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ABSTRACT 

Background: Aortic valve stenosis (AVS) is a cardiovascular disease characterized by a continuous process of 

fibrosis and calcification mainly led by the activation of valvular interstitial cells (VICs). Despite its high 

prevalence, there is still no effective pharmacological therapies to prevent or to treat this disease. Sodium-

glucose co-transporter 2 inhibitors (SGLT2i), such as empagliflozin (EMPA), have shown cardiovascular 

benefits, but their direct effects on VICs remain unclear. This study aimed to investigate the effects of SGLT2i 

on VICs’-mediated calcification. 

Methods: Human VICs were isolated from aortic valves of six patients (three men and three women) 

undergoing surgical valve replacement for severe AVS. Cells were isolated, expanded and cultured under 

either baseline conditions (VIC-GM) or pro-osteogenic medium (OM), with increasing concentrations of 10 

EMPA. After 21 days, cell viability was assessed using a Resazurin Assay, and calcification was quantified by 

Alizarin Red S staining, followed by image analysis. 

Results: VICs maintained viability above 70% at all EMPA concentrations tested, up to 100 µM, indicating good 

drug tolerance. However, significant reductions in viability were detected from 10 µM onward in men. Male-

derived VICs exhibited significantly higher baseline calcification compared to female-derived VICs (66.4% vs. 

38.0%, p=0.0003), suggesting intrinsic sex-related differences in osteogenic potential. Under osteogenic 

stimulation, EMPA reduced calcification in male VICs at 10 µM (11.6%, p=0.0392). In contrast, female VICs 

showed no significant reduction in calcification. These findings suggest a sex-specific cellular response to 

EMPA. 

Conclusions: EMPA may attenuate VIC-mediated calcification in a sex-specific manner, reducing calcium 20 

deposition in male-derived VICs but not in those from females. These findings suggest that SGLT2i could 

represent a novel pharmacological strategy for men with AVS and reinforce the importance of considering sex 

differences in the development of novel therapies. 

Keywords: Aortic Valve Stenosis; Valvular Interstitial Cells; Sodium-Glucose Cotransporter 2 Inhibitors; 

Calcification. 
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1. INTRODUCTION 

1.1 Aortic Stenosis 

1.1.1 Epidemiology 

Aortic valve stenosis (AVS) is the most common heart valve disorder in developed countries and one of 

the most frequent cardiovascular diseases, after systemic arterial hypertension and coronary artery disease. 30 

This disease can develop in both normal tricuspid and congenital bicuspid aortic valves (1,2). The latter affects 

1-2% of the general population and leads to the development of valve calcification a few decades earlier (3). 

It has been reported by several population-based studies in the United States and Europe that the prevalence 

of AVS increases with age (4,5). It is estimated that almost 50% of people aged over 85 years have AVS. This 

prevalence is expected to increase worldwide over the next years owing to the lack of an effective preventive 

strategy and population aging (6). 

The most common etiology of AVS is degenerative, but other possible etiologies include systemic 

inflammatory diseases (including rheumatic heart disease), endocarditis, congenital valve defects (including 

bicuspid valves), and many other conditions (7). In developing countries, the most common causes are 

inflammatory/rheumatic diseases, while in Europe and North America, the degenerative cause is more 40 

prevalent (8). Several factors are also associated with an increased risk of developing degenerative AVS, such 

as dyslipidemia, hypertension, increased body mass index, smoking, a sedentary lifestyle, chronic kidney 

disease (CKD), and diabetes mellitus (9–11). Some studies also found a higher prevalence of the disease 

among males rather than females (12). Also, hereditary factors are believed to have an important role in AVS 

prevalence. Genetic studies have demonstrated the polygenic nature of this disease, focusing more on 

aspects related to lipid metabolism, inflammation, fibrosis, and calcification (3). Some of the genes implicated 

in this process include NOTCH1, SMAD6, ROBO4, vascular endothelial growth factor-A (VEGF-A) or even 

ADAMTS19 (13). 

AVS leads to increased mortality and morbidity if untreated. It may be responsible for myocardial 

infarction, embolic stroke, or even sudden cardiac death (14,15). Therefore, there is a need to invest in the 50 

management of AVS patients to relieve the burden on healthcare. 
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1.1.2 Anatomy and pathophysiology 

The anatomical bridge between the ascending aorta and the left ventricle is called the aortic root. It is 

composed of aortic valve leaflets and inter-leaflet triangles. These leaflets have semilunar attachments, 

extending from the sinotubular junction to the left ventricular outflow tract. The sinuses and leaflets are 

named as left, right, and non-coronary, according to the origins of the coronary arteries (16). The root is also 

considered to be a functional bridge, since its distal and proximal components can resist changes in arterial 

and ventricular pressures. 

A healthy aortic valve is an avascular tissue supplied with nutrients and oxygen via diffusion from 

circulating blood (17,18). It is usually composed of three distinct leaflets, referred to as cusps, which are <1 60 

mm thick. Those leaflets are attached to the aortic wall and to the supporting ventricular structures, being 

continuous with the aortic leaflet of the mitral valve, forming part of the subaortic curtain. The leaflets are 

endocardial folds with a tenuous central fibrous core (19). Each one presents three different layers, the 

ventricularis, the spongiosa, and the fibrosa, with different functions and compositions. The lamina fibrosa, 

facing the aorta, provides tensile strength and resists the high circumferential stress during systole, 

maintaining the valve's structural integrity and ensuring proper coaptation during diastole. The lamina 

ventricularis, facing the left ventricular outflow tract, allows the valve to accommodate cyclic loading and 

unloading by facilitating stretch and recoil during valve opening and closure, contributing to its flexibility and 

durability. The lamina spongiosa, located between the fibrosa and ventricularis, functions as a shock absorber, 

distributing mechanical stresses between the other layers. It also facilitates smooth motion by reducing 70 

friction and providing a lubricating effect during valve leaflet movement (20). These layers have a different 

matrix. While the lamina fibrosa is richer in type 1 collagen, the lamina ventricularis is richer in elastin, and 

the lamina spongiosa in proteoglycans (21). Valvular interstitial cells (VICs) are the most prevalent cell 

population, being found in all three layers. These cells can present different phenotypes, defining their 

molecular functions. Embryonic VICs (eVICs) are responsible for valvulogenesis, promoting the formation of 

the valves during fetal development (22). Quiescent VICs (qVICs) maintain the valve matrix throughout adult 

life, which remain mostly inactive during their lifetime (23). They sense mechanical forces and, upon 
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increased pressure and stress, they differentiate into activated VICs (aVICs), adopting a myofibroblastic 

phenotype and producing extracellular matrix (ECM) proteins and α-smooth muscle actin. Usually, collagen 

produced by VICs serves as a scaffold, but in pathological conditions like AVS, overproduction and 80 

disorganization of collagen ensue (24). Progenitor VICs (pVICs) express surface markers of progenitor cells 

and have a role that is still not well understood (25). Osteoblastic VICs (obVICs) are the cells responsible for 

the calcification process, expressing osteoblastic markers like runt-related transcription factor 2 (RUNX2) and 

alkaline phosphatase (ALP). They mostly arise from qVICs with valve aging (26). In lamina fibrosa, VICs tend 

to present an ellipsoidal morphology due to the higher collagen I and III density. In lamina ventricularis and 

lamina spongiosa, VICs tend to have a polygonal morphology (27). Other less numerous cell populations of 

the valve include endothelial cells (VECs) and smooth muscle cells (SMCs). 

VECs mostly sit on the surface of the valve, having a crucial role in maintaining tissue homeostasis through 

their paracrine actions, forming a physical barrier to the valve, and sensing environmental changes. Injuries 

on the endothelial layer promote the uptake of lipids, proteins, immune cells, and red blood cells, initiating a 90 

pro-inflammatory state, which can lead to the activation of VICs (28–30). 

AVS can be described as having two distinct but overlapping phases. The first phase, also called the 

initiation phase, is characterized by valve injury, lipid deposition, and an underlying inflammatory response. 

Clinically, this stage is defined as aortic valve sclerosis. Mechanical stress plays a crucial role in the initiation 

of AVS. The aortic valve is subjected to constant mechanical forces, including shear stress from blood flow 

and tensile stress during valve opening and closing. These forces can lead to endothelial damage, disrupting 

the protective barrier of the valve and facilitating the infiltration of lipids and inflammatory cells into the 

valvular interstitium (31). Inflammation is driven by some factors such as low-density lipoprotein (LDL), 

lipoprotein (a) (Lp(a)), oxidized phospholipids, and interleukins-1β and 6 (IL-1β/ IL-6). Accumulating lipids can 

oxidize and activate toll-like receptors (TLRs), expressed by VICs, which then activate the NF-κB pathway, 100 

leading to osteogenic differentiation. aVICs show increased expression of bone morphogenic protein-2 (BMP-

2) that contribute to valve mineralization (7,32,33). During aortic valve sclerosis, an imbalance between M1 

(pro-inflammatory) and M2 (anti-inflammatory) macrophages towards M1 is also observed in association 
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with the inflammatory response (34). VECs with antioxidant properties typically release nitric oxide (NO), 

inhibiting the osteogenic differentiation of VICs. However, under oxidative stress, NO production is 

significantly reduced, thereby failing to prevent VIC osteogenic differentiation and contributing to the 

progression of sclerosis (35). At this point, the NOTCH pathway is activated, increasing transforming growth 

factor-β (TGF-β) levels, an important protein involved in valve fibrosis, stimulating the production of ECM (7). 

In summary, the initiation or sclerotic phase involves inflammatory cell infiltration and early calcific deposits, 

which leads to focal leaflet thickening without significant obstruction to blood flow (36,37).  110 

The second phase, called the propagation phase, is marked by extensive valve fibrosis and calcification 

(38–41). This phase is, essentially, characterized by osteogenic differentiation of VICs, which are the major 

contributors to valve calcification (42,43). At this point, there is an imbalance between matrix 

metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs). MMPs are enzymes 

responsible for the degradation of ECM components, facilitating tissue remodeling. In the context of AVS, 

certain MMPs, such as MMP-10, are overexpressed and contribute to pathological remodeling by promoting 

inflammatory, fibrotic, and osteogenic processes within the valve tissue (44). Conversely, TIMPs regulate MMP 

activity to maintain ECM integrity. Studies have shown that calcified valves often exhibit reduced levels of 

TIMP-2, disrupting the MMP/TIMP balance and contributing to the progression of the disease (45). The 

infiltration of macrophages and mast cells in the aortic valve may promote local angiotensin-II production, 120 

which enhances the myofibroblastic activation of VICs via angiotensin-II type 1 receptor. This pathway exerts 

pro-fibrotic effects, such as through increased type I collagen synthesis, contributing to aortic valve thickening 

(46,47). Further valve degeneration is the result of complex calcification processes. Some studies show an 

association between cadherin-11, TGF-β3, BMP-2, BMP-4, BMP-7 and Runx2 levels with an enhanced 

osteogenic response (48–51). Key pathways involved in valve calcification include OPG/RANKL/RANK, Wnt/β-

catenin and NOTCH signaling pathways (8). Signals in the HIF-2 axis from the NF-κB signaling pathway are 

necessary for calcification in the valve (52). At this point, reduced NO expression and upregulation of the 

renin–angiotensin system also contribute to the disease’s development (53). IL-6 expression also correlates 

with AVS severity, inducing VICs osteoblastic activation (54). aVICs produce pro-angiogenic factors, such as 
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VEGF-A, stimulating neovessel formation. Myofibroblasts and endothelial cells are also responsible for 130 

increased angiogenic activity, expressing vascular endothelial growth factor receptor-2 (VEGFR-2), Tie-2 and 

smooth muscle a-actin (a-SMA) (55–57). This leads to the formation of intrinsic micro-vasculature, speeding 

up the uptake of lipoproteins and immune cells from the blood, contributing to the inflammatory process and 

subsequent exacerbation of valve calcification (46,58). 

Besides all those mechanisms, the dysregulation of calcium-phosphate metabolism also seems to be 

involved in aortic valve calcification. Some diseases, such as CKD or osteoporosis, may contribute to structural 

alteration of phosphates, shifting it from its organic form (biologically active) to an inorganic form, leading to 

cellular phosphate extravasation, and promoting mineralization throughout the valvular ECM (59,60). 

In summary, this disease has a very complex progression, with many unanswered questions, not only 

about the sequence of events driving fibrocalcific remodeling but also about the optimal therapeutic 140 

strategies and molecular targets to combat the disease. 

 

1.1.3 Symptoms and Signs 

AVS is usually characterized by having an asymptomatic latent period, where atrial augmentation of 

preload and left ventricular hypertrophy compensate for the increase in afterload (61). This stage usually 

occurs during the aortic valve sclerosis phase, progressing to valve obstruction (stenosis) in approximately 10-

15% of patients, over a period of 2 to 5 years (62). At this point, mortality is comparable to patients without 

aortic valve disease. Patients tend to remain asymptomatic until the valve orifice is narrowed to less than 1 

cm2 (63). However, when symptoms appear, survival rapidly decreases. The symptoms occur essentially due 

to left ventricular dysfunction, reduction in stroke volume, and reduction in cardiac output, caused by 150 

progressive valve obstruction (64,65). When symptomatic, it normally presents a progressive clinical 

syndrome of cardiorespiratory symptoms with rapid deterioration. The cardinal symptoms of AVS include 

angina pectoris, syncope, and dyspnea. Also, due to structural changes in the heart, the development of 

paroxysmal or recurrent arrhythmias, marked by palpitations, is common. A decrease in exercise tolerance, 

orthopnea, paroxysmal nocturnal dyspnea and pulmonary edema may also be present (66). Some other non-
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cardiac features may also be present occasionally, such as Heyde syndrome, iron-deficiency anemia or even 

cognitive impairment (67–69). 

During physical examination, it is common to find, by auscultation, a harsh, late-peaking systolic 

crescendo-decrescendo murmur, which is usually loudest over the second right intercostal space with carotid 

or apex irradiation. The Valsalva maneuver may help to differentiate between AVS and hypertrophic 160 

obstructive cardiomyopathy, reducing preload and end-diastolic volume, resulting in accentuated murmurs 

(70). However, this finding may also be absent or diminished, especially in older patients. Pulsus parvus et 

tardus may be palpated as the disease progresses, usually considered as one of the pathognomonic signs of 

this disease (71). 

AVS should usually be considered if any cardinal symptoms and a systolic murmur are present, but if 

these conditions are not met, AVS should not be excluded either. The only finding that can exclude severe 

AVS is a normally split-second heart sound (72). 

 

1.1.4 Diagnosis 

It is extremely important to perform a good physical examination on every patient with any of the 170 

symptoms previously mentioned, because some findings may be suggestive of AVS (73), especially the 

auscultatory findings. Later in the disease course, some palpatory findings may also become more prominent, 

including a laterally displaced apical impulse or a double apical impulse due to left ventricle (LV) hypertrophy 

(74). 

In the initial diagnosis of AVS, chest X-ray may have a role in symptomatic undiagnosed patients, 

particularly when there are already compensatory mechanisms of the disease, but does not give a definitive 

diagnosis (75). Electrocardiography can also be useful to detect comorbidities like coronary heart disease, 

and inspect LV hypertrophy (76), but again it does not give a definitive diagnosis. According to the 2021 

European Society of Cardiology and the European Association for Cardio-Thoracic Surgery (ESC/EACTS) 

guidelines, echocardiography is the gold standard to confirm the diagnosis and to evaluate the severity of AVS 180 

(77). Also, According to the 2020 American College of Cardiology/American Heart Association (ACC/AHA) 
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Guideline for the Management of Patients With Valvular Heart Disease, with a Clinical Outcome Relevance 

(COR) of 1 and Level of Evidence (LOE) of A, it is recommended to perform Transthoracic Echocardiography 

(TTE) to any patient with signs and symptoms of AVS for accurate diagnosis of the disease, determination of 

prognosis and timing of possible valve intervention (78). 

Echocardiography provides very important information for evaluating the disease, including valve 

area, peak transvalvular velocity, and mean pressure gradient. The classification of AVS severity is easier when 

these criteria are concordant, however, in discordant cases, it is also important to evaluate other parameters, 

such as Doppler velocity index (DVI), the degree of valve calcification, LV function, and the degree of LV 

hypertrophy or stroke volume (79,80). It can also help detect other valve or aortic diseases, such as aortic 190 

regurgitation, and provides prognostic information. Stress imaging can also be helpful to define severity, when 

this is uncertain. The classification of the severity of AVS can then be defined according to the ESC/EACTS 

algorithm (Table 1). When peak transvalvular velocity is above 4.0 m/s, mean pressure gradient is above 40 

mmHg and aortic valve area under 1.0 cm2, it is suggestive of severe stenosis. In cases of discordance between 

these parameters, one should look into DVI (81). When DVI is < 0.25, it suggests that severe AVS is highly 

likely. With cardiac computed tomography, it is possible to accurately determine the calcium score, predicting 

disease progression and clinical events (82,83). 

 

           Table 1: Classification of Aortic Valve Stenosis Severity (According to ESC 2021 Guidelines). 

 Mild stenosis Moderate stenosis Severe stenosis 

Peak transvalvular 
velocity (m/s) 

<3.0 3.0 – 4-0 ≥4.0 

Mean pressure gradient 
(mmHg) 

<20 20 -39 ≥40 

Aortic valve area (cm2) >1.5 1.0 – 1.5 ≤1.0 

Doppler velocity index 
(DVI) 

>0.50 0.25 – 0.50 <0.25 

Calcium score 
(Agatson) 

Men <1600 1600 – 2000 >2000 

Women <800 800 - 1200 >1200 

 200 
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1.1.5 Monitoring, Treatment, and Prognosis 

Currently, there is no pharmacological therapy capable of preventing disease progression and altering 

the natural history of the disease. In previous clinical trials (ASTRONOMER, SEAS, SALTIRE), statins failed to 

revert or halt the progression of AVS (84–86). Thus, statins are not part of the guideline-directed medical 

therapy for AVS (87,88). Thus, aortic valve replacement (AVR) is currently the only effective treatment for 

AVS. Surgical aortic valve replacement (SAVR) and transcatheter aortic valve implantation (TAVI) are two 

distinct approaches to treat AVS. SAVR is a technique characterized by an open-heart surgery, where the chest 

is opened to access the heart, and the diseased aortic valve is surgically removed and replaced with either a 

mechanical or bioprosthetic valve. Meanwhile, TAVI is a minimally invasive alternative where, instead of open 

surgery, a catheter is typically inserted through the femoral artery through the groin or through a small 210 

incision in the chest. The replacement valve is delivered via the catheter and deployed within the diseased 

valve without removing it (89,90). 

In symptomatic severe AVS, early intervention is usually recommended, unless the patient’s life 

expectancy is less than one year or the intervention is unlikely to improve survival or quality of life. Severe 

AVS is usually associated with a poor prognosis, but AVR has shown survival benefit compared to conservative 

management (91,92). In asymptomatic severe AVS, intervention is recommended for patients with impaired 

LV function of no other cause and for those who develop symptoms during exercise testing. In other cases, 

intervention is controversial, and it is important to carefully monitor the patient. Normally, if adverse 

prognostic features are not present, watchful waiting is the recommendation (93). Patients with heart failure 

(HF) who are waiting or are not suitable for TAVI or SAVR should be treated according to ESC heart failure 220 

guidelines, including evidence-based medical therapy (angiotensin-converting enzyme inhibitors (ACEI)/ 

angiotensin receptor blockers (ARB), beta-blockers, aldosterone antagonists, SGLT2 inhibitors (SGLT2i)), tight 

blood volume control, and strategies to improve perfusion and reduce cardiac burden (94). 

 SAVR is usually the preferred treatment option in younger patients (<75 years) due to prosthetic heart 

valve durability. In contrast, in older patients (≥75 years) or those with high surgery risk, TAVI is preferred. In 

some cases, balloon aortic valvuloplasty (BAV) can be considered as a bridge to SAVR or TAVI in patients with 
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severe AVS who require urgent non-cardiac surgery or in patients with myocardial decompensation. BAV is 

based on positioning and inflating a balloon in the aortic valve, increasing the valvular area, and immediately 

improving the gradient (95). However, it is extremely important that the Heart Team make a proper decision 

based on the individual characteristics of the patients (83). The Heart Team can be summarily described as a 230 

multidisciplinary group of cardiovascular specialists that may include cardiologists, cardiac surgeons, imaging 

experts, and nurses, who collaborate to determine the most appropriate treatment strategies for patients 

with complex heart conditions (96). 

AVS leads to significant morbidity and mortality and there are very limited treatment options beyond 

SAVR and TAVI. Developing pharmacological strategies could slow disease progression, reduce the need for 

invasive interventions, and improve patient outcomes. Over the last few years, several trials have been carried 

out to test the potential of different promising therapeutic modalities, although these ultimately did not 

provide robust evidence of efficacy.  Some examples include: ataciguat, a guanylyl cyclase activator, which 

may be useful in reducing blood pressure, and, thus, reducing overall pressure afterload (97); ARBs, which 

may contribute to slow AVS progression and LV remodeling (98); eplerenone, a selective aldosterone receptor 240 

antagonist, which may improve cardiac hemodynamics after TAVR (99); folic acid (Clinicaltrials.gov ID: 

NCT05861648)(100) and menaquinone (vitamin K2) (Clinicaltrials.gov ID: NCT04429035)(101) which may also 

slow the progression of valve calcification. 

It was also shown that it is important to control diabetes mellitus, as it is considered one of the risk 

factors for the development and worsening of AVS, probably due to the associated inflammatory status (102–

104). 

Serum biomarkers play an important role in monitoring patients with AVS. For now, guidelines have 

only approved N-terminal pro-B-type natriuretic peptide (NT-proBNP) and B-type natriuretic peptide (BNP) 

serum concentrations as prognostic biomarkers (105). BNP can be used as a prognostic marker in 

asymptomatic patients with severe AVS, and its concentration can help clinicians determine when AVR is 250 

needed. BNP and NT-proBNP combined with other biomarkers could possibly enhance diagnostic and 

therapeutic accuracy in AVS patients, but additional research is required to validate their clinical utility and 
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establish standardized thresholds (106). Moreover, many studies are trying to find other biomarkers that 

could possibly be used to help monitor AVS progression and to help assess disease prognosis. Examples 

include high-sensitivity troponin T, Lp(a) (107), blood total cholesterol/high-density lipoprotein cholesterol 

(HDL-C) ratio (108), C-reactive protein (CRP) (109), growth differentiation factor-15 (GDF-15) (110), 

procalcitonin (PCT) (111), among others. 

Current clinical recommendations provide specific guidance regarding the monitoring and 

management of patients with AVS. According to the 2021 ESC/EACTS guidelines for the management of 

valvular heart disease, patients with mild to moderate AVS and significant valve calcification should be 260 

followed every 12 months. Young patients with mild AVS and without significant valve calcification should be 

followed up every 2-3 years. Patients with severe AVS who remain asymptomatic should be followed up every 

6 months with exercise testing and echocardiography, while also considering the possibility of BNP analysis 

(77). 

 

1.1.6 Sex Differences in Aortic Stenosis 

It is well-established that AVS presents sex-specific features with relevant impact on pathophysiology, 

outcomes, and management of the disease (112). 

Regarding the anatomy, women tend to have smaller aortic annuli, shorter distances between the 

annulus and the coronary ostia, and smaller hearts in general (with subsequently smaller LV mass). Women 270 

have a lower prevalence of congenital bicuspid aortic valve, leading to a lower incidence of AVS in younger 

patients (113–117). 

A major difference between men and women lies in the extent of valve calcification and fibrosis. Some 

studies showed that, for a similar hemodynamic AVS severity, men tend to have higher calcification levels but 

lower levels of fibrosis (118,119). Simard et al. characterized patients with AVS 3 months before aortic valve 

replacement, by Doppler echocardiography and multidetector computed tomography to evaluate possible 

sex differences. They found that the median aortic valve calcification in women (1279 (882–1915) Agatston 

units) was lower than men (2741 (1839–3858) Agatston units) (p<0.0001), and that mean valve weight in 
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women (1.87±0.58g) was also lower than men (2.66±1.07g) (p<0.0001). It also shown that, after adjustment, 

female sex was an independent risk factor for higher fibrosis score in AVS valves (P=0.003) (120–123). 280 

Women have greater odds of presenting nuanced symptoms when compared to men, typically 

presenting nonspecific symptoms like shortness of breath and dizziness. They also have a shorter duration of 

exercise and a lower anaerobic threshold but are less likely to suffer from angina when compared to men. 

These differences may also be responsible for delaying the diagnosis and treatment in women (114,116,124), 

which leads to an exacerbation of LV remodeling. In fact, women are referred for SAVR later than men (125), 

not only due to discordance in echocardiographic parameters but also because they often need concomitant 

procedures, such as aorta repair or replacement, or coronary artery bypass grafting (112). Women are, in fact, 

more likely to undergo TAVR, not only because they are diagnosed or develop the disease at a more advanced 

age, but also because they may benefit substantially more from this procedure than men (116,126–128). Still, 

women seem to have a higher incidence of major bleeding and postprocedural vascular complications after 290 

TAVR than men (128–130). 

From the cyto-histological point of view, male VICs tend to produce greater levels of myofibroblastic 

markers, and higher collagenolytic, and gelatinolytic activity, when compared to females. On the other hand, 

women’s cells show greater metabolic activity and collagen production (131). The molecular mechanisms 

responsible for these differences between the sexes are not yet fully understood; however, it is believed that 

they may be related to the differences in inflammation and lipoprotein profile, matrix remodeling, and the 

hormonal status (testosterone levels) (8,123). 

Sex-specific differences in AVS affect its presentation, progression, and management, highlighting the 

complexity of the disease. Thus, further research is needed to fully understand the underlying mechanisms, 

and treatment strategies should be optimized and personalized for both sexes. 300 
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1.2 The promise of sodium-glucose cotransporter-2 inhibitors 

1.2.1 Definition and mechanisms of action 

Sodium-glucose cotransporter-2 (SGLT2) is a key transporter for glucose reabsorption in the kidneys. 

It is essentially located in the proximal portion of the renal tubule, mainly in the S1 and S2 segments. It is a 

high-affinity, low-capacity transporter capable of moving glucose against its concentration gradient from the 

nephron lumen to the tubular cells. It uses the energy generated from sodium influx down the concentration 

gradient, the latter created by the basolateral Na+/K+ ATPase. It contrasts with the glucose transporter 2 310 

(GLUT2), which only allows passive glucose transport towards the plasma (132). SGLT2 and GLUT2 account 

for almost 90% of renal glucose retention, while the other 10% is recovered by the sodium-glucose 

cotransporter-1 (SGLT1), located more distally in the tubule (133).  

SGLT2i, also known as gliflozins, are a class of drugs originally designed to reduce the rate of glucose 

reabsorption in the proximal tubule by inhibiting this co-transporter. The administration of SGLT2i results in 

an increased excretion of glucose in urine. It was shown that, in monotherapy, SGLT2i can reduce glycated 

hemoglobin A1c (A1c) by between 0.5%-1.0% in patients with type 2 diabetes mellitus (T2DM), also causing 

weight loss and decreasing blood pressure (134). 

 

1.2.2 Pharmacokinetics 320 

SGLT2i are absorbed through the gastrointestinal tract. There is no significant effect of food on SGLT2 

absorption; however, they should be taken before the meal to avoid postprandial plasma glucose elevation. 

SGLT2i have high plasma protein binding capacity and extensive tissue distribution. These drugs undergo 

glucuronidation by uridine 5'-diphosphate-glucuronosyltransferases (UGTs) in the liver and kidneys (135), 

while cytochrome P450 has minimal effect on SGLT2i. SGLT2i are filtered from plasma at the glomeruli and 

bind to the SGLT2 at the early segments of the nephron. They have a long elimination half-life, allowing a 

once-daily administration (136). SGLT2i and their metabolites tend to be largely excreted in the urine, with a 

portion of the dose also eliminated through feces (137). 
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1.2.3 Systemic effects 

Despite being initially designed as glucose-lowering drugs, gliflozins show many beneficial effects on 330 

the whole body, translating into cardiovascular benefits. This includes a reduction in blood pressure, a 

decrease in body weight, a decrease in uric acid, and a decrease in albuminuria (138,139). Gliflozins also show 

hemodynamic effects, such as an increase in osmotic diuresis, increased natriuresis, decreased fluid overload, 

decreased arterial stiffness, and improved endothelial function. SGLT2i also show endocrine effects, namely 

increased β-cell function, decreased insulin resistance, increased glucagon levels, decreased sympathetic 

tone, and increased angiotensin 1–7 levels. At the myocardial level, gliflozins decrease myocardial stretch, 

oxidative stress, inflammation, sodium-hydrogen antiporter 1 levels, while increasing ketone levels (138,139). 

For now, the specific effects on the aortic valve, particularly in the context of AVS, remain largely unexplored 

and not yet well understood. 

 340 

1.2.4 Adverse Effects and Drug Interactions 

Some common adverse effects of SGLT2i include an increased risk of hypoglycemia, urinary tract 

infection events (including mycotic infections), volume depletion and hypotension (140). Other rarer effects 

(less than 1% of cases) include diabetic ketoacidosis, lower limb amputation, and, in the most serious cases, 

Fournier gangrene (141). The risk of these major adverse effects is higher in patients aged ≥65 years, patients 

using loop-diuretics, and patients who present an estimated glomerular filtration rate (eGFR) 

<60mL/min/1.73m2 (138). 

There are some known interactions between SGLT2i and other drugs. When SGLT2i are combined with 

an insulin secretagogue, such as a sulfonylurea, or insulin itself, there is an increased risk of hypoglycemia; 

therefore, it is important to adjust the doses to avoid it. The use of an SGLT2i may reduce serum lithium levels 350 

when these are administered. UGT enzyme inducers, like rifampicin, may reduce the effectiveness of some 

SGLT2i, such as canagliflozin; therefore, it is important to consider increasing the dose of the SGLT2i when 

those are used concomitantly. Also, there are other known interactions with other drugs, such as non-

selective beta blockers or digoxin (138). 
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1.2.5 Indications 

At this moment, four gliflozins are approved by the Food Drug Administration (FDA) for their use in 

adults (canagliflozin, empagliflozin (EMPA), dapagliflozin and ertugliflozin). Their indications vary per agent; 

however, they are all approved in T2DM to help control blood glucose (142). Other FDA-approved indications 

include the improvement of cardiovascular health and the reduction of the risk of death in patients with heart 

failure (143,144), reduction of the risk of eGFR decline and progression of CKD (145), and reduction of major 360 

cardiovascular events in patients with T2DM and cardiovascular disease (146). These drugs can also be used 

off-label in some circumstances, such as in the management of obesity (in combination with glucagon-like 

peptide-1 receptor agonists) (147) or in the management of non-alcoholic fatty liver disease (148). 

In Europe, the panorama is similar. According to the ESC Guidelines 2021, SGLT2i are also 

recommended to reduce the risk of heart attack and stroke in all patients with diabetes and CVD (77). They 

are also recommended for patients with diabetes and CKD, to reduce the risk of CVD and kidney failure. In 

the most recent update (2023), EMPA and dapagliflozin are now Class I level A recommendation for patients 

with Heart Failure with mildly reduced Ejection Fraction (HFmrEF) and Heart Failure with preserved Ejection 

Fraction (HFpEF), being the only treatment with Class I level A recommendation in patients with HFpEF (149). 

However, despite the cardiovascular benefits, there is no specific recommendation for valvular heart disease, 370 

particularly AVS. 

 

1.3 Valve interstitial cells: the main disease drivers in aortic valve stenosis 

VICs are a highly relevant model for studying AVS, due to their direct involvement in the disease's 

pathological processes, such as calcification and fibrosis. These cells, which constitute the primary cellular 

population of the aortic valve, play critical roles in extracellular matrix remodeling, osteogenic differentiation, 

and fibrotic responses, key features of AVS progression (150). 

 Unlike animal models or other cell types, human VICs provide a more accurate reflection of the 

human-specific molecular and cellular mechanisms underlying AVS. For instance, while porcine and murine 
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models are commonly used due to their morphological similarities to human valves, significant interspecies 380 

differences exist in cellular signaling pathways, such as those involved in calcification and inflammation 

(151,152). These discrepancies can limit the translational applicability of findings derived from animal cells. 

Additionally, one of the main drawbacks of animal VICs is that experiments must later be replicated in human 

VICs, in order to draw meaningful conclusions that can be translated to the clinical setting. 

The ideal source of VICs to model this disease would be a healthy adult human heart valve, since most 

of the cells are still quiescent (153). However, these are rarely available (except on the occasion of heart 

transplantation) and impose relevant ethical constraints. Obviously, it is also possible to use animal-derived 

cells. Animal VICs may be more readily accessible, with fewer ethical restrictions concerning their acquisition 

and handling compared to human VICs. Also, animals with a native genotype do not naturally develop aortic 

valve calcification, allowing the direct induction of valve mineralization without interference of comorbidities, 390 

which are relevant confounding factors. Furthermore, animal cells tend to show very accelerated growth in 

culture, saving time and laboratory resources (154). The main animal models used nowadays are the swine 

and ovine. Pigs are by far the most used animal for obtaining VICs, because they are easily obtained and 

because porcine VICs grow easily in vitro (155). Sheep are a promising alternative to study the process of 

valve calcification, since sheep exhibit a higher calcium metabolism (156). In any case, the use of human VICs 

avoids the need for cross-species extrapolation, which can introduce variability and limit the clinical relevance 

of results. Human-derived VICs have consistently demonstrated their value in modeling AVS-specific 

mechanisms. For example, Bogdanova et al. (157)  successfully used human VICs to investigate fibrosis and 

calcification pathways, highlighting their utility in identifying potential therapeutic targets. Similarly, 

Rutkovskiy et al. (43) emphasized the phenotypic plasticity of VICs and their relevance in osteogenic and 400 

myofibroblastic differentiation, critical processes in AVS pathophysiology. VICs have also been used for 

screening potential pharmacological inhibitors, particularly through standardized in vitro models, enabling 

reproducible assessment of anti-calcific effects (150,158). 

To study the process of valve calcification and fibrosis, VICs can be maintained in a pro-osteogenic or 

pro-fibrotic medium, respectively. Pro-osteogenic media induce VICs osteogenic differentiation by providing 
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factors that stimulate the expression of osteoblast-specific genes and proteins. These media typically contain 

components such as dexamethasone, ascorbic acid, and β-glycerophosphate, which collectively promote the 

differentiation of VICs into osteoblast-like cells. β-glycerophosphate donates the phosphate groups for the 

formation of calcium phosphate crystals (159). Ascorbic acid promotes osteogenic differentiation by 

stimulating the production of type I collagen, essential for the formation of the bone extracellular matrix. 410 

Dexamethasone enhances osteogenic differentiation by increasing the expression of markers such as alkaline 

phosphatase and osteocalcin, promoting mineralization (160). This process is characterized by increased 

expression of osteogenic markers like osteocalcin and alkaline phosphatase (154). To assess calcification at 

the histological level, alizarin red (1.2-dihydroxyanthraquinone) staining is one of the most common methods, 

being optimal in terms of cost, simplicity, and time consumption (150). To induce fibrosis, VICs medium should 

be supplemented with specific pro-fibrotic factors that promote ECM deposition and myofibroblastic 

differentiation, such as transforming growth factor-beta 1 (TGF-β1), a cytokine that strongly induces fibrosis 

by stimulating collagen production and facilitating the transition of VICs into an activated, myofibroblast-like 

state (161). For fibrosis assessment, the most common method is to quantify biomarkers such as collagen 

type I or to use ECM-specific stains such as Picro-Sirius Red (162). 420 

 

1.4 Do SGLT2i affect the pathways involved in the development and progression of AVS? 

The progression of AVS involves multiple molecular pathways that contribute to increased valve 

fibrosis and calcification. Key pathways associated with valve calcification include the NOTCH pathway, the 

WNT–β-catenin pathway, the TGF-β1/BMP pathway, and the OPG/RANKL/RANK pathway  (163–165). 

Additionally, calcific AVS is characterized by significant increases in non-collagenous matrix proteins (e.g. 

osteopontin and osteocalcin), Runx2, BMP2, and TLR-2/4 (164). Proteins of the NLRP3 inflammasome also 

seem to play a significant role in the calcification process, being increased in AVS as well (166). 

Evidence suggests that SGLT2i can modulate these pathways in distinct contexts, being associated 

with the inhibition of the WNT–β-catenin, PI3K/AKT/GSK-3β/mTOR (in HepG2 cells, a widely used human liver 430 
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cancer cell line) (167) and NLRP3 inflammasome pathways (in human and rat vascular SMCs) (168). In some 

studies, they also seem to reduce the expression of TLR-2/4 (169), Runx2 and BMP2 molecules (168,170). In 

addition, SGLT2i are associated with an enhanced expression and activity of Sirtuin 1 (Sirt1), a class III 

deacetylase, which has been shown to reduce inflammation (171,172). The TGF-β1/Smad pathway, critical in 

the fibrotic response, also seems to be affected by SGLT2i. Santos-Gallego et al. (173) showed reduced levels 

and activity of TGF-β in the myocardium of EMPA-treated swines, resulting in reduced interstitial myocardial 

fibrosis (103,173). The fact that the drug interferes with signaling pathways implicated in AVS in other cells 

and tissues suggests that it may also hold promise for the treatment of AVS. 

In the context of AVS, only one research group has focused on the effects of EMPA in the disease, 

specifically on VECs. Hmadeh et al. (174) evaluated the impact of EMPA on oxidative stress and endothelial 440 

dysfunction, using healthy porcine VECs. The results demonstrated that EMPA markedly reduced oxidative 

stress, decreasing the production of ROS by approximately 30%. Furthermore, EMPA significantly reduced the 

pro-oxidant response. This SGLT2i also minimized the protein levels of p67phox (a nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase subunit) and ACE. It also prevented p65 NF-κB phosphorylation. 

These effects were accompanied by an approximately 40% reduction in THP1 cell adhesion (174). These 

findings underline the efficacy of EMPA in mitigating oxidative stress, inflammation, and thrombogenicity in 

porcine VECs, providing a strong rationale for investigating the therapeutic potential of SGLT2i in human AVS. 

Yet, the effects of EMPA in VICs remain elusive, and such experiments could provide more relevant insights 

into the therapeutic potential of SGLT2i in AVS, since they are the main disease drivers, while VECs are mostly 

implicated in disease initiation. As mentioned previously, unlike VECs, which primarily regulate the 450 

endothelial barrier and thrombogenicity, VICs directly drive the calcification and fibrosis that characterize the 

disease. By targeting VICs, one can elucidate whether SGLT2i influence the pathological remodeling of the 

aortic valve and generate preclinical evidence for a drug repurposing trial to treat AVS (174). 
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Main goal 

 Given the significant morbidity and mortality associated with AVS, the absence of effective 

pharmacological therapies underscores the critical need for the development of innovative treatments. Since 

fibrosis and calcification are the main pathological hallmarks of AVS, these treatments should prioritize 460 

tackling these deleterious processes. 

Our main objective is to investigate whether there is a direct effect of SGLT2i on the calcification 

process, one of the key pathological hallmarks of AVS. To this end, this project aimed to collect aortic valves 

from male and female patients with severe AVS, implement a protocol for the isolation and expansion of VICs 

(175), and subsequently induce calcification using a combination of β-glycerophosphate, L-ascorbic acid 2-

phosphate, and dexamethasone to model the disease in vitro. Finally, the project aims to assess if VICs 

cultured under pro-osteogenic conditions and treated with SGLT2i would exhibit reduced calcification, thus 

providing preclinical evidence to support potential drug repurpose. A schematic representation of our study 

is shown in Figure 1. 

 470 



 
25 

 

 

Fig 1: Schematic representation of the experimental strategy. Aortic valve tissues were obtained from patients 

undergoing SAVR due to severe AVS. VICs were isolated, expanded in standard growth medium (VIC-GM), and 

cryopreserved until use. For the experiments, cells were seeded and cultured under either standard conditions (VIC-GM) 

or pro-osteogenic medium, with increasing concentrations of EMPA. After 21 days, outcomes were assessed: cell viability 

was measured using a resazurin-based assay, and calcification was evaluated by Alizarin Red S staining followed by image 

analysis. SAVR = surgical aortic valve replacement; AVS = aortic valve stenosis; VICs = valvular interstitial cells; VIC-GM = 

VIC growth medium; EMPA = empagliflozin. 

 

2. METHODS 480 

2.1 Patient recruitment and sample collection 

Between April and November of 2024, tricuspid aortic valves were obtained from six patients with 

severe AVS undergoing SAVR at the Cardiovascular Surgery Department of Unidade Local de Saúde de São 

João, Porto, Portugal. Clinical data, including sex, age, comorbidities, and medication, were collected from 

medical records. Disease severity was determined by transthoracic Doppler echocardiography. Severe AVS 

was defined by i) a mean transvalvular pressure gradient >40 mmHg; ii) an indexed aortic valve area <0.6 

cm2/m2; iii) the need for surgical valve replacement. Three male and three female patients were included 
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after providing written informed consent. Patients with congenital heart valve malformations (including 

bicuspid valves) or rheumatic aortic valve disease were excluded from the study. For protocol optimization, 

one valve from a patient with aortic valve insufficiency was included. This investigation is in accordance with 490 

the 1964 Declaration of Helsinki and its later amendments and was approved by the institutional review board 

(ethics committee of Unidade Local de Saúde de São João, ref CEC109-2020).  

Immediately after surgical excision, the aortic valves were stored in a cardioplegic solution (Custodiol) 

containing 1% of an antibiotic-antimycotic solution (Antibiotic-Antimycotic, Gibco, Cat#15240-062) to 

minimize microbial growth. Samples were kept at 4°C until delivery to the laboratory for further processing. 

 

2.2 VICs isolation and expansion 

A modified protocol based on Cuevas et al. (176) was followed for VICs isolation. Under a biosafety 

cabinet, the valve was transferred to a pre-weighed sterile 10-cm dish, weighed, and photographed. The valve 

was washed thoroughly with Dulbecco's Phosphate-Buffered Saline (DPBS) (Gibco, Cat# 14190-094) 500 

supplemented with 2% AA, and non-fibrotic and non-calcified sections of the leaflets were excised using 

sterilized scissors and forceps. The gross fragments were washed again in a 50 mL conical tube filled with 

DPBS enriched with 2% AA solution by inverting several times for about two minutes. 

The tissue fragments were subsequently transferred to a 60-mm dish and incubated in 7 mL of a 1%-

collagenase solution for 10 min at 37°C, rocking the tissue every 2 minutes to facilitate dissociation of the 

endothelium. VECs were then removed from both sides (aortic and ventricular) through mechanical 

swabbing, and the remaining tissue was further digested overnight for about 18h. The VICs were released by 

pipetting with a sterile Pasteur pipette and the resultant cell suspension was passed through a 0.70µm filter. 

To maximize cell yield, 7 mL of VICs growth medium [VIC-GM: Dulbecco's Modified Eagle's Medium (DMEM) 

(Gibco, Cat# 11965-092), 10% fetal bovine serum (FBS) (Gibco, Cat# 10270-106), and 1% penicillin-510 

streptomycin (Gibco, Cat# 15140-122)] was added to the cell strainer. The suspension was centrifuged at 

200×g for 5 min at 20°C, and the pellet was resuspended in VIC-GM. Viable cells were determined by Trypan-

blue exclusion using an automated cell counter (Countess, ThermoFisher Scientific). 
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The isolated VICs were seeded at around 1 million cells/75 cm2 in type I collagen-precoated T75 flasks. 

Essentially, a 0.1% collagen solution (0.1M acetic acid) was diluted 10x with sterile water, and 4mL was added 

to each flask. The flasks were then incubated under the hood for 4h at RT plus 1h with the UV light on, and 

the remnant solution discarded. Finally, the flasks were fully dried overnight in the cell incubator. Cells media 

was replaced every 2-3 days, and cells were passaged upon reaching 90% confluence. To split cells, these 

were treated with 4mL of pre-warmed dissociated reagent (a Low-Endotoxin Trypsin (TrypLE) solution, Gibco, 

Cat# 12605-010) for 10 minutes at 37°C. After incubation, 8mL of VIC-GM 2%AA was added to each flask to 520 

neutralize trypsin, and the cells recovered by centrifugation at 200xg for 5min. Then, the supernatant was 

removed, the pellet was resuspended in pre-warmed VIC-GM 2%AA and the number of viable cells was 

determined. After the initial expansion, cells were seeded at ~0.5 million viable cells for T75 flask (passage 0, 

P0) and incubated at 37ºC. When cells reached a 90% confluency, these were trypsinized and cryopreserved 

in cryopreservation medium (Hyclone Hycryo-STEM) (Cat# SR30002.02).  In this work, cells were used until 

passage 2. 

 

2.3 Experimental conditions and treatment protocols 

For the assessment of calcification, VICs at passage 2 were seeded (30000 cells/well) in 48-well plates, 

and for the viability assays, VICs at the same passage were seeded (10000 cells/well) in 96-well plates. Cells 530 

were initially cultured in VIC-GM until 100% confluence was reached. Subsequently, the medium was replaced 

with osteogenic medium (OM), consisting of DMEM supplemented with 5% FBS, 10mM β-glycerophosphate, 

50µg/mL vitamin C, and 10nM dexamethasone. 

To evaluate the effects of EMPA on VICs viability and calcification, increasing concentrations of EMPA 

(0 µM, 1 µM, 5 µM, 10 µM, 50 µM, and 100 µM) were added to OM. Dimethyl sulfoxide (DMSO) was used as 

a vehicle control. Media were replaced every 2-3 days, and cells were incubated for a total of 21 days. 
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2.3.1 Cell viability assay 

To assess cell viability in response to EMPA treatment, a resazurin reduction assay was performed in 540 

96-well plates. After 21 days of culture, the medium was removed, and the cells were incubated with 50µM 

resazurin in OM. The cells were incubated for 4 hours, and the absorbance of the reduced compound 

(resorubin) was read at every hour. Absorbance was measured at 570nm and at 600nm for correction, using 

a TECAN Spark microplate reader. Each condition was triplicated. To assess the effect of EMPA on cell viability, 

the absorbance in wells treated with 0μM EMPA was used as reference (100%) and the ratio of absorbance 

was calculated for each drug concentration. 

 

2.3.2 Calcification assessment 

 To evaluate calcification, an initial experiment was conducted to assess the baseline calcification 

potential of the VICs. For this purpose, a plate with three replicates of each cell line was prepared and 550 

maintained in standard VIC-GM for 24h, without osteogenic stimulation or drug treatment. Subsequently, for 

the main calcification assays under osteogenic conditions and EMPA treatment, cells were cultured in 48-well 

plates and calcium crystals were stained with Alizarin Red S solution. Briefly, the culture medium was carefully 

removed, and the cells were washed twice with DPBS before being fixed with cold neutral buffered formalin 

for 30 minutes. Subsequently, the formalin was removed, the cells were washed twice with distilled water 

and stained by incubating with 250 µL/well of Alizarin Red S solution (2%, Sigma-Aldrich, Cat# A5533, St. 

Louis, MO, USA), for 30 minutes in the dark. Following the incubation, cells were washed twice with 300 

µL/well deionized water. Once the cells were completely dried, they were photographed under a digital, 

transmitted light inverted microscope (EVOSTM XL Core Imaging System, Invitrogen) at a 100x magnification 

(4 images per well; 1 image per quadrant). Additional settings were brightness level 55, TIF format, and 3MP 560 

resolution. The images were analyzed using the ImageJ Pro Plus program. Calcified areas were delimited and 

calculated and normalized to the total area covered by cells. 
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2.4 Statistical analysis 

 Statistical analysis was performed using GraphPad Prism 10.4.1, with a significance threshold set at p 

< 0.05. Continuous clinical variables were expressed as mean ± standard deviation (SD), while categorical 

variables were reported as absolute frequencies and their respective percentages. For the cellular 

experiments, results were presented as fold-change values relative to the respective baseline or control 

condition, depending on the specific experimental context. To assess normality, Shapiro-Wilk tests were 

performed. 570 

For clinical data, comparisons of continuous variables between female and male patients were 

conducted using unpaired t-tests when normality was confirmed, or Mann–Whitney U tests when normality 

was not met. Categorical variables were compared using Fisher’s exact test. 

For the cellular assays, differences across multiple EMPA concentrations within the same cell group 

were analyzed using one-way or two-way ANOVA for normally distributed data, followed by Tukey’s multiple 

comparisons tests. When normality was not met, a Kruskal–Wallis test was applied, followed by Dunn’s post 

hoc test. Comparisons between female and male VICs at each concentration were performed using unpaired 

t-tests or Mann–Whitney U tests, depending on data distribution. 

 

3. RESULTS 580 

The main objective of this study was to investigate whether SGLT2i, namely EMPA, modulates the 

process of valve calcification, one of the main pathological mechanisms of AVS. The following sections present 

the results of each experimental stage, providing a stepwise analysis of cell behavior. 

 

3.1 Characterization of the patients and of the excised valves 

First, we evaluated the clinical characteristics of the donor patients and the main features of their 

aortic valves. This characterization is crucial to contextualize the in vitro findings and to explore potential 

correlations between patient-specific features and VICs’ behavior. 
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The baseline characteristics of the 6 patients enrolled in the present study are listed in Table 2. 

 590 

    Table 2: Clinical and echocardiographic features of the patients 

 Female Male p value 

Demographics:    

Age, mean ± SD (years) 73 ± 3.6 68.3 ± 0.6 0.20 

BMI, mean ± SD (kg/m2) 32.5 ± 6.3 28.6 ± 4.2 0.43 

Smokin (former or current) (%) 0 66.7 0.40 

Diabetes (%) 33.3 33.3 >0.99 

Hypertension (%) 100 66.7 >0.99 

Dyslipidemia (%) 66.7 33.3 >0.99 

Extracardiac arteriopathy (%) 0 66.7 0.40 

Disease severity:    

Aortic valve mean gradient, mean ± SD (mmHg) 48.0 ± 2 72.0 ± 16.5 0.06 

Aortic valve max gradient, mean ± SD (mmHg) 72.3 ± 9.1 116.3 ± 25.0 0.048 

Aortic valve area, mean ± SD (cm2) 0.87 ± 0.1 0.73 ± 0.1 0.06 

 Ejection fraction, mean ± SD (%) 58 a 59.7 ± 3.3 1a 

Usual medication:    

Statins (%) 100 33.3 0.40 

ACEI (%) 66.7 0 0.40 

ARBs (%) 33.3 66.7 >0.99 

Diuretics (%) 100 66.7 >0.99 

Antiplatelets (%) 66.7 33.3 >0.99 

SGLT2i (%) 33.3 33.3 >0.99 

The comparison was made between male and female patients, using parametric t-tests for variables with a normal 

distribution or non-parametric t-tests (Mann-Whitney test) for variables with a non-normal distribution. For categorical 

variables, Fisher’s Exact Test was used. a - due to the lack of information from one of the donors, it was only possible to 

calculate the average of 2 female patients (n=2), so statistical significance was not possible to assess for this variable. SD 

= standard deviation; BMI = body mass index; ACEI = angiotensin-converting enzyme inhibitor; ARBs = angiotensin 

receptor blockers; SGLT2i = Sodium-Glucose Co-Transporter 2 Inhibitor. 

 

Among the collected clinical parameters, the only statistically significant difference between sexes 

was observed in the maximum aortic valve gradient, which was higher in the male group. Although not 600 

statistically significant, probably due to the limited sample size, male patients tended to present higher mean 
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gradients and smaller valve areas. Preoperative ejection fraction was missing for one female patient, 

hindering group comparison. 

Representative photographs of each of the human stenotic aortic valves excised prior to VIC isolation 

can be seen in Figure 2. Notably, male valves, particularly valves 3 and 4, exhibited a more prominent 

vascularized appearance, which may reflect advanced pathological remodeling and neovascularization, 

features often associated with severe calcific aortic valve disease. In fact, valve 4 displayed the most irregular 

and heterogeneous surface, with visible fibrotic thickening and vascular structures, likely contributing to its 

lower cell viability observed during the isolation phase. 

 610 

Fig 2: Representative photographs of the human stenotic aortic valves. A ruler was included as reference. The 

photographs were taken before the isolation of VICs. 

 

3.2 Isolation and expansion of VICs 

Human VICs were isolated from stenotic aortic valves in order to obtain a relevant and representative 

cellular model of the disease. First, VICs were isolated and expanded to establish viable cell cultures that were 

sufficiently numerous for subsequent assays. 
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Of note, a valve from a patient with aortic valve insufficiency was used initially to optimize the 

isolation and culture techniques. Although not included in experimental analyses, it provided valuable 

insights on the efficacy of trypsinization time, plate coating importance, and measures to control 620 

microbiological contamination. This approach contributed to improved cell yield and viability across the 

remaining VIC lines. Meanwhile, VICS1 and VICS2 (porcine valvular interstitial cell lines) were obtained from 

2 healthy castrated male pigs, both 5-months old and both submitted to extracorporeal circulation. They 

allowed the comparison of VICs’ isolation and expansion between healthy tissues and those derived from 

calcified valves. 

The initial isolation of VICs demonstrated high efficiency, with cell viabilities above 80% in most cases, 

except for VIC4 (69%). Female VICs showed an average yield of 2.42 × 10⁶ cells with an average viability of 

87.7%, reaching 90% confluence in 12 days. Male VICs showed an average yield of 1.59 × 10⁶ cells, with an 

average viability of 82.3%, reaching 90% confluence in 10 days, although with greater variability between 

samples. No significant differences in cell yield were found between sexes (p > 0.05). These initial differences 630 

between groups are graphically represented in Figures 3 and 4, illustrating the initial cell yield and viability of 

human VICs after isolation, respectively. More detailed data about VICs’ isolation and expansion are available 

in the Supplementary Materials. 

 

Fig 3:  Initial yield of human VICs after isolation (males and females). Bar chart comparing the initial yield of VICs isolated 

from male and female aortic valves. Each bar represents the average yield (total number of viable cells obtained 

immediately after enzymatic digestion and filtering) per valve. ns = non-significant. Comparisons were performed by 

unpaired t tests. 
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Fig 4: Human VICs’ initial cell viability. Bar chart showing the initial viability (%) of VICs immediately after isolation, 640 
comparing male and female samples. Viability was assessed using the Trypan Blue Exclusion method and automated cell 

counting. ns = non-significant. Comparisons were performed by unpaired t tests. 

 

Porcine valves provided better yields (6.93 × 10⁶ cells on average) (p=0.008) (Figure 5), viabilities 

above 85%, and reached 90% confluence in only 4-5 days. 

 

Fig 5: VICs’ initial cell yield (humans vs swines). Bar chart comparing the initial yield of VICs obtained from human versus 

porcine aortic valves. (*) p<0.05. Comparisons were performed by unpaired t tests, showing significant differences 

between species (p=0.0080). 

 650 

 During subsequent passages, all VICs maintained high viabilities, with 90% confluence being reached 

between 7-14 days at P0, 6-9 days at P1, and 7-8 days at P2, reflecting a good proliferative capacity. 
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3.3 VICs’ tolerance to EMPA 

To evaluate the therapeutic potential of EMPA, it was first essential to confirm that the drug did not 

exhibit significant cytotoxicity toward VICs. For this purpose, a cell viability assay was performed for all 6 VIC 

lines, in 96-well plates, using increasing concentrations of EMPA, aiming to assess its impact on cell survival 

following a prolonged exposure period of 21 days. 

 Since the time needed to reduce Resaruzin depends on the specific cell metabolic activity, VICs were 

incubated with this compound for a total of 4 hours, and the absorbance was read every hour.  An incubation 

time of 2 hours provided the best discrimination and was selected for comparisons. All VIC lines showed 660 

consistent results across the three independent experiments performed, both in terms of numerical values 

and macroscopic colorimetric progression, except for VIC1. Although VIC1 results were consistent throughout 

the 3 experiments, they systematically diverged from the results of all other cell lines. The absorbance values 

for VIC1 wells, specifically for the 0 μM EMPA wells, were consistently and significantly lower than those 

observed for the other cell lines, thereby skewing the overall viability calculations. This pattern suggests that 

VIC1 behaved as an outlier rather than exhibiting random variability. A possible explanation could be an edge 

effect or another technical artifact specific to that well position. As can be seen in Figure 6, the color of the 

VIC1-0 μM well is very similar to the color of the control well with no cells. This occurred in all three 

independent experiments, suggesting a systematic error occurring with these cells. Therefore, appearing to 

be an outlier, we decided to exclude the VIC1 readings from the statistical analysis, so as not to bias the 670 

results. 
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Fig 6: Representative photograph of the cell viability assay using Resazurin, taken after 2 hours of incubation. After 21 

days of treatment with different EMPA concentrations, cells were exposed to Resazurin solution to assess metabolic 

activity. Viable VICs reduced Resazurin to Resorufin, producing a visible color shift. 

 

 

The viability of each VIC cell line in response to different doses of EMPA can be seen in Figure 7. From 

this analysis, no major differences are observed across the different EMPA doses, with a general trend of 680 

gradual viability reduction as the concentration increases. Additionally, cell viability appears to be consistently 

higher in female VIC lines. 

 

Fig 7: Cell viability of each VIC cell line, under EMPA treatment, assessed after 21 days of treatment with increasing 

concentrations of EMPA. Viability was determined using a Resazurin assay, with absorbance values indicating metabolic 

activity. 
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The Resazurin assay results show a gradual reduction in viability as the EMPA dose increases. Male 

VICs showed a significant reduction in viability starting at 10 μM EMPA concentration (Figure 8B), while in 

female VICs viability significantly decreased at 100 μM EMPA only (Figure 8A). In both sexes, the average 

viability in each group never decreased below 70%, not even at the highest doses (100 μM) of the drug, 690 

demonstrating a good safety profile of EMPA.  

 

       

Figures 8A and 8B: VICs’ viability in female (8A) and male (8B) donors, respectively, after 21 days of EMPA treatment. 

Bar charts showing the viability of human VICs from female and male donors after 21 days of treatment with increasing 

concentrations of EMPA. (*) p<0.05. Statistical comparisons were performed using parametric tests (One-way ANOVA 

followed by Tukey’s multiple comparisons test). In female VICs, a significant reduction in viability was observed only at 

the highest concentration tested (100 μM), whereas in male VICs, viability significantly decreased starting at 10 μM, with 

a progressive decline at higher concentrations. 

 700 

In summary, the Resazurin assay revealed a dose-dependent decrease in cell viability, with higher 

concentrations of EMPA progressively reducing cell survival. Although low concentrations did not significantly 

affect viability, cytotoxic effects became increasingly evident at higher doses. Importantly, this pattern was 

not consistent across both male and female derived VICs. 
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3.4 Impact of EMPA on VICs’ Calcification 

Finally, we quantified the effect of EMPA using Alizarin Red S staining and digital image analysis. This 

step aimed to verify whether EMPA treatment would be able to attenuate the valve mineralization process, 

and whether there would be differences in response between VICs derived from male and female individuals. 710 

 To evaluate whether EMPA can limit the calcification of human VICs under osteogenic stimulation, 

cells were cultured in 48-well plates with pro-osteogenic media and treated with increasing concentrations 

of EMPA for 21 days. After the incubation period, calcification was assessed using Alizarin Red S staining. 

Following staining, macroscopic photographs of the 48-well plates were taken to document overall 

calcification patterns, and only then were high-resolution microscopic images acquired from each well. These 

images were subsequently analyzed using ImageJ software to quantify the percentage of calcified area 

relative to total tissue area. This method enabled a detailed comparison of calcium deposition across 

conditions and between VICs from male and female donors, aiming to explore potential sex-specific responses 

to EMPA. 

Before the drug assay, the proclivity to calcification was tested in all cell lines, maintained under pro-720 

osteogenic conditions. It was found that male cell lines presented a significantly higher extent of calcification 

(66.39 ± 0.20%) than female cell lines (37.95 ± 0.01%) (p=0.0003, Figure 9). 

 

Fig 9 VICs’ calcification (Baseline). Bar chart showing the  the relative calcification levels in male and female VICs under 

baseline conditions. Quantification of the calcified area, after Alizarin Red S staining, using ImageJ software. (*) p<0.05. 

Statistical comparison was performed using a Mann–Whitney U test. 
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The comparison of the calcification extent between unstimulated (baseline) and stimulated 

conditions (osteogenic media) showed sex-specificity, with no differences observed for male cells (Figure 

10A), and with a significantly higher calcification in female cells under pro-osteogenic conditions (p < 0.0001, 

Figure 10B). 730 

 

 

       

Figures 10A and 10B: Comparison between baseline and osteogenic-induced calcification in male (10A) and female (10B) 

VICs, respectively.  Bar charts comparing calcification levels in human VICs under baseline conditions and after 21 days 

of osteogenic stimulation without EMPA treatment (0 µM), for male (10A) and female (10B) donors. Quantification of 

the calcified area was performed after Alizarin Red S staining, using ImageJ software. (*) p<0.05. Statistical comparisons 

were performed using a Mann–Whitney U test. A significant increase in calcification was observed in female VICs under 

osteogenic conditions (p < 0.0001), while no significant difference was detected in male VICs. 

 740 

Figure 11 shows how calcification varied with treatments with different doses of the SGLT2i in each 

of the VIC lines used in the study. Overall, it seems that there are no major differences between sexes at lower 

EMPA doses. At intermediate concentrations (5–10 μM), calcification appears to slightly increase in female 

VICs while decreasing in those from males. At higher doses (50–100 μM), the levels seem to stabilize in both 

sexes, with no clear difference from the control condition. 
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Fig 11: Extent of calcification (ratio of total tissue area) in each VIC line, under increasing EMPA concentrations. 

Quantification of the calcified area was performed after 21 days under EMPA treatment, after Alizarin Red S staining, 

using ImageJ software. 750 

 

 

Figure 12 presents representative microscopic images detailing calcification and cellular morphology 

after the 21-day assay. When analyzing the effects of EMPA on VIC calcification in a sex-specific manner, 

distinct patterns emerged. In the case of women (Figure 13A), there is no significant alteration in calcification, 

comparing the 0 μM condition to any other concentration of EMPA. As for men (Figure 13B), there was in fact 

a significant reduction in the calcification of VICs, at a dose of 10 μM EMPA (p=0.0392), reducing about 11.6% 

of calcification. At all other concentrations, the differences relative to the condition with 0 μM EMPA were 

not significant.  

 760 
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Fig 12: Representative microscopic photographs of wells after 21 days of the calcification protocol, illustrating a male 

cell line (VIC4) and a female cell line (VIC2). Photographs were taken under a digital, transmitted light inverted 

microscope (EVOSTM XL Core Imaging System, Invitrogen) at 100x magnification. Additional settings: brightness level 

55; TIF format; 3MP resolution. 

 



 
41 

 

      

Figures 13A and 13B: Relative calcification values of VICs from female (13A) and male (13B) patients, across different 

EMPA treatment conditions. Quantification of the calcified area, after Alizarin Red S staining, using ImageJ software. All 

values were normalized to the 0 µM EMPA condition. (*) p<0.05. For male cell lines, which exhibited a normal 770 
distribution, statistical comparisons were performed using One-way ANOVA, followed by Tukey’s multiple comparisons 

test. Conversely, for female cell lines, given their non-normal distribution, statistical comparisons were performed using 

Kruskal–Wallis, followed by Dunn’s multiple comparisons test. 

 

   In summary, the calcification assays showed that male VICs exhibited a significantly higher baseline 

calcification level compared to female VICs, which may explain why male cells showed no significant 

calcification change following osteogenic induction, while female cells, with their lower intrinsic calcification, 

displayed a marked increase under osteogenic stimuli. EMPA also seems to exert a dose-dependent influence 

on VICs calcification, with a concentration of 10 μM reducing calcification in male VICs, but paradoxically 

increasing calcification in female VICs. 780 

 

4. DISCUSSION 

AVS is a disease characterized by progressive thickening and calcification of the aortic valve, leading 

to the narrowing of the valve orifice and consequent hemodynamic overload in the heart. This process is 

strongly associated with changes in VICs, which, under normal conditions, play a crucial role in maintaining 

the valvular ECM. However, under inflammatory, mechanical, and metabolic stimuli, these cells acquire an 



 
42 

 

activated phenotype, contributing to abnormal matrix deposition and the development of calcification. 

Furthermore, apoptosis of VICs can amplify this process, since the release of apoptotic vesicles favors the 

nucleation of calcium crystals. SGLT2i have emerged as potential modulators of inflammation and cellular 

metabolism in several cardiovascular diseases, and their impact on VICs is still an area open for exploration. 790 

Evidence suggests that SGLT2i may exert antifibrotic and anti-inflammatory effects and even interfere with 

the apoptosis pathway, which could influence the progression of valve calcification (177). 

The main goal of this study was to investigate the effects of SGLT2i on calcification of the aortic valve, 

responsible for the pathological valve stenosis, in order to provide valuable preclinical data and new insights 

into the therapeutic potential of this drug class in AVS. We also aimed to evaluate the sexual differences that 

these drugs could have in this disease, comparing male cells with female cells, considering the differences 

already studied and described between sexes. 

For this project, we chose to use biological material from patients with previous AVS pathology. In 

addition to presenting far fewer ethical restrictions, there is also much greater availability of valves from 

patients with previous valve disease than from people without previous valve pathology. When using these 800 

valves, isolated VICs will have a greater tendency to present a more pro-calcific phenotype, since they have 

already experienced disease stressors for a long time and have endured significant pathophysiological 

remodeling for years/decades. These valves should present a population richer in aVICs and obVICs, and not 

so many qVICs, presenting a greater intrinsic tendency for calcification. On the one hand, this may be limiting 

in the sense that it is not possible to have a clear idea of whether the introduction of SGLT2i can prevent the 

progression of qVICs to aVICs and obVICs, thus having an active role in the prevention of the pathology. On 

the other hand, it allows us to appraise whether it may reverse the disease process or, at least, prevent the 

calcium production activity of these cells, responsible for the progression of the disease. 

Analyzing the clinical data of the patients whose valves were used in this study, some differences 

between sexes were noted. In the case of aortic valve max gradient, these differences were significant, with 810 

men presenting much higher maximum gradients, around 116.3 mmHg, compared to women, who were 

around 72.3 mmHg. In addition to this feature, other clinical characteristics, such as aortic valve mean 
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gradient and aortic valve area, appear to show some tendency towards differences between sexes, with p 

values between 0.05 and 0.10. Men appear to present higher mean gradients (avg. 72 mmHg) than women 

(avg. 48 mmHg), while women appear to present higher functional areas. These findings are not incidental 

and are consistent with current evidence. Previous studies show that, over time, women tend to have slower 

flow and a lower valve pressure gradient than men, as seen in this sample (178,179). These differences can 

be explained by several physiological, anatomical, and hemodynamic factors. Women generally have a smaller 

aortic root and left ventricle, which influences the hemodynamics of the aortic valve and can modify the 

pressure gradients. They also have smaller ventricular mass, generating lower gradients as aortic stenosis 820 

progresses. Hormonal factors, such as the influence of estrogen on arterial compliance, can impact the 

hemodynamic response to pressure overload, making the valve dynamics distinct between the sexes (180). 

Regarding age, women's age (avg. 73 years) was slightly higher than men's (avg. 68.3 years). While this 

difference was not significant, it aligns with existing knowledge that women tend to undergo surgery for aortic 

valve stenosis at a later age (116). It is worth noting that one male and one female patient were already taking 

SGLT2i. While this might suggest a bias in this study’s findings, the lack of information on the duration of 

treatment and the specific indication makes it difficult to draw definitive conclusions. 

A key observation during the initial phases of our study concerned the isolation and expansion of 

VICs, where no significant differences were noted between sexes. However, regarding cell yield, we can see 

that female valves (avg. 2.42 × 10⁶ cells) were more fruitful than those of males (avg. 1.59 × 10⁶ cells). 830 

Therefore, possibly, with a larger sample size, these differences could eventually become significant. This can 

be explained by a combination of biological, histological, and molecular factors. The fact that women 

predominantly manifest fibrosis favors the preservation of the extracellular matrix and facilitates cellular 

dissociation during isolation (181). Furthermore, sex hormones, such as estrogen, exert protective effects on 

female valve tissue, reducing inflammation, oxidative stress, and apoptosis, contributing to greater cell 

viability (182). These differences are also reflected in distinct levels of gene expression and metabolic activity 

in VICs, with female cells demonstrating greater phenotypic plasticity and ability to adapt to the culture 

environment (131,183). 
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The porcine VICs appear to behave differently from human cells. Despite the small sample size, some 

differences are clearly visible. VICs from swines showed quite higher cell yields (avg. 6.93x106 cells), compared 840 

to the human VICs (avg. 2.0x106 cells). These observed differences likely stem not only from inter-species 

differences but also from the health status of the tissue donors. The human VICs were obtained from patients 

with severe AVS submitted to SAVR, so these cells were previously affected by cellular stress, inflammation, 

and structural damage. On the other hand, porcine VICs were isolated from healthy, young pig valves (around 

5 months old), thereby minimizing the influence of both cellular senescence and advanced pathology 

The process of isolation and expansion took place without major issues. It is important to highlight 

the fact that these tissues were not sterile when they were manipulated in the lab. This is because we are 

using primary cell lines from human samples, which inherently contain endogenous microbiota. Furthermore, 

despite the aseptic conditions of surgery, the patient is not sterile, even with antibiotic prophylaxis. Yet, 

contamination was well-controlled with the use of antibiotics. No significant growth of these microorganisms 850 

was observed throughout the experiments, and, with each passage, their quantity decreased as assessed by 

microscopic visualization (400x magnification), which indicates that careful handling of the cells under the 

biosafety cabinet and abidance to general cell culture aseptic practices is enough to guarantee safe use of 

VICs, for up to 21 days, without major contamination risks. The existence of these microorganisms was 

consistent across all human cell lines, so this should not be interpreted as translating some type of bias in the 

final evaluation of the results. 

Assessing cell viability is crucial to determine the potential toxicity of any therapeutic agent and to 

establish the range of concentrations that can be tolerated by cells. Therefore, we first started to perform cell 

viability assays using resazurin. The results were consistent across all cell lines tested. The exception to this 

was the VIC1 line, which consistently showed discrepant values. A probable explanation for this erratic 860 

behavior was a double-edge effect, particularly since it was always observed in the same well: A1. This may 

have led to an artifactual decrease of cell viability in the control condition that jeopardized the comparison 

with the other drug conditions. In all other cases, a gradual reduction in cell viability was observed as the 

pharmacological dose increased, being consistent with previous studies investigating the effects of SGLT2i on 
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other cell lines. Our data show that EMPA induced reductions in cell viability in a concentration-dependent 

manner. For male VICs, this effect became evident from 10 µM, a threshold that aligns with findings from 

previous studies where significant effects of SGLT2i typically occur around this concentration. Studies such as 

Dasari et al. (184), using cardiomyocytes as cellular model, and Cristovão et al. (185), using pancreatic tumor 

cell lines as cellular model, reported a significant reduction in cell viability with Canagliflozin at concentrations 

approximating 10 μM. Conversely, in female VICs, significant reductions in viability were only observed at 100 870 

µM. This higher threshold for significance in female cells might potentially be influenced by sample size (only 

2 cell lines, after VIC1 exclusion) or inherent sex-specific cellular responses. Despite these variations in specific 

thresholds, the overall pattern remains consistent, showing a gradual concentration-dependent decrease in 

viability, suggesting a degree of convergence in the effects of SGLT2i across different cell types and 

compounds. Importantly, in all conditions tested, viability levels remained above 70%, which, according to 

International Organisation for Standardisation (ISO) 10993-5 guidelines, indicates that EMPA does not exert 

major cytotoxic effects in this cellular model at these concentrations (186). Furthermore, although the 

differences between men and women, at each EMPA concentration, were not statistically significant, the 

viability was consistently higher in women. With a larger sample size, it is likely that these differences would 

have become significant, which would agree with known data, as previous studies reported higher metabolic 880 

activity and viability in female VICs (187,188). It is important to emphasize that the analysis was carried out 

across all available human VIC lines, rather than limiting the comparison to a single male and female donor. 

This approach enhances the robustness and generalizability of the findings, accounting for inter-individual 

biological variability, despite the sample size still being relatively small. 

Given that calcification and fibrosis are key pathological hallmarks of AVS, understanding the 

influence of EMPA on these processes is crucial for evaluating its therapeutic potential. However, due to 

temporal and logistical constraints, this study focused primarily on the calcification aspect. 

Before delving into EMPA effect on calcification, the baseline differences in calcification were 

compared between sexes and different cell lines. This is because primary cell lines were used in this work, 

carrying an intrinsic heterogeneity that reflects disease severity and exposure to different comorbidities, 890 
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pharmacological therapies, etc. Male cell lines showed a significantly higher mean calcification than that 

observed in female cells. The observation of such high basal calcification levels in male cells may explain the 

fact that no significant differences were found between the baseline and after osteogenic induction, since 

these cells appear to have, intrinsically, a greater propensity for calcification. On the other hand, in female 

cells, whose natural tendency seems to be more towards fibrosis than mineralization, the osteogenic stimulus 

induced a significant response in relation to their baseline. Thus, this baseline analysis reinforces the 

importance of considering biological sex as a fundamental variable in pharmacological studies to tackle valve 

calcification. 

Regarding the calcification assays performed, it is important to note some technical challenges 

encountered during the imaging phase. Unfortunately, after fixing the cells with Alizarin, cells in some wells 900 

accumulated in certain regions, making it impossible to capture photographs in 4 different points of the well 

as initially planned. In these specific cases, between 1 and 3 photographs were taken, depending on the tissue 

configuration within the well. However, this technical limitation does not appear to have significantly altered 

the overall observed trends in calcification. The results showed that, in general, exposure to SGLT2i did not 

lead to a consistent reduction in mineralization under all conditions tested. In female VICs, the calcification 

assays did not show any significant diferences across the different concentrations of EMPA tested. This 

absence of significant alteration in calcification is consistent with current understanding of AVS 

pathophysiology in women, where calcification is not always the predominant feature. Instead, fibrotic 

processes are often highlighted as a more significant aspect in the progression of AVS in this population 

(131,189,190). On the other hand, in male VICs, there was a significant reduction in calcification at 10 μM 910 

dose, standing out as one of the most promising findings of this study. This effect suggests that, at certain 

concentrations, SGLT2i may positively interfere in pathways associated with valvular calcification, possibly by 

modulating oxidative stress, reducing inflammation, or interfering with osteogenic pathways, 

preventing/reversing the phenotypic transition of VICs to an osteoblastic state. Thus, this data reinforces the 

therapeutic potential of SGLT2i in the valvular context, particularly in male individuals. 
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SGLT2i, like EMPA, have a significant potential in mitigating calcification in male VICs when subject to 

pro-calcific conditions. This is promising for the future development of effective strategies to combat AVS, 

based on a therapeutic scheme that includes drugs from this pharmacological class. EMPA may affect VICs’ 

differentiation and activity through the modulation of key signaling pathways involved in their activation. As 

we previously mentioned, pathways like the Wnt/β-catenin or the PI3K/AKT/GSK-3β pathways play critical 920 

roles in promoting osteoblastic differentiation of VICs. Once activated, they lead to the upregulation of 

osteogenic markers, such as Runx2 or BMP-2, which are essential for calcium deposition. In distinct cellular 

models, SGLT2i have been shown to inhibit some of those pathways and to reduce the expression of the 

osteogenic markers, suppressing, thus, the mineralization process. Chronic inflammation is a known driver 

for this disease, where the activation of TLR-2/4 and elevated levels of IL6 seem to contribute to VICs’ 

activation. But the existing evidence shows that SGLT2i has anti-inflammatory properties, downregulating TLR 

expression, inhibiting the NLRP3 inflammasome pathway and enhancing SIRT1 activity, leading to a decrease 

of inflammatory markers, like IL-6 (191). Oxidative stress also seems to play an important role in VICs 

activation and differentiation. In this regard, these drugs also appear to have antioxidant effects, as evidenced 

by decreased ROS production and downregulation of NADPH oxidase components in previous studies (174). 930 

The study of these pathways is undoubtedly important; however, our study primarily focused on the final 

phenotype. We are planning to investigate these pathways and their effectors, such as alkaline phosphatase, 

in the near future, to gain a deeper understanding of the mechanisms underlying EMPA-induced mitigation 

of calcification. 

Considering that the current treatment options for AVS are primarily surgical and the lack of approved 

pharmacological therapies capable of halting or reversing disease progression, SGLT2i emerge as a potential 

new pharmacological approach. These drugs are not new, and their safety and usage profiles have already 

been extensively studied in recent years. This further facilitates the legislation and approval of clinical trials 

to repurpose these drugs to this pathology. Notably, our findings suggest that SGLT2i, specifically EMPA, 

demonstrated a potential to mitigate calcification predominantly in male VICs. Future research should also 940 

prioritize sex-specific analyses when evaluating the efficacy of pharmacological interventions for AVS, to 
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develop more personalized and effective therapies, accounting for the unique pathophysiological 

characteristics of each sex. 

The discovery of an effective pharmacological treatment capable of halting or slowing the progression 

of AVS can positively impact patient outcomes and clinical practice, providing the potential for early 

intervention. Currently, there are no established screening programs for AVS, mostly because no treatment 

can alter the disease's natural progression. However, if an effective treatment is found, it could justify the 

implementation of well-defined screening programs. These screening programs should be carried out in 

people with risk factors for developing the pathology, such as advanced age, bicuspid aortic valve, metabolic 

syndrome, among other cardiovascular risk factors. It could possibly delay the disease’s progression even 950 

before the onset of symptoms and appearance of hemodynamic imbalances. Early detection of aortic 

sclerosis or mild aortic stenosis through transthoracic ultrasound allows a timely therapeutic intervention 

(192,193), which, in the future, may be materialized through administration of SGLT2i, at least in men.  

Due to time and logistics constraints, we were unable to assess the influence of these drugs on the 

fibrotic processes promoted by VICs. However, we are planning to move forward with these studies soon, 

employing a methodology that, while distinct in its triggers (TGF-β) and shorter incubation times (typically 3 

to 7 days), will also allow us to assess fibrosis, using Picro Sirius Red staining. This is particularly promising, 

considering that fibrosis is a predominant hallmark in female AVS. Consequently, SGLT2i might still offer 

considerable benefits in reducing fibrosis in women, even if its effect on calcification in female valves appears 

limited. 960 

To summarize, the results of this study point to a possible dose-dependent effect of EMPA in 

modulating the valve calcification process, with a distinct response profile between sexes. The observation of 

a reduction in calcification in male cells treated with 10μM EMPA reinforces the hypothesis that SGLT2i may 

positively interfere in the molecular mechanisms associated with the osteogenic differentiation of VICs. On 

the other hand, the absence of significant effects on calcification in female cells at the tested doses highlights 

the importance of a careful analysis of the biological effects of SGLT2i in different cellular contexts and sexes. 

This also underscores the need to find and test alternative, potentially more beneficial, drugs for women, 
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such as anti-fibrotic agents, given the predominant role of fibrosis in female AVS. These findings highlight the 

relevance of a personalized approach and reinforce the need for future research focused on in vivo validation, 

long-term efficacy, and safety studies, with larger sample sizes and additional evaluation of molecular 970 

markers, facilitating the translation of this therapeutic approach into clinical practice. If confirmed, these 

discoveries could really revolutionize disease management, justifying the implementation of population 

screening programs for high-risk groups, enabling early pharmacological intervention and rising the potential 

for personalized treatment strategies. This could help reduce the need for SAVR, alleviating the burden on 

healthcare systems and, ultimately, decreasing AVS-related morbidity and mortality. 

 

5. LIMITATIONS 

Despite the promising findings of this study, some limitations are evident. Our study had a limited 

number of aortic valve samples (6 patients), which can limit our conclusions about the effectiveness of the 

use of SGLT2i on the prevention and treatment of calcific AVS and restrict the generalizability of the findings 980 

due to patient-specific factors. Larger studies might be necessary in the future to be able to evaluate this 

interaction more accurately.  

This study was conducted in a laboratory setting with isolated VICs, which may not fully replicate the 

complex physiological conditions present in vivo. The behavior of VICs may differ in a three-dimensional tissue 

context, due to the interactions with the extracellular matrix, the endothelial cells, and other biomechanical 

factors. 

Also, this study used aortic valves from patients with already established severe AVS, limiting the 

possibility of studying and evaluating the effects of EMPA in preventing the development and progression of 

the disease, considering the possible altered state of the patient's cells. For ethical reasons, it was not possible 

to acquire valves from healthy people. The closest sample we were able to acquire was 2 valves from healthy 990 

pigs, which we intend to continue studying in the upcoming months. 
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The use of Alizarin red staining for calcification quantification also has some drawbacks. This 

technique demonstrates only moderate sensitivity, making it more challenging to detect slight but significant 

changes. To address this, we might consider using a pro-calcific medium supplemented with calcium 

phosphate offers greater sensitivity, compared to the osteogenic medium used (194). 

 To date, there are no other previous studies that have evaluated the role of SGLT2i on VICs to 

investigate their effects on AVS. Therefore, it is not possible to compare our findings directly with previous 

research. Some previous studies have explored the cardioprotective effects of SGLT2i in different contexts, 

but none have specifically evaluated their impact on VICs. This highlights the novelty of our approach and 

underscores the importance of further research to elucidate these mechanisms. 1000 

 Furthermore, our study did not focus on the evaluation of gene expression or biomolecular markers 

associated with the effect of EMPA on calcification. So, a more in-depth study of gene expression changes, 

protein-level alterations, as well as the expression of relevant biomarkers (ALP; collagen I; inflammatory 

cytokines; …), could help elucidate the precise molecular mechanisms involved in this therapy. 

 

6. CONCLUSIONS 

This study explored the effects of SGLT2i, precisely empagliflozin, on the calcification of human VICs 

obtained from patients with AVS. Cell viability assays demonstrated that EMPA was generally well-tolerated, 

with viability consistently remaining above 70% even at the highest concentration tested (100 µM), 

supporting its safety across the tested range. Regarding calcification, a reduction was observed in male cell 1010 

models when treated with EMPA at the concentration of 10 µM, suggesting that SGLT2i may exert a protective 

effect against pathological mineralization in this subgroup. In contrast, a significant reduction in calcification 

was not observed in female VICs across the tested concentrations. These data contribute to the phenotypic 

understanding of the interaction between SGLT2i and valvular calcification, also highlighting the importance 

of considering biological differences between sexes in this context. 
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 By paving the way for a potential pharmacological modulation of processes until now considered 

irreversible, these results may transform the therapeutic approach to aortic stenosis, currently limited to 

invasive interventions. 
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SUPPLEMENTARY MATERIALS: 

 1530 

 

     

Figure S2 – Representative microscopic photographs of some plates during cell’ expansion. They were photographed under a digital, transmitted light inverted microscope (EVOSTM 

XL Core Imaging System, Invitrogen) at a 100x magnification. 
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                                                 VIC1 (♀), 10µM EMPA                                   VIC3 (♂), 5µM EMPA                                        VIC5 (♂), 50µM EMPA    

     1540 

                                                 VIC2 (♀), 100µM EMPA                                   VIC4 (♂), 0µM EMPA                                        VIC6 (♀), 1µM EMPA 

 

Figure S1 – Representative microscopic photographs of some wells after 21 days of the calcification protocol. They were photographed under a digital, transmitted light inverted 

microscope (EVOSTM XL Core Imaging System, Invitrogen) at a 100x magnification. Additional settings: brightness level 55; TIF format; 3MP resolution. 
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Table S1 – Clinical information of human VICs’ donors. 

 VIC0 VIC1 VIC3 VIC4 VIC5 VIC6 VIC2 

Clinical 
information 

provided 

Severe aortic regurgitation 
(bicuspid valve) 

+ 
aortic root dilation 

Severe and symptomatic 
aortic stenosis 

(elective surgery) 

Severe aortic stenosis + 
acute myocardial infarction 
+ atrial fibrillation (Cardiac 

catheterization: no 
significant coronary artery 
disease; moderate ostial 
and mid-segment disease 
in the descending artery) 

Severe and symptomatic 
aortic stenosis 

(urgent surgery) 

Severe and symptomatic 
aortic stenosis 

(elective surgery) 

Severe and symptomatic 
aortic stenosis 

(elective surgery) 

Severe aortic stenosis 
+ 

aortic valve repair 
+ 

annular enlargement 
+ 

myectomy 

Birth date 
(month/year) 

12/1949 03/1950 10/1966 09/1956 10/1955 10/1955 06/1948 

Gender Male Female Male Male Male Female Female 

Weight (kg) 65 58 98 68 72 103 76 

Height (cm) 163 143 173 167 158 167 161 

Smoking status Current smoker Never smoked Current smoker Current smoker Never smoked Never smoked Never-smoked 

Diabetes no Yes, treated no no Yes, tretead no no 

Hypertension Yes, treated Yes, treated Yes, treated no Yes, treated Yes, treated Yes, treated 

Dyslipidemia no yes no yes no no yes 

Extracardiac 
arteriopathy 

Cerebrovascular disease no no Cerebrovascular disease Cerebrovascular disease no no 

Type PAD no no no no no no no 

Type 
cerebrovascular 

disease 
CVA no no 

carotid stenosis > 50% 
oclusion 

CVA no no 

Pre-op heart 
rhythm 

Sinus rhythm Sinus rhythm AF new Sinus rhythm Sinus rhythm Sinus rhythm Sinus rhythm 

Previous AF no no yes no no no no 

Previos 
echocardiogram 

yes yes yes yes yes yes yes 

Ejection fraction normal normal normal normal normal normal normal 

Ejection fraction 
(%) 

Unknown 62 62 55 62 54 Unknown 

Aortic valve bicuspid (RC/LC) tricuspid tricuspid tricuspid tricuspid tricuspid tricuspid 
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Aortic valve 
pathology 

regurgitation regurgitation + stenosis Regurgitation + stenosis Regurgitation + stenosis Regurgitation + stenosis stenosis stenosis 

Aortic 
regurgitation 

severe mild moderate mild-to-moderate mild absent mild 

Aortic valve 
stenosis 

absent severe severe severe severe severe severe 

Aortic valve 
mean gradient 

(mmHg) 
26 48 63 91 62 50 46 

Aortic valve max 
gradient 
(mmHg) 

Unknown 71 105 145 99 82 64 

Aortic valve area 
(cm2) 

1,57 0,8 0,8 0,6 0,8 0,75 1 

Urgency elective elective urgent urgent elective elective elective 

Main reason for 
surgery 

valve dysfunction valve dysfunction valve dysfunction valve dysfunction valve dysfunction valve dysfunction valve dysfunction 

Usual 
Medication 

Felodipine 10 mg id, 
Indapamide 1.5 mg id, 

Ramipril 5 mg id, 
Atorvastatin 20 mg id, 

Edistride (Dapagliflozin) 
10 mg id, 

Clonazepam (Rivotril) 
0.5 mg id, 

Escitalopram 10 mg id, 
Quetiapine 50 mg id, 
Sodium bicarbonate 

1000 mg id, 
Patiromer (Veltassa) 

8.4 g id 

Perindopril / 
Amlodipine 5/5 mg id, 

Linagliptin 5 mg id, 
Rosuvastatin / 

Ezetimibe 20/10 mg id, 
Aspirin 100 mg id, 

Metformin / 
Dapagliflozin 1000/5 mg id, 

Furosemide 40 mg id 

Losartan / 
Hydrochlorothiazide 

100/25 mg ½ tablet id 

Levothyroxine 
0.1 mg id 

Dapagliflozin (Forxiga) 
10 mg id, 

Insulin Glargine12 U id, 
Valsartan / 

Hydrochlorothiazide 
320/12.5 mg id, 

Pantoprazole 20 mg id, 
Rosuvastatin 20 mg id, 

Amlodipine 5 mg id, 
Aspirin 100 mg id 

Olanzapine 5 mg id, 
Risperidone 1 mg id, 

Quetiapine 100 mg id, 
Memantine 5 mg id, 
Sertraline 50 mg id, 

Aspirin / 
Atorvastatin / 

Ramipril 100/20/5 mg id, 
Furosemide 40 mg id 

Losartan / 
Hydrochlorothiazide 

100/12.5 mg id, 
Atorvastatin 10 mg id, 

Levothyroxine (Eutirox) id 

Abbreviations: RC – right coronary; LC – left coronary; CVA - cerebrovascular accident; U – units; AF – atrial fibrillation; PAD - peripheral artery disease; id – individual dose. Some 

clinical data were not provided for all donors and are indicated as “Unknown”. 1550 
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Table S2 — Valves and cell isolation data 
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  Date  g      h x106 % x106 x106  mL 

♀ VIC0 30/04/20
24 

AV 
insufficien

cy 

Missing 
data 

Yes No < 2h 17101-015 2202404 17 1.36 86 0 0 0 - 

♀ VIC1 04/07/20
24 

AV 
stenosis 

1.72 Yes Yes – no 
AA 

< 2h 17101-015 2202404 18 1.94 82 0 0 0  

♀ VIC2 10/07/20
24 

AV 
stenosis 

2.21 Yes Yes – AA < 6h 17101-015 2202404 18 2.48 87 0 0 0  

♂ VIC3 16/07/20
24 

AV 
stenosis 

2.42 Yes Yes – AA < 23h 17101-015 2202404 18 1.54 86 0 0 0  

♂ VIC4 01/10/20
24 

AV 
stenosis 

3.97 Yes Yes – no 
AA 

< 22h 17101-015 2202404 18 0.65 69 0 0 0  

♂ VIC5 08/10/20
24 

AV 
stenosis 

1.29 Yes Yes – AA < 23h 17101-015 2202404 18 2.58 92 0 0 0  

♀ VIC6 21/11/20
24 

AV 
stenosis 

2.95 Yes Yes – AA < 2h 17101-015 2202404 18 2.83* 94 0 0 0  

Swine 
model 

VICS1 13/01/20
25 

Pig 
sacrifice 

0.36 No Yes – AA < 18h 17101-015 2202404 20.5 4.25 87 0 0 0  

Swine 
model 

VICS2 22/01/20
25 

Pig 
sacrifice 

 

0.33 Yes Yes – AA < 3h 17101-015 2202404 16 9.60 96 0 0 0  

* Unreliable cell count (Quantification seems to have been influenced by Trypan Blue). 

Clinical and laboratory parameters of human and porcine VICs isolations, including clinical background, elapsed time until processing, enzymatic digestion conditions, cell yield and 

viability. Abbreviations: AV – aortic valve; AA – antibiotic-antimycotic; VIC – valvular interstitial cell; VIC-S – swine-derived VIC; REF - reagent reference number; LOT – lot number. 
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Table S3 — Primary cell culture characteristics: VICs isolation (P0) 1560 
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           x106 % x106 x106  mL 

VIC0 1.36 / (2x10 cm2) 12 41966-029 2661123 10270-106 2437711 15240-062 2441427 25300-062 2698732 2.18 90 0 0 0 0 

VIC1 1.94 / (2x75 cm2) 11 41966-029 2661123 10270-106 2437711 15240-062 2441427 12605-028 2682317 1,60 78 0 0 0 0 

VIC2 2.48 / (3x75 cm2) 12 41966-029 2661123 
2850893 

10270-106 2437711 15240-062 2441427 12605-028 2682317 2.33 88 0 0 0 0 

VIC3 * 1.54 / (1x75 cm2) 8 41966-029 2661123 10270-106 2437711 15240-062 2441427 12605-028 2682317 2.16 88 0 0 0 0 

VIC4 0.65 / (1x10 cm2) 14 41966-029 2850893 10270-106 2437711 15240-062 2441427 12605-028 2682317 1.15 91 0 0 0 0 

VIC5 2.58 / (3x75 cm2) 7 41966-029 2850893 10270-106 2437711 15240-062 2441427 12605-028 2682317 1.81 90 0 0 0 0 

VIC6 2.13 / (1x75 cm2) 12 41966-029 2962893 10270-106 2437711 15240-062 2441427 12605-028 2682317 1.00 81 0 0 0 0 

VICS1 4.25 / (4x75 cm2) 5 41966-029 3023253 A5256701 B2695494RP 15240-062 2441427 12605-028 2682317 23.00 99 22 2.0 11 1 

VICS2 4.00 / (4x75 cm2) 4 41966-029 3023253 A5256701 B2695494RP 15240-062 2441427 12605-028 2682317 24.00 98 22 2.0 11 1 

* P0’ [0.71(1x75 cm2)] 

Culture parameters of human and porcine VICs at passage 0 (P0), including time to confluence, reagent reference and batch numbers, and cell yields. DMEM – Dulbecco’s Modified 

Eagle Medium; FBS – fetal bovine serum; AM – antibiotic-antimycotic; P0 – passage 0 (first passage); VIC-S – swine-derived VIC; REF – reagent reference number; LOT – lot number 
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Table S4 — Primary cell culture characteristics: initial expansion (P0) 
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           x106 % x106 x106  mL 

VIC0 0.5 / (1x75 cm2) 8         1.3 77 1 0.5 2  

VIC1 1.6 / (3x75 cm2) 9 41966-029 2858893 
2661123 

10270-106 2437711 15240-062 2441427 12605-028 2682317 2.4 86 2.4 1.2 2 1 

VIC2 2.33 / (5x75 cm2) 6 41966-029 2858893 10270-106 2437711 15240-062 2441427 12605-028 2682317 4.5 81 4.5 1.14 4 1 

VIC3 1.16 / (3x75 cm2) 7 41966-029 2858893 10270-106 2437711 15240-062 2441427 12605-028 2682317 5.1 94 5.1 1.02 5 1 

VIC4 1.15 / (2x75 cm2) 7 41966-029 2902893 10270-106 2437711 15240-062 2441427 12605-028 2682317 2.7 96 2.7 2x1 
+ 
1x0.6 

3 2x1 
+ 
1x0.6 

VIC5 1.81 / (4x75 cm2) 6 41966-029 2902893 10270-106 2437711 15240-062 2441427 12605-028 2682317 6.1 96 6.1 1.02 6 1 

VIC6 1.00 / (2x75 cm2) 7 41966-029 3023253 10270-106 2437711 15240-062 2441427 12605-028 2682317 1.0 80 2.0 1.0 2 1 

VICS1 1.00 / (2x75 cm2) 5 41966-029 3023253 A5256701 B2695494RP 15240-062 2913064 12605-028 2682317 13.6 100 13.6 1.94 7 1 

VICS2 1.40 / (2x75 cm2) 4 41966-029 3023253 A5256701 B2695494RP 15240-062 2913064 12605-028 2682317 23.6 99 23.6 2.0 12 1 

Culture parameters of human and porcine VICs at passage 1 (P1), including seeding distribution, reagents, viability, and cell yields. P1 – second passage; DMEM – Dulbecco’s 1570 
Modified Eagle Medium; FBS – fetal bovine serum; AM – antibiotic-antimycotic; VIC-S – swine-derived VIC; REF – reagent reference number; LOT – lot number. 
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Table S5 — Primary cell culture characteristics: expansion (P1) 
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           x106 % x106 x106  mL 

VIC1 1.2 / (6x75 cm2) 7 41966-029 3023253 10270-106 2437711* 15140-122 2585627 25300-062 269873 3.44 81 0 0 0  

VIC2 1.14 / (6x75 cm2) 6 41966-029 2858893 10270-106 2437711 15140-122 2585627 25300-062 269873 23.38 92 0 0 0  

VIC3 1.02 / (5x75 cm2) 6 41966-029 2858893 10270-106 2437711 15140-122 2585627 25300-062 269873 2.33 89 0 0 0  

VIC4 1.00 / (4x75 cm2) 13 41966-029 3023253 10270-106 2437711* 15140-122 2585627 25300-062 269873 6.36 77 3.0 1.0 0 1.0 mL 
→P1’ 

VIC5 1.02 / (6x75 cm2) 9 41966-029 3023253 10270-106 2437711* 15140-122 2585627 25300-062 269873 3.50 89 0 0 0  

VIC6 Directly to P2                

* FBS  A5256701 

 B2695494RP 

Seeding distribution and culture conditions of human VICs at P1. VIC6 was excluded from this phase and directly advanced to P2. P1 – second passage; VIC – valvular interstitial cell; 1580 
DMEM – Dulbecco’s Modified Eagle Medium; FBS – fetal bovine serum; AM – antibiotic-antimycotic; REF – reagent reference number; LOT – lot number. 
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Table S6 — Primary cell culture characteristics: expansion (P2) 
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            x106 % x106 x106  mL 

10/12/2024 VIC1 3.44 / (6x75 cm2) 8 41966-029 3023253 A5256701 B2695494RP 15140-122 2585627 25300-062 269873 17.8*  81* 17.8 1.6 11 1 

25/11/2024 VIC2 3.38 / (6x75 cm2) 7 41966-029 2858893 10270-106 2437711 15140-122 2585627 25300-062 269873 12.8 96 12.8 1.42 9 1 

25/11/2024 VIC3 2.33 / (5x75 cm2) 7 41966-029 2858893 10270-106 2437711 15140-122 2585627 25300-062 269873 12.0 95 12.0 1.5 8 1 

16/12/2024 VIC4 3.36 / (4x75 cm2) 7 41966-029 2858893 10270-106 2437711 15140-122 2585627 25300-062 269873 3.50 93 3.5 0.87 4 1 

15/01/2025 VIC5 3.50 / (6x75 cm2) 7 41966-029 2858893 A5256701 B2695494RP 15140-122 2585627 25300-062 269873 6.80 95 6.8 0.97 

 1  

7 1 

11/12/2024 VIC6 2.00 / (4x75 cm2) 8 41966-029 3023253 A5256701 B2695494RP 15140-122 2585627 25300-062 269873 6.30 95 6.3 1.0 6 1 

* Unreliable cell count (Quantification seems to have been influenced by Trypan Blue). 1590 

Culture data of human VICs at passage 2 (P2), including confluence times, reagents, cell viability, and yields. P2 – third passage; DMEM – Dulbecco’s Modified Eagle Medium; FBS – 

fetal bovine serum; AM – antibiotic-antimycotic; VIC – valvular interstitial cell; REF – reagent reference number; LOT – lot number. 
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Table S7 - VICs’ viability 1h 

Viability 1h 

  0µM 1µM 5µM 10µM 50µM 100µM 

VIC1 1 13,46179 18,34629 18,22586 17,47267 13,24277 

VIC2 1 1,08686 1,01115 0,92425 0,76626 0,76356 

VIC6 1 1,19576 0,90331 0,83969 0,81933 0,63048 

VIC3 1 1,02053 0,94343 0,86863 0,75134 0,62399 

VIC4 1 1,02876 0,95465 0,82293 0,73719 0,69632 

VIC5 1 0,89131 0,89161 0,84253 0,75510 0,69482 
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Figure S3 – VICs’ viability 1h 
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Table S8 - VICs’ viability 2h 

Viability 2h 

  0µM 1µM 5µM 10µM 50µM 100µM 

VIC1 1 11,85012 17,86263 17,59711 16,93730 12,47227 

VIC2 1 1,10516 1,04409 0,91811 0,79683 0,77725 

VIC6 1 1,09019 0,92984 0,89383 0,86258 0,69155 

VIC3 1 1,01849 0,95399 0,89950 0,78239 0,66740 

VIC4 1 1,00659 0,96314 0,84817 0,76893 0,72277 

VIC5 1 0,91292 0,91338 0,86973 0,78449 0,72120 

 

 

 

 

 

Figure S4 - VICs’ viability 2h 
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Table S9 - VICs’ viability 3h 

Viability 3h 

  0µM 1µM 5µM 10µM 50µM 100µM 

VIC1 1 8,14011 14,10613 13,80698 13,40639 9,47998 

VIC2 1 1,10034 1,04289 0,93622 0,82035 0,79263 

VIC6 1 1,08916 0,94715 0,91791 0,88529 0,72677 

VIC3 1 1,02776 0,98002 0,93810 0,85072 0,74239 

VIC4 1 0,94242 0,97065 0,87292 0,79819 0,75200 

VIC5 1 0,93653 0,93640 0,90315 0,82540 0,76875 

 1630 

 

 

 

 

 

Figure S5 - VICs’ viability 3h 
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Table S10 - VICs’ viability 4h 

Viabilidade 4h 

  0µM 1µM 5µM 10µM 50µM 100µM 

VIC1 1 7,07949 13,11870 12,95945 12,64959 8,95483 

VIC2 1 1,07491 1,03829 0,94086 0,83671 0,80741 

VIC6 1 1,08384 0,95706 0,93206 0,90030 0,75173 

VIC3 1 1,03622 1,03118 0,98433 0,93881 0,85056 

VIC4 1 1,00839 0,98695 0,89523 0,82636 0,78286 

VIC5 1 0,96101 0,96332 0,93825 0,87372 0,82862 
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Figure S6 - VICs’ viability 4h 

 

(Tabels S7 - S10; Figures S3-S6): Relative cell viability of human VICs after exposure to increasing concentrations of 

empagliflozin (0–100 μM) for 1h, 2h, 3h, and 4h, respectively. Cells were incubated with a resazurin-based viability 

reagent, and absorbance was measured. Data were normalized to the 0 μM EMPA control condition. VIC1 was not 

included in the graphical analysis due to highly discrepant values (possible outlier). VIC – valvular interstitial cell. 
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Table S11 – Baseline calcification quantification 

Baseline calcification 

 Experiment 1 Experiment 2 Experiment 3 

VIC1 0,32770 0,40535 0,39171 

VIC2 0,41590 0,35935 0,39981 

VIC6 0,39453 0,38275 0,33828 

VIC3 0,33417 0,71806 0,83324 

VIC4 0,55100 0,79410 0,81145 

VIC5 0,41352 0,71256 0,80675 

Quantification of baseline calcification in human VICs cultured under standard growth conditions (VIC-GM), without 

osteogenic stimulation or any specific treatment. After 21 days in culture, Alizarin Red S staining was performed to assess 

calcium deposition. For each well, up to four microscopic images were acquired, and the ratio of calcified area was 

determined for each image with ImageJ. The values presented correspond to the mean ratio of calcification to total 

tissue area. 

 1670 

 

       Table S12 – VICs’ calcification under osteogenic stimulation with EMPA 

VICs’ calcification 

    0μM 1μM 5μM 10μM 50μM 100μM 

VIC1 

Plate 1 0,50132 0,40482 0,64344 0,67219 0,66575 0,68887 

Plate 2 0,59223 0,66653 0,64323 0,63479 0,58845 0,59658 

Plate 3 0,56162 0,53800 0,65192 0,64567 0,55397 0,53441 

VIC2 

Plate 1 0,53009 0,54731 0,69195 0,68385 0,53108 0,36714 

Plate 2 0,61347 0,60806 0,52834 0,52978 0,55202 0,58198 

Plate 3 0,55356 0,73247 0,84435 0,87204 0,47152 0,40762 

VIC6 

Plate 1 0,56033 0,54484 0,66950 0,54588 0,58675 0,54065 

Plate 2 0,57955 0,59970 0,60841 0,57932 0,58675 0,62633 

Plate3 0,50920 0,47412 0,47488 0,61796 0,44039 0,51300 

VIC3 

Plate 1 0,54035 0,51660 0,49507 0,49975 0,55818 0,58787 

Plate 2 0,69308 0,67524 0,67825 0,65066 0,68572 0,58234 

Plate 3 0,71847 0,68130 0,54449 0,55710 0,55914 0,72583 

VIC4 

Plate 1 0,51978 0,60207 0,56256 0,53264 0,54980 0,50375 

Plate 2 0,61770 0,60207 0,63979 0,53370 0,55551 0,66933 

Plate 3 0,59971 0,57280 0,53797 0,49939 0,49183 0,45887 

VIC5 

Plate 1 0,52573 0,54076 0,55517 0,48715 0,47159 0,48491 

Plate 2 0,64566 0,76721 0,62992 0,62296 0,65355 0,72583 

Plate 3 0,62543 0,68503 0,56390 0,46476 0,37009  --- 
Quantification of calcification in human VICs cultured under pro-osteogenic conditions (OM) with increasing 

concentrations of EMPA. After 21 days, Alizarin Red S staining was performed to evaluate calcium deposition. For each 

well, up to four microscopic images were analyzed, and the percentage of calcified area was determined per image. The 

values presented correspond to the mean ratio of calcification to total tissue area. 
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Note:  1680 

As suggested by the course faculty, I used the ARRIVE reporting guidelines and checklist in an adapted 

manner for this study, in order to fulfill this dissertation requirement. Given that these guidelines are primarily 

designed for in vivo animal research, their direct application to our study was not entirely appropriate. 

Therefore, their completion was based on an adaptation of the presented criteria to align with our study’s 

methodology. 
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The ARRIVE guidelines 2.0: author checklist 
 

The ARRIVE Essential 10 
These items are the basic minimum to include in a manuscript. Without this information, readers and reviewers cannot assess the 
reliability of the findings. 

Item  Recommendation 
Section/line number, or reason for not 

reporting 

Study design 1 For each experiment, provide brief details of study 
design including: 
a. The groups being compared, including 

control groups. If no control group has been 
used, the rationale should be stated. 

b. The experimental unit (e.g. a single animal, litter, or 
cage of animals). 

Page 25: “Aortic valve tissues were obtained 
from patients undergoing SAVR due to severe 
AVS. VICs were isolated, expanded in standard 
growth medium (VIC-GM), and cryopreserved 
until use. For the experiments, cells were 
seeded and cultured under either standard 
conditions (VIC-GM) or pro-osteogenic medium, 
with increasing concentrations of EMPA. After 
21 days, outcomes were assessed: cell viability 
was measured using a resazurin-based assay, 
and calcification was evaluated by Alizarin Red S 
staining followed by image analysis.” 

Sample size 2 a. Specify the exact number of experimental units 
allocated to each group, and the total number 
in each experiment. Also indicate the total 
number of animals used. 

b. Explain how the sample size was decided. 
Provide details of any a priori sample size 
calculation, if done. 

Page 25: “Between April and November of 2024, 
tricuspid aortic valves were obtained from six 
patients with severe AVS undergoing SAVR at 
the Cardiovascular Surgery Department of 
Unidade Local de Saúde de São João, Porto, 
Portugal. [...] Three male and three female 
patients were included after providing written 
informed consent.” 

Inclusion 
and 

exclusion 
criteria 

3 a. Describe any criteria used for including and 
excluding animals (or experimental units) 
during the experiment, and data points during 
the analysis. Specify if these criteria were 
established a priori. If no criteria were set, 
state this explicitly. 

b. For each experimental group, report any animals, 
experimental units or data points not included in 
the analysis and explain why. If there were no 
exclusions, state so. 

c. For each analysis, report the exact value of n in 
each experimental group. 

Page 25: “Three male and three female patients 
were included after providing written informed 
consent. Patients with congenital heart valve 
malformations (including bicuspid valves) or 
rheumatic aortic valve disease were excluded 
from the study.” 
Inclusion criteria → Patients with severe AVS 
undergoing SAVR at Centro Hospitalar 
Universitário São João. 
Exclusion criteria → Patients with bicuspid 
aortic valves or rheumatic disease. 
All VIC isolations that met the inclusion criteria 
were included in the final analysis. No data 
points or samples were excluded. 

Randomisation 4 a. State whether randomisation was used to 
allocate experimental units to control and 
treatment groups. If done, provide the 
method used to generate the randomisation 
sequence. 

b. Describe the strategy used to minimise 
potential confounders such as the order of 
treatments and measurements, or animal/cage 
location. If confounders were not controlled, 
state this explicitly. 

No randomisation was performed, as VICs were 
obtained from individual patients and were 
cultured in vitro under predefined experimental 
conditions. Therefore, allocation to 
experimental groups was determined by design, 
not by randomization. 

http://arriveguidelines.org/
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Blinding 5 Describe who was aware of the group allocation at 
the different stages of the experiment (during the 
allocation, the conduct of the experiment, the 
outcome assessment, and the data analysis). 

Blinding was not applied. Given the in vitro 
nature of the study and the use of VICs from 
identifiable individual patients, experimenters 
were aware of group allocations throughout. 

Outcome 
measures 

6 a. Clearly define all outcome measures assessed (e.g. 
cell death, molecular markers, or behavioural 
changes). 

b. For hypothesis-testing studies, specify the 
primary outcome measure, i.e. the outcome 
measure that was used to determine the 
sample size. 

Primary Outcome → Degree of Calcification, 
assessed via Alizarin Red S staining and 
quantified using image analysis. 
 
Secondary Outcomes → VICs proliferation and 
viability at different stages. 

Statistical 
methods 

7 a. Provide details of the statistical methods 
used for each analysis, including 
software used. 

b. Describe any methods used to assess whether 
the data met the assumptions of the statistical 
approach, and what was done if the 
assumptions were not met. 

Page 29: “Statistical analysis was performed 
using GraphPad Prism 10.4.1, with a significance 
threshold set at p < 0.05. Continuous clinical 
variables were expressed as mean ± standard 
deviation (SD), while categorical variables were 
reported as absolute frequencies and their 
respective percentages. For the cellular 
experiments, results were presented as fold-
change values relative to the respective 
baseline or control condition, depending on the 
specific experimental context. To assess 
normality, Shapiro-Wilk tests were performed. 
For clinical data, comparisons of continuous 
variables between female and male patients 
were conducted using unpaired t-tests when 
normality was confirmed, or Mann–Whitney U 
tests when normality was not met. Categorical 
variables were compared using Fisher’s exact 
test. For the cellular assays, differences across 
multiple EMPA concentrations within the same 
cell group were analyzed using one-way or two-
way ANOVA for normally distributed data, 
followed by Tukey’s multiple comparisons tests. 
When normality was not met, a Kruskal–Wallis 
test was applied, followed by Dunn’s post hoc 
test. Comparisons between female and male 
VICs at each concentration were performed 
using unpaired t-tests or Mann–Whitney U 
tests, depending on data distribution.”  

Experimental 
animals 

8 a. Provide species-appropriate details of the 
animals used, including species, strain and 
substrain, sex, age or developmental stage, 
and, if relevant, weight. 

b. Provide further relevant information on the 
provenance of animals, health/immune status, 
genetic modification status, genotype, and any 
previous procedures. 

Page 30: Table 2 
Human VICs were used. The donor profile was 
as follows: 
VIC1: Female, 74 years old, BMI 28.4 kg/m² 
VIC2: Female, 76 years old, BMI 29.3 kg/m² 
VIC3: Male, 68 years old, BMI 32.7 kg/m² 
VIC4: Male, 68 years old, BMI 24.4 kg/m² 
VIC5: Male, 69 years old, BMI 28.8 kg/m² 
VIC6: Female, 69 years old, BMI 39.7 kg/m² 

Experimental 
procedures 

9 For each experimental group, including controls, 
describe the procedures in enough detail to allow 
others to replicate them, including: 
a. What was done, how it was done and what was 

used. 
b. When and how often. 
c. Where (including detail of any acclimatisation 

Page 26: “A modified protocol based on Cuevas 
et al. was followed for VICs isolation. Under a 
biosafety cabinet, the valve was transferred to 
a pre-weighed sterile 10-cm dish, weighed, and 
photographed. The valve was washed 
thoroughly with Dulbecco's Phosphate-
Buffered Saline (DPBS) supplemented with 2% 
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periods). 
d. Why (provide rationale for procedures). 

AA, and non-fibrotic and non-calcified sections 
of the leaflets were excised using sterilized 
scissors and forceps. [...] The tissue fragments 
were subsequently transferred to a 60-mm dish 
and incubated in 7 mL of a 1%-collagenase 
solution for 10 min at 37°C, rocking the tissue 
every 2 minutes to facilitate dissociation of the 
endothelium. [...] The remaining tissue was 
further digested overnight for about 18h. The 
VICs were released by pipetting with a sterile 
Pasteur pipette and the resultant cell 
suspension was passed through a 0.70µm filter. 
[...] The suspension was centrifuged at 200×g 
for 5 min at 20°C, and the pellet was 
resuspended in VIC-GM. Viable cells were 
determined by Trypan-blue exclusion using an 
automated cell counter (Countess, 
ThermoFisher Scientific). [...] After the initial 
expansion, cells were seeded at ~0.5 million 
viable cells per T75 flask (passage 0, P0) and 
incubated at 37ºC. When cells reached 90% 
confluency, these were trypsinized and 
cryopreserved in cryopreservation medium 
(Hyclone Hycryo-STEM). In this work, cells were 
used until passage 2. […] For the assessment of 
calcification, VICs at passage 2 were seeded 
(30,000 cells/well) in 48-well plates, and for the 
viability assays, VICs at the same passage were 
seeded (10,000 cells/well) in 96-well plates. 
Cells were initially cultured in VIC-GM until 
100% confluence was reached. Subsequently, 
the medium was replaced with osteogenic 
medium (OM), consisting of DMEM 
supplemented with 5% FBS, 10 mM β-
glycerophosphate, 50 µg/mL vitamin C, and 10 
nM dexamethasone. […] To evaluate the effects 
of EMPA on VIC viability and calcification, 
increasing concentrations of EMPA (0 µM, 1 µM, 
5 µM, 10 µM, 50 µM, and 100 µM) were added 
to OM. Dimethyl sulfoxide (DMSO) was used as 
a vehicle control. Media were replaced every 2–
3 days, and cells were incubated for a total of 21 
days. […] To assess cell viability, a resazurin 
reduction assay was performed. After 21 days of 
culture, the medium was removed, and the cells 
were incubated with 50 µM resazurin in OM. 
The cells were incubated for 4 hours, and the 
absorbance of the reduced compound 
(resorufin) was read at every hour. Absorbance 
was measured at 570 nm and at 600 nm for 
correction, using a TECAN Spark microplate 
reader. […] To evaluate calcification, [...] cells 
were cultured in 48-well plates and calcium 
crystals were stained with Alizarin Red S 
solution. [...] Cells were fixed with cold neutral 
buffered formalin for 30 minutes, then stained 
with 2% Alizarin Red S solution for 30 minutes in 
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the dark. The stained wells were photographed 
with an inverted microscope, and the images 
were analyzed using ImageJ software to 
quantify the calcified area relative to total tissue 
area.”  

Results 1
0 

For each experiment conducted, including 
independent replications, report: 
a. Summary/descriptive statistics for each 

experimental group, with a measure of 
variability where applicable (e.g. mean and 
SD, or median and range). 

b. If applicable, the effect size with a confidence 
interval. 

Page 36: “The Resazurin assay results show a 
gradual reduction in viability as the EMPA dose 
increases. Male VICs showed a significant 
reduction in viability starting at 10 μM EMPA 
concentration (Figure 8B), while in female VICs 
viability significantly decreased at 100 μM 
EMPA only (Figure 8A). In both sexes, the 
average viability in each group never decreased 
below 70%, not even at the highest doses (100 
μM) of the drug, demonstrating a good safety 
profile of EMPA. […] When analyzing the effects 
of EMPA on VIC calcification in a sex-specific 
manner, distinct patterns emerged. In the case 
of women (Figure 13A), there is no significant 
alteration in calcification, comparing the 0 μM 
condition to any other concentration of EMPA. 
As for men (Figure 13B), there was in fact a 
significant reduction in the calcification of VICs, 
at a dose of 10 μM EMPA (p=0.0392), reducing 
about 11.6% of calcification. At all other 
concentrations, the differences relative to the 
condition with 0 μM EMPA were not 
significant.” 
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The Recommended Set 
These items complement the Essential 10 and add important context to the study. Reporting the items in both sets represents best 

practice. 

Item  Recommendation Section/line number, or reason for not 

reporting 

Abstract 11 Provide an accurate summary of the research 
objectives, animal species, strain and sex, key 
methods, principal findings, and study 
conclusions. 

Our study aimed to evaluate the effects of SGLT2i 
(in this case EMPA) on calcification mediated by 
VICs in the context of AVS. VICs were isolated 
from human aortic valves collected during 
surgical replacement and cultured under 
osteogenic conditions with increasing 
concentrations of EMPA. Cell viability and 
calcification were assessed through Resazurin 
assay and Alizarin Red S staining, respectively. 
Results showed that EMPA reduced calcification 
in VICs derived from male patients at 10µM, 
while, in female-derived VICs, no differences 
were found, revealing a sex-specific cellular 
response. These findings suggest that SGLT2i may 
have therapeutic potential in AVS, particularly in 
male patients, highlighting the importance of 
considering sex differences in future 
pharmacological research. 

Background 12 a. Include sufficient scientific background to 
understand the rationale and context for the 
study and explain the experimental approach. 

b. Explain how the animal species and 
models used address the scientific 
objectives and, where appropriate, 
the relevance to human biology. 

Page 6: “Aortic valve stenosis (AVS) is a 
cardiovascular disease characterized by a 
continuous process of fibrosis and calcification 
mainly led by the activation of valvular interstitial 
cells (VICs). Despite its high prevalence, there is 
still no effective pharmacological therapies to 
prevent or to treat this disease. Sodium-glucose 
co-transporter 2 inhibitors (SGLT2i), such as 
empagliflozin (EMPA), have shown cardiovascular 
benefits, but their direct effects on VICs remain 
unclear. This study aimed to investigate the 
effects of SGLT2i on VICs’-mediated calcification.” 

Objectives 13 Clearly describe the research question, research 
objectives and, where appropriate, specific 
hypotheses being tested. 

Page 24: “Our main objective is to investigate 
whether there is a direct effect of SGLT2i on the 
calcification process, one of the key pathological 
hallmarks of AVS. To this end, this project aimed 
to collect aortic valves from male and female 
patients with severe AVS, implement a protocol 
for the isolation and expansion of VICs (175), and 
subsequently induce calcification using a 
combination of β-glycerophosphate, L-ascorbic 
acid 2-phosphate, and dexamethasone to model 
the disease in vitro. Finally, the project aims to 
assess if VICs cultured under pro-osteogenic 
conditions and treated with SGLT2i would exhibit 
reduced calcification, thus providing preclinical 
evidence to support potential drug repurposing. 
A schematic representation of our study is shown 
in Figure 1.” 
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Research question → Does EMPA reduce 
calcification in AVS and how do sex-related 
differences influence its effects? 

The primary goal of this study was to determine 
whether EMPA can reduce calcification in VICs 
cultured under pro-osteogenic conditions. A 
secondary aim was to explore whether there are 
sex-specific differences in response to EMPA, 
given the known disparities in valve calcification 
patterns between males and females. 

Ethical statement 14 Provide the name of the ethical review 
committee or equivalent that has approved the 
use of animals in this study, and any relevant 
license or protocol numbers (if applicable). If 
ethical approval was not sought or granted, 
provide a justification. 

Pages 25a and 26: “Three male and three female 
patients were included after providing written 
informed consent. […] This investigation is in 
accordance with the 1964 Declaration of Helsinki 
and its later amendments and was approved by 
the institutional review board (ethics committee 
of Unidade Local de Saúde de São João, ref 
CEC109-2020).” 

Housing and 
husbandry 

15 Provide details of housing and husbandry 
conditions, including any environmental 
enrichment. 

Not applicable, as this is an in vitro study. 

Animal care and 
monitoring 

16 a. Describe any interventions or steps taken 
in the experimental protocols to reduce 
pain, suffering and distress. 

b. Report any expected or unexpected adverse 
events. 

c. Describe the humane endpoints established 
for the study, the signs that were monitored 
and the frequency of monitoring. If the 
study did not have humane endpoints, state 
this. 

Not applicable (despite the use of 2 swine aortic 
valves, these animals were sacrificed following 
another protocol from another research team, 
and the animals' aortic valves were reused for this 
study) 

Interpretation/ 
scientific 

implications 

17 a. Interpret the results, taking into account the 
study objectives and hypotheses, current 
theory and other relevant studies in literature. 

b. Comment on the study limitations 
including potential sources of bias, 
limitations of the animal model, and 

imprecision associated with the results. 

Page 6: “EMPA may attenuate VIC-mediated 
calcification in a sex-specific manner, reducing 
calcium deposition in male-derived VICs but not 
in those from females. These findings suggest 
that SGLT2i could represent a novel 
pharmacological strategy for men with AVS and 
reinforce the importance of considering sex 
differences in the development of novel 
therapies.” 

Generalizability
/ translation 

18 Comment on whether, and how, the findings of 
this study are likely to generalize to other 
species or experimental conditions, including 
any relevance to human biology (where 
appropriate). 

Although this study was conducted entirely in 
vitro, the results provide a relevant starting point 
for translational research. The identification of 
sex-specific responses to EMPA supports the 
need for personalized approaches in future 
clinical trials targeting AVS. 

Protocol 
registration 

19 Provide a statement indicating whether a 
protocol (including the research question, key 
design features, and analysis plan) was 
prepared before the study, and if and where 
this protocol was registered. 

No formal protocol registration was completed 
prior to the start of the experiments, but the 
experimental design, including the definition of 
groups, treatment concentrations, and outcome 
measures, was established in advance. Data 
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analysis plans and criteria for interpreting results 
were also determined before the experiments 
were initiated. 

Data access 20 Provide a statement describing if and where study 
data are available. 

The manuscript does not include a formal data 
availability statement. 

Declaration 

of 

interests 

21 a. Declare any potential conflicts of interest, 
including financial and non-financial. If none 
exist, this should be stated. 

b. List all funding sources (including grant 
identifier) and the role of the funder(s) in the 
design, analysis and reporting of the study. 

Page 51: “The authors have no conflicts of 
interest to declare.” 

Page 51: “This work was supported by national 
funds through FCT (Fundação para a Ciência e a 
Tecnologia, I.P.), within the scope of the 
Cardiovascular R&D Center (UIDB/00051/2020, 
UIDP/00051/2020) and RISE (LA/P/0053/2020).” 

 1710 
(The underlined points are the aspects that were adapted to our study.) 
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PLOS ONE Submission guidelines 1730 

For this study, we followed the PLOS ONE publication guidelines to ensure clarity, transparency, and scientific 

rigor. The specific instructions for authors that guided the structure and formatting of this manuscript can be 

found below. 

Style and Format 

File format 

Manuscript files can be in the following formats: DOC, DOCX, or RTF. Microsoft Word documents should not 

be locked or protected. 

LaTeX manuscripts must be submitted as PDFs. Read the LaTeX guidelines. 

Length 

Manuscripts can be any length. There are no restrictions on word count, number of figures, or amount of 1740 

supporting information. 

We encourage you to present and discuss your findings concisely. 

Font 

Use a standard font size and any standard font, except for the font named “Symbol”. To add symbols to the 

manuscript, use the Insert → Symbol function in your word processor or paste in the appropriate Unicode 

character. 

Headings 

Limit manuscript sections and sub-sections to 3 heading levels. Make sure heading levels are clearly indicated 

in the manuscript text. 

Layout and spacing 1750 

Manuscript text should be double-spaced. 

Do not format text in multiple columns. 

 

https://journals.plos.org/plosone/s/latex
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Page and line numbers 

Include page numbers and line numbers in the manuscript file. Use continuous line numbers (do not restart 

the numbering on each page). 

Footnotes 

Include page numbers and line numbers in the manuscript file. Use continuous line numbers (do not restart 

the numbering on each page). 

Language 1760 

Manuscripts must be submitted in English. 

You may submit translations of the manuscript or abstract as supporting information. Read the supporting 

information guidelines. 

Abbreviations 

Define abbreviations upon first appearance in the text. 

Do not use non-standard abbreviations unless they appear at least three times in the text. 

Keep abbreviations to a minimum. 

Reference style 

PLOS uses “Vancouver” style, as outlined in the ICMJE sample references. 

See reference formatting examples and additional instructions below. 1770 

Equations 

We recommend using MathType for display and inline equations, as it will provide the most reliable outcome. 

If this is not possible, Equation Editor or Microsoft's Insert→Equation function is acceptable. 

Avoid using MathType, Equation Editor, or the Insert→Equation function to insert single variables (e.g., “a² + 

b² = c²”), Greek or other symbols (e.g., β, Δ, or ′ [prime]), or mathematical operators (e.g., x, ≥, or  ±) in running 

text. Wherever possible, insert single symbols as normal text with the correct Unicode (hex) values. 

Do not use MathType, Equation Editor, or the Insert→Equation function for only a portion of an equation. 

Rather, ensure that the entire equation is included. Equations should not contain a mix of different equation 

https://journals.plos.org/plosone/s/supporting-information
https://journals.plos.org/plosone/s/supporting-information
http://www.nlm.nih.gov/bsd/uniform_requirements.html
https://journals.plos.org/plosone/s/submission-guidelines#loc-references
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tools. Avoid “hybrid” inline or display equations, in which part is text and part is MathType, or part is 

MathType and part is Equation Editor. 1780 

Nomenclature 

Use correct and established nomenclature wherever possible. 

Units of measurement 

Use SI units. If you do not use these exclusively, provide the SI value in parentheses after each value. Read 

more about SI units. 

Drugs 

Provide the Recommended International Non-Proprietary Name (rINN). 

Species names 

Write in italics (e.g., Homo sapiens). Write out in full the genus and species, both in the title of the manuscript 

and at the first mention of an organism in a paper. After first mention, the first letter of the genus name 1790 

followed by the full species name may be used (e.g., H. sapiens). 

Genes, mutations, genotypes, and alleles 

Write in italics. Use the recommended name by consulting the appropriate genetic nomenclature database 

(e.g., HGNC for human genes; we strongly recommend using this tool to check against previously approved 

names). It is sometimes advisable to indicate the synonyms for the gene the first time it appears in the text. 

Gene prefixes such as those used for oncogenes or cellular localization should be shown in roman typeface 

(e.g., v-fes, c-MYC). 

Allergens 

The systematic allergen nomenclature of the World Health Organization/International Union of 

Immunological Societies (WHO/IUIS) Allergen Nomenclature Sub-committee should be used for manuscripts 1800 

that include the description or use of allergenic proteins. For manuscripts describing new allergens, the 

systematic name of the allergen should be approved by the WHO/IUIS Allergen Nomenclature Sub-

https://www.bipm.org/en/measurement-units
https://www.bipm.org/en/measurement-units
https://www.genenames.org/index.html
https://www.genenames.org/tools/multi-symbol-checker/
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Committee prior to manuscript publication. Examples of the systematic allergen nomenclature can be found 

at the WHO/IUIS Allergen Nomenclature site. 

Manuscript Organization 

Manuscripts should be organized as follows. Instructions for each element appear below the list. 

Beginning section 

The following elements are required, in order: 

• Title page: List title, authors, and affiliations as first page of the manuscript; 

• Abstract; 1810 

• Introduction. 

Middle section 

The following elements can be renamed as needed and presented in any order: 

• Materials and Methods; 

• Results; 

• Discussion; 

• Conclusions (optional). 

Ending section 

The following elements are required, in order: 

• Acknowledgments; 1820 

• References; 

• Supporting information captions (if applicable). 

Other elements 

• Figure captions are inserted immediately after the first paragraph in which the figure is cited. Figure 

files are uploaded separately; 

• Tables are inserted immediately after the first paragraph in which they are cited; 

• Supporting information files are uploaded separately. 

http://allergen.org/
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Title 

Include a full title and a short title for the manuscript. 

Full title 1830 

Length 

250 characters. 

Guidelines 

Specific, descriptive, concise, and comprehensible to readers outside the field. 

Examples 

Impact of cigarette smoke exposure on innate immunity: A Caenorhabditis elegans model. 

Solar drinking water disinfection (SODIS) to reduce childhood diarrhoea in rural Bolivia: A cluster-

randomized, controlled trial. 

Short title 

Length 1840 

100 characters. 

Guidelines 

State the topic of the study. 

Examples 

Cigarette smoke exposure and innate immunity 

SODIS and childhood diarrhoea. 

Author list 

Author names and affiliations 

Enter author names on the title page of the manuscript and in the online submission system. 

On the title page, write author names in the following order: 1850 

• First name (or initials, if used) 

• Middle name (or initials, if used) 

• Last name (surname, family name) 
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Each author on the list must have an affiliation. The affiliation includes department, university, or 

organizational affiliation and its location, including city, state/province (if applicable), and country. Authors 

have the option to include a current address in addition to the address of their affiliation at the time of the 

study. The current address should be listed in the byline and clearly labeled “current address.” At a minimum, 

the address must include the author’s current institution, city, and country. 

If an author has multiple affiliations, enter all affiliations on the title page only. In the submission system, 

enter only the preferred or primary affiliation. Author affiliations will be listed in the typeset PDF article  in 1860 

the same order that authors are listed in the submission. 

Abstract 

The Abstract comes after the title page in the manuscript file. The abstract text is also entered in a separate 

field in the submission system.   

The Abstract should: 

• Describe the main objective(s) of the study 

• Explain how the study was done, including any model organisms used, without methodological detail 

• Summarize the most important results and their significance 

• Not exceed 300 words 

Abstracts should not include: 1870 

• Citations 

• Abbreviations, if possible 

 

Introduction 

The introduction should: 

• Provide background that puts the manuscript into context and allows readers outside the field to 

understand the purpose and significance of the study 

• Define the problem addressed and why it is important 

• Include a brief review of the key literature 
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• Note any relevant controversies or disagreements in the field 1880 

• Conclude with a brief statement of the overall aim of the work and a comment about whether that 

aim was achieved 

 

Materials and Methods 

The Materials and Methods section should provide enough detail to allow suitably skilled investigators to fully 

replicate your study. Specific information and/or protocols for new methods should be included in detail. If 

materials, methods, and protocols are well established, authors may cite articles where those protocols are 

described in detail, but the submission should include sufficient information to be understood independent 

of these references. 

Supporting reproducibility with protocols 1890 

To enhance the reproducibility of your results, we recommend and encourage you to make your protocols 

public. There are several options: 

Protocols associated with Research Articles 

Protocol documents may be uploaded as Supporting Information or linked from the Methods section of the 

article. For laboratory protocols, we recommend protocols.io. Include the DOI link in the Methods section of 

your manuscript using the following format: http://dx.doi.org/10.17504/protocols.io.[PROTOCOL DOI]. This 

allows editors and reviewers to consult the detailed step-by-step protocol when evaluating your manuscript. 

You can choose to keep the protocol private on the protocols.io platform until your article is published—at 

which time it will be published automatically. 

Protocols published in their own right 1900 

PLOS One offers two options for publishing stand-alone protocol articles: Lab Protocols that describe reusable 

methodologies and Study Protocols that describe detailed plans and proposals for research projects. Specific 

guidelines apply to the submission of Lab Protocol and Study Protocol manuscripts. Read the detailed 

instructions for submitting Lab Protocols and Study Protocols. 

https://journals.plos.org/plosone/s/other-article-types#loc-lab-protocols
https://journals.plos.org/plosone/s/other-article-types#loc-study-protocols
https://journals.plos.org/plosone/s/submission-guidelines#loc-lab-protocols
https://journals.plos.org/plosone/s/submission-guidelines#loc-study-protocols
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 Results, Discussion, Conclusions 

These sections may all be separate, or may be combined to create a mixed Results/Discussion section 

(commonly labeled “Results and Discussion”) or a mixed Discussion/Conclusions section (commonly labeled 

“Discussion”). These sections may be further divided into subsections, each with a concise subheading, as 

appropriate. These sections have no word limit, but the language should be clear and concise. 

Together, these sections should describe the results of the experiments, the interpretation of these results, 1910 

and the conclusions that can be drawn. 

Authors should explain how the results relate to the hypothesis presented as the basis of the study and 

provide a succinct explanation of the implications of the findings, particularly in relation to previous related 

studies and potential future directions for research. 

PLOS One editorial decisions do not rely on perceived significance or impact, so authors should avoid 

overstating their conclusions. See the PLOS One Criteria for Publication for more information. 

Acknowledgments 

Those who contributed to the work but do not meet our authorship criteria should be listed in the 

Acknowledgments with a description of the contribution. 

Authors are responsible for ensuring that anyone named in the Acknowledgments agrees to be named. 1920 

References 

Any and all available works can be cited in the reference list. Acceptable sources include: 

• Published or accepted manuscripts 

• Manuscripts on preprint servers, providing the manuscript has a citable DOI or arXiv URL. 

Do not cite the following sources in the reference list: 

• Unavailable and unpublished work, including manuscripts that have been submitted but not yet 

accepted (e.g., “unpublished work,” “data not shown”). Instead, include those data as supplementary 

material or deposit the data in a publicly available database. 

• Personal communications (these should be supported by a letter from the relevant authors but not 

included in the reference list) 1930 

https://journals.plos.org/plosone/s/criteria-for-publication
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• Submitted research should not rely upon retracted research. You should avoid citing retracted articles 

unless you need to discuss retracted work to provide historical context for your submitted research. 

If it is necessary to discuss retracted work, state the article’s retracted status in your article’s text and 

reference list. 

Ensure that your reference list includes full and current bibliography details for every cited work at the time 

of your article’s submission (and publication, if accepted). If cited work is corrected, retracted, or marked with 

an expression of concern before your article is published, and if you feel it is appropriate to cite the work even 

in light of the post-publication notice, include in your manuscript citations and full references for both the 

affected article and the post-publication notice. Email the journal office if you have questions. 

References are listed at the end of the manuscript and numbered in the order that they appear in the text. In 1940 

the text, cite the reference number in square brackets (e.g., “We used the techniques developed by our 

colleagues [19] to analyze the data”). PLOS uses the numbered citation (citation-sequence) method and first 

six authors, et al. 

Do not include citations in abstracts.  

Make sure the parts of the manuscript are in the correct order before ordering the citations. 

Formatting references 

PLOS uses the reference style outlined by the International Committee of Medical Journal Editors (ICMJE), 

also referred to as the “Vancouver” style. Example formats are listed below. Additional examples are in 

the ICMJE sample references. 

Journal name abbreviations should be those found in the National Center for Biotechnology Information 1950 

(NCBI) databases. 

 

 

 

 

http://www.nlm.nih.gov/bsd/uniform_requirements.html
http://www.ncbi.nlm.nih.gov/nlmcatalog/journals
http://www.ncbi.nlm.nih.gov/nlmcatalog/journals
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Figures and tables 

Figures 

Do not include figures in the main manuscript file. Each figure must be prepared and submitted as an 

individual file. 

Cite figures in ascending numeric order at first appearance in the manuscript file. 1960 

Figure captions 

Figure captions must be inserted in the text of the manuscript, immediately following the paragraph in which 

the figure is first cited (read order). Do not include captions as part of the figure files themselves or submit 

them in a separate document. 

At a minimum, include the following in your figure captions: 

• A figure label with Arabic numerals, and “Figure” abbreviated to “Fig” (e.g. Fig 1, Fig 2, Fig 3, etc). 

Match the label of your figure with the name of the file uploaded at submission (e.g. a figure citation 

of “Fig 1” must refer to a figure file named “Fig1.tif”). 

• A concise, descriptive title 

The caption may also include a legend as needed. 1970 

Tables 

Cite tables in ascending numeric order upon first appearance in the manuscript file. 

Place each table in your manuscript file directly after the paragraph in which it is first cited (read order). Do 

not submit your tables in separate files. 

Tables require a label (e.g., “Table 1”) and brief descriptive title to be placed above the table. Place legends, 

footnotes, and other text below the table. 

Statistical reporting 

Manuscripts submitted to PLOS One are expected to report statistical methods in sufficient detail for others 

to replicate the analysis performed. Ensure that results are rigorously reported in accordance with community 

standards and that statistical methods employed are appropriate for the study design. 1980 
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Reporting of statistical methods 

In the methods, include a section on statistical analysis that reports a detailed description of the statistical 

methods. In this section: 

• List the name and version of any software package used, alongside any relevant references 

• Describe technical details or procedures required to reproduce the analysis 

• Provide the repository identifier for any code used in the analysis (See our code-sharing policy). 

Statistical reporting guidelines: 

• Identify research design and independent variables as being between- or within-subjects 

• For pre-processed data: 

o Describe any analysis carried out to confirm the data meets the assumptions of the analysis 1990 

performed (e.g. linearity, co-linearity, normality of the distribution). 

o If data were transformed include this information, with a reason for doing so and a 

description of the transformation performed 

• Provide details of how outliers were treated and your analysis, both with the full dataset and with 

the outliers removed 

• If relevantav describe how missing/excluded data were handled 

• Define the threshold for significance (alpha) 

• If appropriate, provide sample sizes, along with a description of how they were determined. If a 

sample size calculation was performed, specify the inputs for power, effect size and alpha. Where 

relevant, report the number of independent replications for each experiment. 2000 

• For analyses of variance (ANOVAs), detail any post hoc tests that were performed 

• Include details of any corrections applied to account for multiple comparisons. If corrections were 

not applied, include a justification for not doing so 

• Describe all options for statistical procedures. For example, if t-tests were performed, state whether 

these were one- or two-tailed. Include details of the type of t-test conducted (e.g. one sample, within-

/between-subjects). 

https://journals.plos.org/plosone/s/materials-software-and-code-sharing
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• For step-wise multiple regression analyses: 

o Report the alpha level used 

o Discuss whether the variables were assessed for collinearity and interaction 

o Describe the variable selection process by which the final model was developed (e.g., 2010 

forward-stepwise; best subset). See SAMPL guidelines. 

• For Bayesian analysis explain the choice of prior trial probabilities and how they were selected. 

Markov chain Monte Carlo settings should be reported. 

Reporting of statistical results 

Results must be rigorously and appropriately reported, in keeping with community standards. 

• Units of measurement. Clearly define measurement units in all tables and figures. 

• Properties of distribution. It should be clear from the text which measures of variance (standard 

deviation, standard error of the mean, confidence intervals) and central tendency (mean, median) 

are being presented. 

• Regression analyses. Include the full results of any regression analysis performed as a supplementary 2020 

file. Include all estimated regression coefficients, their standard error, p-values, and confidence 

intervals, as well as the measures of goodness of fit. 

• Reporting parameters. Test statistics (F/t/r) and associated degrees of freedom should be provided. 

Effect sizes and confidence intervals should be reported where appropriate. If percentages are 

provided, the numerator and denominator should also be given. 

• P-values. Report exact p-values for all values greater than or equal to 0.001. P-values less than 0.001 

may be expressed as p < 0.001, or as exponentials in studies of genetic associations. 

• Displaying data in plots. Format plots so that they accurately depict the sample distribution. 3D 

effects in plots can bias and hinder interpretation of values, so avoid them in cases where regular 

plots are sufficient to display the data. 2030 

http://www.equator-network.org/wp-content/uploads/2013/03/SAMPL-Guidelines-3-13-13.pdf
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• Open data. As explained in PLOS’s Data Policy, be sure to make individual data points, underlying 

graphs and summary statistics available at the time of publication. Data can be deposited in a 

repository or included within the Supporting Information files. 

Data reporting 

All data and related metadata underlying the findings reported in a submitted manuscript should be 

deposited in an appropriate public repository, unless already provided as part of the submitted article. 

Cell lines 

Authors reporting research using cell lines should state when and where they obtained the cells, giving the 

date and the name of the researcher, cell line repository, or commercial source (company) who provided the 

cells, as appropriate. 2040 

Authors must also include the following information for each cell line: 

- For de novo (new) cell lines, including those given to the researchers as a gift, authors must follow our 

policies for human subjects research or animal research, as appropriate. The ethics statement must include: 

• Details of institutional review board or ethics committee approval; AND 

• For human cells, confirmation of written informed consent from the donor, guardian, or next of kin 

- For established cell lines, the Methods section should include: 

• A reference to the published article that first described the cell line; AND/OR 

• The cell line repository or company the cell line was obtained from, the catalogue number, and 

whether the cell line was obtained directly from the repository/company or from another laboratory 

 2050 

Authors should check established cell lines using the ICLAC Database of Cross-contaminated or Misidentified 

Cell Lines to confirm they are not misidentified or contaminated. Cell line authentication is recommended 

– e.g., by karyotyping, isozyme analysis, or short tandem repeats (STR) analysis – and may be required during 

peer review or after publication. 

  

https://journals.plos.org/plosone/s/data-availability
https://journals.plos.org/plosone/s/human-subjects-research
https://journals.plos.org/plosone/s/animal-research
http://iclac.org/databases/cross-contaminations/
http://iclac.org/databases/cross-contaminations/
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