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Advanced glycation endproducts (AGEs) are proteins that accumulate in the plasma of
diabetics as a result of increased glucose concentrations and are closely linked with vascular
disease. The mechanisms involved are still not clear. The aim of this study was to
investigate whether AGE-induced changes in calcium (Ca®*) homeostasis could contribute
to these mechanisms. Cultured porcine coronary artery vascular smooth muscle (VSM) cells
were preincubated with glycated albumin for 96 h. The sphingosine 1-phosphate (S1P)-
induced intracellular Ca®* increase, although not increased in amplitude, was significantly
prolonged in cells preincubated with glycated albumin. Intracellular Ca®* imaging and
electrophysiological recording of ion channel currents following release of caged Ca
indicated that this prolonged Ca?* rise occurred predominantly via changes in Ca®*-induced
Ca?" release. Preincubation with glycated albumin also resulted in a threefold increase in
expression of the receptor for AGE. As a consequence of the prolonged intracellular Ca®* rise
following preincubation with glycated albumin, the S1P-induced activation of the Ca®*-
dependent phosphatase, calcineurin (CaN) was increased. This resulted in increased S1P-
induced activation of the Ca?*-dependent transcription factor, nuclear factor of activated T
cells (NFATc). BrdU incorporation in VSM cells was increased in cells preincubated with
glycated albumin and was inhibited by the CaN inhibitor, cyclosporin A. In conclusion, AGE
can induce VSM proliferation via a prolonged agonist-induced Ca?* increase leading to
increased activation of CaN and subsequently NFATc. This mechanism may contribute to
pathogenesis of vascular disease in diabetes mellitus.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

vascular complications [4-9]. In recent years, much research
has focussed on a mechanism intimately linked with vascular

Diabetes mellitus is a disease characterized by chronic
hyperglycaemia due to a deficiency in insulin action. Hyper-
glycaemia is the primary factor that initiates vascular
complications associated with diabetes such as nephropathy,
retinopathy and the development of atherosclerosis [1-3].
Based on experimental evidence, several hypotheses have
been suggested which could link hyperglycaemia to diabetic
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complications, and is also the direct result of hyperglycaemia.
Evidence now suggests that many of the vascular complica-
tions of diabetes may be mediated by advanced glycation
endproducts (AGEs) [10-12]. AGEs are modifications of proteins
and lipids that become nonenzymatically glycated and
oxidized after contact with sugars [13]. The AGE formation
begins with covalent binding of aldehyde or ketone groups of
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reducing sugars, such as glucose, to free amino acid groups of
proteins. This undergoes rearrangement to ketoamines
(Amadori’s product) with highly reactive carbonyl groups
(formed as a result of carbonyl stress) [14,15]. These
intermediates accumulate and react with various functional
protein groups leading to the formation of stable AGE
compounds [15]. AGEs, once formed, are mostly irreversible.
A crucial factor in the formation of AGEs is the degree of
hyperglycaemia [16,17]. Therefore, in diabetes, the intracel-
lular formation of AGEs is greatly increased [16-18]. The
importance of AGE in the pathogenesis of diabetic vascular
complications is demonstrated by several studies showing
AGE inhibitors can reduce microvascular damage in retina,
kidney and nerve [19,20]. AGEs are also enriched in athero-
sclerotic lesions in both human diabetes [21] and in animal
models of diabetes [22]. In addition, AGEs can induce vascular
smooth muscle (VSM) cell proliferation in vitro [23,24] although
the mechanisms of this are not clear.

Recently, the potential pathophysiological relevance of
circulating AGEs was indicated by the discovery of the receptor
for advanced glycation endproducts (RAGE) [25]. RAGE is a
multi-ligand member of the immunoglobulin superfamily
containing a single transmembrane spanning domain and is
expressed in a variety of cell types, including endothelial and
VSM cells [26]. Apart from AGEs, other endogenous ligands for
RAGE include amphoterin and S100/calgranulin proteins [27].
In addition to the full-length form of RAGE, truncated forms
have also been identified with both C- and N-terminal
truncations [28]. Only C-terminal truncations and full-length
RAGE forms can bind AGEs [28]. RAGE is typically expressed at
low levels in cells and may be upregulated in certain
conditions [25]. Intracellular pathways stimulated following
RAGE engagement with ligand are predominantly those
involved in inflammatory responses [29]. RAGE signaling
results in activation of a number of pathways, such as
mitogen-activated protein (MAP) kinases (extracellular regu-
lated signal kinase (ERK)1/2 and p38MAP kinase), and the small
GTPases CDC42, Rac and Ras [30]. In endothelial cells this can
result in the activation of the proinflammatory transcription
factor, nuclear factor kB (NF«B) [31]. In VSM cells, the RAGE-
activated signaling pathways are less clear although activa-
tion of Ras, ERK1/2 and NFkB has been previously demon-
strated [24,32]. Key studies have now revealed the importance
of RAGE in the pathogenesis of atherosclerosis in diabetes [21].
In animal models such as apolipoprotein E knockout mice
treated with streptozotocin, blockade of RAGE significantly
reduced the formation of atherosclerotic lesions [33]. RAGE
knockout transgenic mice also displayed a decreased arterial
restenosis following arterial injury compared to wild type
mice [34].

An important factor regulating VSM cell phenotype is Ca®*-
dependent signaling. Ca®**-dependent transcription factors
can play a critical role in modulation of VSM phenotype [35-
37]. In cardiac myocytes, AGEs have been reported to alter Ca**
homeostasis [38] although this has not been examined in VSM
cells. In the current study the effects of glycated albumin (an
AGE found in vivo) on agonist-induced Ca?* homeostasis were
examined. Preincubation with AGEs for 96 h resulted in a
prolonged increase in agonist-induced intracellular Ca* due,
in part, to increased Ca®*-induced Ca®* release (CICR). This

leads to increased activation of the Ca?*-dependent phospha-
tase, calcineurin (CaN). This subsequently results in an
activation of the Ca?*-dependent transcription factor, nuclear
factor of activated T-cells (NFATc) and increases cell prolif-
eration.

2. Materials and methods
2.1.  Primary cell culture

Adult male pig hearts were obtained from a local abattoir and
immediately placed in Hanks balanced salt solution. The left
descending coronary artery was dissected, connective tissue
removed and the endothelium denuded. Arteries were
incubated in serum-free Dulbecco’s modified Eagle’s medium
(DMEM) containing 1 mg/ml collagenase (type II), 0.2 mg/ml
elastase (type IV) and 50 pg/ml soybean trypsin inhibitor at
37 °C. The tissue was titurated every 30 min until complete
dispersal had occurred (3-4 h), transferred to an 80 cm? tissue
culture flask containing DMEM, 20% foetal bovine serum (FBS),
2 mM 1-glutamine, penicillin (10,000 units/ml) and streptomy-
cin (10 mg/ml) and incubated at 37 °C, in a humidified 5% CO,
atmosphere. After 24 h, the medium was removed and cells
transferred to fresh DMEM, 10% FBS, 2mM t-glutamine,
penicillin (10,000 units/ml) and streptomycin (10 mg/ml). Cells
were used for experiments between passages 4 and 8. The n
values given in Figs. 1-3 represent individual measurements
from primary cultured single cells derived from at least three
different animals.

2.2.  Imaging of [Ca®*];

Cultured VSM cells were grown on glass-bottomed dishes and
serum-starved 24 h before use. Cells were loaded with 4 umol/
1 Fura-2 AM for 30 min in a solution containing (in mmol/1): 130
Nacl, 5.6 KCl, 1 MgCl,, 1.7 CaCl,, 11 Glucose, 10 HEPES (pH 7.4)
followed by a 20 min de-esterification period. A Zeiss Axiovert
200 inverted microscope, equipped with a cooled CCD camera
(Photometrics, Tucson, AZ) and a polychromatic illumination
system (T.LL.L. Photonics, Gréfelfing, Germany), was used to
capture fluorescence images with excitations at 340 and
380 nm. The ratio of the fluorescence intensity between the
pair of frames (FR340/380) was calculated after background
subtraction. The Metafluor software (Molecular Devices, PA)
controlled the illuminator and camera, and performed image
ratio measurements and analysis. Results are expressed as
F340/380 ratio. Experiments were carried out at room
temperature (22-24 °C).

2.3. Electrophysiology

The whole cell variant of the patch clamp technique was used
to record ion channel currents from cultured VSM cells. Patch
pipettes (resistances 5-9 MQ)) were filled with a KCl-based
solution containing (in mmol/l) 140 KCI, 0.1 CaCl,, 2 MgCl,, 5
EGTA, 10 HEPES, 2 ATP (310-320mOsm/l and pH 7.2).
Recordings were made with extracellular solutions that
contained (in mmol/l) 3 KCl, 0.6 MgCl,, 2 CaCl,, 1 NaHCOs3,
10 HEPES, 5 glucose and 130 NaSCN (310-320 mOsm/1 and pH
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Fig. 1 - Effects of AGE incubation on agonist-induced Ca?* increases in cultured VSM cells. Cells were preincubated for 96 h
either untreated, with 200 pg/ml albumin or 200 pg/ml glycated albumin. Intracellular Ca>* was measured in cells following
stimulation with 5 pM S1P. (A) Typical S1P-induced increases in [Ca®*]; are shown. (B) Mean peak Ca®* rises following
stimulation with S1P alone and S1P in the presence of 10 pM ryanodine. Mean peak Ca®* rises induced by 20 mM caffeine
are also shown. (C) Mean data of the total duration for Ca®* rises induced by S1P alone and S1P in the presence of 10 pM
ryanodine. Total duration for caffeine-induced Ca®* rise is also shown. In cells preincubated for 96 h with glycated albumin,
ryanodine significantly decreased the prolonged duration and peak of the S1P-induced Ca?* increase to control levels. In

cells preincubated with glycated albumin, the caffeine-induced increase in [Ca

2+); was significantly increased in peak

amplitude and duration compared to both untreated control cells and cells preincubated with albumin. n numbers shown

in brackets, *p < 0.05. All values mean =+ S.E.M.

7.4). VSM cells were recorded using NaSCN-based extracellular
solution because the success rate of seal formation and whole
cell recording under these conditions was greatly improved.
Whole cell currents were measured using an Axoclamp 2A
amplifier (Molecular Devices, CA) operated at 18 kHz. Drugs
were applied by low-pressure perfusion from a blunted pipette
positioned ~50 um from the cell being studied. Current/
voltage relationships were generated from a holding potential
of —70mV by step depolarisations to clamp potentials
between —60 and +130 mV. Hyperpolarizing step commands
of —50 mV were used for linear leak subtraction. Data were
stored on digital audiotape using a digital tape recorder (DTR
1205, Biologic) and subsequently analysed off-line with CED
voltage clamp software.

Intracellular flash photolysis of caged compounds (ATP,
inositol 1,4,5-trisphosphate (IP;) and DM-nitrophen; Calbio-
chem, Nottingham, UK) was conducted as previously reported
[39]. Briefly, where stated caged compounds were included in
the patch pipette solution, ATP and IP; at 100 uM and DM-
nitrophen at 8 mM (with 4 mM CaCl,). After 5 min equilibrium
in the whole cell recording configuration intracellular photo-
lysis was achieved with a flash of intense near UV light from a
Xenon flash lamp with UG11 filter attached (Hi-Tech XF-10).

2.4.  Calcineurin activity

Measurement of calcineurin activation using a colorimetric
assay was carried out according to manufacturer’s instruc-
tions (Calbiochem, Nottingham, UK). Calcineurin activity was
determined by dephosphorylation of a phosphopeptide sub-
strate and quantified by comparing to a standard curve with
known concentrations of free phosphate. Briefly, cultured
VSM cells were grown to 80% confluence in 96-well plates and
deprived of serum for 24h prior to treatment. Following
treatment protocols, cells were washed twice in ice cold TBS
and lysed with lysis buffer followed by scraping into
Eppendorf tubes. Samples were then centrifuged in an
ultracentrifuge at 100,000 x g, 4 °C for 45 min and the super-
natant reserved. Samples were run through a resin-filled
column to remove free phosphate. Activity was assessed in
each sample in the presence of exogenously added calmodu-
lin, the phosphopeptide substrate and the colorimetric dye.
Absorbance was assessed at 620 nm in a spectrophotometer.
In parallel, calcineurin activity was also measured in samples
in the presence of 10 mM EGTA to determine the phosphatase
activity due to calcium-independent phosphatases. For each
sample, the phosphatase activity in the presence of EGTA was
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Fig. 2 - S1P-activated inward currents in control and AGE-
treated VSM cells. (A) Bar chart showing mean + S.E.M.
values for the holding currents recorded prior to S1P
application and during the peak of the 1 pM S1P response.
Data are given for control cells (n = 6) and cells
preincubated with 200 pg/ml glycated albumin for 96 h
(n=5). (B) S1P response duration from control (n = 3) and
glycated albumin-treated (n = 3) VSM cells. All data were
obtained from cells bathed in NaSCN-based extracellular
solution and clamped at a holding voltage of —70 mV.

*p < 0.05.

subtracted from total activity to determine the phosphatase
activity due to calcineurin. Results were expressed as nmoles
phosphate released based on comparison with the standard
curve. Each individual assay comprised of treated samples and
a standard curve.

2.5.  Electromobility shift assay

EMSA were carried out as previously described [37]. Briefly,
cultured pig coronary artery VSM cells were treated as
appropriate and nuclear fractions were prepared. 10 ug of
protein from nuclear preparations was used in each experi-
ment. Biotin-labelled consensus oligonucleotides for the
transcription factor NFAT (5'-ACGCCCAAAGAGGAAAATTT-
GTTTCATACA) were incubated with nuclear fractions accord-
ing to the manufacturer’s instructions (Panomics, Fremont,
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Fig. 3 - AGE preincubation of VSM cells prolonged
responses to intracellular photorelease of IP; and DN-
nitrophen. (A) Graph showing mean values for the peak
inward currents evoked by intracellular photorelease of
caged ATP, caged IP; and caged Ca®* (DM-nitrophen, DM-
N). n = 3 for each group. Whereas photorelease of IP; was
not significantly different in AGE-treated and control cells,
photorelease of Ca®* significantly increased inward
current in following AGE-preincubation. (B) Bar chart
showing the mean + S.E.M. values for inward current
durations recorded from control (n = 3) and AGE-treated
(n = 3) VSM cells following intracellular photorelease of
caged ATP, caged IP; and caged Ca®* (DM-nitrophen, DM-
N), *p < 0.05. All data were obtained from cells bathed in
NaSCN-based extracellular solution and clamped at a
holding voltage of —70 mV.

CA). For competition experiments, unlabelled probe was
added in addition to the biotin-labelled probe. Protein-DNA
complexes were resolved on a 6% polyacrylamide gel. Bands
were visualized using a streptavidin-HRP detection reagent as
per manufacturer’s instructions. Shifted bands were quanti-
fied by scanning densitometry using a Bio-Rad GS-690 imaging
densitometer.

2.6.  Bromodeoxyuridine assay

DNA synthesis as a measure of cell proliferation was
determined by assessing BrdU incorporation into VSM cells.
Briefly, cultured VSM cells were grown to 80% confluence in
96-well plates and deprived of serum for 24h prior to
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treatment. Following treatment, BrdU label was added to cells
according to manufacturer’s instructions (Calbiochem, Not-
tingham, UK). Regardless of treatment incubation times, BrdU
incubation was included for the last 24 h before analysis. Each
assay also included a blank (no cells) and a background sample
(cells, no BrdU added). Cells were fixed in fixative/denaturing
solution for 30 min and anti-BrdU antibody was added each
well for 1h at room temperature. Cells were washed three
times with wash buffer. The horseradish peroxidase (HRP)
conjugated antibody was added to each well for 30 min at
room temperature. Wells were washed three times and
substrate solution (tetra-methylbenzidine) added. Absorbance
in each well was measured using a spectrophotometric plate
reader at wavelengths of 450 and 595 nm.

2.7.  SDS-polyacrylamide gel electrophoresis and
immunoblotting

Cultured coronary artery VSM cells were grown to 90%
confluence and deprived of serum for 24 h prior to treatment
as indicated. Cells were lysed in lysis buffer and cellular debris
removed by centrifugation at 15,000 x g for 15 min at 4 °C,
prior to analysis by immunoblotting. Cell lysates were mixed
with an equal volume of 2x SDS sample buffer and incubated
at 100 °C for 5 min. Lysates were fractionated by SDS-PAGE and
transferred to nitrocellulose membranes. After blocking with
5% nonfat milk powder in TBS, pH 7.4, containing 0.1% Tween-
20for 1 h atroom temperature, blots were incubated with anti-
RAGE antibody (Santa Cruz, CA) for 1 h at room temperature or
overnight at 4 °C, washed and incubated with HRP-conjugated
anti-rabbit secondary antibody (Dako, Glostrup, Denmark) for
1h at room temperature. Immuno-reactive species were
visualized using enhanced chemiluminescence and quanti-
tated by scanning densitometry using a Bio-Rad GS-690
imaging densitometer.

2.8. Materials

All chemicals and reagents (including glycated bovine albumin
and corresponding controlbovine albumin (non-glycated)) were
purchased from Sigma Chemical Co., Dorset, UK, unless other-
wise stated. The degree of substitution on all batches of glycated
albumin was the same (2.7 mol hexose per mole albumin).
Results were confirmed with another source of glycated
albumin from Calbiochem with a similar degree of substitution.

2.9.  Statistical analyses

Data are expressed as mean + S.E.M. Significance was tested
using a Student’s t-test or, where multiple comparisons were
required, two-way ANOVA. A value of p < 0.05 was considered
significant.

3. Results
3.1.  Effects of glycated albumin on agonist-induced [Ca®*];

In order to mimic the effects of AGE in vivo, cells were
incubated for 96 h with 200 pg/ml of glycated bovine albumin.

This concentration has previously been shown in vitro to
approximate in vivo vascular effects of experimentally
induced diabetes in pig coronary arteries [40]. In addition,
it is within the range of glycated albumin found in plasma
[41]. Cultured VSM cells were incubated for 96 h with either
200 pg/ml glycated albumin, 200 pg/ml (non-glycated) albu-
min or untreated (no added albumin) and the agonist-
induced [Ca®']; increase was measured in Fura-2 loaded
cells. The agonist used in this study was sphingosine 1-
phosphate (S1P). We have previously shown that S1P
induces an increase in [Ca®']; in VSM cells predominantly
via a release of Ca®* from intracellular stores [42]. In control
VSM cells (no added albumin), 5 pM S1P induced a transient
Ca?* rise (Fig. 1A). S1P also produced an increase in [Ca®*]; in
cells incubated for 96 h with albumin. There was a small but
significant increase in the peak rise compared to untreated
cells (Fig. 1B). The duration of the transient increase was
similar (Fig. 1C). In VSM cells incubated with glycated
albumin for 96 h, S1P produced an increase in [Ca®*]; which
was not significantly different in amplitude from cells
incubated with albumin (Fig. 1B). However, the duration of
this Ca®* rise (total time from initial rise until return to
baseline) was significantly prolonged compared to both
untreated and albumin-treated cells (Fig. 1C). VSM cells
incubated with glycated albumin for 24 and 48 h did not
reveal an increased S1P-induced Ca®* increase. Cells
incubated for 72h with glycated albumin did have an
increased duration for S1P-induced Ca®* increase but this
was significantly less than that obtained for the 96h
incubation (data not shown).

In order to investigate potential mechanisms for the
prolonged S1P-induced Ca®* rise following AGE incubation,
VSM cells were incubated for 96 h with 200 pg/ml glycated
albumin, 200 pg/ml albumin or untreated. 10 puM ryanodine
was added for 30 min to block ryanodine receptors (RyR) before
stimulation of a Ca®* increase with S1P. Following ryanodine
incubation, the magnitude of the S1P-induced Ca®* increase
was unchanged in untreated VSM cells and in cells pre-
incubated with albumin. In VSM cells preincubated with
glycated albumin for 96 h, ryanodine significantly reduced the
peak Ca®* rise induced by S1P (Fig. 1). The duration of the S1P-
induced Ca®* rise was unchanged in the presence of ryanodine
for untreated cells and for cells preincubated with albumin.
However, in cells preincubated with glycated albumin,
ryanodine significantly reduced the prolonged duration of
the S1P-induced Ca®* increase back to the duration of
untreated cells (Fig. 1C).

As the 96 h pre-incubation with AGE may have effects on
RyR which result in a prolonged agonist-induced Ca*
increase, the ability of caffeine to activate RyR in VSM cells
was investigated. Following pre-incubation with either 200 pg/
ml glycated albumin or 200 pg/ml albumin, VSM cells were
stimulated with 20 mM caffeine and the effects on [Ca®');
determined. Caffeine produced a rise in [Ca®']; in cells
regardless of pre-incubation treatment. There was no sig-
nificant difference between untreated and albumin-treated
cells. In cells pre-incubated with glycated albumin, the
caffeine-induced Ca®* rise was significantly greater in ampli-
tude and more prolonged in duration compared to cells pre-
incubated with albumin (Fig. 1B and C).
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3.2 Effects of glycated albumin on membrane currents

S1P (1 uM) activated inward currents of similar magnitudes in
both control and glycated albumin-treated VSM cells bathed in
NaSCN solution (Fig. 2). Fig. 2A shows the mean data for the
holding current at the resting holding potential of —70 mV and
the subsequent increase in inward current evoked by S1P.
Although the peak amplitudes of the responses to S1P were
not significantly different in control compared to cells
preincubated with glycated albumin, the durations of the
responses were significantly longer in preincubated cells
(Fig. 2B) in agreement with Ca”* imaging experiments.

To further investigate the roles of IP; in S1P responses of
VSM cells caged IP; was photoreleased inside control and AGE-
treated cells. Initially control experiments were conducted
using caged ATP to consider the effects of the flash and by-
products of photolysis. Intracellular photorelease of ~10 pM
ATP produced delayed, short and small inward currents. In
contrast at least 10 times larger inward currents were evoked
by intracellular photorelease of ~10 pM IP; (Fig. 3A). The peak
amplitudes of the responses to intracellular photorelease in
control and glycated albumin-treated VSM cells were not
significantly different but the duration of the responses
recorded were significantly prolonged in cells pre-incubated
with glycated albumin compared to control cells (Fig. 3B).
Intracellular photorelease of Ca®>* from DM-nitrophen evoked
inward currents which were significantly larger and longer
lasting in VSM cells pre-incubated with glycated albumin
compared with control cells (Fig. 3A and B).

3.3. RAGE expression following incubation with AGE in
VSM cells

It has previously been reported in some cell types that
incubation with AGE can upregulate expression of RAGE.
Primary cultured porcine coronary artery VSM cells were pre-
incubated with 200 pg/ml albumin or 200 pg/ml glycated
albumin for 96h and RAGE expression determined by
immunoblotting with an anti-RAGE antibody. RAGE was
expressed in untreated cells and cells preincubated with
albumin (Fig. 4A and B). In cells preincubated with glycated
albumin, RAGE expression was significantly increased by
approximately threefold. To determine whether other signal-
ing pathways may be upregulated, possibly as a result of
increased RAGE expression, ERK1/2 phosphorylation was
measured in VSM cells following pre-incubation with glycated
albumin for 96 h. Neither basal nor S1P-stimulated ERK1/2
phosphorylation was altered as a result of pre-incubation with
glycated albumin (Fig. 4C).

3.4. Effects of AGE on calcineurin activity in VSM cells

The Ca?*/calmodulin-dependent protein phosphatase, calci-
neurin (CaN), is involved in activation of various signaling
pathways. CaN has also been shown to directly depho-
sphorylate the transcription factor NFATc, leading to its
activation and translocation to the nucleus [44]. NFATc-
induced gene expression has been associated with VSM cell
proliferation [45]. Using a phosphosubstrate, the effects of AGE
incubation in CaN activity was assessed. Cells were incubated
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Fig. 4 - RAGE expression and activation of ERK1/2 in VSM
cells. Typical immunoblot (A) and mean expression data
(B) of RAGE expression in homogenates from primary
cultured porcine coronary artery VSM cells. Cells were
either untreated, preincubated with 200 pg/ml albumin or
200 p.g/ml glycated albumin for 96 h (n = 4). (C) S1P-
induced phosphorylation of ERK1/2 in cells pre-incubated
with either albumin or glycated albumin for 96 h (n = 3).
*p < 0.05.

with either 200 pg/ml glycated albumin or 200 wg/ml albumin
for 96 h and stimulated with 5 puM S1P for 30 min. In untreated
control cells and in cells preincubated with albumin or
glycated albumin, S1P produced a significant increase in
CaN activity after 30 min stimulation as assessed by nmoles
phosphate released from the phosphosubstrate (Fig. 5A).
There was no significant difference between albumin-treated
and untreated VSM cells (untreated data not shown). However,
VSM cells preincubated with glycated albumin showed a
significantly increased resting level of CaN activation and an
increased level following S1P stimulation of 30 mins (Fig. 5A).

3.5.  NFATCc activation following AGE incubation
NFATCc activation in VSM was determined by EMSA. VSM cells

were preincubated for 96 h with 200 pg/ml albumin or 200 g/
ml glycated albumin and stimulated with 5 uM S1P for 30 min.
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Fig. 5 - Effects of AGE on activity of calcineurin and NFATc
in cultured VSM cells. (A) Cells were preincubated for 96 h
either untreated (not shown), with 200 pg/ml albumin or
200 pg/ml glycated albumin and calcineurin activity was
measured in resting (unstimulated) conditions and
following addition of 5 pM S1P for 30 min. n =7 for each
group. (B) Nuclear fractions were prepared from cells
preincubated for 96 h either untreated (not shown), with
200 pg/ml albumin or 200 pg/ml glycated albumin and
NFATc activation was measured in resting (unstimulated)
conditions and following addition of 5 pM S1P for 30 min
(shifted band is denoted by the arrow). (C) Mean data of

Following S1P stimulation, NFATc activity was increased in
VSM cells regardless of preincubation (Fig. 5B and C). The basal
levels and S1P-stimulated levels of NFATc activation were
similar in untreated cells compared to cells preincubated with
albumin (untreated data not shown). Cells preincubated with
glycated albumin had an increased basal level of NFATc
activation and also revealed a significantly increased activa-
tion following S1P stimulation compared to cells preincubated
with albumin. Specificity of the oligonucleotide probes is
indicated by the reversal of S1P-stimulated NFATc activation
following addition of cold (unlabelled) probe.

3.6.  BrdU incorporation

It has been previously demonstrated that AGE can enhance
proliferation in VSM cells in culture [23,24]. The mechanisms
are not clear but may involve increased activation of NFATc,
also implicated as having an important role in VSM cell
proliferation [45]. BrdU incorporation was used to assess
increases in DNA expression and indicate a proliferative
response. Cells were either untreated or preincubated for 24,
48, 72 or 96 h with glycated albumin or albumin. In this case,
S1P was not added to cells. S1P is already known to be
mitogenic in VSM cells and would therefore mask the effects
of AGEs on proliferation. After 24, 48 or 72 h, there was no
significant difference in BrdU incorporation between albumin
and glycated albumin preincubation (Fig. 6A). After 96 h, the
levels of BrdU incorporation in VSM cells incubated with
glycated albumin was significantly increased compared to
cells incubated with albumin (Fig. 6A). As the timecourse of
this increase is similar to the changes observed in Ca”*
homeostasis, cells were incubated with either albumin or
glycated albumin for 96 h in the presence of the selective CaN
inhibitor, cyclosporin A (CsA). In cells incubated with 10 uM
CsA for 96h, BrdU incorporation was reduced to zero
regardless of preincubation conditions (although a main-
tained cell viability was assessed by activation of ERK1/2
which was unaffected by CsA incubation, data not shown). To
more clearly assess the potential role of an increased CaN
activity potentially via an AGE-dependent mechanism, cells
were treated with CsA only in the last 24 h, i.e. after 72 h of the
total 96 h preincubation with glycated albumin or albumin.
The rationale for this is that AGE-induced effects on
intracellular Ca®>* and CaN were only evident after at least
72 h incubation. This potentially would block more selectively
the AGE-induced changes to proliferation. In this case, the
VSM cells preincubated with albumin for 96 h and CsA for the
final 24h showed a small significant decrease in BrdU
incorporation. However, in cells preincubated with glycated
albumin for 96h, CsA treatment after 72h significantly
reduced the BrdU incorporation to control levels (approxi-
mately 80% decrease, Fig. 6A). The treatment of cells with CsA
after 72h incubation did not significantly change BrdU
incorporation in cells stimulated with 10% FBS for 96 h
(Fig. 5B).

NFATCc activation expressed as fold increase of control
conditions (untreated, unstimulated). n = 5 for each group,
*p < 0.05.



BIOCHEMICAL PHARMACOLOGY 76 (2008) II110-1120

1117

(A

=

*
- albumin B
4 glycated albumin

BrdU incorporation
(fold increase of control)

*
[ (B)
s ]
5
EE I
s 3
g5 101
= 0
QO w
€8
3£
mT 51
£
0x|:| o *&
O QD
96 hr P & LY
Incubation F &8
+ CsA final S o of
24hr °’Oo¥'

Fig. 6 - BrdU incorporation in cells preincubated with AGE. (A) Cells were preincubated for 24, 48, 72 or 96 h either untreated
(not shown), with 200 pg/ml albumin or 200 pg/ml glycated albumin and BrdU incorporation was measured. Some
experiments using 96 h incubation included 10 pM CsA for the final 24 h of the 96 h incubation. (B) BrdU incorporation in
cells incubated with 10% FBS for 96 h with CsA for the final 24 h of the 96 h incubation. n = 4 for each group, *p < 0.05. Each
experiment was conducted using cells derived from different animals.

4, Discussion

Evidence now indicates that the production of AGEs in the
hyperglycaemic environment of diabetes could have an
important role in the development of atherosclerosis. Athero-
sclerosis involves a switch to a more proliferative VSM cell
phenotype. AGE can induce VSM cell proliferation although
the mechanisms are not clear. In this study, glycated albumin
at a concentration which reflects that found in vivo [41]
produced a prolonged agonist-induced Ca®* rise in VSM cells.
This is at least partly attributable to an increase in the
ryanodine-sensitive component involved in Ca**-induced Ca®*
release from the sarcoplasmic reticulum. Prolongation of the
Ca?* increase resulted in increased activation of the Ca®*-
dependent phosphatase, calcineurin, and subsequent activa-
tion of NFATc. This regulation of NFATc is possibly involved in
the AGE-induced proliferation previously observed in VSM
cells and may contribute in vivo to vascular changes associated
with hyperglycaemia.

The present study has used glycated albumin as an
example of AGEs found in vivo, and closely associated with
diabetic vascular complications [46,47]. Many studies have
used this AGE to investigate mechanisms of AGE-induced
signaling (e.g. [23,24,31]). Glycated albumin does bind and
activate RAGE [48]. Although some questions remain to be
answered regarding the applicability of glycated proteins
prepared in vitro (such as the degree of modification of the
protein compared to that produced in vivo [49]), glycated
albumin is a useful tool to analyse potential RAGE-mediated
signaling pathways. In VSM cells, previous studies have
demonstrated activation, via RAGE, of various pathways
including MAPK kinase isoforms with shorter incubation
times [24]. In our study, we have used longer-term (96 h)
incubation with AGE to better assess chronic effects on VSM

cells. This is particularly relevant to the in vivo situation in
diabetes where arteries are chronically exposed to AGEs,
including glycated albumin. Such incubation would be
expected to result in changes to protein expression. As has
previously been reported in endothelial cells [50], RAGE
expression in this study shows a significant increase following
incubation with AGE. In addition, RAGE expression in VSM
cells is upregulated during vascular injury [34]. This increased
expression could account for an increase in AGE-RAGE
signaling and does demonstrate that this receptor pathway
is present in these cells. We have not directly demonstrated
that RAGE signaling is involved in this mechanism, for
example by utilizing RAGE antagonists such as soluble RAGE
or RAGE —/— cells. However, glycated albumin does activate
ERK1/2, a known effector of RAGE signaling, in cultured pig
coronary artery VSM cells previously characterized by others
[32]. This provides some indirect evidence that AGE effects are
mediated via RAGE in this study. Further experiments will be
required to definitely show the involvement of RAGE.
Ca®*-dependent signaling is critical for normal cell function
and alterations to these pathways can have dramatic effects
on cell phenotype. In the case of AGE incubation in VSM cells
as shown in this study, effects on Ca®" signaling may
contribute to a more proliferative phenotype. This change in
Ca?* signaling results in an agonist-induced Ca®* rise which is
of significantly longer duration; approximately double that of
control responses. The peak Ca”* increase is not altered. This
is reflected in results from both Ca?* imaging and from
electrophysiology where the prolonged inward current is Ca**
activated [42]. These findings are in agreement with a previous
study in VSM cells isolated from diabetic patients which found
that the agonist-induced Ca®* increase was enhanced,
particularly at the perinuclear region suggesting release from
intracellular stores [51]. The Ca®* increase induced by the
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agonist used in this study (S1P) is predominantly the result of
release from intracellular stores in VSM cells [42], involving
IPs-induced calcium release (via IP; receptors) and to a lesser
extent Ca?*-induced Ca®" release (CICR) via ryanodine recep-
tors (RyR). The photolysis of caged IP; and caged Ca**
demonstrate that effects of S1P in AGE-treated cells are not
agonist specific but are likely to be observed by any agonist
that increases IP; or intracellular Ca?*. This shows the broad
nature of the modulation of Ca®* signaling that occurs
following AGE incubation. Interestingly, an inhibition of CICR
by ryanodine following 96 h AGE incubation reduces slightly
the peak Ca®* rise, but also completely abolishes the prolonged
duration of this rise. The involvement of RyR is further
indicated by the effects of caffeine following AGE incubation,
which results in an increased peak Ca®" rise and prolonged
duration. These results are also reflected in electrophysiolo-
gical experiments using caged Ca®* (DM-nitrophen). In VSM
cells pre-incubated with AGE, there is a significantly greater
inward current evoked following photolysis compared to
control cells indicating an increased CICR mechanism. The
exact nature of this change in the RyR-dependent Ca**
homeostasis is not yet clear. Changes in either RyR expression
or channel regulation may explain the altered Ca** home-
ostasis. Three RyR isoforms, RyR1, RyR2 and RyR3, have been
cloned and characterized [52]. Although RyR3 is typically
associated with VSM cells, some smooth muscles express all
three isoforms [53]. Promoter sites regulating RyR gene
expression are not yet resolved. Further detailed study will
be required to determine the nature of this altered CICR by
AGE. The additional involvement of other pathways in this
AGE-induced mechanism can also not be excluded, such as
altered activity of Ca?*-ATPases, particularly as the observed
effects result in a prolonged duration of the Ca?* increase, and
will require further detailed investigation.

The changes in the agonist-induced Ca®* increase as a
result of AGE incubation would be expected to have down-
stream effects on VSM cell function. Indeed, in this study we
have demonstrated that a Ca®*-dependent pathway which
likely has a role in regulating cell phenotype, namely CaN/
NFATc [44,45], is regulated as a result of these changes. The
prolonged agonist-induced Ca** increase observed following
96 h AGE incubation results in an increased activation of the
Ca?*/calmodulin-dependent phosphatase, CaN, measured
after 30 min of agonist stimulation. In addition, the basal
levels of CaN are increased by AGE incubation for 96 h
directly indicating an elevated resting [Ca®*];. Although the
fluorescence Ca** imaging did not reflect an increased basal
resting Ca?*, the arbitrary ratio units of measurement used
would not detect any small changes of this parameter. CaN is
a protein phosphatase 2B with several downstream targets,
including the transcription factor family, NFATc [41]. NFATc
consists of five isoforms, NFATc1l, NFATc2 and NFATc3
present in VSM cells [44]. NFATc resides in the cytoplasmin a
hyperphosphorylated state. Dephosphorylation by CaN
exposes nuclear localization domains which target NFATc
to the nucleus and initiate NFAT-induced gene expression
[43]. In the present study, AGE preincubation results in an
increase in both basal and agonist-stimulated NFATc
activation, reflecting the increase in CaN activation. Persis-
tent activation of CaN is required to maintain NFATc

activation [54]. The increased resting Ca* level, as well as
the prolonged agonist-induced Ca®* rise observed following
AGE preincubation, are likely to contribute to the increased
basal activation and enhanced agonist-stimulated activation
of NFATc. This maintained effect will push towards a
phenotypic alteration in VSM cells chronically exposed to
AGE.

NFATc has been implicated in having an important role in
VSM proliferation related to vascular disease [45,55] although
the exact nature of NFATc-induced gene expression which
contributes to this is not clear. This may be via an upregulation
of inflammatory factors such as interleukin-6 or COX-2 [56,57].
Reports have suggested that NFATc may also be involved in
smooth muscle-specific gene expression during vascular
development via interaction with GATA transcription factors
[58], tending to point to a role in differentiation rather than
proliferation in some circumstances. Regardless, several
studies have indicated that blockade of NFATc activation
does prevent VSM proliferation in vitro and inhibit neointimal
growth in vivo suggesting the importance of NFATc regulation
in the development of vascular disease [45,55,57]. Previous
studies have also demonstrated that AGEs can induce
proliferation in VSM cells [23,24] although the intracellular
mechanisms are not clear. The present study demonstrates
that at least part of the AGE-induced proliferation is due to
activation of NFATc as it is blocked by CsA, a selective inhibitor
of the CaN/NFATc pathway. When CsA is added 72h after
proliferation has been initiated by AGE, BrdU incorporation is
still significantly decreased compared to control-treated cells.
This timecourse fits well with the observed timecourse of the
increased basal and agonist-stimulated CaN activation follow-
ing AGE incubation. This is also in line with the AGE-induced
increase in the duration of agonist-stimulated Ca®* increase.
Further evidence that the NFATc pathway is selective for AGE-
induced proliferation (as opposed to a different mitogenic
stimulus), is demonstrated by the lack of effect of CsA in
blocking serum-induced proliferation under the same condi-
tion. Although serum incubation represents a powerful
mitogenic stimulus activating many pathways, it does suggest
that inhibition of NFATc activation is not necessarily always
sufficient for proliferation, but is required for AGE-induced
proliferation. It is acknowledged that a short incubation with
AGE does activate ERK1/2 in VSM cells [23,24] and may also
initiate proliferation via other pathways in addition to the
CaN/NFATc-dependent pathway demonstrated by the present
study. However, at least after 72-96 h of AGE incubation (more
accurately reflecting the chronic exposure observed in vivo),
this mechanism could play an important role in maintaining
the proliferation.

In conclusion, VSM cells preincubated with AGE for 96 h
demonstrate an altered Ca’* homeostasis. This alteration
involves a change in the CICR resulting in a prolonged agonist-
induced increase in [Ca**];. The prolonged elevation of [Ca**;
leads to increased activation of the Ca®*/calmodulin-depen-
dent protein phosphatase, CaN, and subsequently increased
activation of the transcription factor, NFATc. NFATc is, at least
partly, required for AGE-induced proliferation in VSM cells.
Therefore, in conditions of high circulating glucose concen-
trations, such as diabetes, this mechanism may contribute to
the development of vascular disease.
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