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1.   Introduction                                                                                                

 

1.1. Ectopic calcification 

Ectopic calcification is a pathological biomineralisation that occurs in soft tissues. Such 

mineralisation consists of calcium phosphate salts, including hydroxyapatite, calcium carbonates, 

octacalcium phosphate and calcium oxalates (1,2). Two general mechanisms of ectopic 

calcification are (a) metastatic calcification, a consequence of high levels of phosphate and/or 

calcium in the serum, and (b) dystrophic calcification, which manifests in diseased tissue because 

of injury or trauma under normal levels of calcium and phosphate (3).   

The pathophysiology of ectopic calcification is similar to that of bone mineralisation (4). 

Physiological mineralisation takes place in the skeletal system, including the bone, teeth, and 

cartilage (5). Bone formation occurs when osteoblasts secrete an extracellular matrix mineralised 

by crystalline hydroxyapatite formation (6).  

Ectopic calcification was thought to be a passive and degenerative process, a spontaneous 

precipitation of calcium phosphate salts. However, accumulated evidence in the last two decades 

suggests that it is a highly regulated complex mechanism driven by an imbalance between 

calcification inducers and inhibitors (7).  

Ectopic calcification can occur in almost any soft tissue, including the brain, kidney, skin, 

tendons, eyes, and most importantly, the cardiovascular system (8–10) (Fig. 1). Among them, 

cardiovascular calcification is the most studied process which I will introduce in the next chapter. 

Figure 1. Ectopic calcification in soft tissues.  Major sites of soft tissue calcification are shown. The 

primary forms of ectopic mineralisation are calcium phosphates, calcium carbonate, and calcium 

oxalates (243).  
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1.2. Cardiovascular calcification 

Cardiovascular calcification is the precipitation of hydroxyapatite crystals in the walls of 

blood vessels, myocardium, and heart valves in the cardiovascular system which contributes to the 

development of cardiovascular diseases that is a leading cause of morbidity and mortality 

worldwide (11). Cardiovascular calcification is associated with several conditions such as 

hereditary disorders and aging, as well as some chronic diseases including diabetes and chronic 

kidney disease (CKD) (12,13).  

Vascular calcification (VC) can affect different arteries, including the coronary, abdominal, 

iliac, and femoral arteries (14). Depending on the location of hydroxyapatite precipitation, VC is 

classified into intimal calcification and medial calcification (Fig. 2). Intimal calcification is present 

focally in the intimal layer and is mostly associated with atherosclerotic plaques. On the other 

hand, medial calcification, also known as Mönckeberg sclerosis, mainly occurs in aging, diabetes 

and CKD (15).  

The most common heart valve disease in the Western world is calcific aortic valve disease 

(CAVD), which affects 25% of the senior population with no current pharmaceutical intervention 

(16). The disease pathogenesis is not yet completely understood, and whether it is a feature of 

atherosclerosis or an independent risk factor of valve calcification is still under debate (17). In 

advanced stages of CAVD, fibrosis and calcification of the valve can result in the obstruction of 

the aortic valve opening (18).  

Figure 2. Types of cardiovascular calcification. Medial, intimal, and valve calcification are the most 

common types of cardiovascular calcification. Intimal calcification develops within an atherosclerotic 

plaque in the intima. Medial calcification occurs in the aortic tunica media around the smooth muscle 

cells. Valve calcification takes place primarily on the aortic side of heart valves (244). 
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Previous studies have suggested that cardiovascular calcification is an actively regulated 

process that involves phenotypic switching and trans-differentiation of vascular smooth muscle 

cells (VSMCs) and valve interstitial cells (VICs) into osteoblast-like cells. The osteo-

/chondrogenic transdifferentiation of VSMCs and VICs is initiated by the upregulation of osteo-

/chondrogenic transcriptional factors (19,20), including runt-related transcription factor 2 (Runx2), 

Sry-related HMG box-9 (Sox9), Msh homebox2 (Msx2), and bone morphogenetic proteins 

(BMPs). Under osteogenic conditions, VSMCs/VICs upregulate the expression of osteogenic 

factors such as type I collagen, alkaline phosphatase (ALP), osteopontin (OPN), and osteocalcin 

(OCN) (19–22). 

Several calcification mechanisms have been identified. These include inflammation, 

apoptosis, endoplasmic reticulum (ER) stress, reactive oxygen species (ROS) production, and 

matrix vesicle release. Inflammation not only contributes to the progression of atherosclerosis but 

also triggers vascular calcification. Recent studies have shown that arterial inflammation occurs 

before the development of arterial calcification (23). ER stress promotes vascular calcification 

through apoptosis by inducing osteo-/chondrogenic transdifferentiation and autophagy (24).   

 

1.2.1 Vascular calcification in chronic kidney disease  

VC is a common complication in CKD patients. VC contributed to 3-4 fold increase in 

cardiovascular mortality (25).  Although the exact mechanisms underlying VC in CKD are not yet 

completely understood, several studies have identified several risk factors contributing to VC 

development, such as hyperphosphatemia, uraemic toxins, hypercalcaemia, oxidative stress, 

inflammation, hypoxia, Klotho protein deficiency, and vitamin D supplementation (26–30).  

Studies have identified a strong association between hyperphosphatemia and multiple 

conditions, including arteriosclerosis, vascular and valvular calcification, and a high risk of 

cardiovascular death, particularly in advanced CKD stages (31).  

The effects of hyperphosphatemia are mediated through sodium-dependent phosphate 

cotransporters (Pit-1/2) which facilitates extracellular Pi entry into VSMCs (32). Accumulation of 

intracellular Pi promotes the expression of Runx2, OPN, and OCN. These events lead to the 

secretion of mineral-nucleating particles, such as matrix vesicles containing Pi and Ca as well as 

calcium-binding proteins and ALP. These factors induce a phenotypic switch in VSMC, leading 

to vascular calcification (Fig. 3) (33,34). Additionally, hyperphosphatemia can lead to apoptosis-
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dependent VSMCs calcification through the secretion of apoptotic bodies (35,36). Some studies 

revealed that high Pi levels induce oxidative stress by elevating mitochondrial ROS which play a 

causative role in the upregulation of osteo-/chondrogenic transcription factors and markers, as well 

as the release of apoptotic bodies and matrix vesicles (35,37,38). 

 

 

Additionally, passive precipitation of calcium phosphate products can be triggered by the 

saturation of extracellular fluids (such as urine, serum, and synovial fluids) with phosphate and 

calcium. Calcification inhibitors, such as Fetuin-A, pyrophosphate (PPi), OPN and Matrix Gla 

Proteins (MGP), prevent such passive deposition of calcium phosphate crystals (39). 

 

 

Figure 3. The mechanism of high phosphate-induced osteo-/chondrogenic transdifferentiation of 

VSMCs. In response to high phosphate (Pi) VSMCs can transdifferentiate into osteo-/chondroblast-like 

cells. This process is characterised and, at least partly, mediated by the expression of osteogenic 

transcription factors such as Runx2, MSX2, SOX9, and OCN. The osteoblast-like cells actively promote 

calcification by reduced availability of calcification inhibitors, apoptosis, inflammation and oxidative 

stress (33). 
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1.2.2 Vascular calcification in association with type 2 diabetes (T2D) 

In 2021, the International Diabetes Federation reported that the global estimate of diabetes 

was 537 million, with an overall prevalence of 8.3%, with the expectation that in 2045 it will reach 

783 million (40). T2D is a significant independent cardiovascular risk factor and VC is one of its 

major complications (41,42). In fact, VC is a strong independent marker of coronary artery 

calcification (CAC) in T2D patients (42,43). 

The molecular mechanism of T2D leading to VC has been extensively studied. 

Hyperglycaemia promotes osteo-/chondrogenic transdifferentiation by upregulating the 

expression of Runx2, BMP-2, and OCN in VSMCs (44–47). Growing evidence suggest that 

oxidative stress, inflammation, and, most importantly, advanced glycation end products (AGEs) 

play a critical role in T2D-associated VC (48–50). AGEs are a group of stable end products 

produced between large molecules, such as proteins, nucleic acids, lipids, and reducing sugars, 

under non-enzymatic reaction conditions. AGEs accumulate in the blood vessels in T2D. AGEs 

binds to RAGE (receptor of AGE) and activate several downstream signalling pathways involved 

in VC development (50–53). 

Reactive oxygen species contributes to the formation of AGEs through a process known as 

glycoxidation. In this process, ROS react with sugars (especially glucose) to form reactive 

intermediates, which further interact with proteins, lipids, or nucleic acids. ROS can amplify AGEs 

production by promoting oxidative stress and cellular damage. Increased ROS levels in conditions 

like diabetes accelerate the formation of AGEs, contributing to the progression of diabetic 

complications (Fig. 4) (50,54–56). 

In addition, various factors caused by T2D, such as hyperinsulinemia and diabetic 

nephropathy, are involved in the development of diabetic VC (57). Furthermore, diabetic patients 

with CKD are more susceptible to developing hyperphosphatemia (58), which is an independent 

risk factor for CAC development (59).  
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1.3. Calcification in the eye 

The eye is a complex sensory organ responsible for vision. It detects and interprets light, 

converting it into electrical signals the brain processes to form visual perceptions. It consists of the 

cornea, conjunctiva, sclera, choroid, lens, retina, and optic nerve (60,61). Notably, pathological 

calcium deposition occurred across all the layers (62–66). Eye calcification is associated with 

various diseases, including pseudoxanthoma elasticum (PXE), chronic kidney disease, and 

diabetes  (67–72).  

 

 

Figure 4. Mechanisms of calcification in diabetes mellitus. The earliest form of calcification, 

microcalcification, occurs in apoptotic VSMCs and macrophages in conjunction with an increase in 

serum calcium-phosphorous product. Increases in phosphate concentration in VSMCs induce a switch 

to osteoblast-like phenotype. Hyperglycaemia also affect calcification through multiple mechanisms 

such as oxidative stress, AGE, O-linked β-N-acetylglucosamine modification (O-GlcNAcylation), and 

endothelial dysfunction. EPCs; endothelial progenitor cells; FGF, fibroblast growth factor; HDL-C, 

high-density lipoprotein-cholesterol; IL, inter-leukin; MCCs, myeloid calcifying cells; MV, matrix 

vesicle; OPG, osteoprotegrin; ROS, reactive oxygen series; Runx2, Runt-related transcription factor-2; 

TGF, transforming growth factor; and TNF, tumor necrosis factor (42). 
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1.3.1. Corneal and conjunctival calcification  

Patients with CKD suffer from metastatic calcification at several sites, including the arterial 

valves, joints, and eyes (73). Conjunctival and corneal calcifications (CCC) are the most common 

forms of ectopic calcifications in the eyes of patients undergoing haemodialysis (74,75). CCC is 

associated with high serum calcium levels and elevated mortality risk (76). Studies have revealed 

a correlation between CCC and CKD, with a 26% increase in the risk of all-cause mortality (73). 

This indicates its significance as a potential prognostic indicator for recognising CCC development 

in patients undergoing maintenance haemodialysis for end-stage renal disease (ESRD) (62,73). 

The association between CCC and high mortality risk needs further investigation of the 

underlying mechanisms causing calcification in ocular tissues. Continued investigation into the 

pathophysiology of CCC is promising for developing novel therapeutic strategies to improve the 

overall prognosis and quality of life of CKD patients undergoing haemodialysis. 

Recent studies have reported that ESRD patients have a higher risk of developing calcific band 

keratopathy (CBK) (77). CBK is a non-specific corneal condition characterised by white-greyish 

opacities deposited in the superficial layers of the cornea. These opacities are typically located in 

the intervertebral zone (78). CBK is considered as a chronic, degenerative condition that develops 

slowly (79). These opacities are composed of calcium hydroxyapatite, calcium carbonate salts, and 

non-crystalline forms of phosphate (80). CBK can cause various systemic and ocular conditions. 

The most common and severe complications of CBK include high serum phosphate 

concentrations, elevated serum calcium levels, and secondary renal hyperparathyroidism (77,81). 

 

1.3.3. Retinal and Bruch's membrane calcification 

The deposition of calcium-containing minerals, particularly hydroxyapatite, in the retina is 

associated with several diseases such as age-related macular degeneration (AMD), PXE and CKD 

(82–85). Patients with chronic renal failure exhibited retinal arteriolar calcification (82), while 

PXE and AMD patients develop the calcifications in the subretinal pigment epithelial layer 

(83,86). 

AMD, the leading cause of blindness in Europe, occur by the degeneration of the macula, and 

the calcification process in the subretinal pigment epithelial layer plays a critical role in its 

development (86–89). On the other hand, PXE is characterized by the abnormal mineralization of 

various tissues such as the skin, eyes, and cardiovascular system (90,91). In the eye PXE affect the 
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Bruch's membrane which is a thin layer of extracellular matrix situated between the choroid and 

the retinal pigment epithelium playing a crucial role in maintaining retinal integrity (67,92). In 

PXE patients, the calcification of Bruch's membrane is triggered by low levels of the calcification 

inhibitor PPi (93). 

 

1.3.4. Lens calcification. 

The main optical function of the lens is transmitting light, focusing it on the retina. The cornea 

contributes about 70% of total refraction (94), while the lens fine-tunes the focusing of light onto 

the retina (95,96). To facilitate light transmission the lens has one of the highest proteins 

concentrations of any tissue, about 60% of the lens mass is composed of proteins (97). 

The lens is encased by a collagenous capsule, where epithelial cells form a monolayer on the 

anterior surface and the fiber cells facing posteriorly (98,99). Lens epithelial cells (LECs) start 

proliferating at the germinative zone. Then they migrate toward the equator, where they mature to 

form elongated fiber cells. Fiber cells lose most of their organelles such as mitochondria, nucleus, 

Golgi bodies, and both rough and smooth ER to increase light transmission (100,101). 

LECs can undergo phenotype switch in response to environmental changes. For example, the 

epithelial‐to‐mesenchymal transition (EMT) is triggered by tissue damage, inflammation, or 

certain growth factors such as transforming growth factor beta (102,103). Studies have described 

that LECs are capable of undergoing osteo-, chondro-, and adipogenesis (104,105). Osteogenesis 

can provide an explanation for hydroxyapatite and osteocalcin presence in human cataractous 

lenses. The phenotypic switch of LECs into osteoblast‐like cells shares similarities with 

physiological bone formation, and VC. Increased expression of Runx2 has been shown in LECs 

in response to osteogenic stimulation (Fig. 5) (104). Accumulating evidence suggests that 

phenotypic changes in LECs have a pivotal role in cataract formation. 

Figure 5. Schematic representation of Lens epithelial cell calcification. 
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      Cataract is defined as lens opacification, and it is the leading cause of blindness worldwide 

(106,107). Several risk factors were identified for cataract formation including aging, UV, 

smoking, inflammation, genetics factors and diabetes (108). Among them aging is the most 

common risk factor for cataract formation (109), approximately 25% of the population over the 

age of 65 and 50% over the age of 80 are affected (110). Currently surgery is the only available 

treatment for cataract (111). A great deal of effort was made into determining the cause of age-

related cataracts, and several relevant mechanisms have been identified.  

Age-related cataract begins to manifest in the lens around the age of 50 years. This occurs due 

to the accumulative environmental damage to lens cells and proteins. Lens proteins are essential 

for maintaining its transparency; over the years, the damage accumulates slowly in these long-

lived proteins. This leads to the formation of insoluble protein aggregates, which are found in 

cataractous lenses (112–115). On the other hand, several studies have reported that hydroxyapatite 

is present in cataractous lenses (115–117). As discussed previously, HuLEC can trans-differentiate 

into osteoblast-like cells, which can provide an explanation for the presence of hydroxyapatite in 

the cataractous lens. 

T2D is associated with a two- to fivefold higher risk of cataract formation independent of 

other traditional risk factors (116). The risk of diabetic cataracts correlates with the duration of 

diabetes and hyperglycaemia severity, whereas glycaemic control slows the formation of cataracts 

(117). The pathology of cataract formation is undergoing comprehensive research, revealing 

various mechanisms, such as the decomposition of long‐lived lens proteins, oxidative stress, and 

genetic defects. 

 

1.4. Hypoxia-inducible factor 1 (HIF-1) pathway 

The HIF-1 pathway has a crucial role in the cell response to hypoxia (118). HIF-1 is a 

heterodimeric transcription factor composed of a regulated HIFα subunit and a constantly 

expressed β subunit. In normoxic conditions, HIFα subunits are polyubiquitylated by the von 

Hipple-Lindau (VHL) and targeted for proteasomal degradation. In normoxia, this interaction 

between HIFα subunits and the VHL complex requires the hydroxylation of two proline residues 

in the oxygen dependent HIFα domain degradation (119). This reaction is catalysed by prolyl 

hydroxylases (PHDs) and coupled to the oxidative decarboxylation of α- ketoglutarate to succinate 
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and carbon dioxide. When oxygen is present PHD enzymes hydroxylate both HIF1α and HIF2α 

but they require α- ketoglutarate and iron (Fe2+) to function (120).  

In normoxic conditions, PHD2 is the primary enzyme responsible for the hydroxylation and 

degradation of HIFα subunit. While hypoxia prevents this reaction, which results in the 

dimerization of HIFα subunits with HIF-1β to form transcriptionally active complexes. HIF’s 

transcriptional activity is regulated by factor inhibiting HIF1 (FIH1) (119,121).  In normoxia FIH1  

hydroxylates an asparagine residue within the C- C-terminal domain of HIF-1α and HIF-2α to 

prevent co-activators (p300 and CBP) recruitment to the C-terminal domain, reducing the 

transcriptional activity of HIF-1 (122). HIF pathway activation causes the transcriptional 

activation of various genes involved in angiogenesis, metastasis, cell survival and glycolysis, 

including pyruvate dehydrogenase kinase 4 (PDK4), lactate dehydrogenase A (LDHA), glucose 

Figure 6. HIF-1 signalling pathway. Under normoxic conditions, HIF-1α is hydroxylated by prolyl-

4- hydroxylase (PHD) and factor inhibiting HIF-1 (FIH), which interacts with von Hippel-Lindau 

(VHL), resulting in the degradation by the proteasome. While in hypoxic conditions, HIF-1α 

accumulates and translocates to the nucleus, forming a heterodimer of HIF-1α/HIF-1β. The complexes 

then bind to the hypoxia response element (HRE) with p300/CBP, which activates the expression of 

hundreds of genes, including vascular endothelial growth factor (VEGF), glucose transporter 1 

(GLUT1), and erythropoietin (EPO) (245). 
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transporter 1 (GLUT1) and vascular endothelial growth factor A (VEGFA) (Fig. 6) (30,119,123–

125).  

 

1.4.1. HIF-1 pathway activation under diabetic conditions 

High HIF-1α expression has been observed in diabetic patients with coronary artery 

calcification and in rats with VC (126). Hyperglycaemia is associated with HIF‐1α stabilisation 

and HIF pathway activation in diverse cell types, including LECs (127). In addition, 

hyperglycaemia impairs the changes caused by hypoxia-induced VSMC growth (proliferation and 

apoptosis) through the inhibition of HIF-1α expression (128). This suggests a dynamic interplay 

between hyperglycaemia and hypoxia, which are two of the most critical factors of chronic 

complications in diabetes. 

Hypoxia triggers several adaptation mechanisms, including vascular reactivity and 

remodelling, angiogenesis, and facilitate metabolic changes, such as enhanced glucose uptake as 

well as glycolysis, to promote survival in hypoxic conditions (129). Hypoxia and HIF mechanisms 

in patients with diabetes involve complex interactions. HIF-1α participates in VC development by 

regulating glucose metabolism and accelerating VSMC calcification by upregulating PDK4 

expression in response to AGEs (125,130).  

AGEs promote VSMCs calcification by activating the HIF-1α /PDK4 signalling pathway 

while impairing the metabolism of glucose (130,131). Stable HIF-1α enhances the expression of 

PDK4. This induces phosphorylation of SMAD1/5/8. Moreover, AGEs enhance oxidative stress 

in VSMCs calcification, as well as PDK4 activation which contributes to mitochondrial 

dysfunction and the production of excessive mitochondrial ROS (130,132,133). 

The intricate interplay between ROS, oxidative stress, hypoxia, and HIF-1 in diabetes 

underscores the complexity of cellular responses to metabolic and environmental stressors, 

particularly cardiovascular and renal complications (134). Hyperglycaemia leads to ROS 

overproduction (135,136), whereas hypoxia triggers HIF activation, and ROS influences HIF-1α 

stability (137). In diabetes, the deregulation of redox-mediated HIF-1α enhances the complications 

induced by mitochondrial dysfunction and inflammation (Fig. 7) (130,138).  
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1.4.2. Hypoxic regulation of vascular calcification 

Accumulating evidence has suggested that there is a link between hypoxia and VC. For 

example, arterial calcification is amplified in patients with obstructive sleep apnoea, asthma, and 

chronic obstructive pulmonary disease (139–141).  

A previous study reported increased nuclear staining for HIF-1 in aortic sections from a CKD 

rat model treated with a high-phosphate diet. Activation of HIF-1 was associated with increased 

expression of HIF-1 target genes (e.g. VEGFA and GLUT-1) and reduced VSMC marker 

expression. Furthermore, this study demonstrated HIF-1 activation by high phosphate levels in 

VSMCs, even under normoxia. Therefore, hypoxia and high phosphate levels enhance the osteo-

Figure 7. Proposed mechanism of hyperglycaemia-induced complications. Hyperglycaemia can 

lead to the development of cardiovascular, eye, and renal complications in which increased production 

of reactive oxygen species (ROS) plays a role. Both ROS and hyperglycaemia are linked to the hypoxia-

inducible factor pathway (HIF).  AGEs: advanced glycation end products (136). 
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/chondrogenic transdifferentiation of VSMCs. HIF-1 has been identified as an early marker for 

CKD and a potential target against VC (142). 

The role of HIF-1 pathway activation in osteo-/chondrogenic differentiation of VSMCs was 

also investigated in normal phosphate condition. That study revealed that hypoxia, even in the 

absence of elevated phosphate can induce osteo-/chondrogenic differentiation of VSMCs, in which 

process elevated ROS production played a critical role. ROS production occurs upstream of HIF-

1 stabilisation under hypoxic conditions. ROS scavenger’s attenuate hypoxia-induced calcification 

(30).  

Additionally, researchers have reported that hypoxia-mimetic drugs such as daprodustat 

(DPD) activate the HIF-1 signalling pathway and increase high phosphate-induced VSMC 

calcification. Application of DPD at its therapeutic dose increase aorta calcification in a mice 

model of adenine-induced CKD (143).  
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2.   Hypothesis                                                                                                

 

 

Hypothesis 1. We hypothesized that high glucose facilitates osteo-/chondrogenic 

transdifferentiation of human LECs through the activation of HIF-1 signalling. 

Specific aims: 

1. To establish a cellular model for studying the osteo-/chondrogenic transdifferentiation of 

human LECs. 

2. To study the effect of high glucose level on HIF-1 activation in LECs.  

3. To explore the role of HIF-1 activation in the process of osteo-/chondrogenic 

transdifferentiation of human LECs. 

4. To provide insights into the molecular mechanism involved in the development of cataracts 

in diabetic individuals. 

 

Hypothesis 2. We hypothesized that CKD triggers cardiac tissue calcification in association 

with increased osteogenic and hypoxia marker expressions in the heart.  

 Specific aims: 

1. To establish a mouse model of CKD with heart tissue calcification.   

2. To explore whether heart calcification is associated with increased expression of osteogenic 

and hypoxia markers.  
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3. Materials and methods                                                                                                 

 

3.1. Materials 

All the materials used are listed in tables 1-5. 

   3.2 Induction of CKD in mice 

 All animal experiments were performed with the University of Debrecen institutional ethics 

committee approval under registration number 10/2021/DEMÁB and followed Directive 

2010/63/EU of the European Parliament on the protection of animals used for scientific purposes 

and ARRIVE guidelines. 10 male C57BL/6 mice (8–10-week-old, n=5/group) were randomly 

divided into two groups: control (Ctrl) and CKD. CKD was induced with a diet containing 0.2% 

adenine and 0.7% phosphate for six weeks, followed by 0.2% adenine and 1.8% phosphate (S8106-

S075 and S8893-S006 respectively, Ssniff, Soest, Germany) for another four weeks. Mice were 

euthanized via CO2 inhalation, and blood was collected for analysis by cardiac puncture. 

3.3 Renal function and anaemia in mice 

Plasma urea, phosphate and creatinine levels were evaluated spectrophotometrically and by a 

kinetic assay respectively, using a CobasR 6,000 device (Roche Diagnostics, Mannheim, 

Germany). Haematology parameters were assessed from citrate anti-coagulated whole blood with 

a Siemens Advia-2120i analyser (Siemens, Tarrytown, NY, USA) with the use of 800 Mouse 

C57BL6 program of Multi Species software. 

3.4 Imaging and quantification of heart calcification 

 The mice were anesthetized with isoflurane inhalation and injected with the OsteoSenseTM dye in 

2 nmol/ 20 g body weight dose through the retro-orbital venous sinus. Imaging was performed 24 

hours post-injection. The mice were euthanized with CO2 inhalation, then perfused with PBS, and 

the isolated hearts were analysed ex-vivo with IVIS Spectrum In Vivo Imaging System 

(PerkinElmer, MA, USA).   

3.5 Cell culture and treatments 

Human lens epithelial cells (HuLECs) were cultured in DMEM supplemented with 10% FBS, 

sodium pyruvate, antibiotic antimycotic solution, and L-glutamine according to the manufacturer’s 

protocol. Cells were cultured at 37 °C in a humidified atmosphere with 5% CO2 content. All 
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experiments were performed on HuLECs between passages 4 and 10. HuLECs were treated with 

cell culture medium with either normal glucose (NG, 1 g/L) or high glucose (HG, 4.5 g/L) content. 

Osteogenic stimulus (OM) was provided by supplementing the growth medium with inorganic 

phosphate (Pi in the form of NaH2PO4 and Na2HPO4, pH 7.4, 1.0-3.0 mmol/L as indicated) and 

Ca (CaCl2, 0.3-0.9 mmol/L as indicated). Both the growth medium and OM were changed every 

other day. In some experiments, the hypoxia mimetic drugs desferrioxamine (DFO, 20 μmol/L) 

and CoCl2 (200 μmol/L) were used. 

3.6 Alizarin Red (AR) Staining and Quantification  

HuLECs were washed with 200 μL of Dulbecco's Phosphate-Buffered Saline (DPBS) and then 

fixed with 100 μL of 4% paraformaldehyde (PFA). Then, 100 μL of Alizarin Red S solution (2%, 

pH 4.2) was added to the cells for 10 minutes at room temperature. Excess dye was removed by 

washing with distilled water several times. To quantify AR staining, 100 μL of hexadecyl-

pyridinium chloride solution (100 mmol/L) was added to each well, and the optical density (OD) 

was measured at 560 nm.  

3.9 Quantification of Ca Deposition 

HuLECs were washed DPBS and decalcified with 100 μL of HCl (0.6 mol/L) for 30 minutes at 

room temperature. To determine the Ca content of the HCl supernatant QuantiChrome Calcium 

Assay Kit) was used. After the removal of the HCl supernatant, cells were lysed with 100 μL of 

NaOH (0.1 mol/L) and sodium dodecyl sulfate (0.1%) lysis buffer, and the protein content was 

measured with a BCA protein assay kit. The Ca content of the cells was normalized to the protein 

content and expressed as μg/mg protein. 

3.10 Alkaline phosphatase activity detection 

HuLECs were cultured for 7 days, and then Alkaline phosphatase detection was performed using 

an alkaline phosphatase detection kit, according to the manufacturer’s protocol. Briefly, samples 

were fixed with 4% PFA for 2 minutes, and then a ratio of 2:1:1 of Fast Red Violet solution: 

Naphthol phosphate solution: deionized water was added to each well for 15 minutes at room 

temperature. Then the cells were washed with Tris-buffered saline and 0.1% Tween (TBS-T). 

Images were taken with a Nikon Eclipse Ts 2 microscope. 
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3.11 Determination of Cell Viability 

MTT assay was used to determine cell viability. Briefly, after cell treatment, the cells were washed 

with 200 μL of DPBS and 100 μL of 3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium 

bromide (MTT, 0.5 mg/mL) solution was added. After 3 hours of incubation at 37 °C, the MTT 

solution was removed. The formazan crystals were dissolved in 100 μL of DMSO, and the optical 

density was measured at 570 nm. 

3.12 Western Blot 

To evaluate protein expression, HuLECs in 6-well plates were lysed with 240 μL of Laemmli 

sample buffer. Then, 30 μL of the lysate was electrophoresed in SDS-PAGE (7.5 or 10%), and 

blotted onto a nitrocellulose membrane. Western blotting was performed with the use of anti-

Runx2 antibody, anti- ALP at a 1:500 dilution, anti-Sox9 antibody at a 1:1000 dilution, anti-HIF-

1α antibody at a 1:800 dilution and anti-HIF-2α antibody at a 1:800 dilution. Then the membranes 

were incubated with HRP-labeled anti-rabbit or anti-mouse IgG secondary antibodies diluted 

1:800 for an hour at room temperature. Next, the antigen-antibody complexes were detected by 

enhanced chemiluminescence using ClarityTM Western ECL Substrate. Signals were detected by 

X-ray film or digitally by using a C-Digit Blot Scanner. After detection, the membranes were 

reprobed for β-actin using anti-β-actin antibody at a dilution of 1:4000. Blots were quantified by 

using built-in software on the C-Digit Blot Scanner. 

3.13 Immunofluorescence Staining 

HuLECs were cultured on coverslips in 12-well plates. After treatment, the cells were washed with 

cold PBS, fixed with 4% PFA for 10 minutes, and permeabilized with 0.1% Triton X-100 solution 

for 15 minutes. The slides were then blocked with 1% BSA for 45 minutes, incubated with either 

a crystalline alpha B chain antibody (CRY AB polyclonal antibody at a dilution of 1:100) anti-

Runx2 antibody, 1:200, anti-Sox9 antibody 1:150 or anti-HIF1α antibody 1:200 for 2 hours at 

room temperature, and then incubated with goat anti-mouse IgG-CFL antibody at a dilution of 

1:300 for 1 hour at room temperature. Slides were counterstained with 4’,6-diamidino-2-

phenylindole (DAPI) at a dilution of 1:1000 to stain the nucleus. 
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3.14 RNA silencing 

Lipofectamine RNAiMAX reagent was used to transfect HuLECs with siRNA. The siRNAs for 

Runx2 (AM16708, ID: 115587), HIF-1α, and HIF-2α and silencer negative control #1 were 

purchased from Invitrogen, and silencing was performed as suggested in the manufacturer’s 

protocol. To confirm the efficiency of silencing, we performed a Western blot analysis.  

3.15 Quantification of osteocalcin 

For OCN detection, HuLECs were washed with PBS, and then 100 μL of EDTA (0.5 mol/L, pH 

6.9) was added to each well. OCN was determined from the EDTA-solubilized supernatant by an 

enzyme-linked immunosorbent assay. OCN content was normalized to protein content and 

expressed as ng OCN/mg protein. 

3.16 Real-time qPCR 

Total RNA was isolated with Tri reagent, and cDNA was obtained using a High-Capacity cDNA    

Reverse Transcription Kit qPCR was performed with a Bio-Rad CFX96 Real-time System using 

iTaqTM Universal SYBR® Green Supermix and the predesigned primers listed in Table 1. The 

comparative Ct method was used to calculate the expression level of the transcripts, and HPRT 

was used for normalization as an internal control. 

3.17. Statistics 

The results are presented as mean ± SD. For all in vitro studies, at least three independent 

experiments were carried out. GraphPad Prism software was used for statistical analysis (v.8.01, 

San Diego, CA, USA). The Shapiro-Wilk test was used to determine the distribution's normality. 

Because all of the data passed the normality and equal variance tests, parametric tests were used 

to calculate p values. A two-tailed Student's t-test was used to determine whether there were 

statistically significant differences between the two groups. One-way ANOVA was used to 

compare more than two groups, followed by Tukey's multiple comparisons test. We used a one-

way ANOVA followed by Dunnett's post hoc test to compare each of the treatment groups to a 

single control group. A p < 0.05 value was considered significant. 
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Table 1 

 

 

Materials 

Name Company Catalog 

number 

Concentration 

Immortalized human lens 

epithelial cells (HuLECs) 

ATCC (Manassas, VA, USA). T0573  

High Glucose DMEM Sigma-Aldrich (St. Louis, MO, USA) D6171  

Low glucose Euro lone 

capricorn  

ECM0749L 

DMEM-LPXA 

 

Fetal Bovine Serum  Sigma-Aldrich (St. Louis, MO, USA) F7524  

sodium pyruvate Sigma-Aldrich (St. Louis, MO, USA) S8636  

L-glutamine Sigma-Aldrich (St. Louis, MO, USA) G7513  

Antibiotic antimycotic 

solution 

Sigma-Aldrich (St. Louis, MO, USA) A5955  

NaH2PO4 Sigma-Aldrich (St. Louis, MO, USA) S5011  

Na2HPO4 Sigma-Aldrich (St. Louis, MO, USA S5136  

CaCl2 Sigma C8106  

Daprodustat (DPD) MedChem Express  

(Monmouth Junction, NJ, USA) 

HY-17608 1-100 µmol/L 

DPBS Gibco (Grand Island, NY, USA) 14190-144  

DMSO Sigma-Aldrich (St. Louis, MO, USA) D2438  

Paraformaldehyde Merck 16005  

Alizarin Red S Sigma-Aldrich (St. Louis, MO, USA) A5533 2% 

Hexadecyl-pyridinium 

chloride 

Sigma-Aldrich (St. Louis, MO, USA) C9002 100 mmol/L 

HCl Sigma-Aldrich (St. Louis, MO, USA) 30721 0.6 mol/L 

NaOH Sigma-Aldrich (St. Louis, MO, USA) S8045  0.1 mol/L 

Sodium Dodecyl Sulfate Sigma-Aldrich (St. Louis, MO, USA) 11667289001  0.1% 

EDTA Sigma-Aldrich (St. Louis, MO, USA) E6758  

Tri reagent Sigma-Aldrich (St. Louis, MO, USA) T9424  

OsteoSense 680EX PerkinElmer (Waltham, MA, USA) NEV10020EX 2 nmol 

0.2% adenine and 0.7% 

phosphate diet 

Ssniff (Soest, Germany) S8106-S075  

0.2% adenine and 1.8% 

phosphate diet 

Ssniff (Soest, Germany) S8893-S006  

Nitrocellulose membrane Amersham Protran, 

(GE Healthcare, Chicago, IL, USA) 

10600002 

 

 

4’, 6-diamidino-2-

phenylindole (DAPI) 

Thermo Fisher Scientific 62248 1:1000 

1 μg/ml 

Lipofectamine 

RNAiMAX reagent 

Invitrogen, 

Carlsbad, CA, USA 

13778-150  

desferrioxamine (DFO) Sigma-Aldrich (St. Louis, MO, USA) D9533 20µM/L 

CoCL2 Sigma-Aldrich (St. Louis, MO, USA) 60818 200µM/L 

3-[4, 5-Dimethylthiazol-

2-yl]-2,5-diphenyl-

tetrazolium 

Bromide (MTT) 

Sigma-Aldrich (St. Louis, MO, USA) M2128 

 

0.5 mg/mL in 

HBSS) 
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Table 2 

 

 

Table 3 

 

Antibodies 

Name Company Catalog 

number 

Concentration 

anti-Runx2 antibody Santa Cruz Biotechnology, Inc., Dallas, TX, 

USA 

Sc-390715 1:500 

anti-SOX9 antibody WB, 

IF 

Invitrogen (Carlsbad, CA, USA) PA5-81966 1:1000 WB 

 

1:200  IF 

anti-HiF1α antibody WB GeneTex (Irvine, CA, USA) GTX12730

9 

1:800 

1 μ/ml 

anti-HiF1α antibody IF Santa Cruz Biotechnology, Inc., Dallas, TX, 

USA 

Sc-13515 1:200 

anti-HiF2α antibody Cell Signaling (Danvers, Massachusetts, 

USA), 

#7096 1:800 

3 μ/ml 

Mouse anti-rabbit igG IF Santa Cruz Biotechnology, Inc., Dallas, TX, 

USA 

SC-516248 1:300 

0.6 μg/ml 

GOAT anti- Mouse igG-

CFL IF 

Invitrogen (Carlsbad, CA, USA) A28175 1:300 

1 μg/ml 

CRY AB Polyclonal 

Antibody IF 

Invitrogen (Carlsbad, CA, USA) PA1-16950 1:100 

Rabbit IgG HRP Amersham, GE Healthcare (Chicago, IL, 

USA) 

NA-934 1:10 000  

(0.5  μg/ml) 

Mouse IgG HRP  Amersham, GE Healthcare (Chicago, IL, 

USA) 

NA-931 1:10 000  

(0.5  μg/ml) 

anti-β-actin Santa Cruz Biotechnology Inc. (Dallas, TX, 

USA) 

sc-47778 1:4000 (0.5 

μg/ml) 

Kits 

Name Company Catalog number 

Clarity Western ECL BioRad (Hercules, CA, USA) 170-5061 

QuantiChrome Calcium Assay Kit Gentaur (Kampenhout, Belgium) DICA-500 

BCA protein assay kit  Pierce Biotechnology (Rockford, IL, USA) 23225 

iTaqTM Universal SYBR® Green 

Supermix 

Bio-Rad (Hercules, CA, USA) 1725124 

OCN Enzyme-linked immunosorbent 

assay 

DuoSet ELISA (R&D, Minneapolis, MN, 

USA) 

DY1419-05 

High Capacity cDNA Reverse 

Transcription kit 

Applied Biosystems (Waltham, MA, USA) 4368813 

Alkaline phosphatase detection kit Sigma-Aldrich (St. Louis, MO, USA) SCR004 

Lipofectamine RNAiMAX transfection 

reagent 

Invitrogen (Carlsbad, CA, USA) 13778-150 
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Table 4 

 

 

Table 5 

 

 

 

 

 

 

 

RNA silencers 

Name Company Catalog number Concentration 

Silencer Select Negative Control Invitrogen 

(Carlsbad, CA, USA) 

4390843 10 µmol/L 

siRNA for Runx2 Invitrogen 

(Carlsbad, CA, USA) 

AM16708, ID: 

115587 

10 µmol/L 

siRNA for HIF1 Invitrogen 

(Carlsbad, CA, USA) 

AM16708, ID: 

106498  

10 µmol/L 

siRNA for HIF2 Invitrogen, 

Carlsbad, CA, USA 

AM16708, ID: 

106446 

10 µmol/L 

Primers 

Name Sequence Company Concentration 

HPRT FW 5’-TCCTCCTCAGACCGCTTTT-3’  Sigma-Aldrich 10 µmol/L 

HPRT Rev 5’-CCTGGTTCATCATCGCTAATC-3’  Sigma-Aldrich 10 µmol/L 

GLUT1 FW 5’-GGCCATCTTTTCTGTTGGGG-3’  Sigma-Aldrich 10 µmol/L 

GLUT1 Rev 5’-CCAGCAGGTTCATCATCAGC-3’  Sigma-Aldrich 10 µmol/L 

VEGF FW 5’-CTACCTCCACCATGCCAAGT-3’  Sigma-Aldrich 10 µmol/L 

VEGF Rev 5’-GATAGACATCCATGAACTTCACCA-3’  Sigma-Aldrich 10 µmol/L 

LDHA FW 5’-GATTTCCGCCCACCTTTC-3’ Sigma-Aldrich 10 µmol/L 

LDHA Rev 5’-ACAAAGCTCAAGCCCAAGG-3’ Sigma-Aldrich 10 µmol/L 

PDK4 FW 5’-CTGAGAATTATTGACCGCCTCT-3’ Sigma-Aldrich 10 µmol/L 

PDK4 Rev 5’-CAAGCCGTAACCAAAACCAG-3’ Sigma-Aldrich 10 µmol/L 

HIF-1α FW 5′-GTTGCCACTTCCCCACAATG-3’ Sigma-Aldrich 10 µmol/L 

HIF-1α Rev 5′-TTCACTGTCTAGACCACCGG-3′ Sigma-Aldrich 10 µmol/L 

HIF-2α FW 5′-TCGGACACATAAGCTCCTGT-3′ Sigma-Aldrich 10 µmol/L 

HIF-2α Rev 5′-CCACAGCAATGAAACCCTCC-3′ Sigma-Aldrich 10 µmol/L 

Runx2 FW 5’-GCATCCTATCAGTTCCCAATG-3’  Sigma-Aldrich 10 µmol/L 

Runx2 Rev 5’-GAGGTGGTGGTGCATGGT-3’  Sigma-Aldrich 10 µmol/L 

Sox9 FW 5’-GCTCTACTCCACCTTCACTTAC-3’  Sigma-Aldrich 10 µmol/L 

Sox9 Rev 5’-TGTGTGTAGACTGGTTGTTCC-3’  Sigma-Aldrich 10 µmol/L 
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4.   Results                                                                                                 

 

4.1. In vitro model for human LECs (HuLECs) calcification. 

First, we established a calcification model for HuLECs osteo-/chondrogenic transdifferentiation. 

We cultured HuLECs in control (Ctrl) or osteogenic (OM; 2.5 mmol/L Pi, 0.3 mmol/L Ca) medium 

up to 6 days. Calcification of the ECM started on the third day and kept increasing until day 6 in 

OM-treated HuLECs whereas we did not detect ECM calcification in HuLECs under Ctrl 

conditions (Fig. 8A, B). To confirm AR staining results, we measured calcium levels from HCl-

solubilized ECM samples, which revealed that ECM calcium content was more than 16-fold higher 

in OM-treated HuLECs than the controls (Fig. 8C). Finally, we measured OCN levels, the bone-

specific calcium-binding protein, in EDTA-solubilized ECM of HuLECs. In response to the 

osteogenic stimuli, OCN levels increased by 8-fold compared to Ctrl (Fig. 8D).  

 

4.2. High glucose promotes calcification of HuLECs. 

Lens epithelial cells are critical contributors to the intricate processes underlying cataractogenesis. 

For example, proliferation, migration, extracellular matrix accumulation, epithelial–mesenchymal 

transition (EMT), and osteo-/chondrogenic transdifferentiation, all of which have significant 

relevance to cataracts formation. In an effort to understand the impact of elevated glucose levels 

on the osteogenic transition of LECs, here we used HuLECs as the experimental model. HuLECs 

Figure 8. In vitro HuLEC calcification model. (A-D) Confluent HuLECs were maintained in control 

(Ctrl) or osteogenic conditions (OM). (A, B) Time course of Ca deposition evaluated by AR staining. 

(C) Ca content of the HCl-solubilized ECM. (D) OCN level in EDTA-solubilized ECM. (C, D) Data 

are expressed as mean ± SD, from 5 independent experiments. (B) Multiple t-tests to compare Ctrl and 

OM at each time point were performed to obtain p values. (C, D) t-test was used to obtain p values. ** 

p < 0.01, **** p < 0.001. 
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were characterized by typical epithelial cell morphology and the expression of alpha crystalline, a 

major crystalline type in the human lens (Fig. 9A-B). Our previous research has shown the ability 

of HuLECs to undergo trans-differentiation into osteoblast-like cells, synthesizing an extracellular 

matrix rich with hydroxyapatite, a prevalent component in cataractous lenses. Confluent HuLECs 

were exposed to OM supplemented with excess phosphate (Pi, 1.0-3.0 mmol/L) and excess Ca 

(0.3-0.9 mmol/L) with normal glucose (NG, 1 g/L) and high glucose (HG, 4.5 g/L) content for 

seven days. Alizarin red staining revealed the onset of calcification in the HG group at lower Pi 

and Ca concentrations compared to the NG group, indicating that high glucose facilitated OM-

induced calcification of HuLECs (Fig. 9C). Subsequently, the time dependency of HuLECs 

calcification under HG and NG conditions was explored using OM containing 2.5 mmol/L excess 

Pi and 0.6 mmol/L excess Ca. Alizarin red staining on days 3, 5, and 7 revealed accelerated and 

intensified calcification in the HG condition compared to the NG condition (Fig. 9D). 

Quantification of ECM Ca content confirmed the results of alizarin red staining, demonstrating 

both dose- and time-dependent HuLECs calcification and the promoting effect of HG on OM-

induced calcification (Fig. 9E-F). Considering the association between calcification and cell death, 

an assessment of HuLECs viability after seven days of treatment was done. Notably, while OM 

induced a moderate decrease in cell viability under NG conditions, such an effect was not observed 

under HG conditions, implying that cell death is not implicated in the HG-induced promotion of 

calcification in HuLECs (Fig. 9G). 
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Figure 9. High glucose promotes calcification of HuLECs. 

(A) Bright-field microscopy image of HuLECs (P2). (B) DAPI (4′,6-diamidino-2-phenylindole, blue) 

and alpha B crystalline-FITC staining (green) are shown. (C) Confluent HuLECs were cultured in 

control (Ctrl) or osteogenic medium (OM) containing excess phosphate (Pi, 1.0-3.0mmol/L) and excess 

Ca (0.3, 0.6 or 0.9 mmol/L) with normal glucose (NG, 1 g/L) and high glucose (HG, 4.5 g/L) content. 

Calcium deposition in the ECM (day 7) evaluated by alizarin red (AR) staining. (D) HuLECs were 

cultured in Ctrl or OM (2.5 mmol/L Pi and 0.6 mmol/L Ca) with NG and HG conditions. Calcium 

deposition in the ECM evaluated by AR staining on days 3, 5 and 7. (E) HuLECs were cultured in Ctrl 

or OM (Pi: 1.5-2.5 mmol/L Pi and 0.6 mmol/L Ca) with NG and HG conditions. Calcium content of 

the HCl-solubilized ECM (day 7). (F) HuLECs were cultured in OM (2.5 mmol/L Pi, 0.6 mmol/L Ca) 

with NG and HG conditions. Calcium content of the HCl-solubilized ECM measured on days 3, 5 and 

7. (G) HuLECs were cultured in Ctrl or OM (1.0-2.5 mmol/L Pi, 0.6 mmol/L Ca) with NG and HG 

conditions. Cell viability measured by MTT assay on day 7. (C-G) Data are expressed as the mean ± 

SD. Three independent experiments were performed with 4-5 technical replicates. Each panel shows 

the result of a representative experiment. Ordinary one-way ANOVA followed by Tukey’s multiple 

comparison test was used to calculate p values. *p<0.05, **p<0.01, ***p<0.005, ****p<0.001 
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4.3 High glucose promotes the calcification of HuLECs in a Runx2-dependent manner. 

Runx2, an important transcription factor regulating both physiological and pathological osteo-

/chondrogenic transdifferentiation, thus its role in HG-induced calcification of HuLECs was 

investigated. OM (2.5 mmol/L Pi and 0.3 mmol/L Ca) treatment for 48 hours elicited a modest 

increase in Runx2 expression under normal glucose (NG) conditions (Fig. 10A). On the other 

hand, HG triggered a robust elevation in Runx2 expression under Ctrl conditions, which was 

further intensified in OM-treated cells (Fig. 10A). Then an investigation into the cellular 

localization of Runx2 revealed that HG induced the nuclear translocation of Runx2 (Fig. 10B). To 

investigate the involvement of Runx2 in the calcification of HuLECs, siRNA was used to 

downregulate Runx2 protein expression.  Successful knockdown of Runx2 was confirmed by 

Western blot analysis (Fig. 10C). Diminished Runx2 expression was associated with almost a 

complete inhibition of OM-induced calcification under HG conditions (Fig. 10D), signifying the 

critical involvement of Runx2 in HG-induced promotion of HuLEC calcification.  

Moving forward, the investigation of additional markers of osteo-/chondrogenic 

transdifferentiation in response to OM under NG and HG conditions revealed a moderate increase 

in Sox9 and ALP protein expression, as evaluated by Western blot analysis (Fig. 11A). Under 

control conditions (Ctrl), HG upregulated both Sox9 and ALP expression compared to NG Ctrl. 

OM stimulation under HG conditions intensified Sox9 but not ALP expression relative to HG Ctrl 

(Fig. 11A). Moreover, HG-induced the nuclear translocation of Sox9, as shown by 

immunofluorescence staining (Fig. 11B).  ALP activity staining revealed that OM treatment under 

NG conditions increased ALP activity in HuLECs, a response further increased under HG 

conditions (Fig. 11C). The ECM concentration of OCN in HuLECs significantly increased due to 

OM under HG conditions, compared to that of NG conditions, as quantified by ELISA (Fig. 11D). 
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Figure 10. High glucose promotes calcification of HuLECs in a Runx2-dependent manner (A) 

Confluent HuLECs were kept in Ctrl or OM (2.5 mmol/l Pi, 0.3 mmol/L Ca, 48 hours) in NG and HG 

conditions. Protein expression of Runx2 in whole cell lysates (48 h). Membranes were reprobed for β-

actin. Representative Western blots and relative expression of Runx2 normalized to β-actin from 3 

independent experiments. (B) HuLECs were kept in NG and HG conditions for 24 hours. DAPI (4′,6-

diamidino-2-phenylindole, blue), and Runx2-FITC staining (green) and quantification of 

nuclear/cytosolic Runx2 expression are shown. (C and D) HuLECs were kept in Ctrl or OM (2.5 mmol/l 

Pi, 0.6 mmol/L Ca) in HG conditions in the presence of Runx2 or scrambled siRNA. (C) Protein 

expression of Runx2 was detected by Western blot in whole cell lysates (48 h). Membranes were 

reprobed for β-actin. Representative Western blots and relative expression of Runx2 normalized to β-

actin from 3 independent experiments. (D) Representative AR staining (day 3) and quantification of 

three experiments with five technical replicates. Data are expressed as the mean ± SD. Ordinary one-

way ANOVA followed by Tukey’s multiple comparison test was used to calculate p values. *p<0.05, 

***p<0.005, ****p<0.001 
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Figure 11. HG induces the expression of osteogenic markers in HuLECs 

(A) Confluent HuLECs were kept in Ctrl or OM (2.5 mmol/l Pi, 0.3 mmol/L Ca) in NG and HG 

conditions. Protein expression of Sox9 and ALP in whole cell lysates (48 h). Membranes were reprobed 

for β-actin. Representative Western blots and relative expression of Sox9 and ALP normalized to β-

actin from 3 independent experiments. (B) HuLECs were kept in NG and HG conditions for 24 hours. 

Representative DAPI (4′,6-diamidino-2-phenylindole, blue), and Sox9-FITC staining (green) and 

quantification of nuclear/cytosolic Sox9 expression are shown. (C) Confluent HuLECs were kept in 

Ctrl or OM (2.5 mmol/l Pi, 0.3 mmol/L Ca) in NG and HG conditions followed by ALP staining. Three 

independent experiments were performed in 5 technical replicates. Representative ALP staining (day 

7) and quantification are presented. (D) Confluent HuLECs were kept in Ctrl or OM (2.5 mmol/l Pi, 0.3 

mmol/L Ca) in NG and HG conditions for 10 days. OCN content of the EDTA-solubilized ECM 

measured by ELISA from five independent experiments. Data are expressed as the mean ± SD. Ordinary 

one-way ANOVA followed by Tukey’s multiple comparison test was used to calculate p values. 

*p<0.05, **p<0.01, ***p<0.005, ****p<0.001 
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4.4. High glucose induces HIF signalling and promotes calcification of HuLECs in a HIF-

1α- and HIF-2α- dependent manner. 

Previous studies showed that HG induces HIF-1α stabilization in LECs and that HIF pathway 

activation facilitates vascular and valve calcification (30,142), therefore here we investigated the 

potential involvement of HIF-1 pathway activation in the HG-induced calcification in HuLECs. 

To address this, HuLECs were treated with OM under NG and HG conditions. Treatment of 

HuLECs with HG led to a significant upregulation of both HIF-1α and HIF-2α expression under 

both Ctrl and OM conditions (Fig. 12A). Under HG conditions, OM treatment resulted in an 

elevated HIF-2α expression compared to the control, whereas HIF-1α expression was not further 

upregulated by OM (Fig 12A). In addition to HIF-1α stabilization, HG induced nuclear 

translocation of HIF-1α under OM conditions (Fig. 12B). Furthermore, OM treatment increased 

the mRNA expression of HIF-1 target genes, including Glut-1, VEGFA, LDHA and PDK4, under 

NG conditions which was further elevated in HG conditions (Fig. 12C). 

To investigate the causative role of HIF-1α and HIF-2α in the calcification of HuLECs, their 

expression was knocked down using target-specific siRNA under HG conditions. The success of 

the knockdown procedure was confirmed by western blot analysis (Fig. 12D). After that, the 

OM-induced calcification of HuLECs in control (scr), and HIF-1α- and HIF-2α-deficient 

HuLECs revealed that knockdown of either HIF-1α or HIF-2α resulted in partial inhibition of 

calcification, as shown by alizarin red staining (Fig. 12E), which suggest that both HIF-1α and 

HIF-2α play vital roles in the HG-induced promotion of HuLEC calcification. 
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4.5. Hypoxia mimetics promote calcification of HuLECs. 

To elucidate the involvement of HIF alpha subunit stabilization in the process of HuLECs 

calcification, hypoxia mimetic agents CoCl2 (CC, 200 μmol/L) and desferrioxamine (DFO, 20 

μmol/L) were used. Both CoCl2 and DFO were able to stabilize both HIF-1α and HIF-2α under 

normal glucose (NG) conditions (Fig. 13A). An investigation into whether CC and DFO promote 

OM-induced HuLECs calcification under NG conditions was conducted.  HuLECs were treated 

with Ctrl or OM in the presence or absence of CC or DFO for seven days. The results showed that 

both, hypoxia mimetic agents further intensified OM-induced calcification (Fig. 13B). 

 

 

 

 

 

 

Figure 12. HIF-1 activation plays a key role in HG-induced calcification of HuLECs (A-B) 

Confluent HuLECs were kept in Ctrl or OM (2.5 mmol/l Pi, 0.3 mmol/L Ca) in NG and HG conditions. 

(A) Protein expression of HIF-1α and HIF-2α in whole cell lysates (48 h). Membranes were reprobed 

for β-actin. Representative Western blots and relative expression of HIF-1α and HIF-2α normalized to 

β-actin from 3 independent experiments. (B) Confluent HuLECs were exposed (24 h) to NG and HG in 

OM (2.5 mmol/l Pi, 0.3 mmol/L Ca). DAPI (4′,6- diamidino-2-phenylindole, blue), and HIF-1α-FITC 

staining (green) and quantification of nuclear/cytosolic HIF-1α expression are shown. (C) Confluent 

HuLECs were kept in Ctrl or OM (2.5 mmol/l Pi, 0.3 mmol/L Ca) in NG and HG conditions. Relative 

mRNA expression of Glut-1, VEGFA, LDHA and PDK4 (24 h). (D and E) HuLECs were kept in Ctrl 

or OM (2.5 mmol/l Pi, 0.6 mmol/L Ca) in HG conditions in the presence of HIF-1α, HIF-2α or 

scrambled siRNA. (D) Protein expression of HIF-1α and HIF-2α detected by Western blot in whole cell 

lysates (48 h). Membranes were reprobed for β-actin. Representative Western blots are shown from 3 

independent experiments. (E) Three independent experiments were performed in 5 technical replicates. 

Representative AR staining (day 3) and quantification. Data are expressed as the mean ± SD. Ordinary 

one-way ANOVA followed by Tukey’s multiple comparison test was used to calculate p values. 

*p<0.05, **p<0.01, ***p<0.005, ****p<0.001 
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4.6. High phosphate activates osteogenic and hypoxia pathways in the hearts of CKD mice. 

Cardiovascular mortality in CKD patients arises primarily from cardiac valve calcification. CKD 

was induced in C57BL/6 mice through a two-phase diet that involved adenine (0.2%) and 

moderately elevated phosphate (0.7%) for six weeks, followed by adenine (0.2%) and high 

phosphate (1.8%) for another four weeks. The control group (Ctrl) was fed a standard mouse diet 

that contained 0.3% phosphate (Fig. 14A). A significant reduction in body weight (Fig. 14B) and 

elevated plasma levels of urea, creatinine, and phosphate (Fig. 14C–E) indicated disease 

progression. Analysis of the mRNA levels of the osteo-/chondrogenic transcription markers Runx2 

and Sox9 and hypoxia markers HIF-1α and HIF-2α in the hearts of Ctrl and CKD mice revealed 

that both osteogenic and hypoxia markers were substantially upregulated in the cardiac tissue of 

CKD mice relative to Ctrl (Fig. 14F, G). Moreover, OsteoSenseTM staining evaluation of 

Figure 13. HIF-1 activation by hypoxia mimetic drugs enhances OM-induced calcification of 

HuLECs (A-B) Confluent HuLECs were treated with CoCl2 (CC, 200 μmol/L) or desferrioxamine 

(DFO, 20 μmol/L). (A) Protein expression of HIF-1α and HIF-2α in whole cell lysates (48 h). 

Membranes were reprobed for β-actin. Representative Western blots and relative expression of HIF-1α 

and HIF-2α normalized to β-actin from 3 independent experiments. (B) HuLECs were kept in Ctrl or 

OM (2.5 mmol/l Pi, 0.6 mmol/L Ca) in NG conditions in the presence of CC and DFO. Three 

independent experiments were performed in 4 technical replicates. Representative AR staining (day 7) 

and quantification. Data are expressed as the mean ± SD. Ordinary one-way ANOVA followed by 

Tukey’s multiple comparison test was used to calculate p values. *p<0.05, **p<0.01, ****p<0.001 
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osteogenic activity in mice hearts revealed that the fluorescence intensity of cardiac tissue in CKD 

mice was significantly higher than that of Ctrl mice (4.21 × 108 vs. 6.99 × 108 p/s, p < 0.001, Fig. 

14H), which indicates a higher osteogenic activity. 

 

Figure 14: High phosphate activates osteogenic and hypoxia signalling in the heart of CKD mice 

which lead to calcification. (A) Scheme of the experimental protocol. (B) Body weight, (C) plasma 

urea, (D) plasma creatinine, (E) plasma phosphate levels in control (Ctrl) and CKD mice (n = 5/group). 

(F,G) Relative mRNA expressions of Runx2, Sox9, HIF-1α and HIF-1α normalized to HPRT from 

heart tissue derived from Ctrl and CKD mice (n = 5, measured in triplicates). (H) Bright-field and 

macroscopic fluorescence reflectance imaging of calcification and quantification in the heart of Ctrl 

and CKD mice (n = 5/group). Data are expressed as mean ± SD. Ordinary one-way ANOVA followed 

by Tukey’s multiply comparison test was used to calculate p values. *p < 0.05, **p < 0.01, ***p < 

0.005, ****p < 0.001. BF: bright field, OS: OsteoSense, OL: overlay. 
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5. Discussion                                                                                                

 

Osteo-/chondrogenic transdifferentiation plays an essential role in physiological bone and 

cartilage growth, repair, and remodelling. However, pathological osteo-/chondrogenic 

transdifferentiation is involved in ectopic calcification, where calcium phosphate salts precipitate 

in the form of hydroxyapatite in the extra skeletal soft tissues. VC is the most studied form of 

ectopic calcification; mostly in VSMCs and VICs, thus the results of my dissertation will be 

discussed in comparison to these cell lines (144). 

Cataracts, characterised by opacification of the lens, represent a major health issue and the 

leading cause of blindness globally (145,146). Diabetic patients have a higher prevalence of 

cataract formation at a younger age than non-diabetic individuals; moreover, epidemiological 

studies indicate a fivefold increased risk of cataract formation in these patients (147,148). 

Several mechanisms have been attributed to the pathophysiology of diabetes-associated 

cataract formation, including polyol pathway upregulation, non-enzymatic glycation, and 

subsequent lens crystallin aggregation (145,149–151). However, recent studies suggest that other 

mechanisms are also involved in the pathogenesis of diabetic cataracts, such as high levels of 

advanced glycation end products, increased oxidative stress, and sterile inflammation (149,152–

155). 

Detailed analysis of the composition of senile and congenital cataracts revealed the presence 

of hydroxyapatite in the cataractous lenses (156–159). The current proposed mechanism for 

cataract formation could not explain this finding. Thus, our group investigated the possibility that 

HuLECs can undergo transdifferentiation into osteoblast-like cells. That work provided evidence 

that HuLECs upregulate the expression of osteo-/chondrogenic markers e.g. Runx2, Sox9, OCN, 

and ALP in response to osteogenic stimuli. Additionally, they found that the OCN levels and 

calcium content were significantly elevated in human cataractous lenses compared to control 

lenses, suggesting a potential role for osteo-/chondrogenic differentiation of HuLECs in lens 

calcification, similar to the process observed in VC (104). 

VC and cataract formation are strongly associated with aging, diabetes, and CKD (71,160–

162). Moreover, several studies have revealed that ectopic calcification and cataracts may share 

common etiological factors (163–166). Osteo-/chondrogenic transdifferentiation of VSMCs is a 

critical cellular event in vascular calcification. Hypercalcaemia and hyperphosphatemia are crucial 
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for vascular and other soft tissue calcifications in patients with CKD (167). In parallel with the 

clinical findings, elevated Pi and Ca levels induced osteo-/chondrogenic transdifferentiation and 

ECM biomineralisation of VSMCs in vitro (168). In agreement with these findings, here we 

showed that elevated Pi and Ca levels induce osteo-/chondrogenic transdifferentiation in HuLECs 

(Fig. 8). 

In T2D patients, calcification of the peripheral arteries is considered an independent predictor 

of cardiovascular mortality, stroke, and coronary heart disease (169). ESRD patients with T2D had 

a higher degree of medial calcification in the inferior epigastric artery.  In addition, the expression 

of the bone matrix proteins OPN, ALP, and type I collagen is increased in the arteries of these 

patients (170,171).  

Hyperglycaemia promotes VC by inducing inflammation, endothelial dysfunction, and 

oxidative stress. In addition, it plays a critical role in developing VC (49,172–174). High glucose 

enhances BMP2, Runx2, OCN, and ALP expression, thereby enhancing VSMCs calcification 

(170). In agreement with these previous observations on VSMCs, our results show that HG is a 

potent inducer of calcification in HuLECs. (Fig. 9).  

The osteo‐/chondrogenic transdifferentiation of LECs may contribute to the pathogenesis of 

cataract formation, which is a relatively recent concept. However, thus far, this mechanism is the 

only explanation for the presence of hydroxyapatite in cataractous lenses (104). A recent study 

reported that cells within human lens capsules are capable of trilineage differentiation towards 

osteo‐, chondro‐, and adipogenesis. Additionally, they demonstrated the ability to induce osteo-

/chondrogenic transdifferentiation in whole, healthy human lenses by upregulating the expression 

of bone-related proteins, including pigment epithelium-derived factor, collagen type I, and OCN 

(105). 

Several calcification mechanisms have been identified, including apoptosis which plays a 

crucial role in the initiation of VSMC calcification (35,175,176). Apoptosis is observed in VSMC 

nodules before the onset of calcification (35). The presence of apoptotic bodies derived from 

cultured human VSMCs within these nodules indicates an association between apoptosis and 

calcification (35,177). Similar to matrix vesicles, these apoptotic bodies can accumulate and 

crystallise calcium (37,178). The inhibition of apoptosis can significantly reduce calcification, 

suggesting that apoptosis plays a critical role in the calcification process (35,179). Additionally, 

stimulating apoptosis in nodular cultures leads to a substantial increase in calcification, further 
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supporting the role of apoptosis in initiating vascular calcification (35). Based on this evidence, 

we also investigated whether apoptosis played a role in HuLEC calcification. We found that in NG 

conditions, osteogenic stimuli reduced HuLEC viability compared to the control. However, HG 

mitigated this effect; therefore, we concluded that HG-induced apoptosis does not play a role in 

our calcification model (Fig. 9).  

Runx2 and Sox9 are the key transcription factors that regulate osteogenesis and 

chondrogenesis, respectively (180,181). Runx2, being the master transcription factor of osteogenic 

differentiation, regulates the expression of genes involved in osteoblast development and bone 

formation (182). During osteogenesis, Runx2 induces the differentiation of mesenchymal stem 

cells to the osteoblast lineage by promoting the expression of bone matrix genes, such as collagen 

type I, OPN, bone sialoprotein, and OCN (183–186). Runx2 knockout mice completely lack 

osteoblasts, resulting in severe skeletal abnormalities and perinatal mortality (187–190). By 

regulating the expression of certain genes at various stages of osteoblast differentiation, Runx2 

ensures osteoblasts' proper formation and function (184). In addition, Runx2 accelerates the 

endochondral ossification process, in which the bone replaces cartilage during skeletal 

development (191,192). This is crucial for the proper formation and growth of skeletal elements. 

Furthermore, Runx2 has been shown to have additional biological functions besides osteoblast 

differentiation, including tooth development, chondrocyte maturation and tumour metastasis to the 

bone (191,193–195).  

Sox9 is the master regulator of chondrogenesis that regulates several key events in 

chondrogenesis through regulating the gene expression of downstream markers in a stage-specific 

manner. It promotes mesenchymal cell differentiation into chondrocytes (196–198). In addition, 

Sox9 plays a crucial role in chondrocyte proliferation and the production of ECM components 

required for cartilage formation (180,199,200). Furthermore, Sox9 is involved in the 

differentiation of chondrocytes into pre-hypertrophic and hypertrophic states, which are essential 

steps in endochondral ossification, a process by which cartilage is gradually replaced by bone 

(201,202).  

Runx2 and Sox9 also play key roles in the development of VC. The expression of these osteo-

/chondrogenic transcription factors is significantly elevated in calcified human arteries compared 

that to in non-calcified vessels (203). In addition, several studies have revealed that VSMCs 

enhance Runx2 and Sox9 expression during osteo-/chondrogenic transdifferentiation (204,205). 
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Epithelial cells of different origins, including HuLECs express Runx2 and Sox9. High expression 

of Runx2 and Sox9 in these epithelial cells has been linked to a stem cell-like phenotype with 

regenerative potential and osteo-/chondrogenic transdifferentiation (206–210). Here, we found 

that HG upregulated the protein expression of both Runx2 and Sox9 and induced their nuclear 

translocation (Fig. 10 and 11). We showed that in the absence of Runx2, calcification of HuLECs 

is largely attenuated, which suggests that Runx2 is a key transcription factor that regulates HuLEC 

calcification (Fig. 10).   

Hypoxia plays a critical role in the pathogenesis of T2D. In diabetic patients, hypoxia can 

affect several organs/tissues including the nerves, retina, heart, adipose tissue, blood vessels, 

kidney and wounds due to several factors such as increased oxygen consumption, microvascular 

dysfunction, and impaired oxygen delivery (211–215). This leads to the development and 

progression of diabetes (215). HIF-1 transcription factors are responsible for cellular responses 

under low-oxygen conditions through the regulation of gene expression during angiogenesis, cell 

survival, and glycolysis (124). T2D leads to the dysregulation of HIF-1 signalling resulting in 

diabetic complications including diabetic retinopathy and cardiovascular diseases. The interplay 

among hypoxia, HIF-1, and diabetes highlights the intricate relationship between oxygen 

homeostasis and metabolic dysfunction (212,214,216–218).  

It has been reported that hypoxia accelerates the development of VC. HIF-1 has been 

identified as an early marker for CKD and a potential target against VC. Hypoxia alone induces, 

or in combination with high phosphate levels enhances the osteogenic trans-differentiation of 

VSMCs. In addition, HIF-1 activation is associated with the increased expression of HIF-1 target 

genes, elevation of osteo-/chondorgenic differentiation markers, and reduced VSMC marker 

expression. In addition, hypoxia-mimetic drugs activate the HIF-1 signalling pathway and increase 

high phosphate-induced VSMC calcification (30,142,143). 

The lens of the eye is maintained in a hypoxic state, and HIF-1α, a subunit of HIF-1, promotes 

organelle degradation within the lens. However, the exact relationship between HIF-1α and 

cataract development is not fully understood, and there are conflicting reports on its effects 

(219,220).  

Hyperglycaemia is associated with HIF‐1α stabilisation and HIF pathway activation in diverse 

cell types, including (127) . Hyperglycaemia-induced HIF activation triggers upregulation of HIF-

1 target genes including PDK4, LDHA, Glut-1 and VEGFA in HuLECs (127). However, in other 
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cell types such as dermal microvascular endothelial cells and human dermal fibroblasts HG 

interferes with the hypoxia-induced stabilisation of HIF‐1α (218). Here we confirmed the 

previously reported effect of HG in stabilizing HIF‐1α in HuLECs. We also showed that HG 

induces HIF-1α nuclear translocation and increases the expression of HIF‐1α target genes (Fig. 

12). 

Previous studies have shown that high phosphate levels induced the expression of HIF-1 in 

the aorta of CKD rats. In addition, HIF-1 activation induced the expression of its downstream 

target genes and reduced VSMCs marker expression in VSMCs. In VSMCs, high phosphate alone 

was able to induce HIF-1 expression under normoxia; however, in combination with hypoxia, this 

resulted in osteo-/chondrogenic transdifferentiation of VSMCs (142). Even at normal phosphate 

levels, hypoxia promotes VSMCs calcification via ROS production. In addition, silencing HIF-1 

activity inhibited osteo-/chondrogenic transdifferentiation of VSMCs (30).  Studies have reported 

that HIF-1 overexpression promotes calcification of smooth muscle cells in the pulmonary artery. 

Additionally, clinical observations have shown that plasma HIF-1 levels significantly predict the 

presence of coronary artery calcification in patients with T2D (126,221). In alignment with this, 

our investigation revealed that when silencing either HIF‐1α or HIF‐2α it resulted in the inhibition 

of the calcification process in HuLECs. This indicates that the stabilisation of HIF-1α and HIF-2α 

induced by hyperglycaemia followed by HIF‐1 pathway activation plays a critical role in HG-

induced calcification (Fig. 12). Furthermore, our study demonstrates that hypoxia mimetics DFO 

and CoCl2 accelerate high phosphate-induced calcification in HuLECs. This indicates that the 

calcification-promoting effect is not exclusive to glucose but depends on the activation of the HIF‐

1 pathway. (Fig. 13). 

Tissue hypoxia is critical for the pathogenesis of various human diseases, including kidney 

disease (222,223). Due to impaired erythropoiesis, CKD is associated with anaemia and damage 

to the microvasculature, which contributes to the development of tissue hypoxia (224). The 

progression of CKD is enhanced by hypoxia, which facilitates the fibrogenesis of renal fibroblasts 

and promotes the epithelial-mesenchymal transition of renal tubular cells (225,226). Hypoxia is 

not limited to the kidneys in CKD but is also present in other tissues such as the vasculature 

(224,227). We were interested in whether tissue hypoxia could play a role in valve calcification, 

and to this end, we developed a CKD model in which valve calcification occurs.  
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CKD was experimentally induced in C57BL/6 mice using adenine and a high-phosphate-

containing diet as previously described by Tani et al. Adenine induces CKD by damaging the 

interstitial layer of tubules, impairing the ability of the kidney to resorb water. This results in an 

increase in the urine volume and subsequent renal dysfunction. In addition, adenine diet can cause 

severe renal failure in mice, which is characterized by elevated blood urea nitrogen levels and 

irreversible kidney damage (228–231). We measured serum urea, creatinine, and phosphate levels 

to evaluate the kidney function of mice fed with adenine and a high-phosphate-containing diet, and 

found that these values were elevated, confirming that CKD induction was successful (Fig. 14). 

To assess soft tissue calcification, we used OsteoSense™ dye, a fluorescent compound that 

specifically binds hydroxyapatite crystals with high affinity (232). Unlike traditional staining 

methods, such as Alizarin Red and von Kossa, which detect calcium or phosphate non-specifically 

(233–235), OsteoSense™ specifically binds hydroxyapatite crystals, providing a more accurate 

calcification assessment. This specificity is crucial in distinguishing hydroxyapatite from other 

mineral components and cellular structures, reducing the risk of false-positive results (232,236). 

The ability of the dye to selectively bind to hydroxyapatite crystals makes it a valuable tool for 

studying vascular calcification and other conditions in which hydroxyapatite deposition plays a 

role, offering a more targeted and efficient approach to imaging and quantifying calcification 

processes (232–234,236). Using this approach, we showed heart calcification in CKD mice.  

Previous studies have reported that the expression of both HIF-1α and vascular endothelial 

growth factor is induced in stenotic valves and colocalises with angiogenesis and calcification 

areas. Furthermore, neovessel density was associated with the extent of valve calcification (237–

240). Cardiac valve proteomic and metabolomic profile analyses have revealed that HIF-1 

signalling is a key pathway in calcific aortic valve disease (241). HIF-1 activation is associated 

with valve calcification. For example, the non-hypoxic activation of HIF-1α has been shown to 

play a causative role in lipopolysaccharide- and interferon-gamma-induced calcification of VICs 

(242). In agreement with these previous findings, here we showed elevation of HIF-1α and HIF-

2α together with increased expression of Sox9 and Runx2 in the heart derived from mice with 

CKD (Fig. 14).  

In conclusion, our studies highlighted the role of HIF-1 pathway activation in soft tissue 

calcification which can be relevant in diabetes-induced cataract formation as well as in CKD-

associated valve calcification (Fig. 15).   
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Figure 15: Graphical summary. Schematic representation for the in vitro and in vivo experimental 

models. 
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6. Summary     

                                                                           
 

• Ectopic calcification, including vascular calcification, is a significant health concern 

associated with aging, diabetes, and chronic kidney disease (CKD). 

• An association exists between osteo-/chondrogenic transdifferentiation and ectopic 

calcification in vascular calcification and cataract formation. 

• Type 2 diabetes has been associated with an increased prevalence of cataracts, with the risk 

increasing with longer duration and severity of hyperglycaemia. 

• Hydroxyapatite deposition in cataractous lenses results from osteo-/chondrogenic 

transdifferentiation and calcification of lens epithelial cells. 

• This study investigated whether hyperglycaemia promotes osteo-/chondrogenic 

transdifferentiation of HuLECs and whether CKD triggers cardiac tissue calcification. 

• High glucose levels increased the expression of osteo-/chondrogenic markers and nuclear 

translocation of Runx2 and Sox9 in HuLECs. 

• High glucose-induced calcification was attenuated in Runx2-deficient HuLECs. 

• High glucose levels stabilise hypoxia-inducible factor 1 (HIF‐1) and trigger the nuclear 

translocation of HIF‐1α, leading to increased expression of HIF‐1 target genes. 

• HIF‐1α or HIF‐2α silencing attenuates high glucose-induced calcification in HuLEC cells, 

whereas hypoxia mimetics DFO and CoCl2 enhance calcification under normal glucose 

conditions. 

• We established a CKD mouse model using adenine and high-phosphate-containing diet, 

and CKD was confirmed by elevated serum urea, creatinine, and phosphate levels. 

• The CKD mouse hearts exhibited calcification, which was visualised using OsteoSenseTM 

dye, along with increased expression of hypoxia markers HIF-1α and HIF-2α and osteo-

/chondrogenic markers Sox9 and Runx2. 

• Our findings suggest a potential role for HIF-1 pathway activation in soft tissue 

calcification, which may be relevant to diabetes-induced cataract formation and CKD-

associated valve calcification. 
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8.  List of abbreviations                                                                                                 

 

AGEs: Advanced glycation end products 

ALP: Alkaline phosphatase 

AMD: Age-related macular degeneration 

AR: Alizarin Red 

BMP2: Bone morphogenetic protein 2 

CAC: Coronary artery calcification 

CAVD: Calcific aortic valve disease 

CBK: Calcific band keratopathy 

CC: CoCl2 

CCC: Conjunctival and corneal calcifications 

CKD: Chronic kidney disease 

Ctrl: Control 

DAPI: 4′,6-diamidino-2-phenylindole, blue 

DFO: Desferrioxamine  

DPBS: Dulbecco's Phosphate-Buffered Saline 

DPD: Daprodustat 

ECM: Extracellular matrix 

EMT: Epithelial-to-mesenchymal transition 

ER: Endoplasmic reticulum 

ESRD: End-stage renal disease 

FIH1: Factor inhibiting HIF1 

GLUT1: Glucose transporter 1 

HG: High glucose 

HIF: Hypoxia inducible factor 

HuLECs: Human Lens epithelial cells 
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LDHA: Lactate dehydrogenase A 

LECs: Lens epithelial cells 

MGP: Matrix Gla Proteins 

Msx2: Msh homebox2 

MTT: 3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide 

NG: Normal glucose 

OCN: Osteocalcin 

OM: Osteogenic media 

OPN: osteopontin 

PDK4: Pyruvate dehydrogenase kinase 4 

PFA: Paraformaldehyde 

PHD: Prolyl hydroxylases 

PPi: inorganic pyrophosphate 

PXE: Pseudoxanthoma elasticum 

RAGE: Receptor of Advanced glycation end productc 

ROS: Reactive oxygen species 

Runx2: Runt-related transcription factor 2 

Sox9: Sry-related HMG box-9 

T2D: Type 2 diabetes 

VC: Vascular calcification 

VEGFA: Vascular endothelial growth factor A 

VHL: Von Hipple-Lindau 

VICs: Valvular interstitial cells 

VSMCs: Vascular smooth muscle cells 
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