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Advanced glycation end products (AGE) are central to the development of

cardiovascular complications associated with diabetes mellitus. AGE may

alter cellular function through cross-linking of cellular proteins or by activat-

ing the AGE receptor (RAGE). However, the signalling molecules involved

during AGE stimulation in cardiomyocytes remain unclear. Here, we investi-

gated the effects of AGE treatment on intracellular calcium homeostasis of

isolated cardiomyocytes and studied the activation of signalling molecules

involved in this process. Treatment of cardiomyocytes with AGE for 24 h

resulted in a dose-dependent reduction in calcium transient amplitude, reach-

ing a maximum 50% reduction at a dose of 1 mg�mL�1. This was accompa-

nied with a 32% reduction in sarcoplasmic reticulum calcium content but

without any detectable changes in the expression of major calcium channels.

Mechanistically, we observed a significant increase in the production of reac-

tive oxygen species (ROS) in AGE-treated cardiomyocytes and enhancement

of NADPH oxidase activity. This was accompanied with activation of p38

kinase and nuclear translocation of NF-jB, and subsequently induction of

inducible NO synthase (iNOS) expression, leading to excessive nitric oxide

production. Overall, our data reveal the molecular signalling that may under-

lie the alteration of intracellular calcium homeostasis in cardiac myocytes due

to AGE stimulation. This may provide new insights into the pathophysiologi-

cal mechanisms of the development of diabetic cardiomyopathy.

The prevalence of diabetes is increasing with the pro-

jected prevalence of diabetes worldwide and is escalat-

ing from 285 million in 2010 to 439 million in 2030

[1]. Cardiovascular complications are the principle

causes of morbidity and mortality in patients with dia-

betes, accounting for up to 68% of diabetic fatalities [2].

These include atherosclerosis, coronary heart disease,

congestive heart failure and diabetic cardiomyopathy.

The latter refers to a condition where diabetic condi-

tion alters cardiac structure and function directly with-

out affecting the vasculature and independent of the

occurrence of hypertension or valvular disease [3].
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Diabetic cardiomyopathy has been associated with

both type 1 and type 2 diabetes and is characterized by

early-onset diastolic dysfunction followed by systolic

dysfunction [4]. It is believed that both structural and

functional changes play significant roles in the process.

For example, the extent of cardiac fibrosis is much

greater in both animal models and human patients with

diabetic cardiomyopathy [5]. Furthermore, diabetes may

also impair cardiomyocyte excitation–contraction cou-

pling and hence alter intracellular calcium homeostasis

[6,7], possibly explaining the reduction in cardiac con-

tractile function in diabetic cardiomyopathy.

However, the mechanism of how prolonged hyper-

glycaemia can cause cardiomyopathy is not completely

understood. One of the possible factors that may be

involved is the production and accumulation of

advanced glycation end products (AGEs) [8]. AGEs are

heterogenous group of molecules resulting from the

nonenzymatic glycation and oxidation of proteins and

lipids in the presence of reducing sugars [9]. Accumulat-

ing evidence showed crucial contribution of AGEs in

the evolution and progression of heart failure in patients

with diabetes as clinical studies have found correlation

between serum AGE levels with severity of heart failure

and coronary heart disease [10,11] as well as with sys-

tolic and diastolic cardiac dysfunction [12,13].

It is understood that the cardiac effects of AGEs

may be through cross-linking of extracellular matrix

and/or activation of the AGE receptor (RAGE) (re-

viewed in [14]). AGEs may cross-link with extracellular

matrix proteins such as collagen, laminin, and elastin

leading to the impaired degradation and increased

stiffness [15]. On the other hand, AGE may affect

intracellular signalling pathways via activation of

RAGE. RAGE signalling has been widely investigated

in vascular endothelial and smooth muscle cells as well

as in macrophages [16]; however, its role in the car-

diomyocytes is not completely understood. Here, we

investigated the direct effects of AGE stimulation on

cardiomyocytes focusing on examining the effects of

AGE stimulation on the intracellular calcium dynam-

ics as well as investigating the signalling molecules that

may be affected by AGE stimulation.

Materials and methods

Isolation and culture of rat primary neonatal

cardiomyocytes

Neonatal rat cardiomyocytes were isolated from two- to

three-day-old of Sprague Dawley rat neonates using the

protocol described previously [17,18]. All experiments

involving animals were performed in accordance with the

United Kingdom Animals (Scientific Procedures) Act 1986

and were approved by the University of Manchester Ethics

Committee. For NRCMs isolation, extracted neonatal

hearts were preserved into ice-cold filter-sterilized ADS

solution (116 mM NaCl, 20 mM HEPES, 1 mM NaH2PO4,

5.5 mM glucose, 5.5 mM KCl, 1 mM MgSO4, pH 7.35

adjusted with NaOH). The top section of the heart was

excised to remove the atria. Then, the remaining part of

the hearts were cut into half and were incubated in ADS

solution containing 0.6 mg�mL�1 collagenase A (Roche

Applied Bioscience, Mannheim, Germany) and

0.6 mg�mL�1 pancreatin (Sigma-Aldrich, St. Louis, MO,

USA) at 37 °C for 7 min in a shaking water bath. After

seven successive cycles of digestion, cells pooled from all

digestions were centrifuged at 335 g for 5 min. Cells were

plated onto 100-mm Falcon tissue culture dishes for 90 min

in preplating medium (68% DMEM, 17% M199 medium,

10% horse serum, 5% FBS and 2.5 lg�mL�1 amphotericin

B) to attach cardiac fibroblasts. Most of the cardiomy-

ocytes remained floating and were collected afterwards.

Cardiomyocytes were then plated on BD Falcon Primaria

plates or on laminin-coated cover slips in plating medium

containing 68% DMEM, 17% M199 medium, 10% horse

serum, 5% FBS, 2.5 lg�mL�1 amphotericin B and 1 lM
BrdU (5-bromo-2-deoxyuridine). The following day,

NRCMs were washed twice using PBS and then cultured in

maintenance media (80% DMEM, 20% M199, 1% FBS,

2.5 lg�mL�1 amphotericin B and 1 lM BrdU) at 37 °C.

Intracellular calcium analysis

The fluorescent calcium indicator Indo-1 AM (Molecular

Probes, Eugene, OR, USA) was used to measure cytosolic

free calcium. NRCMs were plated on laminin-coated glass

coverslips. Cells were loaded with 5 lM Indo-1 AM for

15 min at 37o C in the dark. The cells were then washed

with maintenance media and incubated for further 30 min

at 37 °C to de-esterify the dye completely. The coverslip was

placed in a bath on the stage of an epifluorescence-adapted

inverted Olympus IX70 microscope connected to an Olym-

pus America camera. The myocytes were continuously per-

fused with Tyrode solution (131 mM NaCl, 4 mM KCl,

1 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 10 mM HEPES,

pH 7.4 adjusted with NaOH). The MyoPacer field stimula-

tor (Ionoptix Inc., Westwood, MA, USA) was used for field

stimulation of the cardiomyocytes through two silver wire

electrodes initiating an electrical current at a frequency of 1

Hertz (Hz). Calcium changes occurring during cardiomy-

ocyte contraction were recorded at 37 °C under basal condi-

tions or after stimulation with glycated bovine serum

albumin (AGE-BSA, Calbiochem, EMD Millipore, Biller-

ica, MA, USA) at 0.1–1 mg�mL�1 for 24 h. For SR calcium

content analysis, calcium transient was measured after

superfusion with 10 mM caffeine in the absence of electrical

field stimulation. The amplitude of the resulting transient
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was used as a measure for the SR calcium content. For ana-

lysing the involvement of NF-jB, cells were treated with

100 nm of NF-jB inhibitor, pyrrolidine dithiocarbamate

(PDTC), for 1 h prior to stimulation with AGE. To examine

the role of NADPH oxidase, we treated NRCM with 1 lM
NADPH oxidase inhibitor, diphenyleneiodonium (DPI), for

1 h prior to stimulation with AGE.

Western blot

Western blots to analyse protein expression were con-

ducted using the standard protocol as described previously

[17,18]. Primary antibodies used were anti-L-type Ca2+

channel (Abcam, Cambridge, UK), anti-ryanodine recep-

tor (Abcam), anti-SERCA2a (Santa Cruz Biotechnology,

Dallas, TX, USA), anti-NCX (Cell Signaling, Danvers,

MA, USA), anti-phospho-PLB (Millipore, Bellerica, MA,

USA), anti-total-PLB (Millipore), anti-PMCA1 (Abcam),

anti-PMCA4 (Abcam), anti-RAGE (Abcam), anti-phos-

pho-p38 (Cell Signaling), anti-total-p38 (Cell Signaling),

anti-iNOS (Abcam), anti-a-tubulin (Calbiochem) and anti-

GAPDH (Santa Cruz). For visualization, we used HRP-

conjugated secondary antibodies, which were obtained

from either Cell Signaling or Dako.

Cell viability and caspase 3/7 analyses

To examine whether AGE treatment induces cell death

and/or apoptosis, we treated NRCMs with 1 mg�mL�1

AGE for 24 h and performed MTT and caspase 3/7 assays.

For the MTT assay, NRCMs were plated in 24-well plates

at a density of 3 9 105 cells per well. Following 24-h treat-

ment with AGE, 0.45 mg�mL�1 thiazolyl blue tetrazolium

bromide (Sigma) was added to each well and cells were

incubated for 1 h at 37 °C. Formazan crystals were then

dissolved by adding 100 lL of a solubilization solution

containing 0.1N HCl in isopropanol, and cell viability was

analysed by measuring the absorbance at 570 nm on a

spectrophotometer.

For analysing caspase 3/7 activity, cells were plated at a

density of 3 9 105 and treated with AGE for 24 h. Follow-

ing treatment, cells were lysed for 30 min through the addi-

tion of 100 lL of cell culture lysis reagent (Promega,

Madison, WI, USA). To assess caspase activity, 20 lL of

lysate was mixed with an equal volume of caspase-Glo 3/7

reagent (Promega) and incubated for 1 h at room tempera-

ture. Luminescence was measured using a Lumat lumi-

nometer (Berthold Technologies, Bad Wildbad, Germany).

Immunofluorescence

Immunofluorescence analyses were conducted using the pro-

tocol as described elsewhere [17,18]. To detect NFjB subcel-

lular localization, we used anti-NFjB (p65) (Santa Cruz) and

anti-a-actinin (Sigma) as primary antibodies and detected

using fluorescent-labelled secondary antibodies (Jackson Lab,

West Grove, PA, USA). DAPI was used to stain the nuclei.

To examine S-nitrosylation of RyR and SERCA2a, we used

anti-SERCA2a (Santa Cruz Biotechnology), anti-RYR

(Abcam) and anti-S-nitrosocysteine (Abcam).

NF-jB luciferase assay

We used an adenovirus-containing luciferase reporter dri-

ven by NFjB elements. The generation of the virus has

been described in previous publication [17]. NRCMs were

transduced with the virus 24 h prior to treatment with the

AGE. Luciferase activity was detected 24 h following AGE

treatment using luciferase detection reagent (Promega).

Detection of intracellular reactive oxygen species

Intracellular reactive oxygen species (ROS) level was

assessed using 2,7-dichlorodihydrofluorescein diacetate

(DCF-DA) dye (Molecular Probes). For this procedure,

NRCMs were plated on laminin-coated glass bottom black-

walled 24-well plates at a concentration of 106 cells per

well. Following stimulation with AGE, cells were incubated

with DCF-DA (10 lM) in PBS at 37 °C for 30 min in the

dark. PBS was discarded and replaced by maintenance

media and the cells were immediately used for ROS mea-

surement. Fluorescence was detected using a live cell imag-

ing Leica AS MDW inverted fluorescent microscope where

the cells were kept at 37 °C.

NADPH oxidase assay

For this assay, NRCMs were harvested in PBS. After single

washing step, the cells were resuspended in 1 mM EGTA,

20 mM KH2PO4, 25 mg�mL�1 leupeptin, 10 mg�mL�1 apro-

tinin, and 1 mM phenylmethanesulfonyl fluoride. NRCMs

were lysed in this medium by multiple pipetting up and

down on ice. A luminescence assay was used to monitor

NADPH oxidase activity in the cell homogenates. 100 lL
of tissue homogenates was added to 900 lL of 50 mM

phosphate buffer, pH 7.0 (1 mM EGTA, 150 mM sucrose,

500 mM lucigenin, and 100 mM NADPH), where lucigenin

is an electron acceptor and NADPH is the substrate.

NADPH oxidation into NADP by NADPH oxidase

requires an electron transfer. Lucigenin is an electron

acceptor and therefore becomes reduced by the release of

electron. This reaction emits light. Photoemission was mea-

sured every minute for 14 min using a luminometer (Bert-

hold Technologies). The amount of emitted light is used as

an indicator of NADPH oxidase activity. The assay was

repeated on cell homogenates from AGE-treated cells but

with the addition of 25 lM diphenyleneiodonium (DPI)

(NADPH oxidase inhibitor) per reaction mixture. All used

reagents were purchased from Sigma-Aldrich.
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Detection of intracellular nitric oxide

bioavailability

We used nitric oxide (NO)-sensitive fluorescence dye

DAF-FM (4-amino-5-methylamino-20,70-difluorofluorescein)
(Molecular Probes) to measure NO bioavailability. Cul-

tured NRCMs following treatment with AGE were loaded

with 10 lM DAF-FM for 30 min at 37 °C. The medium

containing the dye was discarded and then replaced with

maintenance medium containing 1 mM L-arginine (Sigma-

Aldrich) and incubated for further 45 min at 37 °C for

complete de-esterification of the dye. Fluorescent signal

was detected using a live cell imaging Leica AS MDW

inverted fluorescent microscope where the cells were kept at

37 °C.

Data analysis

Data are expressed as mean � SEM. Student’s t-test or

one-way ANOVA followed by post hoc multiple compar-

ison was used where appropriate. The probability level for

statistical significance was set at P < 0.05.

Results

AGE reduces intracellular calcium transient in

cardiomyocytes

We used primary cardiomyocytes isolated from rat

neonates (NRCM) to study the effects of AGE treat-

ment on intracellular calcium transient. NRCM

expressed AGE receptor (RAGE) as shown by western

blot analysis (Fig. 1A), suggesting that this cell is a

good model to analyse the effect of AGE. Cultured

NRCMs were treated with glycated bovine serum

albumin (AGE-BSA) at a concentration of 1 mg�mL�1

for 24 h. No change in RAGE expression was

observed following AGE treatment (Fig. 1A). Intracel-

lular calcium was measured using Ca2+ probe Indo-1

and field-stimulated at 1 Hz. AGE treatment signifi-

cantly reduced Ca2+ amplitude by ~50% (Fig. 1B–D).

The rate of Ca2+ decay was also significantly pro-

longed as indicated by analysis of time to 50% base-

line (Fig. 1E). Furthermore, when we treated NRCM

with various doses of AGE ranging from 0.1 to

1 mg�mL�1, we found that the effect of AGE treat-

ment in reducing Ca2+ amplitude was dose dependent

(Fig. 1F).

AGE reduces SR calcium content

One major determinant of the reduction in Ca2+ tran-

sient amplitude is the level of Ca2+ in the intracellular

Ca2+ storage, that is the sarcoplasmic reticulum (SR)

Ca2+ content. To determine the SR Ca2+ content, we

treated AGE-stimulated and control cells with 10 mM

caffeine in the absence of field stimulation. Data

shown in Fig. 2A,B indicated that the SR Ca2+ con-

tent was significantly reduced in AGE-treated cells by

~32%, which may contribute to the decline in the

Ca2+ transient amplitude described above.

Expression of calcium-handling molecules are

not altered by AGE treatment

Next, we examined whether the change in intracellular

Ca2+ dynamic in AGE-treated NRCM was due to

changes in the expression levels of Ca2+ handling pro-

teins. Protein extracts from NRCM treated with

1 mg�mL�1 AGE for 24 h and control cells were sub-

jected to western blot analysis to measure expression

of ryanodine receptor (RyR), SERCA2a, L-type Ca2+

channel (LTCC), sodium calcium exchanger (NCX),

isoform 1 and 4 of the plasma membrane calcium

ATPase (PMCA1 and PMCA4) as well as phospho-

rylated and total phospholamban (PLB). Western

blots and subsequent quantification of band density

showed that there was no difference in the expres-

sion levels of Ca2+ handling proteins following

treatment with AGE (Fig. 3A–G). These data sug-

gested that the effect of AGE treatment was mainly

due to alteration of protein function rather than

level of expression.

Induction of reactive oxygen species formation

by AGE

It has been reported that in endothelial and hepatic

stellate cells, RAGE activation by AGE may induce

the formation of reactive oxygen species (ROS) via

activation of NADPH oxidase [19,20]. To investigate

whether ROS level was elevated in NRCM following

AGE exposure, we used a ROS-sensitive dye (DCF-

DA) to measure intracellular ROS. We found a signifi-

cant increase in intracellular ROS level in AGE-treated

NRCM as indicated in Fig. 4A,B.

We then examined whether NADPH oxidase activity

was increased in these cells. NADPH oxidase assay was

performed on fresh cell lysates of AGE-treated and con-

trol NRCM. A significant increase in NADPH oxidase

activity was detected in AGE-treated NRCM compared

to control cells (Fig. 4C). Furthermore, addition of

NADPH oxidase inhibitor diphenyleneiodonium (DPI,

25 lM) inhibited the difference between AGE-treated

and control NRCM (Fig. 4D), strongly supporting the

idea that AGE treatment increased NADPH oxidase

activity.
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NADPH oxidase may be involved in AGE-induced

intracellular calcium changes

To further analyse whether elevated NADPH oxi-

dase was responsible for the changes in intracellular

Ca2+ dynamics, we treated NRCM with 1 lM DPI

for 1 h before adding AGE (1 mg�mL�1) for a fur-

ther 24 h. We then analysed the Ca2+ transient in

comparison with nontreated NRCM. As described in

Fig. 4E,F, there was no difference in Ca2+ transient

amplitude between these groups of NRCM, suggest-

ing that DPI treatment might suppress the effect of

AGE on NRCM. Taken together, the data above

indicated that NADPH oxidase was involved in

mediating the effects of AGE treatment on car-

diomyocytes.

NRCM viability following AGE treatment

As the ROS level was significantly increased in AGE-

treated NRCM, it was important to examine whether

this affected cell viability and/or apoptosis. Therefore,

we performed an MTT assay and analysed caspase 3/7

activity in NRCM treated with 1 mg�mL�1 AGE for

24 h. We found that there was no significant difference

in cell viability or apoptosis levels between AGE-trea-

ted and control cells as indicated by MTT and caspase

3/7 assay, respectively (Fig. 4G,H).

p38 kinase and NFjB are activated by AGE

It has previously been reported that RAGE activation

by AGE may induce phosphorylation of members of

Fig. 1. Advanced glycated end products (AGEs) reduce intracellular calcium transient in isolated cardiomyocytes. (A) Representative western

blots showing the expression of AGE receptor (RAGE) and loading control (a-tubulin) in neonatal rat cardiomyocytes (NRCM) with or without

treatment with AGE (1 mg/mL for 24 h). (B) Representative intracellular calcium traces obtained from NRCM showing reduction in calcium

transient amplitude and decay rate following AGE treatment (1 mg/mL for 24 h). Cells were loaded with Indo-1 and field-stimulated at a

frequency of 1 Hz. (C) Average trace of calcium transients from control and AGE-treated cardiomyocytes (1 mg/mL for 24 h). (D)

Quantification of calcium amplitude and (E) time to 50% baseline showed a significant decrease in calcium amplitude (P < 0.001) and

significant prolongation of time to 50% baseline (P < 0.01) (n = 18 cells from three independent NRCM preparations). (F) Dose-dependent

reduction in calcium transient amplitude in NRCMs treated with 0.1–1 mg/mL AGE for 24 h (n = 8–18 cells).
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the mitogen-activated protein kinases (MAPKs) path-

way, in particular the p38 kinase [21]. Activation of

this kinase modulates activation of the NFjB pathway

[22]. To investigate the involvement of these signalling

molecules, we analysed the level of phosphorylated

p38 kinase by western blots and activation of NFjB
pathway following AGE treatment. Analysis of phos-

phorylated/total protein levels revealed that phospho-

rylation of p38 kinase was elevated in NRCM treated

with AGE (Fig. 5A). Furthermore, assessment of

NFjB activity using adenovirus-delivered NFjB luci-

ferase reporter construct showed a marked increase in

NFjB activity following AGE treatment in a dose-

dependent manner (Fig. 5B). This finding was con-

firmed by immunofluorescence analysis, in which we

found enhanced level of NFjB nuclear translocation

in AGE-treated NRCM, indicating activation of this

transcription factor (Fig. 5C).

The AGE-induced Ca2+ transient change is NFjB
dependent

We used a NFjB inhibitor pyrrolidine dithiocarba-

mate (PDTC) to test whether NFjB is required in

mediating the AGE-induced Ca2+ transient change in

NRCM. NRCMs were treated with AGE (1 mg�mL�1)

in the presence of 100 nM PDTC for 24 h. We

observed that there was no difference in Ca2+ tran-

sient amplitude as well as Ca2+ decay rate between

treated NRCM and control cells, indicating that

PDTC suppressed the effect of AGE treatment in

Ca2+ transient (Fig. 5D–F).

iNOS expression and nitric oxide level are

elevated following AGE treatment

It has been reported that AGE accumulation is also

related to nitric oxide (NO) production in kidney mesan-

gial cells [23], endothelial cells [24] and macrophages

[25]. We therefore sought whether the level of NO

bioavailability was altered in AGE-treated cardiomy-

ocytes. Using NO-sensitive dye DAF-FM, we observed

significantly higher level of NO bioavailability in AGE-

treated cardiomyocytes compared to control (Fig. 6A,B).

Of three different isoforms of NO synthases, the

inducible NO synthase (iNOS) is known to be modu-

lated by p38 kinase and NFjB transcription factor

[23]. We therefore examined iNOS expression by west-

ern blot and found that iNOS expression was signifi-

cantly elevated in AGE-stimulated NRCM (Fig. 6C,

D). These data suggested that iNOS expression might

contribute to the elevation of NO bioavailability fol-

lowing AGE treatment.

S-Nitrosylation of calcium-handling proteins in

AGE-treated NRCM

Increased production of both NO and superoxide may

induce the formation of peroxynitrite that can cause

nitrosylation of thiol groups of particular proteins and

hence impair their functions [26,27]. As an initial step to

test whether the increased ROS/NO generation shown

above induced S-nitrosylation of major Ca2+ channels

in AGE-treated cardiomyocytes, we analysed S-nitrosyla-

tion of ryanodine receptor and SERCA2a in AGE-treated

Fig. 2. Advanced glycation end products reduce sarcoplasmic reticulum (SR) calcium content. (A) Example of calcium traces showing the

response to 10 mM caffeine in control and AGE-treated NRCM (1 mg/mL, 24 h). Field stimulation was stopped prior to caffeine induction.

(B) Quantification of fluorescent signal suggested a significant decrease in SR calcium content (P < 0.01) in AGE-treated cells compared to

control (n = 9–11 cells from three independent preparations).
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cells. For this purpose, we performed immunofluorescence

analysis followed by detection using confocal microscopy.

As shown in Fig. 7A,B, we found substantial colocaliza-

tion between S-nitrosylated protein and the ryanodine

receptor, and to a lesser extent with the SERCA2a.

Together, these data suggest that S-nitrosylation of cal-

cium-handling proteins may be a contributing factor in

causing the reduced SR content and amplitude of calcium

transient after AGE treatment.

Discussion

Advanced glycation end products (AGEs) have been

known to play important roles in inducing diabetes

Fig. 3. Advanced glycation end product treatment does not alter expression of major calcium channels. Representative western blots of (A)

L-type calcium channel (LTCC), (B) ryanodine receptor (RyR), (C) sodium/calcium exchanger (NCX), (D) sarcoplasmic reticulum ATPase 2a

(SERCA2a), (E) plasma membrane calcium ATPase 1 (PMCA1), (F) PMCA4 and (G) phosphorylated and total phospholamban (p/t-PLB)

accompanied with loading controls (GAPDH/a-tubulin). Quantification of band densities as described by the bar graphs suggested that there

was no significant change in protein expressions following AGE treatment (1 mg/mL, 24 h; n = 6–8).
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complications in many organs including heart. In this

study, we reveal signalling pathways that may be

involved in mediating AGE effects in cardiomyocytes,

in particular in the regulation of intracellular Ca2+

homeostasis. As intracellular Ca2+ is key in

determining contractile function, our finding may

explain the molecular events leading to the develop-

ment of cardiomyopathy in patients with diabetes.

We used neonatal rat cardiomyocytes (NRCM) as a

model in this study as these cells express the receptor

Fig. 4. Advanced glycation end products induce intracellular reactive oxygen species (ROS) level and NADPH oxidase activity. (A) Images of

control and AGE-treated NRCMS stained with ROS-sensitive dye DCF-DA. (B) Quantification of fluorescence intensity indicated a

significantly higher ROS level in NRCM treated with AGE (1 mg/mL, 24 h) (P < 0.001, n = 38–48 cells). (C) NADPH oxidase activity

measurement in AGE-treated and control NRCMs showed that AGE-treated NRCM exhibited a significant increase (P < 0.01) in NADPH

oxidase activity compared to the control cells (n = 7–9). (D) Addition of NADPH oxidase inhibitor diphenyleneiodonium (DPI, 25 lM) inhibited

the difference between control and AGE-treated NRCM (n = 5). (E) Examples of calcium traces from control and AGE-treated NRCMs

(1 mg/mL, 24 h) in the presence of 1 lM DPI. (F) Quantification of calcium amplitude showed no difference between control and

AGE + DPI-treated NRCM, indicating that DPI treatment suppressed the effect of AGE. (G) NRCM viability following treatment with AGE

(1 mg/mL, 24 h) was assessed using MTT assay. There was no difference in the MTT colorimetric signal intensity between control and

AGE-treated cells (n = 12 in each group), suggesting that there was no difference in cell viability between these groups. (H) Consistently,

analysis of caspase 3/7 activity showed that there is no difference in apoptosis level between AGE-treated and control cells (n = 12 in each

group).
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of AGE (RAGE). We found that AGE treatment

markedly reduced Ca2+ transient amplitude, Ca2+

decay rate and the SR Ca2+ content. Our data are

consistent with previous observation showing that

AGE treatment reduces SR Ca2+ content and Ca2+

amplitude in cardiomyocytes [28]. However, in

addition to that finding, we also showed in this study

that the expression levels of major Ca2+ regulators

were not altered, suggesting that AGE modified the

function rather than the expression of Ca2+ channels.

We also found signalling events induced by AGE

treatment in NRCM, which might be related to each

Fig. 5. Treatment with AGE induces p38 MAPK and NFjB activation in NRCM. (A) Western blots of phosphorylated and total p38 kinase

and quantification of band density showed a significant increase in phosphorylated/total p38 level in AGE-treated NRCM (P < 0.05, n = 6).

(B) Assessment of NFjB activity using NFjB luciferase reporter construct indicated a dose-dependent increase in NFjB activity following

AGE treatment (0.4–1 mg/mL, 24 h, *P < 0.05, ***P < 0.001, n = 9 in each groups). (C) Immunofluorescent staining of AGE-treated (1 mg/

mL, 24 h) and control NRCM. Cells were stained with anti-NFjB antibody (green), phalloidin (red) and DAPI (blue). AGE treatment induced

NFjB nuclear translocation. (D) Representative calcium traces of control and AGE-treated NRCMs (1 mg/mL, 24 h) in the presence of NFjB

inhibitor pyrrolidine dithiocarbamate (PDTC, 100 nM). (E) Quantification of calcium amplitude and (F) time to 50% baseline showed no

difference between control and AGE + PDTC-treated NRCM, indicating that NFjB inhibition suppressed the effect of AGE (n = 14 cells in

each group).
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other and might contribute to the AGE-induced alter-

ation of Ca2+ homeostasis: (a) elevation of reactive

oxygen species (ROS), (b) induction of NADPH

oxidase activity, (c) activation of p38 kinase and

NFjB and (d) induction of iNOS expression and NO

level.

Fig. 6. Nitric oxide (NO) bioavailability and iNOS expression are increased following AGE treatment. (A) Representative images of control

and AGE-treated NRCM stained with NO-sensitive dye DAF-FM. (B) Quantification of DAF-FM fluorescent signal revealed a significantly

higher NO bioavailability in AGE-treated NRCM compared to control (P < 0.05, n = 94–106 cells). (C) Representative western blots and (D)

quantification of band density showing expression of iNOS in control and AGE-treated NRCM (P < 0.01, n = 7 in each group).

Fig. 7. S-Nitrosylation of ryanodine

receptor and SERCA2a in AGE-treated

NRCM. (A) Representative

immunofluorescence detection of S-

nitrosylated protein (green), ryanodine

receptor (red) and the merged images

showing increased S-nitrosylation in AGE-

treated cells and the colocalization of S-

nitrosylation signal (arrows) with ryanodine

receptor. (B) Similar analysis was also

performed to detect S-nitrosylation of

SERCA2a. S-Nitrosylation (green) was

increased in AGE-treated cells and

colocalization with SERCA2a (red) was

also detected although at a lower level

than that observed with the ryanodine

receptor. Nuclei were stained blue with

DAPI.
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Oxidative stress is a key factor in the pathophysiol-

ogy of diabetic complications [29]. RAGE activation

following binding with AGE has been shown to medi-

ate oxidative stress in a number of tissues including

vascular [30,31], renal [32,33] and neuronal tissues [34].

Our data showing that AGE-treated cardiomyocytes

contain higher level of ROS are in line with previous

observation [28,35]. It is also consistent with the idea

that RAGE activation induces ROS production [36].

However, in this study, we also demonstrated the possi-

ble source of ROS elevation. We found that NADPH

oxidase activity was markedly increased in AGE-treated

cardiomyocytes. Indeed, activation of NADPH oxidase

by AGE has been observed in different cell types such

as hepatic cells [19] and renal mesangial cells [37].

Importantly, our data also showed that the induced

NADPH oxidase activity might be responsible for

reducing the Ca2+ transient in AGE-treated cells as we

found that NADPH oxidase inhibition using DPI nor-

malized Ca2+ transient amplitude to basal levels.

To further examine the downstream signalling path-

way, we analysed activation of p38 kinase as this

kinase is part of the major stress pathway (the MAPK

pathway) and has been associated with the NADPH

oxidase-derived ROS [38]. Our findings showed a sig-

nificant increase in p38 phosphorylation that indicated

activation of this kinase. Indeed, AGE has been asso-

ciated with activation of MAP kinase pathway in car-

diomyocytes previously [35]. This is also consistent

with published observations in different cell types,

which showed activation of p38 kinase by NADPH

oxidase and ROS [39,40]. However, in this study, we

also show the signalling pathway downstream of p38

that might be activated by AGE treatment. We

observe activation and nuclear translocation of the

transcription factor NFjB. Using luciferase reporter

system and then confirmed by immunofluorescent stain-

ing, we detected higher NFjB activity and more nuclear

NFjB in the AGE-treated cardiomyocytes. NFjB acti-

vation might be associated with p38 kinase as it has

been known that p38 kinase controls NFjB activation

and nuclear translocation in various cell types

[22,41,42]. Our present findings confirmed that this reg-

ulatory process also occurs in cardiomyocytes in the set-

ting of AGE exposure. Equally important, we also

confirmed that the NFjB signal contributed to the

reduction in Ca2+ dynamic, as indicated by the inhibi-

tor experiments, adding to the functional importance of

the pathway in the context of high AGE exposure.

We then investigated the downstream effector of

NFjB activation by AGE in cardiomyocytes. We

focused on NO signalling, in particular those regulated

by inducible NOS (iNOS). This is because (a) RAGE

activation upregulates NO production by iNOS [43];

(b) iNOS is known as a gene target of NFjB tran-

scription factor [23]; (c) NO is a major regulator of

Ca2+ transient in cardiac myocytes [44–46]. Our data

suggested that in cardiac myocytes AGE treatment

might induce iNOS upregulation, which in turn

increased intracellular NO level. Although at physio-

logical levels NO may be beneficial, it is believed that

supraphysiological concentrations of NO may inhibit

the activity of specific Ca2+ channel such as ryanodine

receptor [47]. Furthermore, simultaneous enhanced

intracellular generation of both NO and superoxide

above the physiological levels may cause excessive

nitrosylation of nonspecific cysteine residues, a process

known as poly-S-nitrosylation [26]. S-Nitrosylation has

been shown to modulate the function of major calcium

regulator proteins such as SERCA, ryanodine receptor

and L-type Ca2+ channel (reviewed in [27]). Physiolog-

ical level of S-nitrosylation is needed for optimum

function of the Ca2+ channel; for example, normal

nitrosylation level will activate ryanodine receptor

opening [48] but too much nitrosylation will inhibit its

function [47]. Our initial assessment of S-nitrosyla-

tion levels of ryanodine receptor and SERCA2a sup-

ports this idea as we observed increased levels of S-

nitrosylated proteins which were colocalized with

ryanodine receptor and SERCA2a in NRCM treated

with AGE.

Taken together, our data support the presence of a

pathway in cardiomyocytes that is regulated by AGE

treatment and may be important in modulating the

Fig. 8. Schematic diagram showing the signalling pathway

activated by AGE treatment in cardiomyocytes. RAGE activation by

AGE leads to the elevation of ROS and NO via activation of

NADPH oxidase and the p38 kinase/NFjB pathway. Elevated ROS

and NO may interfere with the functions of calcium-handling

proteins, likely in part due to S-nitrosylation.
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intracellular Ca2+ transient. AGE-induced activation of

RAGE may stimulate NADPH oxidase and hence

production of ROS. This may activate p38 kinase, in

turn activating NFjB and promoting its nuclear

translocation. This may then induce iNOS expression

eventually resulting in increased intracellular NO levels,

which together with the increased ROS may then

alter Ca2+ handling through S-nitrosylation of key

proteins (Fig. 8).

In summary, our study has identified signalling

molecules that may be involved in mediating the

effects of exposure of advanced glycated end products

(AGEs) in cardiomyocytes. The data will add to the

growing body of evidence on the crucial roles of AGE

in mediating diabetes complications. It also underlines

that targeting component(s) of this signalling axis may

be useful to prevent the development of AGE-induced

cardiomyocyte dysfunction.

Acknowledgements

ZH is supported by an Egyptian Government Post-

graduate Research Scholarship. DO is supported by

the British Heart Foundation (BHF) Intermediate Fel-

lowship (FS/09/046/28043). This study was in part sup-

ported by the BHF Project Grants (PG/13/12/30017

and PG/11/23/28801) to DO.

Author contributions

ZH performed experiments and analysed data. TM

performed and helped designing experiments. NS per-

formed experiments. MM designed and supervised the

project. EJC supervised the project. DO helped design-

ing experiments, analysed data and wrote the manu-

script.

References

1 Shaw JE, Sicree RA and Zimmet PZ (2010) Global

estimates of the prevalence of diabetes for 2010 and

2030. Diabetes Res Clin Pract 87, 4–14.
2 Mozaffarian D, Benjamin EJ, Go AS, Arnett DK,

Blaha MJ, Cushman M, de Ferranti S, Despr�es JP,

Fullerton HJ, Howard VJ et al. (2015) Heart disease

and stroke statistics–2015 update: a report from the

American Heart Association. Circulation 131,

e29–e322.
3 Poornima IG, Parikh P and Shannon RP (2006)

Diabetic cardiomyopathy: the search for a unifying

hypothesis. Circ Res 98, 596–605.
4 Boudina S and Abel ED (2007) Diabetic

cardiomyopathy revisited. Circulation 115, 3213–3223.

5 Asbun J and Villarreal FJ (2006) The pathogenesis of

myocardial fibrosis in the setting of diabetic

cardiomyopathy. J Am Coll Cardiol 47, 693–700.
6 Lacombe VA, Viatchenko-Karpinski S, Terentyev D,

Sridhar A, Emani S, Bonagura JD, Feldman DS,

Gy€orke S and Carnes CA (2007) Mechanisms of

impaired calcium handling underlying subclinical

diastolic dysfunction in diabetes. Am J Physiol Regul

Integr Comp Physiol 293, R1787–R1797.

7 Ren J and Bode AM (2000) Altered cardiac excitation-

contraction coupling in ventricular myocytes from

spontaneously diabetic BB rats. Am J Physiol Heart

Circ Physiol 279, H238–H244.

8 Bodiga VL, Eda SR and Bodiga S (2014) Advanced

glycation end products: role in pathology of diabetic

cardiomyopathy. Heart Fail Rev 19, 49–63.
9 Huebschmann AG, Regensteiner JG, Vlassara H and

Reusch JE (2006) Diabetes and advanced glycoxidation

end products. Diabetes Care 29, 1420–1432.
10 Kiuchi K, Nejima J, Takano T, Ohta M and

Hashimoto H (2001) Increased serum concentrations of

advanced glycation end products: a marker of coronary

artery disease activity in type 2 diabetic patients. Heart

85, 87–91.
11 Koyama Y, Takeishi Y, Arimoto T, Niizeki T, Shishido

T, Takahashi H, Nozaki N, Hirono O, Tsunoda Y,

Nitobe J et al. (2007) High serum level of pentosidine,

an advanced glycation end product (AGE), is a risk

factor of patients with heart failure. J Card Fail 13,

199–206.
12 Berg TJ, Snorgaard O, Faber J, Torjesen PA,

Hildebrandt P, Mehlsen J and Hanssen KF (1999) Serum

levels of advanced glycation end products are associated

with left ventricular diastolic function in patients with

type 1 diabetes. Diabetes Care 22, 1186–1190.
13 Steine K, Larsen JR, Stugaard M, Berg TJ, Brekke M

and Dahl-Jorgensen K (2007) LV systolic impairment

in patients with asymptomatic coronary heart disease

and type 1 diabetes is related to coronary

atherosclerosis, glycaemic control and advanced

glycation endproducts. Eur J Heart Fail 9, 1044–1050.
14 Hegab Z, Gibbons S, Neyses L and Mamas MA (2012)

Role of advanced glycation end products in

cardiovascular disease. World J Cardiol 4, 90–102.
15 Zieman SJ and Kass DA (2004) Advanced glycation

endproduct crosslinking in the cardiovascular system:

potential therapeutic target for cardiovascular disease.

Drugs 64, 459–470.
16 Goldin A, Beckman JA, Schmidt AM and Creager MA

(2006) Advanced glycation end products: sparking the

development of diabetic vascular injury. Circulation

114, 597–605.
17 Mohamed TM, Abou-Leisa R, Stafford N, Maqsood

A, Zi M, Prehar S, Baudoin-Stanley F, Wang X,

Neyses L, Cartwright EJ et al. (2016) The plasma

1683FEBS Open Bio 7 (2017) 1672–1685 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Z. Hegab et al. Effects of AGE treatment in cardiomyocytes



membrane calcium ATPase 4 signalling in cardiac

fibroblasts mediates cardiomyocyte hypertrophy. Nat

Commun 7, 11074.

18 Zi M, Maqsood A, Prehar S, Mohamed TM, Abou-

Leisa R, Robertson A, Cartwright EJ, Ray SG, Oh S,

Lim DS et al. (2014) The mammalian Ste20-like kinase

2 (Mst2) modulates stress-induced cardiac hypertrophy.

J Biol Chem 289, 24275–24288.
19 Guimaraes EL, Empsen C, Geerts A and van Grunsven

LA (2010) Advanced glycation end products induce

production of reactive oxygen species via the activation

of NADPH oxidase in murine hepatic stellate cells.

J Hepatol 52, 389–397.
20 Rodino-Janeiro BK, Gonzalez-Peteiro M, Ucieda-

Somoza R, Gonzalez-Juanatey JR and Alvarez E (2010)

Glycated albumin, a precursor of advanced glycation

end-products, up-regulates NADPH oxidase and

enhances oxidative stress in human endothelial cells:

molecular correlate of diabetic vasculopathy. Diabetes

Metab Res Rev 26, 550–558.
21 Origlia N, Righi M, Capsoni S, Cattaneo A, Fang F,

Stern DM, Chen JX, Schmidt AM, Arancio O, Yan SD

et al. (2008) Receptor for advanced glycation end

product-dependent activation of p38 mitogen-activated

protein kinase contributes to amyloid-beta-mediated

cortical synaptic dysfunction. J Neurosci 28,

3521–3530.
22 Olson CM, Hedrick MN, Izadi H, Bates TC, Olivera

ER and Anguita J (2007) p38 mitogen-activated

protein kinase controls NF-kappaB transcriptional

activation and tumor necrosis factor alpha production

through RelA phosphorylation mediated by mitogen-

and stress-activated protein kinase 1 in response to

Borrelia burgdorferi antigens. Infect Immun 75,

270–277.
23 Chang PC, Chen TH, Chang CJ, Hou CC, Chan P and

Lee HM (2004) Advanced glycosylation end products

induce inducible nitric oxide synthase (iNOS)

expression via a p38 MAPK-dependent pathway.

Kidney Int 65, 1664–1675.
24 Amore A, Cirina P, Mitola S, Peruzzi L, Gianoglio B,

Rabbone I, Sacchetti C, Cerutti F, Grillo C and Coppo

R (1997) Nonenzymatically glycated albumin (Amadori

adducts) enhances nitric oxide synthase activity and

gene expression in endothelial cells. Kidney Int 51, 27–
35.

25 Rojas A, Caveda L, Romay C, L�opez E, Vald�es S,

Padr�on J, Glar�ıa L, Mart�ınez O and Delgado R (1996)

Effect of advanced glycosylation end products on the

induction of nitric oxide synthase in murine

macrophages. Biochem Biophys Res Commun 225, 358–
362.

26 Gonzalez DR, Treuer A, Sun QA, Stamler JS and Hare

JM (2009) S-nitrosylation of cardiac ion channels.

J Cardiovasc Pharmacol 54, 188–195.

27 Lima B, Forrester MT, Hess DT and Stamler JS (2010)

S-nitrosylation in cardiovascular signaling. Circ Res

106, 633–646.
28 Yan D, Luo X, Li Y, Liu W, Deng J, Zheng N, Gao

K, Huang Q and Liu J (2014) Effects of advanced

glycation end products on calcium handling in

cardiomyocytes. Cardiology 129, 75–83.
29 Giacco F and Brownlee M (2010) Oxidative stress and

diabetic complications. Circ Res 107, 1058–1070.
30 Lander HM, Tauras JM, Ogiste JS, Hori O, Moss RA

and Schmidt AM (1997) Activation of the receptor for

advanced glycation end products triggers a p21(ras)-

dependent mitogen-activated protein kinase pathway

regulated by oxidant stress. J Biol Chem 272, 17810–
17814.

31 Wautier MP, Chappey O, Corda S, Stern DM, Schmidt

AM and Wautier JL (2001) Activation of NADPH

oxidase by AGE links oxidant stress to altered gene

expression via RAGE. Am J Physiol Endocrinol Metab

280, E685–E694.
32 Gu L, Hagiwara S, Fan Q, Tanimoto M, Kobata M,

Yamashita M, Nishitani T, Gohda T, Ni Z, Qian J

et al. (2006) Role of receptor for advanced glycation

end-products and signalling events in advanced

glycation end-product-induced monocyte

chemoattractant protein-1 expression in differentiated

mouse podocytes. Nephrol Dial Transplant 21, 299–313.
33 Lal MA, Brismar H, Eklof AC and Aperia A (2002)

Role of oxidative stress in advanced glycation end

product-induced mesangial cell activation. Kidney Int

61, 2006–2014.
34 Nitti M, Furfaro AL, Traverso N, Odetti P, Storace D,

Cottalasso D, Pronzato MA, Marinari UM and

Domenicotti C (2007) PKC delta and NADPH oxidase

in AGE-induced neuronal death. Neurosci Lett 416,

261–265.
35 Li SY, Sigmon VK, Babcock SA and Ren J (2007)

Advanced glycation endproduct induces ROS

accumulation, apoptosis, MAP kinase activation and

nuclear O-GlcNAcylation in human cardiac myocytes.

Life Sci 80, 1051–1056.
36 Zhang M, Kho AL, Anilkumar N, Chibber R, Pagano

PJ, Shah AM and Cave AC (2006) Glycated proteins

stimulate reactive oxygen species production in cardiac

myocytes: involvement of Nox2 (gp91phox)-containing

NADPH oxidase. Circulation 113, 1235–1243.
37 Thallas-Bonke V, Thorpe SR, Coughlan MT, Fukami

K, Yap FY, Sourris KC, Penfold SA, Bach LA,

Cooper ME and Forbes JM (2008) Inhibition of

NADPH oxidase prevents advanced glycation end

product-mediated damage in diabetic nephropathy

through a protein kinase C-alpha-dependent pathway.

Diabetes 57, 460–469.
38 Wang Y, Zeigler MM, Lam GK, Hunter MG, Eubank

TD, Khramtsov VV, Tridandapani S, Sen CK and

1684 FEBS Open Bio 7 (2017) 1672–1685 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Effects of AGE treatment in cardiomyocytes Z. Hegab et al.



Marsh CB (2007) The role of the NADPH oxidase

complex, p38 MAPK, and Akt in regulating human

monocyte/macrophage survival. Am J Respir Cell Mol

Biol 36, 68–77.
39 Lee IT, Shih RH, Lin CC, Chen JT and Yang CM

(2012) Role of TLR4/NADPH oxidase/ROS-activated

p38 MAPK in VCAM-1 expression induced by

lipopolysaccharide in human renal mesangial cells. Cell

Commun Signal 10, 33.

40 Sun HN, Kim SU, Lee MS, Kim SK, Kim JM, Yim

M, Yu DY and Lee DS (2008) Nicotinamide

adenine dinucleotide phosphate (NADPH) oxidase-

dependent activation of phosphoinositide 3-kinase and

p38 mitogen-activated protein kinase signal

pathways is required for lipopolysaccharide-induced

microglial phagocytosis. Biol Pharm Bull 31,

1711–1715.
41 Baeza-Raja B and Munoz-Canoves P (2004) p38

MAPK-induced nuclear factor-kappaB activity is

required for skeletal muscle differentiation: role of

interleukin-6. Mol Biol Cell 15, 2013–2026.
42 Sakai N, Wada T, Furuichi K, Iwata Y, Yoshimoto K,

Kitagawa K, Kokubo S, Kobayashi M, Takeda S, Kida

H et al. (2002) p38 MAPK phosphorylation and NF-

kappa B activation in human crescentic

glomerulonephritis. Nephrol Dial Transplant 17, 998–
1004.

43 Sumi D and Ignarro LJ (2004) Regulation of inducible

nitric oxide synthase expression in advanced glycation

end product-stimulated raw 264.7 cells: the role of

heme oxygenase-1 and endogenous nitric oxide.

Diabetes 53, 1841–1850.
44 Barouch LA, Harrison RW, Skaf MW, Rosas GO,

Cappola TP, Kobeissi ZA, Hobai IA, Lemmon CA,

Burnett AL, O’Rourke B et al. (2002) Nitric oxide

regulates the heart by spatial confinement of nitric

oxide synthase isoforms. Nature 416, 337–339.
45 Mohamed TM, Oceandy D, Zi M, Prehar S, Alatwi N,

Wang Y, Shaheen MA, Abou-Leisa R, Schelcher C,

Hegab Z et al. (2011) Plasma membrane calcium pump

(PMCA4)-neuronal nitric-oxide synthase complex

regulates cardiac contractility through modulation of a

compartmentalized cyclic nucleotide microdomain.

J Biol Chem 286, 41520–41529.
46 Sears CE, Bryant SM, Ashley EA, Lygate CA, Rakovic

S, Wallis HL, Neubauer S, Terrar DA and Casadei B

(2003) Cardiac neuronal nitric oxide synthase isoform

regulates myocardial contraction and calcium handling.

Circ Res 92, e52–e59.
47 Meszaros LG, Minarovic I and Zahradnikova A (1996)

Inhibition of the skeletal muscle ryanodine receptor

calcium release channel by nitric oxide. FEBS Lett 380,

49–52.
48 Xu L, Eu JP, Meissner G and Stamler JS (1998)

Activation of the cardiac calcium release channel

(ryanodine receptor) by poly-S-nitrosylation. Science

279, 234–237.

1685FEBS Open Bio 7 (2017) 1672–1685 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Z. Hegab et al. Effects of AGE treatment in cardiomyocytes


	Outline placeholder
	a1
	a2
	a3
	a4
	fig1
	fig2
	fig3
	fig4
	fig5
	fig6
	fig7
	fig8
	bib1
	bib2
	bib3
	bib4
	bib5
	bib6
	bib7
	bib8
	bib9
	bib10
	bib11
	bib12
	bib13
	bib14
	bib15
	bib16
	bib17
	bib18
	bib19
	bib20
	bib21
	bib22
	bib23
	bib24
	bib25
	bib26
	bib27
	bib28
	bib29
	bib30
	bib31
	bib32
	bib33
	bib34
	bib35
	bib36
	bib37
	bib38
	bib39
	bib40
	bib41
	bib42
	bib43
	bib44
	bib45
	bib46
	bib47
	bib48


