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Abstract

Cataract, a leading cause of blindness, is characterised by lens opacification. Type 2
diabetes is associated with a two- to fivefold higher prevalence of cataracts. The risk of
cataract formation increases with the duration of diabetes and the severity of
hyperglycaemia. Hydroxyapatite deposition is present in cataractous lenses that could
be the consequence of osteogenic differentiation and calcification of lens epithelial cells
(LECs). We hypothesised that hyperglycaemia might promote the osteogenic differentia-
tion of human LECs (HULECs). Osteogenic medium (OM) containing excess phosphate
and calcium with normal (1 g/L) or high (4.5 g/L) glucose was used to induce HuLEC
calcification. High glucose accelerated and intensified OM-induced -calcification of
HULECs, which was accompanied by hyperglycaemia-induced upregulation of the
osteogenic markers Runx2, Sox9, alkaline phosphatase and osteocalcin, as well as nuclear
translocation of Runx2. High glucose-induced calcification was abolished in Runx2-
deficient HULECs. Additionally, high glucose stabilised the regulatory alpha subunits of
hypoxia-inducible factor 1 (HIF-1), triggered nuclear translocation of HIF-1a and
increased the expression of HIF-1 target genes. Gene silencing of HIF-1a or HIF-2a
attenuated hyperglycaemia-induced calcification of HuULECs, while hypoxia mimetics
(desferrioxamine, CoCl,) enhanced calcification of HuLECs under normal glucose
conditions. Overall, this study suggests that high glucose promotes HULEC calcification
via Runx2 and the activation of the HIF-1 signalling pathway. These findings may provide
new insights into the pathogenesis of diabetic cataracts, shedding light on potential

factors for intervention to treat this sight-threatening condition.
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1 | INTRODUCTION

Cataract, defined as opacification of the lens, is the leading cause
of blindness worldwide (Cicinelli et al., 2023; Hashemi et al.,
2020). Type 2 diabetes is associated with a two- to fivefold higher
prevalence of cataracts regardless of other traditional risk factors
(Drinkwater et al., 2019). The risk of cataract increases with the
duration of diabetes and the severity of hyperglycaemia, while
tight glycemic control slows cataract progression (Feldman-
Billard & Dupas, 2021).

The complex aetiology of cataract formation is under extensive
research, and several relevant mechanisms have been identified thus far,
such as decomposition of long-lived lens proteins (Truscott & Friedrich,
2016), oxidative stress (Cicinelli et al., 2023) and genetic defects (Li et al.,
2020). Additionally, accumulating evidence has shown that phenotypic
alterations in lens epithelial cells (LECs) play a definite role in cataract
formation.

LECs are mitotically active cells that form a monolayer on the
anterior surface of the lens (Hejtmancik & Shiels, 2015). As they
reach the equatorial bow region, LECs mature into transparent,
long and thin fibre cells with increased intracellular protein
content and no organelles.

LECs are capable of undergoing phenotypic transition in
response to environmental changes. The most recognised
phenotype change of LECs is the epithelial-to-mesenchymal
transition (EMT), which is triggered by tissue damage, inflamma-
tion or certain growth factors (e.g., transforming growth factor
beta) (De longh et al.,, 2005; Xiao et al.,, 2015). Moreover, we
previously described that LECs can undergo osteogenic differen-
tiation and calcification (Balogh et al., 2016). This mechanism can
provide explanation for the presence of hydroxyapatite and the
bone-related calcium-binding protein osteocalcin (OCN) in human
cataractous lenses (Balogh et al., 2016).

The phenotypic switch of LECs into osteoblast-like cells
shares similarities with physiological bone formation, as well as
the osteogenic transition of vascular smooth muscle cells
(VSMCs), which is the underlying mechanism of vascular
calcification (Balogh et al., 2016). Runt-related transcription
factor 2 (Runx2) is the master regulator of both physiological
and pathological forms of osteogenic differentiation (Chen et al.,
2021; Komori, 2022; Lin et al., 2015) and Runx2 upregulation has
been shown in LECs in response to osteogenic stimulation
(Balogh et al., 2016).

Recent findings have suggested that activation of the
hypoxia-inducible factor (HIF) pathway promotes osteogenic
differentiation of VSMCs as well as valve interstitial cells (VICs)
(Balogh et al., 2019; Csiki et al., 2023; Mokas et al., 2016; Té6th
et al., 2022). Hyperglycaemia has been associated with HIF-1a
stabilisation and subsequent HIF pathway activation in
diverse cell types including LECs (Han et al., 2015). The
above-listed evidence prompted us to investigate whether high

glucose (HG) could be involved in the osteogenic transition and

calcification of human LECs and to identify the underlying

mechanisms.

2 | MATERIALS AND METHODS

2.1 | Materials
All reagents were purchased from Sigma Aldrich Co. unless otherwise

specified.

2.2 | Cell culture and treatments

Human LECs (HuULECs) purchased from ATCC were cultured in
Dulbecco's modified Eagle's medium supplemented with 10% foetal
bovine serum, 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% CO, content. All
experiments were performed on HULECs between passages four and
10. HULECs were treated with cell culture medium with either normal
glucose (NG, 1g/L) or HG (4.5 g/L) content. Osteogenic stimulus (OM)
was provided by supplementing the growth medium with inorganic
phosphate (Pi in the form of NaH,PO, and Na,HPO, pH 74,
1.0-3.0mmol/L as indicated) and Ca (CaCl,, 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 umol/L) and CoCl, (CC, 200 umol/L) were used.

2.3 | Alizarin red (AR) staining and quantification

HULECs in 96-well plates were washed with 200 uL of Dulbecco's
phosphate-buffered saline (DPBS) and then fixed using 100 pL of 4%
paraformaldehyde (PFA). Then, 100 uL of AR S solution (2%, pH 4.2)
was added to the cells for 10 min at room temperature. Excess dye
was removed by washing with distilled water several times. To
quantify AR staining, 100uL of hexadecyl-pyridinium chloride
solution (100 mmol/L) was added to each well, and the optical

density (OD) was measured at 560 nm.

2.4 | Quantification of Ca deposition

HULECs in 96-well plates were washed with 200 uL of DPBS and
decalcified with 100 uL of HCI (0.6 mol/L) for 30 min at room
temperature. The Ca content of the HCI supernatant was
determined using the QuantiChrome Calcium Assay Kit (DICA-
500, Gentaur). Following the removal of the HCI supernatant,
cells were lysed with 100 uL of NaOH (0.1 mol/L) and sodium
dodecyl sulphate (0.1%) lysis buffer, and the protein content was
measured with a bicinchoninic acid protein assay kit (Thermo
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Fisher Scientific). The Ca content of the cells was normalised to

the protein content and expressed as ug/mg protein.

2.5 | Alkaline phosphatase (ALP) activity detection

HULECs were grown in 96-well plates for 7 days, and then ALP
detection was performed using an ALP detection kit (SCR004,
Sigma-Aldrich) according to the manufacturer's protocol. Briefly,
samples were fixed with 4% PFA for 2 min, and then a ratio of
2:1:1 of Fast Red Violet solution:Naphthol phosphate solution:-
deionized water was added to each well for 15min at room
temperature. The cells were then washed with Tris-buffered
saline and 0.1% Tween (TBS-T). Images were taken with a Nikon

Eclipse Ts 2 microscope.

2.6 | Determination of cell viability

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT)
assay was used to determine cell viability. Briefly, after cell treatment,
the cells were washed with 200puL of DPBS and 100puL of
MTT (0.5 mg/mL) solution was added. After 4h of incubation at
37°C, the MTT solution was removed. The formazan crystals were
dissolved in 100 pL of DMSO, and the OD was measured at 570 nm.

2.7 | Western blot

To evaluate protein expression, HULECs in 6-well plates were lysed
with 240 uL of Laemmli sample buffer. Then, 30 uL of the lysate was
electrophoresed (100 V, 1.5 h) in SDS-PAGE (7.5 or 10%), and blotted
onto a nitrocellulose membrane (Amersham Protran, GE Healthcare).
Western blot analysis was performed with the use of anti-Runx2
antibody, anti-ALP antibody (sc-390715, sc-365765 Santa Cruz
Biotechnology, Inc.) at a 1:500 dilution, anti-Sox9 antibody (PA5-
81966, Invitrogen) at a 1:1000 dilution, anti-HIF-1a antibody
(GTX127309, GeneTex) at a 1:800 dilution and anti-HIF-2a antibody
(#7096, Cell Signalling) at a 1:800 dilution. Antibodies were diluted in
nonfat dry milk (5% in TBS-T and incubated with the membranes
overnight at 4°C. Membranes were washed thoroughly with TBS-T.
Then the membranes were incubated (1 h, real-time) with horseradish
peroxidase-labelled antirabbit or antimouse IgG secondary antibodies
(NA-934 and NA-931, Amersham Biosciences Corp.) diluted 1:800 in
5% nonfat dry milk in TBS-T. Next, the membranes were washed with
TBS-T, and antigen-antibody complexes were detected by enhanced
chemiluminescence using Clarity™ Western ECL Substrate (Bio-Rad
Laboratories). Signals were detected by x-ray film or digitally by using
a C-Digit Blot Scanner (LI-COR Biosciences). After detection, the
membranes were reprobed for B-actin using anti-B-actin antibody at
a dilution of 1:4000 (sc-47778, Santa Cruz Biotechnology Inc.). Blots
were quantified by using built-in software on the C-Digit Blot
Scanner.
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2.8 | 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 min, and permeabilized with 0.1% Triton X-100
solution for 15 min. The slides were then blocked with 1% bovine
serum albumin for 45 min, incubated with either a crystalline
alpha B chain antibody (CRY AB polyclonal antibody, (1:100) PA1-
16950, Invitrogen), anti-Runx2 antibody ((1:200) Sc-390715,
Santa Cruz Biotechnology, Inc.), anti-Sox9 antibody ((1:150)
PA5-81966, Invitrogen) or anti-HiFla antibody ((1:200) Sc-
13515, Santa Cruz Biotechnology, Inc.) for 2 h at room tempera-
ture, and then incubated with goat antimouse IgG-CFL antibody
(A28175, Invitrogen) at a dilution of 1:300 for 1h at room
temperature. Slides were counterstained with 4',6-diamidino-2-
phenylindole (62248, Thermo Fisher Scientific) at a dilution of
1:1000 to stain the nucleus.

2.9 | RNA silencing

Lipofectamine RNAIMAX reagent (Invitrogen) was used to transfect
HULECs with siRNA. The siRNAs for Runx2 (AM16708, ID: 115587),
HIF-1a (AM16708, ID: 106498) and HIF-2a (AM16708, ID: 106446)
and silencer negative control #1 (4390843) 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.

210 | Quantification of OCN

For OCN detection, HULECs were grown and treated on 6-well
plates. Following the treatments, the cells were washed with PBS,
and then 100 pL of ethylenediamine-tetraacetic acid (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 (DY1419-05, DuoSet ELISA, R&D). OCN
content was normalised to protein content and expressed as ng

OCN/mg protein.

2.11 | Real-time qPCR

Total RNA was isolated with Tri reagent, and cDNA was obtained
using a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). qPCR was performed with a Bio-Rad CFX96 Real-
time System (Bio-Rad) using iTagTM Universal SYBR® Green
Supermix (Bio-Rad) and the predesigned primers listed in Table 1.
The comparative Ct method was used to calculate the
expression level of the transcripts, and hypoxanthine-guanine
phosphoribosyl transferase was used for normalisation as an

internal control.
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2.12 | Statistical analysis

Data are presented as the mean +SD with individual data points.
Statistical analyses were performed with GraphPad Prism software
(version 8.01). Comparisons between more than two groups were
carried out by one-way analysis of variance (ANOVA) followed by
Tukey's multiple-comparisons test. Time course experiments were
analysed by two-way ANOVA followed by Tukey's multiple-

comparisons test. A value of p <0.05 was considered significant.

3 | RESULTS

3.1 | HG promotes calcification of HULECs

LECs play a critical role in cataractogenesis. Different triggers induce
LEC proliferation, migration, extracellular matrix accumulation,
EMT and osteogenic differentiation, processes that are involved in
cataract formation. To study the involvement of HG in the osteogenic
transition of LECs in this work, we used human LECs. These cells
showed a typical epithelial cell morphology and were characterised
by the expression of alpha crystalline, a major type of crystalline in
the human lens (Figure 1a,b).

Previously, we showed that HULECs are capable of differentiat-
ing into osteoblast-like cells and producing an extracellular matrix rich
in hydroxyapatite, a component found in cataractous lenses (Balogh
et al., 2016). Osteogenic differentiation of several soft tissue cells, for
example, VSMCs and VICs occurs in vascular and valve calcification,
respectively. HG promotes osteogenic differentiation of VSMCs and
VICs; therefore, it is an important contributor to diabetes-associated
vascular and valve calcification (Chen et al, 2006; Vadana
et al., 2020).

To determine whether HG influences calcification of HULECs, we
treated confluent HULECs with osteogenic medium (OM) containing
excess phosphate (Pi, 1.0-3.0 mmol/L) and excess Ca (0.3-0.9 mmol/
L) with NG (1 g/L) and HG (4.5 g/L) contents for 7 days. AR staining
revealed that calcification in the HG group started at lower Pi and Ca
concentrations than in the NG group, suggesting that HG promoted
OM-induced calcification of HULECs (Figure 1c). Then, we investi-
gated the time dependency of HULEC calcification under HG and NG
conditions with OM containing 2.5 mmol/L excess Pi and 0.6 mmol/L
excess Ca. AR staining was performed on Days 3, 5 and 7 of

Gene Forward Reverse
Glut-1 5'-GGCCATCTTTTCTGTTGGGG-3'
VEGF 5'-CTACCTCCACCATGCCAAGT-3'
LDHA 5'-GATTTCCGCCCACCTTTC-3'

PDK4 5'-CTGAGAATTATTGACCGCCTCT-3'

exposure. Calcification was faster and stronger in the HG condition
than in the NG condition (Figure 1d). Measurement of extracellular
matrix Ca content confirmed the results of AR staining and revealed
dose- and time-dependency of HULEC calcification, as well as the
promoting effect of HG on OM-induced calcification (Figure 1ef).
Cell death and the release of apoptotic bodies have been associated
with calcification; therefore, we investigated the viability of HULECs
after 7 days of treatment. We found that OM triggered a moderate
decrease in cell viability under NG but not HG conditions, suggesting
that cell death was not involved in the HG-induced promotion of

calcification in HULECs (Figure 1g).

3.2 | HG promotes calcification of HULECs in a
Runx2-dependent manner

Runx2 is the master transcription factor regulating both the
physiologic and pathologic forms of osteogenic differentiation;
therefore, we investigated the role of Runx2 in HG-induced
calcification of HuLECs. Treatment with OM (2.5 mmol/l Pi,
0.3mmol/L Ca, 48h) triggered a moderate increase in Runx2
expression under NG conditions (Figure 2a). On the other hand,
HG triggered a robust increase in Runx2 under control conditions,
which was further increased in OM-treated cells (Figure 2a). Then, we
investigated the cellular localisation of Runx2, and immuno-
fluorescence staining revealed that HG-induced the nuclear trans-
location of Runx2 (Figure 2b). To investigate whether Runx2 was
involved in the calcification of HULECs, we used siRNA to down-
regulate the protein expression of Runx2. Knockdown of Runx2 was
successful, as revealed by Western blot (Figure 2c), and decreased
Runx2 expression was associated with almost complete inhibition of
OM-induced calcification under HG conditions (Figure 2d), suggest-
ing that Runx2 is not only upregulated upon HG stimulation but also
actively participates in the calcification process.

Next, we measured the expression of other markers of
osteogenic differentiation in response to OM under NG and HG
conditions. Exposure of HULECs to OM (2.5 mmol/L Pi, 0.3 mmol/
L Ca, 48 h) under NG conditions triggered a moderate increase in
Sox9 and ALP protein expression as assessed by Western blot
(Figure 3a). HG also upregulated both Sox9 and ALP expression
under control (Ctrl) conditions compared to NG Ctrl. OM
stimulation under HG conditions further increased Sox9 but not

TABLE 1 List of primers.

5'-CCAGCAGGTTCATCATCAGC-3'
5'-GATAGACATCCATGAACTTCACCA-3’
5'-ACAAAGCTCAAGCCCAAGG-3'

5'-CAAGCCGTAACCAAAACCAG-3'

Abbreviations: Glut-1, glucose transporter 1; LDHA, lactate dehydrogenase A; PDK4, pyruvate

dehydrogenase kinase 4; VEGF, vascular endothelial growth factor.
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FIGURE 1 High glucose (HG) promotes calcification of human lens epithelial cells (HULECs). (a) Bright-field microscopy image of HULECs
(P2). (b) 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, 1.0-3.0 mmol/L) and excess Calcium (Ca, 0.3, 0.6 or 0.9 mmol/L) with
normal glucose (NG, 1g/L) and HG (4.5 g/L) content. Ca deposition in the extracellular matrix (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. Ca 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. Ca 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. Ca 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, O.
6 mmol/L Ca) with NG and HG conditions. Cell viability measured by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide assay on
Day 7. (c-g) Data are expressed as the mean + SD. Three independent experiments were performed with four to five technical replicates. Each
panel shows the result of a representative experiment. Ordinary one-way analysis of variance 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.

ALP expression compared to HG Ctrl (Figure 3a). Additionally, HG
triggered the nuclear translocation of Sox9, as revealed by
immunofluorescence staining (Figure 3b). We also performed
ALP activity staining and found that in parallel with ALP

expression, OM treatment under NG conditions increased ALP
activity in HuLECs, which was further elevated under HG
conditions (Figure 3c). The amount of the Ca-binding protein
OCN in the extracellular matrix of HULECs was largely increased
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FIGURE 2 High glucose (HG) promotes calcification of human lens epithelial cells (HULECs) in a Runx2-dependent manner. (a) Confluent
HuLECs were kept in control (Ctrl) or osteogenic medium (OM) (2.5 mmol/I Pi, 0.3 mmol/L Ca, 48 h) in normal glucose (NG) and HG conditions.
Protein expression of Runx2 in whole cell lysates (48 h). Membranes were reprobed for B-actin. Representative Western blots and relative
expression of Runx2 normalised to B-actin from three independent experiments. (b) HULECs were kept in NG and HG conditions for 24 h. 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/I 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 B-actin. Representative Western
blots and relative expression of Runx2 normalised to B-actin from three independent experiments. (d) Representative alizarin red staining (Day 3)
and quantification of three experiments with five technical replicates. Data are expressed as the mean + SD. Ordinary one-way analysis of
variance followed by Tukey's multiple comparison test was used to calculate p values. *p < 0.05, ***p < 0.005, ****p < 0.001.

by OM under HG conditions but not NG conditions, as measured
by ELISA (Figure 3d).

3.3 | HG induces HIF signalling and promotes
calcification of HULECs in a HIF-1a- and
HIF-2a-dependent manner

A previous study showed that HG induces HIF-1a stabilisation in
LECs (Han et al., 2015) and because HIF pathway activation was
shown to be associated with the promotion of vascular and valve
calcification (Balogh et al., 2019; Csiki et al., 2023; Mokas et al.,
2016), we next investigated whether this mechanism is involved
in the HG-induced promotion of calcification in HuLECs. To
address this, we treated HuULECs with OM (2.5 mmol/L Pi,
0.3 mmol/L Ca, 48 h) under NG and HG conditions. Exposure of
HULECs to HG triggered a marked upregulation of both HIF-1a
and HIF-2a expression under both Ctrl and OM conditions
(Figure 4a). Under HG conditions, OM treatment resulted in
higher HIF-2a expression than in the Ctrl, whereas HIF-1a

expression was not further upregulated by OM (Figure 4a). In
addition to inducing HIF-1a stabilisation, HG triggered the
nuclear translocation of HIF-1a under both Ctrl (data not shown)
and OM conditions (Figure 4b). Additionally, OM treatment
increased the mRNA expression of HIF-1 target genes, including
glucose transporter 1 (Glut-1), vascular endothelial growth factor
A (VEGFA),
dehydrogenase kinase 4, under NG conditions which was further

lactate dehydrogenase A and pyruvate
exacerbated in HG conditions (Figure 4c).

To address whether HIF-1a and HIF-2a play a causative role
in the calcification of HULECs, we knocked down their expression
with the use of target-specific siRNA under HG conditions.
Western blot analysis confirmed the success of the knockdown
approaches (Figure 4d). Then, we investigated OM-induced
calcification of HULECs in control (scr) and HIF-1a- and HIF-2a-
deficient HULECs. Knockdown of either HIF-1a or HIF-2a was
associated with partial inhibition of calcification, as revealed by
AR staining (Figure 4e), suggesting that both HIF-1a and HIF-2a
play critical roles in the HG-induced promotion of HuLEC
calcification.
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FIGURE 3 High glucose (HG) induces the expression of osteogenic markers in human lens epithelial cells (HuLECs). (a) Confluent
HULECs were kept in control (Ctrl) or osteogenic medium (OM) (2.5 mmol/I Pi, 0.3 mmol/L Ca) in normal glucose (NG) and HG conditions.
Protein expression of Sox9 and alkaline phosphatase (ALP) in whole cell lysates (48 h). Membranes were reprobed for B-actin.
Representative Western blots and relative expression of Sox9 and ALP normalised to B-actin from three independent experiments.
(b) HULECs were kept in NG and HG conditions for 24 h. Representative 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/I Pi,
0.3 mmol/L Ca) in NG and HG conditions followed by ALP staining. Three independent experiments were performed in five technical
replicates. Representative ALP staining (Day 7) and quantification are presented. (d) Confluent HULECs were kept in Ctrl or OM

(2.5 mmol/I Pi, 0.3 mmol/L Ca) in NG and HG conditions for 10 days. Osteocalcin content of the ethylenediamine-tetraacetic
acid-solubilized extracellular matrix measured by enzyme-linked immunosorbent assay from five independent experiments. Data are
expressed as the mean £ SD. Ordinary one-way analysis of variance 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.

3.4 | Hypoxia mimetics promote calcification of and DFO stabilised both HIF-1a and HIF-2a under NG conditions
HuLECs (Figure 5a). Then, we investigated whether CC and DFO promote OM-

induced HULEC calcification under NG conditions. We treated HULECs
To further investigate the role of HIF alpha subunit stabilisation in the with Ctrl or OM (2.5 mmol/L Pi, 0.6 mmol/L Ca) in the presence or
process of HULEC calcification, we next applied the hypoxia mimetic absence of CC or DFO for 7 days and found that both hypoxia mimetic
agents CC (200 umol/L) and DFO (20 umol/L). As we expected, both CC agents intensified OM-induced calcification (Figure 5b).
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4 | DISCUSSION

Cataracts are a major cause of blindness worldwide. Our idea of
cataract formation has changed greatly in recent decades with the
identification of nonmodifiable and modifiable causative factors and
mechanisms of the disease. Certain systemic diseases, including
diabetes, are associated with more frequent cataract formation at a
younger age (Ang & Afshari, 2021; Klein et al., 1985). Epidemiologic
studies estimated a fivefold higher risk of developing cataracts in
patients with diabetes compared to nondiabetic subjects (Klein et al.,
1998; Rowe et al., 2000).
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Different mechanisms have been proposed thus far that can be
involved in the promotion of cataract development in patients with
diabetes (Ang & Afshari, 2021). Upregulation of the polyol pathway
and nonenzymatic glycation and subsequent aggregation of lens
crystallins have been classically considered the primary mechanisms
of diabetic cataract pathophysiology (Chitra et al., 2020; Perry et al.,
1987; van Boekel & Hoenders, 1992). On the other hand, there is
increasing evidence highlighting the role of sterile inflammation,
increased oxidative stress and elevated levels of advanced glycation
end products in the pathomechanism of diabetic cataract (Chitra
et al., 2020; Lee & Chung, 1999; Li et al., 2021; Lian et al., 2023;
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FIGURE 5 Hypoxia-inducible factor (HIF)-1 activation by hypoxia mimetic drugs enhances osteogenic medium (OM)-induced calcification of
human lens epithelial cells (HULECs). (a and b) Confluent HULECs were treated with CoCl, (CC, 200 umol/L) or desferrioxamine (DFO, 20 pumol/
L). (a) Protein expression of HIF-1a and HIF-2a in whole cell lysates (48 h). Membranes were reprobed for B-actin. Representative Western blots
and relative expression of HIF-1a and HIF-2a normalised to B-actin from three independent experiments. (b) HULECs were kept in control or
OM (2.5 mmol/I Pi, 0.6 mmol/L Ca) in normal glucose conditions in the presence of CC and DFO. Three independent experiments were
performed in four technical replicates. Representative alizarin red staining (Day 7) and quantification. Data are expressed as the mean + SD.
Ordinary one-way analysis of variance followed by Tukey's multiple comparison test was used to calculate p values. *p < 0.05, **p < 0.01,
****p < 0.001.

FIGURE 4 Hypoxia-inducible factor (HIF)-1 activation plays a key role in high glucose (HG)-induced calcification of human lens epithelial
cells (HULECs). (a and b) Confluent HULECs were kept in control (Ctrl) or osteogenic medium (OM) (2.5 mmol/I Pi, 0.3 mmol/L Ca) in normal
glucose (NG) and HG conditions. (a) Protein expression of HIF-1a and HIF-2a in whole cell lysates (48 h). Membranes were reprobed for B-actin.
Representative Western blots and relative expression of HIF-1a and HIF-2a normalised to B-actin from three independent experiments.

(b) Confluent HULECs were exposed (24 h) to NG and HG in OM (2.5 mmol/I Pi, 0.3 mmol/L Ca). 4',6-diamidino-2-phenylindole, blue, and
HIF-1a-FITC staining (green) and quantification of nuclear/cytosolic HIF-1a expression are shown. (c) Confluent HULECs were kept in Ctrl or
OM (2.5 mmol/I Pi, 0.3 mmol/L Ca) in NG and HG conditions. Relative mRNA expression of glucose transporter 1, vascular endothelial growth
factor A, lactate dehydrogenase A and pyruvate dehydrogenase kinase 4 (24 h). (d and e) HULECs were kept in Ctrl or OM (2.5 mmol/I Pi, O.
6 mmol/L Ca) in HG conditions in the presence of HIF-1a, HIF-2a or scrambled siRNA. (D) Protein expression of HIF-1a and HIF-2a detected by
Western blot in whole cell lysates (48 h). Membranes were reprobed for B-actin. Representative Western blots are shown from

three independent experiments. (e) Three independent experiments were performed in five technical replicates. Representative alizarin red
staining (Day 3) and quantification. Data are expressed as the mean + SD. Ordinary one-way analysis of variance 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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Ma et al., 2020). Here, we report that elevated glucose promotes a
phenotypic switch of LECs toward osteoblast-like cells through the
activation of the osteogenic master transcription factor Runx2 and
the HIF-1 pathway.

Phenotype switching of certain nonosteoblast lineage cells
toward osteoblast-like cells may occur, and this mechanism is
thought to be responsible for extraskeletal soft tissue calcification.
The most studied forms of these soft tissue calcifications are vascular
calcification with the involvement of VSMCs and heart valve
calcification with the active participation of VICs. Osteo-/
chondrogenic transdifferentiation of VSMCs and VICs leads to the
deposition of calcium and phosphate mineral hydroxyapatite, the
major inorganic component of bones. Several studies have investi-
gated the chemical composition of lenses and revealed that
cataractous lenses are characterised by high concentrations of
calcium and phosphate and the presence of hydroxyapatite (Balogh
et al., 2016; Chen et al., 2005; Chiang et al., 2004; Fagerholm
et al., 1986).

Previously, we established a model of osteogenic differentiation
of HULECs in which we triggered calcification with OM containing
excess phosphate and calcium (Balogh et al., 2016). Using the same
approach, herein we showed that OM with HG levels is a much
stronger inducer of HULEC calcification than OM with NG concen-
trations (Figure 1). In agreement with our findings, previous studies
showed that HG enhances calcification of VSMCs and VICs (Chen
et al., 2006; Vadana et al., 2020).

Runx2 and Sox9 are the two master transcription factors
regulating osteogenesis and chondrogenesis (Bi et al., 1999; Yoshida
et al., 2002). Their key role is also established in vascular calcification
(Tyson et al., 2003); as such, a previous study revealed that smooth
muscle cell-specific Runx2 deficiency inhibits vascular calcification
(Sun et al., 2012). Here, we found that HG upregulated both Runx2
and Sox9 protein expression and induced the nuclear translocation of
Runx2 as well as Sox9 (Figures 2 and 3). We showed that calcification
of HULECs is largely attenuated in the absence of Runx2, suggesting
that Runx2 is a key transcription factor regulating the calcification
process of HULECs (Figure 2).

It has become increasingly evident that tissue hypoxia and
altered HIF-1 signalling play a pathogenic role in diabetic complica-
tions. It has been postulated that hyperglycaemia induces a
pseudohypoxic state characterised by a high NADH/NAD™ ratio in
cells even when the oxygen tension is normal (Williamson et al.,
1993). Hyperglycaemia regulates HIF-1a stability and function in a
cell-dependent manner. Han et al. reported that HG induces
stabilisation of HIF-1a in HULECs and increases the expression of
the HIF-1 target genes Glut-1 and VEGFA (Han et al., 2015). On the
other hand, HG has been shown to interfere with hypoxia-induced
stabilisation of HIF-1a in human dermal fibroblasts and dermal
microvascular endothelial cells (Catrina et al., 2004). In agreement
with the previous finding of Han et al, we showed here that
hyperglycaemia stabilised HIF-1a, induced its nuclear translocation,
and increased the expression of HIF-1 target genes in HuLECs
(Figure 4).

It is increasingly clear that hypoxia and HIF-1 activation are involved
in the osteogenic phenotype switch and calcification of VSMCs and VICs
(Balogh et al., 2019; Csiki et al., 2023; Mokas et al., 2016; Téth et al,,
2022). In accordance with that here, we showed that calcification of
HULECs is attenuated in the absence of HIF-1a or HIF-2a, suggesting
that hyperglycaemia-induced stabilisation of HIF-1a and HIF-2a and
subsequent activation of the HIF-1 pathway plays a critical role in HG-
induced promotion of calcification (Figure 4). The hypoxia mimetics DFO
and CC also enhanced high phosphate-induced calcification of HULECs,
showing that the calcification-promoting effect is not specific for glucose
but dependent on HIF-1 activation (Figure 5).

The idea that osteo-/chondrogenic differentiation of LECs could
be involved in the pathogenesis of cataract formation is relatively
new, but to date, it is the only one that could explain the presence of
hydroxyapatite in cataractous lenses (Balogh et al., 2016). Recently,
Boix-Lemonche et al. described that cells in human lens capsules are
capable of trilineage differentiation toward osteo-, chondro- and
adipogenesis (Boix-Lemonche et al., 2023). They could also provoke
osteogenic differentiation characterised by the expression of bone-
related proteins such as OCN, collagen type | and pigment
epithelium-derived factor in whole human healthy lenses (Boix-
Lemonche et al., 2023).

In summary, here we showed in vitro that hyperglycaemia
promotes HuULEC calcification through the activation of osteo-/
chondrogenic transcription factors and the HIF-1 pathway. Corre-
sponding in vivo studies are needed to explore whether this

mechanism is implicated in diabetes-induced cataract formation.
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