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Methylglyoxal (MG) is a by-product of glucose metabolism and its accumulation has been linked to the devel-
opment of diabetic complications such as retinopathy and nephropathy by affecting multiple signalling path-
ways. However, its influence on the intracellular Ca®>" homeostasis and particularly Ca®* entry, which has been
reported to be mediated via TRPA1 channels in DRG neurons, has not been studied in much detail in other cell
types. In this study, we report the consequences of acute and long-term MG application on intracellular Ca®*
levels in endothelial cells. We showed that acute MG application doesn’t evoke any instantaneous changes in the
intracellular Ca?* concentration in immortalized mouse cardiac endothelial cells (MCECs) and murine micro-
vascular endothelial cells (muMECs). In contrast, an MG-induced rise in intracellular Ca®* level was observed in
primary mouse mesangial cells within 30 s, indicating that the modulation of Ca>* homeostasis by MG is strictly
cell type specific. The formation of the MG-derived advanced glycation end product (AGE) MG-H1 was found to
be time and concentration-dependent in MCECs. Likewise, MG pre-incubation for 6 h increased the angiotensin
II-evoked Ca®* entry in MCECs and muMECs which was abrogated by inhibition of Calcium release activated
calcium (CRAC) channels with GSK-7975A, but unaffected by an inhibitor specific to TRPA1 channels.
Quantitative PCR analysis revealed that MG pre-treatment did not affect expression of the genes encoding the
angiotensin receptors AT1R (Agtr 1a & Agtr 1b), Trpal nor Orail, Orai2, Orai3, Stim1l, Stim2 and Saraf which
operate as constituents or regulators of CRAC channels and store-operated Ca®>* entry (SOCE) in other cell types.
Together, our results show that long-term MG stimulation leads to the formation of glycation end products,
which facilitates the agonist-evoked Ca®* entry in endothelial cells, and this could be a new pathway that might
lead to MG-evoked vasoregression observed in diabetic vasculopathies.

1. Introduction

Chronic hyperglycemia instigates the accumulation of reactive me-
tabolites such as reactive carbonyl (RCS), nitrogen (RNS), and oxygen
(ROS) species which evoke(s) post-translational modifications of nu-
merous signalling molecules. In the kidney, reactive metabolites induce
cellular imbalance in mesangial cells, endothelial cells and podocytes
leading to the development of diabetic nephropathy [1]. Several of

these reactive metabolites alter the cellular Ca>* homeostasis in cells
susceptible to diabetes late-term complications such as mesangial cells
(MC) and endothelial cells (EC).

ROS are formed as a consequence of electron leakage from the mi-
tochondria during the process of oxidative phosphorylation. ROS such
as HyO, or O, can oxidize proteins directly or indirectly via the
generation of glutathione disulfide (GSSG) from glutathione (GSH) and
subsequent modification of cysteine residues by GSSG which is termed
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as S-glutathionylation. Together with nitric oxide (NO), ROS can form
the highly reactive RNS peroxynitrite (ONOO ™) which can also target
cysteine residues in proteins. RCS metabolites such as methylglyoxal
(MG) are formed non-enzymatically via de-phosphorylation of dihy-
droxyacetone phosphate and diacylglycerol during glucose metabolism.
Under high substrate (glucose) pressure, such as during diabetes, a
several-fold increase in the level of MG is observed which is linked to
the development of vasculopathies. As a highly potent glycating agent,
MG targets the arginine residues of proteins to form the hydro-
imidazolone adduct, MG-H1 and other AGEs [2]. MG is considered as
highly reactive metabolite contributing to the aggravation of diabetes
late-term complications by affecting multiple signalling pathways
[3-6], however, its effect on the intracellular Ca?™ homeostasis has not
been studied in great detail. Signalling events that lead to an increase in
intracellular reactive metabolite levels during EC cell dysfunction are
initially triggered by peptide mediators such as thrombin, angiotensin II
or VEGF-A [7,8]. Downstream activation of Phospholipase C activity
leads to an increase in intracellular Ca®* levels which is critically de-
termined by transient receptor potential (TRP) and Orai channels
[9-17].

Mammalian transient receptor potential (TRP) channels constitute a
superfamily which consists of six subfamilies namely canonical TRPs
(TRPC), vanilloid receptor TRPs (TRPV), melastatin TRPs (TRPM),
mucolipins TRPs (TRPML), ankyrin TRPs (TRPA1), polycystin TRPs
(TRPP). Structurally TRP channels comprise of six transmembrane do-
mains with 5" and 6" transmembrane domain forming the pore of the
channel [18].

Orail, Orai2 and Orai3 proteins form Ca®* conducting channels
that are located in the plasma membrane. Orai proteins are activated
upon physical interaction with the Ca®* sensor proteins, Stiml and
Stim2, after stimulation of receptors in the plasma membrane and ac-
tivation of Phospholipase C (PLC) [19]. To this end, Stim proteins
present in the membrane of the endoplasmic reticulum (ER) cluster
with Orail proteins upon depletion of intracellular Ca®* stores. The
influx of Ca®* across the plasma membrane is known as receptor-op-
erated Ca®* entry (ROCE) or as store-operated Ca®* entry (SOCE),
particularly if the intracellular Ca®™" stores were passively depleted by
application of inhibitors of the Ca®* ATPases in the ER such as thap-
sigargin [19,20]. Calcium release activated calcium (CRAC) channels
are a prototype of channels mediating SOCE that were initially de-
scribed in mast cells and lymphocytes [21,22]. The amplitude of SOCE
and CRAC currents can be modulated by several small molecule in-
hibitors such as SKF-96365 [23], Synta66 [24] and GSK-7975A
[25-27] as well as by both overexpression and knockdown/deletion of
Orail, Orai2 and Orai3 proteins [19,25,27-29].

Post-translational modifications of TRP and Orai channels by re-
active metabolites accumulating in diabetes may result in alterations in
channel opening which can affect the intracellular Ca®>* homeostasis
and thereby influence various cellular functions. Particularly, cysteine
residues of these channels have been subjected to modulation by re-
active metabolites and for instance, both S-glutathionylation by GSSG
and S-nitrosylation by NO have been reported for TRPC channels
[30,31]. The RCS metabolite MG is also capable of increasing in-
tracellular Ca>* in renal tubular cells (MDCK, Madin-Darby canine
kidney) and endothelial cells (HUVECs) [32,33]. In another example,
acute application of MG to DRG neurons instantaneously increases the
Ca®* concentration via TRPA1 channels which is completely abrogated
by the application of a TRPA1 blocker (HC-030031) or in Trpal /"
DRG neurons [34]. Similar to the TRP channels, cysteine residues in the
Orai and Stim proteins can be modified during oxidative stress and this
result in altered activity of these proteins. Particularly, S-glutathiony-
lation of cysteine residues of Stim proteins causes a decrease in Ca®*
binding affinity which results in the constitutive Ca®>* entry and an
increase in basal cytosolic Ca®* levels in lymphocytes [35].

It has been found that chronic (24 h) application of MG increases the
intracellular Ca®* concentration in endothelial cells (HUVECs) [33],
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but the pathways which mediate this Ca®>* rise have never been char-
acterized. As the accumulation of MG increases with the progression of
diabetes complications [36], therefore it is imperative to study the ef-
fect of acute and chronic MG stimulation on the intracellular Ca®™*
homeostasis in more detail in endothelial cells that are involved in
various forms of diabetic vasculopathies.

2. Methods
2.1. Cell lines & primary cells

Two immortalized endothelial cell lines were used for the experi-
ments;

a) SV40 immortalized mouse cardiac endothelial cells (MCECs)
were purchased from Biozol/CELLutions Biosystems Inc. (Catalogue
No.CLU510). Cells were grown in DMEM media containing 1 g/L glu-
cose supplemented with 5% fetal calf serum, 1% penicillin-strepto-
mycin and 1% HEPES and all growth surfaces were coated with 0.5%
gelatin in PBS for 30 min at 37 °C prior to seeding.

b) Functionally immortalized murine endothelial cells (muMECs)
that were primarily isolated from lung microvessels (INS-CI-1004) were
provided by InSCREENeX GmbH (Braunschweig, Germany) and main-
tained according to the company's recommendation. muMECs were
seeded on 2% gelatin (Sigma-Aldrich, Germany)-coated surface, kept at
37°C, with 5% CO, and appropriate humidity. Experiments with
muMECs were done in the passage range of 8 to 13.

¢) Primary mouse mesangial cells were purchased from INNOPROT
(Derio-Bizkaia, Spain). Cells have been isolated using enzymatic di-
gestion, graded sieving and differential centrifugation as described by
Mene et al. [37]. Cells were maintained in the customized mesangial
cell media provided along with the cells by INNOPROT.

2.2. Calcium imaging

2.2.1. Seeding of cells and calcium imaging setup

Endothelial cells were cultured until confluency in T75cm? flasks
and then seeded on glass coverslips (d = 18 mm) at a density of
1.2 x 10* cells per cm® The next day, cells were serum starved for
overnight in medium containing 0.1% FCS. Two days after cell seeding,
coverslips were transferred to in-house build rectangular chambers,
which were then fixed on the stage of an inverted epifluorescence mi-
croscope fitted with Fluar 20x objective (Zeiss, Germany) and con-
nected to the continuous perfusion setup (ALA Scientific Instruments,
USA). To detect intracellular Ca?™, cells were loaded with the ratio-
metric calcium indicator, Fura-2 acetoxymethyl ester (2 uM) for 30 min
at 37 °C. Cells were alternatively excited at 340 nm and 380 nm with the
polychrome V monochromator (Till Photonics, Germany) and emission
recordings (510 nm) were obtained after every 5 s using an ORCA Flash
4 camera (Hamamatsu, Japan). The monochromator and camera were
controlled by the Axiovision software 4.8.2 (Zeiss, Germany).

2.2.2. Acute stimulation protocol

During acute stimulation protocol, cells were continuously perfused
with Ca?* (2mM) containing physiological standard solution (PSS;
137 mM NacCl, 5 mM KCl, 10 mM HEPES, 10 mM Glucose, 1 mM MgCl,,
2mM CaCl,) for first 100 s at a temperature of 35 °C using a warming
system (Warner Instruments, USA). After 100 s, agonist was applied to
the cells in a continuous perfusion mode for the duration of 25s. After
125, cells were again perfused with Ca?* containing physiological
solution until the end of the measurement (245 s).

2.2.3. Calcium re-addition protocol

Cells were continuously perfused first, with Ca?* containing PSS for
50's and then with nominal Ca2™" free PSS (EGTA, 150 uM) for another
50s. Agonists in nominal Ca®* free PSS were applied to the cells at
1005s. At 200s, Ca®* was re-added along with the agonist until 250 s
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and finally, cells were perfused with agonist-free Ca®>* containing PSS
until the end of the measurements.

2.3. Expression analysis in cell lines using gPCR

To isolate RNA, cells were seeded in T75 cm? cell culture flask at a
density of 1.2 x 10* cells per cm?®. Next day after the seeding, cells were
serum starved in the medium containing 0.1% FCS. Two days after
seeding, cells were stimulated with MG (300 pM) for 6 h and subse-
quently trypsinized, harvested and stored at —80 °C until RNA isolation
which was performed with a Qiagen RNeasy mini kit according to the
manufacturer’s protocol including an on-column cDNA digestion. RNA
was isolated from three independent RNA isolations from MCECs and
muMECs. cDNA synthesis was carried out using the SensiFAST cDNA
synthesis kit (Bioline) according to manufacturer’s recommendations.
Primers were designed with the online tool provided by Roche (https://
lifescience.roche.com/en_de/brands/universal-probe-library.html) and
the best primer pair for each target was chosen out of 2-3 from an
initial qPCR screen. Quantitative expression analysis was performed
using the Universal Probe system (Roche) with the corresponding Fast
Start Essential DNA Probes Master (Roche) on a LightCycler 96
Instrument (Roche, Mannheim, Germany). Relative expression levels
were obtained by normalising to the expression of the housekeeping
genes H3F3A, AIP and CXXC1. Primer sequences can be found in sup-
plement table 1.

2.4. Methylglyoxal stimulation and determination of MG-H1 content

MCECs were seeded into 6-well plates at a density of approx.
5 x 10° cells per well and allowed to adhere for 16 h. Cells were then
stimulated with increasing concentrations of MG (0-500 uM) and were
harvested (by trypsinization) at various time points (1, 3, 6, 12, 24,
48 h) post-stimulation. Cells were pelleted by centrifugation (1500 rpm;
5 min. at 4 °C) and washed twice with ice-cold PBS. Cells were fixed by
resuspension in BioLegend fixation buffer and permeabilized with
BioLegend permeabilization buffer, in accordance with the manu-
facturer’s instructions. Cells were then incubated with rat MG-H1 an-
tibody (10 pg/ml in 3% goat serum in PBS; [38]) for 30 min on ice, and
washed twice prior to incubation with anti-rat IgG, Alexa Fluor® 488
conjugate (Cell Signaling; 1:1000 dilution in 3% goat serum in PBS) for
30 min on ice. Cells were washed twice with 3% goat serum in PBS and
then analysed using a Becton Dickinson LSR II flow cytometer (Hei-
delberg, Germany) and the FlowJo version xV0.7 (OR, USA).

2.5. Shear stress experiments

Endothelial cells were exposed to laminar shear stress by using a
cone-and-plate viscometer as previously described [39]. Upon reaching
100% confluency, 3% vinyl pyrrolidone (V3409, Sigma-Aldrich, Ger-
many) was added to cell culture medium to increase its viscosity, and
cells were subjected to unidirectional shear stress (30 dyn per cm?) for
24 h in a humidified environment with 5% CO,, at 37 °C. After 24 h, cell
culture supernatant and the pelleted cells were separately collected and
kept at —80 °C.

2.6. Nitrate assay and western blots

Nitrate in the medium was determined using the Griess Reagent
System as an index of the cellular nitric oxide (NO) formation as de-
scribed previously [40]. For external calibration sodium nitrate (S8170,
Sigma-Aldrich, Germany) was diluted in medium covering a con-
centration range of 0-24 uM nitrate.

Protein detection by Western Blot was done according to standard
protocols published previously [41], using the following antibodies
against GPx1 (GeneTex, Irvine, CA, USA, GTX116040, 1:1000 dilution),
NOS3 (BD Transduction Laboratories, Franklin Lakes, NJ, USA, #
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610296, 1:5000 dilution) or (-actin (Abcam, Cambridge, UK, ab6276,
1:5000 dilution).

2.7. Calcium calibration

To calculate the absolute Ca?* concentration in endothelial cells
(MCEC and muMEC) and in mesangial cells, cells were first perfused
with Ca®* (2 mM) containing PSS for 2 min followed by perfusion with
high EGTA (10 mM) containing PSS (zero Ca?™) for 1 min. To obtain
minimum fluorescence ratio (Rpmin), cells were kept in high EGTA
(10 mM) and ionomycin (10uM) containing PSS for 45 min in a humi-
dified environment with 5% CO, at 37 °C and fluorescence ratios were
recorded thereafter for 1min. Subsequently, to obtain maximum
fluorescence ratio (Riyax), cells were treated with high Ca?* (10 mM)
containing PSS followed by treatment with ionomycin containing high
Ca%™ PSS and fluorescence ratios were recorded for approx. 5 min.

Absolute calcium concentration was then calculated with following
formula:

R — Rmin
Rmax — R

Fmax, A2

Ca2+] = Kdi
[Caz+] ( Fmin, A2

where K is dissociation constant for Fura-2 at 37 °C, R is background
corrected value of fluorescence ratio, Ry, is the fluorescence ratio from
Ca?" free Fura-2, Ry, is the fluorescence ratio from Ca’™ saturated
Fura-2, (Frax, A2/Fmin, A2) is denoted as factor B which is Fpax/Fin of
Ca?" free form of Fura-2 i.e., 380 nm [42].

2.8. Statistical analysis

Results are shown as mean *+ SD unless stated otherwise. For gra-
phics and statistical analysis, Origin (OriginPro 2015, Origin Lab
Corporation, USA) was used. Statistical analysis was performed using
the appropriate tests depending on the result of the normality tests and
test for equal variance.

To test for statistical significance one-way ANOVA was used for
Figs. 2, 3A-D and 4, and multiple comparison analysis among different
groups was performed using the Tukey test. Two-tailed unpaired stu-
dent’s t-test was used for Fig. 3E-G, 5 and 6. Differences with p < 0.05
were considered statistically significant. Significances are depicted as *
p < 0.05,**p < 0.01, and *** p < 0.001. For supplementary Fig. 1,
Mann-Whitney U test was used to compare two different samples with
p < 0.05 considered as significantly different. The one sample t-test
was performed to test for the difference against the control values of the
individual no shear stress control taken as 100% (OriginPro 2018 G,
Origin Lab Corporation, USA).

3. Results

3.1. Effect of acute MG application on intracellular Ca®* concentration is
cell type dependent

A rise in intracellular Ca>* can be evoked following acute appli-
cation of MG in DRG neurons [34]. We show that such an acute increase
in [Ca®™"]; with a time to peak within 30s can also be seen in primary
mesangial cells isolated from mice (Fig. 1A-B), a cell type relevant in
the development of diabetic nephropathy [43]. Accordingly, we asked
whether similar changes can be observed in endothelial cells by
studying MCECs that were acutely challenged with increasing con-
centrations of MG (100, 500 and 1000 uM) in the presence of extra-
cellular calcium. None of the stated MG concentrations was able to
induce any instantaneous changes in the intracellular calcium level in
MCECs (Fig. 1C-F). We also tested the effect of acute MG application in
muMECs, originally isolated from the lung. These conditionally im-
mortalized ECs retain many characteristic features of native ECs such as
shear stress-induced up-regulation of NOS3 and down-regulation of
GPx1 expression as well as NO production measured as nitrate in the
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Fig. 1. Effect of acute MG stimulation on
intracellular Ca®>" levels in mesangial and
endothelial cells. (A) Representative single-
cell traces of fluorescence ratio (340/380) in
primary mouse mesangial cells (n = 3 experi-
ments). MG (1000 uM) was applied for 60 s in
the presence of extracellular Ca?™. (B) Mean
fluorescence ratio from all the cells shown in
(A). (C-D) Representative mean fluorescence

Mesangial cells

PSS (Ca™)

200nM| ratio in MCEGCs (n = 3 experiments). MG con-
centrations used in C & D were 100 and 500
— L uM, respectively. MG was applied for 100s in
I PSS (Ca™) | the presence of extracellular Ca’*. (B)
T Y T — T T T T T T T Y T T . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300 Representative single-cell traces of fluores-
. Time (s cence ratio in MCECs (n = 3 experiments).
Time (s) i 1000 uM MG was applied for 100s in the
presence of extracellular calcium. (F) Mean
fluorescence ratio of all the cells from (E). For
each experiment, more than 50 cells were
(C) (D) measured from each coverslip and minimum 3
MCEC MCEC coverslips were measured in each experiment.
PSS (Ca™) ; [ PSS (Ca™) ] The black thick line represents the mean
fluorescence ratio and the shaded region re-
presents the SD.
MG (500uM)
250nM]| MG (100pM) 250nM|
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)
MCEC
(E) kit (F) MCEC
PSS (Ca™) | | PSS (Ca™) ]
MG (1000uM)
MG (1000t|M)
250nM| 250nM]|
e
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)

medium/supernatant (Suppl. Fig. 1). Consistent with MCECs, muMECs
also lack any acute change in the intracellular Ca®>* concentration upon
MG application (Supplementary Fig. 2). However, both types of en-
dothelial cells showed a differential instantaneous [Ca®*]; rise upon
application of agonists acting on various GPCRs such as angiotensin II
(Ang II), thrombin, ATP, histamine, serotonin and acetylcholine (Sup-
plementary Fig 3 & 4). These results indicate that the MG-induced in-
crease in intracellular Ca®* levels is a cell type-dependent phenomenon
and differs particularly between mesangial and endothelial cells.

3.2. MG-induced MG-H1 formation is dependent upon incubation time and
concentration

MG is a precursor to advanced glycation end products (AGEs) for-
mation and binding of MG to arginine residues of proteins, leads to the
formation of the hydroimidazolone adduct MG-H1. The effect of MG on
intracellular Ca®>* concentration may therefore not be dependent upon
the concentration of MG but the amount of intracellular MG-H1 which
is formed at a given concentration. In order to study this effect, a time
course of MG-H1 formation in endothelial cells, in response to extra-
cellular MG, was performed. We found that cells incubated with 0, 100
or 200 uM of MG showed no significant increase in the formation of
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MG-H1 over 48h (Fig. 2). However, incubation of the cells with 300
and 400 uM MG, respectively, increased the formation of MG-H1
steadily up to 6 h of post-MG incubation. After 6 h, the intracellular
MG-H1 content decreased, reflecting the turnover of the MG-H1 mod-
ified proteins. At the highest MG concentration (500 puM), MG-H1
content level increased further after 6 h and reaching a peak at 24 h,
after which the content decreased rapid, although not returning to
baseline, at 48 h. This dramatic difference in MG-H1 content at 500 uM
MG may be reflective of a toxic effect in MCECs as seen at this con-
centration in other cell types [44].

3.3. Methylglyoxal pre-incubation increases agonist-evoked Ca®™ entry in
MCECs

To establish whether the increased MG-H1 at 6 h was associated
with changes in agonist-evoked Ca®>* entry, MCECs were pre-incubated
with 300 uM MG for 6 h. A calcium re-addition protocol was used to
evaluate agonist-evoked Ca®* entry. Like MG, Ang II has been im-
plicated in the development of diabetic vascular pathology [45], and
their action might be additive in this direction. Interestingly, Ang II-
evoked Ca®* entry was significantly enhanced in MCECs by MG pre-
incubation as compared to control conditions (Fig. 3 A, B & D). It is
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Fig. 2. Time-dependent accumulation of the intracellular MG-H1 content
in response to exogenous MG. MCECs were stimulated with increasing con-
centrations of MG (0-500 uM). Cells were harvested at various time points (1, 3,
6, 12, 24, 48h) post-stimulation with MG and the MG-H1 content was de-
termined by flow cytometry. Data represent mean + SD (n = 3 readings for
each MG concentration for each time point). Differences in MG-H1 levels after
6 h of MG treatment were compared to the non-treated (0 pM MG) condition. *
indicated in the boxed area denotes p < 0.05.

known that incubation of cells with MG increases intracellular glu-
tathione disulfide levels, and this can be mimicked experimentally via
bis-choloroethylnitrosourea (BCNU) treatment as BCNU inhibits GSSG
reductase and subsequently increases GSSG levels [30,46]. Therefore,
MCECs were co-stimulated with both MG and BCNU to evaluate po-
tential synergistic effects on Ang II-induced Ca®>* entry. However, our
results indicate that BCNU application failed to further enhance the
effect of MG on Ang Il-evoked Ca®* entry (Fig. 3 C &D). Neither pre-
incubation with MG alone nor MG plus BCNU evoked a significant
change in resting [Ca2+]i (F340/380 0.66 + 0.05 for COIItI'Ol, F340/380
0.62 + 0.06 for MG and F340,380 0.60 + 0.04 for MG plus BCNU,
respectively, n = 4, p = 0.30).

We then tested whether MG pre-incubation also enhances ROCE
induced by other GPCR agonists, such as thrombin. The analysis of
thrombin-evoked Ca®" entry revealed that pre-incubation with both
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MG and BCNU significantly boosted the thrombin-evoked Ca** entry as
compared to control conditions (Supplementary Fig. 5A-C). Our results
show that MG plus BCNU boosts the Ca®™ entry across the plasma
membrane whereas Ca®* release from intracellular stores was not sig-
nificantly affected (46 + 11% rise in F340,380 compared to baseline
upon thrombin stimulation in control versus 57 * 10% F340,380 rise in
MG plus BCNU, n = 3, p = 0.26).

3.4. MG pre-incubation increases Ang Il-evoked Ca®* entry in muMECs

To examine whether the augmentation of ROCE by MG is specific to
the MCEC model, we applied these protocols to muMECs. The mea-
surements indicate that the Angll-evoked Ca®* entry was also sig-
nificantly increased in muMECs after both pre-incubation with MG for
6 h and MG plus BCNU, respectively (Fig. 4A-D). MG pre-incubation in
muMEGs did not significantly alter Angll-evoked Ca®* release
(9.3 £ 4.9% rise in F340,380 in Control versus 8.8 = 2.5% rise in F349,
380 inMGand 13 + 5.6% F340/380 rise in MG + BCNU,n = 3, p= 0.5).

3.5. ROCE facilitated by MG pre-incubation is abrogated by the CRAC
channel inhibitor GSK-7975A

To study which channel entities are involved in the process of in-
creasing Ang-II evoked ROCE by MG pre-incubation, commercially
available cation channel blockers were used. First, we were interested
in TRPA1 channels which have been shown to be a target of MG in DRG
neurons via modification of cysteine residues leading to the increased
open probability of TRPA1 channels [34]. Therefore, we tested the role
of TRPA1 channels in Angll-mediated ROCE in muMECs by using a
similar protocol of 6h MG pre-incubation and applied the TRPA1
channel blocker HC-030031 (10 pM) 5min prior to calcium measure-
ments. Compared to the DMSO control, Ca®>* entry after Ca®* re-ad-
dition was totally unaffected by the TRPA1 blocker (Fig. 5 A-C). Re-
ceptor-operated Ca®" entry evoked by Angll induces the depletion of
intracellular Ca®* stores via activation of Phospholipase Cp and gen-
eration of IP; followed by Ca®" entry through the plasma membrane
[47,48]. Therefore GSK-7975 A, that has been shown to block SOCE in
many cell types [25] as well as typical CRAC currents [27], was applied
to muMECs 5min prior to calcium measurements. Compared to the

A Angiotensin Il B Anglotensin I Figz. 3. MG pre-incubation increases Ang II-evoked
( ) Ca® Co® ( ) . 2 Ca®* entry in MCEGs. A calcium re-addition protocol
L i was used to analyze agonist-evoked Ca®* entry. (A-C)
Mean fluorescence ratio from 5 independent experi-
ments from (A) control (media), (B) MG (300 uM, 6 h)
200nM| 200nM| pre-incubated and (C) MG (300 uM, 6 h) + BCNU (75
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Fig. 4. MG pre-incubation increases the AngII-
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DMSO control, pre-incubation with the CRAC channel blocker com-
pletely abrogated the Angll-evoked Ca®* entry (Fig. 5 D-F), but not the
Ca?™ release (17 + 5% rise in MG-DMSO compared to baseline versus
15 = 2% in MG + GSK-7975A, n = 3, p = 0.64). Hence, our results
indicate a role of CRAC channels in the Angll-evoked Ca®* entry
pathway that is boosted by MG pre-incubation.

3.6. MG pre-incubation does not alter mRNA levels of either Angll and
thrombin receptors, TRPA1 or of constituents or regulators of SOCE

To analyse whether the increase in ROCE after MG pre-incubation is
due to changes in mRNA expression levels, we performed a qPCR
analysis in MCECs and muMECs. Neither the mRNA expression levels of
the receptors for angiotensin II (Agtr 1a & Agtr 1b) nor thrombin (PAR1
and PAR4, protease receptors) themselves were changed in MCEC or
muMECs (Fig. 6 A & D). TRPA1 mRNA levels (Fig. 6 B & E) were also
not altered upon MG pre-incubation. Similarly, mRNA expression levels
of constituents of the SOCE pathway (Orail, Orai2, Orai3, Stim1, Stim2
and Saraf) were not altered (Fig. 6 C & F).

4. Discussion

In this study, we found that the effect of MG on intracellular Ca**
rise differs significantly between mesangial cells and endothelial cells,
cell types involved in the development of diabetic long-term compli-
cations. While mesangial cells respond with an immediate [Ca2+]i rise
within 30s after application of MG, we found that only chronic pre-
incubation with MG (6h) augments the ROCE mediated by GPCR
agonists such as Angiotensin II in two independent endothelial cell
models (MCEC and muMEC). We could show that the MG-mediated
increase in Angll-evoked Ca®* entry was abrogated by CRAC channel
inhibition with GSK-7975 A, but unaffected by an inhibitor specific to
TRPA1 channels, which are known to mediate the acute [Ca?*]; rise
evoked by MG in DRG neurons.

One aspect of the mechanism how MG exerts its effects to aggravate
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diabetic complications, which has not been studied in much detail, is its
influence on the intracellular Ca®>* concentration. Calcium overload
following MG stimulation consequently activates different signalling
pathways [34,36]. Many antioxidants that have been used to prevent
MG toxicity were not only shown to decrease endogenous ROS levels
but also intracellular Ca2* levels in ECs [33,46]. Endothelial and me-
sangial cells are highly susceptible to damage by reactive metabolites
accumulating during diabetic nephropathy [49,50]. Our results indicate
that the acute effect of MG on [Ca2™]; is strictly cell type-specific as
neither of our endothelial cell model showed an instantaneous MG-
evoked intracellular Ca®* rise, whereas primary mouse mesangial cells
exhibit a rise in [Ca%"]; within seconds after MG application similar to
published observations in primary DRG neurons [34]. Our results
substantiate the findings of Jan et al. which showed that the effect of
MG on [Ca®*]; rise is cell type-dependent. In their study, MG induces a
significant increase in intracellular Ca®>* levels in MDCK cells, it failed
to do so in another cell type such as CHOK1, neutrophils or platelets
[32].

MG is a precursor of advanced glycated products (AGEs) with the
major one being MG-H1 [2,51]. Our results in MCECs showed that
formation of MG-H1 was not significantly increased with 100 or 200 uM
MG pre-incubation which indicates the efficacy of cellular anti-AGEs
defence systems such as cellular proteolysis [52]. However, MCECs
incubated with 300 and 400 uM MG, the formation of MG-H1 is in-
duced in a time and concentration-dependent manner with a peak at
6 h. Surprisingly, with 500 pM MG, a fast and strong increase in the MG-
H1 levels was seen within a few hours of incubation of MCECs with MG,
indicating the toxic effects of MG particularly at this high concentration
[44,53].

Increase in the Angll-evoked Ca®* entry by MG pre-incubation was
seen in both the endothelial cell lines even though they differ in the
source organ, and represent either an immortalized cell line (MCEC) or
a functionally immortalized cell type (muMEC). Orail and Orai3 have
been identified as critical mediators of VEGF-induced ROCE in human
umbilical vascular endothelial cells (HUVECs) [47,48]. Furthermore,
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Fig. 5. Increase in Ang II-evoked Ca®>* entry by MG pre-incubation is driven by CRAC channels in muMECs. (A-B) Mean fluorescence ratio from 3 independent
experiments indicating Ang II-evoked ca?t entry in (A) DMSO control and (B) TRPA1 inhibitor (HC-030031) (10 uM, 5min pre-incubation) treated MG pre-
incubated muMECs. (C) Quantification of Ang II-evoked calcium entry from (A) and (B). (D & E) Mean fluorescence ratio from 3 independent experiments indicating
Ang Il-evoked Ca®* entry in (D) DMSO control and (E) CRAC blocker (GSK-7975A) (10 uM, 5min pre-incubation) treated MG pre-incubated muMEGCs. (F)
Quantification of Ang Il-evoked Ca®* entry from (D) & (E). Changes in the Ca®™ entry were calculated as the percental difference between the fluorescence ratio
before (at 200 s) and after the re-addition of calcium. For baseline fluorescence ratio value, mean of fluorescence ratios from 190 to 200 s was used and compared
with the average of 3 highest peak fluorescence ratio values obtained after Ca®>* re-addition. The black thick line represents the mean fluorescence ratio and the

shaded region represents the SD.

Angll-evoked Ca®* entry was reduced following Orail knock-down in
vascular smooth muscle cells [54], but comparable results have not
been reported in ECs. Our results emphasize a role of GSK-7975 A-
sensitive channels in the Angll-evoked Ca®* entry that is enhanced by
MG pre-incubation in our two endothelial cell types. These results
suggest that these channels have structural similarities to SOC- or CRAC
channels, but our results do not unveil which of these two candidates,
i.e. Orai 1 or Orai3, might operate as constituents of the channels that
are involved in the MG facilitated ROCE. Further studies are needed to
uncover the underlying channel complexes, and qPCR results show that
Orai2 is most abundantly expressed in both, MCEC and muMEGCs, at
least on the mRNA level. Analysis of ECs lacking individual Orai pro-
teins or their combinations will be necessary to find out the constituents
mediating the observed MG-evoked modulation of ROCE. In another
independent study, the influence of MG on Ca®* homeostasis was in-
vestigated in adult human retinal pigmented epithelial cells (ARPE), in
which application of MG for 6 h increased the basal [Ca®"]; by 6 fold
which was prevented by the application of SOCE blocker, MRS1845.
This emphasizes the importance of CRAC channels in mediating an
increase in [Ca%™]; by MG incubation in cells other than ECs [44]. The
difference in basal [Ca?*1i observed by the above study and in our
results could be from the fact that they used an epithelial cell line in
contrast to the endothelial cell line we used for our experiments. Sev-
eral independent studies have characterized TRPA1 channels as being
activated by NOX2-produced ROS and this activation facilitates the
regulation of EC function such as endothelial-dependent vasodilation
[55,56]. Despite being unequivocally identified as targets for MG in
DRG neurons [34], TRPA1 channels were not involved in the AnglI-

evoked Ca®* entry and its modulation by MG in the endothelial cells in
our study as tested with TRPA1 blocker HC-030031.

The mechanisms underlying the observed increase in an agonist-
evoked Ca®" entry in ECs after MG pre-incubation could be the fol-
lowing: first, MG (and MG plus BCNU) treatment could change the
expression of signalling molecules involved in this cascade of receptor-
operated Ca®>* entry. However, neither the genes encoding the AT1
(Agtr 1a & Agtr 1b) or protease/thrombin receptors (PAR1 & PAR4)
were altered on mRNA level, nor the ones for Orail, Orai2, Orai3,
Stim1, Stim2 and Saraf which operate as constituents or regulators of
SOCE in other cell types. Second, MG could activate the ion channels by
directly modifying them and consequently increasing the ion influx
across the membrane. In this regard, MG was shown to activate Na,1.8
channels by binding to arginine residues within their inactivation gate
sequence [36]. Furthermore, MG has been identified to activate TRPA1
channels by direct binding to its cysteine residues and subsequent for-
mation of disulfide bonds [34]. In analogy, direct modulation of the
constituents forming the GSK-7975 A-sensitive channels in the plasma
membrane by MG, possibly Orai proteins could lead to an increase in
the open probability of these channels. Moreover, posttranslational
modification of Orai and Stim proteins were reported but there is so far
no evidence for direct MG-evoked modifications of these proteins. Al-
ternatively, there could be an indirect modulation of these proteins via
ROS signalling for instance; MG pre-incubation can increase the in-
tracellular oxidative stress and subsequently boost the production of
oxidized glutathione (GSSG) from reduced glutathione (GSH) [57].
GSSG can then potentially modify the cysteine residues via S-glu-
tathionylation which modulates structure and function of the target
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Fig. 6. Quantitative expression analysis of transcripts involved in calcium signalling in endothelial cells. Relative mRNA levels of angiotensin II (Agtrla &
Agtrlb) and protease/thrombin receptors (PAR1 & PAR4), TRPA1, Orai isoforms, Stim1, Stim2 and Saraf, were analysed from independent RNA preparations (n = 3)

of (A-C) MCECs and (D-F) muMECs.

protein. Along these lines, oligomerization and activation of STIM1
proteins by S-glutathionylation during oxidative stress have been
shown to increase the SOCE [35,58].

A final consequence of an augmented Ca®*entry by MG pre-in-
cubation is the increase in total [Ca®*]; concentration and subsequent
Ca®* overload might have detrimental effects on the viability of en-
dothelial cells, e.g. by activation of apoptotic processes through mul-
tiple pathways [59]. First, exorbitant increase in the [Ca?™]; induces
Ca®* uptake by mitochondria which could promote the opening of
mitochondrial permeability transition pore (MPTP) and activate the
downstream apoptotic cascade [60,61]. Second, high intracellular Ca®*
concentration could activate specific serine proteases termed calpains
that are capable of initiating apoptosis by various mechanisms [62,63].
Third, activation of calcineurin phosphatases leads to the de-phos-
phorylation of various pro-apoptotic proteins, such as members of Bcl-2
family, and thus promotes apoptosis [64]. Lastly, activation of DNA-
degrading endonucleases by Ca®* overload has been linked to the in-
itiation of apoptotic processes [65]. Along these lines, pharmacological
inhibition or knockdown of Stim1 protects neuronal cell line HT22 from
H,05-induced apoptosis by various mechanisms including alleviation of
[Ca®*]; overload, rescuing mitochondrial membrane potential or by
reducing the cytochrome c release into the cytosol [66].

Our results indicate that long-term MG pre-incubation leads to an
increase in an agonist-evoked Ca®* entry in ECs via CRAC channels in
the plasma membrane. These channels are sensitive to the CRAC
channel blocker GSK-7975 A suggesting a structural similarity to pre-
viously described SOC- or CRAC channels. The initiated Ca®>* overload
could activate apoptotic signalling in endothelial cells [33] and this
might be a mechanism underlying MG-evoked vasoregression described
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in diabetic vasculopathies. Future studies need to be done to see if an
increase in the agonist-evoked Ca®* entry by chronic MG treatment can
be corroborated in primary endothelial cells and whether inhibition of
Ang Il-induced Ca®* entry via CRAC channels can alleviate diabetic
vasculopathy.
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