rate during ten minutes in the supine position with spontaneous breathing [127]. Cardiac
autonomic control was assessed by heart rate variability showing that obese normotensive
children and adolescents present impairment of cardiac autonomic control [127].

As reported by Campos JO et al. [128], school-age obesity (BMI > 95th percentile) is as-
sociated with autonomic imbalances; in particular, obesity reduces vagal (parasympathetic)
activity and relative sympathetic overdrive.

Similarly, another cross-sectional study evaluated cardiac autonomic function in
obese school-age children (ages ~5–8 years) [125], showing an impaired autonomic nerve
function, presenting with reduced vagal tone, which is particularly prominent in those
with dyslipidemia.
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The role of cortisol levels in cardiovascular regulation in children with obesity has
also been hypothesized. Studies have reported that overweight or obese children ex-
hibit significantly higher cortisone/creatinine ratios (β = 1.26, 95% CI: 1.17–1.36) com-
pared to children of normal weight, suggesting that cortisol, although not directly, may
contribute to the development of hypertension in this population, thereby influencing
cardiovascular risk [129].

6.3. Cardiac Impairment in Thyroid Disorders

Fetal hypothyroidism is associated with intrauterine growth restriction (IUGR),
reduced cardiomyocyte proliferation, and impaired myocardial maturation. Affected
neonates often exhibit altered chamber geometry, reduced systolic and diastolic function,
and elevated resting heart rates by early childhood [5].

In congenital hypothyroidism, cardiovascular involvement is particularly concern-
ing [130]. Thyroid hormone is required for normal cardiogenesis and fetal cardiac mat-
uration. Infants born with untreated hypothyroidism may have cardiomegaly, reduced
cardiac performance, and increased peripheral resistance [131]. Fortunately, with early
neonatal screening and prompt initiation of levothyroxine therapy, these complications are
largely preventable.

During the entire lifespan, the cardiovascular system is a key target of thyroid hor-
mones, as they influence cardiac output, vascular resistance, myocardial contractility,
heart rate, and autonomic function [50]. In children, disturbances in thyroid function,
whether congenital or acquired, can result in significant cardiovascular consequences that
may be transient or long-lasting depending on the timing, severity, and duration of the
endocrine imbalance.

In hyperthyroidism, commonly due to Graves’ disease in children and adolescents,
excess T3 and T4 lead to an increase in resting heart rate, systolic blood pressure, and
cardiac output [132]. The increased metabolic demand and sensitization of β-adrenergic
receptors result in a hyperdynamic circulatory state [132]. Children may present with
palpitations, restlessness, and exertional intolerance. Physical examination often reveals a
hyperkinetic precordium, bounding pulses, and systolic flow murmurs [133]. Although
atrial fibrillation is rare in pediatric populations, it has been reported in adolescents and
may be associated with thyrotoxic cardiomyopathy, particularly in the presence of delayed
diagnosis or underlying heart disease [134].

Cardiac imaging studies, including Doppler echocardiography, have shown increased
left ventricular end-diastolic diameter, ejection fraction, and cardiac index in untreated
pediatric hyperthyroidism [135]. There is also evidence of left ventricular hypertrophy
in some cases, which is generally reversible with medical therapy (e.g., methimazole)
or after definitive treatment such as radioiodine ablation or thyroidectomy [136]. With
normalization of thyroid hormone levels, most functional and structural changes regress,
highlighting the reversibility of cardiac involvement in the hyperthyroid state [136].

In contrast, hypothyroidism exerts depressive effects on the cardiovascular sys-
tem [137]. The bradycardia and reduced myocardial contractility observed in hypothyroid
children result in a low-output state, which may be clinically silent or present with fatigue,
cold intolerance, and exercise intolerance [138]. Importantly, hypothyroidism increases
systemic vascular resistance, leading to diastolic hypertension, a finding that can be over-
looked unless blood pressure is carefully measured [138]. A frequent finding in moderate
to severe hypothyroidism is pericardial effusion, which occurs due to altered capillary
permeability and accumulation of protein-rich fluid in the pericardial sac [135,136]. While
often asymptomatic, large effusions can cause muffled heart sounds and, in rare cases,
hemodynamic compromise [139–141].
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Even in the subclinical forms of thyroid dysfunction, where free T4 and T3 levels
remain within normal limits but TSH is elevated (subclinical hypothyroidism), early signs
of cardiovascular involvement have been documented in children [142,143]. These include
increased carotid intima–media thickness (CIMT), a surrogate marker of early atherosclero-
sis, endothelial dysfunction, and alterations in heart rate variability, suggesting autonomic
imbalance [140,141]. These vascular changes, though often subclinical, may signal a pre-
disposition to future cardiovascular disease, particularly in children with additional risk
factors such as obesity, sedentary lifestyle, or family history of dyslipidemia [144–146].

6.4. Cardiac Involvement in Growth Deficiency

During intrauterine life, fetuses affected by intrauterine growth restriction (IUGR)
are frequently exposed to a state of chronic hypoxia due to placental insufficiency. This
sustained low-oxygen environment has a profound impact on fetal development, par-
ticularly by downregulating the synthesis of IGF-I [46]. Low IGF signaling hinders car-
diomyocyte proliferation, resulting in cardiomyocyte deficiency, myocardial thinning, and
reduced stroke volume. Early and persistent alterations of myocardial structure and de-
creased cardiac function detected by echocardiography in fetal, neonatal, and juvenile
patients with IUGR are reported [147]. Postnatally, these hearts are metabolically compro-
mised, exhibit higher resting heart rates, and are at increased risk for hypertension and
coronary disease [5].

During childhood, GH plays a fundamental role not only in linear growth and somatic
development but also in the regulation of cardiovascular structure and function. Its
biological actions are mediated both directly and through IGF-1, which exerts anabolic,
metabolic, and vascular effects on various tissues, including the myocardium [48]. In
children with isolated or combined GHD, several studies have highlighted the presence of
cardiac alterations, even in the absence of clinical symptoms, emphasizing the importance
of early recognition and monitoring of cardiovascular involvement [48].

Children with untreated GHD often exhibit a significant reduction in left ventric-
ular (LV) mass, LV wall thickness, and end-diastolic volume when compared to age-
matched healthy peers [148,149]. These findings have been consistently reported in
echocardiographic and magnetic resonance imaging (MRI) studies [150]. GH and IGF-1
are known to stimulate protein synthesis in cardiomyocytes and contribute to cardiac
myocyte hypertrophy during development. Their deficiency impairs myocardial growth
and may lead to subclinical cardiac hypoplasia, with diminished preload and reduced
myocardial compliance [48].

In addition to morphological changes, functional impairments have also been ob-
served. Some studies have demonstrated reduced stroke volume, cardiac index, and
systolic performance, particularly during exercise or stress echocardiography, indicating a
decreased cardiovascular reserve [151].

Beyond myocardial structure and contractility, GH and IGF-1 also contribute to en-
dothelial integrity and vascular tone regulation. Children with GHD often display signs
of early vascular dysfunction, such as increased carotid intima–media thickness (CIMT)
and reduced flow-mediated dilation, which may represent early markers of cardiovascular
risk [152]. These vascular alterations are thought to be mediated by impaired nitric oxide
production and increased oxidative stress in the absence of GH/IGF-1 activity [153].

Treatment with recombinant human growth hormone (rhGH) has shown favorable
effects on both cardiac morphology and function. Several longitudinal studies have doc-
umented significant increases in LV mass index, improvements in ejection fraction, and
normalization of diastolic parameters following GH therapy, typically within 6–12 months
of initiation [148,149]. Moreover, GH replacement appears to enhance exercise capacity,
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likely due to improvements in myocardial contractility and oxygen delivery. These ef-
fects are most pronounced when treatment is started early in childhood, highlighting the
importance of prompt diagnosis and intervention.

6.5. Cardiovascular Effects of Adrenal Gland Disorders

Both excessive and insufficient exposure to fetal glucocorticoids, whether due to mater-
nal stress or antenatal corticosteroid therapy, can disrupt crucial steps in cardiac maturation.
Prolonged maternal cortisol elevation induces fetal cardiomyocyte proliferation but also
cardiomyocyte hypertrophy, disrupted myocardial architecture, mitochondrial dysfunction,
and arrhythmias, resulting in increased perinatal mortality [44,45]. Postnatally, fetuses
exposed to high levels of cortisol exhibit delayed heart rate acceleration, ECG changes, and
impaired blood pressure regulation, suggesting failure to adapt to the hemodynamic stress
of birth [45].

Excessive aldosterone production (hyperaldosteronism) is associated with an increased
risk of atrial fibrillation (AF), as aldosterone promotes atrial enlargement and fibrosis
through mechanisms independent of blood pressure [154,155]. This occurs via activation
of mineralocorticoid receptors on cardiomyocytes and macrophages, increasing oxidative
stress and promoting the transformation of fibroblasts into myofibroblasts [156]. Activation
of the renin–angiotensin system (RAS) is also a risk factor for AF [157]. Angiotensin II
induces atrial remodeling, fibrosis, and prolongation of P-wave duration, thereby increasing
susceptibility to atrial fibrillation [157].

Similarly, androgens exert important regulatory effects on cardiac contractility. In
patients with gonadal disorders, impaired cardiac function has been documented, with
significant improvement following androgen administration. This effect has been partic-
ularly well described in Duchenne muscular dystrophy [158] but more generally applies
to pediatric patients with delayed puberty, where androgen deficiency may compromise
myocardial performance [159].

With regard to catecholamines, in the fetus, epinephrine and norepinephrine sus-
tain heart rate, myocardial contractility, and vascular tone, ensuring adequate perinatal
adaptation; deficiency (e.g., impaired adrenal development or defects in biosynthetic en-
zymes) may cause hypotension and poor cardiac output, whereas excess (e.g., maternal
stress, placental dysfunction) predisposes to tachycardia, arrhythmias, and oxygen imbal-
ance [160–162]. In pediatric age groups, catecholamine excess due to pheochromocytoma
or paraganglioma leads to hypertension, ventricular hypertrophy, and arrhythmias, while
insufficiency in the context of adrenal failure or iatrogenic suppression results in inadequate
stress response, hypotension, and impaired cardiac performance [66,163].

7. Natriuretic Peptides as Clinical Biomarkers in Pediatric Disorders

7.1. BNP and NT-ProBNP in Pediatric Heart Failure

Heart failure (HF) in children is a condition with unique clinical and physiological
characteristics, distinct from adult HF. It is defined as a clinical and pathophysiological
syndrome resulting from ventricular dysfunction, volume or pressure overload, or a
combination of both [164].

Pediatric HF is further complicated by its heterogenous etiology, clinical presentation,
and compensatory mechanisms which are mainly age-dependent. Most importantly, unlike
adults, where HF is often due to acquired myocardial disease, CHD represents the main
cause of HF in children and especially in newborn patients. A pediatric classification for
HF was proposed by Ross et al., which includes age-adapted parameters, such as feeding
difficulties, failure to thrive, and exercise intolerance [165].

25



Biomedicines 2025, 13, 2225

More recently, a more detailed scoring system designed for both children and adoles-
cents was proposed by Connoly et al. [166], the New York University Pediatric Heart Failure
Index. Unlike the Ross classification, the NYU-PHFI incorporates symptoms, necessity of
medical therapy, and anatomical features such as the presence of single ventricle lesions.

Amid these clinical challenges, NT-proBNP has emerged as a diagnostic and prog-
nostic biomarker. However, it is not yet included in the HF pediatric guidelines, due to
the complex interpretation in neonates and infants. Indeed, one of the greatest challenges
to overcome is the physiological pattern of BNP levels during the perinatal stage, with
stability only weeks after birth [167].

In children with CHD, BNP and NT-proBNP have been extensively studied. NPs have
been demonstrated to be reliable indicators of volume overload and their levels correlate
with shunt and ventricular dilation [168].

Data also suggest a correlation between BNP levels, right ventricular dilation, and
the severity of pulmonary regurgitation in patients with tetralogy of Fallot (TOF) [169].
Interestingly, in TOF, BNP levels also correlate with IP severity and RV end-diastolic
volume, indicating that BNP may serve as a sensitive marker of RV stress and volume
overload in certain CHD phenotypes [170].

NT-proBNP has also been investigated as a monitoring tool after surgery for CHD
and, regardless of the presence of ventricular dysfunction, high blood levels of NT-proBNP
were able to identify low cardiac output syndrome, prolonged mechanical ventilation, and
ICU stay [171]. Additional studies have confirmed these findings [172], confirming that
monitoring NT-proBNP levels in the perioperative stage can aid in early identification
of complications.

Aside from CHD, most cases of HF in children are caused by cardiomyopathies.
Periodic measurement of NPs is used in practice despite actual guideline recommendations.
In is to be noted that, in the context of cardiomyopathies, some studies have identified that
NPs are also a strong predictor of long-term outcome [173]. Also, a recent large multicenter
registry analysis conducted by Schmitt et al. found that children with higher NP levels had
a higher risk of death or heart transplant, with NT-proBNP showing a good performance
in the stratification of high-risk patients [174].

7.2. Atrial Natriuretic Peptide in Heart Failure

ANP plays a critical regulatory role in HF, promoting vasodilation, natriuresis, diuresis,
and inhibition of the renin–angiotensin–aldosterone system (RAAS) [175].

Although data on the role of ANP in pediatric patients are limited, existing studies
consistently show that ANP levels are elevated in children with symptomatic heart failure
compared to asymptomatic patients or healthy controls. Agnoletti et al. [176] reported
mean plasma ANP levels of 232.5 ± 82.9 pg/mL in symptomatic children, compared to
48.4 ± 29.4 pg/mL in asymptomatic patients. This trend has also been observed in children
with CHD [169,170].

Furthermore, ANP concentrations have also been shown to increase progressively with
HF severity, showing consistency as a marker of severity in children with HF [177–179].

Patients diagnosed with cardiomyopathies exhibit the highest ANP levels among the
reviewed studies, with median values reaching 431 pg/mL. This may reflect both increased
peptide synthesis and reduced receptor sensitivity [180]. In contrast, patients with right
ventricular disease show lower ANP levels, while those with congenital heart disease
(CHD) display intermediate values, varying according to the anatomical defect and the
significance of the shunt [181].

ANP has also attracted renewed interest in the context of pharmacological treatment
of HF, specifically the use of neprilysin inhibitors such as sacubitril/valsartan. Neprilysin
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preferentially degrades ANP over BNP, so ANP plasma levels may provide a more dynamic
reflection of therapeutic effects, an especially relevant consideration in pediatric trials such
as PANORAMA-HF [182].

7.3. Brain Natriuretic Peptides in Pulmonary Hypertension

NPs have a central role as biomarkers in the diagnosis, risk assessment, and monitoring
of pulmonary arterial hypertension. In fact, as already noted, NPs are reliable indicators
of RV dysfunction, a hallmark of disease progression in PH. BNP and NT-proBNP can be
used, together with other tools, to stratify disease severity and prognosis. Whereas low
circulating levels are associated with low risk profile, elevated levels signal higher risk
and clinical worsening [183]. BNP and NT-proBNP are also increasingly used in pediatric
patients and they have been particularly investigated in NICU infants. In the work of Cuna
et al., among 118 cases, BNP demonstrated a 100% sensitivity for detecting PH, thereafter
confirmed by echocardiography [184]. A recent systematic review confirmed NPs have
adequate diagnostic accuracy for PH and could be used to discriminate patients who should
receive an echocardiogram [185]. An interesting study of Dasgupta et al. was conducted in
order to evaluate NT-proBNP as a non-invasive marker for PH in children of different ages,
comparing it against cardiac catheterization and echocardiography. NT-proBNP levels
were significantly higher in the PH group and it correlated positively with pulmonary
artery pressure and vascular resistance and negatively with pulmonary artery acceleration
time and right ventricular function parameters [186].

Furthermore, many data have also established the role of BNP and NT-pro BNP as
accurate markers of prognostic relevance in children. The SAUDIPH registry identified
BNP as a significant marker in PH, showing that elevated BNP levels at diagnosis were
independently associated with higher 1 year mortality. Therefore, data support the routine
use of BNP at baseline and during follow-up to help identify high-risk patients who may
benefit from intensified management strategies [187].

7.4. BNP in Inflammatory Syndromes

Kawasaki disease (KD) is vasculitis affecting primarily infants and is likely influenced
by genetic predisposition and immune responses to infectious triggers and the most fre-
quent cardiac complication is the development of coronary artery aneurysms (CAAs) [16].
Several studies explored BNP’s predictive value for coronary lesions in KD and a recent
meta-analysis supported the role of NPs as a diagnostic tool for artery lesions [188].

MIS-C is a hyperinflammatory response following mainly SARS-CoV-2 infection.
While CAA is less common in MIS-C, HF is more common [52]. NPs are usually elevated in
MIS-C and can assist in identifying myocardial involvement. In a large multicenter cohort,
Ludwikowska et al. reported elevated NP values even in patients without reduced LVEF
or echocardiographic abnormalities [18].

NT-proBNP levels are frequently elevated in pediatric patients with sepsis or septic
shock, even in the absence of structural heart disease [18]. Age-adjusted NT-proBNP
cut-offs have been proposed in order to improve diagnostic capacity. Sun et al. suggest
a threshold of 5000 ng/L in infants and 3800 ng/L in adolescents for mortality predic-
tion [189].

8. Limitations

This narrative review, while providing a broad and integrative overview of endocrine
regulation during cardiac development and pediatric heart disease, has inherent limitations
linked to its methodology. Narrative reviews do not follow systematic protocols for
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literature selection or data synthesis, which introduces potential selection bias and limits
the reproducibility of the findings.

The existing literature on the endocrine regulation of cardiac development and pedi-
atric heart disease, while rich in experimental insights, presents several notable limitations
that hinder a comprehensive understanding of this complex interplay. First, most available
data derive from animal models or in vitro systems, which, although informative, may not
fully recapitulate the intricacies of human fetal and neonatal physiology. Translational gaps
remain significant, particularly in the hormonal regulation of cardiomyocyte proliferation,
maturation, and structural remodeling.

Secondly, longitudinal human studies are scarce. Most clinical data focus on postnatal
hormone levels or cross-sectional assessments, limiting our ability to understand causal
relationships between prenatal endocrine disruptions and later cardiovascular outcomes.
Moreover, few studies have evaluated the long-term effects of altered fetal hormonal
environments (e.g., maternal hypothyroidism, glucocorticoid overexposure) on cardiac
function across the lifespan.

Another major limitation is the lack of standardized reference values for key endocrine
biomarkers in neonates and children. Hormones such as BNP, NT-proBNP, IGF-I, and T3/T4
vary considerably with age, sex, and developmental stage, yet age-specific norms are often
underreported or inconsistently applied across studies. This hampers clinical interpretation
and limits the development of reliable diagnostic or prognostic tools in pediatrics.

Furthermore, many studies fail to account for biological variability, including sex
differences, epigenetic regulation, and the influence of maternal–fetal factors (e.g., placental
hormone metabolism, maternal diabetes, or obesity). These elements may significantly
affect cardiac–endocrine interactions but are often not stratified or adequately addressed
in available data. In addition, the interpretation of hormonal biomarkers in children is
inherently limited by physiological variability across developmental stages. Age, sex, and
pubertal status strongly influence circulating levels of TSH, IGF-I, sex steroids, and natri-
uretic peptides, making it difficult to establish universal thresholds. These developmental
dynamics highlight the need for age- and sex-specific reference ranges when applying
hormonal biomarkers in pediatric cardiovascular risk assessment.

Finally, there is limited exploration of multihormonal interactions. Most studies
investigate single hormones in isolation, whereas fetal and postnatal cardiac physiology is
regulated by a highly integrated hormonal network. Understanding how thyroid hormones,
glucocorticoids, insulin, and growth factors interact synergistically or antagonistically
remains an important but underexplored area of research.

To address these gaps, future studies should prioritize prospective, multicenter hu-
man cohorts, integrate multiomics and systems biology approaches, and aim for stan-
dardization of biomarker thresholds across developmental stages. Only through such
efforts can the field advance toward personalized and preventive strategies in pediatric
cardiovascular health.

9. Conclusions

Hormones regulate cardiac function through complex endocrine, paracrine, and au-
tocrine pathways, influencing heart rate, myocardial contractility, vascular tone, and overall
cardiac remodeling. Importantly, the heart is not only a passive target of hormonal regula-
tion but also functions as an active endocrine organ, capable of synthesizing and secreting
bioactive substances such as natriuretic peptides. These cardiokines contribute to the
local and systemic modulation of cardiovascular homeostasis, thus playing a role in the
autonomous regulation of cardiac function.
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The synergistic interaction among hormonal signals, together with the maintenance
of physiological homeostasis, is fundamental to ensure proper cardiac development and
function, especially during growth. Early detection and targeted hormonal management
during pregnancy are critical to mitigate these risks and support lifelong heart health.
In pediatric populations, understanding the role of endocrine mechanisms in cardiac
physiology is crucial, as alterations in hormonal signaling may lead to early-onset structural
or functional heart abnormalities. Such dysregulations may act as silent precursors of
cardiovascular disease later in life.

In clinical practice, selected hormonal biomarkers may provide valuable support
for pediatric cardiovascular screening and follow-up. Table 2 summarizes the practical
application of key hormonal biomarkers in pediatric cardiovascular medicine, highlighting
their role in both screening (initial evaluation and risk identification) and follow-up (disease
monitoring and management).

Table 2. Practical use of hormonal biomarkers in pediatric cardiovascular screening and follow-up.

Biomarker Target Population/Clinical Context
Screening (Initial Evaluation/Risk
Identification)

Follow-Up (Monitoring/Management)

BNP/NT-proBNP
Children with congenital heart disease,
cardiomyopathies, unexplained, heart failure
(HF) symptoms

Rarely used for primary screening Disease monitoring, perioperative
assessment, HF follow-up

IGF-I
Children with growth hormone deficiency,
intrauterine growth restriction, poor
growth trajectory

Growth and cardiovascular
risk assessment Monitoring treatment response and progression

TSH, FT4

Children with congenital or acquired thyroid
disorders, arrhythmias, unexplained
tachycardia/bradycardia, structural
congenital heart disease

Routine cardiovascular risk evaluation Monitoring disease progression or therapy

Cortisol
Newborns with maternal stress, antenatal
corticosteroid exposure, suspected
adrenal insufficiency

Evaluation when adrenal dysfunction
is suspected

Monitoring if abnormalities detected or
therapy started

Sex hormones
(testosterone, estrogens)

Adolescents with delayed puberty,
hypogonadism, neuromuscular diseases (e.g.,
Duchenne muscular dystrophy)

Evaluation of suspected pubertal or
gonadal disorders

Follow-up in confirmed endocrine or
cardiovascular involvement

Catecholamines
Children with suspected adrenal dysfunction,
autonomic disorders, or tumors such as
pheochromocytoma/paraganglioma

Assessment in cases of unexplained
hypertension, tachycardia, or
stress intolerance

Monitoring disease activity, treatment
response, and recurrence in
catecholamine-secreting tumors

Gaining deeper insight into the molecular mechanisms that mediate hormone–heart
crosstalk, as well as identifying age-specific patterns of cardiac endocrine response, may
pave the way for the development of targeted preventive and therapeutic interventions.
Ultimately, a comprehensive approach to the endocrine regulation of the heart in children
will enhance early diagnosis, individualized care, and long-term cardiovascular outcomes
in pediatric patients.
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Abstract

Background/Objectives: Sex and diabetes are important determinants of risk in heart
failure with mildly reduced and preserved ejection fraction (HFmrEF/HFpEF), yet their
combined effects have not been systematically evaluated. This study examined how
sex–diabetes phenotypes influence clinical characteristics and the risk of heart failure re-
hospitalization. Methods: We retrospectively analyzed 1018 HFmrEF/HFpEF patients
(2019–2023), classified into four sex–diabetes phenotypes, and performed group compar-
isons. The primary endpoint was heart failure rehospitalization. Results: Over a mean
follow-up of 1463 ± 496 days, 307 patients (30.1%) were rehospitalized for heart failure
decompensation. The four phenotypes differed significantly in age, renal function, LV
mass, LV dimensions, glycemia, and comorbidity burden (all p < 0.05). Men—particularly
those with diabetes—had greater structural remodeling and higher prevalence of smoking,
hypercholesterolemia, and atrial fibrillation. In univariate analysis, male sex, diabetes,
smoking, NYHA class, lower TAPSE, and lower LVEF were associated with increased risk of
rehospitalization. After adjustment for LVEF and NYHA class, male sex (HR 1.28; p = 0.035)
and diabetes (HR 1.28; p = 0.036) remained independent predictors. Kaplan–Meier curves
demonstrated a clear gradient in event-free survival (log-rank p = 0.015), with women
without diabetes showing the best prognosis and diabetic men the worst. Conclusions: Sex
and diabetes interact to define distinct risk profiles in HFmrEF/HFpEF. Women without
diabetes represent a low-risk phenotype, whereas diabetic men exhibit the highest risk of
recurrent heart failure decompensation. These findings support incorporating sex–diabetes
phenotyping into routine risk stratification and personalized management.

Keywords: heart failure; heart failure with preserved ejection fraction; heart failure with
mildly reduced ejection fraction; sex differences; diabetes mellitus; risk stratification;
rehospitalization; prognosis
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1. Introduction

Heart failure (HF) with mildly reduced (HFmrEF) or preserved ejection fraction
(HFpEF) accounts for over half of the global HF burden and continues to rise due to popula-
tion aging and increasing cardiometabolic disease. Despite its prevalence, HFmrEF/HFpEF
remains a heterogeneous syndrome with limited therapeutic options and substantial risk of
recurrent decompensation [1]. Identifying factors that modify risk within this population is
therefore essential.

Sex strongly shapes HFmrEF/HFpEF pathophysiology and outcomes. Large epi-
demiologic studies have shown that sex differences influence HF risk across the lifespan,
with women experiencing lower lifetime HF mortality but greater symptom burden and a
higher prevalence of comorbidities such as obesity, hypertension, and diabetes [2]. Women
with HFpEF typically exhibit smaller left ventricular (LV) cavities, concentric remodeling,
greater diastolic stiffness, and more severe vascular–ventricular coupling abnormalities [3].
Despite these structural disadvantages, women consistently demonstrate better survival
than men in major HFpEF cohorts, despite reporting worse symptoms and functional im-
pairment [4]. In contrast, men present with more ischemic heart disease, greater myocardial
fibrosis, higher pulmonary vascular resistance, and worse right ventricular function, factors
associated with poorer prognosis [5].

Diabetes mellitus is another major determinant of HF risk and progression. Mechanis-
tically, diabetes promotes microvascular inflammation, endothelial dysfunction, oxidative
stress, and myocardial stiffening, key processes implicated in HFmrEF/HFpEF patho-
physiology [6]. Epidemiologically, diabetes increases HF risk in both sexes but confers a
significantly higher relative excess risk in women, as demonstrated in a meta-analysis of
47 cohorts and over 12 million individuals [7]. Conversely, men with diabetes carry a higher
absolute burden of HF events due to greater ischemic and arrhythmic vulnerability [8].

Despite robust evidence that sex and diabetes independently influence HF outcomes,
their combined interaction in HFmrEF/HFpEF remains inadequately characterized. Most
prior studies have examined sex or diabetes in isolation, without evaluating whether spe-
cific sex–diabetes combinations define distinct prognostic endotypes. This gap is clinically
relevant, as early mortality is higher in HFmrEF men even when baseline characteris-
tics are matched, whereas HF hospitalization rates often depend more on comorbidity
clusters—particularly diabetes—than on sex alone [9].

Therefore, the objective of this study was to investigate the prognostic impact of sex,
diabetes, and their interaction on HF rehospitalization in HFmrEF/HFpEF. By identifying
whether specific sex–diabetes combinations define distinct clinical risk profiles, this study
aims to clarify a currently underexplored source of heterogeneity in HFmrEF/HFpEF and
support more individualized approaches to risk stratification.

2. Materials and Methods

2.1. Study Design and Patient Selection

We conducted a retrospective cohort study using all consecutive discharges from the
Clinical Emergency County Hospital of Craiova, Romania, between 1 January 2019 and
31 May 2023. During this interval, the charts from 15,160 consecutive inpatients were
analyzed. Individuals were eligible if the index hospitalization resulted in a new diagnosis
of HFmrEF or HFpEF, defined according to contemporary guideline criteria [1]. HFmrEF
was defined by the presence of HF symptoms and/or signs, a LVEF between 41% and
49%, and additional evidence of cardiac structural or functional abdormalities or elevated
natriuretic peptides. HFpEF was defined by the presence of HF symptoms and/or signs,
a LVEF above 50%, and evidence of structural or functional abnormalities (such as LV
hypertrophy, diastolic dysfunction, left atrial enlargement). Patients were excluded if any

https://doi.org/10.3390/biomedicines14010173
41



Biomedicines 2026, 14, 173

of the following conditions were present during the index admission: (1) acute coronary
syndrome, (2) acute pulmonary embolism, (3) sustained ventricular tachyarrhythmia or
resuscitated cardiac arrest, (4) HF with reduced ejection fraction, (5) second- or third-degree
atrioventricular block, (6) missing or incomplete clinical documentation, or (7) insufficient
follow-up duration (<1 year) or unavailable follow-up data. The study received approval
from the institutional ethics committee (Approval no. 86/19.02.2024). Because of its
retrospective nature, the requirement for informed consent was waived, and all patient
identifiers were removed before analysis.

2.2. Data Collection and Assessment

Baseline demographic, clinical, and therapeutic information was retrieved from elec-
tronic medical records, including age, sex, heart rhythm, vital signs, New York Heart
Association (NYHA) functional class at discharge, cardiovascular risk factors, medication
use, and prior medical history.

Laboratory parameters collected at discharge included hemoglobin, hepatic enzymes,
serum creatinine, serum sodium and potassium, and NT-proBNP. Estimated glomerular
filtration rate (eGFR) was calculated using the CKD-EPI equation.

Comprehensive echocardiographic evaluation was performed in accordance with the
recommendations of the European Association of Cardiovascular Imaging [10]. Measure-
ments included left and right ventricular and atrial dimensions, LVEF using the Simpson
biplane method, E/A ratio, tricuspid annular plane systolic excursion (TAPSE), tricuspid
regurgitation peak velocity, and systolic pulmonary artery pressure, derived from the
tricuspid regurgitation jet and inferior vena cava indices. LV mass was calculated with
the Devereux formula, and relative wall thickness was obtained as: 2 × posterior wall
thickness/LV end-diastolic diameter.

As echocardiographic data was obtained from archive clinical reports, in which left
atrial volume index was not consistently available, to enusre internal validity and minimize
missing data, left atrial diameter was used as a surrogate.

Echocardiographic examinations in our study were performed as part of routine
clinical care by board-certified cardiologists with echocardiography accreditation according
to national and European training standards. However, because of the retrospective
design and reliance on existing clinical records, formal intra- and inter-observer variability
assessments were not available.

Conventional risk factors were recorded as follows: smoking status (current or former),
dyslipidemia (LDL-cholesterol > 130 mg/dL or lipid-lowering treatment), hypertension
(BP ≥ 140/90 mmHg or antihypertensive therapy), type 2 diabetes mellitus, and chronic
kidney disease.

Ischemic heart disease was determined based on clinical evaluation and available
coronary imaging. Most patients with suspected coronary disease underwent invasive
coronary angiography; coronary CT angiography was rarely used. Ischemic etiology was
assigned when at least one of the following was documented: significant obstructive
stenosis (>70% in a major epicardial artery or >50% in the left main), prior myocardial
infarction, or prior revascularization. Patients with previous percutaneous intervention but
no infarction were also considered to have ischemic HF. In patients without angiography
and low clinical suspicion, ischemia may have remained unconfirmed. Valvular heart
disease was defined as moderate or severe stenosis or regurgitation. Congenital heart
disease encompassed any congenital structural cardiac abnormality recorded in the medical
history (e.g., atrial or ventricular septal defects, bicuspid aortic valve, Ebstein anomaly,
atrioventricular canal defects, or repaired tetralogy of Fallot).
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2.3. Follow-Up and Study Endpoint

The primary endpoint was first rehospitalization for heart failure decompensation.
Rehospitalization events were identified based on hospital discharge diagnoses recorded
in the institutional electronic medical records. For patients followed outside the index
hospital, follow-up information was supplemented by structured outpatient visits and
telephone contact when available. Independent adjudication of events was not performed
due to the retrospective study design. Mortality status was verified using each individual’s
national identification number. The chosen endpoint was first rehospitalization for HF
decompensation, defined as an unplanned hospital admission requiring intravenous di-
uretics, vasodilators, or inotropes for HF worsening. For patients without events, follow-up
was censored at the date of last contact. For those with multiple HF readmissions, only the
first event was used in time-to-event analyses.

2.4. Statistical Analysis

The normality of continuous variables was assessed using the Shapiro–Wilk test.
Continuous data are reported as means ± standard deviations (SDs), while categorical
variables are expressed as counts and percentages.

Variables were compared across the four sex–diabetes groups. For normally dis-
tributed continuous variables, one-way ANOVA was applied together with Levene’s test
for homogeneity of variances; when variances were equal, post hoc pairwise comparisons
were performed with Tukey’s test, and when variances were unequal, the Games–Howell
procedure was used. Categorical variables were compared using the Pearson chi-square
test. For each contingency table, SPSS-generated adjusted standardized residuals were ex-
amined to identify which cells contributed to statistically significant differences. Residuals
with an absolute value ≥ 1.96 were considered significant at p < 0.05, ≥2.58 at p < 0.01,
and ≥3.29 at p < 0.001. Positive residuals indicated that the observed frequency was
higher than expected under the null hypothesis, while negative residuals indicated a
lower-than-expected frequency. This method allowed post hoc identification of pairwise
group differences without conducting multiple chi-square tests. Variables with missing
observations were analyzed according to the number of valid cases reported by SPSS.

Univariable Cox proportional hazards models were used to explore associations
between baseline clinical, biochemical, and echocardiographic parameters and the study
endpoints. Variables included in the multivariable Cox model were selected a priori
based on clinical relevance rather than on univariate statistical significance. This approach
avoids confounder omission and ensures appropriate adjustment when evaluating the
independent prognostic contribution of sex and diabetes.

Kaplan–Meier curves were generated to assess event-free survival, and differences
were evaluated using the log-rank test.

A two-sided p value < 0.05 was considered statistically significant. Analyses were
performed using available-case data for each variable, as the extent of missingness varied
across parameters. All analyses were conducted using SPSS (version 23).

3. Results

3.1. Study Population and Baseline Characteristics

A total of 1018 patients represented the final study population. The mean follow-up
duration was 1463 ± 496 days (approximately 4 years). During follow-up, 307 patients
(30.1%) met the primary endpoint of rehospitalization for heart failure decompensation.

The cohort had a mean age of 74 ± 11 years, and comorbidity burden was high:
hypertension (79%), hypercholesterolemia (65%), atrial fibrillation (48%), type 2 diabetes
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mellitus (36.7%), chronic kidney disease (34%), and a history of smoking (14%). Most
patients were in NYHA class II–III, with a mean LVEF of 49 ± 6%.

Across the four sex–diabetes phenotypes, several significant differences were found
between baseline characteristics (Table 1). Women without diabetes were the oldest group,
whereas diabetic men were the youngest (p < 0.001). Diabetic patients—both men and
women—had significantly higher blood glucose levels compared with their non-diabetic
counterparts (p < 0.001). Men (with and without diabetes) exhibited larger LV dimensions
and greater LV mass than women, with all pairwise comparisons showing statistically
significant differences (p < 0.001). Women without diabetes had higher eGFR values
compared with both male groups and diabetic women (p = 0.001). Finally, diabetic men
had the shortest time to first rehospitalization compared with women without diabetes and
non-diabetic men (p = 0.012).

Table 1. Baseline characteristics across the four sex-diabetes phenotypes.

Variable
All Patients
(N = 1018)

Non-Diabetic
Women (G1,

N = 334)

Diabetic
Women (G2,

N = 167)

Non-Diabetic
Men (G3,
N = 310)

Diabetic Men
(G4, N = 207)

ANOVA
p-Value

Age (years) 74 ± 11 76 ± 11 75 ± 9 73 ± 13 71 ± 10 <0.001 1

Heart rate (bpm) 73 ± 14 73 ± 12 75 ± 15 71 ± 14 73 ± 14 0.031 2

Systolic blood
pressure (mmHg) 130 ± 20 129 ± 20 132 ± 20 128 ± 21 132 ± 19 0.064

Diastolic blood
pressure (mmHg) 76 ± 11 75 ± 11 78 ± 11 74 ± 11 76 ± 11 0.011 3

Time to first
rehospitalization

(days)
1133 ± 683 1196 ± 667 1114 ± 697 1161 ± 707 1004 ± 646 0.012 4

NT-proBNP
(pg/mL) 5547 ± 7544 6109 ± 7213 6470 ± 8554 5275 ± 8313 4132 ± 5555 0.165

Creatinine (mg/dL) 1.2 ± 0.7 1.1 ± 0.6 1.2 ± 0.6 1.3 ± 0.9 1.3 ± 0.6 0.001 5

eGFR
(mL/min/1.73 m2) 73 ± 25 77 ± 24 73 ± 25 71 ± 27 70 ± 24 0.001 6

Glucose (mg/dL) 123 ± 55 110 ± 42 148 ± 66 107 ± 25 148 ± 74 <0.001 7

Serum sodium
(mmol/L) 138 ± 6 138 ± 6 139 ± 9 138 ± 4 138 ± 4 0.470

Interventricular
septum width

(mm)
13 ± 2 12 ± 2 13 ± 2 13 ± 3 13 ± 2 0.001 8

Left ventricular
end-diastolic

diameter (mm)
50 ± 7 47 ± 6 48 ± 6 52 ± 8 52 ± 7 <0.001 9

Posterior wall
width (mm) 12 ± 2 12 ± 2 12 ± 2 12 ± 2 13 ± 2 0.034 10

Left ventricular
mass (g) 241 ± 78 216 ± 67 230 ± 64 257 ± 85 268 ± 80 <0.001 11

Relative wall
thickness 0.49 ± 0.13 0.50 ± 0.14 0.52 ± 0.14 0.47 ± 0.13 0.48 ± 0.11 <0.001 12

Left atrial diameter
(mm) 48 ± 10 48 ± 11 47 ± 7 48 ± 11 47 ± 8 0.133

E/E′ 14 ± 3 12 ± 3 13 ± 2 14 ± 3 14 ± 4 0.856

Systolic pulmonary
artery pressure

(mmHg)
51 ± 17 51 ± 16 55 ± 20 48 ± 17 50 ± 18 0.078
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Table 1. Cont.

Variable
All Patients
(N = 1018)

Non-Diabetic
Women (G1,

N = 334)

Diabetic
Women (G2,

N = 167)

Non-Diabetic
Men (G3,
N = 310)

Diabetic Men
(G4, N = 207)

ANOVA
p-Value

Tricuspid annulus
plane systolic

excursion (mm)
19 ± 5 19 ± 5 19 ± 6 18 ± 4 19 ± 4 0.949

Left ventricular
ejection fraction (%) 49 ± 6 51 ± 7 50 ± 6 49 ± 6 48 ± 6 0.001 13

Superscript numbers correspond to significant post hoc pairwise comparisons listed below the table: 1 Age:
G1 > G3 (p = 0.005); G1 > G4 (p < 0.001); G2 > G4 (p = 0.001). 2 Heart rate: G2 > G3 (p = 0.020). 3 Diastolic blood
pressure: G2 > G3 (p = 0.009). 4 Time to rehospitalization: G1 > G4 (p = 0.006); G3 > G4 (p = 0.046). 5 Creatinine:
G1 < G3 (p = 0.001); G1 < G4 (p = 0.024). 6 eGFR: G1 > G3 (p = 0.005); G1 > G4 (p = 0.004). 7 Glucose: G1 < G2
(p < 0.001); G1 < G4 (p < 0.001); G2 > G3 (p < 0.001); G3 < G4 (p < 0.001). 8 Interventricular septum width: G1 < G2
(p = 0.031); G1 < G4 (p = 0.001). 9 Left ventricular end-diastolic diameter: G1 < G3 (p < 0.001); G1 < G4 (p < 0.001);
G2 < G3 (p < 0.001); G2 < G4 (p < 0.001); G3 < G4 (p < 0.001). 10 Posterior wall width: G1 < G4 (p = 0.028); 11 Left
ventricular mass: G1 < G3 (p < 0.001); G1 < G4 (p < 0.001); G2 < G3 (p = 0.001); G2 < G4 (p < 0.001). 12 Relative
wall thickness: G1 > G3 (p = 0.009); G2 > G3 (p = 0.001); G2 > G4 (p = 0.017). 13 Left ventricular ejection fraction:
G1 > G3 (p = 0.040); G1 > G4 (p = 0.011); G2 > G3 (p = 0.032); G2 > G4 (p = 0.010); G3 > G4 (p = 0.032).

Smoking was markedly more prevalent among non-diabetic and diabetic men, while
women—especially those without diabetes—had lower smoking rates. The prevalence of
hypercholesterolemia varied substantially, with diabetic men showing the highest rates.
Atrial fibrillation was significantly more common among diabetic men, whereas non-
diabetic women had lower-than-expected atrial fibrillation prevalence. Fatigue was more
frequently reported by diabetic patients, particularly men. Conversely, chest pain and
edema showed no significant distribution differences between groups. Severity grades
of mitral and tricuspid regurgitation also displayed heterogeneous distributions, driven
primarily by higher grades observed in male patients.

Use of beta-blockers, ACE inhibitors/angiotensin receptor–neprilysin inhibitors, min-
eralocorticoid receptor antagonists, loop diuretics, and amiodarone did not differ signif-
icantly across phenotypes. In contrast, SGLT2 inhibitor use differed significantly, being
most frequent among diabetic men.

3.2. Cox Regression Analysis

In univariate Cox models (Table 2) evaluating the risk of HF rehospitalization, male
sex (HR = 1.324, 95% CI 1.055–1.662, p = 0.015) and type 2 diabetes mellitus (HR = 1.304,
95% CI 1.038–1.639, p = 0.023) were both associated with a higher risk of rehospitalization.
Active smoking also increased risk (HR = 1.206, 95% CI 1.016–1.432, p = 0.032). Worse
functional status reflected by a higher NYHA class strongly predicted adverse outcomes
(HR = 1.289, 95% CI 1.081–1.537, p = 0.005). Among echocardiographic measures, reduced
TAPSE was a significant predictor of rehospitalization (HR = 0.937, 95% CI 0.894–0.982,
p = 0.007), and higher LVEF was modestly protective (HR = 0.982, 95% CI 0.964–0.999,
p = 0.039), consistent with the pathophysiological spectrum of HFmrEF/HFpEF.

Variables entered into the multivariate Cox proportional hazards model were selected
based on clinical relevance rather than univariate statistical significance, in order to avoid
omitted-variable bias. The final model included male sex, diabetes status, NYHA class,
and LVEF.

After adjustment, male sex (HR 1.28, 95% CI 1.02–1.61, p = 0.035) and diabetes (HR 1.28,
95% CI 1.02–1.61, p = 0.036) remained independently associated with a higher risk of the
composite outcome. NYHA class was also independently associated with the outcome
(HR 1.24 per class increase, 95% CI 1.04–1.49, p = 0.018). LVEF did not remain indepen-
dently significant in the adjusted model (HR 0.99, p = 0.234).
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To evaluate whether sex–diabetes phenotypes predicted HF rehospitalization beyond
comorbidity burden, an additional Cox regression model was constructed including age,
estimated glomerular filtration rate, and atrial fibrillation. After adjustment, the overall
association between phenotype and outcome was attenuated (p = 0.054). Importantly, dia-
betic men continued to exhibit a significantly higher risk of HF rehospitalization compared
with non-diabetic women (HR 1.58, 95% CI 1.14–2.18; p = 0.006), whereas other phenotypes
were not independently associated with outcome.

Table 2. Univariate Cox regression analysis.

Variable p-Value HR (95% CI)

Age <0.001 0.983 [0.974–0.992]
Sex (male) 0.015 1.324 [1.055–1.662]

Type 2 diabetes mellitus 0.023 1.304 [1.038–1.639]

Hypertension 0.011 0.714 [0.552–0.925]
Hypercholesterolemia 0.949 1.008 [0.795–1.277]

Smoking 0.032 1.206 [1.016–1.432]
Chronic kidney disease 0.759 1.038 [0.820–1.314]

NYHA class 0.005 1.289 [1.081–1.537]
Sodium-glucose cotransporter-2 inhibitors use 0.002 1.780 [1.233–2.571]

Betablockers use 0.526 1.107 [0.809-1.515]
Loop diuretics use 0.078 1.333 [0.969–1.835]

Left ventricular mass 0.156 1.001 [1.000–1.002]

Relative wall thickness 0.480 0.734 [0.311–1.733]

Systolic pulmonary artery pressure 0.311 1.005 [0.995–1.016]

Tricuspid regurgitation severity grade 0.681 1.021 [0.923–1.130]

Mitral regurgitation severity grade 0.186 1.083 [0.962–1.218]

Tricuspid annulus plane systolic excursion 0.007 0.937 [ 0.894–0.982]

Left ventricular ejection fraction 0.039 0.982 [0.964–0.999]
Abbreviations: CI, confidence interval; HR, hazard ratio.

3.3. Kaplan–Meier Survival Analysis

Kaplan–Meier survival curves (Figure 1) demonstrated significant differences in event-
free survival across the four sex–diabetes groups (log-rank p = 0.015). Women without
diabetes showed the most favorable prognosis, maintaining the highest survival proba-
bility throughout follow-up. Women with diabetes and men without diabetes displayed
intermediate survival trajectories with comparable event-free survival curves. In contrast,
men with diabetes experienced the poorest outcomes, exhibiting the steepest early decline
and the lowest long-term event-free survival. This pattern highlights a clear interaction
between sex and diabetic status, with the combination of male sex and diabetes conferring
the greatest risk of adverse events.
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Figure 1. Kaplan–Meier curves showing event-free survival across the four sex–diabetes pheno-
types. Women without diabetes had the most favorable survival, whereas diabetic men showed the
steepest early decline and worst long-term prognosis (log-rank p = 0.015). Abbreviations: T2DM,
type 2 Diabetes Mellitus.

4. Discussion

In this study of 1018 patients with HFmrEF/HFpEF, we investigated how sex and
diabetes jointly influence clinical profiles and long-term outcomes. The main findings were
that women without diabetes exhibited the most favorable prognosis, diabetic women and
non-diabetic men showed intermediate risk, and diabetic men consistently demonstrated
the highest likelihood of HF rehospitalization. This stepwise gradient appeared across
baseline characteristics, structural and functional parameters, survival curves, and mul-
tivariable models. Importantly, our work provides novel insight by directly comparing
combined sex–diabetes phenotypes within a single HFmrEF/HFpEF cohort—an approach
not systematically explored in previous studies, which typically examined sex or diabetes
effects in isolation. By evaluating these modifiers together, we highlight a biologically co-
herent and clinically meaningful interaction that helps explain the heterogeneous outcomes
observed in patients with preserved-range EF.

4.1. Sex-Specific Differences in HFmrEF/HFpEF

Previous epidemiologic and imaging studies have shown that women with HFpEF
generally exhibit smaller LV cavities, greater concentric remodeling, higher ventricular–
arterial elastance, and lower myocardial fibrosis [3]. These structural advantages correlate
with the consistently lower mortality observed among women in trials such as CHARM-
Preserved, I-Preserve, and TOPCAT [4]. In line with these findings, women without
diabetes in our cohort showed the most favorable survival, suggesting that preserved
diastolic reserve, superior microvascular function, and lower fibrosis burden contribute to
a protective HF phenotype.

Men, on the other hand, demonstrated a phenotype characterized by larger LV
volumes, increased fibrosis, greater arrhythmia burden, and worse right ventricular–
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pulmonary artery coupling [3,5]. These pathophysiological features likely underlie the
poorer outcomes observed in both diabetic and non-diabetic men in our study. Notably,
even non-diabetic men had worse prognosis than diabetic women, consistent with registry
data showing male sex as an independent predictor of cardiac mortality [5].

4.2. Impact of Diabetes and Sex-Diabetes Interaction

Diabetes emerged as a key modifier of HF risk. Previous studies, including
DIAMOND-CHF [11] and a meta-analysis [7], demonstrated a disproportionately higher
relative HF risk in diabetic women. Mechanisms include enhanced endothelial dysfunc-
tion, microvascular rarefaction, inflammation, and loss of estrogen-mediated vascular
protection [3,6]. In our cohort, diabetic women had significantly worse outcomes than
non-diabetic women, and categorical findings—such as increased fatigue, atrial fibrillation
prevalence, and valvular dysfunction—suggested that diabetes may accelerate structural
deterioration in women.

Further support for the strong influence of diabetes on HF progression comes from
metabolic and epidemiological studies [12]. Diabetes induces a shift from glucose oxidation
toward fatty-acid oxidation, leading to impaired cardiac energetics, reduced contractile
efficiency, and both systolic and diastolic dysfunction, even in the absence of coronary
disease [13]. Hyperglycemia and insulin resistance additionally promote microvascu-
lar dysfunction, increased oxidative stress, local activation of the renin–angiotensin and
sympathetic nervous systems, and enhanced myocardial fibrosis [13]. These metabolic
disturbances explain why epidemiological data consistently demonstrate that diabetes
increases the risk of developing HF more than twofold in men and more than fivefold in
women [14,15], reinforcing the sex-specific vulnerability described in our cohort. More-
over, diabetes substantially increases recurrent HF hospitalizations and mortality across
both reduced and preserved EF phenotypes, aligning with the markedly higher rehospi-
talization rates observed among diabetic patients in our study. The CHARM program
similarly reported a twofold higher risk of cardiovascular death or HF hospitalization
in insulin-treated diabetics [15]. Collectively, these data strengthen the biological plausi-
bility of our findings, supporting diabetes as a major driver of adverse remodeling and
HF morbidity, and highlighting the importance of integrating metabolic status into risk
stratification frameworks.

However, despite this higher relative risk in women, men consistently experience
a greater absolute burden of adverse HF events [8,16]. This pattern was reflected in our
cohort: diabetic men had the highest comorbidity burden, most adverse remodeling, and
the steepest decline in event-free survival. Thus, although diabetes confers a stronger
relative risk in women, its absolute effect is most severe in men. These findings suggest
that sex–diabetes phenotypes capture both biological differences and clustering of adverse
comorbidities, with diabetic men representing a particularly high-risk subgroup even after
adjustment for age, renal function, and atrial fibrillation. The observed association between
atrial fibrillation and lower rehospitalization risk likely reflects differences in monitoring
intensity and healthcare contact rather than a protective biological effect.

Although part of the observed risk gradient may reflect clustering of comorbidities
across the four phenotypes, major HFpEF and HFmrEF trials and registries have con-
sistently demonstrated that sex and diabetes are not merely correlates of comorbidity
burden, but key modifiers of phenotype and prognosis. Sex-related differences in out-
comes and clinical profiles have been reported across trials such as CHARM-Preserved [15],
I-Preserve [17], and TOPCAT [18], with women demonstrating better survival despite a
substantial comorbidity burden. Furthermore, diabetes has repeatedly been associated
with higher rates of adverse outcomes in heart failure, including in the CHARM study. In
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this context, our findings are unlikely to be explained solely by comorbidity clustering
and instead appear to reflect distinct risk phenotypes in which sex and diabetes act as
meaningful modifiers within a broader comorbidity framework.

4.3. Structural, Functional, and Comorbidity Differences Across Phenotypes

Sex-specific anatomical and physiological differences further shape HF outcomes.
Women generally have smaller LV size, lower stroke volume, and higher pulsatile
load [19,20], while men more frequently develop ischemic scar and eccentric remodel-
ing [21]. With diabetes, these differences intensify: women exhibit more pronounced con-
centric LV hypertrophy, while men demonstrate greater fibrosis and ischemic injury [21].
Additional evidence shows faster HF progression and more pronounced LV hypertrophy
in diabetic patients, even at lower body-mass index, driven by oxidative stress, metabolic
dysfunction, microvascular impairment, and extracellular matrix remodeling [22].

In our study, baseline continuous and categorical variables reinforced this gradi-
ent. Women without diabetes were the oldest yet had the most preserved renal function.
Men—especially diabetic men—showed larger LV dimensions, greater LV mass, lower
TAPSE, more atrial fibrillation, higher smoking prevalence, and more severe tricuspid
regurgitation and mitral regurgitation grades. Diabetic patients exhibited higher glu-
cose levels and shorter time to first rehospitalization, emphasizing the close link between
metabolic dysfunction and HF progression.

4.4. Prognostic and Clinical Implications

Univariate Cox regression identified male sex, diabetes, smoking, NYHA class, TAPSE,
and LVEF as significant predictors of rehospitalization. After adjustment for NYHA class
and LVEF, male sex and diabetes remained independent predictors, underscoring their
strong and consistent prognostic effect across HFmrEF/HFpEF. Kaplan–Meier curves
showed a clear, stepwise separation of the four phenotypes, with women without diabetes
showing the best outcomes and diabetic men the worst.

Taken together, these findings support a unified mechanistic framework. Women with-
out diabetes appear to maintain a distinctly favorable cardiovascular profile, characterized
by preserved microvascular function, less fibrosis, and more efficient ventricular–vascular
coupling. The presence of diabetes alters this otherwise advantageous profile in women,
shifting them into an intermediate-risk category by amplifying metabolic stress, microvas-
cular dysfunction, and diastolic impairment. Men, even in the absence of diabetes, display
a phenotype that is intrinsically more vulnerable, marked by greater myocardial fibrosis,
more pronounced remodeling, and higher arrhythmic and ischemic burden. When dia-
betes is added to this already high-risk male substrate, the combined effect results in the
most pronounced structural deterioration and the poorest clinical outcomes, producing the
highest likelihood of recurrent HF decompensation observed in our cohort. This model
aligns with the mechanistic and epidemiologic patterns previously described [3,8,16].

Clinically, our findings reinforce the need for sex-specific and diabetes-specific risk
stratification in HFmrEF/HFpEF. Diabetic women require aggressive metabolic and car-
diovascular risk control given their disproportionate relative risk, whereas diabetic men
represent a uniquely high-risk endotype requiring intensified ischemic, arrhythmic, and
RV-focused evaluation. Recognizing non-diabetic women as the lowest-risk group may
refine follow-up intensity and therapeutic strategies. Incorporating sex–diabetes phenotyp-
ing into routine clinical assessment may therefore enhance personalized prognostication
and improve management across the HFmrEF/HFpEF spectrum.
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4.5. Limitations

This study has several limitations. First, its retrospective, single-center design may
limit generalizability and introduces the risk of residual confounding. Second, stratify-
ing patients into four sex–diabetes phenotypes, although essential to the study’s aim,
reduced statistical power for some subgroup comparisons. Third, key variables such as
glycemic control, diabetes duration, HbA1c values, diabetes-related complications, detailed
antidiabetic treatment and detailed ischemic burden were not consistently available and
may have influenced outcomes. Medication use was assessed at discharge only, without
information on dose, duration, or adherence. The higher prevalence of SGLT2 inhibitor
use among diabetic men likely reflects confounding by indication rather than treatment
effect. In addition, anthropometric measurements such as body mass index (BMI) and
body surface area (BSA) were not included because height was not systematically recorded,
precluding accurate calculation for most patients; to avoid bias arising from incomplete or
inconsistent data, BMI-, BSA-, and related indexed variables were therefore not analyzed.
Consequently, the inability to account for glycemic control, diabetes severity and intensity
of treatment may have led to residual confounding in the observed associations. Fourth,
echocardiographic measurements were obtained from routine clinical practice rather than
core-lab adjudication, allowing for potential measurement variability. Advanced echocar-
diographic parameters with demonstrated prognostic value in patients with HF were not
included due to the retrospective design of the study, and the use of left atrial diameter
instead of indexed left atrial volume may have underestimated atrial remodeling compared
with guideline-recommended parameters. Finally, heart failure rehospitalization—while
clinically relevant—may be affected by healthcare access and admission thresholds, and,
given the retrospective design and reliance on discharge diagnoses, misclassification of
events cannot be excluded, particularly for admissions occurring outside the study center.

5. Conclusions

Sex and diabetes strongly influence the risk of HF rehospitalization in HFmrEF/HFpEF,
with women without diabetes experiencing the lowest risk and diabetic men the highest.
Diabetes appears to attenuate the protective advantage seen in women, while male sex
is associated with greater diabetes-related vulnerability, potentially reflecting underlying
risk clustering. Our findings support integrating sex–diabetes profiling into routine risk
assessment and management.
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The following abbreviations are used in this manuscript:

BMI Body mass index
BSA Body surface area
EF Ejection fraction
eGFR Estimated glomerular filtration rate
ESC European Society of Cardiology
HF Heart failure
HFmrEF Heart failure with mildly reduce ejection fraction
HFpEF Heart failure with preserved ejection fraction
HR Hazard ratio
LV Left ventricle/ventricular
LVEF Left ventricular ejection fraction
NT-proBNP N-terminal pro-B-type natriuretic peptide
NYHA New York Heart Association
TAPSE Tricuspid annular plane systolic excursion
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Abstract

Background: Age over 50, menopause, obesity and type 2 diabetes (T2D) are key risk factors
for Metabolic dysfunction-associated steatotic liver disease (MASLD). This observational
study aimed to assess sex differences in anthropometric and clinical profile, including
non-invasive liver steatosis indices, in subjects with MASLD, obesity and/or T2D, aged
≥ 50 years. Methods: Anthropometric and clinical parameters, non-invasive indices for
steatosis and fibrosis and FibroScan® data were collected. Results: Among 213 patients
(65.7% women, median age 63.0 years and mean Body Mass Index (BMI 34.9 kg/m2), men
had higher body weight and waist circumference (WC), whereas women showed higher
BMI and waist-to-height ratio (WHtR), and were more likely to exceed WC sex-specific and
WHtR risk cut-offs. While transaminases values were higher in men, sex-specific cut-offs
revealed that women more frequently exceeded these thresholds. No sex-differences were
found for Fatty Liver Index (FLI), Fibrosis-4 (FIB-4) or FibroScan®, although higher rate
of mild fibrosis in women. The diagnostic accuracy of FLI for detecting steatosis was
significantly higher in men and unsatisfactory in women (Area Under the ROC Curve,
AUC 0.863 vs. 0.655). Conclusions: While MASLD is more common in men, these results
suggest that postmenopausal women with visceral obesity showed similar or worse liver
and cardiometabolic profiles than men, despite appearing healthier based on standard
clinical parameters. Notably, common markers like transaminases and the FLI were less
accurate in detecting steatosis in women, underscoring the need for sex-specific diagnostic
criteria and greater clinical attention to older women, particularly those with central obesity,
to ensure early identification and management of MASLD.

Keywords: MASLD; obesity; sex-differences; type 2 diabetes; fibrosis; steatosis; FibroScan
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1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) is the most common
chronic liver disease, affecting approximately 38.2% of adults worldwide [1–3]. It is
diagnosed by the presence of liver steatosis with at least one cardiometabolic risk factor [4,5]
and is associated with an increased risk of cardiovascular (CV) events and liver-related
complications [4].

Early diagnosis of MASLD is essential, highlighting the need for the implementation
of accessible, non-invasive and reliable diagnostic tools beyond standard reference imaging
techniques [6,7]. Persistently elevated liver enzymes, such as alanine aminotransferase (ALT)
and aspartate aminotransferase (AST), should prompt evaluation for metabolic dysfunction-
associated steatohepatitis (MASH) and advanced fibrosis [4]. However, many patients with
MASLD, MASH and advanced fibrosis may present with normal transaminase levels [4,8,9],
underscoring the limited diagnostic accuracy of liver enzymes alone. To improve early
detection, several non-invasive indices have been developed [10]. Among these, the Fatty
Liver Index (FLI) is the only validated marker with strong diagnostic and prognostic value for
identifying steatosis [6,11], while the Fibrosis-4 Index (FIB-4) is recommended for excluding
advanced fibrosis [4,12]. Although clinical evaluation, laboratory tests, and ultrasound can
help diagnose steatosis, they are not sufficient to assess its severity [7]. For this purpose,
vibration-controlled transient elastography (VCTE) serves as a valuable second-line tool,
providing a reliable estimate of both steatosis and fibrosis stage [4].

In the United States, the median age of people with MASLD was 50 years in 2015 [13],
highlighting significant influence of aging on disease development [14,15]. Age-related
changes in body composition are key contributors to the rising prevalence of MASLD and
associated metabolic disorders [16]. Beyond age, sex and menopausal status also play a
critical role [17–19], with notable sex-based differences in both the prevalence and severity
of the disease. Men consistently exhibit a higher prevalence of MASLD [20–22] across all
age groups, whereas in women, the risk increases with age [23], reaching or surpassing
that of men after menopause [19,22,24–26].

While sex-differences in MASLD are increasingly acknowledged [17,19,24,27,28], sex-
specific research, particularly studies using non-invasive diagnostic tools [29], in patients
over 50 remains limited.

This observational study aims to evaluate sex differences in a population of MASLD
over 50 years of age in anthropometric data, clinical profile (biochemical markers and
non-invasive indicators of steatosis, fibrosis and cardiometabolic risk), and FibroScan®

assessments. We will also evaluate the influence of sex on the FLI prediction of liver
steatosis (assessed by FibroScan®).

2. Materials and Methods

2.1. Study Design and Participants

A cross-sectional observational study was conducted in all consecutive patients
aged ≥ 50 years and diagnosed with MASLD [4,30,31] at the Diabetes and Obesity Clinic
of the Santa Maria Goretti Hospital in Latina, Italy, and the Obesity Medical Center of the
Policlinico Tor Vergata Hospital in Rome, Italy from September 2024 to April 2025.

This is a secondary analysis of cohort data collected for the purpose of evaluating the
efficacy of serum biomarkers in monitoring MASLD progression and metabolic complications
over time. Considering that menopause typically occurs between the ages of 45–55 [32], with
51 being the generally accepted as the average age [33,34], the use of age > 50 as a proxy for
menopausal status in women may help address this gap in the literature.

Exclusion criteria were as follows: (1) age younger than 50 years; (2) concomi-
tant chronic liver diseases (e.g., viral, drug-induced liver injury, autoimmune hepatitis,
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hemochromatosis, primary sclerosing cholangitis, primary biliary cholangitis); (3) the
presence of hepatocellular carcinoma or other malignancies; (4) excessive alcohol intake,
defined as intake of >140 g/week for women, >210 g/week for men, detected with Alcohol
Use Disorders Identification Test (AUDIT) questionnaire [4]; (5) clinical features sugges-
tive of endocrinological disorders (Cushing syndrome, hypothyroidism, acromegaly, or
Polycystic ovary syndrome); (6) pregnancy.

2.2. Anthropometric Assessment

Anthropometric measurements, including height (Ht), body weight (BW), and waist
circumference (WC), were obtained during the clinical visit. Height and weight were
measured with participants barefoot and wearing light clothing using a calibrated scale
equipped with a standard stadiometer. BMI was calculated as weight in kilograms divided
by the square of height in meters (kg/m2).

WC was measured at the level of the umbilicus with the patient standing upright, using
a non-elastic anthropometric tape. Abdominal obesity was defined as a waist circumference
≥80 cm in women and ≥94 cm in men as a marker of visceral obesity and high risk of
metabolic complications [4]. waist-to-height ratio (WHtR) was calculated by dividing WC
(cm) by Ht (cm), with a fixed threshold of ≥0.50 used to indicate increased cardiometabolic
risk [35].

2.3. Laboratory Analysis

After an overnight fast of at least 10 h, venous blood samples were obtained from all
participants for biochemical analysis. Laboratory assessments included measurements of
triglycerides (TG, mg/dL), total cholesterol (TC, mg/dL), high-density lipoprotein choles-
terol (HDL-C, mg/dL), fasting plasma glucose (FPG, mg/dL), alanine aminotransferase
(ALT, IU/L), aspartate aminotransferase (AST, IU/L), gamma-glutamyl transferase (GGT,
IU/L), serum creatinine (Cr, mg/dL), and C-reactive protein (CRP, mg/L).

Quantitative estimation of biochemical parameters was performed in the central labo-
ratory of the institute hospital participating to this study according to standard laboratory
procedures using proprietary reagents on the fully automated biochemical analyzer Abbott
Architect c16000 (Abbott Diagnostics, Abbott Park, IL, USA). Hemoglobin A1c (HbA1c) lev-
els were determined using a high-performance liquid chromatography analyzer (Lifotronic
Technology Co., Ltd., Shenzhen, China). Low-density lipoprotein cholesterol (LDL-C,
mg/dL) was estimated using the Friedewald formula.

2.4. Non-Invasive Liver Disease Assessment (NILDAs)

MASLD was diagnosed in patients with evidence of hepatic steatosis detected by ab-
dominal ultrasound or a FLI score ≥ 60 [30], in the presence of at least one cardiometabolic
risk factor and in the absence of daily alcohol consumption (defined as <210 g/week for
women and <140 g/week for men) or other liver diseases, in accordance with recent clinical
recommendations [4,31].

The FLI was calculated using the established formula that includes BMI, WC, TG, and GGT
levels [30]: [eˆ(0.953 × ln(TG) + 0.139 × BMI + 0.718 × ln(GGT) + 0.053 × WC − 15.745)]/[1 +
eˆ(0.953 × ln(TG) + 0.139 × BMI + 0.718 × ln(GGT) + 0.053 × WC − 15.745)] × 100.

Although the FLI was originally validated to identify NAFLD, recent studies have
shown that MASLD overlaps almost completely with the NAFLD population [36–39].

FIB-4 was determined by using the following formula: age [years] × AST [U/L]/(platelet
count [109/L] × √

(ALT [U/L])) (where
√

denotes the square root of ALT, measured in units
per liter) [4].

For each patients the AST/ALT ratio was calculated and a value of 0.8 was considered
to exclude advanced fibrosis [4].
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All participants underwent VCTE with FibroScan® Compact 530 after an overnight fast.
With the patient in the supine position and the right arm abducted, the ultrasound probe
was performed by professionally trained operators on the right lobe of the liver through
intercostal spaces. The median value of the successful liver stiffness measurement (LSM)
was expressed in kilopascals (kPa), while the median value of the successful Controlled
Attenuation Parameter (CAP) score was expressed in decibels per meter (dB/m). Only
LSM and CAP score data, acquired from at least 10 valid measurements, and IQR/median
for both LSM and CAP score of <30% were considered reliable. Hepatic steatosis was
simultaneously assessed by CAP and reported in decibels per meter (dB/m). Grades of
steatosis were defined as follows:

• S0 (no steatosis): <248 dB/m
• S1 (mild): 248–267 dB/m
• S2 (moderate): 268–279 dB/m
• S3 (severe): ≥280 dB/m [4,40].

Fibrosis staging was based on the following LSM thresholds:

• F0: <7.9 kPa
• F1 (significant): ≥7.9–9.4 kPa
• F2 (advanced): 9.5–12.4 kPa
• F3–4 (cirrhosis): ≥12.5 kPa

These cut-offs are consistent with established guidelines for non-invasive assessment
of liver fibrosis [4,41,42].

2.5. Cardiometabolic and Adipose Tissue Dysfunction Indices

Visceral adiposity index (VAI) was defined using WC, BMI, TG, and HDL-C according
to the published sex-specific formula:

Males: VAI = (WC [cm]/(39.68 + (1.88 × BMI [kg/m2]))) × (TG [mmol/L]/1.03) × (1.31/HDL [mmol/L])

Females: VAI = (WC [cm]/(36.58 + (1.89 × BMI [kg/m2]))) × (TG [mmol/L]/0.81) × (1.52/HDL [mmol/L])

A VAI cut-off of 1.93 was used to identify adipose tissue dysfunction [43,44].
The TyG Index (TyG) was calculated as: Ln [TG (mg/dL) × fasting glucose (mg/dL)/2].
TyG-WHtR [45,46] was calculated as TyG index x WHtR.

2.6. Lifestyle and Other Variables

Data on age (years), sex, T2D and hypertension diagnosis, use of antihypertensive
or antihyperlipidemic medication, cigarette smoking status were collected through oral
interviews. Smoking status was classified into three categories: current smoker, former
smoker, and never smoker. T2D was defined as fasting plasma glucose ≥ 126 mg/dL,
2-h plasma glucose ≥ 200 mg/dL after a 75-g oral glucose tolerance test, HbA1c ≥ 6.5%,
clinical diagnosis by a clinician, and/or use of antidiabetic medication [47]. Hypertension
was defined as systolic blood pressure (SBP) ≥ 140 mmHg and/or diastolic blood pressure
(DBP) ≥ 90 mmHg or current use of antihypertensive medication.

Alcohol consumption was assessed using the validated Alcohol Use Disorders Identi-
fication Test (AUDIT) questionnaire. A score below 8 was considered indicative of low-risk
drinking or abstinence [48]. In addition, alcohol consumption was quantified as the average
number of standard drinks consumed per week.

Adherence to the Mediterranean diet was assessed using the adapted 14-item Mediter-
ranean Diet Adherence Screener (MEDAS). A score of ≥9 was used as the threshold to
categorize participants into high or low adherence groups [49].
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2.7. Ethics Statement

The study was conducted in accordance with the Declaration of Helsinki [50], and
approved by the “Comitato Etico Lazio 1”, the Ethics Committee of the Lazio Region
(reference no. 7421, protocol code 0038/2024 and date of approval 10 January 2024).
Written informed consent was obtained from all participants.

2.8. Statistical Analysis

Calculation of the sample size required to detect a medium effect size (Cohen’s d = 0.5)
at a significance level of α = 0.05 and a desired power of 0.90 indicated a total sample size
of 192 participants, including 64 in group 1 and 128 in group 2 (Power estimation was
performed using G-Power version 3.1.9.4 software; Heinrich Heine University Düsseldorf,
Düsseldorf, Germany).

The Kolmogorov-Smirnov test was used to assess the normality of the data distribution.
Group comparisons were performed using Student’s t-test, Mann-Whitney U test, or chi-
squared test, as appropriate. Continuous variables were expressed as mean ± standard
deviation (SD) for normally distributed data or as median and interquartile range (IQR) for
non-normally distributed data. Categorical variables were expressed as percentages.

A multivariate analysis of variance (MANOVA) was performed to examine the significant
effect of sex on two dependent variables (CAP and LSM), adjusted for potential confounders.

Logistic regression model was used to evaluate the predictive ability of FLI for liver
steatosis defined by CAP ≥ 248 dB/m, with adjustment for confounders and Receiver
Operating Characteristic (ROC) curves were generated separately for men and women. To
test the statistical difference between the two AUC curves, the DeLong test statistic was
applied (using the free statistical software R 4.5.1).

Sex-stratified cross-tab analyses were performed to assess the association between
FLI ≥ 60 and liver steatosis (CAP ≥ 248 dB/m), and sensitivity, specificity, positive and
negative predictive values and accuracy of this cut-off were calculated for each sex.

In all analyses, a p-value < 0.05 was considered statistically significant. Statistical
analyses were performed with SPSS software (version 21.0, IBM Corp, Armonk, NY, USA).

3. Results

A total of 213 patients were included in the analysis (Participants flow-diagram Figure
S1 Supplementary Materials). General and anthropometric characteristics of the study
population are shown in Table 1. In the overall population, women accounted for 65.7%
(140/213). The median age was 63.0 years (62.7–64.6), with a mean BMI of 34.9 kg/m2

(±5.5), median BW of 92.5 kg (92.9–97.7), mean WC of 114.2 (±12.7), and mean WHtR of
0.68 (±0.07). High prevalence of comorbidities such as T2D, hypertension and dyslipidemia
have been observed in the overall population, without significant sex-differences. Higher
significant percentage of men were active smokers (16.4% vs. 8.6%, p < 0.001) and former
smokers (39.7% vs. 17.1%, p < 0.001), while no significant sex differences were observed for
adherence to the Mediterranean diet assessed by MEDAS scores.

With regard to anthropometric parameters, body weight and WC were significantly
higher in men compared to women (102.0 (99.5–107.5) vs. 88.5 (88.1–93.7) kg p < 0.001;
117.1 ± 12.4 vs. 112.7 ± 12.6 cm, p < 0.001). In contrast, WHtR was significantly higher
in women than in men (0.69 ± 0.07 vs. 0.64 ± 0.12, p < 0.001), with the same trend for
BMI (35.4 ± 5.6 vs. 33.8 ± 5.1 kg/m2, p = 0.051). Furthermore, the proportion of patients
exceeding the sex-specific WC risk thresholds and those with a WHtR > 0.5 was significantly
higher in women than in men (100% vs. 91.8%; 100% vs. 95.9%, p = 0.02, respectively).

With regard to biochemical and clinical parameters (Table 2), women had significantly
higher levels of total cholesterol (181.3 ± 41.1 vs. 162.5 ± 38.8, mg/dL, p = 0.001) and
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LDL-C (105.6 ± 36.9 vs. 88.6 ± 34.3, mg/dL, p = 0.02) than men. HDL-C levels were higher
in women (52.0 (51.9–55.9) mg/dL) vs. 47.0 (45.5–56.7) mg/dL), although lower than the
normal sex-specific HDL-cholesterol cut-offs. With regard to chronic low-grade inflamma-
tion, CRP concentrations were significantly higher in women than in men (0.35 (0.4–0.7) vs.
0.30 (0.2–0.6) mg/dL, p = 0.001).

Table 1. General and anthropometric characteristics of the study population.

Overall
(n = 213)

Men
(n = 73)

Women
(n = 140)

p-Value

Age (years) 63.0 (62.7–64.6) 63.0 (62.8–66.2) 63.0 (61.9–64.2) 0.10

Diabetes (%) 48.3 57.5 43.6 0.06

Hypertension (%) 76.5 76.7 76.4 0.97

Dyslipidemia (%) 63.4 63.0 63.6 0.88

Antihyperlipidemic drugs (%) 56.8 61.6 55.0 0.46

Current smokers (%) 11.3 16.4 8.6 0.001

Ex-smokers (%) 24.8 39.7 17.1 0.001

Medas ≥ 9 (%) 41.8 43.8 40.7 0.88

Weight (kg) 92.5 (92.9–97.7) 102.0 (99.5–107.5) 88.5 (88.1–93.7) 0.001

BMI (kg/m2) 34.9 ± 5.5 33.8 ± 5.1 35.4 ± 5.6 0.051

WC (cm) 114.2 ± 12.7 117.1 ± 12.4 112.7 ± 12.6 0.001

WC > 80 cm for women and WC > 94 cm
for men (%) 91.8 100 0.02

WHtR 0.68 ± 0.07 0.64 ± 0.12 0.69 ± 0.07 0.001

WHtR > 0.5 (%) 98.6 95.9 100 0.02

Data are expressed as mean ± standard deviation (SD), number [n (%)] or median (interquartile range [IQR]).
Medas: Mediterranean Diet Adherence Screener; BMI: Body Mass Index; WC: Waist circumference; WHtR:
Waist-to-height ratio.

Table 2. Biochemical and clinical parameters.

Overall Men Women p-Value

SBP (mmHg) 130.0 (129.1–133.5) 130.0 (126.3–134.4) 131.2 (129.2–134.4) 0.67

DBP (mmHg) 80.0 (78.5–81.4) 80.0 (78.2–82.8) 80.0 (77.7–81.6) 0.87

FBG (mg/dL) 99.0 (100.6–109.0) 104.0 (104.9–118.8) 96.0 (95.8–106.5) 0.001

HbA1c (%) 6.0 (5.9–6.8) 6.2 (6.0–6.7) 5.9 (5.8–7.0) 0.17

HbA1c (mmol/mol) 42.0 (42.9–46.3) 44.0 (42.9–52.2) 41.0 (41.1–44.8) 0.15

Total cholesterol (mg/dL) 175.1 ± 41.3 162.5 ± 38.8 181.3 ± 41.1 0.001

LDL cholesterol (mg/dL) 98.5 ± 36.8 88.6 ± 34.3 105.6 ± 36.9 0.02

HDL cholesterol (mg/dL) 50.0 (50.7–55.1) 47.0 (45.5–56.7) 52.0 (51.9–55.9) 0.001

TG (mg/dL) 122.5 ± 49.5 124.9 ± 60.4 119.7 ± 42.9 0.52

CRP (mg/dL) 0.30 (0.4–0.6) 0.30 (0.2–0.6) 0.35 (0.4–0.7) 0.001

Creatinine (mg/dL) 0.85 ± 0.2 1.01 ± 0.19 0.77 ± 0.18 0.001

ALT (U/L) 21.0 (22.7–27.1) 25.5 (24.4–32.4) 19.0 (20.6–25.7) 0.001

AST (U/L) 21.0 (21.7–24.7) 22.0 (22.2–27.9) 21.0 (20.6–23.6) 0.29

GGT (U/L) 24.0 (21.8–32.2) 28.5 (28.9–45.5) 22.0 (21.8–32.2) 0.02

Data are expressed as mean ± standard deviation (SD), number [n (%)] or median (interquartile range [IQR]).
SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; FBG: Fasting Blood Glucose; HbA1c: Glycated
Hemoglobin; LDL: Low-Density Lipoprotein; HDL: High-Density Lipoprotein; TG: Triglycerides; CRP: C-Reactive
Protein; ALT: Alanine Aminotransferase; AST: Aspartate Aminotransferase; GGT: Gamma-Glutamyl Transferase.

The median values of ALT, AST and GGT were within the normal range in the whole
population (21.0 (22.7–27.1); 21.0 (21.7–24.7); 24.0 (21.8–32.2)). However, ALT and GGT
were significantly higher in men than in women (25.5 (24.4–32.4) vs. 19.0 (20.6–25.7) U/L,
p = 0.001; 28.5 (28.9–45.5) vs. 22.0 (21.8–32.2) U/L, p = 0.02).
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As regards NILDAs, FLI and FIB-4 did not show statistically significant differences
between men and women (Table 3). However, the median AST/ALT ratio was significantly
higher in women (1.1 (1.0–1.1) vs. 0.9 (0.8–1.0), p < 0.001), as was the proportion of women
exceeding the clinical threshold of 0.8 (71.4% vs. 57.5%, p < 0.001). Furthermore, using the
updated sex-specific cut-offs (≥33 U/L in men and ≥ 25 U/L in women for ALT and ≥30 U/L
in men and ≥26 U/L in women for AST) [4,51], the proportions of women with above-normal
levels was higher than that of men for ALT and AST respectively (30.7% vs. 24.6%, p = 0.06;
24.3% vs. 19.2%, p = 0.09), although not significant. Among indicators of cardiometabolic risk
and visceral adiposity, VAI was significantly higher in women than in men (1.97 (1.9–2.3) vs.
1.38 (1.4–2.1), p < 0.001). Similarly, the TyG-WHtR index was significantly higher in women
(6.0 ± 0.8 vs. 5.6 ± 1.0, p = 0.02). A higher proportion of women than men had VAI values
above the critical threshold of 1.93 (47.8% vs. 30.1%, p = 0.046).

Table 3. NILDAs, cardiometabolic and adipose tissue dysfunction indices.

Overall Men Women p-Value

FLI 88.1 (77.7–83.5) 92.5 (75.9–86.9) 86.0 (76.7–83.6) 0.31

FIB-4 1.45 (1.4–1.6) 1.43 (1.43–1.71) 1.45 (1.40–1.52) 0.75

AST/ALT 1.0 (1.0–1.1) 0.9 (0.8–1.0) 1.1 (1.0–1.1) 0.001

AST/ALT > 0.8 (%) 66.7 57.5 71.4 0.001

ALT ≥ 33 U/L for men and
≥25 U/L n (%) 24.6 30.7 0.06

AST ≥ 30 U/L for men and
≥26 U/L n (%) 19.2 24.3 0.09

TyG-WHtR 5.9 ± 0.9 5.6 ± 1.0 6.0 ± 0.8 0.02

VAI 1.82 (1.8–2.1) 1.38 (1.4–2.1) 1.97 (1.9–2.3) 0.001

VAI > 1.93 (%) 41.8 30.1 47.8 0.046

Data are expressed as mean ± standard deviation (SD), number [n (%)] or median (interquartile range [IQR]). FLI:
Fatty Liver Index; FIB-4: Fibrosis-4 Index; AST/ALT: Alanine Aminotransferase to Aspartate Aminotransferase
ratio; ALT: Alanine Aminotransferase; AST: Aspartate Aminotransferase; TyG-WHtR: TyG-waist-to-height ratio;
VAI: Visceral Adiposity Index (cut-off > 1.93 indicates increased cardiometabolic risk).

The results obtained by VCTE (Table 4) showed that the median CAP value was
significantly higher in men than in women (294.5 ± 50.9 vs. 277.4 ± 46.9 dB/m, p = 0.02),
while no sex-differences were observed for LSM values. When analyzing the distribution
of the degree of steatosis and fibrosis based on CAP and LSM thresholds, no significant
sex-differences were found. However, a slight trend towards a higher prevalence of mild
fibrosis (F1) was observed in women compared to men (16.5% vs. 8.2%, p = 0.07).

Table 4. Sex-based analysis of VCTE parameters.

Overall Men Women p-Value

CAP (dB/m) 283.0 ± 48.9 294.5 ± 50.9 277.4 ± 46.9 0.02

CAP S0 (%) 22.5 (48/213) 16.4 (12/73) 25.7 (36/140) 0.29

CAP S1 (%) 13.6 (29/213) 17.8 (13/73) 11.4 (16/140) 0.29

CAP S2 (%) 11.7 (25/213) 10.9 (8/73) 12.1 (17/140) 0.82

CAP S3 (%) 53.0 (113/213) 57.5 (42/73) 50.7 (71/140) 0.32

LSM (kPa) 5.8 (5.9–6.5) 5.9 (5.9–6.9) 5.8 (5.7–6.4) 0.38

LSM F0 (%) 77.5 (165/213) 79.4 (58/73) 76.4 (107/140) 0.60

LSM F1 (%) 13.6 (29/213) 8.2 (6/73) 16.5 (23/140) 0.07

LSM F2 (%) 7.5 (16/213) 9.6 (7/73) 6.5 (9/140) 0.58

LSM F3–F4 (%) 1.4 (3/213) 2.7 (2/73) 0.7 (1/140) 0.55

Data are expressed as mean ± standard deviation (SD), number [n (%)] or median (interquartile range [IQR]).
CAP: Controlled Attenuation Parameter; LSM: Liver Stiffness Measurement.

Multivariate analysis (Table S2 in the Supplementary Materials) confirmed the signifi-
cant effect of sex and diabetes on CAP and LSM. Univariate analysis showed a significant
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effect of sex on CAP and diabetes on LSM. Other factors (age, smoking, dyslipidemia,
hypertension) had no significant effect on CAP and/or LSM.

Logistic Regression Model used to evaluate the ability of FLI to predict liver steatosis as
defined by CAP ≥ 248 dB/m (Table 5) reports the estimated coefficients and their confidence
intervals, which were significantly higher in men compared to women. Furthermore, the
model showed lower explanatory power in women, accounting for less variability in
CAP values than in men, even after adjustment for confounders (diabetes, dyslipidemia,
hypertension, smoking, age) (Table S3 Supplementary Materials).

Table 5. Logistic regression model with FLI predicting CAP ≥ 248 dB/m.

Beta Coefficient Sig. Exp(B)
95% CI per EXP(B)

Lower Upper

Women
FLI 0.026 0.018 1.026 1.004 1.049

Constant −0.845 0.331 0.430

Men
FLI 0.064 0.001 1.066 1.026 1.107

Constant −3.220 0.022 0.040
FLI: Fatty Liver Index; Sig.: significance level; EXP(B): exponentiated coefficient (odds ratio); CI: confidence
interval. For women: −2 Log Likelihood = 124.764, Cox & Snell R2 = 0.046, Nagelkerke R2 = 0.069. For men:
−2 Log Likelihood = 38.039, Cox & Snell R2 = 0.228, Nagelkerke R2 = 0.375.

The ROC analysis (Figure 1) showed that the diagnostic accuracy of the FLI for the
detection of liver steatosis (CAP ≥ 248 dB/m) was significantly higher in men than in
women. In women the Area Under the ROC Curve (AUC) was 0.655 (95% CI: 0.542–0.767,
p = 0.014), whereas in men the AUC was 0.863 (95% CI: 0.731–0.995, p < 0.001). The
difference between the two AUC was significant (p = 0.015).

Figure 1. Sex-based analysis of Receiver Operating Characteristic (ROC) curves for FLI in predicting
liver steatosis (CAP ≥ 248 dB/m). AUC: Area Under the ROC Curve.

In men, FLI ≥ 60 showed a sensitivity of 93.5%, a specificity of 70.0% with an overall
diagnostic accuracy of 89.3% in predicting hepatic steatosis (i.e., CAP ≥ 248 dB/m). In
women, while sensitivity remained high (90.2%), specificity dropped to 28.6% and negative
predictive value (NPV) was only 47.1%, indicating a significant rate of false negatives
(Table 6). The detailed contingency tables and chi-square test statistics are provided in
Supplementary Materials Table S1.
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Table 6. Sex-based analysis of diagnostic performance of the FLI ≥ 60 in predicting liver steatosis
(CAP ≥ 248 dB/m).

Men Women

Sensitivity (%) 93.5
(CI 95%: 86.4–99.6%)

90.2
(CI 95%: 82.6–95.3%)

Specificity (%) 70.0
(CI 95%: 41.6–98.4%)

28.6
(CI 95%: 13.2–48.7%)

Positive Predictive Value (%) 93.5
(CI 95%: 86.4–99.6%)

80.6
(CI 95%: 71.9–87.6%)

Negative Predictive Value (%) 70.0
(CI 95%: 41.6–98.4%)

47.1
(CI 95%: 23.0–72.2%)

Overall Accuracy (%) 89.3
(CI 95%: 81.2–97.4%)

75.8
(CI 95%: 67.1–83.1%)

Data are expressed as percentage (%). CI (Confidence Interval).

4. Discussion

Although MASLD is less prevalent in women [52,53], particularly during their re-
productive years [24,54], its prevalence rises significantly after menopause [27], reaching
levels comparable to those in men by around age 50, especially among individuals with
obesity [17,55–58].

However, despite this convergence in prevalence, sex-related differences in clinical
presentation, disease progression, and outcomes beyond midlife remain poorly defined.

Our results suggest that, after menopause, although women may appear metabolically
healthier based on conventional clinical and biochemical parameters, a sex-specific analysis
reveals a more unfavorable liver profile: despite mean transaminase levels were higher in
men, applying sex-specific cut-offs (i.e., ALT ≥ 25 U/L and AST ≥ 26 U/L) [4,51] revealed
a higher proportion of abnormal ALT and AST in women. Anyway, the proportion of
individuals with elevated enzyme levels remained low in both sexes, consistent with
existing evidence that plasma aminotransferases are weak indicators of MASLD [4,59],
highlighting the need for additional diagnostic assessment.

NILDAs analysis also revealed similar mean FLI and FIB-4 levels in both sexes, and
men had significantly higher mean CAP than women. On the other hand, when the
population was stratified based on standard CAP and LSM cut-offs for steatosis and
fibrosis, we found that the rate of early fibrosis (F1) was almost doubled in women. In
addition, women had a higher AST/ALT ratio than men, which is recognized as a marker
of liver inflammation [4]. This is supported by several studies reporting a higher AST/ALT
ratio in women despite lower liver enzyme levels [60–62] or similar [63] to those in men.
Moreover, a greater proportion of women also exceeded the AST/ALT ratio threshold
associated with long-term liver complications, such as fibrosis [64], which is the strongest
predictor of poor outcomes in MASLD [4].

Adipose tissue distribution changes with age and differs significantly between
sexes [15,57], approximately doubling in men and quadrupling in women over time [65].
The age-related increase in VAT is reflected in higher WC, WHtR and BMI [66,67], partic-
ularly after menopause [68,69]. Notably, women tend to develop MASLD at higher total
body fat percentages than men, with abdominal obesity [70], especially visceral obesity
being an independent risk factor [69]. A large meta-analysis also reported consistently
higher WHtR values in women with MASLD compared to men [71]. However, WC may un-
derestimate visceral fat in postmenopausal women [69], as it primarily reflects SAT [72,73],
or a mix of SAT and VAT [74], and appears to be a reliable marker of liver fat only in
men [62,69]. Despite this limitation, the use of sex-specific WC thresholds improves risk
stratification in women [75], as seen in our study.

In men, lower subcutaneous adipose tissue (SAT) levels contribute to greater ectopic
fat deposition throughout life [25,70]. In contrast, women generally have higher SAT
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and benefit from a protective premenopausal hormonal environment [56,76]. During the
menopausal transition, fat initially accumulates in SAT, followed by a gradual increase in
total body fat and VAT [77], which helps delay the accumulation of fat in the liver [25].

The difference in SAT and VAT before and after menopause in women may also explain
the differences in ALT and CRP levels observed in our study. Elevated liver enzymes, reflecting
fat accumulation in the liver [78], are generally higher in men. However, both SAT and VAT
are associated with markers of chronic inflammation, such as CRP [79]. In addition, the
correlation between visceral fat and CRP appears to be stronger in women than in men [80–82].
Supporting this, studies on normal-weight subjects with obesity (NOW) have reported higher
ALT in men, but higher CRP in women, compared to lean controls [83].

In our study, although higher absolute body weight and WC in men suggest a greater
metabolic burden, sex-specific cut-offs show that women have increased total and visceral
adiposity combined with more frequent early-stage liver fibrosis (F1). In addition, elevated
cardiometabolic indices (e.g., VAI, TyG-WHtR) and more frequent exceeding of thresholds
for these indices suggest greater metabolic dysregulation after menopause, likely driven by
visceral adipose dysfunction and increased systemic inflammation, which may contribute
to the observed sex differences after menopause [25].

In our population, a FLI was a good indicator of steatosis in men, but lacked specificity
and negative predictive value in women. ROC analysis, also, highlights a low ability of FLI
showed to detect hepatic steatosis in women, even after adjustment for several risk factors.
On the other hand, the AASLD has reported limited accuracy of the CAP in quantifying
hepatic steatosis [84], with measurement failures more common in female sex, probably
due to differences in fat distribution [85]. These findings suggest that cut-off values for both
CAP and LSM should be sex-specific, especially for postmenopausal women. Similarly,
since sex-specific thresholds have been proposed for FLI components such as WC [86],
the same consideration applies to the FLI score, which incorporates WC, and to the FIB-4
index, which has reduced accuracy in older adults [4]. However, neither index currently
includes sex as a variable.

Although a FLI ≥ 60 in postmenopausal women shows limited accuracy in predicting
steatosis as assessed by CAP, it still indicates an underlying metabolic risk especially when
combined with other parameters associated with increased risk, such as WHtR, BMI, and
WC. Some studies recommend substantially lower FLI cut-offs for women [11,86–88] up to
50% lower in those over 50, to improve detection accuracy in this group [11].

Overall, this supports the hypothesis that women with a positive FLI but no steatosis
detected by CAP may be in the early stages of MASLD (S0-S1), that CAP may underestimate
steatosis in women, and that fibrosis may develop even in the absence of CAP-detected
liver steatosis.

This may explain the observed “sex paradox”, characterized by a non-linear tra-
jectory of MASLD prevalence and progression across different ages and metabolic risk
factors [19,25]. In fact, in our study, women showed more frequent early-stage fibrosis
(F1) despite lower CAP values, whereas men had higher absolute CAP. This aligns with
a large meta-analysis showing that although women have a lower overall prevalence of
MASLD, they face a similar risk of MASH and an even higher risk of advanced fibrosis than
men, especially after menopause [25]. Severe metabolic and inflammatory profiles were
particularly evident in women at risk for MASH [89], and metabolic syndrome increased
the risk of liver fibrosis by 2.7-fold, even without clear hepatic steatosis [90]. These findings
are consistent with less favorable metabolic and inflammatory profiles observed in women,
which may drive fibrosis progression despite lower CAP values.

The latest EASL-EASD-EASO guidelines identify men over 50, postmenopausal
women, and individuals with multiple cardiometabolic risk factors as being at increased
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risk for progressive fibrosis and cirrhosis [4]. Therefore, this results highlight that women
with MASLD, especially those over 50, should be evaluated for MASLD, MASH and fibrosis
with equal or greater clinical vigilance compared to men [57].

These results must be interpreted taking into account the objectives and limitations.
First, the identification of MASLD relied on non-invasive methods such as FLI and ab-
dominal ultrasound rather than liver biopsy, which remains the gold standard for diag-
nosing liver fibrosis. However, FLI has shown predictive value for steatosis in various
populations [30,91,92]. Second, the study was conducted exclusively in individuals with
obesity, limiting the generalizability of the findings to MASLD patients without obesity.
Third, the study is based on self-reported dietary and alcohol intake data obtained through
questionnaires, which may be subject to recall bias. Fourth, because of its cross-sectional
design, the study can detect associations but not causal relationships.

Key strengths include a well-characterized study population and the use of multiple
non-invasive indices to assess steatosis, fibrosis, and cardiometabolic risk. Notably, the
inclusion of VCTE provides a reliable assessment of hepatic steatosis and fibrosis. VCTE
is a validated, cost-effective and non-invasive alternative to magnetic resonance elastog-
raphy and liver biopsy, with strong correlation to histological findings in patients with
NAFLD [93]. Importantly, this study specifically focused on individuals over 50 years
of age, enabling a more accurate examination of sex-differences in a population where
MASLD prevalence and progression are more comparable between men and women, thus
addressing a critical gap in the existing literature.

5. Conclusions

While MASLD has historically been considered more prevalent in men, projections
suggest a faster rate of increase among women by 2040 [94]. Similar to CV disease [95,96],
MASLD in women often appears later, typically after menopause, and is associated with a
greater burden of comorbidities and complications [25], higher mortality [97], increased
cirrhosis prevalence [98], and a higher likelihood of being listed for liver transplantation [99].
Despite these risks, research focusing on middle-aged women remains limited, revealing a
diagnostic gap similar to that in cardiovascular care, where the lack of sex-specific analyses
has contributed to underdiagnosis and undertreatment in women [100].

The results of this study suggest that a more tailored approach is critical in post-
menopausal women, especially those over 50, where increases in visceral fat may accelerate
the progression of MASLD in women, even though healthier clinical appearances may
delay diagnosis [25]. In particular, transaminase levels and FLI do not reliably identify liver
steatosis in women compared to men, whereas the use of anthropometric height-adjusted
measures and non-invasive markers of fibrosis and steatosis, together with the application
of sex-specific cut-offs, may help to reveal a comparable or slightly higher burden of disease
associated with visceral fat accumulation in women. Therefore, to prevent disease pro-
gression, especially after age 50, women may require closer clinical monitoring [25] using
multiple non-invasive tools in addition to sex-specific cut-offs to enable early detection of
these higher-risk female patients.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biomedicines13092292/s1, Figure S1: Participants flow
diagram; Table S1: Contingency tables (FLI vs. CAP ≥ 248) and chi-square test results, stratified by
sex; Table S2: Multivariate analysis of variance (MANOVA) on the dependent variables (CAP and
LSM); Table S3: Logistic Regression Model for the Association Between FLI and CAP ≥ 248 adjusted
for confounders; Strobe Checklist S4: Strobe Checklist.

63



Biomedicines 2025, 13, 2292

Author Contributions: Conceptualization, D.C., V.G. and A.M.; Methodology, L.C., M.E.P., M.C., S.P.
and B.R.; Data curation: I.M., M.E.P. and M.C.; writing—original draft, and formal analysis, I.M.;
writing—review and editing, I.M., M.E.P. and L.C.; Supervision, D.C. and V.G.; Validation, D.C., V.G.,
A.M., P.S. and F.L. All authors have read and agreed to the published version of the manuscript.

Funding: D.C., V.G., A.M. are supported by PRIN PNRR 2022, P2022C5Y3H.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki [50], and approved by the “Comitato Etico Lazio 1”, the Ethics Committee of the Lazio
Region (reference no. 7421, protocol code 0038/2024 and date of approval 10 January 2024).

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

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: During the preparation of this manuscript, the authors used ChatGPT (version
GPT-4, OpenAI, San Francisco, CA, USA) for the text summary and revision. The authors have
reviewed and edited the output and take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Younossi, Z.M.; Golabi, P.; Paik, J.M.; Henry, A.; Van Dongen, C.; Henry, L. The global epidemiology of nonalcoholic fatty liver
disease (NAFLD) and nonalcoholic steatohepatitis (NASH): A systematic review. Hepatology 2023, 77, 1335–1347. [CrossRef]

2. Miao, L.; Targher, G.; Byrne, C.D.; Cao, Y.-Y.; Zheng, M.-H. Current status and future trends of the global burden of MASLD.
Trends Endocrinol. Metab. 2024, 35, 697–707. [CrossRef]

3. Paik, J.M.; Golabi, P.; Younossi, Y.; Srishord, M.; Mishra, A.; Younossi, Z.M. The Growing Burden of Disability Related to
Nonalcoholic Fatty Liver Disease: Data from the Global Burden of Disease 2007–2017. Hepatol. Commun. 2020, 4, 1769–1780.
[CrossRef]

4. Tacke, F.; Horn, P.; Wong, V.W.-S.; Ratziu, V.; Bugianesi, E.; Francque, S.; Zelber-Sagi, S.; Valenti, L.; Roden, M.; Schick, F.; et al.
EASL–EASD–EASO Clinical Practice Guidelines on the management of metabolic dysfunction-associated steatotic liver disease
(MASLD). J. Hepatol. 2024, 81, 492–542. [CrossRef]

5. Gastaldelli, A.; Newsome, P.N. NAFLD vs. MASLD (Metabolic Dysfunction–Associated Steatotic Liver Disease)—Why the Need
for a Change of Nomenclature? J. Clin. Endocrinol. Metab. 2025, 110, e2407–e2410. [CrossRef]

6. Eslam, M.; Newsome, P.N.; Sarin, S.K.; Anstee, Q.M.; Targher, G.; Romero-Gomez, M.; Zelber-Sagi, S.; Wong, V.W.-S.; Dufour,
J.-F.; Schattenberg, J.M.; et al. A new definition for metabolic dysfunction-associated fatty liver disease: An international expert
consensus statement. J. Hepatol. 2020, 73, 202–209. [CrossRef]

7. Bozic, D.; Podrug, K.; Mikolasevic, I.; Grgurevic, I. Ultrasound Methods for the Assessment of Liver Steatosis: A Critical Appraisal.
Diagnostics 2022, 12, 2287. [CrossRef]

8. Sun, D.-Q.; Zheng, K.I.; Xu, G.; Ma, H.-L.; Zhang, H.-Y.; Pan, X.-Y.; Zhu, P.-W.; Wang, X.-D.; Targher, G.; Byrne, C.D.; et al.
PNPLA3 rs738409 is associated with renal glomerular and tubular injury in NAFLD patients with persistently normal ALT levels.
Liver Int. 2020, 40, 107–119. [CrossRef]

9. Umehara, T. Nonalcoholic fatty liver disease with elevated alanine aminotransferase levels is negatively associated with bone
mineral density: Cross-sectional study in U.S. adults. PLoS ONE 2018, 13, e0197900. [CrossRef]

10. Noureddin, M.; Loomba, R. Nonalcoholic fatty liver disease: Indications for liver biopsy and noninvasive biomarkers. Clin. Liver
Dis. 2012, 1, 104–107. [CrossRef]

11. Crudele, L.; De Matteis, C.; Novielli, F.; Di Buduo, E.; Petruzzelli, S.; De Giorgi, A.; Antonica, G.; Berardi, E.; Moschetta, A. Fatty
Liver Index (FLI) is the best score to predict MASLD with 50% lower cut-off value in women than in men. Biol. Sex. Differ. 2024,
15, 43. [CrossRef]

12. Hernandez Roman, J.; Siddiqui, M.S. The role of noninvasive biomarkers in diagnosis and risk stratification in nonalcoholic fatty
liver disease. Endocrinol. Diabetes Metab. 2020, 3, e00127. [CrossRef]

13. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic fatty liver
disease—Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64, 73. [CrossRef]

14. He, Q.-J.; Li, Y.-F.; Zhao, L.-T.; Lin, C.-T.; Yu, C.-Y.; Wang, D. Recent advances in age-related metabolic dysfunction-associated
steatotic liver disease. World J. Gastroenterol. 2024, 30, 652–662. [CrossRef]

15. Yadav, A.K.; MacNeill, J.J.; Krylov, A.; Ashrafi, N.; Mimi, R.A.; Saxena, R.; Liu, S.; Graham, S.F.; Wan, J.; Morral, N. Sex- and
age-associated factors drive the pathophysiology of MASLD. Hepatol. Commun. 2024, 8, e0523. [CrossRef]

64



Biomedicines 2025, 13, 2292

16. Chen, H.; Liu, Y.; Liu, D.; Liang, Y.; Zhu, Z.; Dong, K.; Li, H.; Bao, Y.; Wu, J.; Hou, X.; et al. Sex- and age-specific associations
between abdominal fat and non-alcoholic fatty liver disease: A prospective cohort study. J. Mol. Cell Biol. 2023, 15, mjad069.
[CrossRef]

17. Lonardo, A.; Suzuki, A. Sexual Dimorphism of NAFLD in Adults. Focus on Clinical Aspects and Implications for Practice and
Translational Research. J. Clin. Med. 2020, 9, 1278. [CrossRef]

18. Booijink, R.; Ramachandran, P.; Bansal, R. Implications of innate immune sexual dimorphism for MASLD pathogenesis and
treatment. Trends Pharmacol. Sci. 2024, 45, 614–627. [CrossRef]

19. Milani, I.; Chinucci, M.; Leonetti, F.; Capoccia, D. MASLD: Prevalence, Mechanisms, and Sex-Based Therapies in Postmenopausal
Women. Biomedicines 2025, 13, 855. [CrossRef]

20. Le, M.H.; Le, D.M.; Baez, T.C.; Wu, Y.; Ito, T.; Lee, E.Y.; Lee, K.; Stave, C.D.; Henry, L.; Barnett, S.D.; et al. Global incidence of
non-alcoholic fatty liver disease: A systematic review and meta-analysis of 63 studies and 1,201,807 persons. J. Hepatol. 2023,
79, 287–295. [CrossRef]

21. Liu, J.; Ayada, I.; Zhang, X.; Wang, L.; Li, Y.; Wen, T.; Ma, Z.; Bruno, M.J.; de Knegt, R.J.; Cao, W.; et al. Estimating Global
Prevalence of Metabolic Dysfunction-Associated Fatty Liver Disease in Overweight or Obese Adults. Clin. Gastroenterol. Hepatol.
2022, 20, e573–e582. [CrossRef]

22. Eng, P.C.; Forlano, R.; Tan, T.; Manousou, P.; Dhillo, W.S.; Izzi-Engbeaya, C. Non-alcoholic fatty liver disease in women—Current
knowledge and emerging concepts. JHEP Rep. 2023, 5, 100835. [CrossRef]

23. Nagral, A.; Bangar, M.; Menezes, S.; Bhatia, S.; Butt, N.; Ghosh, J.; Manchanayake, J.H.; Mahtab, M.A.; Singh, S.P. Gender
Differences in Nonalcoholic Fatty Liver Disease. Euroasian J. Hepatogastroenterol. 2022, 12, S19–S25. [CrossRef]

24. Burra, P.; Bizzaro, D.; Gonta, A.; Shalaby, S.; Gambato, M.; Morelli, M.C.; Trapani, S.; Floreani, A.; Marra, F.; Brunetto, M.R.; et al.
Clinical impact of sexual dimorphism in non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH).
Liver Int. 2021, 41, 1713–1733. [CrossRef]

25. Balakrishnan, M.; Patel, P.; Dunn-Valadez, S.; Dao, C.; Khan, V.; Ali, H.; El-Serag, L.; Hernaez, R.; Sisson, A.; Thrift, A.P.; et al.
Women have Lower Risk of Nonalcoholic Fatty Liver Disease but Higher Risk of Progression vs. Men: A Systematic Review and
Meta-analysis. Clin. Gastroenterol. Hepatol. 2021, 19, 61–71.e15. [CrossRef]

26. Tang, Z.; Pham, M.; Hao, Y.; Wang, F.; Patel, D.; Jean-Baptiste, L.; Fan, L.; Wang, W.; Wang, Y.; Cheng, F. Sex, Age, and BMI
Modulate the Association of Physical Examinations and Blood Biochemistry Parameters and NAFLD: A Retrospective Study on
1994 Cases Observed at Shuguang Hospital, China. Biomed. Res. Int. 2019, 2019, 1246518. [CrossRef]

27. Burnside, J.; Cinque, F.; Sebastiani, G.; Ramji, A.; Patel, K.; Swain, M.; Saeed, S. Sex differences in the prevalence and car-
diometabolic risk profiles of steatotic liver disease: A Canadian Longitudinal Study on Aging analysis. Can. J. Public Health 2025.
[CrossRef]

28. Duan, H.; Gong, M.; Yuan, G.; Wang, Z. Sex Hormone: A Potential Target at Treating Female Metabolic Dysfunction-Associated
Steatotic Liver Disease? J. Clin. Exp. Hepatol. 2025, 15, 102459. [CrossRef]

29. Lonardo, A.; Nascimbeni, F.; Ballestri, S.; Fairweather, D.; Win, S.; Than, T.A.; Abdelmalek, M.F.; Suzuki, A. Sex Differences in
Nonalcoholic Fatty Liver Disease: State of the Art and Identification of Research Gaps. Hepatology 2019, 70, 1457–1469. [CrossRef]

30. Bedogni, G.; Bellentani, S.; Miglioli, L.; Masutti, F.; Passalacqua, M.; Castiglione, A.; Tiribelli, C. The Fatty Liver Index: A simple
and accurate predictor of hepatic steatosis in the general population. BMC Gastroenterol. 2006, 6, 33. [CrossRef]

31. Rinella, M.E.; Lazarus, J.V.; Ratziu, V.; Francque, S.M.; Sanyal, A.J.; Kanwal, F.; Romero, D.; Abdelmalek, M.F.; Anstee, Q.M.; Arab,
J.P.; et al. A multisociety Delphi consensus statement on new fatty liver disease nomenclature. Hepatology 2023, 78, 1966–1986.
[CrossRef]

32. Heer, E.; Harper, A.; Escandor, N.; Sung, H.; McCormack, V.; Fidler-Benaoudia, M.M. Global burden and trends in premenopausal
and postmenopausal breast cancer: A population-based study. Lancet Glob. Health 2020, 8, e1027–e1037. [CrossRef]

33. Koukouliata, A.; Nena, E.; Koutlaki, N.; Liberis, V.; Constantinidis, T. Correlation of age at natural menopause with occupational
status and other epidemiologic factors in women from Prefecture of Kavala, Greece. Hippokratia 2017, 21, 32–37.

34. Namazi, M.; Sadeghi, R.; Behboodi Moghadam, Z. Social Determinants of Health in Menopause: An Integrative Review. Int.
J. Womens Health 2019, 11, 637–647. [CrossRef]

35. Gibson, S.; Ashwell, M. A simple cut-off for waist-to-height ratio (0·5) can act as an indicator for cardiometabolic risk: Recent
data from adults in the Health Survey for England. Br. J. Nutr. 2020, 123, 681–690. [CrossRef]

36. Hagström, H.; Vessby, J.; Ekstedt, M.; Shang, Y. 99% of patients with NAFLD meet MASLD criteria and natural history is therefore
identical. J. Hepatol. 2024, 80, e76–e77. [CrossRef]

37. Ratziu, V.; Boursier, J.; AFEFGroup for the Study of Liver Fibrosis. Confirmatory biomarker diagnostic studies are not needed
when transitioning from NAFLD to MASLD. J. Hepatol. 2024, 80, e51–e52. [CrossRef]

38. Song, S.J.; Lai, J.C.-T.; Wong, G.L.-H.; Wong, V.W.-S.; Yip, T.C.-F. Can we use old NAFLD data under the new MASLD definition?
J. Hepatol. 2024, 80, e54–e56. [CrossRef]

65



Biomedicines 2025, 13, 2292

39. Elsabaawy, M.; Naguib, M.; Abuamer, A.; Shaban, A. Comparative application of MAFLD and MASLD diagnostic criteria on
NAFLD patients: Insights from a single-center cohort. Clin. Exp. Med. 2025, 25, 36. [CrossRef]

40. Karlas, T.; Petroff, D.; Sasso, M.; Fan, J.-G.; Mi, Y.-Q.; de Lédinghen, V.; Kumar, M.; Lupsor-Platon, M.; Han, K.-H.; Cardoso,
A.C.; et al. Individual patient data meta-analysis of controlled attenuation parameter (CAP) technology for assessing steatosis.
J. Hepatol. 2017, 66, 1022–1030. [CrossRef]

41. Ozercan, A.M.; Ozkan, H. Vibration-controlled Transient Elastography in NAFLD: Review Study. Euroasian J. Hepatogastroenterol.
2022, 12, S41–S45. [CrossRef]

42. Singh, S.; Muir, A.J.; Dieterich, D.T.; Falck-Ytter, Y.T. American Gastroenterological Association Institute Technical Review on the
Role of Elastography in Chronic Liver Diseases. Gastroenterology 2017, 152, 1544–1577. [CrossRef]

43. Amato, M.C.; Giordano, C.; Pitrone, M.; Galluzzo, A. Cut-off points of the visceral adiposity index (VAI) identifying a visceral
adipose dysfunction associated with cardiometabolic risk in a Caucasian Sicilian population. Lipids Health Dis. 2011, 10, 183.
[CrossRef]

44. Amato, M.C.; Giordano, C. Visceral Adiposity Index: An Indicator of Adipose Tissue Dysfunction. Int. J. Endocrinol. 2014,
2014, 730827. [CrossRef]

45. Xue, Y.; Xu, J.; Li, M.; Gao, Y. Potential screening indicators for early diagnosis of NAFLD/MAFLD and liver fibrosis: Triglyceride
glucose index–related parameters. Front. Endocrinol. 2022, 13, 951689. [CrossRef]

46. Malek, M.; Khamseh, M.E.; Chehrehgosha, H.; Nobarani, S.; Alaei-Shahmiri, F. Triglyceride glucose-waist to height ratio: A novel
and effective marker for identifying hepatic steatosis in individuals with type 2 diabetes mellitus. Endocrine 2021, 74, 538–545.
[CrossRef]

47. American Diabetes Association Professional Practice Committee: 2. Diagnosis and Classification of Diabetes: Standards of Care
in Diabetes—2025. Diabetes Care 2024, 48, S27–S49. [CrossRef]

48. Saunders, J.B.; Aasland, O.G.; Babor, T.F.; De La Fuente, J.R.; Grant, M. Development of the Alcohol Use Disorders Identification
Test (AUDIT): WHO Collaborative Project on Early Detection of Persons with Harmful Alcohol Consumption-II. Addiction 1993,
88, 791–804. [CrossRef]

49. García-Conesa, M.-T.; Philippou, E.; Pafilas, C.; Massaro, M.; Quarta, S.; Andrade, V.; Jorge, R.; Chervenkov, M.; Ivanova, T.;
Dimitrova, D.; et al. Exploring the Validity of the 14-Item Mediterranean Diet Adherence Screener (MEDAS): A Cross-National
Study in Seven European Countries around the Mediterranean Region. Nutrients 2020, 12, 2960. [CrossRef]

50. Shephard, D.A. The 1975 Declaration of Helsinki and consent. Can. Med. Assoc. J. 1976, 115, 1191–1192.
51. Loo, S.-Y.; Chan, W.-K. Emerging new standard for non-invasive assessment of liver disease mortality in non-alcoholic fatty liver

disease. Hepatobiliary Surg. Nutr. 2017, 6, 135–137. [CrossRef]
52. Feng, G.; Targher, G.; Byrne, C.D.; Yilmaz, Y.; Wai-Sun Wong, V.; Adithya Lesmana, C.R.; Adams, L.A.; Boursier, J.; Papatheodor-

idis, G.; El-Kassas, M.; et al. Global burden of metabolic dysfunction-associated steatotic liver disease, 2010 to 2021. JHEP Rep.
2024, 7, 101271. [CrossRef]

53. Sheka, A.C.; Adeyi, O.; Thompson, J.; Hameed, B.; Crawford, P.A.; Ikramuddin, S. Nonalcoholic Steatohepatitis: A Review. JAMA
2020, 323, 1175–1183. [CrossRef]

54. Riazi, K.; Azhari, H.; Charette, J.H.; Underwood, F.E.; King, J.A.; Afshar, E.E.; Swain, M.G.; Congly, S.E.; Kaplan, G.G.; Shaheen,
A.-A. The prevalence and incidence of NAFLD worldwide: A systematic review and meta-analysis. Lancet Gastroenterol. Hepatol.
2022, 7, 851–861. [CrossRef]

55. Polyzos, S.A.; Goulis, D.G. Menopause and metabolic dysfunction-associated steatotic liver disease. Maturitas 2024, 186, 108024.
[CrossRef]

56. Ntikoudi, A.; Spyrou, A.; Evangelou, E.; Dokoutsidou, E.; Mastorakos, G. The Effect of Menopausal Status, Insulin Resistance
and Body Mass Index on the Prevalence of Non-Alcoholic Fatty Liver Disease. Healthcare 2024, 12, 1081. [CrossRef]

57. Cherubini, A.; Torre, S.D.; Pelusi, S.; Valenti, L. Sexual dimorphism of metabolic dysfunction-associated steatotic liver disease.
Trends Mol. Med. 2024, 30, 1126–1136. [CrossRef]

58. Zuo, Q.; Park, N.H.; Lee, J.K.; Santaliz-Casiano, A.; Madak-Erdogan, Z. Navigating nonalcoholic fatty liver disease (NAFLD):
Exploring the roles of estrogens, pharmacological and medical interventions, and life style. Steroids 2024, 203, 109330. [CrossRef]

59. Klisic, A.; Kavaric, N.; Ninic, A. Predictive Values of Serum Uric Acid and Alanine-aminotransferase for Fatty Liver Index in
Montenegrin Population. J. Med. Biochem. 2019, 38, 407–417. [CrossRef]

60. Kim, H.-J.; Lim, C.-W.; Lee, J.H.; Park, H.-B.; Suh, Y.; Cho, Y.-H.; Choi, T.-Y.; Hwang, E.-S.; Cho, D.-K.; Kim, H.-J. Gender-based
differences in the relationship between fatty liver disease and atherosclerosis. Cardiovasc. J. Afr. 2016, 27, 281–286. [CrossRef]

61. Mera, J.R.; Dickson, B.; Feldman, M. Influence of Gender on the Ratio of Serum Aspartate Aminotransferase (AST) to Alanine
Aminotransferase (ALT) in Patients with and Without Hyperbilirubinemia. Dig. Dis. Sci. 2008, 53, 799–802. [CrossRef]

62. Ishibashi, E.; Eguchi, Y.; Eguchi, T.; Matsunobu, A.; Oza, N.; Nakashita, S.; Kitajima, Y.; Kuroki, S.; Ozaki, I.; Kawaguchi, Y.; et al.
Waist circumference correlates with hepatic fat accumulation in male Japanese patients with non-alcoholic fatty liver disease, but
not in females. J. Gastroenterol. Hepatol. 2008, 23, 908–913. [CrossRef]

66



Biomedicines 2025, 13, 2292

63. Oye-Somefun, A.; Blyuss, E.; Ardern, C.I. Trends in Serum AST-to-ALT Ratio Among U.S. Adults: Analysis of the U.S. National
Health and Nutrition Examination Survey. Metab. Syndr. Relat. Disord. 2021, 19, 498–506. [CrossRef]

64. Botros, M.; Sikaris, K.A. The De Ritis Ratio: The Test of Time. Clin. Biochem. Rev. 2013, 34, 117–130.
65. Chen, J.; Li, J.; Qu, H.; Ning, T.; Xie, H.; Lu, G. A Mendelian randomization study: Years of education and nonalcoholic fatty liver

disease. Medicine 2024, 103, e38761. [CrossRef] [PubMed]
66. Pernoud, L.E.; Gardiner, P.A.; Fraser, S.D.; Dillon-Rossiter, K.; Dean, M.M.; Schaumberg, M.A. A systematic review and meta-

analysis investigating differences in chronic inflammation and adiposity before and after menopause. Maturitas 2024, 190, 108119.
[CrossRef] [PubMed]

67. Tang, R.; Fan, Y.; Luo, M.; Zhang, D.; Xie, Z.; Huang, F.; Wang, Y.; Liu, G.; Wang, Y.; Lin, S.; et al. General and Central Obesity Are
Associated with Increased Severity of the VMS and Sexual Symptoms of Menopause Among Chinese Women: A Longitudinal
Study. Front. Endocrinol. 2022, 13, 814872. [CrossRef] [PubMed]

68. Lee, B.J.; Kim, J.U.; Lee, S. Association of menopausal status with body composition and anthropometric indices in Korean
women. PLoS ONE 2024, 19, e0298212. [CrossRef]

69. Cao, Y.; Zhang, W.; Lou, Y.; Yan, Q.; Zhang, Y.; Qi, F.; Xiang, L.; Lv, T.; Fang, Z.; Yu, J.; et al. Sex- and reproductive status-specific
relationships between body composition and non-alcoholic fatty liver disease. BMC Gastroenterol. 2023, 23, 364. [CrossRef]

70. Lee, J.-H.; Jeon, S.; Lee, H.S.; Kwon, Y.-J. Gender Differences in the Risk for Incident Non-Alcoholic Fatty Liver Disease According
to the Transition of Abdominal Obesity Status: A 16-Year Cohort Study. Nutrients 2023, 15, 2880. [CrossRef]

71. Ismaiel, A.; Hosiny, B.E.; Ismaiel, M.; Leucuta, D.-C.; Popa, S.-L.; Catana, C.S.; Dumitrascu, D.L. Waist to height ratio in nonalcoholic
fatty liver disease—Systematic review and meta-analysis. Clin. Res. Hepatol. Gastroenterol. 2023, 47, 102160. [CrossRef]

72. Camhi, S.M.; Bray, G.A.; Bouchard, C.; Greenway, F.L.; Johnson, W.D.; Newton, R.L.; Ravussin, E.; Ryan, D.H.; Smith, S.R.;
Katzmarzyk, P.T. The Relationship of Waist Circumference and BMI to Visceral, Subcutaneous, and Total Body Fat: Sex and Race
Differences. Obesity 2011, 19, 402–408. [CrossRef] [PubMed]

73. Shuster, A.; Patlas, M.; Pinthus, J.H.; Mourtzakis, M. The clinical importance of visceral adiposity: A critical review of methods
for visceral adipose tissue analysis. Br. J. Radiol. 2012, 85, 1–10. [CrossRef]

74. Kullberg, J.; Von Below, C.; Lönn, L.; Lind, L.; Ahlström, H.; Johansson, L. Practical approach for estimation of subcutaneous and
visceral adipose tissue. Clin. Physiol. Funct. Imaging 2007, 27, 148–153. [CrossRef]

75. De Vincentis, A.; Tavaglione, F.; Spagnuolo, R.; Pujia, R.; Tuccinardi, D.; Mascianà, G.; Picardi, A.; Antonelli Incalzi, R.; Valenti, L.;
Romeo, S.; et al. Metabolic and genetic determinants for progression to severe liver disease in subjects with obesity from the UK
Biobank. Int. J. Obes. 2022, 46, 486–493. [CrossRef] [PubMed]

76. Rehman, A.; Lathief, S.; Charoenngam, N.; Pal, L. Aging and Adiposity—Focus on Biological Females at Midlife and Beyond. Int.
J. Mol. Sci. 2024, 25, 2972. [CrossRef]

77. Lovejoy, J.; Champagne, C.; de Jonge, L.; Xie, H.; Smith, S. Increased visceral fat and decreased energy expenditure during the
menopausal transition. Int. J. Obes. 2008, 32, 949–958. [CrossRef]

78. Buday, B.; Pach, P.F.; Literati-Nagy, B.; Vitai, M.; Kovacs, G.; Vecsei, Z.; Koranyi, L.; Lengyel, C. Sex influenced association of
directly measured insulin sensitivity and serum transaminase levels: Why alanine aminotransferase only predicts cardiovascular
risk in men? Cardiovasc. Diabetol. 2015, 14, 55. [CrossRef]

79. Pou, K.M.; Massaro, J.M.; Hoffmann, U.; Vasan, R.S.; Maurovich-Horvat, P.; Larson, M.G.; Keaney, J.F.; Meigs, J.B.; Lipinska,
I.; Kathiresan, S.; et al. Visceral and Subcutaneous Adipose Tissue Volumes Are Cross-Sectionally Related to Markers of
Inflammation and Oxidative Stress. Circulation 2007, 116, 1234–1241. [CrossRef]

80. Khera, A.; Vega, G.L.; Das, S.R.; Ayers, C.; McGuire, D.K.; Grundy, S.M.; de Lemos, J.A. Sex Differences in the Relationship
between C-Reactive Protein and Body Fat. J. Clin. Endocrinol. Metab. 2009, 94, 3251–3258. [CrossRef] [PubMed]

81. Thorand, B.; Baumert, J.; Döring, A.; Herder, C.; Kolb, H.; Rathmann, W.; Giani, G.; Koenig, W. Sex differences in the relation of
body composition to markers of inflammation. Atherosclerosis 2006, 184, 216–224. [CrossRef] [PubMed]

82. Carbone, F.; Lattanzio, M.S.; Minetti, S.; Ansaldo, A.M.; Ferrara, D.; Molina-Molina, E.; Belfiore, A.; Elia, E.; Pugliese, S.; Palmieri,
V.O.; et al. Circulating CRP Levels Are Associated with Epicardial and Visceral Fat Depots in Women with Metabolic Syndrome
Criteria. Int. J. Mol. Sci. 2019, 20, 5981. [CrossRef]

83. Kang, S.; Kyung, C.; Park, J.S.; Kim, S.; Lee, S.-P.; Kim, M.K.; Kim, H.K.; Kim, K.R.; Jeon, T.J.; Ahn, C.W. Subclinical vascular
inflammation in subjects with normal weight obesity and its association with body Fat: An 18 F-FDG-PET/CT study. Cardiovasc.
Diabetol. 2014, 13, 70. [CrossRef]

84. Rinella, M.E.; Neuschwander-Tetri, B.A.; Siddiqui, M.S.; Abdelmalek, M.F.; Caldwell, S.; Barb, D.; Kleiner, D.E.; Loomba, R.
AASLD Practice Guidance on the clinical assessment and management of nonalcoholic fatty liver disease. Hepatology 2023,
77, 1797. [CrossRef] [PubMed]

85. Nishimura, T.; Tada, T.; Akita, T.; Kondo, R.; Suzuki, Y.; Imajo, K.; Kokubu, S.; Abe, T.; Kuroda, H.; Hirooka, M.; et al. Diagnostic
performance of attenuation imaging versus controlled attenuation parameter for hepatic steatosis with MRI-based proton density
fat fraction as the reference standard: A prospective multicenter study. J. Gastroenterol. 2025, 60, 727–737. [CrossRef]

67



Biomedicines 2025, 13, 2292

86. Wu, J.; Tian, S.; Li, H.; Xu, Z.; Li, S.; Chen, Y.; Liang, X.; Xiao, J.; Song, J.; She, R.; et al. Population-specific cut-off points of fatty
liver index: A study based on the National Health and Nutrition Examination Survey data. BMC Gastroenterol. 2022, 22, 265.
[CrossRef]

87. Chen, L.-W.; Huang, P.-R.; Chien, C.-H.; Lin, C.-L.; Chien, R.-N. A community-based study on the application of fatty liver index
in screening subjects with nonalcoholic fatty liver disease. J. Formos. Med. Assoc. 2020, 119, 173–181. [CrossRef]

88. Dehnavi, Z.; Razmpour, F.; Belghaisi Naseri, M.; Nematy, M.; Alamdaran, S.A.; Vatanparast, H.A.; Azimi Nezhad, M.; Abbasi,
B.; Ganji, A. Fatty Liver Index (FLI) in Predicting Non-alcoholic Fatty Liver Disease (NAFLD). Hepat. Mon. 2018, 18, e63227.
[CrossRef]

89. Noureddin, M.; Truong, E.; Mayo, R.; Martínez-Arranz, I.; Mincholé, I.; Banales, J.M.; Arrese, M.; Cusi, K.; Arias-Loste, M.T.;
Bruha, R.; et al. Serum identification of at-risk MASH: The metabolomics-advanced steatohepatitis fibrosis score (MASEF).
Hepatology 2024, 79, 135. [CrossRef] [PubMed]

90. Gangireddy, V.G.R.; Pilkerton, C.; Xiang, J.; Tinajero, R.; Ashcraft, A.M. Hepatic Fibrosis and Steatosis in Metabolic Syndrome.
J. Obes. Metab. Syndr. 2022, 31, 61–69. [CrossRef]

91. Zelber-Sagi, S.; Webb, M.; Assy, N.; Blendis, L.; Yeshua, H.; Leshno, M.; Ratziu, V.; Halpern, Z.; Oren, R.; Santo, E. Comparison
of fatty liver index with noninvasive methods for steatosis detection and quantification. World J. Gastroenterol. 2013, 19, 57–64.
[CrossRef]

92. Koehler, E.M.; Schouten, J.N.L.; Hansen, B.E.; Hofman, A.; Stricker, B.H.; Janssen, H.L.A. External validation of the fatty liver
index for identifying nonalcoholic fatty liver disease in a population-based study. Clin. Gastroenterol. Hepatol. 2013, 11, 1201–1204.
[CrossRef]

93. Vuppalanchi, R.; Siddiqui, M.S.; Van Natta, M.L.; Hallinan, E.; Brandman, D.; Kowdley, K.; Neuschwander-Tetri, B.A.; Loomba,
R.; Dasarathy, S.; Abdelmalek, M.; et al. Performance characteristics of vibration-controlled transient elastography for evaluation
of nonalcoholic fatty liver disease. Hepatology 2018, 67, 134–144. [CrossRef] [PubMed]

94. Le, M.H.; Yeo, Y.H.; Zou, B.; Barnet, S.; Henry, L.; Cheung, R.; Nguyen, M.H. Forecasted 2040 global prevalence of nonalcoholic
fatty liver disease using hierarchical bayesian approach. Clin. Mol. Hepatol. 2022, 28, 841–850. [CrossRef] [PubMed]

95. Maas, A.H.E.M.; Rosano, G.; Cifkova, R.; Chieffo, A.; van Dijken, D.; Hamoda, H.; Kunadian, V.; Laan, E.; Lambrinoudaki, I.;
Maclaran, K.; et al. Cardiovascular health after menopause transition, pregnancy disorders, and other gynaecologic conditions:
A consensus document from European cardiologists, gynaecologists, and endocrinologists. Eur. Heart J. 2021, 42, 967–984.
[CrossRef]

96. Earle, N.J.; Doughty, R.N.; Devlin, G.; White, H.; Riddell, C.; Choi, Y.; Kerr, A.J.; Poppe, K.K. Sex differences in outcomes after
acute coronary syndrome vary with age: A New Zealand national study. European Heart Journal. Acute Cardiovasc. Care 2024,
13, 284–292. [CrossRef]

97. DiStefano, J.K. NAFLD and NASH in Postmenopausal Women: Implications for Diagnosis and Treatment. Endocrinology 2020,
161, bqaa134. [CrossRef]

98. Jutras, G.; Flemming, J.A. Global Epidemiology of Cirrhosis in Women. Off. J. Am. Coll. Gastroenterol. ACG 2025, 120, 518.
[CrossRef]

99. Paklar, N.; Mijic, M.; Filipec-Kanizaj, T. The Outcomes of Liver Transplantation in Severe Metabolic Dysfunction-Associated
Steatotic Liver Disease Patients. Biomedicines 2023, 11, 3096. [CrossRef]

100. Gauci, S.; Cartledge, S.; Redfern, J.; Gallagher, R.; Huxley, R.; Lee, C.M.Y.; Vassallo, A.; O’Neil, A. Biology, Bias, or Both? The
Contribution of Sex and Gender to the Disparity in Cardiovascular Outcomes Between Women and Men. Curr. Atheroscler. Rep.
2022, 24, 701–708. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

68



Article

Intersecting Endocrine Pathways in Cardiomyopathy: The Role
of Metabolic Burden in Structural Heart Disease

Ovidiu T, ica 1,2,†, Mircea Ioan S, andor 3,*,†, Anca Huniadi 3, Cristian Daina 3, Sanda Monica Filip 4, Ilarie Brihan 5,

Monica Sabău 5, Ioana Zaha 3 and Otilia T, ica 6,*,†

1 Department of Morphological Disciplines, Faculty of Medicine and Pharmacy, University of Oradea,
410073 Oradea, Romania; tica.ovidiu@didactic.uoradea.ro

2 Department of Pathology, Emergency County Clinical Hospital of Bihor, 410165 Oradea, Romania
3 Department of Surgical Disciplines, Faculty of Medicine and Pharmacy, University of Oradea, 410073 Oradea,

Romania; ahuniadi@uoradea.ro (A.H.); cdaina@uoradea.ro (C.D.); izaha@uoradea.ro (I.Z.)
4 Department of Physics, Faculty of Informatics and Sciences, University of Oradea, 410087 Oradea, Romania;

sfilip@uoradea.ro
5 Department of Psycho-Neurosciences, and Recovery, Faculty of Medicine and Pharmacy, University of

Oradea, 410073 Oradea, Romania; ibrihan@uoradea.ro (I.B.); msabau@uoradea.ro (M.S.)
6 Cardiology Clinic, Emergency County Clinical Hospital of Bihor, 410165 Oradea, Romania
* Correspondence: msandor@uoradea.ro (M.I.S, .); otilia_cristea01@yahoo.com (O.T, .)
† These authors have contributed equally to this work.

Abstract

Background: Dilated cardiomyopathy (DCM) is a major contributor to heart failure-related
morbidity and mortality. While type 2 diabetes mellitus (T2DM), obesity, and thyroid
dysfunction are individually linked to cardiovascular disease, their combined effects on
DCM remain poorly understood. Objective: To evaluate the independent and synergistic
associations of diabetes (stratified by treatment), thyroid dysfunction, and obesity with
the prevalence of DCM and 30-day hospital readmission. We further examined the utility
of a composite Metabolic Burden Score for risk stratification. Methods: In this retro-
spective cohort study, electronic health record data from 1079 adult patients at a tertiary
care center were analyzed. Multivariable logistic regression, including ridge regulariza-
tion, was used to identify predictors of DCM. Endocrine phenotypes were stratified by
diabetes and thyroid status. A Metabolic Burden Score (range: 0–3) based on diabetes,
obesity, and thyroid dysfunction was developed and correlated with clinical outcomes.
Results: DCM was diagnosed in 46% of the cohort. Non-insulin-treated diabetes (OR: 6.93;
95% CI: 3.78–12.73), hypothyroidism (OR: 1.78; 95% CI: 1.02–3.11), and male sex (OR: 2.33;
95% CI: 1.36–4.00) were independently associated with increased DCM risk. Obesity was
not independently predictive but contributed to DCM prevalence when assessed within
the Metabolic Burden Score. DCM prevalence increased across burden strata, reaching
50% in the high-risk group. Notably, the moderate-risk group had the highest 30-day read-
mission rate (42.8%). Conclusions: Non-insulin-treated diabetes and hypothyroidism are
key metabolic drivers of DCM. A simple composite burden score offers a clinically useful
tool for stratifying risk of DCM and early readmission. These findings support integrated
endocrine–cardiac screening strategies to improve early identification and prevention of
structural heart disease.

Keywords: dilated cardiomyopathy; diabetes mellitus; thyroid dysfunction; obesity;
metabolic burden; cardiovascular risk; endocrine comorbidity; hospital readmission
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1. Introduction

Cardiovascular disease (CVD) remains the leading cause of morbidity and mortality
globally, and its bidirectional relationship with metabolic dysfunction is increasingly recog-
nized. Among metabolic exposures, type 2 diabetes mellitus (T2DM) significantly raises
the risk of heart failure across phenotypes, including dilated cardiomyopathy (DCM), due
to complex mechanisms involving microvascular injury, inflammation, lipotoxicity, and au-
tonomic dysfunction [1]. Precision prognostic efforts are underway to better predict which
individuals with T2DM will develop cardiovascular complications, yet current models
remain only modestly effective [2,3].

Obesity independently contributes to myocardial dysfunction through mechanisms
distinct from hypertension or ischemia. Experimental and epidemiological evidence sup-
ports the concept of “obesity cardiomyopathy,” in which adiposity induces structural and
functional myocardial changes even in the absence of other cardiovascular disease [4–6].
Longitudinal cohort data further support a dose-response association between higher body
mass index (BMI) and increased risk of developing DCM [7]. Obesity acts as an indepen-
dent driver of myocardial dysfunction, not solely via mechanical load or hypertension, but
also through systemic inflammation, adipokine dysregulation, and maladaptive cardiac
remodelling. The combined prevalence of T2DM and obesity—commonly referred to as
“diabesity”—constitutes a global epidemic linked with escalating rates of heart failure, in-
cluding DCM [8,9]. Recent endorsed guidelines emphasize the need to assess and mitigate
cardiometabolic risk comprehensively, beyond isolated glycaemic metrics [10].

Thyroid dysfunction, both overt and subclinical, exerts a substantial influence on
cardiovascular physiology. Altered thyroid hormone levels can impair myocardial con-
tractility, promote diastolic dysfunction, and disturb lipid and glucose metabolism, each
bearing implications for heart failure risk [11]. A meta-analysis linked low-normal thy-
roid function to higher rates of heart failure among older individuals with cardiovascular
risk factors [11,12]. Moreover, thyroid hormone imbalances often overlap with metabolic
disorders and may exacerbate the cardiometabolic milieu [1].

However, despite extensive evidence linking diabetes, obesity, and thyroid dysfunction
individually to cardiovascular pathology, there is a paucity of studies that evaluate their
combined impact on the development of dilated cardiomyopathy [2,10,13]. Most prior
work has focused either on diabetic cardiomyopathy in isolation or on obesity-related
heart failure without accounting for coexisting endocrine dysfunctions. Furthermore, risk
prediction models for DCM rarely incorporate thyroid dysfunction [14], and almost no one
integrates multimorbidity into a composite index.

Despite robust data on each endocrine dysfunction individually, few studies have
examined their joint impacts on DCM risk. Most literature either evaluates diabetic car-
diomyopathy in isolation or investigates obesity-related heart failure without systematically
including thyroid pathology. Additionally, studies frequently focus on heart failure with
preserved ejection fraction rather than DCM per se [15].

Therefore, the present retrospective cohort study explores the independent and com-
bined effects of diabetes (stratified into insulin-treated and non-insulin-treated), obesity,
and thyroid dysfunction on DCM prevalence and early clinical instability, captured by
30-day hospital readmission. We further assess composite metabolic and cardiovascu-
lar burden scores as potential stratification tools. By doing so, this study seeks to in-
form a more holistic approach to cardiometabolic risk assessment and preventive care in
clinical practice.
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2. Materials and Methods

2.1. Study Design and Population

This was a retrospective observational cohort study conducted at our tertiary care insti-
tution, designed to investigate the relationship between endocrine-metabolic dysfunctions
and the development of dilated cardiomyopathy (DCM). A retrospective observational de-
sign was chosen to leverage a large, real-world cohort and to capture longitudinal patterns
across routine clinical practice, which would not have been feasible in a prospective setting.
The study utilized de-identified clinical data collected from electronic health records (EHRs)
over a defined period. Data were collected from patient records spanning January 2020
to December 2024. All patients had been evaluated in the internal medicine or cardiology
departments and had undergone standardized metabolic and cardiovascular assessments
during routine care.

The study included adult patients with sufficient clinical documentation to classify
diabetes status, thyroid function, obesity, and cardiovascular outcomes. These patients
were not recruited through an interventional protocol but were instead identified based on
existing records, making this a non-interventional, real-world data study.

Although retrospective studies cannot establish causality, the structured inclusion
criteria, multivariable adjustment, and model regularization enhance the internal validity
of our findings.

2.2. Data Collection

Relevant data points were abstracted from the EHR system, including: demographics
(age, sex); diagnosis and treatment of diabetes mellitus (categorized by treatment modality);
thyroid hormone profile and diagnostic labels (hypothyroid, hyperthyroid, euthyroid);
obesity diagnosis; cardiovascular diagnoses, including DCM, hypertension, atrial fibrilla-
tion, and NYHA functional class; pulmonary hypertension severity; hospital readmission
within 30 days of discharge; cardiac diagnoses such as DCM were confirmed by cardiol-
ogists and supported by imaging (e.g., echocardiography) or clinical documentation in
discharge summaries.

2.3. Inclusion Criteria

Patients were eligible for inclusion if they met all of the following criteria:
age ≥18 years at the time of index hospitalization or outpatient evaluation; availabil-
ity of complete clinical records, defined as the presence of diagnostic codes and supporting
lab or clinical data sufficient to classify diabetes mellitus (including treatment modality),
thyroid function status, and obesity status.

Availability of complete clinical records regarding diabetes mellitus diagnosis and
treatment type (insulin vs. non-insulin vs. diabetes not present), thyroid function status
(euthyroid, hypothyroidism, or hyperthyroidism), obesity status (documented by BMI or
clinical diagnosis), presence or absence of DCM and other cardiovascular conditions; at
least one echocardiographic assessment within the health record confirming or excluding
DCM; documented follow-up data sufficient to assess 30-day readmission (for patients
discharged from inpatient care) were assessed. Thyroid status was considered adequately
documented if at least one TSH and free T4 value, along with a diagnosis code, were
present within the review period.

2.4. Exclusion Criteria

Patients were excluded from the study if they met any of the following criteria: in-
complete or missing data on key exposure or outcome variables (e.g., missing diabetes
or thyroid status); diagnosed with congenital heart disease or cardiomyopathies of non-
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metabolic origin (e.g., hypertrophic, restrictive, or ischemic cardiomyopathy) unless DCM
was explicitly noted as a concurrent diagnosis; known chronic infectious or infiltrative
diseases (e.g., HIV, sarcoidosis, amyloidosis) that may independently cause cardiomyopa-
thy; pregnant at the time of index evaluation (due to physiological changes that could
confound cardiovascular and metabolic status); patients with a history of thyroidectomy or
radioiodine treatment without clear classification of thyroid status post-intervention. Exclu-
sion of patients with congenital or infiltrative cardiomyopathies minimized confounding
from non-metabolic etiologies, ensuring that observed associations more directly reflect the
influence of endocrine-metabolic dysfunction.

2.5. Variables and Definitions

All variables used in this study were derived from structured fields in the elec-
tronic health record and/or confirmed through manual chart review. Variables were
categorized into exposure variables (endocrine/metabolic status), outcome variables
(DCM, rehospitalization), covariates (demographics and cardiovascular comorbidities), and
composite indices.

Adequate documentation of endocrine-metabolic status was defined as follows:
(1) for diabetes, a diagnosis code in the electronic health record (EHR) and corresponding
medication records indicating insulin or oral agent use; (2) for thyroid function, at least
one documented thyroid function test (TSH and/or free T4) alongside a clinical diagnosis
of hypothyroidism, hyperthyroidism, or euthyroid status; and (3) for obesity, a recorded
BMI ≥ 30 kg/m2 or an explicit clinical diagnosis in the problem list or discharge summary.

Obesity status was determined using the most recent BMI recorded within the study
window (January 2020 to December 2024) or via a physician-entered diagnosis in the
medical record. If multiple BMI values were available, the value closest to the index cardiac
evaluation or hospital admission was used. A BMI ≥ 30 kg/m2 was classified as obese.
Patients with no BMI data and no clinical obesity notation were categorized as “not obese”.

In cases where patients had documented episodes of both hypothyroidism and hy-
perthyroidism over time, the predominant thyroid diagnosis during the study period was
used for classification. Predominance was determined by the majority of clinical entries
and most recent thyroid function tests. Patients with fluctuating or unclear thyroid status
were excluded to avoid misclassification.

2.6. Exposure Variables

The study included a range of clinically relevant variables encompassing endocrine-
metabolic exposures, cardiovascular outcomes, demographic covariates, and compos-
ite risk indices. All data were extracted from the institutional electronic health records
and, where necessary, verified by manual chart review to ensure consistency and
diagnostic accuracy.

Diabetes mellitus was classified into three categories based on clinical diagnosis and
treatment modality. Patients were designated as having insulin-treated diabetes if they
carried a formal diagnosis of diabetes and were managed with any form of insulin therapy.
Those with a diagnosis of diabetes managed solely with oral antidiabetic agents and/or
dietary interventions were categorized as having non-insulin-treated diabetes. The third
group, labeled as having no diabetes, included patients with no recorded diagnosis or
treatment for diabetes mellitus.

Thyroid function status was categorized into three groups: hypothyroidism, hyperthy-
roidism, and euthyroid. Hypothyroidism encompasses both clinical and subclinical thyroid
hormone deficiencies, whether treated or untreated. Hyperthyroidism included conditions
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such as Graves’ disease or toxic nodular goiter. Patients were considered euthyroid if they
had no diagnosis of thyroid dysfunction and had normal thyroid function test results.

Obesity was defined as a binary variable based on either a recorded clinical diagnosis
or a body mass index (BMI) of 30 kg/m2 or greater. In cases where BMI data were
unavailable, documented physician assessments were used to determine obesity status.

2.7. Outcome Variables

The primary cardiovascular outcome was the presence of dilated cardiomyopathy
(DCM), which was defined by a documented clinical diagnosis supported by echocardio-
graphic evidence of left ventricular dilation and systolic dysfunction, specifically reduced
ejection fraction. Patients were included in the DCM group only if this diagnosis was
explicitly confirmed. Cases of cardiomyopathy attributable exclusively to ischemic, hyper-
trophic, congenital, or infiltrative etiologies were excluded unless DCM was co-diagnosed
as a distinct clinical entity.

Rehospitalization was defined as any unplanned hospital admission occurring within
30 days of discharge from the index hospitalization, irrespective of cause. No additional en-
try criteria—such as acute worsening in laboratory or imaging parameters—were imposed
beyond clinical documentation of unplanned admission. Readmissions were captured
through electronic health record tracking and verified manually. Although the endpoint
encompassed all-cause readmissions, more than 70% of events were attributable to cardio-
vascular instability, including heart failure decompensation, arrhythmia management, or
medication-related complications.

2.8. Covariates

Demographic and clinical covariates included age, sex, systemic hypertension, pul-
monary hypertension, atrial fibrillation, and New York Heart Association (NYHA) func-
tional class. Age was treated as a continuous variable representing patient age in years at
the time of index evaluation. Sex was recorded as a binary variable reflecting biological
classification. Systemic hypertension was defined as the presence of a clinical diagnosis
of arterial hypertension, irrespective of treatment status. Although hypertension was not
an explicit inclusion criterion, it was highly prevalent in this tertiary care population and
was therefore included as a covariate in all multivariable models. Pulmonary hypertension
was stratified into mild, moderate, or severe categories based on echocardiographic find-
ings and physician assessment and analysed as a categorical variable. Atrial fibrillation
was recorded as present or absent based on ECG findings or prior documented diagnosis.
NYHA class III–IV was used as a binary variable indicating the presence of advanced
heart failure symptoms. Covariates, including age, sex, hypertension, and pulmonary
hypertension, were selected based on established clinical relevance and prior evidence
linking them to DCM, thereby reducing bias from post hoc model building.

2.9. Composite Indices

Two composite indices were constructed to summarize the cumulative burden of
endocrine and cardiovascular pathology. The Metabolic Burden Score was calculated by
assigning one point for each of the following conditions: diabetes mellitus (of any type),
obesity, and thyroid dysfunction (either hypo- or hyperthyroidism), yielding a possible
score range of 0 to 3. Similarly, the Cardiovascular Burden Score was computed by sum-
ming the presence of four major cardiovascular conditions: atrial fibrillation, NYHA class
III–IV symptoms, systemic hypertension, and DCM, for a total score ranging from 0 to 4.
These composite scores were used to stratify patients by overall cardiometabolic risk and
evaluate associations with adverse clinical outcomes, including 30-day readmission and
DCM prevalence.
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2.10. Statistical Analysis

Descriptive statistics were first used to summarize the clinical characteristics of the
study population. Categorical variables, such as diabetes and thyroid status, obesity, and
DCM diagnosis, were expressed as frequencies and percentages. Continuous variables, such
as age, were presented as means with standard deviations or medians with interquartile
ranges, as appropriate.

To assess the association between endocrine-metabolic dysfunction and the presence
of dilated cardiomyopathy, multivariable logistic regression models were employed. The
primary model utilized L2 regularization (ridge regression) to address multicollinearity
and prevent overfitting in the presence of correlated predictors. This approach enabled
the inclusion of multiple clinically relevant variables—age, sex, diabetes category, thyroid
status, obesity, systemic hypertension, and pulmonary hypertension severity—without
violating model assumptions. Given the interrelated nature of endocrine and cardiovascular
comorbidities, ridge regularization (L2 penalty) was applied to minimize variance inflation,
prevent overfitting, and allow the simultaneous inclusion of multiple correlated predictors.
Model performance was evaluated using the area under the receiver operating characteristic
curve (AUC) to assess discrimination and the Hosmer-Lemeshow goodness-of-fit test
to assess calibration. Variance inflation factors (VIFs) and pairwise Pearson correlation
coefficients were examined to detect multicollinearity.

To validate the robustness of the results and address convergence issues related to
perfect separation, a secondary simplified logistic regression model was also constructed.
This model focused on a reduced subset of predictors: diabetes category, thyroid function,
obesity, and age. Both models were compared in terms of directionality and magnitude of
effect estimates.

In addition, chi-square tests of independence were used to assess the statistical as-
sociation between DCM prevalence and combined endocrine subgroups. For outcome
stratification, the Metabolic Burden Score and Cardiovascular Burden Score were used to
group patients into risk categories. Differences in 30-day hospital readmission and DCM
prevalence across these strata were evaluated using contingency tables and chi-square tests.
A p-value of <0.05 was considered statistically significant for all analyses. All statistical
analyses were conducted using Stata (version 17, StataCorp LP, College Station, TX, USA).

2.11. Ethics Approval

This study was approved by our local Ethics Committee (number 22223/24 June
2025) of the participating institution: Emergency County Clinical Hospital of Bihor. Given
the retrospective nature of the study and the use of anonymized electronic health record
data, the requirement for individual informed consent was formally waived following
institutional policies and national research ethics guidelines. The study was conducted
under the principles of the Declaration of Helsinki and adhered to applicable data protection
regulations. All investigators involved in data handling were certified in good clinical
practice and ensured the confidentiality and integrity of patient information throughout
the research process.

3. Results

3.1. Baseline Characteristics

The study cohort consisted of 1079 patients, with comprehensive clinical data col-
lected to evaluate the relationship between metabolic and endocrine dysfunctions and
cardiovascular pathologies. Of these, 621 (57.6%) were male and 458 (42.4%) were female,
reflecting a moderate male predominance. This distribution has been accounted for in
the regression models, and sex was included as a covariate in all multivariable analyses.
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Notably, hypertension was present in nearly all patients. Although not specified as an
explicit inclusion criterion, its ubiquity reflects the high cardiovascular risk profile of pa-
tients referred for evaluation of cardiomyopathy in our tertiary care setting. Among our
patients, 378 patients (35%) were treated with insulin for diabetes mellitus, and 431 (40%)
were classified as having non-insulin-treated diabetes. A further 270 patients (25%) had no
documented diabetes diagnosis. Obesity was highly prevalent, affecting 756 patients (70%).
Thyroid dysfunction was also frequent, with hypothyroidism identified in 217 patients
and hyperthyroidism in 214. Notably, hypothyroidism was exclusively observed in pa-
tients with diabetes. Nearly all patients had a diagnosis of hypertension, and 501 patients
(46%) were diagnosed with dilated cardiomyopathy (DCM), underscoring the high car-
diovascular burden in this cohort. Baseline clinical characteristics are summarized in
Table 1, highlighting the distribution of endocrine and cardiovascular comorbidities within
the cohort.

Table 1. Baseline Clinical Characteristics of the Study Cohort.

Characteristic n %

Total Patients 1079 100

Gender (Male) 621 57.6

Insulin-treated diabetes 378 35

Non-insulin-treated diabetes 431 39.9

Diabetes not present 270 25

Obesity 756 70.1

Hypothyroidism 217 20.1

Hyperthyroidism 214 19.8

Hypertension 1079 100

Dilated Cardiomyopathy (DCM) 501 46.4
This table summarizes the baseline distribution of key metabolic, endocrine, and cardiovascular conditions
among the 1079 patients included in the study. Patients were categorized based on diabetes treatment type,
presence of obesity, thyroid dysfunction, hypertension, and diagnosis of dilated cardiomyopathy (DCM). These
descriptive data provide context for subsequent analyses exploring the interrelation between metabolic-endocrine
dysfunctions and cardiovascular outcomes. Abbreviations: DCM: Dilated Cardiomyopathy; n (%): Number of
patients and percentage out of the total cohort.

3.2. Independent Predictors of Dilated Cardiomyopathy: Regularized Logistic Regression

To further delineate the independent predictors of dilated cardiomyopathy (DCM),
a multivariable logistic regression model with L2 regularization (ridge penalty) was em-
ployed. This approach allowed the inclusion of multiple clinically relevant variables while
mitigating issues of multicollinearity and perfect separation encountered in traditional
logistic regression.

The model incorporated age, sex, diabetes status, thyroid function, obesity, systemic
hypertension, and severity of pulmonary hypertension. Model diagnostics indicated a
strong overall fit, with an area under the receiver operating characteristic curve (AUC) of
0.78, indicating good discriminative ability. The classification accuracy on the validation
subset was 74.6%, and the model demonstrated acceptable calibration by the Hosmer–
Lemeshow test (p = 0.23).

To address multicollinearity, variance inflation factors (VIFs) were calculated for all
predictors before model regularization. All VIFs were below 2.5, indicating no concerning
intercorrelations among variables. Additionally, pairwise Pearson correlation coefficients
were assessed and found to be modest (r < 0.40), suggesting multicollinearity did not
significantly bias coefficient estimates.
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Table 2 summarizes the top independent predictors of DCM with adjusted odds
ratios (OR), 95% confidence intervals (CI), and p-values. Notably, non-insulin-treated
diabetes, male sex, and hypothyroidism were strongly associated with increased DCM risk.
Euthyroid status was also associated with increased odds compared to hyperthyroid status,
though this may reflect unmeasured confounding or classification imprecision. The OR
for “no diabetes” should be interpreted cautiously, as regularization may distort marginal
associations in the presence of multicollinearity or low event counts.

Table 2. Top Independent Predictors of Dilated Cardiomyopathy (DCM) from Regularized Logistic
Regression.

Predictor Odds Ratio (OR) 95% CI p-Value

Pulmonary hypertension (moderate) 0.05 0.01–0.31 0.002

Unknown hypertension status 0.60 0.28–1.29 0.19

Age (years) 0.99 0.97–1.01 0.23

Unknown obesity status 1.22 0.63–2.36 0.56

Euthyroid (no thyroid disorder) 1.30 0.72–2.36 0.38

Hypothyroidism 1.78 1.02–3.11 0.042

Male sex 2.33 1.36–4.00 0.002

Pulmonary hypertension (mild) 5.74 2.32–14.19 <0.001

Non-insulin-treated diabetes 6.93 3.78–12.73 <0.001

Diabetes not present 9.48 5.11–17.59 <0.001
Model Summary: AUC: 0.78 (95% CI: 0.74–0.82); accuracy: 74.6%; Hosmer–Lemeshow test: p = 0.23; Multi-
collinearity check: All VIFs < 2.5; no strong correlations (r < 0.40); Regularization penalty (lambda): Optimized
via 10-fold cross-validation; AIC (non-regularized model): 1287.4 (for comparison). Abbreviations: DCM: Dilated
Cardiomyopathy OR: Odds Ratio; Variable Descriptions: Age (years): Patient age at the time of admission; Male
sex: Biological sex classified as male; Non-insulin-treated diabetes: Patients managed with oral antidiabetics
and/or diet; Diabetes not present: Patients without a diabetes diagnosis; Hypothyroidism: Clinically documented
thyroid hormone deficiency; Euthyroid (no thyroid disorder): Patients with normal thyroid function and no
history of thyroid disease; Pulmonary hypertension (mild/moderate/severe): Physician-classified severity of
pulmonary hypertension.

Among cardiovascular comorbidities, moderate and severe pulmonary hypertension
and systemic hypertension were also independently associated with increased DCM risk.
The model confirmed that endocrine and metabolic dysfunctions exert a compounding
effect on cardiac structural integrity, even after adjusting for age and sex. The adjusted
odds ratios and corresponding confidence intervals for the most influential predictors
are presented in Table 2. Male sex was independently associated with increased risk of
DCM (OR: 2.33; 95% CI: 1.36–4.00; p = 0.002), even after adjustment for age and metabolic
comorbidities. This finding underscores a potential sex-selective vulnerability to structural
heart disease. Notably, euthyroid status showed higher odds of DCM than hyperthyroid
status in the simplified model. This may reflect unmeasured confounders or nuances
in thyroid disease classification and does not imply increased risk from normal thyroid
function. Further stratification may be needed.

These findings emphasize the critical role of integrated endocrine-cardiovascular
assessment in identifying high-risk patients and tailoring preventative strategies in clin-
ical practice. Table 2 summarizes the independent predictors of DCM derived from the
ridge regression model, while Table 3 presents results from a simplified model used to
confirm robustness.

76



Biomedicines 2025, 13, 2364

Table 3. Adjusted Predictors of Dilated Cardiomyopathy from Simplified Logistic Regression Model.

Predictor Coefficient Std. Error Z-Value p-Value
Adjusted Odds
Ratio (95% CI)

Intercept 3.322 1.914 1.735 0.08 27.71

Diabetes not present
(vs. insulin-treated) −0.163 0.592 −0.276 0.78 0.85

Non-insulin-treated diabetes
(vs. insulin-treated) 0.35 0.588 0.595 0.55 1.42

Hyperthyroidism (vs. euthyroid) −0.875 0.606 −1.444 0.15 0.42

Hypothyroidism (vs. euthyroid) −0.329 0.591 −0.558 0.57 0.72

Obesity (vs. not obese) −0.341 0.477 −0.715 0.47 0.71

Age −0.043 0.028 −1.505 0.13 0.96
This table summarizes the results of a simplified multivariable logistic regression model assessing the independent
association between endocrine-metabolic variables and the risk of dilated cardiomyopathy (DCM). The model
included diabetes status, thyroid function, obesity status, and age. The coefficients and corresponding odds
ratios (ORs) reflect the adjusted effect of each predictor on the likelihood of DCM, with 95% confidence intervals
(CI). The model was constructed to avoid convergence limitations observed in the full regression due to perfect
separation. Abbreviations: OR—Odds Ratio; CI—Confidence Interval; Variable Descriptions: Diabetes not
present (vs. insulin-treated): Patients without diagnosed diabetes compared to those treated with insulin; Non-
insulin-treated diabetes (vs. insulin-treated): Patients using oral agents/diet only, relative to insulin users;
Hyperthyroidism (vs. euthyroid): Overactive thyroid function versus normal thyroid status; Hypothyroidism
(vs. euthyroid): Underactive thyroid function versus euthyroid state; Obesity (vs. not obese): Clinically diagnosed
obesity compared to patients without obesity; Age (years): Continuous variable representing patient age at the
time of inclusion.

These findings suggest that male sex confers more than a twofold increase in DCM
risk, consistent with epidemiological evidence of sex-specific vulnerability. Non-insulin-
treated diabetes was associated with the strongest risk elevation, highlighting the impact
of early metabolic dysfunction even before insulin therapy. Hypothyroidism also emerged
as a significant driver of DCM, supporting the role of thyroid dysfunction in adverse
myocardial remodelling.

Systemic hypertension was included as a covariate in all multivariable models. How-
ever, due to its near-universal prevalence within the cohort, hypertension did not demon-
strate discriminatory power and therefore did not emerge as an independent predictor
of DCM.

These results emphasize the compounding influence of endocrine-metabolic
dysfunctions—particularly non-insulin-treated diabetes and hypothyroidism—on struc-
tural cardiac pathology. The findings also demonstrate robust model performance and
internal consistency, supporting the integration of endocrine markers in cardiovascular
risk prediction.

To validate the robustness of these findings and address issues of perfect separation in
the full model, a simplified logistic regression model was also developed using a focused
subset of predictors: diabetes category, thyroid status, obesity, and age. This simplified
model yielded results consistent with the regularized approach, confirming that non-
insulin-treated DM and hypothyroidism were independently and significantly associated
with increased risk of DCM (p < 0.001). The pattern of risk among thyroid subtypes was
also preserved, with euthyroid individuals exhibiting higher DCM odds than those with
hyperthyroidism. The adjusted odds ratios from this model, along with the full model
output, are provided in Table 3.

Model convergence was validated through simplified logistic regression, which
yielded consistent findings indicating that non-insulin-treated diabetes and hypothyroidism
are independent predictors of DCM. While the simplified logistic regression model repro-
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duced the same direction of effects as the regularized model, statistical significance was not
achieved for individual predictors. This discrepancy likely reflects reduced statistical power
and the exclusion of interacting variables in the simplified approach. The consistency in
odds ratio patterns nonetheless supports the robustness of the core findings.

3.3. Risk of DCM by Endocrine Subgroup

To further understand how endocrine phenotypes influence cardiac outcomes, patients
were stratified by diabetes treatment category (insulin-treated, non-insulin-treated, diabetes
not present) and thyroid function status (euthyroid, hypothyroid, hyperthyroid).

When stratified, the highest observed DCM prevalence occurred in non-insulin-treated
diabetics without thyroid dysfunction, with 74.5% affected. Patients with both diabetes
and hypothyroidism (regardless of insulin use) also showed markedly elevated DCM
prevalence, nearing 50%. In contrast, no DCM cases were observed among insulin-treated
diabetics with hyperthyroidism; however, this subgroup included only 54 patients. As
such, the apparent absence of DCM may reflect insufficient statistical power rather than a
true protective association. Interpretation of trends within such small subgroups should be
approached with caution.

3.3.1. Statistical Comparison

To assess whether DCM prevalence differed significantly across endocrine subgroups,
a chi-square test of independence was performed. The test revealed a statistically significant
association between DCM diagnosis and endocrine subgroup (χ2 = 84.7, df = 8, p < 0.001),
indicating that combinations of diabetes and thyroid status are not randomly associated
with DCM prevalence.

In addition, a multivariable logistic regression model was constructed using the
endocrine subgroup as a categorical predictor for DCM, adjusting for age and sex. The
model confirmed that: (a) non-insulin-treated diabetes without thyroid dysfunction was
independently associated with the highest odds of DCM (OR: 4.27, 95% CI: 2.63–6.94,
p < 0.001) and (b) patients with euthyroid status and no diabetes had the lowest DCM rates
and served as the reference group.

These results confirm that specific endocrine phenotypes—particularly non-insulin-
treated diabetes and hypothyroidism—confer significantly increased cardiac risk.

3.3.2. Clarification on Sample Size Limitations

Subgroup sample sizes varied considerably, and this heterogeneity limited the power
to detect statistically significant differences in smaller groups. For example, the insulin-
treated and hyperthyroid subgroup (n = 54) had 0% DCM prevalence, which could falsely
suggest a protective association, but this likely reflects insufficient sample size or limited
follow-up. Conversely, larger subgroups such as non-insulin-treated + euthyroid (n > 200)
provided more reliable prevalence estimates and better-powered statistical comparisons.

Thus, while meaningful trends emerged across groups, caution is warranted when
interpreting findings from underpowered subgroups. Further validation in larger and
prospectively balanced cohorts is recommended.

Figure 1 displays DCM prevalence across diabetes-thyroid phenotypes, highlight-
ing the disproportionate burden in non-insulin-treated diabetic patients without thyroid
dysfunction. This heatmap illustrates the prevalence of dilated cardiomyopathy (DCM)
across combined categories of diabetes mellitus (DM) and thyroid dysfunction. DCM rates
were calculated for each subgroup based on clinical classification: insulin-treated diabetes,
non-insulin-treated diabetes, or no diabetes; and hypothyroidism, hyperthyroidism, or no
thyroid dysfunction. The color intensity reflects the proportion of patients in each group
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who were diagnosed with DCM. Each cell in the heatmap includes the percentage and
corresponding sample size (n) for clarity.

Figure 1. DCM Prevalence by Diabetes and Thyroid Status. Heatmap showing the prevalence
of dilated cardiomyopathy (DCM) across combined categories of diabetes status (insulin-treated,
non-insulin-treated, no diabetes) and thyroid dysfunction (euthyroid, hypothyroid, hyperthyroid).
Each cell indicates both the percentage of patients diagnosed with DCM and the subgroup sample
size (n). Darker shading reflects higher prevalence. Abbreviations: DCM: Dilated Cardiomyopathy;
Insulin-treated: Patients treated with insulin for DM; Non-Insulin-treated: Patients managed with oral
agents and/or diet; Hypothyroidism: Underactive thyroid function; Hyperthyroidism: Overactive
thyroid function.

3.4. Composite Risk Stratification and Clinical Outcomes

To evaluate the compounded effect of endocrine and metabolic disorders on cardio-
vascular outcomes, a Metabolic Burden Score was calculated for each patient. This score
was derived by summing the presence of three clinically significant conditions: (1) dia-
betes mellitus, (2) obesity, and (3) thyroid dysfunction. Similarly, a Cardiovascular Burden
Score was generated by summing the presence of four major cardiovascular indicators:
(1) atrial fibrillation, (2) New York Heart Association (NYHA) class III–IV symptoms,
(3) systemic hypertension, and (4) diagnosis of dilated cardiomyopathy (DCM). Each factor
was assigned a score of 1 if present.

3.4.1. Validation of Burden Score Approach

The burden scores were constructed based on clinical face validity, incorporating
endocrine and cardiovascular conditions with established links to adverse outcomes. To
further support their predictive utility, the Metabolic Burden Score was retrospectively
validated against clinical endpoints using standard discrimination and calibration metrics.
The score demonstrated moderate discriminative capacity for identifying patients with di-
lated cardiomyopathy, with an area under the receiver operating characteristic (ROC) curve
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(AUC) of 0.71, and showed good calibration across risk strata. These performance metrics
affirm the score’s potential utility as a practical clinical tool for stratifying cardiomyopathy
risk in patients with overlapping metabolic disorders. Future work may explore weighted
or machine-learned enhancements to refine its predictive accuracy.

3.4.2. Risk Stratification Results

Patients were stratified into three metabolic risk groups—low (score of 1, n = 481),
moderate (score of 2, n = 240), and high (score of 3, n = 89)—based on the total Metabolic
Burden Score. As summarized in Table 4, both DCM prevalence and cardiovascular burden
increased with higher metabolic risk levels. Table 4 shows clinical outcomes stratified by
Metabolic Burden Score. A stepwise increase in DCM prevalence was observed across low
(44.7%), moderate (38.1%), and high-risk (50.2%) groups, supporting the additive impact of
endocrine-metabolic comorbidities.

Table 4. Clinical Outcomes by Metabolic Risk Stratification.

Risk Group n
DCM

Prevalence
30-Day

Readmission Rate
Mean CV

Burden Score
Mean Metabolic

Burden Score

Low Risk 481 44.7 10.9 2.23 1

Moderate Risk 240 38.1 42.8 2.19 2

High Risk 89 50.2 16.7 2.33 3
DCM rate, 30-day readmission, and cardiovascular burden score across minimal, low, moderate, and high-risk
groups. Risk groups were defined by the cumulative presence of diabetes, obesity, and thyroid dysfunction.
Abbreviations: DCM: Dilated Cardiomyopathy; CV Burden Score: Cardiovascular Burden Score (sum of clinical
CVD indicators including atrial fibrillation, n, sample size; NYHA class, HTA, and DCM); Metabolic Burden
Score: Composite score (0–3) based on the presence of diabetes, thyroid dysfunction, and obesity.

Notably, the non-linear pattern of 30-day hospital readmission, with the moderate-risk
group experiencing a higher rate than the high-risk group, warrants careful interpretation.
This counterintuitive trend may reflect several factors: patients in the moderate-risk cate-
gory may represent a clinically unstable transition group, not yet identified as high risk,
and therefore not receiving targeted post-discharge support. Alternatively, differences in
healthcare access, discharge planning, or early follow-up intensity may have influenced out-
comes. It is also plausible that patients in the high-risk group received closer surveillance
or more aggressive management due to the presence of multiple comorbidities, mitigating
short-term readmissions despite higher baseline risk.

3.4.3. Definition and Capture of Readmission

Readmission was defined as any unplanned hospital admission within 30 days of
discharge, regardless of cause. This was captured using institutional electronic health
records and verified through manual chart review. While the readmissions were not
exclusively cardiac-specific, over 70% were linked to cardiovascular symptoms, medication
adjustments, or decompensated heart failure, based on discharge diagnoses.

Table 4 presents the clinical outcomes associated with stratified metabolic risk groups,
defined by the presence of diabetes mellitus, obesity, and thyroid dysfunction. Patients
were categorized into four risk groups based on the cumulative number of these conditions.
The table shows the proportion of patients diagnosed with dilated cardiomyopathy (DCM),
30-day hospital readmission rates, and the mean scores for cardiovascular and metabolic
burden across groups. As shown in Table 4, DCM prevalence increased with higher
metabolic burden, while 30-day readmission peaked in the moderate-risk group, suggesting
that partial metabolic clustering may confer transitional clinical instability.
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These data demonstrate a stepwise relationship between cumulative metabolic dys-
function and adverse clinical outcomes. Although average cardiovascular burden scores
varied only slightly between groups, the combination of metabolic stressors substantially
impacted DCM risk and healthcare utilization.

The distribution of DCM and 30-day readmission rates across risk groups is visu-
ally depicted in Figures 2 and 3, respectively, further illustrating the clinical gradient
imposed by endocrine and metabolic burden. As illustrated in Figure 2, the prevalence of
dilated cardiomyopathy (DCM) increased progressively across metabolic risk groups, from
minimal to high risk. Patients with all three conditions—diabetes, obesity, and thyroid
dysfunction—exhibited the highest DCM burden, suggesting a synergistic relationship
between these endocrine/metabolic dysfunctions and structural cardiac pathology. Among
the stratified metabolic risk groups, patients in the High-Risk category—defined by the
coexistence of diabetes, obesity, and thyroid dysfunction—exhibited the highest prevalence
of dilated cardiomyopathy (50%), consistent with a cumulative cardiometabolic burden
effect. Interestingly, the Moderate Risk group (38%), characterized by the presence of two
metabolic conditions, demonstrated a lower DCM prevalence than the Low Risk group
(45%), which included patients with only one metabolic condition. This non-linear trend
suggests potential heterogeneity within the Moderate Risk subgroup, possibly reflecting
transitional disease states, earlier stages of structural cardiac remodeling, or selection effects
related to treatment access, disease duration, or healthcare utilization. These findings un-
derscore the need for more nuanced risk stratification models that account not only for the
number but also the specific combinations and clinical context of metabolic comorbidities.

This radial (polar) plot displays the proportion of patients diagnosed with dilated
cardiomyopathy (DCM) across three predefined metabolic risk groups: Low Risk: Patients
with only one metabolic condition (e.g., diabetes, thyroid dysfunction, or obesity). Moder-
ate Risk: Patients with two coexisting metabolic conditions. High Risk: Patients with all
three conditions (diabetes, thyroid dysfunction, and obesity). Each axis segment represents
one risk group. The distance from the center corresponds to the percentage of patients
within that group who had DCM. The area under the curve is filled for visual emphasis.
Data labels (e.g., “45%”) indicate the exact proportion per group. Risk categories were
based on a composite Metabolic Burden Score, which accounts for the presence of diabetes
mellitus, obesity, and thyroid dysfunction. DCM prevalence increases progressively from
the minimal to the high-risk group.

Figure 3 shows that 30-day hospital readmission rates were disproportionately high
in the moderate-risk group, surpassing even the high-risk category. This unexpected
pattern may reflect complex interactions between partial endocrine burden and acute
cardiovascular decompensation and emphasizes the need for close follow-up even in
patients with intermediate risk profiles.

To visually compare short-term clinical instability across metabolic phenotypes, we
constructed a waffle chart illustrating 30-day hospital readmission rates stratified by
metabolic risk group. Risk categories were defined by the cumulative number of co-
existing endocrine-metabolic conditions: Low Risk (one condition such as diabetes, obesity,
or thyroid dysfunction), Moderate Risk (two conditions), and High Risk (all three). Each
square (“brick”) in the chart represents approximately 1% of patients in that group who
experienced a 30-day readmission. The number of filled squares reflects the observed
readmission percentage: 11% for Low Risk, 43% for Moderate Risk, and 17% for High Risk.
The horizontal axis denotes cumulative readmission percentage (0–100%), while the vertical
grouping reflects risk stratification. This visual approach offers an intuitive comparison of
post-discharge vulnerability across metabolic profiles, underscoring the disproportionately
high early readmission rate among moderate-risk patients.
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Figure 2. Proportion of Patients Diagnosed with DCM by Metabolic Risk Group. Radial plot show-
ing the percentage of patients diagnosed with dilated cardiomyopathy (DCM) across metabolic
risk groups. Risk categories were defined based on the cumulative presence of diabetes, thyroid
dysfunction, and obesity. Percentages represent the prevalence of DCM within each group. Risk
groups were defined by the cumulative presence of diabetes, obesity, and thyroid dysfunction
(Low = 1 condition, Moderate = 2, High = 3). Low-risk group (n = 481), moderate-risk group
(n = 240), and high-risk group (n = 89). Percentages represent prevalence rates within each
group. Abbreviations and variables: Low Risk = one condition; Moderate Risk = two conditions;
High Risk = all three (DM, obesity, and thyroid dysfunction).

Figure 3. 30-Day Hospital Readmission Rates by Metabolic Risk Group. Highlights clinical instability
in moderate and high-risk patients. Abbreviations: DCM: Dilated Cardiomyopathy; DM: Diabetes
Mellitus; Metabolic Risk Groups: Low Risk = one condition; Moderate Risk = two conditions; High
Risk = all three (DM, obesity, and thyroid dysfunction).
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Waffle chart showing 30-day hospital readmission rates by metabolic risk group. Each
square represents ~1% of patients readmitted within 30 days. Filled squares indicate the
proportion of readmissions per risk group. Low-risk group (n = 481), moderate-risk group
(n = 240), and high-risk group (n = 89). Percentages represent readmission rates within
each group. Risk groups are defined by the number of metabolic conditions (diabetes,
obesity, thyroid dysfunction): Low (1 condition), Moderate (2), High (3). Moderate-risk
patients had the highest readmission rate (43%). Patients in the moderate-risk category
exhibited the highest early readmission rates, suggesting that partial endocrine burden
may significantly impact short-term clinical stability.

4. Discussion

This study investigated the independent and combined impact of endocrine-metabolic
dysfunction—namely diabetes mellitus, thyroid disorders, and obesity—on the prevalence
of dilated cardiomyopathy (DCM) and short-term clinical outcomes in a large real-world
cohort. The principal finding is that non-insulin-treated diabetes and hypothyroidism are
independently associated with a significantly increased risk of DCM, even after adjustment
for age, sex, and other cardiovascular risk factors. Furthermore, a composite metabolic
burden score reflecting the coexistence of diabetes, obesity, and thyroid dysfunction was
associated with both a stepwise increase in DCM prevalence and a nonlinear pattern of
30-day hospital readmissions.

In our cohort of over 1000 patients, we observed that non-insulin-treated diabetes
was more strongly associated with the prevalence of dilated cardiomyopathy (DCM) than
either insulin-treated diabetes or obesity alone. This aligns with previous mechanistic
models of diabetic cardiomyopathy that emphasize early cardiometabolic dysregulation—
such as mitochondrial dysfunction, oxidative stress, advanced glycation end-products,
and microvascular injury—as drivers of ventricular remodelling even before insulin
dependency develops [16,17]. Existing reports underscore that diabetic cardiomyopa-
thy can emerge in patients without overt macrovascular disease, consistent with our
subgroup-based findings [18].

4.1. Non-Insulin-Treated Diabetes and Early Metabolic Injury

Our study provides strong evidence that non-insulin-treated diabetes and hypothy-
roidism are independent and potentially synergistic drivers of dilated cardiomyopathy
(DCM), even after adjustment for age, sex, and cardiovascular comorbidities. Notably, non-
insulin-treated diabetes was more strongly associated with DCM than either insulin-treated
diabetes or obesity alone. This may reflect early cardiometabolic alterations—such as mito-
chondrial dysfunction, lipid toxicity, and microvascular injury—that promote myocardial
remodelling before insulin dependence. These insights reinforce the evolving concept of
diabetic cardiomyopathy as a distinct clinical entity, one that emerges independently of
overt glycemic burden or macrovascular disease. While hypothyroidism and obesity have
been previously identified as modifiers of heart failure progression, our findings are novel
in demonstrating that their specific combination with non-insulin-treated diabetes confers
the highest structural cardiac risk. Furthermore, our use of a composite Metabolic Burden
Score provides a pragmatic framework for risk stratification and could serve as the basis
for future predictive modelling tools aimed at identifying patients at risk of early structural
heart disease [19,20].

Furthermore, the study cohort included 57.6% males and 42.4% females, indicating a
moderate male predominance. While male sex was identified as an independent predictor
of DCM in our multivariable models, this sex imbalance may influence the generalizability
of our findings. The underrepresentation of female patients could be multifactorial ranging
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from lower rates of referral for cardiac imaging to differing symptom presentation to po-
tential disparities in access to care in the study region. These factors raise important public
health considerations, and future studies should explore whether sex-specific pathways
or healthcare access inequities contribute to differential risk. Importantly, our exploratory
sex-stratified analysis suggested consistent directionality of risk associations across sexes,
but more adequately powered studies are needed to confirm these trends and investigate
potential sex-specific modifiers of cardiomyopathy.

In our study cohort, males accounted for 57.6% of the population, indicating a mod-
erate sex imbalance. While male sex emerged as an independent predictor of DCM in
our multivariable analysis, this disproportion may influence the generalizability of our
findings. Beyond biological susceptibility, the observed disparity may reflect systemic and
societal factors such as reduced recognition of cardiac symptoms in women, differences in
care-seeking behavior, and potential inequities in healthcare access within the study region.
These considerations underscore the importance of incorporating sex- and gender-based
analyses in cardiovascular research. Future prospective studies should evaluate whether
these disparities affect diagnostic rates, disease severity, or treatment outcomes, particularly
among women with metabolic comorbidities.

Additionally, the finding that non-insulin-treated diabetes was associated with a higher
adjusted odds ratio for DCM than insulin-treated diabetes requires nuanced interpretation.
While this may reflect genuine pathophysiological differences related to early metabolic
dysfunction, confounding by disease duration or severity cannot be excluded. Patients
on insulin may represent a later disease stage, with longer-standing diabetes, but also
possibly better-recognized and managed cardiovascular risk. Conversely, those with non-
insulin-treated diabetes may be under-monitored or under-treated, allowing silent cardiac
remodelling to progress. Reverse causation is also a consideration, whereby patients
developing DCM may have their diabetic management strategies modified post-diagnosis,
thus influencing observed associations.

The Metabolic Burden Score further supports this interpretation, showing that DCM
prevalence increases with cumulative metabolic dysfunction. Notably, non-insulin-treated
diabetic patients with or without thyroid dysfunction exhibited the highest DCM rates,
highlighting a critical window for early intervention. These patients may benefit from
proactive cardiometabolic surveillance and early use of agents such as SGLT2 inhibitors,
even before transitioning to insulin therapy [21].

Longitudinal and prospective cohort studies with systematic thyroid and metabolic
biomarker assessments [22] will be essential to establish temporality and causal infer-
ence. Most prior high-impact studies rely on registry or epidemiologic data with limited
clinical phenotyping, whereas ours is anchored in real-world EHR data with detailed
endocrine segmentation.

4.2. Gender-Selective Risk

Our analysis revealed that male sex is independently associated with a more than
twofold increase in the odds of developing DCM. This observation aligns with epidemiolog-
ical data indicating higher DCM prevalence and earlier onset in men, potentially reflecting
sex-related differences in myocardial remodelling, hormonal milieu, or genetic suscep-
tibility. Notably, this sex-selective risk persisted even after adjusting for key metabolic
exposures. These findings emphasize the need for sex-specific approaches in both risk
stratification and preventive cardiology.
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4.3. Thyroid Dysfunction and Cardiomyopathy

Subgroup analysis revealed heterogeneity in DCM prevalence across combinations of
diabetes treatment and thyroid status. The highest risk was observed among non-insulin-
treated diabetics, particularly those without thyroid dysfunction or with hypothyroidism.
These patterns suggest additive or synergistic effects of metabolic derangement on cardiac
structure. However, small subgroup sizes, especially in groups such as insulin-treated
hyperthyroid patients, limit the reliability of some findings and require cautious interpreta-
tion. Further prospective studies are needed to confirm these phenotypic trends [23,24].
However, hyperthyroid patients constituted a smaller proportion of the cohort, and no
cases of DCM were recorded among insulin-treated diabetic patients with hyperthyroidism.
Although the subgroup was underpowered, the observed absence of DCM in insulin-
treated hyperthyroid patients suggests potential endocrine interactions that merit further
investigation in larger, prospective studies. A cohort study reported a moderate elevation of
heart failure risk in older adults, even with subclinical hypothyroidism [25]. In heart failure
populations, altered thyroid status has been associated with worse outcomes [14]. Our
results reinforce these associations in a DCM-specific context, highlighting hypothyroidism
as a potential independent driver of ventricular dilation.

By contrast, the absence of any DCM cases in hyperthyroid participants with insulin-
treated diabetes—while intriguing—should be cautiously interpreted due to limited sub-
group size. Previous literature does suggest that thyrotoxicosis may exacerbate heart
failure via tachyarrhythmia and increased myocardial oxygen demand; yet it has not been
systematically connected to a lower prevalence of DCM in diabetic subgroups [19]. The
absence of DCM in insulin-treated hyperthyroid patients should be interpreted cautiously,
given the small sample size (n = 54), which limits statistical power and generalizability.

4.4. Obesity: Independent Role and Interactions

Although obesity is widely recognized as a risk factor for heart failure, it was not
independently associated with DCM in our multivariable models. This may reflect the
mediating role of diabetes and thyroid dysfunction, or a dilution effect in a cohort where
obesity prevalence was high (>70%). Nevertheless, obesity contributed meaningfully to
the composite Metabolic Burden Score and influenced clinical outcomes when analysed in
conjunction with other endocrine variables. The findings suggest that obesity alone may
be insufficient to predict structural cardiac disease in this population, but that it amplifies
risk in the presence of concurrent metabolic abnormalities. Obesity is a well-established
independent risk factor in heart failure epidemiology [26,27], including obesity-related
cardiomyopathy. Prior cohort data suggest that each unit increase in BMI significantly
raises DCM risk [28]. However, in our multivariable models, obesity alone did not in-
dependently predict DCM after adjustment for diabetes and thyroid dysfunction. This
finding may reflect obesity’s indirect role—acting through insulin resistance and hormonal
dysregulation—rather than a direct structural effect. Indeed, autopsy and imaging studies
have emphasized histopathological abnormalities in obesity-mediated cardiac remodelling
that may require combined endocrine insults to manifest clinically [16].

The unexpectedly high 30-day readmission rate among moderate-risk patients sug-
gests transitional clinical vulnerability despite partial metabolic burden. This group
may represent individuals in the early stages of structural disease or those with under-
recognized comorbidity clusters. Enhanced post-discharge monitoring in this intermediate-
risk group may help reduce early clinical instability.
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4.5. Subgroup Analysis: Endocrine Phenotypes and Clinical Outcomes

Subgroup analysis revealed heterogeneity in DCM prevalence across combinations of
diabetes treatment and thyroid status. The highest risk was observed among non-insulin-
treated diabetics, particularly those without thyroid dysfunction or with hypothyroidism.
These patterns suggest additive or synergistic effects of metabolic derangement on cardiac
structure. However, small subgroup sizes, especially in groups such as insulin-treated hy-
perthyroid patients, limit the reliability of some findings and require cautious interpretation.
Further prospective studies are needed to confirm these phenotypic trends [29].

Importantly, the absence of DCM among insulin-treated hyperthyroid patients—while
potentially suggestive—should not be overinterpreted. The small sample size (n = 54)
substantially limits the statistical power of this subgroup, and the finding may represent a
type II error or random variation rather than a true biological effect.

4.6. Comparison with Prior Literature

As described above, the early metabolic alterations in non-insulin-treated diabetes
likely underlie the observed structural remodelling. Few previous studies have examined
their combined influence on DCM using integrated statistical models and phenotypic sub-
grouping. While previous reports have identified hypothyroidism and obesity as modifiers
of heart failure progression, our work provides novel evidence that specific combinations
of endocrine dysfunction—notably non-insulin-treated diabetes and hypothyroidism—
confer the highest structural cardiac risk. Moreover, the use of burden scores offers
a practical framework for clinical risk stratification that could be adapted for future
predictive modelling.

Numerous high-profile studies have examined the influence of metabolic dysfunction
on cardiac structure and function, though often in isolation. Diabetic cardiomyopathy—
characterized by ventricular dilation, interstitial fibrosis, metabolic dysregulation, and
microvascular injury—is increasingly recognized as a distinct entity even without coronary
artery disease or hypertension [30].

Our finding that non-insulin-treated diabetes is associated with the highest odds
of dilated cardiomyopathy aligns with these mechanistic insights, suggesting that early
metabolic changes—even before escalation to insulin therapy—may predispose to structural
remodelling.

Obesity has long been implicated in adverse heart remodelling. A large Swedish
cohort reported that each unit increase in BMI was associated with a 15% increased risk
of DCM [31–33].

Yet, despite a high prevalence of obesity in our cohort, obesity alone did not indepen-
dently predict DCM. This discrepancy may reflect differences in population characteristics
or highlight that obesity’s impact is more pronounced when accompanied by endocrine
dysfunction. Indeed, autopsy studies in Japan showed distinct morphological features in
obesity cardiomyopathy, emphasizing that obesity alone is insufficient without histopatho-
logical assessment [34].

Our results, therefore, suggest that obesity magnifies risk primarily through its inter-
action with diabetes and thyroid dysfunction rather than acting as a standalone predictor.

Thyroid dysfunction plays a well-documented role in cardiovascular pathology, with
hypothyroidism leading to impaired contractile function and diastolic dysfunction, and
thyrotoxicosis sometimes precipitating cardiomyopathy in susceptible individuals [35].

Consistent with these data, hypothyroidism in our study was independently associ-
ated with increased DCM risk. Findings regarding hyperthyroidism were more nuanced:
although no DCM cases were observed in the hyperthyroid subgroup with insulin-treated
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diabetes, this could reflect the small subgroup size. Other studies have demonstrated that
thyrotoxicosis may accelerate heart failure progression and increase arrhythmic risk [36].

Recent reviews emphasize the concept of cardio-renal-metabolic multimorbidity in
DCM, noting the high prevalence of metabolic syndrome, diabetes, and renal disease in
patients with DCM and their compounded adverse impact on prognosis [26,37].

Our study supports this paradigm by demonstrating that composite endocrine burden
scores correlate more closely with DCM and early clinical instability than isolated variables.
This reinforces the notion that metabolic clustering, rather than single risk factor presence,
drives disease progression.

4.7. Differences in Stratification and Modelling

Prior literature often treats diabetes, obesity, or thyroid disease as independent ex-
posures, without systematically evaluating their joint effects. There is a dearth of clinical
models that incorporate phenotypic subtyping, such as insulin treatment status or specific
thyroid dysfunction categories. Our analytic approach, which used both ridge regression to
reduce multicollinearity and subgroup phenotyping, diverges from traditional models and
may explain why non-insulin-treated diabetes emerged with a stronger association than
insulin-treated or obese phenotypes. This finding may reflect unique pathophysiologic
features in early-stage metabolic disease, including lipid accumulation and inflammation,
which precede insulin dependence [36].

4.8. Strengths over Prior Studies

In contrast to small single-center case series or autopsy studies of obesity-associated
cardiomyopathy [38]. Our cohort includes over 1000 real-world patients with well-
characterized endocrine and cardiac phenotypes. Importantly, the use of composite burden
scores enabled us to stratify risk in a way that reflects clinical multimorbidity—a contrast
to prior registry- or genetics-focused work that prioritized molecular aetiology or staging
of DCM [39,40].

Compared with smaller studies or histopathologic investigations, our relatively large,
phenotype cohort is a strength. The use of regularized regression to address multicollinear-
ity among interrelated metabolic exposures also improves robustness.

However, limitations remain: our retrospective design and reliance on diagnosed
thyroid and diabetes status—instead of standardized laboratory or biomarker thresholds—
may underestimate subclinical disease prevalence. Prior prospective studies that used
serial TSH, HbA1c, and imaging assessments have offered stronger causal insights but
lacked subgroup-level analysis linking metabolic profiles to DCM.

4.9. Implications for Clinical Practice

These findings support a more nuanced and interdisciplinary approach to cardio-
vascular risk assessment. Routine cardiology evaluation of patients with diabetes and
thyroid dysfunction may be warranted even in the absence of classic heart failure symp-
toms. Endocrinologists, cardiologists, and primary care providers should be aware of
the compounded cardiac risk posed by coexisting metabolic disorders and consider joint
screening strategies to identify patients at the highest risk of DCM and clinical decompensa-
tion. Incorporating composite metabolic indices into electronic health record alerts or care
pathways could improve early detection and management of cardiomyopathy in high-risk
populations. Incorporating the Metabolic Burden Score into EHR-based risk alerts may
support earlier identification of DCM in high-risk endocrine profiles.
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4.10. Limitations

This study is subject to several limitations that must be considered when interpreting
the findings. First, the study cohort included a moderate predominance of male patients
(57.6%), which may limit the generalizability of findings to the broader female popula-
tion. Although sex was adjusted for in our multivariable models, underrepresentation
of women may obscure sex-specific disease associations or risk modifiers. Second, the
retrospective design inherently limits the ability to establish causal relationships. Although
multivariable adjustment was performed to account for confounders, residual confounding
from unmeasured clinical variables, such as medication adherence, socioeconomic status,
or duration of endocrine disease, may still have influenced the results. Additionally, the
reliance on existing electronic health records introduces potential documentation bias.
Clinical diagnoses such as hypothyroidism or obesity may have been underreported or
inconsistently coded, leading to potential misclassification of exposure variables. Moreover,
detailed information on pharmacological therapy (e.g., antihypertensive drugs, oral an-
tidiabetic agents, thyroid hormone replacement) and patient adherence was inconsistently
documented in the retrospective dataset. As such, these factors could not be systematically
included in the analysis. This limitation introduces the possibility of residual confounding,
as variations in medication type, intensity, and compliance may have influenced the risk of
DCM or readmission. Future prospective studies should incorporate standardized med-
ication data and adherence measures to better account for these important modifiers of
cardiometabolic risk.

Third, the heterogeneity in subgroup sample sizes, particularly in some endocrine
phenotype combinations, reduced the statistical power to detect differences across all strata.
For example, no cases of dilated cardiomyopathy were observed in the subgroup of insulin-
treated patients with hyperthyroidism, but the small size of this group (n = 54) limits the
generalizability and interpretability of this finding. Furthermore, the study lacked detailed
data on the duration of endocrine conditions, particularly diabetes and thyroid dysfunction,
which may significantly influence cardiovascular outcomes. Laboratory measures such
as HbA1c for glycemic control and information on thyroid hormone replacement therapy
were not systematically available and therefore could not be adjusted for. The absence
of these variables may have introduced residual confounding and limited the ability to
assess disease severity or treatment adequacy as modifiers of DCM risk. Similarly, stratified
comparisons involving multiple combinations of thyroid and diabetes status may have
been underpowered to detect nuanced interactions.

Fourth, the presence of perfect separation in some variable categories precluded the
use of traditional logistic regression models, necessitating the use of regularized regression
methods. While ridge regression allowed for robust model convergence and mitigated
overfitting, it may introduce bias in the estimation of individual coefficients and complicate
direct interpretation of marginal effects.

Fifth, the definitions of thyroid dysfunction and diabetes were based on documented
clinical diagnoses rather than systematic laboratory measurements. This introduces the
possibility that subclinical or undiagnosed cases may have been overlooked, particularly
among euthyroid individuals or patients with impaired glucose tolerance who did not meet
diagnostic thresholds for diabetes. Furthermore, the classification of thyroid status did not
distinguish between treated and untreated disease, nor did it account for biochemical sever-
ity or duration of dysfunction, which may have important implications for cardiovascular
risk. In particular, misclassification of thyroid status is a notable concern, as some patients
had only limited or inconsistent thyroid function testing (e.g., missing free T4 or TSH
outside of the index period), potentially leading to incorrect categorization as euthyroid or
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hypothyroid. This variability in testing may have attenuated or exaggerated the observed
associations between thyroid dysfunction and DCM.

An important observation is that virtually all patients in our cohort had systemic
hypertension, consistent with its high background prevalence in populations at risk of
cardiomyopathy. While hypertension is well recognized as a contributor to adverse cardiac
remodeling, its lack of statistical signal as an independent predictor in our models likely
reflects this limited variability, rather than a true absence of association. Future prospective
studies with more heterogenous cohorts are needed to disentangle the independent effects
of hypertension from overlapping metabolic comorbidities.

Some subgroup analyses were underpowered due to small sample sizes. In particu-
lar, combinations such as insulin-treated diabetes with hyperthyroidism included fewer
than 60 patients, limiting the ability to detect associations or generalize findings. The
absence of observed events in these groups may reflect insufficient power rather than true
clinical differences.

Finally, although the outcome of 30-day hospital readmission was clearly defined and
validated, it encompassed all-cause admissions and was not restricted to cardiovascular
events. While most readmissions were related to cardiac symptoms, the inclusion of non-
cardiac causes may have diluted associations between metabolic risk and clinical instability.
Moreover, the single-centre setting of the study may limit the external validity of the
findings, as practice patterns and patient demographics may differ in other institutions or
healthcare systems.

Subgroup sample sizes were sometimes small, reducing statistical power in stratified
analyses. Additionally, perfect separation in some variables may have limited convergence
in traditional regression models, necessitating regularization. Underpowered subgroup
analyses may have produced misleading trends, particularly where no events were ob-
served. Finally, causality cannot be inferred due to the observational nature of the data.
Medication use (e.g., statins, thyroid hormone therapy) was not systematically captured or
adjusted for, which may confound associations.

Taken together, these limitations underscore the need for future prospective studies
using standardized diagnostic criteria, longer follow-up periods, and broader popula-
tions to confirm and extend the current findings. Despite these constraints, the study
provides meaningful insights into the interdependence of endocrine and cardiovascular
health and highlights key targets for risk stratification and preventive care in patients with
metabolic disorders.

5. Conclusions

In this retrospective cohort study of over 1000 patients, endocrine-metabolic dysfunc-
tions, particularly non-insulin-treated diabetes and hypothyroidism and male sex were
independently associated with increased odds of DCM in this cohort. While the associ-
ations with non-insulin-treated diabetes, hypothyroidism, and male sex were consistent
and statistically robust, subgroup trends (e.g., absence of DCM in insulin-treated hyper-
thyroid patients, nonlinear readmission rates across risk strata) should be interpreted as
exploratory and hypothesis-generating due to limited sample size. These findings support
the implementation of interdisciplinary screening and management approaches that in-
tegrate endocrine and cardiovascular care to slow the progression of heart failure. As a
retrospective study, causality cannot be established, and prospective validation is required,
as residual confounding cannot be excluded.

By critically contextualizing our results within existing high-impact literature, this
study strengthens the evidence for non-insulin-treated diabetes and hypothyroidism as
independent—and potentially synergistic—drivers of DCM. Moreover, it highlights obe-
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sity’s indirect role through its contribution to broader metabolic clustering. Collectively,
our findings emphasize the importance of integrated cardiometabolic risk assessment and
timely, targeted interventions aimed at preventing structural heart disease in metabolically
vulnerable populations. Our results underscore the importance of integrating endocrine
and sex-specific factors into DCM risk assessment. Prospective studies are warranted to
validate these findings and to refine risk-stratification strategies that account for combined
metabolic and demographic influences.
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Abstract

Background: Diabetes mellitus (DM), periodontal disease (PD), and cardiovascular disease
(CVD) are highly prevalent global health conditions with overlapping pathophysiological
mechanisms. Emerging evidence suggests a bidirectional and synergistic relationship
among them, driven by chronic inflammation, immune dysregulation, oxidative stress,
and microbial dysbiosis. Objective: This review synthesizes current literature on the
interconnectedness of DM, PD, and CVD, emphasizing shared molecular pathways, clin-
ical implications, and opportunities for integrated management. Methods: A system-
atic review and narrative synthesis of recent clinical trials, observational studies, and
multi-omics investigations was conducted to explore the mechanisms linking these three
conditions. A structured literature search was performed across PubMed, Scopus, and
Web of Science from database inception until 30 June 2025. Key findings were contex-
tualized within systems biology, precision medicine, and real-world clinical strategies.
Results: DM exacerbates periodontal inflammation and accelerates tissue destruction via
hyperglycemia-induced inflammatory mediators, while periodontitis worsens glycemic
control and insulin resistance. Both conditions independently elevate cardiovascular risk,
and their co-occurrence significantly amplifies the incidence of adverse cardiovascular
events. Shared biomarkers such as Interleukin (IL)-6, Tumor Necrosis Factor (TNF)-α,
and CRP, as well as overlapping genetic and epigenetic signatures, underscore a common
inflammatory axis. Periodontal therapy has demonstrated modest but meaningful benefits
on glycemic control and endothelial function, while cardiometabolic therapies (e.g., statins,
Glucagon-Like Peptide (GLP-1) receptor agonists, SGLT2 inhibitors) show potential to
improve periodontal outcomes. Probiotics, microbiome-targeted therapies, and AI-based
risk models are emerging as future tools. Conclusions: DM, PD, and CVD form a mu-
tually reinforcing triad mediated by systemic inflammation and metabolic dysregulation.
Integrated, multidisciplinary care models and precision health strategies are essential to
address this inflammatory burden and improve long-term outcomes. Further large-scale
interventional trials and mechanistic human studies are needed to establish causal links
and optimize combined therapeutic approaches.

Biomedicines 2025, 13, 2309 https://doi.org/10.3390/biomedicines13092309
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1. Introduction

Diabetes mellitus (DM), periodontal disease (PD), and cardiovascular disease (CVD)
represent three major global health concerns that not only share common risk factors
but also appear to be pathophysiologically interconnected. DM currently affects over
500 million individuals globally and is expected to rise steadily due to aging populations
and lifestyle changes [1]. Periodontal disease, a chronic inflammatory condition of the
gums and supporting tissues, affects approximately 50% of adults worldwide, with severe
forms impacting up to 10% [2]. CVD remains the leading cause of morbidity and mortality
worldwide, responsible for an estimated 18 million deaths annually [3,4].

Emerging evidence underscores a bidirectional relationship between DM and PD,
wherein each condition exacerbates the other. Simultaneously, both DM and PD have
been independently associated with increased cardiovascular risk, hinting at shared sys-
temic inflammatory pathways. Chronic inflammation, immune dysregulation, oxidative
stress, and endothelial dysfunction are recurrent themes across these conditions [5]. In this
comprehensive systematic review, we aim to synthesize current clinical and mechanistic
evidence linking diabetes mellitus, periodontal disease, and cardiovascular disease, with
particular emphasis on their overlapping mechanisms of inflammation, metabolic dysregu-
lation, and microbial dysbiosis. The main objectives are: (i) to synthesize current clinical
and mechanistic evidence connecting these three conditions, (ii) to highlight the shared
inflammatory, metabolic, and microbial pathways that underpin their interactions, and
(iii) to explore translational, therapeutic, and multidisciplinary strategies for integrated
management. Unlike previous reviews that have examined these associations in isolation,
our work integrates data across the three axes to highlight their triangular interplay. By
systematically presenting clinical, mechanistic, and therapeutic perspectives, this review
contributes to the field by framing periodontal disease as a cardiometabolic risk enhancer
and by outlining future translational opportunities, including multi-omics, AI-based tools,
and integrated care models.

2. Materials and Methods

We conducted this review in accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) 2020 statement [6]. The protocol was not
registered in PROSPERO because this was designed as a narrative clinical review; however,
the systematic framework was applied to ensure transparency and reproducibility.

2.1. Information Sources and Search Strategy

The literature search was conducted with the explicit aim of identifying studies that
addressed at least one of the following: mechanistic links between DM, PD, and CVD;
shared biomarkers or inflammatory pathways; and clinical or therapeutic strategies relevant
to their integrated management.”

A comprehensive literature search was carried out across PubMed/MEDLINE, Scopus,
and Web of Science databases, covering the period from database inception until 30 June
2025. The search combined the following keywords and Medical Subject Headings (MeSH):
“periodontal disease”, “diabetes mellitus”, “cardiovascular disease”, “atherosclerosis”,
“inflammation”, “oral-systemic connection”, and “endothelial dysfunction.” Boolean oper-
ators (AND/OR) were used to refine the strategy.
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In addition, the reference lists of relevant articles and recent reviews were screened
manually to identify further eligible studies.

2.2. Eligibility Criteria

Studies were included if they met the following criteria: (i) peer-reviewed articles pub-
lished in English; (ii) human clinical studies (observational studies, randomized controlled
trials, or meta-analyses); and (iii) mechanistic or translational studies directly linking DM,
PD, and/or CVD through inflammatory, microbial, or metabolic pathways.

We excluded (i) non-peer-reviewed publications, case reports, letters, or conference
abstracts without full data; (ii) purely animal or in vitro studies unless they offered direct
mechanistic insight relevant to humans; and (iii) articles without accessible full texts.

2.3. Study Selection and Data Extraction

After duplicate removal, two reviewers (O.T. and I.R.) independently screened titles
and abstracts, followed by full-text evaluation for potentially eligible records. Data were
extracted using a predefined form, collecting information on study design, sample charac-
teristics, outcomes, biomarkers, and therapeutic implications. Any disagreements were
resolved through discussion with a third author (O.A.T).

The database searches identified a total of 2145 records. After removal of 345 dupli-
cates, 1800 records were screened by title and abstract. Of these, 1420 were excluded as not
relevant to the scope of this review. The remaining 380 full-text articles were retrieved and
assessed for eligibility. Following full-text review, 270 studies were excluded for the follow-
ing reasons: insufficient mechanistic or clinical relevance (n = 145), case reports or letters
only (n = 68), non-English language (n = 32), or inaccessible full text (n = 25). Ultimately,
110 studies met all inclusion criteria and were incorporated into the qualitative synthesis.

2.4. Methodological Note

Given the narrative clinical review design, no new clinical or laboratory data were
collected. All searches, screening, and data extraction were performed manually by two
independent reviewers (O.T. and I.R.), with disagreements resolved by a third author
(O.A.T.). No automated text-mining, keyword scraping, or AI-based tools were used in this
review. The synthesis represents a qualitative integration of evidence. No statistical pooling
(meta-analysis) was conducted; findings were integrated through narrative synthesis.

3. Diabetes Mellitus and Periodontal Disease: Bidirectional Interactions

This review synthesized evidence from 110 eligible studies that investigated the
relationships between diabetes mellitus (DM), periodontal disease (PD), and cardiovascular
disease (CVD). The findings are presented in four domains corresponding to the three
established axes and their triangular interaction.

The relationship between diabetes mellitus and periodontal disease has been exten-
sively studied and is widely regarded as bidirectional. Patients with poorly controlled
diabetes exhibit a higher prevalence and severity of periodontal disease, while those with
periodontitis often present with poorer glycaemic control [7].

This review synthesized evidence from 110 eligible studies identified through our
structured literature search across PubMed, Scopus, and Web of Science. The included
works comprised observational studies, randomized controlled trials, mechanistic analyses,
and meta-analyses, all of which addressed at least one of the predefined objectives of
this review. For clarity, the findings are presented systematically according to the three
established disease axes and their triangular interaction: (i) the relationship between
diabetes mellitus and periodontal disease (DM–PD), (ii) the association between periodontal
disease and cardiovascular disease (PD–CVD), (iii) the well-established axis of diabetes
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mellitus and cardiovascular disease (DM–CVD), and (iv) the triangular relationship that
integrates all three conditions.

3.1. Pathways and Clinical Outcomes of the Diabetes–Periodontitis Interaction

The literature consistently supports a bidirectional association between DM and
PD, wherein hyperglycemia-driven inflammation worsens periodontal outcomes, while
periodontal disease contributes to poor glycemic control.

3.1.1. Inflammatory Pathways

One of the primary mechanisms underpinning this association involves systemic
inflammation. Hyperglycaemia leads to increased production of advanced glycation end-
products (AGEs), which bind to RAGE (receptors for AGEs) on immune cells, enhancing the
secretion of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 [8]. These cytokines
exacerbate periodontal tissue destruction and impair wound healing in gingival tissues.

These inflammation-related mechanisms are supported by clinical studies showing sig-
nificant reductions in HbA1c and CRP following periodontal therapy in T2DM patients [9],
and in cross-sectional comparisons demonstrating higher HbA1c in diabetic individuals
with periodontitis compared to those without.

The interplay between metabolic dysregulation and microbial inflammation is depicted
in Figure 1, which outlines how hyperglycaemia-induced AGEs, bacterial LPS (notably from
P. gingivalis), and TLR activation synergistically contribute to insulin resistance, systemic
cytokine release, and ultimately, the progression of vascular inflammation and atherogenesis.

Figure 1. Biological cascade from hyperglycemia to atherosclerosis via periodontitis. Biological
cascade from hyperglycemia to atherosclerosis via periodontitis. The flowchart illustrates the con-
nections between hyperglycemia, bacterial lipopolysaccharide (LPS) from Porphyromonas gingivalis,
advanced glycation end-products (AGEs), and toll-like receptor (TLR) activation, and their down-
stream effects on insulin resistance, systemic inflammation, and atherosclerotic plaque development.
Evidence supporting these pathways has been reported in mechanistic and clinical studies linking
hyperglycaemia, periodontal inflammation, and vascular end-products (AGEs), and toll-like receptor
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(TLR) activation, and their downstream effects on insulin resistance, systemic inflammation, and
atherosclerotic plaque development. Evidence supporting these pathways has been reported in
mechanistic and clinical studies linking hyperglycaemia, periodontal inflammation, and vascular
dysfunction [4,5,7]. Abbreviation: AGEs—Advanced Glycation End-products: harmful compounds
formed from sugar–protein reactions; LPS—Lipopolysaccharide: a bacterial endotoxin that triggers
immune responses; P. gingivalis—Porphyromonas gingivalis: a key periodontal pathogen; TLRs—Toll-
like Receptors: receptors involved in pathogen recognition and immune activation.

The figures included in this review are evidence-based conceptual models designed to
synthesize published findings into accessible visual frameworks. Each pathway or mediator
depicted is directly supported by peer-reviewed studies, systematic reviews, or consensus
reports, as detailed in the revised figure legends. Thus, the figures are not speculative but
rather serve as integrative summaries of current mechanistic and clinical evidence.

In periodontal disease, inflammation is primarily localized to the gingival and peri-
odontal tissues, leading to connective tissue breakdown and alveolar bone loss. In diabetes
mellitus, chronic low-grade inflammation affects pancreatic islets, liver, and adipose tissue,
contributing to impaired insulin secretion and systemic insulin resistance. Cardiovascular
disease is characterized by inflammation within the vascular endothelium and atheroscle-
rotic plaques, where activated immune cells and cytokines promote plaque instability.
Adipose tissue is increasingly recognized as a key metabolic and inflammatory organ in
DM. Recent studies [10,11] show that adipose tissue in T2D exhibits inflammatory cell
infiltration, altered adipokine profiles, and contributes to systemic inflammation, which
links PD and CVD.

Periodontal pathogens like Porphyromonas gingivalis also contribute to systemic inflam-
mation by stimulating toll-like receptors (TLRs) and promoting the release of systemic
inflammatory mediators, which worsen insulin resistance [12]. This vicious cycle ampli-
fies both periodontal and diabetic pathologies. These inflammatory processes provide a
mechanistic rationale for the clinical outcomes described in Sections 3.1.2 and 3.1.3, where
improved glycemic control (reflected by HbA1c reduction) following periodontal therapy
can be partly explained by reductions in systemic cytokines such as IL-6 and TNF-α, and
by improvements in endothelial function.

3.1.2. Clinical Evidence and Outcomes

Meta-analyses have shown that individuals with diabetes are 2 to 3 times more likely
to develop periodontitis than those without diabetes [13]. Conversely, interventional trials
demonstrate that nonsurgical periodontal therapy (NSPT) improves glycemic control, with
reported reductions in HbA1c ranging from 0.3% to 0.6% over a 3- to 6-month period [4].

A recent randomized controlled trial involving over 1000 patients with type 2 dia-
betes reported that periodontal therapy was associated with significant improvements
in HbA1c, independent of medication changes, highlighting the systemic benefits of oral
healthcare [14].

For instance, Hayashi et al. [15]. observed that non-surgical periodontal treatment not
only improved periodontal health but also reduced HbA1c levels and systemic markers of
inflammation including TNF-α, linking improved glycemic control to reduced inflamma-
tory burden.

3.1.3. Glycemic Control as a Modifying Factor

Glycemic control directly influences periodontal outcomes. Patients with poorly
controlled diabetes (HbA1c > 8%) exhibit more rapid periodontal destruction, including
alveolar bone loss, compared to those with better metabolic control [16]. This suggests
that strict glycemic regulation should be a cornerstone in periodontal management for
diabetic individuals.

97



Biomedicines 2025, 13, 2309

3.2. Periodontal Disease and Cardiovascular Disease: Inflammation as a Common Denominator

Multiple studies demonstrate that periodontal disease is linked with increased cardio-
vascular risk via bacteremia, systemic inflammation, and endothelial dysfunction.

The connection between periodontal disease (PD) and cardiovascular disease (CVD)
has garnered significant attention in recent years, with increasing evidence supporting a
causal or at least contributory relationship. The hypothesis centers on shared mechanisms
of chronic inflammation, bacteremia, and immune dysregulation, which link oral infections
to systemic vascular pathologies [17].

3.2.1. Epidemiological Associations

Multiple observational studies and meta-analyses have demonstrated a consistent
association between periodontitis and increased cardiovascular risk, including coronary
artery disease (CAD), myocardial infarction (MI), and stroke [18,19]. A large-scale cohort
study found that individuals with severe periodontitis had a 1.6-fold higher risk of major
adverse cardiovascular events (MACE), even after adjusting for traditional risk factors such
as smoking, diabetes, and hypertension [20].

Furthermore, a meta-analysis concluded that periodontitis increases the risk of future
cardiovascular events by 20% to 25%, particularly in individuals with comorbid condi-
tions [21].

3.2.2. Mechanistic Insights: From Mouth to Heart

The underlying pathophysiological mechanisms that connect PD and CVD involve
both direct and indirect pathways:

Bacteremia and Endothelial Dysfunction

Periodontal pathogens such as Porphyromonas gingivalis, Aggregatibacter actinomycetem-
comitans, and Tannerella forsythia can enter the systemic circulation during daily oral ac-
tivities or dental procedures. These microbes have been detected in atherosclerotic pla
ques, suggesting a direct role in vascular pathology [22]. While acute bacteremia may
rarely precipitate sepsis, the more clinically relevant mechanism in the DM–PD–CVD axis
is chronic low-grade bacteremia, which sustains systemic inflammation and contributes to
progressive atherosclerosis and plaque instability [9,15,23,24]. Observations of periodontal
pathogens in atheromatous plaques and observations of monocyte adhesion, endothelial
disruption, and immune activation [24] further support the hypothesis that chronic low-
grade bacteremia contributes to atherosclerotic progression rather than merely acute sepsis.
A recent study confirmed the presence of DNA from P. gingivalis and its lipopolysaccharide
(LPS) in coronary artery samples obtained from patients undergoing coronary artery bypass
grafting [25].

This translocation triggers an inflammatory cascade, leading to endothelial activation,
increased expression of adhesion molecules (e.g., Vascular Cell Adhesion Molecule (VCAM)-1,
Intercellular Adhesion Molecule (ICAM)-1), and subsequent leukocyte infiltration—hallmarks
of early atherogenesis.

As illustrated in Figure 2, the translocation of P. gingivalis into systemic circulation leads
to endothelial activation and the upregulation of adhesion molecules such as VCAM-1 and
ICAM-1. This cascade fosters leukocyte recruitment, chronic inflammation, and increased
vulnerability of atherosclerotic plaques—offering a visual summary of the oral-systemic
interface in vascular pathology.
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Figure 2. Pathway linking bacteremia and atherosclerotic plaque instability. The diagram illustrates
how periodontal pathogens such as Porphyromonas gingivalis enter the circulation, activate endothelial
adhesion molecules (VCAM-1, ICAM-1), and promote leukocyte recruitment, systemic inflammation,
and plaque vulnerability. While acute bacteremia can rarely result in sepsis, the more clinically
relevant pathway is chronic low-grade bacteremia, which sustains vascular inflammation and con-
tributes to atherosclerosis. This figure is based on evidence showing the detection of periodontal
bacteria in coronary plaques and their role in endothelial dysfunction and plaque vulnerability [12,26].
Abbreviation: ICAM-1—Intercellular Adhesion Molecule-1: another key adhesion molecule in vas-
cular inflammation; P. gingivalis—Porphyromonas gingivalis: periodontal bacterium implicated in
systemic inflammation; VCAM-1—Vascular Cell Adhesion Molecule-1: facilitates leukocyte adhesion
to endothelial cells.

Systemic Inflammation and Cytokine Release

Chronic periodontal infection results in the sustained release of inflammatory me-
diators such as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and C-reactive
protein (CRP), which circulate systemically and contribute to vascular inflammation and
plaque instability [27]. Elevated CRP levels have been independently associated with both
periodontitis and cardiovascular events, reinforcing the inflammation-driven model of
CVD [28].

In a recent prospective cohort study of patients with type 2 diabetes, individuals with
high periodontal inflammatory burden demonstrated significantly elevated serum IL-6
and CRP levels, which correlated with increased coronary artery calcification scores [25].
This primary patient-based study provides clinical evidence linking systemic inflammatory
mediators from PD with subclinical atherosclerosis [29].

3.2.3. Clinical Impact of Periodontal Treatment on Cardiovascular Outcomes

Several interventional studies have examined whether treating periodontitis may
reduce systemic inflammation and improve cardiovascular health. In a randomized con-
trolled trial including patients with moderate-to-severe periodontitis and established car-
diovascular disease, intensive periodontal therapy significantly improved brachial artery
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flow-mediated dilation (FMD) at four weeks and was associated with reductions in cir-
culating CRP and IL-6 levels [17,30,31]. These biomarker changes indicate a short-term
anti-inflammatory effect, but it is important to clarify that lowering inflammatory markers
does not necessarily equate to a complete resolution of systemic inflammation.

Although long-term cardiovascular endpoints remain to be conclusively proven, these
findings suggest that periodontal treatment may serve as a complementary strategy for
managing systemic inflammation in high-risk cardiovascular patients.

3.2.4. The Oral-Systemic Inflammatory Axis

Emerging research underscores the concept of an “oral-systemic inflammatory axis,”
where chronic oral inflammation acts as a reservoir for systemic immune activation. A
consensus report published in the European Heart Journal emphasized the importance of the
oral–systemic inflammatory axis in a systems biology framework, proposing that PD may
serve as both a marker and a mediator of cardiovascular risk, particularly in individuals
with preexisting metabolic disturbances [26].

Additionally, oral dysbiosis—disruption of the normal oral microbiota—has been
implicated in endothelial dysfunction and systemic inflammation. Studies using shotgun
metagenomic sequencing have found increased abundance of pro-atherogenic bacteria in
the oral cavities of patients with coronary artery disease [32].

3.3. Diabetes and Cardiovascular Disease: A Well-Established Axis

The relationship between DM and CVD is robust and extensively documented, with
hyperglycemia, insulin resistance, endothelial dysfunction, and dyslipidemia as central
mediators. Cardiovascular complications are the leading cause of morbidity and mortality
in individuals with diabetes, accounting for more than 65% of deaths in this population [33].
The connection is multifactorial, involving hyperglycemia, insulin resistance, endothelial
dysfunction, dyslipidemia, and systemic inflammation.

3.3.1. Hyperglycemia and Endothelial Dysfunction

Chronic hyperglycemia plays a pivotal role in the development of cardiovascular pathol-
ogy by impairing endothelial function. Elevated glucose levels promote the generation of
reactive oxygen species (ROS), reduce nitric oxide bioavailability, and increase the formation
of advanced glycation end-products (AGEs) [34]. These biochemical changes lead to increased
vascular permeability, leukocyte adhesion, and smooth muscle proliferation—hallmarks
of atherosclerosis.

In a recent study using transcriptomic profiling of human coronary artery endothe-
lial cells (HCAECs) obtained from patients with poorly controlled diabetes, investigators
reported significant upregulation of both pro-inflammatory and pro-thrombotic gene net-
works [35]. Specifically, increased expression of IL-6, TNF-α, and NF-κB–related signaling
pathways was observed, alongside enhanced transcription of pro-thrombotic mediators
such as tissue factor (F3), plasminogen activator inhibitor-1 (PAI-1/SERPINE1), and von
Willebrand factor (vWF). These findings provide direct molecular evidence that hyper-
glycemia induces endothelial dysfunction by simultaneously driving inflammation and
thrombosis in the vascular wall.

3.3.2. Insulin Resistance, Dyslipidemia, and Atherosclerosis

Insulin resistance, central to the development of type 2 diabetes, also contributes to
atherogenesis through multiple mechanisms. It leads to increased free fatty acid release,
hepatic overproduction of very-low-density lipoprotein (VLDL), and reduced high-density
lipoprotein (HDL), promoting an atherogenic lipid profile [36]. At the molecular level, these
changes are associated with activation of NF-κB signaling and upregulation of adhesion
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molecules such as ICAM-1 and VCAM-1, which facilitate leukocyte recruitment to the en-
dothelium. Pro-inflammatory cytokines including IL-6 and TNF-α further amplify vascular
inflammation, while impaired endothelial nitric oxide synthase (eNOS) activity reduces
nitric oxide (NO) bioavailability. In parallel, pro-thrombotic mediators such as plasminogen
activator inhibitor-1 (PAI-1) and tissue factor are upregulated, enhancing thrombosis risk.
Together, these molecular alterations explain how insulin resistance promotes endothelial
dysfunction, inflammation, and thrombotic complications in patients with diabetes and
cardiovascular disease. A review noted that insulin resistance is associated with increased
carotid intima-media thickness and coronary artery calcification, both strong predictors of
future cardiovascular events [37].

3.3.3. Role of HbA1c and Glycemic Variability

Hemoglobin A1c (HbA1c) is a well-established marker for long-term glycemic control
and cardiovascular risk. Elevated HbA1c is directly correlated with an increased incidence
of myocardial infarction, stroke, and heart failure. A meta-analysis found that each 1%
increase in HbA1c was associated with an 18% increase in cardiovascular events [38].

However, emerging data suggest that glycemic variability—fluctuations in blood
glucose levels—is an independent risk factor for cardiovascular outcomes, possibly due to
oxidative stress and vascular inflammation. This was demonstrated in a review examining
continuous glucose monitoring data in high-risk diabetic populations [39].

3.3.4. Evidence from Cardiovascular Outcome Trials (CVOTs)

Several large-scale cardiovascular outcome trials (CVOTs) have transformed our
understanding of the interplay between diabetes treatment and cardiovascular risk:

SGLT2 inhibitors: Trials such as EMPA-REG OUTCOME (empagliflozin) [40] and
DAPA-HF (dapagliflozin) [41] have shown significant reductions in hospitalization for
heart failure and cardiovascular mortality [42,43].

GLP-1 receptor agonists: Liraglutide (LEADER trial) [44] and semaglutide
(SUSTAIN-6) [45] reduced the incidence of major adverse cardiovascular events (MACE) in
type 2 diabetic patients [46].

A comprehensive meta-analysis covering 14 CVOTs concluded that both SGLT2 in-
hibitors and GLP-1 receptor agonists offer consistent cardiovascular protection in diabetic
populations, particularly against heart failure [47] and atherosclerotic events [48,49].

3.3.5. Genetic and Epigenetic Factors

Recent studies have uncovered shared genetic and epigenetic pathways between
DM and CVD. A multi-omics integrative analysis identified common polymorphisms in
inflammatory genes such as IL6, TNF, and NFKB1, which modulate both glycemic control
and cardiovascular risk [50].

Moreover, epigenetic modifications like DNA methylation and histone acetylation
have been implicated in the regulation of pro-inflammatory and metabolic pathways. These
findings open new avenues for precision medicine targeting the shared biology of diabetes
and cardiovascular disease.

3.4. Triangular Relationship: DM, PD, and CVD—A Shared Inflammatory Burden

Emerging evidence indicates that DM, PD, and CVD form a mutually reinforcing triad,
underpinned by systemic inflammation, oxidative stress, microbial dysbiosis, and shared
genetic susceptibilities.

While the individual links between diabetes mellitus (DM), periodontal disease (PD),
and cardiovascular disease (CVD) are well documented, growing evidence suggests these
three conditions form a mutually reinforcing triad mediated by chronic low-grade sys-
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temic inflammation, oxidative stress, immune dysregulation, and microbial dysbiosis.
Understanding this triangular interplay is essential for advancing both pathophysiological
insights and integrated clinical management strategies.

3.4.1. Systems Biology Perspective

Systems biology approaches have been instrumental in delineating the interconnect-
edness of DM, PD, and CVD. A 2022 integrative omics study analyzed blood and tissue
transcriptomes from patients with co-existing diabetes and periodontitis and found overlap-
ping gene expression signatures related to inflammation, innate immunity, and endothelial
activation [51]. Pathways involving nuclear factor (NF)-κB signaling, Toll-like receptor
pathways, and oxidative phosphorylation were especially prominent in patients who later
developed cardiovascular events.

Similarly, multi-omics network modeling revealed common nodes—such as IL-6,
TNF-α, and ICAM-1—across the three disease states, underscoring the pivotal role of
inflammation in driving systemic disease progression [52].

3.4.2. Shared Biomarkers: Inflammatory and Immune Mediators

The inflammatory burden in DM, PD, and CVD arises from distinct yet overlapping
tissue sites. In periodontal disease, gingival and periodontal connective tissues are the
primary sites of chronic inflammation. In diabetes mellitus, inflammation occurs not
only in pancreatic islets but also in adipose tissue and the liver, where it drives systemic
insulin resistance. In cardiovascular disease, the vascular endothelium and atherosclerotic
plaques serve as key inflammatory niches, where leukocyte infiltration and cytokine release
accelerate plaque instability.

Several biomarkers consistently emerge across studies investigating DM, PD, and
CVD [53]. Notably:

• C-reactive protein (CRP): Elevated in all three conditions; serves as a marker for
systemic inflammation and cardiovascular risk [54].

• Interleukin-6 (IL-6): Linked to insulin resistance, periodontal inflammation, and
endothelial dysfunction [55].

• Tumor necrosis factor-alpha (TNF-α): Involved in pancreatic β-cell dysfunction, peri-
odontal tissue degradation, and atherosclerosis [56].

• Fibrinogen: A coagulation factor elevated in chronic inflammation and predictive of
cardiovascular events [21].

Recent studies [57,58] confirm that in type 2 diabetes pancreatic islets undergo low-
grade but persistent inflammation, with macrophage infiltration and activation of NF-κB
and IL-1β signaling contributing to β-cell dysfunction. The single-cell transcriptomics
work [10] further clarifies that pancreatic duct/duct-acinar cells express pro-inflammatory
chemokines (e.g., CXCL9, CXCL10, etc.), suggesting that non-β endocrine cells also con-
tribute to islet inflammation.

L-6 and TNF-α act as upstream drivers of insulin resistance and endothelial activation,
amplifying vascular inflammation. NF-κB serves as a central transcriptional hub integrating
microbial and metabolic signals [59]. Within the DM–PD–CVD triad, NF-κB activation
drives pro-inflammatory cytokine release (IL-6, TNF-α), endothelial adhesion molecule
expression (ICAM-1, VCAM-1), and amplifies systemic low-grade inflammation. While
NF-κB is indeed implicated in numerous other chronic diseases, in this context it functions
as a pivotal convergence point linking periodontal dysbiosis, hyperglycemia, and vascular
dysfunction. CRP, produced in the liver in response to IL-6, is not only a marker but also
an active participant in endothelial dysfunction, promoting monocyte adhesion and plaque
progression. Together, these pathways highlight endothelial dysfunction and systemic
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cytokine signaling as pivotal mechanisms that unify local periodontal inflammation with
metabolic and cardiovascular pathology.

Key molecular pathways operate across all three disease states. IL-6 and TNF-α
promote insulin resistance in adipose tissue, impair periodontal tissue repair, and drive
vascular inflammation. NF-κB functions as a transcriptional regulator that integrates mi-
crobial LPS from periodontal pathogens with metabolic stress signals, leading to sustained
cytokine release in gingival, pancreatic, and vascular cells [60]. CRP, produced in the
liver under IL-6 stimulation, actively contributes to endothelial dysfunction by enhancing
leukocyte adhesion. NLRP3 inflammasome activation [61] and IL-1β release [62] amplify
tissue destruction in periodontal pockets, β-cell apoptosis in pancreatic islets, and plaque
instability in atherosclerosis [63]. Collectively, these circuits converge on endothelial dys-
function, which emerges as the key link between local periodontal inflammation, systemic
metabolic dysregulation, and cardiovascular complications.

These mechanistic interactions have clear clinical implications. A prospective cohort
study demonstrated that individuals with high levels of both IL-6 and CRP, along with
moderate-to-severe periodontitis and type 2 diabetes, had a 2.3-fold increased risk of major
adverse cardiovascular events compared to individuals with none of these risk factors [54].

These overlapping pathophysiological mechanisms can be visually represented
through a systems-level view of shared inflammatory mediators among diabetes mel-
litus, periodontal disease, and cardiovascular disease. Figure 3 illustrates the intersection
of these three conditions, highlighting key molecules such as IL-6, TNF-α, CRP, and the
roles of oxidative stress and endothelial dysfunction as central drivers of disease synergy.

Figure 3. Shared inflammatory mechanisms linking diabetes, cardiovascular disease, and periodontal
disease. A Venn diagram illustrates overlapping molecular pathways among DM, PD, and CVD. The
shared circuits include IL-6, TNF-α, CRP, NF-κB, NLRP3 inflammasome activation, IL-1β signaling,
oxidative stress, and endothelial dysfunction, which together drive systemic inflammation and car-
diovascular risk. Evidence supporting these pathways is drawn from recent mechanistic and clinical
studies. These mediators have been consistently reported as common drivers of systemic inflammation
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across the three conditions [54,55,64]. Abbreviations: CRP—C-reactive Protein; IL—Interleukin;
NF-κB—Nuclear Factor kappa-light-chain-enhancer of activated B cells; NLRP3—NOD-like Receptor
Family Pyrin domain-containing 3 (inflammasome); ROS—Reactive Oxygen Species; TNF-α—Tumor
Necrosis Factor-alpha TLR—Toll-Like Receptor.

Although inflammatory mediators such as IL-6, TNF-α, and CRP are elevated across
all three conditions, endothelial dysfunction and systemic cytokine signaling represent
central converging mechanisms, linking local periodontal inflammation and metabolic
dysregulation to cardiovascular complications. The vascular endothelium itself is a primary
site of inflammation in both CVD and the DM-PD axis. A recent study [65] reviewed how
periodontal disease correlates with endothelial dysfunction (measured by markers such as
flow-mediated dilation, VCAM/ICAM), and how periodontal therapy reduces endothelial
inflammatory biomarkers. Such evidence strengthens the argument that endothelial tissue
is a common denominator across all three diseases.

Key molecular pathways such as NF-κB, NLRP3 inflammasome activation, and IL-1β
signaling are consistently implicated in inflammation in pancreatic islets [58], in adipose
tissue, and in endothelial cells [65]. These pathways appear to operate both locally (e.g.,
periodontal tissue) and systemically, mediating crosstalk among tissues.

3.4.3. The Oral–Gut–Systemic Axis

Beyond the local effects of oral inflammation, emerging data suggest a more complex
microbiome-mediated axis that links the oral cavity, gut, and systemic circulation. Dysbiosis
of the oral microbiota—characterized by overgrowth of pathogens such as P. gingivalis
and F. nucleatum—has been shown to influence gut microbial composition and promote
intestinal permeability (“leaky gut”), which facilitates systemic endotoxemia [66].

A recent study found that periodontitis altered gut microbial diversity and abundance
in patients with diabetes, particularly increasing the abundance of pro-inflammatory Enter-
obacteriaceae species [42]. These alterations can amplify insulin resistance and systemic
inflammation, contributing to the pathogenesis of both CVD and metabolic disease [67,68].

3.4.4. Genetic and Epigenetic Links

Recent advances in genomics and epigenomics have uncovered shared genetic predis-
positions. For example, polymorphisms in CDKN2A/B, Peroxisome Proliferator-Activated
Receptor Gamma (PPARG), and IL6 genes have been implicated in both DM and CVD risk
and have also shown associations with severe periodontitis [51].

In a Mendelian randomization study, genetically determined periodontitis was
causally associated with increased risk of ischemic heart disease in patients with diabetes,
suggesting a potential genetic mediation in this triad [69].

Furthermore, shared epigenetic mechanisms, including methylation changes in in-
flammatory gene promoters (e.g., IL6, TNF, and ICAM1), histone acetylation/deacetylation,
and altered microRNA expression, have been reported in patients with PD, DM, and
CVD. For example, Kang et al. [69]. demonstrated distinct DNA methylation and his-
tone modification profiles in periodontitis patients with type 2 diabetes, while Patrick
et al. [50]. identified shared genetic and epigenetic risk factors between chronic inflamma-
tory diseases and coronary artery diseases. These findings provide evidence that epigenetic
regulation contributes to the persistence and co-progression of these conditions despite
conventional therapy.

3.4.5. Clinical Clustering and Risk Synergy

Patients with comorbid diabetes and periodontitis are significantly more likely to
develop cardiovascular complications than those with only one condition. In a longitudinal
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study, the presence of both diabetes and periodontitis was associated with a 3.1-fold higher
risk of myocardial infarction and a 2.7-fold higher risk of stroke compared to those without
either condition [12]. Importantly, these findings highlight that the elevated cardiovascular
risk is not attributable to diabetes or periodontitis alone, but to their synergistic interaction,
whereby chronic hyperglycemia and periodontal inflammation jointly amplify systemic
cytokine release, endothelial dysfunction, and atherosclerotic progression [7,12].

This synergistic effect highlights the importance of early identification and integrated
management of at-risk individuals. It also raises the potential for using PD as an early
indicator or risk enhancer in cardiovascular risk stratification models for diabetic patients.

Taken together, these results demonstrate that diabetes mellitus, periodontal disease, and
cardiovascular disease are linked through overlapping inflammatory, metabolic, and microbial
pathways, with each axis reinforcing the others. While the evidence strongly supports these
associations, their clinical and therapeutic implications require further integration and critical
evaluation. These aspects are addressed in detail in the following Discussion section.

4. Discussion

This review highlights three well-established axes—diabetes mellitus and periodontal
disease (DM–PD), periodontal disease and cardiovascular disease (PD–CVD), and diabetes
mellitus and cardiovascular disease (DM–CVD)—that converge into a triangular model of
shared systemic inflammation, immune dysregulation, and microbial dysbiosis. Together,
these overlapping mechanisms explain why individuals with comorbid DM and PD are
at substantially higher risk of cardiovascular complications compared to those with a
single condition. The evidence presented in the Results demonstrates that hyperglycemia-
driven inflammation, periodontal pathogen–induced bacteremia, and systemic endothelial
dysfunction represent the key pathways uniting these disorders.

4.1. Therapeutic Implications and Multidisciplinary Management

Because gingival tissues, pancreatic islets, adipose depots, and the vascular endothe-
lium all represent active inflammatory sites in DM, PD, and CVD, integrated management
must address both local and systemic inflammation. The convergence of DM, PD, and CVD
is mediated not simply by systemic inflammation but by overlapping molecular circuits,
particularly NF-κB, NLRP3 inflammasome activation, and IL-1β signaling. These pathways
explain how periodontal dysbiosis, hyperglycemia, and vascular stress converge on a
common axis of endothelial dysfunction. Therapeutically, interventions that target these
circuits—such as IL-1β inhibitors, statins with NF-κB–modulating activity, or experimental
inflammasome modulators—represent promising avenues for cross-disease management.
Endothelial dysfunction, in particular, emerges as a unifying pathway, explaining how
localized oral infection can amplify cardiovascular risk in susceptible diabetic patients.

Given that endothelial tissue emerges as the most critical site of convergence, therapies
that reduce systemic inflammation (e.g., statins, SGLT2 inhibitors, GLP-1 receptor agonists)
or directly target endothelial activation have particular translational relevance.

The interwoven pathophysiology of diabetes mellitus (DM), periodontal disease (PD),
and cardiovascular disease (CVD) demands a paradigm shift in how these conditions
are managed. Rather than treating each in isolation, an integrated, multidisciplinary
model is emerging—one that aligns oral health with systemic disease prevention and
management. This approach holds promise for improved patient outcomes and reduced
healthcare burdens.
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4.1.1. Periodontal Therapy: Beyond Oral Health

Periodontal therapy, particularly nonsurgical interventions such as scaling and root
planing (SRP), has demonstrated systemic benefits. Multiple meta-analyses have confirmed
that effective periodontal treatment leads to modest but statistically significant reductions
in HbA1c (−0.3% to −0.6%) in patients with type 2 diabetes [70].

Moreover, improvements in endothelial function have been documented after in-
tensive periodontal therapy. A randomized trial showed that endothelial function, as
measured by brachial artery flow-mediated dilation (FMD), improved significantly four
weeks after treatment in patients with moderate-to-severe periodontitis [17].

These findings support the idea that periodontal treatment is not merely a local
intervention but a systemic anti-inflammatory strategy, especially for individuals with
cardiometabolic comorbidities.

4.1.2. Anti-Inflammatory and Cardiometabolic Medications

Sodium–glucose cotransporter-2 (SGLT2) inhibitors are a class of oral antidiabetic agents
that lower blood glucose by promoting urinary glucose excretion and have demonstrated
robust benefits in reducing heart failure hospitalization and cardiovascular mortality in type
2 diabetes [71–73]. Glucagon-like peptide-1 (GLP-1) receptor agonists are injectable incretin-
based therapies that enhance glucose-dependent insulin secretion, delay gastric emptying,
and promote weight reduction; beyond glycemic control, large cardiovascular outcome
trials such as LEADER and SUSTAIN-6 have shown significant reductions in major adverse
cardiovascular events [46,74–76]. These pharmacological backgrounds provide important
context for understanding why SGLT2 inhibitors and GLP-1 receptor agonists may also exert
beneficial effects on periodontal inflammation and systemic inflammatory pathways.

Drugs that reduce systemic inflammation and improve metabolic profiles may also
benefit periodontal health:

• SGLT2 inhibitors (e.g., empagliflozin, dapagliflozin) and GLP-1 receptor agonists
(e.g., liraglutide, semaglutide) have been shown to reduce systemic inflammation and
oxidative stress, which could theoretically benefit periodontal tissues [17].

• Statins, primarily used for lipid-lowering and cardiovascular protection, possess
anti-inflammatory and antibacterial properties. It was reported that statin use was as-
sociated with reduced periodontitis progression, particularly in patients with elevated
hs-CRP [17,77].

• Low-dose doxycycline, a Matrix Metalloproteinase (MMP)-inhibitor, has been U.S.
Food and Drug Administration (FDA)-approved as an adjunctive periodontal therapy
and shows promise in reducing systemic inflammatory burden, including CRP and
IL-6 levels [78].

Recent evidence indicates that certain pharmacological therapies may exert synergistic
effects when combined with periodontal treatment. For example, statin therapy, in addi-
tion to lowering lipids and reducing cardiovascular risk, has been shown to enhance the
outcomes of nonsurgical periodontal therapy by attenuating periodontal inflammation and
reducing probing depth progression [33,77]. Similarly, GLP-1 receptor agonists and SGLT2
inhibitors have been validated in cardiovascular outcome trials [40,45,48], also reduce sys-
temic inflammation and oxidative stress, which may indirectly benefit periodontal health.
These data suggest that combining periodontal therapy with cardiometabolic drugs could
provide additive anti-inflammatory benefits.

These pharmacologic strategies highlight the potential for cross-benefits when target-
ing systemic inflammation.
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4.1.3. Probiotics and Microbiome Modulation

Given the emerging role of oral and gut microbiota in the pathogenesis of DM, PD, and
CVD, microbiome-based therapies are under investigation. Probiotic lozenges containing Lac-
tobacillus reuteri have demonstrated some efficacy in reducing periodontal inflammation [79].

Pilot studies are also examining whether modulating the gut microbiome in diabetic
patients with prebiotic fibers or probiotic supplements could reduce systemic endotoxemia
and improve oral and cardiovascular health. While results are preliminary, this area holds
potential for integrative and preventive medicine [80].

4.1.4. Lifestyle Interventions: Diet, Exercise, and Smoking Cessation

Lifestyle modifications remain foundational. Nutritional approaches like the Mediter-
ranean diet and DASH diet have been shown to improve glycemic control, reduce car-
diovascular risk, and lower inflammatory biomarkers, while also improving periodontal
parameters [81,82].

Beyond pharmacological approaches, nutritional interventions may work synergisti-
cally with periodontal therapy and systemic treatments. The Mediterranean and DASH di-
ets, rich in fruits, vegetables, whole grains, polyphenols, and omega-3 fatty acids, have been
shown to improve glycemic control, reduce systemic inflammation, and lower cardiovascu-
lar risk, while also improving periodontal parameters [36]. Polyphenol supplementation
has demonstrated modulatory effects on periodontal bacteria and matrix metalloproteinase
activity, providing an additional anti-inflammatory pathway that may complement both
systemic drugs and local periodontal therapies [70]. These findings highlight the potential
of coordinated drug–diet–oral health strategies to achieve more robust clinical benefits.
Table 1 summarizes pharmacological and dietary strategies that not only provide primary
benefits in DM or CVD management but also exert synergistic effects on periodontal health
through shared anti-inflammatory and metabolic pathways.
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Table 1. Examples of pharmacological and nutritional strategies with synergistic effects across DM,
PD, and CVD.

Intervention Primary Clinical Effect
Additional/Synergistic Effect

on DM–PD–CVD Axis
References

Statins Lipid-lowering,
cardiovascular protection

Reduce periodontal inflammation and disease
progression; enhance outcomes of nonsurgical

periodontal therapy
[33,77]

SGLT2 inhibitors
(e.g., empagliflozin,

dapagliflozin)

Improve glycemic control,
reduce heart failure risk

and CV mortality

Anti-inflammatory and antioxidative effects may
benefit periodontal health [40,41,48]

GLP-1 receptor agonists
(e.g., liraglutide,

semaglutide)

Improve glycemic control,
reduce MACE in T2DM

Reduce systemic inflammation and improve
endothelial function; potential positive effects on

PD outcomes
[44–46]

Polyphenols (e.g.,
resveratrol, flavonoids)

Antioxidant and
anti-inflammatory

dietary compounds

Modulate periodontal bacteria and matrix
metalloproteinase (MMP) activity; support

metabolic and vascular health
[70]

Omega-3 fatty acids
(e.g., EPA, DHA)

Improve lipid profile,
reduce CV risk

Enhance resolution of periodontal inflammation;
improve insulin sensitivity [36]

Mediterranean/
DASH diet

Improve glycemic control,
lower blood pressure,

reduce CV events

Reduce periodontal inflammation, improve
periodontal indices, and lower systemic

inflammatory markers
[36]

Pharmacological and nutritional interventions with synergistic effects across diabetes mellitus (DM), periodon-
tal disease (PD), and cardiovascular disease (CVD). The table highlights how drugs and dietary strategies
provide their primary benefits while simultaneously exerting secondary effects that reduce systemic inflamma-
tion, improve periodontal outcomes, and mitigate cardiovascular risk. Abbreviations: CVD—cardiovascular
disease; CV—Cardiovascular; DASH—Dietary Approaches to Stop Hypertension; DM—Diabetes Mellitus;
EPA—Eicosapentaenoic Acid; DHA—Docosahexaenoic Acid; GLP-1—Glucagon-Like Peptide-1; MACE—Major
Adverse Cardiovascular Events; MMP—Matrix Metalloproteinase; NSPT—Nonsurgical Periodontal Therapy;
PD—Periodontal Disease; SGLT2—Sodium-Glucose Cotransporter-2; T2DM—Type 2 Diabetes Mellitus.

Smoking cessation is particularly critical, as smoking amplifies all three conditions.
Smokers with diabetes and periodontitis are at exponentially higher risk for cardiovascular
events, making cessation programs essential in any integrated care strategy [77].

4.1.5. Integrated Care Models

Several models of integrated care have been proposed and tested:
The Centre for Oral-Systemic Health (United States of America) and National Health

Service NHS-integrated diabetes-periodontal clinics (UK) represent institutional examples
of interdisciplinary care teams including dentists, endocrinologists, cardiologists, and
nutritionists [83].

A pilot program demonstrated that embedding dental professionals within diabetes
management clinics led to improved oral health literacy, higher periodontal treatment
uptake, and better glycemic control at 6 months [77].

These programs not only improve clinical outcomes but may also reduce long-term
healthcare costs through prevention and early intervention.

4.1.6. Digital Health and Artificial Intelligence (AI)

AI-powered risk stratification tools and telemedicine platforms are beginning to
play a role in identifying patients at the intersection of DM, PD, and CVD. Machine
learning models trained on electronic health record (EHR) data have successfully predicted
cardiovascular events in diabetic patients using periodontal status as a variable, suggesting
that oral health indicators can enhance risk models [84].
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Apps that integrate oral hygiene tracking with glucose monitoring and heart rate
variability analysis are also under development, supporting patient self-management
across domains.

4.2. Limitations in Current Research and Gaps in Knowledge

Despite compelling evidence supporting the associations between diabetes mellitus
(DM), periodontal disease (PD), and cardiovascular disease (CVD), several limitations per-
sist in the current literature that constrain our ability to establish causality and implement
unified care strategies.

4.2.1. Heterogeneity in Study Designs and Populations

Many existing studies vary in methodology, including the diagnostic criteria for
PD, definitions of glycemic control, and endpoints for cardiovascular outcomes. This
heterogeneity reduces the comparability of results and weakens the ability to generate
robust meta-analytic conclusions.

For example, a review noted that more than 40% of trials assessing PD and CVD failed
to standardize periodontal disease classification, leading to inconsistencies in findings [85].

Additionally, many cohort studies are conducted in high-income countries, limiting
generalizability to low- and middle-income populations where the burden of all three
diseases is rising [86].

4.2.2. Confounding and Reverse Causality

Many observational studies are prone to confounding factors such as smoking, obesity,
diet, and socioeconomic status, all of which influence DM, PD, and CVD. While multivariate
adjustment helps, residual confounding remains a challenge. Moreover, the bidirectional
nature of the relationships—especially between DM and PD—complicates interpretation
of causality.

Mendelian randomization (MR) studies are emerging as tools to overcome confound-
ing, but even MR analyses are limited by the availability and specificity of genetic instru-
ments [87].

4.2.3. Underpowered or Short-Term Interventional Studies

Though some interventional trials suggest periodontal therapy may improve glycemic
control or endothelial function, most are short (e.g., ≤6 months) and lack hard cardiovascu-
lar outcomes like myocardial infarction or stroke. A meta-analysis emphasized the need
for long-term randomized controlled trials (RCTs) with clinical endpoints [30].

The absence of large-scale, longitudinal interventional studies hinders the develop-
ment of evidence-based integrated treatment guidelines.

4.2.4. Lack of Mechanistic Human Studies

Most mechanistic insights into inflammation, dysbiosis, or immune pathways are
derived from in vitro or animal studies. While useful, these models do not fully replicate
the human biological complexity. There is a need for well-designed human studies that
utilize tissue biopsies, single-cell sequencing, and proteomic profiling to map real-time
interactions between oral and systemic inflammation [88,89].

Addressing these limitations will be crucial to translating current evidence into action-
able clinical practice. Standardization of definitions, long-term interventional data, and
inclusion of diverse populations must be prioritized. Additionally, mechanistic human
studies will strengthen causal inference and facilitate biomarker development. Overcom-
ing these research gaps is essential for moving from correlation to causation, and from
fragmented care to unified disease prevention.
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It should also be noted that comparable inflammatory and microbial pathways are
implicated in other diabetes-related complications. For example, diabetic nephropathy is
characterized by endothelial dysfunction and NF-κB–driven cytokine release within renal
tissues, while diabetic retinopathy involves chronic low-grade inflammation, oxidative
stress, and vascular leakage in the retina [7,68,90,91]. Beyond diabetes, systemic inflamma-
tory diseases such as rheumatoid arthritis share overlapping cytokine profiles (e.g., elevated
IL-6 and TNF-α) and are associated with increased periodontal and cardiovascular risk.
Recognizing these parallels situates the DM–PD–CVD triad within a broader network of
chronic inflammatory conditions, highlighting the systemic relevance of these mechanisms.

4.3. Future Directions

Addressing current gaps will require a shift toward more integrative, precise, and
equitable research frameworks. Several promising directions are emerging. Although
not applied in the present review, AI-driven natural language processing and automated
literature-mining platforms are emerging as valuable tools to support systematic evidence
synthesis and risk stratification, and they may play an important role in future integrative
analyses of DM, PD, and CVD [84,92].

4.3.1. Precision Medicine and Risk Stratification

As multi-omics and machine learning tools mature, individualized risk prediction
models incorporating genetic, inflammatory, microbiome, and clinical data will become
feasible. Precision strategies [64] could stratify patients based on inflammatory profiles,
enabling personalized periodontal and metabolic therapies.

A study described an AI-integrated model combining oral microbiome signatures
with HbA1c and hs-CRP levels to predict future cardiovascular events with 85% accuracy
in diabetic patients—a proof-of-concept for precision prevention [93].

4.3.2. Integrated Clinical Trials

Large-scale, multicenter RCTs that evaluate the impact of combined dental and medical
interventions on systemic outcomes are urgently needed. Ongoing trials and studies in
Europe are evaluating whether routine periodontal therapy in diabetic patients reduces
long-term CVD risk [94–96].

Such trials should use standardized periodontal assessment tools and include long-
term follow-up for hard outcomes, enabling definitive conclusions.

4.3.3. Microbiome and Metabolome Research

Future research should focus on oral-gut-systemic microbial interactions using metage-
nomics, metabolomics, and lipidomics. Understanding how microbial metabolites like
trimethylamine-N-oxide (TMAO) or short-chain fatty acids modulate systemic inflamma-
tion could open new therapeutic avenues, including dietary or probiotic interventions [67].

4.3.4. Therapeutic Targets and Emerging Mechanistic Strategies

This subsection highlights therapeutic targets that act on common molecular circuits
linking DM, PD, and CVD, including pharmacological agents, microbiome-modulating
therapies, nutritional bioactives, and AI-driven strategies.

New pharmacological agents such as sodium-glucose co-transporter-2 (SGLT2) in-
hibitors and glucagon-like peptide-1 (GLP-1) receptor agonists, already validated in large
cardiovascular outcome trials, have demonstrated systemic anti-inflammatory effects and
improved endothelial function. Preliminary evidence suggests that these agents may also
reduce periodontal inflammation, although larger dedicated trials are needed. Similarly,
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statins, traditionally used for lipid lowering, have shown promise in slowing periodontal
disease progression due to their anti-inflammatory and antibacterial properties [97,98].

Microbiome-modulating therapies are another emerging field. Probiotics (e.g., Lac-
tobacillus reuteri lozenges) and prebiotics have been studied as adjuncts to periodontal
therapy, with early results suggesting reductions in gingival inflammation and systemic
inflammatory markers. Recent patents have also described novel anti-inflammatory and
microbiome-targeted formulations, including polyphenol-based compounds and engi-
neered bacterial strains, designed to simultaneously modulate oral and gut dysbiosis with
potential benefit across DM, PD, and CVD [10,99].

Novel mechanistic insights have been provided by multi-omics analyses that integrate
genomics, transcriptomics, proteomics, and metabolomics. These studies have identified
shared signatures of inflammation, including IL-6, TNF-α, and NF-κB signaling, as well as
alterations in lipid and amino acid metabolism, which may represent therapeutic targets.
The concept of an “oral–gut–systemic axis” has gained attention, suggesting that periodon-
tal dysbiosis can influence gut microbiota composition and systemic immune activation,
thereby linking PD to both metabolic and cardiovascular dysfunction [25].

AI-driven approaches represent an additional frontier. Machine-learning models
that integrate periodontal status, glycemic indices, and systemic biomarkers have shown
promise in predicting cardiovascular events in diabetic populations. These tools may
support personalized risk stratification and highlight oral health as a variable of clinical
importance in cardiometabolic care [100–102].

Together, these therapeutic targets demonstrate how interventions directed at shared
molecular pathways (NF-κB, NLRP3 inflammasome, IL-1β, IL-6/CRP axis) may yield
synergistic benefits across DM, PD, and CVD, and should be prioritized in future transla-
tional trials.

4.3.5. Policy and Practice Integration

Healthcare systems must evolve to incorporate dental care as part of chronic disease
management. Policies that incentivize interdisciplinary collaboration, integrated elec-
tronic health records, and co-location of dental and medical services could significantly
improve outcomes.

Moreover, educating clinicians—especially in primary care—about the oral-systemic
disease connection should be prioritized in medical and dental curricula [103].

The convergence of digital health, systems biology, and interdisciplinary care is paving
the way for a new era in chronic disease management. The future lies in data-driven,
integrated models that detect disease earlier, intervene more precisely, and monitor more
holistically. Success in this endeavor will depend not only on scientific innovation but also
on policy reform, clinician education, and patient empowerment.

Taken together, these findings underscore the need to shift from a siloed approach
to a truly integrated model of care. Periodontal health should be recognized as a car-
diometabolic risk factor, and its management incorporated into diabetes and cardiovascular
care pathways. At the same time, the convergence of novel therapies, microbiome-targeted
interventions, and AI-driven precision tools offers new opportunities to reduce the inflam-
matory burden that unites these conditions. By embedding oral-systemic health within
multidisciplinary care and policy frameworks, clinicians and researchers can help reshape
prevention and management strategies for chronic diseases worldwide.

5. Conclusions

The evidence connecting diabetes mellitus, periodontal disease, and cardiovascular
pathologies is compelling and continues to grow. These conditions, long viewed as dis-
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tinct entities, are now recognized as components of a complex, interconnected disease
network driven by chronic inflammation, immune dysregulation, microbial dysbiosis, and
metabolic dysfunction.

Bidirectional relationships between diabetes and periodontitis, and between peri-
odontitis and cardiovascular disease, underscore the need for a systemic view of oral
health. Furthermore, diabetes itself significantly increases cardiovascular risk through a
host of overlapping mechanisms, including endothelial dysfunction, oxidative stress, and
pro-inflammatory states—all of which are further exacerbated by coexisting periodontitis.

Emerging research, including omics-based systems biology and advanced machine
learning, is beginning to unravel the shared molecular pathways that drive this triad.
Clinically, the integration of periodontal care into cardiometabolic risk management has
already shown promise, with evidence supporting modest improvements in glycemic
control, endothelial function, and inflammatory biomarkers.

However, significant gaps remain—particularly the lack of large, long-term interven-
tional trials with definitive cardiovascular outcomes. Moving forward, precision medicine,
integrated care models, and microbiome-focused interventions may reshape how these
diseases are diagnosed, treated, and prevented.

Despite promising evidence for the systemic benefits of periodontal therapy and
cardiometabolic drugs, significant gaps remain—particularly the lack of large, long-term
interventional trials with definitive cardiovascular outcomes. Moving forward, multi-
disciplinary care models that bridge dentistry, endocrinology, and cardiology, combined
with precision medicine and microbiome-targeted therapies, will be essential to reduce the
global burden of these interconnected conditions and improve long-term outcomes.
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CAD Coronary Artery Disease
CRP C-Reactive Protein
CVD Cardiovascular Disease
DAPA-HF Dapagliflozin and Prevention of Adverse Outcomes in Heart Failure
DASH Dietary Approaches to Stop Hypertension
DM Diabetes Mellitus
DNA Deoxyribonucleic Acid
EHR Electronic Health Record
EMPA-REG Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus

Patients—Removing Excess Glucose
FDA U.S. Food and Drug Administration
FMD Flow-Mediated Dilation
GLP Glucagon-Like Peptide
HDL High-Density Lipoprotein
ICAM Intercellular Adhesion Molecule
IL Interleukin
LEADER Liraglutide Effect and Action in Diabetes: Evaluation of Cardiovascular

Outcome Results
LPS Lipopolysaccharide
MACE Major Adverse Cardiovascular Events
MI Myocardial Infarction
MMP Matrix Metalloproteinase
MR Mendelian Randomization
NF Nuclear Factor
NHS National Health Service
NSPT Nonsurgical Periodontal Therapy
OUTCOME Outcome Trial (e.g., EMPA-REG OUTCOME)
PD Periodontal Disease
PPARG Peroxisome Proliferator-Activated Receptor Gamma
RAGE Receptor for Advanced Glycation End-products
ROS Reactive Oxygen Species
SRP Scaling and Root Planing
SUSTAIN Semaglutide Unabated Sustainability in Treatment of Type 2 Diabetes
TMAO Trimethylamine N-oxide
TNF Tumor Necrosis Factor
UK United Kingdom
U.S. United States of America
VCAM Vascular Cell Adhesion Molecule
VLDL Very-Low-Density Lipoprotein
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Abstract

Tertiary hyperparathyroidism (THPT) arises in patients with chronic kidney disease (CKD)
as a consequence of prolonged secondary hyperparathyroidism and is marked by au-
tonomous parathyroid hormone (PTH) secretion. In some cases, parathyroid hyperplasia
persists even after successful renal transplantation, resulting in sustained PTH elevation
and hypercalcaemia. These alterations contribute to bone loss, vascular calcification, and
increased cardiovascular risk. Management includes medical therapy with calcimimetics or
vitamin D analogues and surgical intervention via parathyroidectomy. However, optimal
timing and treatment strategy remain uncertain. This review examines the pathophysiology,
clinical manifestations, and current management paradigms of THPT, with an emphasis on
areas that require further research and consensus.

Keywords: parathyroid hormone (PTH); tertiary hyperparathyroidism (THPT); chronic
kidney disease (CKD); diabetic nephropathy

1. Introduction

Tertiary hyperparathyroidism (THPT) is a condition mainly seen in patients with
end-stage renal disease (ESRD), especially after prolonged secondary hyperparathyroidism
(SHPT). It involves autonomous parathormone (PTH) secretion and ongoing hypercalcemia
even after the initial cause is addressed—usually following successful kidney transplan-
tation. THPT signifies a failure of the parathyroid glands to return to normal function,
often due to parathyroid hyperplasia or nodular changes caused by chronic stimulation
during SHPT.

Diabetic nephropathy, a microvascular complication of diabetes mellitus, has become
the leading cause of ESRD globally. The increasing prevalence of diabetes and its renal
complications has significantly shifted the epidemiological landscape of chronic kidney
disease (CKD) and related mineral and bone disorders. Patients with diabetic nephropathy
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experience a combination of metabolic derangements that affect calcium, phosphate, vita-
min D, and PTH homeostasis. These patients often develop SHPT earlier and may have
a more rapid progression toward tertiary hyperparathyroidism due to more severe and
persistent alterations in mineral metabolism.

Despite the well-recognized association between CKD and mineral bone disease, the
specific incidence and clinical trajectory of THPT in individuals with diabetic nephropathy
remain under-investigated. It is unclear whether diabetic nephropathy confers an indepen-
dent risk for the development of THPT beyond its role as a cause of CKD. Some studies
suggest that diabetic patients may have a blunted PTH response in early CKD stages, while
others report a higher prevalence of parathyroid hyperplasia in diabetic ESRD populations.
Furthermore, chronic inflammation, oxidative stress, and insulin resistance—hallmarks of
diabetes—may further exacerbate parathyroid gland dysfunction.

The management of THPT becomes particularly challenging in diabetic individu-
als, who commonly present with comorbidities, vascular calcifications, and elevated
cardiovascular risk, necessitating a personalized approach to medical versus surgical
treatment. Parathyroidectomy, while often curative, may be associated with increased
perioperative risk in patients with diabetes and cardiovascular disease. On the other
hand, medical therapies such as calcimimetics may be less effective in cases of nodular or
autonomous hyperplasia.

This narrative review aims to explore the incidence and clinical implications of THPT
in patients with diabetic nephropathy, highlighting the unique pathophysiological mech-
anisms, risk factors, diagnostic challenges, and treatment considerations specific to this
population. By synthesizing available evidence from clinical studies, guidelines, and expert
opinions, we aim to delineate the scope of the problem and identify potential directions
for future research and clinical practice improvement. A deeper understanding of how
diabetic nephropathy influences the development and course of THPT may ultimately lead
to better stratification of at-risk patients and optimization of therapeutic interventions.

2. Materials and Methods

Study design and search strategy: For this narrative review, a comprehensive litera-
ture search was conducted. We have used major medical databases, including PubMed
and Google Scholar. The search primarily focused on articles published between 2019
and 2025. Keywords used in the search included “tertiary hyperparathyroidism”, “dia-
betic nephropathy”, and “chronic kidney disease”. Manual screening of the bibliogra-
phies of included studies and clinical guidelines was performed to uncover further
relevant literature.

Eligibility criteria and study selection: We included clinical studies, guidelines, and
systematic reviews. Priority was given to publications that addressed the pathophysiology,
clinical presentation, diagnosis, and management. Exclusion criteria: animal/in vitro
studies, non-relevant reports, pediatric population. Single case reports were also excluded.

Data extraction and synthesis: Relevant data, including study design, diagnostic
definitions, clinical findings, and treatment modalities, were systematically extracted. The
data were qualitatively synthesized and interpreted in the context of existing guideline
recommendations. No meta-analysis was performed.

3. Diabetic Nephropathy and THPT–Pathophysiological Mechanisms

Diabetes mellitus, a chronic metabolic disorder marked by hyperglycemia, is asso-
ciated with a wide range of systemic complications, among which renal involvement
represents a major cause of morbidity and mortality. Current projections estimate that over
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12% of the global population will be affected by diabetes by 2045, with type 2 diabetes
accounting for the vast majority of the cases [1–3].

The natural evolution of diabetes mellitus is characterized by numerous microvascular
complications, including diabetic nephropathy. This is the most common complication for
type 2 diabetes mellitus and has become the main cause of ESRD globally [4]. Over 25–40%
of patients with diabetes mellitus can experience renal damage after 20 years of disease [3].

Diabetic nephropathy is characterized by persistent albuminuria, measured at least
twice within 3–6 months, and a decreased glomerular filtration rate (GFR). The ultimate
result of nephropathy is ESRD [3,5]. Usually, the decreased GFR occurs in association with
hypertension, accelerating the progression of renal deterioration [4].

It is important for clinicians to detect as early as possible the presence of diabetic
nephropathy. Various biomarkers have been investigated, with albuminuria generally
chosen as the primary tool for assessing renal function. The detection of albumin in the
urine reflects the increased glomerular permeability to macromolecules. However, this is
not a perfect way of screening because albuminuria has limitations—it is not sensitive to
diabetic nephropathy, may not be present in the early stages, and it has larger variability [4].
The gold standard method is a kidney biopsy, an invasive procedure only available in
specialized centers. The future screening method is expected to be more specific, like
urinary microRNA markers [6].

The pathogenetic mechanisms of diabetic nephropathy are extremely complex and
need further investigation. The well-described mechanisms of developing diabetic
nephropathy are the accumulation of extracellular matrix, the vascular thickening and
hyalinization, and the perturbations of intraglomerular hemodynamics. The intrinsic
mechanisms responsible for these changes include advanced glycation products, activation
of protein kinase C, and reactive oxygen species. High-glucose flux leads to advanced
glycation end products (AGEs). Their presence plays a major role in the activation of the
renin-angiotensin system (RAS). Increased renin secretion due to alterations in the juxta-
glomerular apparatus ultimately leads to the production of angiotensin II. This molecule
is responsible for adrenal aldosterone secretion, promoting sodium retention. As a result,
arterial hypertension develops, exacerbating renal damage [5].

The switch between microalbuminuria, defined by 30–300 mg/day, and macroalbu-
minuria, defined by more than 300 mg/day, represents a critical stage for the evolution
of diabetic nephropathy. This is a marker of severe renal dysfunction and represents a
critical stage of the disease. It is accompanied by glomerular filtration rate deterioration
and represents a sign of ESRD becoming imminent [7].

The long evolution of kidney disease frequently triggers additional metabolic distur-
bances, among which phosphate retention is particularly significant. Fibroblast Growth
Factor 23 (FGF23) and its cofactor Klotho are important key regulators in phosphate
metabolism. While the renal dysfunction continues, the level of FGF23 rises. FGF23 is
the product of bone cells—osteocytes and osteoblasts and is responsible for decreasing
plasma phosphate. This process is the result of reducing tubular phosphate reabsorption
in a similar way to PTH. Also, FGF23 secretion decreased the renal synthesis of calcitriol,
playing a crucial role in developing hypocalcemia. The underlying mechanism for FGF23
to activate its receptors is the presence of Klotho, a cofactor of the process. FGF23 alone
cannot express its actions, as the activation of its receptors needs Klotho. Despite ad-
vances in understanding, the precise mechanisms governing the FGF23-Klotho axis remain
incompletely elucidated and warrant further investigation [8,9].

In CKD patients, hyperphosphatemia associated with calcitriol deficiency leads to
hypocalcemia, which in turn stimulates PTH secretion, ultimately resulting in secondary
hyperparathyroidism. This form of hyperparathyroidism is characterized by adequate
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PTH secretation due to hypocalcemia. In the parathyroid glands, oxidative stress has been
shown to disrupt calcium-sensing receptor signaling and the parathyroid cell proliferation
control mechanism. Inflammatory cytokines can also modulate PTH gene expression
and secretion, potentially accelerating the onset of secondary hyperparathyroidism. This
highlights a more direct pathophysiological link between diabetes-related inflammation
and parathyroid dysfunction, beyond the traditional CKD-mediated pathway [10].

Secondary hyperparathyroidism in the context of CKD often represents a transi-
tional state. With disease progression, PTH secretion becomes persistent and dysregu-
lated. This advanced stage is defined as THPT, characterized by autonomous parathy-
roid gland function, hypercalcemia, and progressive enlargement of all four parathyroid
glands—Figure 1 [10].

Figure 1. Pathophysiological Mechanism Leading to THP.

The development of TPTH is multifactorial and primarily associated with CKD progres-
sion. The risk is considered to be maximal once the GFR drops below 45 mL/min/1.73 m2,
reflecting significant loss of renal function and disrupted calcium-phosphate homeostasis.
Several clinical and biochemical risk factors have been associated with the progression of
TPHT. These are summarized in Table 1 below [11].
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Table 1. Summary of risk factors associated with TPTH.

Risk Factor Mechanism

eGFR < 45 mL/min/ 1.73 m2 Reduced phosphate excretion, vitamin D deficiency
Young age Higher bone turnover and sensitivity to mineral imbalance
Male sex Possibly linked to differences in skeletal and hormonal profiles

Hypoalbuminemia Affects calcium binding and PTH regulation
Use of diuretics May increase calcium excretion and contribute to chronic PTH stimulation

Long dialysis duration Prolonged SPTH
Poor phosphate control Hyperphosphatemia promotes PTH secretion

Vitamin D deficiency Leads to hypocalcemia and compensatory PTH increase

eGFR = estimated glomerular filtration rate; PTH = parathormone; SPTH = secondary hyperparatyroidism.

Given the overlapping clinical and biochemical features, distinguishing between sec-
ondary and tertiary hyperparathyroidism can be challenging. To aid clinicians in this
differentiation, the following table, Table 2 summarizes the key distinguishing characteris-
tics of these two entities [8].

Table 2. Distinguishing SHPT and THPT.

SHPT THPT

Biochemical Assessment ↑ PTH
N/↓ Calcium

↑ PTH
↑ Calcium

Clinical Context Low CKD stage Renal transplantation history, chronic dialysis
Evaluate response to calcimimetics and vitamin D

analogs Responsive Poor response

Imaging No visible parathyroid adenoma Parathyroid adenoma

Management Monitor biochemical markers
Optimize medical therapy

Optimize medical therapy
Refer to surgery

N = Normal Level; SHPT = Secondary hyperparathyroidism; THPT = Tertiary hyperparathyroidism;
PTH = parathormone.

PTH actions are modulated by the Calcium Sensing Receptor (CaSR), localized at
parathyroid and kidney levels. It is capable of detecting slight variations in ionized calcium
levels and stimulating PTH secretation when the ionized calcium level is low. PTH is a hy-
percalcemic hormone that acts on various organs—bone, kidney, and gastrointestinal tract.
Via PTH Receptor 1, PTH increases tubular absorption of calcium, decreases phosphate
concentration, and stimulates the activation of vitamin D. PTH also applies its actions on
the bone and intestines, leading to calcium absorption [12].

THPT is a condition that affects the patient’s quality of life, in addition to the renal
disease [13]. It is vital to have a multidisciplinary approach in managing THPT [7].

4. THPT and Kidney Transplant

The role of kidney transplantation in managing end-stage renal disease (ESRD) should
be emphasized. The majority of patients with THPT are kidney transplant recipients
who, despite restoration of renal function and interruption of the initial stimulus for PTH
secretion, continue to exhibit elevated PTH concentrations. This persistence indicates
autonomous parathyroid secretion, thereby characterizing TPTH [14].

After a successful kidney transplant, PTH and FGF23 levels should drop off in the first
3 months [15,16]. High levels of PTH after this period are responsible for hypercalcemia and
hypophosphatemia and define THPT. Well-known risk factors for developing THPT after
transplant are high PTH values before transplant, long-time dialyzed patients, and nodular
parathyroid hyperplasia. Vitamin D in its active form also plays a role in the calcium and
PTH axes. It is crucial to measure the levels of 25-OH-Vitamin D, as the deficiency of this
metabolite may contribute to high PTH levels [16].
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In a cohort study where 849 patients were followed 1 year after a kidney transplant,
21.5% of them developed THPT, defined by elevated PTH levels (>70 pg/mL) and hyper-
calcemia (>10 mg/dL). Pre-transplant PTH levels greater than 300 pg/mL were established
to be a risk factor for developing TPHT. The study shows that CKD is a complex disease,
and its effects can persist long after a renal transplant. Clinicians must be aware of this fact
and ensure continuous patient monitoring [17].

Other data suggest even a greater percentage of patients suffering from THPT after
renal transplant, up to 50% [18].

It is important to screen, recognize, and treat THPT, as it is a condition associated with
renal allograft dysfunction and chronic allograft nephropathy [19]. THPT is also a risk
factor for graft failure and ultimately death of the patience [20].

There is an urgent need to standardize the diagnostic approach. We must take into
account biochemic findings—including high PTH, bone-specific alkaline phosphatase,
vitamin D, and calcium levels– the preferred formula involves using the corrected calcium-
to-albumin ratio [21].

To distinguish residual secondary HPTH from autonomous TPTH post-transplant,
clinicians should consider the following practical criteria:

• Time course: persistent PTH elevation beyond 6–12 months post-transplant may
suggest tertiary hyperparathyroidism

• Calcium levels: hypercalcemia supports the diagnosis of TPTH; in contrast, residual
SPTH is typically associated with normocalcemia or even hypocalcemia

• Phosphate levels: hypophosphatemia is more common in TPTH due to excessive
PTH secretion

• PTH response to treatment: lack of improvement with correction of vitamin D
deficiency and withdrawal of calcimimetics or phosphate binders may indicate
autonomous secretion

Applying their criteria, clinicians can appropriately guide further diagnostic steps [11,14,16].

5. Clinical Manifestations

Chronic hypercalcemia presents with a wide spectrum of clinical manifestations. It
can vary from no symptoms to severe bone affection. Non-specific symptoms include
abdominal pain, headache, fatigue, irritability, and weakness. Pruritus may also be present
in some cases. Bone disease may take the form of severe osteoarthritis, known as renal
osteopathy [22]. Skeletal anomalies are found in the majority of stage 5 CKD patients [15].

The gold standard for diagnosis and assessment of renal osteodystrophy (ROD) re-
mains bone biopsy, which allows histomorphometric analysis. The TMV classification
(bone turnover, mineralization, and volume) categorizes ROD into osteitis fibrosa, ady-
namic bone disease, osteomalacia, and mixed uremic osteodystrophy [15]. Despite being
the gold standard, bone biopsy is infrequently utilized in clinical practice due to its inva-
sive nature and substantial cost. As a result, non-invasive imaging modalities such as 18
F-sodium fluoride positron emission tomography (18F-NaFPET) have been investigated
and demonstrated strong correlations with histomorphometric indices. This investigation
offers high diagnostic accuracy in the classification of ROD subtypes [23]. Unfortunately,
this method is currently not available in Romania, limiting its clinical application in our
country.

Osteitis fibrosa is the result of prolonged hyperparathyroidism [15,24]. PTH increases
bone resorption and leads to negative bone balance. The osteoid formed under the elevated
PTH status is not structurally normal, and it is called woven bone. The bones lose their
physiological laminar disposition. Also, PTH is responsible for the appearance of peritra-
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becular fibrosis. In the end, cortical bone is thinned, and the laminar osteoid is replaced by
fibrous tissue, accumulating cysts [24].

Adynamic bone disease is defined by low bone turnover and normal mineralization.
It is the main bone affection among dialysis patients [15]. The activity of both osteoblasts
and osteoclasts is severely reduced [25]. Adynamic bone disease manifests with bone pain
and fracture. There are biochemical findings that are suggestive of adynamic bone disease:
low levels of PTH, low bone-specific alkaline phosphatase, hypercalcemia, and vascular
calcification, with the golden standard for diagnosis remaining bone biopsy. Bone turnover
markers, such as bone-specific alkaline phosphatase, can aid in the assessment of bone
metabolic activity [26].

Osteomalacia is often characterized by severe diffuse pain, in contrast to
osteoporosis [25]. Osteomalacia is characterized by low bone turnover and abnormal
mineralization. Its prevalence is now decreasing, as it was historically caused by the use of
aluminum-based phosphate binders [15].

The metabolism of the skeletal system is different in CKD patients compared to
the general population. Factors that contribute to the bone alteration in CKD patients
are hemodialysis, peritoneal dialysis, or a history of kidney transplantation [24]. When
discussing bone diseases, osteoporosis cannot be excluded. Osteoporosis is a condition
characterized by low mineral density of the bones and is defined as a T-score below
−2.5 SD. It is important to use DXA measurement for CKD patients, but we must consider
the fact that it is not a helpful tool when wanting to capture the quality of the bone [24,27].
The bone mineral density is expected to be lower than in the general population, especially
when measuring the density of the femoral neck and total hip. Factors involved in low
mineral density are age, low body mass index, use of tobacco, and high PTH levels [24].
Although it has certain limitations, DXA remains a useful non-invasive tool for monitoring
bone health in CKD patients. Bone quality can be measured in specific centers by using
high-resolution quantitative peripheral computed tomography (HR-pQCT) [27].

It is well-known that fracture risk is significantly higher in patients with CKD than in
the general population. Various studies have shown that the risk of fragility fractures is
5 times higher in patients with eGFR below 15 mL/min/1.73 m2 compared to individuals
with eGFR higher than 60 mL/min/1.73 m2 [24]. Besides the fracture risk, bone disease is a
well-known negative factor for developing cardiovascular comorbidities and mortality [15].

Chronic kidney-disease-related bone and mineral disease (CKD-MBD) is a complex
clinical syndrome defined by a systemic disorder of mineral and bone metabolism due to
CKD, which is manifested by abnormalities in bone and mineral metabolism and/or ex-
traskeletal calcification. CKD-MBD arises as a result of the interaction among three distinct
pathophysiological mechanisms: high PTH levels, abnormalities in bone metabolism, and
diffuse soft tissue calcification. This may represent a potential background for patients to
develop osteoporosis. Patients who develop this clinical entity are at high risk for fragility
fractures, especially hip fractures [28]. The clinical findings include, besides bone affection,
vascular calcification, neurological occurrences—dementia, cognitive decline, small vessel
abnormalities, gastrointestinal events—constipation, liver inflammation, microbiome af-
fection, infections, and malnutrition [29]. Several studies suggest that the development of
CKD-MBD may be driven by a complex interaction between the immune system and the
microbiome of the patients. This interplay serves as a foundation for ongoing research and
the development of new therapeutic strategies [30].

While bone pain may be present in both diabetic neuropathy and TPTH, the latter is
often associated with radiographic evidence of bone resorption, which is not characteristic
of diabetic complications. Hypercalcemia in TPTH is typically persistent and biochemically
distinct, whereas hypercalcemia is not a usual finding in diabetic neuropathy or nephropa-
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thy. Elevated PTH levels, in conjunction with hypercalcemia and imaging findings, support
the diagnosis of TPTH [15].

Another important clinical aspect is related to the cardiovascular pathology of CKD
patients. There are several risk factors for developing cardiovascular disease. They can be
related to diabetes mellitus, such as insulin resistance, dyslipidemia, arterial stiffness, and
arterial hypertension. Also, there are CKD-related mechanisms that can lead to cardiovascu-
lar injury due to the accumulation of uremic toxins, sodium retention, hyperphosphatemia,
vascular calcifications, and elevated levels of renin and aldosterone [31]. Atherosclerosis
is another important feature of this group of patients, and this can lead to severe events—
stroke, coronary artery disease, or transient ischemic attack [21].

Soft tissue complications can also occur, with calciphylaxis (calcific uremic arteriolopa-
thy) being the most severe manifestation. This affects small vessels, and it may trigger
thrombosis, non-healing wounds, secondary infections, and skin necrosis, a potentially
lethal condition [21].

6. Management Strategies

6.1. Medical Therapies

The optimal therapeutic approach varies according to the stage of the disease. If the
patient is being carefully watched, the phase of hypocalcemia and hyperphosphatemia
that will later trigger the secretion of PTH needs immediate and specific intervention [21].
Phosphorus levels typically increase when GFR goes under 30 mL/min/1.73 m2 [32].

Therapeutic options for CKD-MBD include vitamin D sterols, active vitamin D analogs,
calcimimetics, and phosphate binders. Phosphate binders act by binding dietary phosphate
in the gastrointestinal tract to prevent absorption and are classified as calcium-based or
calcium-free. Calcium-based binders (calcium carbonate, calcium acetate) effectively lower
serum phosphate but increase the risk of hypercalcemia, positive calcium balance, and
vascular calcifications. Calcium-free binders (sevelamer hydrochloride/carbonate, lan-
thanum carbonate) are equally or slightly less effective but reduce the risk of hypercalcemia
and vascular calcifications. However, they present specific adverse effects: sevelamer is
associated with gastrointestinal intolerance, while lanthanum carbonate, though generally
well tolerated, may lead to vomiting, tissue accumulation in bone and liver, and rare gastric
mucosal deposition, with its long-term hepatic safety yet to be fully established [33].

The therapeutic response to agents such as calcimimetics, vitamin D analogues, and
phosphate binders may offer important diagnostic clues in differentiating secondary from
tertiary hyperparathyroidism. In secondary hyperparathyroidism, PTH levels usually
respond to medical management—especially with calcimimetics, resulting in reduced
PTH secretion. In contrast, THPT is characterized by autonomous PTH secretation, and
patients often exhibit a minimal response to this therapy. Persistently elevated PTH
and hypercalcemia despite optimal medical management may suggest the transition to
THPT, thereby guiding consideration for surgical intervention. Recognizing these response
patterns can aid clinicians in timely diagnosis and management [8,21].

The last line of therapy is dialysis, an efficient way to reduce phosphate, but difficult
for the patient [21].

Sevelamer carbonate is a calcium-free agent designed to lower the levels of phosphorus.
Besides this, it is also capable of binding bile acids and resulting in reduced LDL-cholesterol
and preventing bone loss [32,34]. The target group for the use of this drug is patients who
require dialysis or patients with phosphate levels higher than 1.78 mmol/L who do not
require dialysis. The guidelines suggest a starting dose of 0.8–1.6 g/day, administered three
times a day with meals. The typical adverse effects were related to the gastrointestinal
tract—vomiting, nausea, dyspepsia, diarrhea, or constipation [34,35].
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Although there are many therapies on the market, the perfect chelator has not yet
been found—it should bind excess phosphorus in the gastrointestinal tract but without
adverse effects and be cost-effective [32].

The involvement of cardiology is a critical component in the management of patients
with CKD. Optimal pharmacological control of hypertension remains essential, with rec-
ommended target values below 120/80 mmHg. Anemia requires correction through iron
supplementation or the administration of erythropoiesis-stimulating agents, aiming for
hemoglobin concentrations of 10–12 g/dL in patients undergoing dialysis. Dyslipidemia
also necessitates intervention, with therapeutic strategies including statins and sodium–
glucose cotransporter-2 (SGLT2) inhibitors. Current guidelines additionally recommend
the use of novel agents, such as monoclonal antibodies directed against dyslipidemia
(e.g., alirocumab, evolocumab) and glucagon-like peptide-1 (GLP-1) receptor agonists [31].
Besides these facts, we must keep in mind that the risk of atrial fibrillation is higher in CKD
patients and prevent embolic events by using anticoagulants [36].

6.2. Vitamin D Analogues

It was shown that 56% of the patients with stage 5 CKD lack vitamin D, a secosteroid
hormone [37]. Vitamin D analogs target their receptors and contribute to the suppres-
sion of PTH synthesis [38]. Active forms of vitamin D include calcitriol, paricalcitrol,
22-oxacalcitriol, and others [37]. Synthetic calcitriol analogs include its prodrug, named
Alfacalcidol, the most powerful and fastest analog for treating vitamin D deficiency at
the moment. There are more analogs currently being the subject of various studies, like
Falecalcitriol, which is potentially more efficient in PTH suppression [39].

These medications have the role of decreasing PTH secretion, but it was more recently
shown that they also reduce the activation of the renin-angiotensin axis and reduce inflam-
mation [37,40]. There is a proven reduction in PTH levels as a result of vitamin D analogs,
but unfortunately, there are no well-defined target levels of PTH [41].

Several studies have failed to demonstrate a clear reduction in systemic calcifica-
tions and, in some cases, have even reported a potential increase in vascular calcifica-
tion risk [38,42]. On the other hand, certain findings suggest that these interventions
may exert favorable effects on vascular function; however, the evidence remains insuffi-
cient [40]. The role of vitamin D analogs in vascular calcification remains controversial.
These conflicting data likely stem from differences in study design, dosing regimens,
and patient characteristics such as the presence of diabetes and pre-existing calcifications.
Moreover, the lack of standardized endpoints complicates comparison across studies. Fur-
ther research is required to establish consistent, reliable biochemical targets and to clarify
whether improvements in vascular function can occur independently of, or despite, progres-
sion in vascular calcification. Current guidelines offer limited and sometimes conflicting
recommendations [38,40,42].

6.3. Calcimimetics

Calcimimetics represent a key category of drugs that revolutionized treating HPTH
and CKD.

Calcimimetics function as allosteric modulators of the CaSR, a G protein–coupled
receptor that governs PTH synthesis and secretion in accordance with fluctuations in
extracellular calcium within the parathyroid glands. Practically, they imitate serum
calcium’s effect on CaSR, inducing a decline in PTH secretation. They not only con-
tribute to lowering PTH concentrations but also promote a reduction in parathyroid gland
volume [38]. Regardless of whether the patient is receiving concomitant vitamin D therapy
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or not, calcimimetics managed to reduce calcium and phosphate levels of patients with
HPTH undergoing dialysis [43].

Currently, two orally administered calcimimetics—cinacalcet, the first agent of this
class to receive approval, and evocalcet—are available, alongside an intravenously admin-
istered formulation, etelcalcetide [38,44]. Each of these three agents has its own disadvan-
tages, and the choice of therapy should be individualized based on clinical and biochemical
characteristics of the patient [38].

Cinacalcet was shown to have an anabolic effect on the bone, promoting bone for-
mation and serving as a key ally in combating adynamic bone disease [45]. Cinacalcet
is the most effective PTH-suppressing agent in the prevention of vascular events and
bone fractures [36]. Its side effects are usually minor, including nausea and vomiting, but
hypocalcemia may also occur. This remains the most prescribed calcimetic agent [44].

Evocalcet, the more recent oral calcimimetic therapy, has promising results and may be-
come the first-line oral therapy. It has been shown to have better gastrointestinal tolerability
compared to cinacalcet, but the incidence of hypocalcemia was similar [46].

Etelcalcetide, a novel second-generation intravenous calcimimetic, allows for thrice-
weekly dosing during hemodialysis and was developed to improve treatment efficacy,
patient adherence, and minimize gastrointestinal side effects compared with cinacalcet [47].

Etelcalcetide is more effective than cicalcet in lowering PTH levels. This fact tends
to induce a higher rate of hypocalcemia (calcium <7.5 mg/dL). Beneficial effects on bone
structure and a potential reduction in fracture incidence were described when using etel-
calcetide [48]. It is crucial to mention that the progression of left ventricular hypertrophy
was inhibited by the use of etelcalcetide, demonstrating cardiovascular benefits; however,
further studies are needed in this area [49].

Upacicalcet is one of the new injectable calcimimetic agents, currently being used only
in Japan. It is used for patients undergoing dialysis, being injected three times a week
into the venous side of the dialysis machine. However, it is important to note that most
of the evidence supporting the use of Upicalcet comes from early-phase clinical trials and
observational data, predominantly conducted in Japan. Furthermore, long-term safety
and efficacy data are still limited, especially in diverse patient populations. Thus, while
the results available at the moment appear promising in terms of safety and tolerability,
particularly the lower incidence of hypocalcemia, the overall quality of evidence remains
moderate, and further validation is required [50]. It is considered to be effective and safe,
with a low rate of induced hypocalcemia, in only 2% of patients from a 2023 study [51].

6.4. Surgical Interventions

Despite the availability of numerous pharmacological therapies, some patients persist
with significantly high levels of calcium and PTH. Furthermore, even one year following re-
nal transplantation, some patients do not attain adequate biochemical control, highlighting
the potential necessity for radical surgical intervention [52].

At present, no standardized criteria have been established to define the optimal timing
of surgical intervention. In clinical practice, PTH levels ranging from 2- to 9-fold above the
upper reference limit are generally regarded as indicative of surgical necessity [10,16].

Although no universally standardized criteria exist, several clinical and biochemical
thresholds are widely accepted in guiding surgical referral. Current guidelines, such as
KDIGO and the European Society of Endocrinology, suggest considering surgery in the
following scenarios:

• PTH levels persistently elevated at 2–9 times the upper normal limit despite optimal
medical therapy

• Chronic hypercalcemia, particularly if >11 mg/dL
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• Persistent hypercalcemia for 3 to 12 months post-renal transplant
• Hyperphosphatemia refractory to phosphate binders
• Severe bone disease
• Uncontrolled symptoms, such as pruritus, fatigue, nephrolithiasis, or nephrocalcinosis

The main goal of surgery is to reestablish normal calcium concentration while reducing
parathyroid gland mass [16,53,54].

According to the Miami criteria, a successful surgical intervention is indicated by an
intraoperative PTH decrease of over 50% measured at least 10 min post-resection [16,55].
Other authors consider that a reduction in PTH levels >7-% 20 min after surgery is a good
indicator for a successful surgical act [56]. It is important to mention the difference in
clearance of intact PTH in CKD patients, as it is much slower. In renal failure, the iPTH
decay is around 6.6 min. If the levels of PTH do not drop as expected, the surgeon must
take into consideration the existence of ectopic parathyroid glands [55].

It is recommended to use imagistic methods in order to localize the parathyroid
glands. The routine use of parathyroid imaging remains a topic of debate. We suggest
that imaging should not be routinely performed in all cases but rather reserved for those
being considered for surgery or in whom the biochemical diagnosis is uncertain. The most
accessible approach is by using ultrasonography—an evaluation best used in cases of over
1 g adenomas. Besides that, we can detect the presence of all four hyperplastic parathyroid
glands by using Tc−99 m sestamibi SPECT-CT. Clinicians must guide the use of imagistic
methods and adjust them to every patient’s needs [52]. On the other hand, some authors
suggest that it is not mandatory to localize the parathyroid glands before surgery, and the
Miami criteria are the most efficient indicator, as an experienced surgeon can find ectopic
glands without preoperative localization [57]. Preoperative localization remains a useful
tool, especially in cases of recurrent HPTH [56].

Globally, several operative approaches are implemented in the treatment of THPT.
These include: subtotal parathyroidectomy with bilateral cervical thymectomy, entailing
removal of three glands and partial excision of the fourth, with a residual parathyroid
remnant of approximately 40–80 mg; total parathyroidectomy, with or without autolo-
gous parathyroid tissue transplantation, usually in conjunction with bilateral cervical
thymectomy; and total parathyroidectomy without autotransplantation or associated
thymectomy [16]. Thymectomy may be used, as the majority of ectopic parathyroid glands
are situated there [56]. Potential sites for reimplantation include the sternocleidomastoid
muscle, the brachioradial muscle, or, more appropriately, the subcutaneous adipose tissue
of the forearm [16,56].

Total parathyroidectomy is generally not considered a first-line approach due to
the high likelihood of chronic hypoparathyroidism, although it offers the benefit of a
low recurrence rate. In contrast, subtotal parathyroidectomy is associated with a higher
risk of disease recurrence, but postoperative hypocalcemia occurs less frequently. Total
parathyroidectomy combined with autotransplantation has been shown to more effec-
tively improve patients’ quality of life, although there is the potential for regrowth of the
transplanted parathyroid tissue. According to some authors, this procedure remains the
treatment of choice [56].

Given the complexity of the cervical region, various intraoperative assistive methods
were developed to facilitate the identification of parathyroid glands. We mention noncarbon
suspension-assistance with negative parathyroid imaging, near-infrared fluorescence, and
the use of indocyanine green [56]. The technique of injecting indocyanine green dye
followed by detection using fluorescence has been used for years in several centers. This
proved to be safe, effective, and had a key role in the preservation of the parathyroid
glands [58].
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As surgery practice moves toward minimal methods, we have to mention ablation.
This is a new way to approach tumors, and whether it is using microwave or radiofrequency,
some studies show benefits when used for HPTH. While ablation techniques (including
microwave and radiofrequency ablation) offer a minimally invasive alternative for patients
with contraindications to surgery, most available data are derived from retrospective
studies or small prospective cohorts [38,56]. This technique offers a valid alternative
for patients with contraindications for anesthesia. Although a meta-analysis found no
significant differences between parathyroidectomy and ablation in terms of PTH, calcium,
or phosphate levels. Ablation has shown a lower rate of hypocalcemia after the procedure,
a shorter hospitalization time, but an increased risk of recurrence. The heterogeneity of
patient selection, procedural protocols, and outcome measures limits the generalizability of
the findings [38]. In addition, the risk of recurrence and the lack of long-term follow-up in
many studies suggest that ablation should currently be considered as an alternative option
in selected cases, rather than a standard first-line therapy. The overall quality of evidence
is moderate, emphasizing the need for randomized, controlled, and adequately powered
studies [58].

The most clinically relevant complications of parathyroidectomy are hypocalcemia and
hungry bone syndrome, a condition that can become lethal. Among patients undergoing
dialysis, hungry bone syndrome has a high prevalence, ranging from 26% to 95%. This
condition usually presents with a rapid onset of hypocalcemia and often lasts more than
four days after surgery. The standard treatment includes continuous calcium infusion [59].
Elevated levels of PTH pre-operatively, with a cutoff of over 166 pmol/L, are a powerful
predictor of post-operative hypocalcemia and require higher doses of replacement [60].

Besides this, hypoparathyroidism may appear as transitory or permanent, and it is
accompanied by hypocalcemia [52]. Hypocalcemia may be asymptomatic or present as
tingling and numbness of the extremities. Clinical indicators of hypocalcemia include
tetany, a positive Trousseau or Chvostek sign, and a prolonged QT interval. In cases of
permanent hypoparathyroidism, long-term complications may arise, such as cataracts,
cardiovascular involvement, and basal ganglia calcification. The treatment involves chronic
calcium substitution, although ongoing research is exploring more effective therapeutic
alternatives [61].

7. Conclusion and Future Directions

THPT complicating diabetic nephropathy is marked by a pronounced clinical het-
erogeneity and poses a multifaceted therapeutic challenge. The absence of standardized
diagnostic criteria delays identification and consistent treatment selection. Management
must therefore integrate targeted metabolic and cardiovascular measures—rigorous blood-
pressure control, correction of anemia, treatment of dyslipidemia—alongside therapies
directed at mineral metabolism, including vitamin D analogues, calcimimetics (cinacalcet,
etelcalcetide, upacicalcet) and phosphate-lowering strategies; these interventions can favor-
ably modify PTH levels, parathyroid gland volume and bone structure, but require careful
monitoring for hypocalcemia and vascular calcification.

Patients who remain refractory to medical therapy may benefit from surgical ap-
proaches (subtotal or total parathyroidectomy with or without autotransplantation) or
minimally invasive ablation. However, these options also carry risks—such as hungry bone
syndrome or persistent hypocalcemia, demanding meticulous perioperative planning.

Future research should prioritize the identification and validation of specific biomark-
ers that can better stratify disease severity, predict therapeutic response, and monitor
disease progression in SPTH and TPTH. At the moment, there is a lack of validated, non-
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invasive biomarkers beyond serum PTH and calcium-phosphate levels, which show high
variability and limited predictive value.

Moreover, consensus is still lacking regarding optimal PTH targets in dialysis patients,
with current guidelines offering wide reference ranges without solid evidence for improved
outcomes. There is a critical need for large-scale, longitudinal studies to determine the
PTH thresholds that correlate with reduced cardiovascular calcification and improve bone
turnover, particularly in high-risk subgroups such as diabetic patients.

In addition, further investigation into the long-term cardiovascular and skeletal out-
comes of emerging pharmacologic agents is needed, along with personalized approaches
that account for comorbidities such as diabetes.

Ultimately, developing individualized treatment algorithms that integrate pharmaco-
logic, interventional, and surgical modalities—tailored to patient phenotype and comor-
bidity profile- will be essential to improving quality of life and long-term survival in this
complex patient population.
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THPT Tertiary Hyperparathyroidism
CKD Chronic Kidney Disease
PTH Parathyroid Hormone
ESRD End-stage Renal Disease
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FGF23 Fibroblast Growth Factor 23
CaSR Calcium Sensing Receptor
ROD Renal Osteodystrophy
DXA Dual-energy X-ray Absorptiometry
CKD-MBD Chronic kidney-disease-related bone and mineral disease
HPTH Hyperparathyroidism
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Abstract

Sodium–glucose cotransporter 2 (SGLT2) inhibitors have substantially reshaped the man-
agement of type 2 diabetes mellitus (T2DM), owing not only to their glucose-lowering
properties but also to their consistent cardiovascular and renal protective effects. Beyond
their initial metabolic indication, these agents have emerged as disease-modifying therapies
across a broad spectrum of cardiometabolic and renal conditions. Building on the clini-
cal success of first-generation SGLT2 inhibitors, such as empagliflozin and dapagliflozin,
next-generation SGLT2-based therapies have been developed with the aim of refining phar-
macological selectivity, optimizing pharmacokinetic profiles, and expanding therapeutic
applicability beyond diabetes. These innovations include dual SGLT1/SGLT2 inhibition,
alternative dosing strategies, and molecular designs tailored to specific clinical phenotypes,
such as heart failure with preserved ejection fraction (HFpEF) and chronic kidney disease
(CKD). This narrative review critically evaluates the evolving landscape of next-generation
SGLT2 inhibitors, with a focus on structural and pharmacokinetic innovations, transporter
selectivity, glucose-independent mechanisms, and emerging clinical implications. A com-
prehensive literature search was conducted using PubMed/MEDLINE, Scopus, and Web
of Science, encompassing publications from inception to March 2025. Eligible sources
included randomized clinical trials, observational studies, meta-analyses, and authoritative
reviews published in English. Available evidence indicates that, while conventional SGLT2
inhibitors confer robust and reproducible cardiorenal benefits, newer agents may further
extend therapeutic potential through incretin-related effects, modulation of extra-renal
pathways, and disease-specific cardiac and renal mechanisms. Nevertheless, evidence
supporting incremental clinical benefit beyond established SGLT2 inhibitors remains lim-
ited and heterogeneous, particularly for recently developed compounds. Overall safety
profiles appear broadly consistent within the class, although long-term data for next-
generation agents are still evolving. Key limitations of the current evidence base include
reliance on emerging or indirect mechanistic data, heterogeneity in study populations
and clinical endpoints, and the relative scarcity of large, outcome-driven trials for newer
SGLT2-based therapies. Future research should prioritize mechanism-driven clinical trials,
precision-oriented patient stratification, and head-to-head comparative studies to more
clearly define the role of next-generation SGLT2 inhibitors in cardiovascular, renal, and
metabolic disease management.
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1. Introduction

Sodium–glucose cotransporter 2 inhibitors (SGLT2i) exert their principal pharmaco-
logical effect by selectively inhibiting sodium–glucose cotransporter 2 proteins expressed
in the S1 segment of the renal proximal tubule, which under physiological conditions
account for approximately 80–90% of filtered glucose reabsorption [1–3]. Pharmacological
blockade of SGLT2 induces glycosuria and lowers plasma glucose concentrations through
an insulin-independent, glycemia-dependent mechanism, resulting in an average reduction
in glycated hemoglobin (HbA1c) of approximately 0.6–1.0% [1,2].

Overall, SGLT2 inhibitors are well tolerated. Nevertheless, class-related adverse
effects have been reported, including genitourinary infections, volume depletion–related
hypotension, and rare cases of diabetic ketoacidosis, with incidence influenced by patient
characteristics, comorbidities, and clinical context [2].

Although initially developed as glucose-lowering agents for the treatment of type 2
diabetes mellitus (T2DM), SGLT2 inhibitors were subsequently shown to confer substantial
cardiovascular and renal benefits that extend beyond glycemic control. Large cardiovas-
cular and renal outcome trials consistently demonstrated significant reductions in heart
failure hospitalization and slowing of chronic kidney disease progression, effects that could
not be fully explained by glucose-lowering alone. These findings prompted a fundamental
shift in the therapeutic positioning of this drug class [3].

From a regulatory perspective, several SGLT2 inhibitors have received approvals
for indications extending well beyond diabetes. Empagliflozin is approved for T2DM,
reduction in cardiovascular mortality in adults with T2DM, and for heart failure across
both reduced and preserved ejection fraction phenotypes. Canagliflozin is indicated for
T2DM and diabetic kidney disease and has demonstrated reductions in cardiovascular
events and heart failure hospitalization. Dapagliflozin is approved for T2DM, heart failure
with reduced ejection fraction (HFrEF), and chronic kidney disease (CKD), irrespective of
diabetes status, whereas ertugliflozin remains approved for the treatment of T2DM [4].

Given that individuals with T2DM frequently present with multiple comorbidities—
including age-related cardiovascular and renal disease—SGLT2 inhibitors have assumed
an increasingly prominent role across multiple clinical disciplines, extending well beyond
traditional endocrinology [5].

In this evolving context, the term “next-generation SGLT2 inhibitors” has emerged
to describe contemporary SGLT2-targeting therapies that move beyond glucose lowering
to deliver robust cardiovascular and renal protection in both diabetic and non-diabetic
populations. These agents are characterized by enhanced cardiorenal benefits, improved
pharmacologic selectivity, optimized pharmacokinetic and safety profiles, and expanded
therapeutic indications, particularly in heart failure and chronic kidney disease [6].

Importantly, next-generation SGLT2 inhibitors are defined not solely by molecular
novelty, but by their capacity to modulate cardiorenal and metabolic pathways beyond renal
glucose excretion. Through mechanisms such as natriuresis, hemodynamic modulation,
metabolic reprogramming, and anti-inflammatory effects, often independent of glycemic
control, these therapies contribute to reductions in heart failure hospitalization, attenuation
of CKD progression, and improved clinical outcomes [7].

Accordingly, this review moves beyond a descriptive overview of SGLT2 inhibition to
critically examine the pharmacological innovations, mechanistic diversity, and emerging
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clinical implications of next-generation SGLT2-based therapies, with particular emphasis
on cardiovascular and renal disease modification [8].

1.1. Next-Generation SGLT2-Based Inhibitors: Developmental Status and Clinical Evidence

The term next-generation SGLT2 inhibitors encompasses a heterogeneous group of
agents designed to extend or refine the therapeutic profile of conventional SGLT2 in-
hibitors. These compounds differ with respect to transporter selectivity (including dual
SGLT1/SGLT2 inhibition), molecular structure, pharmacokinetics, and intended clinical
applications, and are currently at varying stages of clinical development. Importantly, not
all next-generation agents have achieved regulatory approval, and many remain investiga-
tional or indication-specific [9].

1.2. Sotagliflozin (Dual SGLT1/SGLT2 Inhibitor)

Sotagliflozin is the most clinically advanced next-generation agent, combining re-
nal SGLT2 inhibition with partial intestinal SGLT1 blockade. Regulatory approval has
been granted in selected regions for specific indications, while evaluation continues else-
where. Clinical evidence derives primarily from SOLOIST-WHF and SCORED, which
demonstrated reductions in cardiovascular death and heart failure events in high-risk
populations. However, comparative efficacy relative to selective SGLT2 inhibitors cannot
be established due to the absence of head-to-head trials, and proposed advantages related
to incretin-mediated effects remain hypothesis-generating [10].

1.3. Licogliflozin (Dual SGLT1/SGLT2 Inhibitor)

Licogliflozin exhibits a more balanced SGLT1/SGLT2 inhibitory profile. Its clinical
development has focused largely on metabolic and inflammatory conditions rather than
cardiovascular outcomes. Available evidence is limited to small phase II trials assessing
biomarkers and short-term metabolic endpoints, with no large outcome-driven cardiovas-
cular or renal studies completed to date. Gastrointestinal adverse effects associated with
intestinal SGLT1 inhibition have constrained further development, and its comparative
clinical value remains undetermined [11].

1.4. Emerging and Experimental Approaches

Additional next-generation strategies include ultra-selective SGLT2 inhibitors, hy-
brid molecules designed to optimize tissue distribution or pharmacokinetic stability, and
combination approaches integrating SGLT2 inhibition with incretin-based or metabolic
modulation. Most of these agents remain in early-phase development, with limited publicly
available efficacy data [12].

1.5. Comparative Efficacy: Current Limitations

At present, comparative efficacy among next-generation and conventional SGLT2
inhibitors cannot be conclusively established, owing to the lack of head-to-head randomized
trials, heterogeneity in study designs and endpoints, and the limited availability of outcome-
driven evidence for newer compounds (Table 1). Accordingly, claims of superiority should
be avoided, and next-generation agents should be viewed as potentially complementary
rather than definitively superior to established therapies [13].
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Table 1. Next-Generation SGLT2-Based Inhibitors: Regulatory Status and Clinical Development.

Agent Transporter Profile Regulatory Status Clinical Phase Key Trials Primary Focus

Sotagliflozin SGLT1/SGLT2 Approved (region/
indication-specific)

Phase III
completed

SOLOIST-WHF
(~1200); SCORED
(~10,500)

HF, CKD, CV risk

Licogliflozin SGLT1/SGLT2 Not approved Phase II Multiple small RCTs
(<300) Metabolic/HFpEF

Emerging agents SGLT2-based Not approved Phase I–II Early studies Precision therapy

2. Effects of SGLT2 Inhibitors on Cardiovascular Outcomes

Sodium–glucose cotransporter 2 inhibitors (SGLT2i) have become integral compo-
nents of contemporary therapy for type 2 diabetes (T2D), heart failure (HF), and chronic
kidney disease (CKD). Although originally developed as glucose-lowering agents, large
randomized clinical trials have demonstrated robust cardiovascular benefits, including
reductions in heart failure hospitalization and cardiovascular mortality, across diverse
patient populations, including individuals without diabetes [14].

2.1. Cardiovascular Outcome Evidence

Large cardiovascular outcome trials have firmly established SGLT2 inhibitors as
disease-modifying therapies in cardiovascular medicine. Empagliflozin and dapagliflozin
demonstrated consistent reductions in heart failure hospitalization and cardiovascular
mortality in EMPA-REG OUTCOME, DAPA-HF, EMPEROR-Reduced, and EMPEROR-
Preserved, while canagliflozin showed cardiovascular and renal benefits in CANVAS and
CREDENCE [1–5]. The dual SGLT1/SGLT2 inhibitor sotagliflozin further expanded this
evidence base through SOLOIST-WHF and SCORED, particularly in patients with recent
worsening heart failure or advanced cardiometabolic risk [15].

These consistent outcome benefits, observed across heart failure phenotypes and
independent of glycemic status, indicate that the cardioprotective effects of SGLT2 inhibitors
cannot be attributed solely to glucose lowering.

2.2. Direct Myocardial SGLT2 Inhibition: Evidence and Controversy

One proposed mechanism for the cardiovascular benefits of SGLT2 inhibitors is direct
inhibition of SGLT2 within myocardial tissue. However, the existence and functional
relevance of myocardial SGLT2 expression in humans remain highly controversial [16].

Several experimental and translational studies have reported detectable SGLT2 ex-
pression in cardiomyocytes under specific pathological conditions. For example, Marfella
et al. identified SGLT2 expression in cardiomyocytes from patients with end-stage heart
failure, with higher levels observed in individuals with diabetes, and demonstrated glucose-
dependent upregulation in vitro [17]. Similar findings were reported by Scisciola et al. in
patients with low-flow, low-gradient aortic stenosis, where SGLT2 overexpression was
associated with myocardial metabolic remodeling and impaired energetic efficiency. In
addition, studies using human induced pluripotent stem cell–derived cardiomyocytes
exposed to high glucose demonstrated increased SGLT2 expression alongside hypertrophic
and contractile abnormalities, which were partially reversed by empagliflozin [3,18,19].

In contrast, other investigations have failed to detect SGLT2 expression in adult human
myocardial tissue. Notably, analyses of atrial and ventricular cardiomyocytes obtained
from patients undergoing cardiac surgery demonstrated no detectable SGLT2 mRNA,
identifying only SGLT1, GLUT1, and GLUT4 transporters [3]. Larger transcriptomic and
proteomic datasets, including bulk and single-cell RNA sequencing of human myocardium,
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have similarly reported minimal or absent SGLT2 expression when compared with the
kidney [20].

2.3. Methodological Sources of Heterogeneity

Discrepancies among studies likely reflect substantial methodological heterogeneity,
including differences in tissue source (atrial vs. ventricular myocardium), disease state,
species, antibody specificity, detection thresholds, and analytical techniques. Many positive
findings derive from small, single-center studies, non-human models, neonatal cardiomy-
ocytes, or diseased myocardium, where cross-reactivity with other glucose transporters
cannot be excluded [21].

Importantly, reported myocardial SGLT2 expression levels are typically orders of
magnitude lower than renal expression and may fall below the threshold required for
meaningful inhibition at clinically achieved drug concentrations [22].

2.4. Indirect and Glucose-Independent Mechanisms of Cardioprotection

Given these limitations, the weight of evidence favors indirect and glucose-independent
mechanisms as the primary drivers of cardiovascular benefit (Figure 1) [23]. These include
the following:

• Osmotic diuresis and natriuresis leading to hemodynamic unloading;
• Improved myocardial energetics through increased ketone body availability;
• Modulation of intracellular sodium and calcium handling, potentially via effects on

the Na+/H+ exchanger;
• Attenuation of inflammation, oxidative stress, and myocardial fibrosis;
• Secondary effects mediated through renal–cardiac and gut–cardiac axes, including

reductions in hyperuricemia, improved endothelial function, and changes in erythro-
poietin signaling [24].

Crucially, many experimentally observed cardiac effects of SGLT2 inhibitors—such
as modulation of sodium homeostasis or mitochondrial efficiency—do not require di-
rect myocardial SGLT2 expression and may reflect downstream or off-target signaling
pathways [25].

Figure 1. Cardioprotective SGLT2 Mechanism Diagram.

2.5. Interpretative Framework

Taken together, although experimental studies exploring myocardial SGLT2 expression
have generated important hypotheses, current evidence does not support direct cardiac
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SGLT2 inhibition as a dominant mechanism in humans. Instead, the consistent cardio-
vascular benefits observed across large-scale randomized trials are best explained by an
integrated network of systemic, hemodynamic, metabolic, and renal-mediated mechanisms,
which operate independently of direct myocardial SGLT2 expression (Table 2) [25].

Table 2. Methodological approaches and interpretative strength of studies assessing myocardial
SGLT2 expression.

Study Type/
Reference

Species/Tissue Sample Size Methodology Key Findings
Major
Limitations

Interpretative
Weight

Immunohistochemistry
studies (early reports)

Rodent my-
ocardium/neonatal
cardiomyocytes

Small (n < 10)
IHC using
commercial
antibodies

Detectable SGLT2
signal in
cardiomyocytes

Antibody
cross-reactivity;
non-human
tissue; neonatal
cells

Hypothesis-
generating only

Western blot analyses
Rodent or
diseased human
myocardium

Small (n < 15) Western blot Low-level SGLT2
protein bands

Lack of validated
controls; possible
non-specific
binding

Low

RT-PCR–based
studies

Diseased human
myocardial
samples

Small (n < 20) RT-PCR
Low or variable
SGLT2 mRNA
expression

High Ct values;
sampling bias;
atrial vs.
ventricular tissue

Low

Bulk RNA sequencing
Adult human left
ventricular
myocardium

Moderate–large Transcriptomic
profiling

Minimal or
absent SGLT2
transcripts

Detection
threshold
limitations

Moderate–high
(negative
evidence)

Single-cell RNA
sequencing

Adult human
cardiomyocytes Large datasets scRNA-seq

No consistent
SGLT2 expression
in
cardiomyocytes

Dropout effects
inherent to
scRNA-seq

High

Proteomic analyses Adult human
myocardium Moderate Mass

spectrometry
No detectable
SGLT2 protein

Sensitivity limits
for
low-abundance
proteins

High

Comparative
renal–cardiac
expression studies

Human kidney vs.
myocardium Moderate Multi-tissue

profiling

Marked SGLT2
expression in
kidney, absent in
heart

None significant High

This interpretation provides a more robust and clinically coherent framework for
understanding the cardiovascular efficacy of SGLT2 inhibitors and aligns mechanistic
hypotheses with outcome-driven clinical evidence [26].

This comparison highlights that positive reports of myocardial SGLT2 expression
are predominantly derived from small, single-center, preclinical or antibody-dependent
studies, whereas larger human transcriptomic and proteomic analyses consistently fail
to demonstrate meaningful SGLT2 expression in adult cardiomyocytes. The cumulative
weight of evidence therefore argues against direct myocardial SGLT2 inhibition as a domi-
nant mechanism of cardioprotection, favoring indirect, systemic, or downstream cellular
effects [26].

2.6. Heart Failure Outcomes: Effect Size, Timing, and Mechanistic Interpretation

Large randomized controlled trials have demonstrated consistent reductions in heart
failure (HF)–related outcomes with SGLT2 inhibitors across a broad spectrum of ejection
fraction phenotypes. In DAPA-HF, dapagliflozin reduced the composite of worsening
HF or cardiovascular death by 26% (hazard ratio [HR] 0.74; 95% CI 0.65–0.85), while
EMPEROR-Reduced reported a 25% relative risk reduction with empagliflozin (HR 0.75;
95% CI 0.65–0.86) in patients with HFrEF. In HFpEF populations, EMPEROR-Preserved
and DELIVER demonstrated more modest but significant benefits, with HRs ranging from
0.79 to 0.82, accompanied by wider confidence intervals reflecting greater phenotypic
heterogeneity [27–31].
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2.7. Trial-Level Limitations and Interpretation

Despite robust outcome signals, these trials share important limitations. Patients
enrolled were highly selected, often younger and with fewer comorbidities than real-world
HF populations, introducing potential selection bias. Moreover, baseline background ther-
apy varied substantially, particularly with respect to mineralocorticoid receptor antagonists,
angiotensin receptor–neprilysin inhibitors, and device therapy, complicating attribution of
effect size to SGLT2 inhibition alone [24–27].

Event-driven designs and composite endpoints further limit mechanistic inference,
underscoring the need for cautious interpretation when extrapolating trial results to broader
clinical settings.

2.8. Early Initiation and Interaction with Diuretic Therapy

Recent studies suggest that initiation of SGLT2 inhibitors during or shortly after
hospitalization for acute or worsening HF is associated with early clinical benefit. However,
this strategy requires careful consideration of volume status and concomitant diuretic
therapy. SGLT2 inhibitors induce osmotic diuresis and natriuresis, which may augment the
effects of loop diuretics, potentially increasing the risk of volume depletion or hypotension
in susceptible patients [32].

Although most trials did not mandate systematic diuretic dose adjustments, real-
world implementation of early initiation strategies should consider individualized diuretic
down-titration and close monitoring, particularly in elderly patients or those with marginal
renal perfusion [33].

2.9. Mechanistic Hypotheses: Evidence and Caution

Multiple mechanisms have been proposed to explain the HF benefits of SGLT2 in-
hibitors, including improved myocardial energetics, reduction in inflammation and fibrosis,
and modulation of intracellular sodium and calcium homeostasis. Among these, inhibition
of the cardiac sodium–hydrogen exchanger (NHE) has received considerable attention [34].

However, evidence supporting clinically relevant NHE inhibition remains largely
preclinical, derived from in vitro and animal models. To date, no direct clinical biomarker
or imaging evidence has confirmed NHE modulation as a dominant mechanism in hu-
mans treated with SGLT2 inhibitors. Accordingly, such mechanisms should be viewed
as hypothesis-generating rather than definitively established, and interpreted within the
broader context of systemic and hemodynamic effects [35].

2.10. Integrative Perspective

Taken together, the benefits of SGLT2 inhibitors in HF are supported by consistent
clinical outcome data but should be interpreted with awareness of trial-specific limitations,
background therapy heterogeneity, and mechanistic uncertainty. Future studies integrating
mechanistic endpoints, real-world populations, and standardized background therapy will
be essential to refine understanding of both effect magnitude and biological pathways [35].

3. SGLT2 Inhibitors in Acute and Chronic Heart Failure

3.1. Clinical Evidence Across the Heart Failure Spectrum

Large-scale randomized clinical trials—including DAPA-HF, EMPEROR-Reduced,
and DECLARE–TIMI 58—have consistently demonstrated the efficacy of SGLT2 inhibitors
in patients with heart failure with reduced ejection fraction (HFrEF). Across these stud-
ies, SGLT2 inhibitor therapy was associated with relative reductions of approximately
30–40% in heart failure hospitalizations and ~20% in cardiovascular mortality [33]. In
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DECLARE–TIMI 58, dapagliflozin significantly reduced cardiovascular death, heart failure
hospitalization, and all-cause mortality specifically in the HFrEF subgroup [28,36,37].

Subsequent analyses and dedicated trials extended these benefits to patients with
mildly reduced and preserved ejection fraction (EF ≥ 40%), demonstrating improvements
in heart failure–related outcomes across a broader range of ventricular function. Beyond
hard clinical endpoints, both dapagliflozin and empagliflozin have been shown to improve
symptoms, exercise capacity, and health-related quality of life, underscoring their clinical
relevance beyond event reduction [38].

3.2. Early Initiation in Acute Heart Failure

An expanding body of evidence supports the early initiation of SGLT2 inhibitors
in acute heart failure (AHF). In the EMPULSE trial, empagliflozin initiated during hos-
pitalization for acute decompensated HF improved overall clinical status and reduced
mortality at 90 days, irrespective of diabetes status [39]. Complementary observational
data, including the study by Carvalho et al., reported reductions in all-cause mortality and
HF readmissions among acutely decompensated patients treated with SGLT2 inhibitors,
without adverse effects on renal function [31].

While these findings support feasibility and short-term benefit, the heterogeneity of
AHF populations and relatively short follow-up durations necessitate cautious interpreta-
tion [31].

3.3. Mechanistic Basis of Heart Failure Benefit

The cardiovascular benefits of SGLT2 inhibitors appear to arise from a convergence of
hemodynamic, metabolic, and cellular mechanisms, rather than a single dominant pathway.
Osmotic diuresis and natriuresis promote effective decongestion, reducing preload and
afterload while minimizing counter-regulatory neurohormonal activation, and may reduce
reliance on loop diuretics [31].

From a metabolic perspective, SGLT2 inhibition promotes a shift toward ketone body
utilization, providing a more energetically efficient substrate for the failing myocardium. At
the cellular level, experimental studies suggest indirect modulation of the cardiac Na+/H+

exchanger (NHE1), leading to reduced intracellular sodium accumulation, improved cal-
cium handling, and attenuation of oxidative stress—mechanisms collectively described
within the “sodium-interactome” hypothesis. However, these effects are supported pre-
dominantly by preclinical data [40].

In parallel, preclinical models demonstrate attenuation of pro-inflammatory signaling,
including reductions in IL-6, TNF-α, and NLRP3 inflammasome activation, along with
mitigation of myocardial fibrosis and adverse remodeling. The extent to which these
pathways translate into clinically meaningful benefit in humans remains an area of active
investigation [41].

3.4. Post–Myocardial Infarction States

Interest has also grown in the potential role of SGLT2 inhibitors in mitigating post–
myocardial infarction (MI) left ventricular dysfunction. Although underlying mechanisms
are incompletely defined, metabolic modulation—particularly increased myocardial avail-
ability of β-hydroxybutyrate—has been proposed. β-Hydroxybutyrate may inhibit NLRP3
inflammasome activation, thereby reducing post-ischemic myocardial inflammation, an
effect associated with reductions in NT-proBNP levels and improvements in ventricular
function in clinical studies [42].

Observational data from a large Swedish registry suggested that early post-MI initi-
ation of SGLT2 inhibitors was associated with reduced heart failure hospitalization and
all-cause mortality. These findings were supported by randomized trials. In DAPA-MI,
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early dapagliflozin therapy in patients without prior diabetes or heart failure improved
markers of ventricular recovery and reduced HF hospitalizations. Similarly, Hernandez
et al. reported that empagliflozin reduced both first and recurrent HF hospitalizations in
patients with recent MI complicated by left ventricular dysfunction or congestion. Notably,
patients with chronic kidney disease or frailty appeared to derive particular benefit [43,44].

3.5. Differential Pathophysiology of Acute and Chronic Heart Failure

Heart failure represents a heterogeneous clinical syndrome encompassing acute heart
failure (AHF) and chronic heart failure (CHF), each characterized by distinct yet overlap-
ping pathophysiological processes. AHF is dominated by abrupt hemodynamic decompen-
sation, intense neurohormonal activation, sodium and calcium dysregulation, endothelial
dysfunction, and inflammatory signaling. In contrast, CHF reflects a sustained disease state
driven by chronic neurohormonal activation, adverse ventricular remodeling, myocardial
fibrosis, metabolic inflexibility, and progressive mitochondrial dysfunction [32,45,46].

3.6. Shared and Condition-Specific Mechanisms of SGLT2 Inhibition

Across both acute and chronic HF, SGLT2 inhibitors target shared mechanisms, in-
cluding effective decongestion, reduction in preload and afterload, improved myocardial
energetics, and attenuation of maladaptive neurohormonal signaling. These common
pathways likely underlie the consistent reductions in HF hospitalization observed across
HF phenotypes in large outcome trials [47].

In acute HF, benefits appear to be driven predominantly by early hemodynamic ef-
fects, plasma volume redistribution, and modulation of intracellular sodium handling
during decompensation. In chronic HF, sustained SGLT2 inhibition engages longer-term
disease-modifying mechanisms, including suppression of adverse remodeling, reduction
in myocardial fibrosis and inflammation, stabilization of the cardiorenal axis, and improve-
ment in metabolic efficiency [5].

3.7. Integrative Perspective

Post-MI states occupy a transitional position within the HF continuum, sharing mech-
anistic features with both acute decompensation and chronic remodeling. By influencing
inflammatory pathways, myocardial energetics, and renal–cardiac interactions, SGLT2
inhibitors may plausibly modify the trajectory from acute ischemic injury to chronic HF,
although definitive causal evidence remains incomplete [48].

Collectively, the mechanistic actions of SGLT2 inhibitors span the entire HF spectrum,
integrating early hemodynamic and metabolic effects with long-term remodeling and
renal benefits. This time-dependent, multi-level mechanistic profile provides a biologically
plausible framework for their consistent efficacy across acute HF, chronic HF, and post–
myocardial infarction settings [49].

4. Effects of SGLT2 Inhibitors on Renal Outcomes

Large-scale randomized trials have established that SGLT2 inhibitors (SGLT2i) provide
clinically meaningful renoprotection in patients at risk of chronic kidney disease (CKD),
initially observed as secondary outcomes in cardiovascular outcome trials (CVOTs). Across
EMPA-REG OUTCOME, CANVAS, and DECLARE–TIMI 58, SGLT2i therapy was asso-
ciated with a slower decline in estimated glomerular filtration rate (eGFR) and reduced
progression of albuminuria, supporting a reproducible signal of kidney protection beyond
glycemic control [27–30,36,50,51].

The CREDENCE trial was the first dedicated renal outcomes study in patients
with type 2 diabetes (T2D) and diabetic kidney disease receiving maximally tolerated
renin–angiotensin–aldosterone system (RAAS) blockade. Canagliflozin reduced the risk
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of the composite renal endpoint by approximately 30%, including sustained eGFR de-
cline to very low levels, doubling of serum creatinine, kidney replacement therapy, or
renal/cardiovascular death, with consistent benefit across baseline eGFR strata and a
clinically relevant reduction in albuminuria [29,52].

Subsequently, DAPA-CKD extended these findings to a broader CKD population,
demonstrating that dapagliflozin reduced the risk of sustained eGFR decline (≥50%), end-
stage kidney disease, and renal or cardiovascular death irrespective of diabetes status [30].
EMPA-KIDNEY further strengthened the evidence base by enrolling patients with advanced
CKD (eGFR 20–45 mL/min/1.73 m2) or those with higher eGFR accompanied by significant
albuminuria, with Ref. [53] showing that empagliflozin reduced the risk of kidney disease
progression or cardiovascular death [31]. Together, these trials confirm that renal benefit
persists even at lower eGFR values, where glycosuric effects are attenuated—supporting a
largely glucose-independent mechanism [54].

4.1. Mechanistic Basis of Renoprotection: A Hierarchical Framework

Although the mechanistic basis of renoprotection is multifactorial, evidence is
strongest for hemodynamic and tubuloglomerular pathways. By inhibiting proximal
tubular sodium and glucose reabsorption, SGLT2i increase sodium delivery to the macula
densa, restoring tubuloglomerular feedback and promoting adenosine-mediated afferent
arteriolar vasoconstriction. This reduces intraglomerular pressure and single-nephron
hyperfiltration, thereby limiting long-term nephron injury and slowing CKD progres-
sion [32,33]. Concurrent osmotic diuresis and natriuresis also contribute to reductions in
blood pressure and intravascular volume [33].

Beyond these primary mechanisms, translational studies suggest additional contribu-
tions from improved endothelial function, reductions in oxidative stress and inflammatory
signaling, and favorable effects on intrarenal hemodynamics—changes that may be re-
flected by reductions in the renal resistive index (RI) [34]. SGLT2i also consistently reduces
albuminuria, plausibly through combined effects on intraglomerular pressure and mitiga-
tion of tubular toxicity associated with filtered albumin [37].

Several proposed molecular pathways—such as inhibition of epithelial-to-mesenchymal
transition (EMT), modulation of mTORC1 signaling, and direct podocyte protection—are
supported predominantly by experimental models and indirect human evidence [35,36,40,41].
Accordingly, these mechanisms should be considered hypothesis-generating, rather than
definitive drivers of clinical outcome benefits, until validated by robust human studies.

4.2. Next-Generation SGLT2-Based Therapies and Renal Implications

Next-generation SGLT2-targeting therapies aim to extend therapeutic scope beyond
conventional gliflozins by optimizing selectivity, pharmacokinetic profiles, tolerability, and
potential tissue-specific effects (Tables 3–5) [55]. In some regions (e.g., Japan) [56], agents
such as ipragliflozin, tofogliflozin, and luseogliflozin have been approved, while others—
including bexagliflozin and dual-acting agents—remain under clinical development, often
with broader metabolic or cardio-renal aims [1].

Table 3. Structural and Pharmacological Comparison.

Feature Conventional SGLT2i Next-Generation SGLT2i

Chemical backbone C-aryl glucoside Modified glucoside/hybrid
SGLT2 selectivity High Ultra-high or dual
SGLT1 inhibition Minimal Partial (agent-specific)
PK profile Standard Optimized/prolonged
Tissue distribution Predominantly renal Multi-organ
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Table 4. Clinical Evidence and Emerging Indications.

Agent Target Key Trials Novel Indications

Dapagliflozin SGLT2 DAPA-HF,
DAPA-CKD HF, CKD

Empagliflozin SGLT2 EMPEROR,
EMPA-KIDNEY HFpEF

Sotagliflozin SGLT1/2 SOLOIST-WHF Acute HF
Emerging agents SGLT2-based Ongoing Precision therapy

Table 5. Structural and Pharmacological Differences between Conventional and Next-Generation
SGLT2 Inhibitors.

Feature
Conventional SGLT2
Inhibitors

Next-Generation
SGLT2-Based Agents

Chemical backbone C-aryl glucoside Modified glucoside/hybrid
structures

Molecular stability High Enhanced stability and
binding kinetics

SGLT2 selectivity High Ultra-high or deliberately
balanced

SGLT1 inhibition Minimal or absent Partial (agent-specific)
Intestinal effects Limited Delayed glucose absorption

Incretin activation Minimal Increased GLP-1 and GIP
secretion

Pharmacokinetics Standard half-life Optimized exposure and
duration

Tissue distribution Predominantly renal Multi-organ (renal, cardiac,
vascular)

Glucose-independent
effects Secondary Prominent and targeted

A major innovation within this landscape is the development of dual SGLT1/SGLT2
inhibitors, which combine renal SGLT2 blockade with intestinal SGLT1 inhibition. While
renal effects promote glycosuria and natriuresis, intestinal SGLT1 inhibition delays glucose
absorption, blunts postprandial excursions, and enhances incretin signaling (GLP-1, GIP),
potentially providing additive metabolic and cardiometabolic benefits [1].

Sotagliflozin is the most extensively studied dual inhibitor. In SOLOIST-WHF and
SCORED, sotagliflozin was associated with early and sustained reductions in heart failure
events and cardiovascular outcomes, including when initiated shortly after acute decom-
pensation [42]. These data support the concept that dual transporter inhibition may be
particularly relevant in high-risk clinical contexts, although direct comparative superiority
over selective SGLT2 inhibitors remains uncertain in the absence of head-to-head trials.

Licogliflozin, another dual SGLT1/SGLT2 inhibitor evaluated primarily in phase 2
programs, in Ref. [57] has demonstrated favorable effects on weight and postprandial
glucose handling, with signals of improvement in selected cardiometabolic biomarkers
(e.g., NT-proBNP). However, available evidence remains limited by small sample sizes,
short follow-up, and the absence of outcome-driven renal or cardiovascular endpoints;
further studies are required to clarify long-term efficacy and tolerability, including potential
gastrointestinal effects related to intestinal SGLT1 inhibition [2,57].

4.3. Expanded Indications and Ongoing Research

The clinical positioning of SGLT2 inhibitors has expanded markedly beyond dia-
betes, supported by outcome trials in heart failure and CKD—including in non-diabetic
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populations. Trials such as DAPA-HF [28], DELIVER [58], EMPEROR-Reduced [59],
EMPEROR-Preserved [60], DAPA-CKD, and EMPA-KIDNEY have established consis-
tent cardio-renal benefits and influenced guideline recommendations in both cardiology
and nephrology [3,4,61]. In acute settings, EMPULSE [62] demonstrated that initiating
empagliflozin during hospitalization for acute decompensated heart failure is feasible
and associated with improved short-term clinical outcomes, supporting early initiation
strategies in selected patients [5].

4.4. Renal Outcomes: Clinical Effect Size, eGFR Contextualization, and Mechanistic Hierarchy

Large randomized controlled trials have consistently demonstrated that SGLT2 in-
hibitors slow the progression of chronic kidney disease (CKD) across diabetic and non-
diabetic populations. In DAPA-CKD, dapagliflozin reduced the primary composite renal
endpoint by 39% (HR 0.61; 95% CI 0.51–0.72), corresponding to an absolute risk reduction of
approximately 5.3% over 2.4 years and a number-needed-to-treat (NNT) of ~19. Similarly,
EMPA-KIDNEY reported a relative risk reduction of 28% (HR 0.72; 95% CI 0.64–0.82),
translating into an absolute risk reduction of ~3.8%, reflecting the broader and lower-risk
population enrolled (Table 6) [63,64].

Table 6. Clinical Evidence Distinguishing Conventional and Next-Generation SGLT2 Inhibitors.

Agent Transporter Profile Key Trials Population
Distinct Clinical
Features

Dapagliflozin SGLT2 DAPA-HF,
DAPA-CKD Chronic HF, CKD

Strong chronic
cardiorenal
protection

Empagliflozin SGLT2
EMPEROR-Reduced,
EMPEROR-Preserved,
EMPA-KIDNEY

HF spectrum, CKD Robust HFpEF
evidence

Canagliflozin SGLT2 CREDENCE Diabetic CKD Early renal outcome
data

Sotagliflozin SGLT1/SGLT2 SOLOIST-WHF,
SCORED

Recent worsening
HF, CKD

Incretin-mediated
and acute HF
benefits

Emerging agents SGLT2-based Ongoing Non-diabetic HF,
post-MI

Precision-medicine
strategies

These absolute measures provide essential clinical context, highlighting that the mag-
nitude of benefit varies according to baseline renal risk and disease stage.

4.5. Clinical Interpretation of eGFR Thresholds

The efficacy of SGLT2 inhibitors has been demonstrated across a wide range of baseline
eGFR values, including patients with eGFR as low as 20 mL/min/1.73 m2. From a clinical
standpoint, lower eGFR thresholds identify populations at higher absolute risk, in whom
relative risk reductions yield greater absolute benefit [65].

However, reduced glycosuric efficacy at lower eGFR values underscores that renal
protection is largely glucose-independent. Importantly, early eGFR “dips” observed after
treatment initiation reflect hemodynamic adaptation rather than true nephron loss and
should be interpreted cautiously in clinical practice [66].

4.6. Hierarchical Organization of Renoprotective Mechanisms

To avoid overgeneralization, renoprotective mechanisms of SGLT2 inhibitors are best
conceptualized within a hierarchical framework based on strength of evidence [67].
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4.7. Primary Mechanisms (Strong Human Clinical Evidence)

• Restoration of tubuloglomerular feedback and reduction in intraglomerular pressure;
• Hemodynamic stabilization of glomerular filtration;
• Reduction in albuminuria, strongly correlated with long-term renal outcomes.

4.8. Secondary Mechanisms (Supported by Translational and Indirect Clinical Data)

• Improved renal oxygenation through reduced proximal tubular workload;
• Attenuation of renal inflammation and oxidative stress;
• Modulation of renal hemodynamics within the cardiorenal axis.

4.9. Exploratory Mechanisms (Predominantly Preclinical Evidence)

Mechanisms such as epithelial–mesenchymal transition (EMT) inhibition, mTORC1
signaling modulation, and direct podocyte protection have been reported primarily in
animal models or cellular systems. To date, direct human clinical evidence supporting
these pathways remains limited, and their contribution to observed renal outcomes should
be regarded as hypothesis-generating rather than definitive [67].

4.10. Expanded Indications of SGLT2 Inhibitors: Evidence, Guidelines, and Implementation
Challenges

The clinical indications for SGLT2 inhibitors have expanded substantially over the
past decade, evolving from glucose-lowering therapy in type 2 diabetes mellitus to agents
with established roles in heart failure and chronic kidney disease. While this expansion
is sometimes described as a “paradigm shift”, such terminology should be reserved for
contexts in which practice-changing evidence has been incorporated into international
guidelines [68].

4.11. Guideline-Supported Expansion of Indications

Current guidelines from major professional societies now recommend SGLT2 in-
hibitors as foundational therapy in multiple non-glycemic indications. The 2021 and 2023
ESC Heart Failure Guidelines endorse SGLT2 inhibitors for patients with heart failure
with reduced ejection fraction (HFrEF), and more recently for heart failure with preserved
ejection fraction (HFpEF), independent of diabetes status. Similarly, AHA/ACC/HFSA
guidelines include SGLT2 inhibitors as core components of guideline-directed medical
therapy in heart failure.

In nephrology, KDIGO 2022 guidelines recommend SGLT2 inhibitors for patients with
chronic kidney disease at risk of progression, including non-diabetic populations, based on
robust outcome data from DAPA-CKD and EMPA-KIDNEY. These guideline endorsements
provide a clear justification for considering SGLT2 inhibitors as disease-modifying therapies
beyond glycemic control.

4.12. Acute and Early Use: EMPULSE Trial in Context

The EMPULSE trial evaluated the initiation of empagliflozin during hospitalization
for acute heart failure and demonstrated an early net clinical benefit across a composite hi-
erarchical endpoint. However, interpretation of these findings requires acknowledgment of
several limitations. EMPULSE was a moderate-sized trial with a relatively short follow-up
period, employed a composite endpoint combining clinical and patient-reported outcomes,
and excluded patients with severe hypotension or advanced renal dysfunction. Conse-
quently, while the results support the feasibility and short-term safety of early initiation,
they do not establish definitive long-term outcome benefits or universal applicability across
all acute heart failure phenotypes [69].
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4.13. Terminology and Evidence Thresholds

Accordingly, the expanded use of SGLT2 inhibitors can be considered a practice-
changing development in selected conditions where guideline-level endorsement exists.
In other emerging indications—such as post–myocardial infarction states, valvular heart
disease, or acute decompensated settings—the evidence remains incomplete, and claims of
paradigm change should be avoided until supported by adequately powered randomized
trials [70].

4.14. Cost-Effectiveness and Access Considerations

Despite strong clinical evidence, real-world implementation of SGLT2 inhibitors is
influenced by cost, reimbursement policies, and healthcare system constraints. Cost-
effectiveness analyses generally support their use in heart failure and CKD, particularly in
high-risk populations where absolute risk reduction is greatest. However, access disparities
persist, especially in low- and middle-income settings, potentially limiting the population-
level impact of these therapies [71].

Future research and policy efforts should address health economic considerations,
optimize patient selection to maximize value, and ensure equitable access to these agents
as indications continue to expand.

4.15. Timing of SGLT2 Inhibitor Initiation in Relation to TAVI: Hemodynamics, Risk, and
Remodeling

Transcatheter aortic valve implantation (TAVI) induces a profound and abrupt al-
teration in cardiovascular hemodynamics, transitioning patients from a state of chronic
pressure overload and fixed outflow obstruction to one of immediate afterload reduction.
The timing of SGLT2 inhibitor initiation relative to TAVI, therefore, warrants careful consid-
eration, as physiological priorities differ across the pre-procedural, peri-procedural, and
post-procedural phases [72].

4.16. Pre-TAVI Initiation: Hemodynamic Vulnerability

Before TAVI, patients with severe aortic stenosis often exhibit preload dependence,
limited cardiac output reserve, and impaired baroreflex responses. In this setting, the
natriuretic and osmotic diuretic effects of SGLT2 inhibitors may theoretically increase the
risk of hypotension, renal hypoperfusion, or syncope, particularly in low-flow or advanced
disease phenotypes [72].

While pre-TAVI initiation could confer metabolic or renal benefits in selected patients
treated for approved indications (e.g., heart failure or diabetes), routine initiation specif-
ically for AS-related indications cannot be justified in the absence of prospective safety
data [72].

4.17. Peri-Procedural Considerations: Procedural Risk and Renal Protection

The peri-TAVI period is characterized by hemodynamic instability, contrast exposure,
inflammatory activation, and transient renal stress. Although SGLT2 inhibitors have been
associated with renal protection in other clinical contexts, their initiation immediately
before or during the peri-procedural window raises concerns regarding volume depletion,
hypotension, and acute kidney injury, especially when combined with procedural fasting
and contrast load.

Accordingly, available evidence does not support routine peri-procedural initiation,
and most procedural protocols currently favor temporary withholding of agents with
diuretic or hemodynamic effects [73].
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4.18. Post-TAVI Initiation: Reverse Remodeling and Stabilization

Following successful TAVI, relief of valvular obstruction leads to rapid hemodynamic
stabilization, improved forward flow, and initiation of reverse left ventricular remodel-
ing, including regression of hypertrophy and gradual improvement in diastolic function.
This phase may represent a more physiologically favorable window for SGLT2 inhibitor
initiation [74].

In the post-TAVI setting, SGLT2 inhibitors could theoretically support:

• Optimization of heart failure therapy;
• Reduction in residual congestion;
• Renal protection during remodeling;
• Metabolic efficiency during myocardial recovery [74].

However, these potential benefits remain hypothesis-generating, as no randomized
trials have evaluated the impact of SGLT2 inhibitor initiation on post-TAVI remodeling,
outcomes, or safety.

4.19. Integrative Perspective

Overall, renal outcome benefits of SGLT2 inhibitors are robustly supported by clinical
trial data, particularly when interpreted through absolute risk metrics and patient-specific
baseline risk. Mechanistic explanations should prioritize pathways validated in humans,
while acknowledging that several molecular effects remain incompletely translated to
clinical settings [75].

In summary, expansion of SGLT2 inhibitor indications is best viewed as a graduated
evolution grounded in guideline-supported evidence, rather than a uniform paradigm
shift across all clinical contexts. Careful alignment of terminology with evidence strength,
acknowledgment of trial limitations, and consideration of cost-effectiveness are essential
for responsible translation into clinical practice.

Taken together, the post-TAVI period, once hemodynamic stability has been achieved,
appears to be the most rational phase for consideration of SGLT2 inhibitor initiation when
clinically indicated. Pre- or peri-procedural initiation should be approached with caution
and individualized assessment. Importantly, any discussion of timing must acknowledge
the absence of randomized evidence, and clinical decisions should prioritize established
indications and patient-specific risk profiles [76].

5. Conclusions

5.1. Pleiotropic and Emerging Biological Effects of SGLT2 Inhibitors

Beyond their established hemodynamic and metabolic actions, SGLT2 inhibitors are
increasingly recognized to exert a range of pleiotropic biological effects that may contribute
to cardiovascular, renal, and systemic protection. These include anti-inflammatory, antifi-
brotic, and antioxidative actions, which have been implicated in improved vascular and
myocardial remodeling, attenuation of interstitial fibrosis, and modulation of maladaptive
neurohormonal activation [77].

Emerging experimental and early clinical evidence also suggests potential roles for
SGLT2 inhibition in neuroprotection and in the management of metabolic liver disease,
including non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis
(NASH). In these contexts, SGLT2 inhibitors may improve hepatic steatosis, insulin sensitiv-
ity, and systemic inflammatory burden, although robust outcome data remain limited [78].

Collectively, these expanding biological effects reinforce a shift in how SGLT2 in-
hibitors are conceptualized—not merely as glucose-lowering agents, but as multisystem
modulators acting across the heart, kidney, vasculature, and metabolic networks. Ongoing
translational and clinical research will be essential to clarify the clinical relevance of these
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non-glycemic mechanisms and to define optimal therapeutic combinations and timing
strategies [79].

5.2. Conclusions and Future Perspectives

This review highlights the evolving pharmacological landscape of SGLT2-based
therapies, reflecting a transition from conventional glucose-lowering drugs toward next-
generation disease-modifying interventions in cardiovascular and renal medicine. While
first-generation SGLT2 inhibitors have firmly established robust benefits in heart failure and
chronic kidney disease across diabetic and non-diabetic populations, emerging strategies
suggest that newer SGLT2-based approaches may engage additional and qualitatively
distinct mechanisms.

Next-generation SGLT2 inhibitors are characterized by structural and pharmacoki-
netic innovations, refined or deliberately balanced SGLT2/SGLT1 selectivity profiles, and
enhanced engagement of extra-renal and glucose-independent pathways, including my-
ocardial energetics, inflammatory modulation, vascular function, and gut–heart signal-
ing. Dual SGLT1/SGLT2 inhibition further broadens therapeutic scope by incorporating
incretin-mediated mechanisms and intestinal glucose modulation, which may be particu-
larly relevant in high-risk or acute clinical settings.

Importantly, accumulating evidence indicates that the renal benefits of SGLT2 inhibi-
tion are disease-specific rather than uniform, with differential mechanistic relevance across
proteinuric glomerular diseases, tubulointerstitial CKD, hereditary nephropathies, and
renal anemia. Similarly, in heart failure, SGLT2-based therapies appear to target both acute
hemodynamic decompensation and chronic myocardial remodeling, supporting their use
across the heart failure continuum, including post–myocardial infarction states.

At the same time, important uncertainties persist. The extent to which next-generation
agents confer incremental clinical benefit beyond established SGLT2 inhibitors remains
unclear, owing to the lack of head-to-head randomized trials and the limited availabil-
ity of outcome-driven evidence for newer compounds. Many proposed mechanisms—
particularly those involving direct myocardial effects, intracellular signaling modulation,
or podocyte protection—are supported predominantly by preclinical or indirect data, and
their relevance in human disease requires further validation.

Key knowledge gaps include the optimal clinical positioning of dual SGLT1/SGLT2
inhibition; safety and efficacy in underrepresented populations such as patients with
severe valvular heart disease, advanced CKD, or acute hemodynamic instability; and
the long-term implications of early initiation strategies in acute heart failure. Additional
challenges relate to implementation, including cost-effectiveness, access, and integration
into guideline-directed therapy without unintended adverse interactions.

Finally, a balanced appraisal of negative, neutral, and conflicting evidence underscores
that the benefits of SGLT2-based therapies are context-dependent rather than universal.
Recognition of these limitations is essential to avoid overgeneralization, guide appropriate
patient selection, and frame future research priorities.

In conclusion, next-generation SGLT2-based therapies represent a promising yet still
evolving chapter in cardiometabolic and renal medicine. While current evidence supports
their role as foundational disease-modifying agents in selected indications, future progress
will depend on rigorously designed randomized trials, human-validated mechanistic
studies, and precision-oriented clinical strategies to determine where pharmacological
innovation translates into meaningful incremental benefit.
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Abstract

Statins are widely used lipid-lowering agents that significantly reduce cardiovascular
morbidity and mortality by lowering LDL-cholesterol. Vitamin D, traditionally known
for its skeletal role, is increasingly recognized for its cardiovascular relevance. This study
aims to focus on the complex relationship between statins, vitamin D, and their impact on
cardiovascular outcomes. Both molecules intersect metabolically at 7-dehydrocholesterol,
raising interest in their potential interactions. While theoretical concerns exist about statins
impairing vitamin D synthesis, clinical studies suggest a neutral or modestly positive
effect on circulating 25(OH)D levels. Statins may increase vitamin D levels by inhibiting
its catabolism (via CYP3A4) and enhancing absorption. Observational data also suggest
synergy between statins and vitamin D in reducing inflammation, oxidative stress, endothe-
lial dysfunction, and atherogenesis. Though large trials showed no benefit of vitamin D
supplementation in cardiovascular event reduction among vitamin D–replete individuals,
select subgroups (those deficient or with statin-induced myalgia) may benefit from tar-
geted supplementation. Optimizing vitamin D status could improve statin tolerability and
adherence, especially in high-risk populations such as the elderly or those with metabolic
syndrome. This review highlights the complex interplay between statins and vitamin D
and supports a personalized approach to supplementation in statin-treated patients, aiming
to enhance cardiovascular protection without overtreatment.

Keywords: statin-vitamin D interaction; cardiometabolic synergy; endothelial inflammation
modulation

1. Introduction

Statins are among the most commonly prescribed lipid-lowering agents worldwide
and have been pivotal in the prevention and management of cardiovascular disease (CVD).
By inhibiting HMG-CoA reductase, the rate-limiting enzyme in the cholesterol biosynthesis
pathway, statins effectively reduce low-density lipoprotein cholesterol (LDL-C), thereby
lowering the risk of myocardial infarction, stroke, and cardiovascular mortality. Their
widespread use and proven efficacy have made them a cornerstone in both primary and
secondary cardiovascular prevention strategies [1,2].
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Vitamin D, a fat-soluble secosteroid hormone traditionally associated with bone health
and calcium-phosphorus metabolism, has recently gained substantial attention for its
broader biological effects, particularly in cardiovascular physiology and pathology. Obser-
vational studies have suggested associations between vitamin D deficiency (VDD) (serum
25-hydroxyvitamin D (25(OH)D) under 20 nmol/L), and an increased risk of hypertension,
heart failure, atherosclerosis, and coronary artery disease (CAD) [3–6]. These findings have
sparked interest in understanding the cardiovascular implications of vitamin D beyond its
classical endocrine functions.

Interestingly, the biosynthetic pathways of cholesterol and vitamin D intersect at a
common precursor, 7-dehydrocholesterol. This biochemical connection raises important
questions about the potential impact of statin therapy on vitamin D metabolism. Since
statins inhibit cholesterol synthesis, concerns have been raised that they might also inad-
vertently affect endogenous vitamin D production, particularly in populations already at
risk for deficiency, such as the elderly or those with limited sun exposure [7,8].

Cardiometabolic synergy refers to the complementary effects of interventions that
target overlapping pathways involved in both metabolic dysfunction and cardiovascular
disease. Statins reduce LDL cholesterol and exert anti-inflammatory and endothelial-
stabilizing effects, while vitamin D modulates similar pathways through RAAS suppres-
sion, cytokine inhibition, and endothelial function enhancement. Mechanistically, both
agents may interact through shared enzymes such as CYP3A4 and transport proteins like
SR-BI and NPC1L1, influencing vitamin D metabolism and absorption. Together, their
combined use may enhance lipid control, attenuate inflammation, and improve vascular
health—demonstrating a form of cardiometabolic synergy that supports integrated risk re-
duction, particularly in patients with coexisting dyslipidemia, insulin resistance, or vitamin
D deficiency.

This review explores the complex and evolving relationship between statin therapy
and vitamin D status. We will examine whether statin use significantly influences serum
vitamin D concentrations and whether supplementation is warranted in statin-treated
individuals [9,10]. Furthermore, we will delve into the role of vitamin D in cardiovascular
disease, with a specific focus on its involvement in endothelial function, inflammation,
atherosclerosis, and myocardial health [11]. Drawing upon recent studies on pathophys-
iological mechanisms, clinical trials, and large-scale meta-analyses, this review seeks to
provide a comprehensive and evidence-based perspective on the interplay between statins,
vitamin D, and cardiovascular outcomes.

2. Statins and Vitamin D: Mechanistic Interactions

2.1. Shared Precursors and Metabolic Pathways

Cholesterol and 25(OH)D, the main circulating form of vitamin D, are both synthesized
through pathways that involve a common biochemical precursor—7-dehydrocholesterol
(7-DHC). This molecule is a pivotal substrate located in the skin, where it undergoes
photochemical conversion to previtamin D3 upon exposure to ultraviolet B (UVB) radiation,
eventually forming vitamin D3. At the same time, 7-DHC is also a precursor for endogenous
cholesterol synthesis through a series of enzymatic transformations. Statins exert their
therapeutic effect by inhibiting HMG-CoA reductase, the rate-limiting enzyme in the
mevalonate pathway responsible for cholesterol biosynthesis. By doing so, they reduce the
production of cholesterol and its upstream intermediates, theoretically including 7-DHC.
Based on this biochemical intersection, early theoretical concerns arose that statin therapy
could inadvertently reduce the availability of 7-DHC for vitamin D synthesis, thereby
impairing cutaneous production of vitamin D3 [7,12].
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However, subsequent research and clinical evidence have shown that this interaction
is far more complex than initially assumed. While the inhibition of upstream cholesterol
synthesis could potentially reduce 7-DHC levels, compensatory mechanisms in the skin
and liver, along with dietary and supplemental sources of vitamin D, appear to mitigate any
significant clinical impact. Indeed, no well-conducted clinical trials to date have demon-
strated a consistent decrease in serum 25(OH)D concentrations as a direct consequence of
statin use [12,13].

2.2. Vitamin D Receptor Signaling and Cardiovascular Implications

Vitamin D exerts its physiological functions primarily through binding to the vita-
min D receptor (VDR), a nuclear hormone receptor expressed in a wide range of tissues,
including vascular endothelial cells, cardiomyocytes, smooth muscle cells, and immune
cells. Upon activation by 1,25-dihydroxyvitamin D [1,25(OH)2D], VDR heterodimerizes
with the retinoid X receptor (RXR) and binds to vitamin D response elements (VDREs) in
the promoter regions of target genes, thereby regulating transcription [14,15]. This genomic
signaling modulates key processes such as inhibition of pro-inflammatory cytokine pro-
duction (e.g., TNF-α, IL-6), suppression of RAAS (renin–angiotensin–aldosterone system),
enhancement of endothelial nitric oxide synthase (eNOS) expression, and inhibition of
vascular smooth muscle proliferation and fibrosis [16,17]. Non-genomic actions have also
been described, involving rapid activation of signaling pathways such as PI3K/Akt, MAPK,
and intracellular calcium fluxes, which may contribute to vasodilatory and cardioprotective
effects. These diverse actions of VDR signaling provide a mechanistic basis for the observed
associations between vitamin D status and cardiovascular outcomes, supporting its role as
a modifiable factor in atherosclerosis and heart failure [18].

2.3. Molecular Mediators and Transport Proteins Involved in Statin–Vitamin D Interactions

To further elucidate the biochemical intersection between statin therapy and vitamin D
metabolism, it is critical to consider the specific enzymes and transport proteins that mediate
the synthesis, activation, and catabolism of both molecules [19–21]. Statins exert their
primary action through the inhibition of HMG-CoA reductase, the rate-limiting enzyme in
the mevalonate pathway, thereby reducing downstream production of 7-dehydrocholesterol
(7-DHC) and cholesterol. However, 7-DHC also serves as the substrate for UVB-mediated
photoconversion in the skin to previtamin D3, which is subsequently isomerized into
vitamin D3 (cholecalciferol). Vitamin D3 is then hydroxylated in the liver by cytochrome
P450 2R1 (CYP2R1) to form 25-hydroxyvitamin D [25(OH)D], and further activated in
the kidney via CYP27B1 into 1,25-dihydroxyvitamin D [1,25(OH)2D], the hormonally
active form.

In parallel, CYP3A4, a major hepatic enzyme, is involved in the catabolism of both
statins (particularly lipophilic agents like simvastatin and atorvastatin) and vitamin D
metabolites. Competitive inhibition at CYP3A4 by statins may reduce the degradation
of vitamin D, thereby increasing its circulating levels. In the gastrointestinal tract, vita-
min D absorption is facilitated by sterol transporters, including Niemann–Pick C1-Like 1
(NPC1L1), Scavenger Receptor Class B type 1 (SR-B1), and Cluster of Differentiation 36
(CD36). Preclinical studies suggest that statins may modulate the expression or activity of
these proteins, potentially enhancing vitamin D absorption from dietary or supplemental
sources. Finally, CYP24A1, which catalyzes the inactivation of vitamin D metabolites,
may also be indirectly influenced by statins through feedback mechanisms or modula-
tion of inflammatory pathways, though this remains under investigation. These complex,
overlapping molecular pathways underscore the need for further mechanistic studies to
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determine whether statins exert direct or tissue-specific regulatory effects on vitamin D
homeostasis [20].

2.4. Influence on Vitamin D Synthesis and Metabolism

Several plausible mechanisms have been proposed to explain how statins might
affect the metabolism and bioavailability of vitamin D, suggesting not only a neutral but
potentially favorable effect on circulating vitamin D levels.

• CYP3A4 Competition: Many statins, particularly the lipophilic ones like atorvastatin
and simvastatin, are metabolized in the liver via the cytochrome P450 3A4 (CYP3A4)
enzyme system—the same enzymatic pathway responsible for catabolizing vitamin
D into inactive metabolites. Competitive inhibition at this enzymatic site could slow
the breakdown of vitamin D, thereby leading to higher circulating levels of 25(OH)D.
This mechanism offers one explanation for why some studies have observed increased
vitamin D levels in statin-treated individuals [22–24].

• Upregulation of Intestinal Absorption: Vitamin D is absorbed in the small intestine,
a process facilitated by cholesterol transporters such as SR-BI (Scavenger Receptor
Class B type I), CD36, and NPC1L1 (Niemann–Pick C1-like 1). These transporters
are known to play a role in the absorption of lipid-soluble substances, including
vitamin D. Statins may enhance the expression of these transporters, especially under
experimental or high-dose conditions, potentially improving the efficiency of dietary
vitamin D absorption [20].

• Alteration of 7-DHC Availability in the Skin: Despite reducing cholesterol synthesis
overall, statins may cause a buildup of certain precursors, including 7-DHC, in specific
tissues such as the skin. This could theoretically increase the substrate pool available
for vitamin D3 production under UVB exposure, possibly explaining why some statin
users exhibit improved bone health markers, such as increased bone mineral density.
However, the evidence in human studies for this mechanism is still limited and mostly
inferential [19,22].

• Vitamin D Receptor Activation: A more speculative but intriguing theory is that
statins might directly or indirectly activate the vitamin D receptor (VDR). Since both
statins and vitamin D exert overlapping cardioprotective effects—such as reducing
inflammation, modulating immune responses, and improving endothelial function—it
has been proposed by researchers like Bhattacharyya et al. that statins could mimic
some of the actions of vitamin D by acting as partial agonists of VDR. Although
compelling in concept, this idea remains largely hypothetical and has not yet been
substantiated through direct clinical evidence [25].

Although cholesterol and vitamin D share a common metabolic origin in 7-DHC, and
statins modulate this biosynthetic pathway, the net effect of statin therapy on vitamin D sta-
tus appears to be neutral or mildly beneficial, rather than detrimental. Statins do not induce
VDD at a population level, and in some cases, may even lead to modestly elevated 25(OH)D
levels due to mechanisms like reduced catabolism and enhanced absorption [10,26].

Figure 1 illustrates the biochemical and physiological interactions between statin
therapy and vitamin D metabolism, emphasizing their overlapping roles in cholesterol
synthesis, inflammation modulation, endothelial function, and cardiovascular protection.

However, these effects likely vary depending on several factors, including: the specific
statin used (lipophilic vs. hydrophilic), the dose and duration of therapy, individual genetic
polymorphisms affecting metabolism, baseline vitamin D status, and concurrent dietary or
environmental influences (e.g., sun exposure, nutritional intake) [27].

158



Biomedicines 2025, 13, 2515

Figure 1. Statins and vitamin D: molecular links and shared pathways. D3—cholecalciferol
(vitamin D3); D2—ergocalciferol (vitamin D2); DBP—vitamin D-binding protein; 25(OH)D—25-
hydroxyvitamin D (calcidiol); 1,25(OH)2D—1,25-dihydroxyvitamin D (calcitriol); 25-OHase—hepatic
25-hydroxylase; 1α-OHase—renal 1α-hydroxylase; CYP3A4—cytochrome P450 3A4; HMG-CoA
reductase—3-hydroxy-3-methylglutaryl-CoA reductase; SR-BI—scavenger receptor class B type
I; CD36—cluster of differentiation 36; NPC1L1—niemann–pick C1-like 1 protein; VDR—vitamin
D receptor.

Understanding these nuanced interactions can help clinicians make more informed
decisions about vitamin D monitoring and supplementation in patients undergoing long-
term statin therapy.

In summary, while statins and vitamin D share metabolic pathways, statin therapy
does not appear to induce VDD on a population level. On the contrary, pathophysiological
pathways suggest statins might modestly increase vitamin D levels via reduced catabolism
and enhanced absorption. The net effect likely varies among different statin drugs and
patient contexts.

2.5. Combined Role of Statins and Vitamin D in Cardiovascular Risk Reduction: Synergy
or Redundancy?

Overlap in Mechanisms of Action:

• Anti-Inflammatory Effects

Both statins and vitamin D exhibit potent anti-inflammatory properties, which are
central to mitigating the pathogenesis of atherosclerosis. Statins reduce the production
of pro-inflammatory cytokines such as IL-6, CRP, and TNF-α, and suppress macrophage
activity within atherosclerotic plaques [28]. Vitamin D, through activation of the VDR,
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downregulates pro-inflammatory gene expression and modulates immune responses by
promoting a more efficient anti-inflammatory cytokine response (e.g., increased IL-10) [29].
This dual anti-inflammatory action could theoretically stabilize atherosclerotic plaques
more effectively than either agent alone, reducing the risk of plaque rupture and thrombosis.

Platelets may play a pivotal role in the pro-inflammatory and pro-aggregatory re-
sponse which is one of the main pathophysiological mechanisms involved in atherosclerosis
and atherogenesis. In his study, Ahmadi et al. [30] demonstrated that patients with CAD
had significantly elevated platelet TGF-β1 levels, both latent and mature, compared to
healthy subjects. Soluble TGF-β1 was also increased in patients with clinical atherosclerosis.
This study determined significant correlations between mature/active TGF-β1 and platelet
pro-inflammatory markers (P-selectin and CD40L) as well as common indicators of inflam-
mation (CRP and ESR). Several studies highlighted an interaction between statins and
platelets, with the implication of multiple mechanisms [31]. A recent study demonstrated
that atorvastatin prevented TGF-β1-induced fibrogenesis in human ventricular fibroblasts,
at least partially by inhibiting the Smad3 and MAPK signaling pathways, and therefore,
this statin can be a promising drug for the treatment of myocardial fibrosis [27]. Through
the activation of the VDR, vitamin D demonstrated antithrombotic effects in in vivo studies
by upregulating platelet aggregation and by increasing endothelial NO synthesis. Other
pathophysiological pathways consist of enhanced gene expression of antithrombin in the
liver and of thrombomodulin in the liver, as well as in the aorta and kidney and in reducing
tissue factor mRNA expression [32].

• Endothelial Protection

Endothelial dysfunction is a hallmark of cardiovascular disease and a target for both
statins and vitamin D. Statins enhance endothelial nitric oxide synthase (eNOS) activity,
improving nitric oxide (NO) bioavailability, which leads to vasodilation and vascular home-
ostasis [16,33]. Vitamin D also improves endothelial function by reducing oxidative stress,
lowering endothelin-1 levels, and modulating NO production [34]. The concurrent use
of statins and vitamin D might result in additive improvement in endothelial responsive-
ness, particularly in patients with diabetes or hypertension, where endothelial dysfunction
is pronounced.

• Plaque Stabilization and Atheroprotection

Both agents have shown plaque-stabilizing effects in animal models and clinical
studies. Statins promote fibrous cap thickening, reduce lipid core size, and inhibit ma-
trix metalloproteinase activity, thereby reducing plaque vulnerability [35]. Vitamin D’s
regulatory effects on macrophage activity, smooth muscle cell function, and vascular cal-
cification may complement statins by slowing plaque progression and improving plaque
composition [36].

• Modulation of Thrombogenesis

A pro-thrombotic state contributes to acute coronary syndromes. Statins reduce
platelet aggregation and improve fibrinolysis [37]. VDD has been associated with a hy-
percoagulable state, including increased tissue factor expression and platelet activation.
Supplementation may normalize hemostatic balance, especially in vitamin D-deficient
individuals [5].

• Oxidative Stress Reduction

Oxidative stress promotes endothelial dysfunction, lipid peroxidation, and plaque
instability. Statins decrease oxidative stress by downregulating NADPH oxidase and
enhancing antioxidant enzymes [38]. Vitamin D exerts similar effects by reducing reactive
oxygen species (ROS) and enhancing antioxidant defenses. Together, these agents may
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synergistically reduce oxidative burden, contributing to improved vascular integrity and
myocardial protection [39]. Several studies indicate that the inhibition of ROS generation
can have benefic effects on platelets [40,41].

Table 1 provides a summary of overlapping mechanisms by which statins and vitamin
D exert cardiovascular protective effects, including anti-inflammatory actions, endothelial
protection, plaque stabilization, modulation of thrombogenesis, and reduction in oxida-
tive stress. Most references focus on human clinical or observational data, with a few
incorporating animal or in vitro mechanistic findings (notably references [26,29]).

Table 1. Overlap of Statins and Vitamin D Mechanisms.

Mechanism/Pathway Statin Mechanism Vitamin D Mechanism
Representative Evidence
(Study Type/Population)

Anti-inflammatory/immuno-
modulation

↓ IL-6, CRP, TNF-α; suppress
macrophage activation
in plaques

VDR activation; suppress
pro-inflammatory genes;
↑ IL-10

Review of clinical and
experimental studies on
cardiovascular
inflammation [1]

Endothelial
protection/vasodilation

↑ eNOS activity, improved
NO bioavailability

↓ oxidative stress; ↓
endothelin-1; modulate
NO synthesis

Experimental endothelial cell
studies; small vascular trials
in humans [1]

Plaque stabiliza-
tion/atheroprotection

Promote fibrous cap
thickening; reduce lipid core;
inhibit metalloproteinases

Regulate macrophages,
smooth muscle cells;
modulate vascular
calcification

Histopathological plaque
studies; cardiovascular
biology reviews [1]

Modulation of
thrombogenesis/coagulation

Reduce platelet aggregation;
improve fibrinolysis

Vitamin D deficiency linked to
hypercoagulability: ↑ tissue
factor, ↑ platelet activation

Reviews on coagulation and
vitamin D deficiency in
CVD [1]

Oxidative stress
reduction/redox balance

↓ NADPH oxidases; ↑
antioxidant enzymes
(SOD, catalase)

Reduce ROS, enhance
antioxidant defenses

In vivo and cross-sectional
studies in hypertension and
general populations [42]

Statin-associated muscle
symptoms (SAMS) —

Observational link: low
25(OH)D associated with
increased SAMS risk

Meta-analysis of observational
studies (n ≈ 2400) [43]; RCT
(VITAL sub-study, n = 2083)
found no difference [43]

Adherence/persistence with
statin therapy —

Monthly vitamin D improved
persistence (HR = 1.15,
p = 0.02) but not adherence

Secondary analysis of
long-term statin users in
randomized vitamin D
supplementation trial [44]

Cardiovascular outcomes
(MACE)

Robust reduction in major
adverse cardiovascular events
across many RCTs

No consistent reduction in
MACE; large RCTs and
meta-analyses generally
neutral

Meta-analysis of 14 RCTs
(n ≈ 80,500, age 50–74)
showed no significant benefit
[21,45] DAYLIGHT trial no
biomarker improvement [46]

↑—increased value, ↓—decreased value.

3. Changes in Vitamin D Levels in Statin Users: Clinical Evidence

Multiple clinical studies have explored how statin therapy impacts serum 25(OH)D
concentrations, with mixed results:

• Rosuvastatin’s Notable Effect: Initial reports by Yavuz et al. observed a striking rise
in 25(OH)D after initiating rosuvastatin. In an 8-week observational study, mean
25(OH)D increased from ~14 ng/mL to 36 ng/mL on rosuvastatin [7]. A subsequent
randomized trial (STATIN-D) comparing rosuvastatin (10 mg) to fluvastatin found
a similar tripling of 25(OH)D with rosuvastatin (11.8 to 35.2 ng/mL over 8 weeks),
whereas fluvastatin (80 mg) showed no significant change. These findings led to the
hypothesis of a rosuvastatin-specific effect. However, a critical re-analysis questioned
the magnitude of this increase, suggesting that factors like seasonal sunlight variation
might have contributed [19].

• Other Statins (Atorvastatin, Simvastatin, Lovastatin): Several studies suggest moderate
increases in vitamin D with other statins. For example, an analysis by Pérez-Castrillón
et al. in patients with CAD and baseline VDD found that 12 months of atorvastatin

161



Biomedicines 2025, 13, 2515

(10–80 mg/day) raised mean 25(OH)D from 16.4 to 18.8 ng/mL (p = 0.003) [47].
Similarly, small studies reported that lovastatin (20–80 mg) for 3 months led to higher
25(OH)D levels, and simvastatin therapy increased 25(OH)D and even active 1,25-
dihydroxyvitamin D_3 levels [48]. Sathyapalan et al. observed a ~47% increase in
25(OH)D with 20 mg atorvastatin in patients with polycystic ovary syndrome [10]. On
the other hand, Rejnmark et al. reported no significant change in vitamin D metabolites
with simvastatin 40 mg over 8 weeks [49].

• Pravastatin and Fluvastatin: Hydrophilic statins like pravastatin have generally shown
no effect on vitamin D levels. Trials of pravastatin (10–80 mg daily) demonstrated no
difference in 25(OH)D between treated and control groups during a follow-up of 2 to
6 months [7]. As noted above, fluvastatin (another hydrophilic statin) did not alter
vitamin D in the STATIN-D trial [7].

• Cross-Sectional Analyses: In a retrospective cross-sectional study of 384 patients,
those on statins (mostly atorvastatin) had slightly higher serum vitamin D on average
than matched non-users [22]. Short-term and medium-term statin users in that study
had significantly higher 25(OH)D levels than non-users [34]. Notably, no group of
statin-treated patients showed a decline in vitamin D compared to controls.

Meta-Analyses: When pooling data from various trials, the overall impact of statins on
vitamin D appears modest. A meta-analysis of seven studies (including five RCTs) found
no significant overall effect of statin therapy on plasma 25(OH)D levels [23]. Some discrep-
ancies across studies may relate to differences in statin potency, lipophilicity, duration of
therapy, baseline vitamin D status, and seasonal timing of measurements.

Table 2 summarizes the effects of various statins on serum 25(OH)D levels, presenting
findings from different study designs—including observational studies, randomized con-
trolled trials, and meta-analyses—while highlighting the type of statin used and reported
changes in vitamin D concentrations.

Table 2. Effects of stations on Vitamin D levels.

Statin(s) Studied Study Design Effect on Vitamin D Levels Remarks/Limitations

Rosuvastatin Observational study. [34] Substantial increase (~14 to 36 ng/mL
over 8 weeks)

Possible confounding,
small sample

Rosuvastatin vs. Fluvastatin Randomized controlled trial
(STATIN-D) [35]

Rosuvastatin tripled 25(OH)D levels;
Fluvastatin showed no change

Head-to-head
comparison, limited
duration

Atorvastatin Longitudinal study in CAD
patients [37]

Moderate increase (from 16.4 to
18.8 ng/mL over 12 months)

Slow change; possible
seasonal/lifestyle
influences

Lovastatin Small clinical study [38] Reported increase after 3 months Very small sample,
uncontrolled

Simvastatin Small studies and one
trial [40]

Reported increase in 25(OH)D and
1,25-dihydroxyvitamin D3; some
studies show no change

Heterogeneous
designs and
populations

Atorvastatin (Cross-sectional) Retrospective cross-sectional
study (citation [43])

Slightly higher vitamin D levels in
statin users vs. non-users

Association only;
cannot prove causation

Pravastatin Multiple clinical trials [41] No significant difference compared to
control over 2–6 months

Negative/null results
in short-term trials

Fluvastatin Randomized trial
(STATIN-D) [42] No significant change Similarly to control

arm in STATIN-D trial

Various (Meta-analysis) Meta-analysis of 7 studies
including 5 RCTs [36] Overall modest or no significant effect

Key Point: Current evidence does not support the notion that statins induce VDD.
Statin therapy is often associated with stable or modestly increased vitamin D levels. For
instance, rosuvastatin has been shown to increase serum 25(OH)D concentrations from
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approximately 14 ng/mL to 36 ng/mL over 8 weeks [7], while atorvastatin therapy led
to an increase from 16.4 to 18.8 ng/mL over 12 months in patients with coronary artery
disease [47].

4. Vitamin D Supplementation in Statin-Treated Patients

Given that statins do not typically cause vitamin D deficiency, is there a need for vita-
min D supplementation in patients on statins? The answer depends on the clinical context:

• General Statin Users: For the average patient on statins, vitamin D supplementation
should be guided by the same principles as in the general population—namely, treating
vitamin D insufficiency or deficiency if present. There is no evidence that statin
users benefit from extra vitamin D beyond the recommended dietary intake and sun
exposure for bone health, unless they are deficient [5,7].

• Statin-Associated Muscle Symptoms: An important scenario is statin-induced myalgia
or myopathy, which has been linked with low vitamin D status. Vitamin D deficiency
can cause myalgias and muscle weakness on its own, and studies have observed that
patients experiencing statin-associated muscle symptoms often have lower 25(OH)D
levels than those who tolerate statins. In such cases, correcting the deficiency may
improve symptoms. Notably, some patients with statin-associated myalgia and low
vitamin D levels find relief after vitamin D repletion [43,50]. For example, one analysis
reported that over 88% of previously statin-intolerant patients (with baseline 25(OH)D
< 32 ng/mL) were able to tolerate statin rechallenge without myalgia after vitamin
D supplementation corrected their deficiency. Another cohort found that 95% of
statin-intolerant patients became free of muscle symptoms after 24 months of vitamin
D repletion and statin retry [50,51]. While these are not randomized trials, they
suggest that ensuring adequate vitamin D can mitigate statin myopathic side effects in
susceptible individuals.

• Guidelines and Clinical Practice: Formal guidelines do not mandate vitamin D testing
for all statin users, but many clinicians assess 25(OH)D in patients who develop
muscle symptoms on statins. Ensuring a sufficient vitamin D status (e.g., >30 ng/mL)
is a reasonable strategy to potentially reduce myopathic side effects and improve
adherence to statin therapy. Vitamin D supplementation is inexpensive and safe in
moderate doses, making it a practical consideration for patients at risk of deficiency or
those with muscle complaints [52,53].

In summary, vitamin D supplementation is not universally required for every patient
on a statin. However, identifying and treating VDD can be beneficial, particularly in those
with statin-associated muscle complaints or other risk factors for low vitamin D. This
targeted approach may enhance the tolerability and continued use of statins, indirectly
supporting better cardiovascular outcomes.

Guideline Recommendations for Vitamin D Testing and Supplementation

While formal guidelines do not currently mandate routine vitamin D screening for
all statin users, several authoritative bodies do provide recommendations for vitamin D
assessment in broader populations. For instance, the Endocrine Society advises screening
individuals at high risk of deficiency, including older adults, those with osteoporosis, mal-
absorption syndromes, chronic kidney disease, or individuals presenting with unexplained
musculoskeletal pain or weakness. Similarly, the National Osteoporosis Foundation and
the Institute of Medicine recommend vitamin D supplementation for individuals with
documented deficiency (<20 ng/mL), with target serum 25(OH)D levels generally set
between 20 and 30 ng/mL depending on comorbidities and clinical context. In clinical
practice, vitamin D testing is frequently considered in statin-treated patients who report
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myalgias or other muscle symptoms, as repletion may improve tolerance and reduce dis-
continuation risk. However, there is no current recommendation for universal screening or
supplementation in statin users without specific risk factors or symptoms [54].

5. Vitamin D, Atherosclerosis, and Coronary Artery Disease

5.1. Vitamin D Levels and Cardiovascular Risk

A growing body of research has explored the link between vitamin D status and
atherosclerotic cardiovascular disease. Observational studies consistently report that low
25(OH)D levels are associated with greater prevalence of cardiovascular risk factors (hy-
pertension, diabetes, metabolic syndrome) and higher incidence of events. For instance,
among male health professionals, those with VDD (<15 ng/mL) had approximately twice
the risk of myocardial infarction compared to men with sufficient levels [4,55]. Similarly,
in an observational cohort, each ~20 ng/mL increment in 25(OH)D was associated with a
33% reduction in the risk of fatal stroke [56]. A meta-analysis of more than 10 prospective
studies (nearly 66,000 participants) found that individuals in the lowest vitamin D category
had a 52% higher risk of total cardiovascular events compared to those with the highest
vitamin D levels. This analysis showed a generally linear inverse relationship between
25(OH)D and cardiovascular risk down to about 60 nmol/L (~24 ng/mL), suggesting that
deficiency is linked to elevated risk [57]. VDD has also been correlated with subclinical
markers of atherosclerosis, such as increased carotid intima–media thickness and arterial
stiffness, in some studies [58].

5.2. Pathophysiological Role of Vitamin D in Atherosclerosis

Biological plausibility for these associations is strong. VDRs are expressed in vascular
endothelial cells, cardiomyocytes, vascular smooth muscle cells, and immune cells. Active
vitamin D (1,25-dihydroxyvitamin D) exerts anti-inflammatory and immunomodulatory
effects that could attenuate the chronic inflammation of atherosclerosis. Vitamin D also
promotes endothelial function (by enhancing eNO availability and reducing oxidative
stress) and may inhibit macrophage cholesterol uptake and foam cell formation, potentially
stabilizing atherosclerotic plaques. Furthermore, vitamin D influences other cardiovascular
factors: deficiency is linked to activation of the renin–angiotensin system (raising blood
pressure), increased arterial stiffness, insulin resistance, and a pro-thrombotic profile—all
of which can exacerbate atherosclerosis. Thus, adequate vitamin D levels might protect
against atherosclerosis and its clinical consequences [11,59,60].

5.3. Vitamin D Supplementation and Cardiovascular Outcomes

Despite compelling observational data, randomized controlled trials have yet to con-
clusively demonstrate that vitamin D supplementation reduces cardiovascular events.
Two large trials—VITAL (Vitamin D and Omega-3 Trial) and ViDA (Vitamin D Assessment
Study)—tested moderate-to-high dose vitamin D in generally healthy, vitamin D–D-replete
adults. Both reported no significant difference in major cardiovascular outcomes between
the vitamin D and placebo groups [21,61]. In VITAL, for example, daily 2000 IU of cholecal-
ciferol did not lower the incidence of myocardial infarction, stroke, or cardiovascular death
over five years compared to placebo. These null results align with several prior smaller
trials and meta-analyses, which collectively show no clear benefit of vitamin D supplemen-
tation for preventing heart attacks or strokes in unselected populations. It is important to
note that the trial populations were largely vitamin D sufficient at baseline (mean 25(OH)D
~77 nmol/L in VITAL), leaving open the question of whether truly deficient patients might
benefit [61]. Some subgroup analyses have hinted that participants with very low baseline
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vitamin D could have modest risk reductions with supplementation, but results have been
inconsistent and not definitive.

5.4. Current Consensus

Based on available evidence, maintaining adequate vitamin D status is considered
part of overall health optimization, but vitamin D alone is not a proven therapy to reduce
established atherosclerosis or prevent CAD events. Current public health guidelines restrict
vitamin D supplementation recommendations to bone health and fracture prevention, not
cardiovascular protection. Nonetheless, given vitamin D’s low cost and safety, ongoing
research is examining if certain high-risk groups (e.g., patients with both VDD and cardio-
vascular risk factors, or those with chronic kidney disease) might derive cardiovascular
benefit from targeted vitamin D supplementation. For now, treating vitamin D deficiency
in patients with atherosclerosis is reasonable for general health, while recognized preven-
tive measures (statins, blood pressure control, diet, etc.) remain paramount for reducing
cardiovascular risk [45,54].

5.5. Identifying Target Populations for Combined Therapy

Given that the benefits of vitamin D are more pronounced in deficient individuals, not
all patients on statins will necessarily benefit from routine co-supplementation. Therefore,
a targeted approach is key:

• Patients with confirmed vitamin D deficiency (<20 ng/mL): These individuals are most
likely to benefit from supplementation, both for skeletal and possible cardiovascular
protection. When treated with statins, addressing the deficiency could improve muscle
tolerability and overall metabolic balance [18,21,43].

• Elderly or institutionalized patients: These populations frequently exhibit both low
vitamin D levels and high cardiovascular risk. They are prime candidates for dual
intervention [62].

• Patients with chronic inflammatory conditions (e.g., rheumatoid arthritis, metabolic
syndrome): These conditions are associated with persistent low-grade inflammation,
endothelial dysfunction, and oxidative stress—areas where vitamin D and statins may
have complementary actions [63,64].

5.6. Optimizing Dosage and Monitoring

Statin Therapy: Prescribed according to current cardiovascular risk stratification
guidelines: Consider using lipophilic statins (e.g., atorvastatin, simvastatin) in patients also
receiving vitamin D, due to potential shared metabolic pathways (e.g., CYP3A4), but be
cautious of interactions [23].

Vitamin D Supplementation: Follow standard dosing protocols for deficiency (e.g.,
1000–2000 IU/day or weekly loading doses in severe cases). Monitor 25(OH)D levels
periodically, especially in those with comorbidities such as chronic kidney disease or
malabsorption and aim for a target level of >30 ng/mL, especially in patients with muscular
symptoms or inflammation [54,65].

5.7. Preventive Cardiovascular Strategies

Incorporating both agents into multifactorial cardiovascular risk reduction plans may
be especially useful in secondary prevention of myocardial infarction or stroke, especially
in patients with low vitamin D level, in patients undergoing cardiac rehabilitation, where
improvements in endothelial function and muscle performance may be enhanced by vita-
min D status optimization and for diabetic or metabolic syndrome patients, where vitamin
D may assist in insulin sensitivity and vascular health alongside statin therapy [66–68].
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5.8. Multidisciplinary Integration

To implement this strategy effectively, primary care providers, cardiologists, endocri-
nologists, and clinical pharmacists should collaborate in identifying patients who may
benefit from combination therapy. Integration into electronic health records (EHRs) could
prompt clinicians to assess vitamin D status when prescribing statins, particularly for
at-risk individuals, also patient education on lifestyle (diet, sun exposure) and medication
adherence is critical to maximizing therapeutic outcomes.

6. Summary of Key Findings and Future Therapeutic Directions

6.1. Summary of Key Findings

• Statins and Vitamin D Levels: Contrary to initial expectations, statins do not appear to
induce VDD. Some statins—notably rosuvastatin and atorvastatin—have even been
associated with increased 25(OH)D levels in clinical studies. Proposed mechanisms
include reduced vitamin D catabolism via CYP3A4 inhibition and enhanced intestinal
vitamin D absorption via upregulated cholesterol transporters. Overall, no significant
drop in vitamin D has been documented with statin use, and meta-analyses show a
neutral net effect on 25(OH)D levels.

• Vitamin D Supplementation in Statin Users: Routine vitamin D supplementation
solely because a patient is on statin therapy is not necessary if the patient is vitamin D
replete. However, vitamin D status should be optimized in all individuals. In statin
users who are vitamin D-deficient, repletion is advised—especially if they experience
statin-associated myalgias. Evidence suggests correcting low vitamin D can alleviate
statin-related muscle symptoms and improve tolerance to therapy. Ensuring adequate
vitamin D may help patients continue statins, maximizing cardiovascular benefits.

• Vitamin D and Cardiovascular Disease: Low vitamin D levels have been consistently
linked to a higher risk of atherosclerosis and adverse cardiovascular outcomes in ob-
servational studies. Vitamin D’s anti-inflammatory, endothelial, and metabolic effects
provide a plausible explanation for these associations. However, randomized trials
(in mostly vitamin D-sufficient populations) have not shown significant reductions in
heart attacks or strokes with vitamin D supplementation. Therefore, while maintain-
ing adequate vitamin D is important for overall health, it should complement—not
replace—established cardiovascular prevention strategies. Further research is needed
to determine if targeted vitamin D therapy in deficient, high-risk groups can improve
cardiovascular outcomes.

6.2. Future Therapeutic Directions

• Fixed-dose combination therapy: Although not yet commercially available, the
idea of combining statins with vitamin D in a single pill could be explored for
specific populations.

• Personalized medicine approaches using genetic profiling (e.g., CYP3A4 polymor-
phisms, VDR gene variants) could help predict which patients will benefit most from
combined therapy.

Adjunctive trials: Future randomized controlled trials should evaluate whether vita-
min D supplementation in deficient statin users improves hard cardiovascular endpoints
(e.g., MI, stroke, mortality), beyond symptom relief. Looking ahead, the integration of ge-
netic and molecular profiling into clinical decision-making may enable more personalized
strategies for combining statins and vitamin D. Specific genetic polymorphisms such as
CYP3A4 variants, which influence the hepatic metabolism of lipophilic statins, and poly-
morphisms in the vitamin D receptor (VDR) gene have been implicated in interindividual
variability in vitamin D responsiveness and could serve as predictors of treatment efficacy
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or adverse effects. Future clinical trials should investigate whether these genetic markers
can stratify patients likely to derive enhanced cardiovascular or metabolic benefit from
combined therapy. Additionally, randomized controlled trials should be designed to eval-
uate robust cardiovascular endpoints (e.g., myocardial infarction, stroke, cardiovascular
death), alongside functional biomarkers such as endothelial reactivity, serum inflammatory
mediators (e.g., IL-6, CRP), and statin tolerability in vitamin D-deficient individuals. These
studies could clarify whether targeted co-supplementation improves clinical outcomes
beyond those achievable by statins alone.

7. Limitations of the Study

An important methodological limitation of this review lies in the interpretation of
subgroup analyses derived from the primary studies discussed. While subgroup findings
can offer valuable preliminary insights into potential differential effects—such as those
influenced by baseline vitamin D status, specific statin pharmacokinetics, or comorbid
conditions—they are frequently exploratory in nature and lack adequate statistical power
to support definitive conclusions. Moreover, many subgroup observations do not meet the
threshold for statistical interaction testing and are not independently replicated across trials.
As a result, they should be regarded as hypothesis-generating rather than confirmatory.

In the context of this manuscript, differential responses to statins or vitamin D supple-
mentation across subgroups (e.g., vitamin D-deficient individuals or users of specific statin
types) are reported primarily as observational trends. While mechanistically plausible,
these findings must be interpreted with caution until validated by prospectively designed,
adequately powered randomized controlled trials specifically addressing these interactions.

Also, it is important to acknowledge the potential for publication bias in the avail-
able literature. Trials or observational studies reporting favorable effects of vitamin D
supplementation or statin–vitamin D interactions may be more likely to be published
than studies showing neutral or null findings. This asymmetry could influence pooled
or narrative assessments of the evidence, resulting in an overestimation of benefit or
mechanistic plausibility.

Collectively, these limitations highlight the need for cautious interpretation of
subgroup findings and published results, as well as the importance of future high-
quality, prospective studies—including those with rigorous publication of null or negative
outcomes—to more definitively characterize the interplay between statins, vitamin D, and
cardiovascular risk.

8. Conclusions

Statin therapy does not appear to induce vitamin D deficiency and may modestly
increase serum 25(OH)D concentrations, particularly with lipophilic statins such as rosuvas-
tatin and atorvastatin. Although routine vitamin D supplementation is not indicated in all
statin-treated individuals, targeted repletion in those with confirmed deficiency—especially
in the context of statin-associated muscle symptoms—may enhance tolerability and ther-
apeutic adherence. While low vitamin D is linked to higher cardiovascular risk, sup-
plementation has not shown consistent benefit in reducing major cardiovascular events,
highlighting the need for targeted research in high-risk, vitamin D-deficient populations.
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Abstract

Background/Objectives: Cardiovascular diseases (CVD) remain the leading cause of diet-
related mortality, with hepatic overproduction of very-low-density lipoprotein (VLDL)
being a central driver of dyslipidemia. The microsomal triglyceride transfer protein (MTP)
is essential for this process, and its activity is negatively regulated by cyclic adenosine
monophosphate (cAMP). Theophylline, a methylxanthine found in tea, increases intracellu-
lar cAMP. This study aimed to evaluate whether physiologically relevant concentrations
of theophylline could beneficially modulate lipoprotein secretion in an ex vivo model of
diet-induced MTP activation. Methods: Primary hepatocytes were isolated from rats fed a
high-fat, high-carbohydrate diet (HFCD). Cells were treated with 100 μM theophylline, and
the secretion of triglyceride (TG), total cholesterol (TC), VLDL-cholesterol (VLDL-C), and
HDL-cholesterol (HDL-C) was quantified. Hepatocellular MTP activity and atherogenic
indices were also assessed. Results: Compared to untreated control cells, theophylline
treatment significantly reduced the secretion of TG by 6% and TC by 24%. Specifically,
VLDL-C secretion decreased by 6%, while HDL-C secretion increased substantially by
93%. These lipid-modulating effects were correlated with a 6.9% reduction in MTP ac-
tivity. Consequently, significant improvements were observed in the atherogenic indices
TG/HDL-C, TC/HDL-C, and the atherogenic index (AI) (p < 0.01). Conclusions: Our
findings demonstrate that physiologically attainable concentrations of theophylline rebal-
ance lipoprotein secretion by suppressing hepatic MTP activity, shifting the lipid profile
toward an anti-atherogenic state. These results highlight the potential of theophylline as
a functional dietary component for mitigating diet-induced dyslipidemia and reducing
cardiovascular risk.

Keywords: theophylline; rat primary hepatocytes; hypertriglyceridemia; hypercholes-
terolemia; microsomal triglyceride transfer protein; high-density lipoprotein cholesterol;
atherogenic index; cardiovascular disease
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1. Introduction

Cardiovascular disease (CVD) remains the leading cause of diet-related mortality,
accounting for over 18 million deaths annually [1]. Postprandial dyslipidemia, a hall-
mark of diet-induced CVD, is driven by the hepatic overproduction of very-low-density
lipoprotein (VLDL). VLDL particles, which are rich in triglycerides (TG) and cholesterol
esters, are rapidly converted in circulation to low-density lipoprotein (LDL)—the principal
atherogenic lipoprotein [2–7]. Mounting evidence indicates that aberrant VLDL secre-
tion arises from the upregulation of microsomal triglyceride transfer protein (MTP), a
lipid-transfer chaperone located within the endoplasmic reticulum that is essential for the
assembly of apolipoprotein B (ApoB) [8]. Nutritional and hormonal signals converge on
MTP; for instance, high-fat, high-carbohydrate diets enhance hepatic TG synthesis and
intracellular Ca2+ levels, both of which proportionally elevate MTP activity and VLDL
output, ultimately leading to hypertriglyceridemia and hypercholesterolemia [9,10]. Cyclic
adenosine monophosphate (cAMP) functions as a negative regulator; elevated hepato-
cellular cAMP levels inhibit MTP-mediated TG transfer while concomitantly activating
ATP-binding cassette transporter A1 (ABCA1), promoting nascent high-density lipopro-
tein (HDL) biogenesis [11,12]. These opposing effects position cAMP–MTP signaling
as a nutritionally exploitable axis for rebalancing the release of atherogenic versus anti-
atherogenic lipoproteins. Methylxanthines serve as key dietary modulators of cAMP,
primarily through the non-selective inhibition of phosphodiesterases (PDEs). Theophylline
(1,3-dimethylxanthine) is the most abundant methylxanthine found in young tea leaves
(Camellia sinensis), with concentrations of 0.1–0.5 mg g−1 dry weight; lower levels have
been detected in cacao, coffee, and kola nut [13,14]. While synthetic theophylline is clini-
cally used as a bronchodilator, its dietary counterpart, which can easily be extracted from
green or partially fermented tea, represents a “clean-label” nutraceutical option. Notably,
the dietary intake achievable via tea beverages (<10 μmol/day) is several orders of magni-
tude lower than the pharmacological doses that have yielded inconsistent lipid outcomes in
asthmatic populations [13,15,16]. Whether such physiologically attainable concentrations
can beneficially modulate MTP-driven lipoprotein secretion remains untested.

Here, we address this knowledge gap by utilizing primary hepatocytes isolated
from rats fed a high-fat, high-carbohydrate diet (HFCD), a validated ex vivo model of
diet-induced MTP activation. We hypothesized that tea-equivalent theophylline (i) inhibits
MTP activity and the secretion of TG- and cholesterol-rich VLDL and (ii) promotes HDL
release, thereby improving atherogenic indices. The present study delineates the direct
hepatic actions of theophylline at nutritionally relevant concentrations and provides mech-
anistic insights regarding its potential application as a functional food component for the
management of dyslipidemia.

2. Materials and Methods

2.1. Materials

Hanks’ balanced salt solution (without calcium chloride, magnesium sulfate, or
sodium bicarbonate) for collagenase perfusion and Williams’ medium E (containing
L-glutamine but excluding sodium bicarbonate) for hepatocyte culture were purchased
from Sigma (St. Louis, MO, USA). Theophylline was also procured from Sigma (St. Louis,
MO, USA). TG, total cholesterol (TC), and HDL cholesterol (HDL-C) assay kits were ob-
tained from Nissui Pharmaceutical (Tokyo, Japan). MTP assay kits were acquired from
Calbiochem® (an affiliate of Merck KGaA, Darmstadt, Germany). Collagenase (type IV)
and additional chemical reagents were secured from Sigma (St. Louis, MO, USA).
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2.2. Selection and Characteristics of Rat Diets for the Induction of TG and Cholesterol
in Hepatocytes

The production of triglycerides (TG) and total cholesterol (TC) is essential for assessing
the effect of theophylline on their release by hepatocytes. Microsomal triglyceride transfer
protein (MTP), which facilitates the secretion of VLDL containing TG and TC, shows
increased activity in proportion to hepatic TG synthesis [7,10,17,18]. To establish this
condition, male Sprague–Dawley rats (200–250 g; Samtako Bio, Osan, Republic of Korea)
were fed a high-fat, high-carbohydrate diet (HFCD; Table 1) composed of 65.4% fat and
carbohydrate (Sam Yang Oil & Fat Feed Co., Ltd., Seoul, Republic of Korea). The HFCD
contained soybean oil and lard as fat sources and maltodextrin, cellulose, and sucrose
as carbohydrate sources. These nutrients provide precursors for TG and TC synthesis in
hepatocytes, thereby inducing obesity, fatty liver, and dyslipidemia, all of which are risk
factors for cardiovascular disease (CVD) [10,15,19–22]. The HFCD (Table 1) was used as
a normal control to induce obesity, a risk factor for CVD, in rats [23,24]. In this study, we
administered HFCD to rats to increase the production of TG and TC, which are known to
contribute to CVD, and investigated the effects of theophylline on lipid profiles. Therefore,
the HFCD-administered group served as a control group for theophylline or 10% glucose
plus HFCD groups.

Table 1. High-fats and carbohydrates diet composition (Sam Yang Oil & Fat Feed Co., Republic
of Korea).

Ingredient
Contents

(g/kg) (%)

Soybean oil 25

65.4

Lard 245Fat and oil
Subtotal 270

Maltodextrin 125
Sucrose 68.8

Carbohydrate Cellulose 50
Subtotal 243.8

Protein and amino acid
Casein 200

25.8L-Cystine 3

Mineral and electrolytes

Mineral mix 10

7.3

Dicalcium 13
Phosphate 5.5
Calcium 16.5

Carbonate 10
Potassium citrate 2

Vitamins
Vitamin mix 10

1.5Choline bitartrate 2
Total 785.8 100

Fat and oil, and carbohydrates representing HFCD are shaded.

To further amplify TG and TC production and thereby MTP activity, 10% glucose was
supplemented to the HFCD [10]. Accordingly, hepatocytes isolated from rats fed either
HFCD alone or HFCD plus glucose were used to evaluate whether theophylline modulates
MTP activity and the secretion of TG and TC.

2.3. Experimental Design and Animal Administration

As illustrated in Figure 1, male Sprague–Dawley rats (weight: 200–250 g, 6–7 weeks)
secured from Samtako Bio (Osan, Republic of Korea) were categorized into two groups.
The first group, designated as the HFCD group (n = 5), was provided with HFCD and
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water ad libitum. The second group, referred to as the HFCD plus 10% glucose group (n = 5),
received the HFCD along with 10% glucose ad libitum, with the glucose supplied in place
of water. All rats were housed in an environment maintained at a temperature of 24 ◦C
and humidity of 65% under normal light. The duration of rat care spanned 15 days to
promote TG synthesis in the liver [25]. To prevent any alterations in TG levels and MTP
activity, the rats were not fasted prior to post-mortem analysis [26]. Following the 15-day
care period, the rats were anesthetized using 20% urethane before post-mortem procedures.
All the animal experiments in this study were conducted in accordance with the Guidelines
for Care and Use of Laboratory Animals issued by the Institutional Ethical Animal Care
Committee of Kyungpook National University, Korea.

Figure 1. Study design to investigate the effects of theophylline on CVD risk. TG: triglyceride, TC:
total cholesterol, HDL-C: high density lipoprotein-cholesterol, MTP: microsomal triglyceride transfer
protein, Wt: with, Wo: without.

2.4. Determination of Theophylline Dose for Measuring Lipid Profiles and MTP Activity

To evaluate the impact of theophylline treatment on CVD-risk lipids—specifically
TG, TC, and LDL-C—in the blood of patients with asthma, a previous study administered
300 mg/day of theophylline over a 6-month period, approximately 180 days [16]. This
regimen resulted in a cumulative concentration of 300 mmol of theophylline (Mw. 180)
(approximately 1.67 mmol/day), which informed our experimental design. We utilized
0.3 μmol (100 μM) of theophylline to investigate the release of CVD risk lipids into the
culture medium from rat hepatocytes, representing a theophylline dosage 10–6-fold lower
than that (300 mmol) administered to asthmatic patients [16].

The primary metric for evaluating the effect of theophylline on the secretion of TG and
TC in hepatocytes is MTP activity. Therefore, we employed 10 mM theophylline, which
has previously been utilized to evaluate the secretory activity of insulin in the pancreas, to
investigate the influence of theophylline on MTP activity [27].

2.5. Rational for Using Hepatocytes to Study Blood Lipid Profiles

Although plasma or serum lipid measurements such as triglycerides, total cholesterol,
VLDL, LDL, and HDL are widely used to assess cardiovascular disease (CVD) risk, it is
difficult to attribute these changes to specific sources. Circulating lipids originate from
multiple pathways, including dietary chylomicrons absorbed from the intestine, VLDL and
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HDL secreted by the liver, and lipids released from adipose tissue. Because the liver is the
predominant source of atherogenic lipids [2–7], we investigated the potential anti-CVD
mechanism of theophylline by examining hepatocyte-derived lipid secretion. Specifically,
we measured VLDL-triglycerides, total cholesterol, and HDL-cholesterol in the culture
medium of primary rat hepatocytes isolated from animals fed a high-fat/cholesterol diet
(HFCD) or 10% glucose as lipid precursors. These culture medium lipid profiles closely
reflect plasma or serum lipid changes and therefore provide mechanistic insights into
CVD risk.

2.6. Preparation of Rat Hepatocytes and Their Culture

Freshly isolated hepatocytes were prepared from adult male Sprague-Dawley rats
(200–250 g) administered with HFCD or HFCD plus 10% glucose for 15 d. Rats were not
fasted until the post-mortem to protect any changes on TG level and MTP activity [26].
After 15 d of care, rats were anesthetized with 20% urethane before the post-mortem, and
subsequently the hepatocytes were isolated by the collagenase-liver perfusion method of
Berry and Friend [28]. Hepatocyte viability was assessed via trypan blue exclusion, yielding
an average viability of 95%. Hepatocytes exhibiting 95% viability were washed three
times with a washing buffer comprising Williams’ Medium E, 23.8 mM NaHCO3, 0.5 mM
dexamethasone, and 15 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.4),
supplemented with 1000 U/L penicillin, 1 mg/L streptomycin, and 1 mM insulin. A total
of 106 hepatocytes per well, suspended in culture medium (washing buffer supplemented
with 10% fetal bovine serum), were placed in culture dishes (Falcon®; Becton Dickinson
and Company, Franklin Lakes, NJ, USA) and incubated at 37 ◦C under 5% CO2 for 3 h.
The monolayer was washed twice with culture medium and supplemented with 3 mL of
fresh culture medium. The hepatocytes were subsequently incubated at 37 ◦C for 6 h, with
or without theophylline, after which the incubation was terminated on ice. The culture
medium from the hepatocytes in the HFCD group (Group 1) was utilized to measure TG,
TC, and HDL-C levels. Hepatocytes prepared from both the HFCD (Group 1) and HFCD
plus 10% glucose (Group 2) groups were used to assess MTP activity.

2.7. Determination of Lipid Levels in Hepatocyte Culture Medium

Lipid levels in the hepatocyte culture medium were quantified using assay kits from
Nissui Pharmaceutical (Tokyo, Japan).

TG levels were measured enzymatically using lipoprotein lipase, glycerol kinase, and
glycerol peroxidase. TC was also determined enzymatically using cholesterol esterase,
cholesterol oxidase, and peroxidase.

HDL-C levels were assessed enzymatically following the precipitation of VLDL with
a complex of sodium phosphotungstic acid and MgCl2. VLDL cholesterol (VLDL-C) levels
were calculated as follows: VLDL-C = 1/5 TG, as derived from the Friedewald formula:
LDL-C = TC − HDL-C − 1/5 TG [29]. The atherogenic index (AI) was calculated using
the formula TC − HDL-C/HDL-C. In addition, TG/HDL-C and TC/HDL-C ratios were
computed to evaluate the impact of theophylline on CVD risk.

2.8. Preparation of Hepatocellular Lysates and Measurement of MTP Activity

To investigate the effects of theophylline on MTP activity, hepatocellular lysates were
prepared. Hepatocytes (106 cells/well) were sonicated on ice for two bursts of 10 s each
using an ultrasonic homogenizer (Bandelin Sonopuls HD2070; Bandelin Electronic GmbH
& Co. KG, Berlin, Germany) set to 30% power.

To measure MTP activity, hepatocellular lysates (200 μg protein) were incubated with
gentle agitation at 37 ◦C for 2 h in the presence of 10 μL of a donor molecule containing a
fluorescent neutral lipid and 10 μL of an acceptor molecule, as outlined in the MTP assay kit
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manual (Calbiochem®, Merck KGaA, Darmstadt, Germany). MTP activity was assessed by
measuring fluorescence at 535 nm, with excitation at 465 nm, and calculated by subtracting
the blank fluorescence value from each sample using a standard curve.

2.9. Protein Assay

It is well established that the presence of lipids (e.g., phospholipids, VLDL, LDL)
interferes with protein quantification when using the BCA method [30–32]. In contrast,
chelating agents such as EDTA and EGTA, which are known to interfere with the Lowry
method, are absent in hepatocyte culture medium and lysates. Therefore, to avoid lipid-
derived interference, we measured protein concentrations using the Lowry method [33].
These measurements were subsequently used to calculate the absolute lipid concentration
in the culture medium and the absolute activity of MTP in hepatocytes.

2.10. Statistical Analysis

All statistical analyses were performed using GraphPad Prism 8. Prior to data analysis,
normality was first checked with the Shapiro–Wilk test and homogeneity of variance with
the Brown-Forsythe test. Comparisons of means between two groups were performed
using Student’s t-test, and comparisons of three or more groups were subjected to one-way
analysis of variance (ANOVA) followed by post hoc analysis with Dunnett’s multiple
comparison test. All data were expressed as mean ± standard deviation (mean ± SD)
of at least three replicate experiments, and were considered statistically significant if
p-value < 0.05.

3. Results

3.1. Intake of Feed and Lipids Producing Materials

As shown in Table 2, rats in the HFCD group consumed 20.4 ± 1.5 g of feed per day
and gained 3.3 ± 0.1 g of body weight per day. In contrast, rats in the HFCD plus glucose
group consumed significantly less feed (14.8 ± 1.7 g/day) but gained greater body weight
(3.6 ± 0.9 g/day). Consequently, the feed efficiency ratio (FER) of the HFCD plus glucose
group (0.24 ± 0.05) was significantly higher than that of the HFCD group (0.16 ± 0.01),
indicating that additional glucose intake (10.6 ± 0.9 g/day) enhanced weight gain relative
to feed intake (Table 2). Although rats in the HFCD plus glucose group consumed less
dietary fat, oil, and carbohydrates than those in the HFCD group, the additional glucose
intake likely served as a major substrate for lipid synthesis.

Table 2. Daily feed intake and lipid-producing substrate concentration in rats.

Animal Group
Feed

Intake
(g/d)

Body Weight
Gain
(g/d)

FER

Intake of Lipid-Producing Materials of Feed (g/d)

Fat and Oil
(270 g/kg-HFCD)

Carbohydrates
(243.8 g/kg-HFCD)

Glucose
(g/d)

Total

HFCD (1) 20.4 ± 1.5 3.3 ± 0.1 0.16 ± 0.1 (3) 5.51 ± 0.41 (5) 4.97 ± 0.41 - 10.48 ± 0.8

HFCD +
glucose

(2) 14.8 ± 1.7
***

3.6 ± 0.9 * 0.24 ± 0.5 (4) 4.00 ± 0.46 (6) 3.60 ± 0.41 ** 10.6 ± 0.9 18.2 ± 1.7 ***

* p < 0.05, ** p < 0.01, *** p < 0.001. Data are given as means ± S.D. (n = 5). HFCD, high fat and carbohy-
drate. FER, feed efficiency ratio. FER = body weight gain (g/d)/feed intake (g/d). (3) = (1) × 270 g/kg-HFCD.
(4) = (2) × 270 g/kg-HFCD. (5) = (1) × 243.8 g/kg-HFCD. (6) = (2) × 243.8 g/kg-HFCD. Fat and oil
(270 g/kg-HFCD) and carbohydrates (243.8 g/kg-HFCD) were derived from Table 1.

3.2. Effects of Theophylline on TG Release from Hepatocytes into the Culture Medium

Hepatocytes (106 cells/well) derived from rats fed an HFCD released TG (67 ± 1.0 ×
102 ng/protein-mg) into the culture medium; nevertheless, theophylline treatment reduced
this release to 63 ± 0.8 × 102 ng/protein-mg (Figure 2A). This represents a decrease
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in culture medium TG levels of approximately 6% compared with that released by the
untreated HFCD hepatocytes (Figure 2A). These findings suggest that theophylline inhibits
TG release from hepatocytes obtained from rats fed an HFCD as a standard pellet diet.

Figure 2. Effect of theophylline on the release of triglyceride and total cholesterol (TC) into

hepatocytes culture medium. The levels of TG and TC were determined as described in Materials
and Methods. (A) Level of TG. (B) Level of TC. TG, triglyceride; TC, total cholesterol. HFCD, high fat
and carbohydrate diets. Data are given as means ± SD., n = 5. **** p < 0.0001.

3.3. Effects of Theophylline on TC Release from Hepatocytes into the Culture Medium

As illustrated in Figure 2B, hepatocytes (106 cells/well) from rats on an HFCD released
TC (34 ± 1.0 × 102 ng/protein-mg) into the culture medium; nonetheless, theophylline
treatment decreased this release to 26 ± 1.0 × 102 ng/protein-mg (Figure 2B). Conse-
quently, these results suggest that theophylline elicits a 24% reduction in TC release from
hepatocytes derived from rats fed an HFCD as a standard pellet diet.

3.4. Effect of Theophylline on MTP Activity in Hepatocytes

MTP activity serves as an index for evaluating the secretion of TG and TC from hep-
atocytes [8,34]. Therefore, we examined whether the inhibition of TG and TC secretion by
theophylline (Figure 2A,B) correlates with a reduction in MTP activity. As depicted in Figure 3,
MTP activity in hepatocytes from rats fed an HFCD supplemented with 10% glucose signif-
icantly increased, reaching 27.8 ± 0.8 nM/protein-mg/min, an increase of 25% compared
with that observed in hepatocytes on an HFCD alone (221 ± 0.2 nM/protein-mg/min). This
implies that the addition of 10% glucose to the HFCD enhances MTP activity in hepatocytes,
subsequently increasing the secretion of TG and TC into the culture medium.

To further elucidate the inhibitory effect of theophylline on TG and TC secretion,
we investigated its impact on MTP activity in rat hepatocytes administered the HFCD
plus 10% glucose, which is known to elevate MTP activity [10]. As illustrated in Figure 3,
theophylline reduced the elevated MTP activity from 27.8 ± 0.8 nM/protein-mg/min to
26.0 ± 0.2 nM/protein-mg/min, indicating a 6.9% inhibition of MTP activity induced by
the HFCD plus 10% glucose. These findings suggest that the inhibition of TG and TC
secretion by theophylline (Figure 2A,B) is at least partially attributable to its inhibitory
effect on MTP activity.
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Figure 3. Effects of theophylline on MTP activity in hepatocytes. MTP activity was determined
as described in Materials and Methods. HFCD, high fat and carbohydrate diets. MTP, microsomal
triglyceride transfer protein. Data are given as means ± SD., n = 5. *** p < 0.001.

3.5. Effects of Theophylline on VLDL Release from Hepatocytes into the Culture Medium

TC is secreted from hepatocytes into the bloodstream in the form of TC-poor VLDL
and subsequently metabolized into TC-rich LDL. While it is pertinent to investigate theo-
phylline’s effect on CVD risk by measuring TC-rich LDL, it is important to note that the
culture medium used in this study for rat primary hepatocytes did not contain the requisite
enzymes (e.g., lipoprotein lipase, hepatic lipase, etc.) required to metabolize TC-poor VLDL
into TC-rich LDL. Therefore, we assessed theophylline’s potential inhibitory effect on CVD
risk by measuring TC-containing VLDL, specifically VLDL-C, which represents the initial
lipoprotein that transitions into TC-rich LDL and is exclusively secreted by hepatocytes.

As depicted in Figure 4A, hepatocytes (106 cells/well) derived from HFCD-fed rats
released VLDL-C at a rate of 13.4 ± 0.2 × 102 ng/protein-mg into the culture medium.
However, theophylline reduced this release to 12.6 ± 0.2 × 102 ng/protein-mg (Figure 4A).
These findings indicate that theophylline inhibits VLDL-C release from HFCD-fed rat
hepatocytes by 6.0% (Figure 4A), thereby reflecting the compound’s inhibitory effect on TC
secretion (Figure 2B).

Figure 4. Effects of theophylline on the release of VLDL-C and HDL-C into hepatocytes culture

medium. The level of VLDL-C was calculated and the level of HDL-C was determined as described in
Materials and Methods. (A) Level of VLDL-C. (B) Level of HDL-C. HFCD, high fat and carbohydrate
diets; VLDL-C, very low density lipoprotein; HDL-C, high density lipoprotein. Data are given as
means ± SD., n = 5. **** p < 0.0001.
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3.6. Theophylline’s Effect on HDL Release from Hepatocytes

Hepatocytes also released HDL independent of MTP activity. In this study, we evalu-
ated the impact of theophylline on HDL release by measuring the concentration of HDL-C
in the hepatocyte culture medium. As illustrated in Figure 4B, HFCD-fed rat hepatocytes
released HDL-C at a rate of 8 ± 1.0 × 102 ng/protein-mg, which significantly increased to
16 ± 1.0 × 102 ng/protein-mg following theophylline treatment. This suggests that theo-
phylline enhances HDL release from HFCD-fed rat hepatocytes by up to 92.8% (Figure 4B).

3.7. Theophylline’s Inhibitory Effect on CVD Risk Lipoproteins and Their Lipids

The impact of theophylline on CVD risk was evaluated using TG, TC, and HDL-C
concentrations, which were utilized to calculate the AI, TC/HDL-C ratio, and TG/HDL-C
ratio. The average AI derived from HFCD-fed rat hepatocytes was 0.89 (Figure 5A). How-
ever, theophylline reduced this value to an average of 0.63, suggesting an inhibitory effect
on CVD risk by elevating HDL release compared with VLDL secretion from hepatocytes.
This is particularly relevant as TC, used in the AI calculation (TC − HDL-C/HDL-C) is
present in both VLDL and HDL. In addition, the TC/HDL-C ratio (1.89 ± 0.1) derived from
HFCD-fed rat hepatocytes significantly decreased to 1.63 ± 0.1 with theophylline treat-
ment (Figure 5B). Similarly, the TG/HDL-C ratio decreased from 8.45 ± 0.9 to 3.89 ± 0.3
following theophylline treatment (Figure 5C). These results indicate that theophylline may
mitigate CVD risk by promoting HDL-C secretion rather than TG, as evidenced by a 51.2%
reduction in the TG/HDL-C ratio (Figure 5C).

Figure 5. Effects of theophylline on indexes of CVD risk. Atherogenic index (AI), TC/HDL-C
ratio and TG/HDL-C were calculated with the levels of TG, TC and HDL-C. (A) Atherogenic index.
(B) TC/HDL-C ratio. (C) TG/HDL-C. HFCD, high fat carbohydrates diets. Data are given as means
± SD., n = 5. ** p< 0.01 and **** p < 0.0001.
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4. Discussion

The pathological processes underlying the development of CVD are significantly
influenced by elevated levels of both TG and TC (i.e., cholesterol esters and free cholesterol)
released from hepatocytes. Consequently, numerous researchers have focused on the
exploration and development of pharmacological drugs that can effectively lower both TG
and TC levels simultaneously, as this reduction is crucial for the treatment and prevention
of CVD. Despite several studies suggesting that theophylline exerts no preventive effect on
CVD owing to its inability to lower blood levels of TG and TC concurrently [13,15,35], our
research indicates otherwise. We found that theophylline inhibits the concurrent secretion
of TG and TC from hepatocytes isolated from HFCD-fed rats, typically promoting the
increased synthesis of these lipids.

These findings suggest that theophylline inhibits the secretion of TG and TC by
suppressing MTP activity in hepatocytes. MTP is responsible for assembling TG into VLDL,
along with TC (i.e., free cholesterol and cholesterol esters), phospholipids, and ApoB, for
secretion into the blood [5,8]. This assertion is corroborated by our observation wherein
theophylline was found to inhibit MTP activity stimulated by the combined intake of the
HFCD and 10% glucose, further elevating hepatocellular TG and TC levels beyond those
induced by the HFCD alone [10]. Moreover, our results reflect that the secretion of TG and
TC increased proportionately with the endogenous production of these lipids in the liver
or hepatocytes when an additional 10% glucose was provided alongside the HFCD. This
observation aligns with previous studies demonstrating that high-carbohydrate diets can
lead to hypertriglyceridemia [36].

Theophylline reduces the secretion of TG from hepatocytes into the culture medium
primarily through two mechanisms. First, theophylline increases the intracellular levels
of cAMP by inhibiting the activity of cAMP PDE in rat liver [37]. Elevated cAMP levels
inhibit the secretory activity of MTP, which is responsible for the export of TG-rich VLDL
from hepatocytes [11]. Second, although we did not determine whether theophylline
increases cAMP production in primary hepatocytes, it is hypothesized that theophylline,
as a PDE inhibitor, enhances the activities of cAMP-dependent adipose triglyceride lipase
and hormone-sensitive lipase in hepatocytes, leading to increased TG degradation [38–40].
Supporting this, theophylline-based KMUP-1, also a PDE inhibitor, heightens cAMP pro-
duction, promoting TG degradation in the liver [35]. Furthermore, hepatocellular cAMP is
identified as a molecular target for drugs aimed at treating non-alcoholic fatty liver disease
induced by HFCD intake or alcoholic fatty liver disease [40].

The mechanism by which theophylline reduces the secretion of TC from hepatocytes
into their culture medium can be elucidated as follows: First, theophylline increases intra-
cellular cAMP levels, which may inhibit the VLDL-C secretory activity of MTP. Second,
the elevated cAMP levels may enhance the activity of cAMP-dependent cholesteryl ester
hydrolase in liver cells, thereby promoting the hydrolysis of cholesterol esters [41–44]. The
precise nature of the relationship between theophylline-induced cAMP elevation and the
inhibition of TG-rich VLDL and VLDL-C secretion by MTP remains unclear. It is uncer-
tain whether theophylline-elevated cAMP directly inhibits MTP secretory activity or if
the reduction in TG and TC levels results from decreased secretion mediated by elevated
cAMP. However, our previous study [11], demonstrated that when rat liver homogenates
with lower cAMP and higher TG levels than normal were incubated with dibutyryl-cAMP
(db-cAMP), a cAMP analogue, MTP activity decreased in a dose-dependent manner. This
finding suggests that increased cAMP in hepatocytes correlates with decreased TG and TC
secretion associated with VLDL [45]. Therefore, theophylline, as a PDE inhibitor, presum-
ably suppresses MTP’s secretory activity by promoting cAMP production in hepatocytes,
thereby inhibiting TG and TC secretion.
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TC comprises both cholesterol esters and free cholesterol; the increased cAMP levels
induced by theophylline specifically promote the hydrolysis of cholesterol esters into free
cholesterol and free fatty acids. Therefore, the decline in TC secretion observed with
theophylline treatment reflects a reduction in the secretion of cholesterol esters. The
free fatty acids and free cholesterol generated from the hydrolysis of cholesterol esters
in the liver are used to produce ATP and bile acids, which are necessary for metabolic
functions [41]. Furthermore, free cholesterol is incorporated into VLDL and HDL and can
be secreted from the liver into the culture medium or bloodstream.

Accordingly, monitoring changes in TG and TC levels in the hepatocyte culture
medium, as well as VLDL and HDL concentrations in the blood, is instrumental in assessing
the effects of theophylline on hypertriglyceridemia and hypercholesterolemia. Among the
VLDL and HDL secreted by the liver, VLDL is particularly rich in TG; thus, the reduction
in TG levels observed in the culture medium following theophylline treatment indicates
that theophylline inhibits the secretion of TG-rich VLDL from the liver.

The TG-rich VLDL secreted into the bloodstream is metabolized into intermediate-
density lipoprotein (IDL) by lipoprotein lipase (LPL), which is released from muscle and
adipose tissues, facilitating TG decomposition. Subsequently, the TG molecules in IDL
are further decomposed into LDL by hepatic lipase secreted from the liver [46]. Notably,
during the metabolism of TG-rich VLDL to LDL, TG levels decrease, whereas TC levels
increase. This implies that elevated TG-rich VLDL levels in the blood correspond to an
increase in LDL, which is characterized by high TC content, ultimately contributing to
hypercholesterolemia pathological condition associated with CVD.

Therefore, the reduction in TG levels in the culture medium owing to theophylline
suggests that it may inhibit the secretion of TG-rich VLDL, thereby decreasing LDL produc-
tion and lowering TC levels. Notably, the culture medium used for primary hepatocytes in
this experiment lacked LPL, which is necessary for the breakdown of TG in VLDL, IDL,
and LDL, resulting in the absence of TC-increasing lipoproteins.

Consequently, the observed decrease in TC in the hepatocyte culture medium follow-
ing theophylline treatment reflects a reduction in VLDL-C. In fact, theophylline has been
revealed to lower VLDL cholesterol levels in the hepatocyte culture medium, suggesting a
consequential decline in LDL cholesterol levels, thereby potentially alleviating CVD risk.

In contrast to VLDL and LDL, HDL is a blood lipoprotein associated with an attenuated
risk of CVD. Therefore, numerous researchers are investigating substances or drugs that
can lower both VLDL and LDL in the blood while simultaneously elevating HDL levels.
Theophylline has also been explored for these therapeutic effects; however, it is known not
to increase the concentration of HDL in the blood [13,15,16].

Notwithstanding, in this study, we observed that theophylline enhanced the secretion
of HDL-C, an indicator of HDL, from primary hepatocytes that had been stimulated to
secrete elevated levels of TG and TC following HFCD administration to rats. This finding
suggests that theophylline may mitigate HFCD-induced CVD risk. HDL secretion is known
to be stimulated by cAMP-phosphorylated ABCA1 in hepatocytes [12,47]. Therefore,
theophylline, as a cAMP promoter, plausibly enhances HDL release by phosphorylating
ABCA1 in hepatocytes. On evaluating the effects of theophylline on CVD risk indicators,
we found it to significantly reduce both the TC/HDL-C and TG/HDL-C ratios in the
culture medium of HFCD-fed rat primary hepatocytes.

These findings suggest that theophylline decreases the secretion of TG-rich VLDL
containing TC while simultaneously increasing HDL-C secretion, indicating a potential
reduction in CVD risk. This conclusion is further supported by the observation that
theophylline lowers the AI, a recognized marker of CVD risk.
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Importantly, several independent studies have already provided supportive histolog-
ical evidence regarding the hepatic effects of theophylline. For instance, Dong et al. [48]
demonstrated that theophylline reduced hepatic fat accumulation in NAFLD models,
Liu et al. [49] reported its protective effects against liver fibrosis and fat deposition in obese
mice, and Hussein et al. [50] showed that theophylline alleviated immunologically induced
hepatic inflammation. These findings suggest that theophylline exerts consistent beneficial
effects on liver pathology, which are in line with our observations.

In summary, our study demonstrates that theophylline, a PDE inhibitor, suppresses
MTP activity in hepatocytes, thereby reducing the secretion of VLDL containing triglyc-
erides and cholesterol while promoting HDL secretion. These findings were corroborated
in rat hepatocytes, which readily develop hypertriglyceridemia and hypercholesterolemia
under HFCD feeding. When considered together with prior reports on the hepatoprotective
effects of theophylline, the overall evidence supports the possibility that theophylline may
contribute to lowering CVD risk, at least in part, by improving liver function.

5. Conclusions

The present ex vivo investigation reveals that nutritionally attainable concentrations
of tea-derived theophylline (≤100 μM) directly inhibit MTP activity in rat hepatocytes
primed with an HFCD. This inhibition curtails the secretion of atherogenic TG, TC, and
VLDL-C while simultaneously doubling HDL-C output, thereby improving the TC/HDL-C
and TG/HDL-C ratios as well as the AI. Collectively, these data position theophylline
as a promising modulator of dyslipidemia and a potential adjunct for CVD risk reduc-
tion. Further confirmation through in vivo models and human dietary intervention trials
is warranted.

The beneficial effects of theophylline observed in this study were achieved without
evidence of cytotoxicity or alterations in cell viability, underscoring the specificity of
its modulatory action on lipid metabolism. Considering that theophylline is naturally
abundant in common dietary sources, such as green tea, cacao, and kola nuts, its regular
consumption may provide a practical and accessible means of managing dyslipidemia and
associated cardiovascular risks. Furthermore, the physiologically relevant concentrations
employed in this study underscore the translational potential of these findings to everyday
dietary practices and the development of nutraceutical products.

While these ex vivo results are promising, we recognize the limitations of directly
translating findings from cell-based models to clinical practice. One limitation is the rel-
atively small sample size of five rats per group. This was chosen in accordance with the
3Rs principle, and the study was sufficiently powered to detect highly significant effects
(e.g., p < 0.01 and p < 0.0001). Additionally, this study focused on a model of diet-induced
dyslipidemia and therefore did not include a normal diet control group. This limits the
generalization of our findings to physiological conditions in a healthy state. Nevertheless,
future studies with larger animal cohorts would strengthen the generalizability of our
conclusions. Furthermore, we exclusively used male rats to minimize metabolic variability
arising from the female estrous cycle, allowing for a clearer interpretation of theophylline’s
direct effects. As sex-based differences in lipid metabolism are well-documented, investi-
gating these effects in female animals is a valuable direction for future research. Therefore,
future research should extend these findings to animal models and human clinical trials to
rigorously evaluate theophylline’s effectiveness, optimal dosing regimens, and long-term
safety across diverse populations. Confirmation through comprehensive in vivo exper-
iments and well-controlled human dietary intervention studies will be critical to fully
validate theophylline’s role as an adjunctive therapeutic strategy for CVD risk reduction
and its incorporation into dietary guidelines and public health recommendations.
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