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Abstract
Background/Aims: High-molecular-weight advanced glycation end-products (HMW-AGEs) 
are abundantly present in our Western diet. There is growing evidence reporting that HMW-
AGEs contribute to the development of cardiovascular dysfunction in vivo, next to the well-
known low-molecular-weight AGEs. The goal of our study is to assess the ultrastructure and 
function of cardiomyocytes after chronic exposure to HMW-AGEs. A better understanding 
of underlying mechanisms is essential to create new opportunities for further research on 
the specific role of HMW-AGEs in the development and progression of cardiovascular dis-
eases. Methods: Adult male rats were randomly assigned to daily intraperitoneal injection 
for six weeks with either HMW-AGEs (20 mg/kg/day) or a control solution. Hemodynamic 
measurements were performed at sacrifice. Single cardiomyocytes from the left ventricle were 
obtained by enzymatic dissociation through retrograde perfusion of the aorta. Unloaded cell 
shortening, time to peak and time to 50% relaxation were measured during field stimulation 
and normalized to diastolic length. L-type Ca2+ current density (ICaL) and steady-state inactiva-
tion of ICaL were measured during whole-cell ruptured patch clamp. Myofilament functional 
properties were measured in membrane-permeabilized cardiomyocytes. Ultrastructural ex-
amination of cardiac tissue was performed using electron microscopy. Results: Rats injected 
with HMW-AGEs displayed in vivo cardiac dysfunction, characterized by significant changes in 
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left ventricular peak rate pressure rise and decline accompanied with an increased heart mass. 
Single cardiomyocytes isolated from the left ventricle revealed concentric hypertrophy, indi-
cated by the increase in cellular width. Unloaded fractional cell shortening was significantly 
reduced in cells derived from the HMW-AGEs group and was associated with slower kinet-
ics. Peak L-type Ca2+ current density was significantly decreased in the HMW-AGEs group. 
L-type Ca2+ channel availability was significantly shifted towards more negative potentials 
after HMW-AGEs injection. The impact of HMW-AGEs on myofilament function was measured 
in membrane-permeabilized cardiomyocytes showing a reduction in passive force, maximal 
Ca2+ activated force and rate of force development. Ultrastructural examination of cardiac 
tissue demonstrated adverse structural remodeling in HMW-AGEs group characterized by a 
disruption of the cyto-architecture, a decreased mitochondrial density and altered mitochon-
drial function. Conclusion: Our data indicate that HMW-AGEs induce structural and functional 
cellular remodeling via a different working mechanism as the well-known LMW-AGEs. Results 
of our research open the door for new strategies targeting HMW-AGEs to improve cardiac 
outcome.

Introduction

Cardiovascular diseases (CVDs) are common health problems experienced by our aging 
Western population. These pathologies have a high probability to progress into end-stage 
heart failure (HF) which is defined as the inability of the heart to pump enough blood and 
meet the energy demand of the body [1, 2]. The development of HF is a complex process 
involving a series of physiological and molecular factors and is characterized by structural 
and functional disorders that remain incompletely understood. Advanced glycation end-
products (AGEs) are important components of our Western diet as described previously by 
our group [3], and are thought to contribute to the development and progression of CVDs [4]. 
AGEs are a collective term for the heterogeneous group of compounds formed by irreversible 
glycation of proteins [5, 6]. AGEs are known to affect cellular function by two mechanisms: 
(a) cross-linking intracellular (e.g. sarco/endoplasmic reticulum Ca2+ ATPase (SERCA)) or 
extracellular proteins (e.g. collagen) or (b) activating intracellular cascades after binding 
to their receptor RAGE [7, 8]. AGEs can be distinguished by their different mechanisms of 
action and/or fluorescent properties. Besides, AGEs can also be classified into low-molecu-
lar-weight AGEs (LMW-AGEs, <12 kDa) and high-molecular-weight AGEs (HMW-AGEs, >12 
kDa). LMW-AGEs circulate as free proteins while HMW-AGEs are considered to be protein-
bound compounds [9, 10]. Over the past few years, evidence is growing that AGEs contribute 
to the development and progression of cardiovascular dysfunction [11, 12]. While most of 
these studies focus primarily on LMW-AGEs, very little is reported on HMW-AGEs. However, 
their importance in cardiac pathophysiology is rising [13, 14]. We have previously shown 
that HMW-AGEs are responsible for cardiac dysfunction (i.e. myocardial hypertrophy and 
fibrosis) in healthy rats, independent of RAGE activation [15]. Whether the cardiac dysfunc-
tion seen in vivo is the result of profound remodeling at the cellular level remains unknown 
and this study aims to investigate this. We hypothesize that chronic exposure of HMW-AGEs 
will promote maladaptive remodeling of adult cardiomyocytes through alteration of their 
contractile properties and induction of ultrastructural abnormalities.

Materials and Methods

Animal model
Adult male Sprague Dawley rats (Charles River Laboratories, Lyon, France) were used. The animals 

were daily injected intraperitoneally (i.p.) for six weeks with HMW-AGEs (20 mg/kg/day, N=25) or an equal 
amount of unmodified bovine serum albumin (BSA) as control solution (N=19), as previously described 
[15]. Briefly, fatty acid-free and low endotoxin bovine serum albumin (BSA; 7 mg/ml) was incubated with 
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90 mM glycolaldehyde dimers (Sigma-Aldrich, Diegem, Belgium) in phosphate buffered saline (PBS) (pH 
7.4) for 5 days at 37°C (BSA-derived AGEs). A control sample was prepared in parallel by incubation of BSA 
(7 mg/ml) in PBS. Unreacted glycolaldehyde was removed by dialysis against PBS using a cut-off value of 
3.5 kDa and filter sterilized (0.2 µm sterile filter, Sarstedt, Essen, Belgium). Finally, the samples were con-
centrated using Amicon Ultra Centrifugal Filter Units with Ultracel-50 membrane (Millipore, Brussel, Bel-
gium). All animals were maintained in a controlled environmental condition of temperature and humidity, 
were fed a standard pellet diet and had water available ad libitum. After six weeks of daily injections, con-
ventional echocardiographic images were obtained in rats anesthetized via inhalation with 3% isoflurane 
supplemented with oxygen as described previously [16] and invasive hemodynamic measurements were 
performed. Finally, the heart was harvested and left ventricular (LV) single cardiomyocytes were isolated, 
as previously described [14]. Tissue of both animal groups was fixed overnight with 2% glutaraldehyde in 
0.05 M cacodylate buffer at 4°C for light microscopic (LM) and electron microscopic (EM) examination or 
were fixed overnight in 4% paraformaldehyde and transferred in 70% ethanol until embedded in paraffin. 
Subsequently, 8 µm thick sections were cut and stored at room temperature until staining.

Hemodynamic measurements
Just before sacrifice, hemodynamic measurements were conducted in rats anesthetized via inhalation 

with 3% isoflurane supplemented with oxygen. Functional cardiac parameters were measured in the LV via 
the right carotid artery, as described previously [3, 16]. Heart rate (HR), maximum and minimum peak time 
derivatives (dP/dtmax and dP/dtmin respectively) and time constant for isovolumetric relaxation (Tau) were 
measured with the SPR 320 Rat Pressure Catheter (AD Instruments, Germany) for 10 minutes to ensure 
stable recordings. The data were analyzed with LabChart 7 software (AD instruments, United Kingdom).

Cardiomyocyte isolation
After six weeks of treatment, rats were injected with heparin (1000 u/kg i.p.) and sacrificed with an 

overdose of pentobarbital (150 mg/kg i.p.). Hearts were dissected and weighted. Single adult cardiomyo-
cytes from the LV were obtained by enzymatic dissociation through retrograde perfusion of the aorta, as 
previously described [14]. The hearts were perfused with normal Tyrode (NT) (in mM, NaCl 137, KCl 5.4, 
MgCl2 0.5, CaCl2 1, Na-HEPES 11.8, glucose 10 and taurine 20; pH 7.35) on a Langendorff setup at 37°C. 
After perfusion with a Ca2+-free solution (in mM: NaCl 130, KCl 5.4, KH2PO4 1.2, MgSO4 1.2, HEPES 6, glu-
cose 20; pH 7.2), the tissue was perfused with an enzyme solution (Ca2+-free solution supplemented with 
collagenase type II (1.5 g/l; Worthington, Lakewood, USA) and protease type XIV (0.06 g/l; Sigma, Diegem, 
Belgium)), followed by a low-Ca2+ solution (NT with 0.1 mM CaCl2). The digested LV tissue was minced and 
subsequently filtered with a mesh of 300 µm. A part of the freshly isolated cells was used to assess unloaded 
cell shortening or perform electrophysiology measurements. Experiments were performed at room tem-
perature within six hours after cell isolation. The remaining cells were stored at -80 °C and used for protein 
expression analysis and experiments on myofilament function.

Cell size and unloaded cell shortening measurements
Isolated cardiomyocytes were placed into a perfusion chamber with NT, on the stage of an inverted 

microscope (Nikon Diaphot, Groot-Bijgaarden, Belgium). Cardiomyocyte length and width were measured 
in ± 25 cells per animal. Unloaded cell shortening of intact cardiomyocytes was measured with a video-
edge detector (Crescent Electronics, London, UK). Field stimulation was done with pulses of constant volt-
age using platinum electrodes. Steady-state stimuli were applied at frequencies of 1, 2 and 4 Hz. Unloaded 
cell shortening was normalized to diastolic cell length (L/L0). Time to peak contraction (TTP) and time to 
half-maximal relaxation (RT50) were measured to assess kinetics of cell shortening. Unloaded fractional cell 
shortening was also measured at 1 Hz before and after adding isoproterenol (ISO; 300 nM).

Electrophysiology measurements
L-type Ca2+ current (ICaL) was measured during whole-cell voltage-clamp and was normalized to cell 

capacitance, a measure of cell surface. Patch pipettes (resistance: 2-3 MΩ) were filled with a pipette solu-
tion (in mM: KAsp 120, KCl 20, HEPES 10, MgATP 5, EGTA 10, NaCl 10; pH 7.2). ICaL was measured by a single 
depolarizing step of 150 ms from -40 mV to +10 mV. The voltage inactivation component was derived by 
using biexponential fitting of ICaL inactivation obtained during the single depolarizing step to +10 mV. The 
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full current-voltage relationship of ICaL was measured during 10 mV depolarizing steps ranging from -40 mV 
to +60 mV. Steady-state inactivation and activation were determined with a classical two-steps protocol de-
scribed previously [17]. In brief, inactivating prepulses of 400 ms were applied from a holding potential of 
-70 mV to various potentials. Amplitudes of the peak inward current during the test pulse (I) at 0 mV were 
normalized to their respective maximum value (Imax) and were plotted as a function of the inactivating po-
tential. Values were fitted with the Boltzmann equation: I/Imax=(1-A)/{1+exp [(V-V1/2)/k]}+A, where V1/2 is 
the potential of half-maximal inactivation, k is the slope factor and A is the amplitude of the non-inactivating 
current. A steady-state activation plot was generated by dividing peak ICaL measured at a given potential by 
the difference between measured and reversal potential. Amplitudes of the channel conductance during the 
test pulse (G) were normalized to their respective maximum value (Gmax) and were plotted as a function of 
the activating potential. Values were calculated by: I/Imax=1/{1+exp [(V1/2-V)/k]}, as described by Vornanen 
et al. [18].

Cardiomyocyte skinning and measurements of isometric force
Single skinned cardiomyocytes were prepared from frozen cell pellets. The pellet was first thawed in a 

Ca2+-free relaxing solution (in mM: Na2ATP 6, MgCl2 6, EGTA 2, KCl 140, imidazole 10; pH 7.0). Thawed car-
diomyocytes were incubated for five minutes in the same solution with 0.5% Triton X-100 to permeabilize 
and remove lipid membranes. Isometric force was measured in skinned cardiomyocytes fixed between a 
piezoelectric motor and a force transducer at 15 °C. Absolute forces were normalized to the cross-sectional 
area of cardiomyocytes and expressed as developed tension. Passive force (Fpass) was measured at different 
sarcomere lengths in Ca2+-containing relaxing solution (in mM: Na2ATP 5.89, MgCl 6.48, K-propionate 4.76, 
N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) 100, Ca2+EGTA 7 and creatine phosphate 14.5; 
pH 7.0) by slackening the myocyte by 30% of its length [19, 20]. Active tension (Fact) was calculated as Fact = 
Ftotal – Fpass. After the steady-state force was reached, cardiomyocytes were allowed to shorten to 30% of their 
original length and were then restretched to the original length. The rate of force redevelopment (Ktr) was 
derived from a single exponential fit of force redevelopment.

Assessment of cardiomyocyte organization
In a subset of animals, LV tissue was processed for both LM and EM examination of cardiomyocyte 

organization. Tissues of both animal groups were fixed overnight with 2% glutaraldehyde in 0.05M cacodyl-
ate buffer at 4 °C, post-fixed in 2% osmium tetroxide and stained with 2% uranyl acetate in 10% acetone. 
Samples were dehydrated in graded series of acetone and embedded in araldite according to the pop-off 
method. Semi-thin sections were stained with toluidine blue and randomly selected for LM examination. 
Mitochondrial surface area (deep blue color) was assessed in LM and quantified using the threshold tool in 
ImageJ [21]. Data were expressed as percentage area occupied by mitochondria relative to total cell area. 
Subsequently, ultra-thin sections were cut and mounted on formvar-coated grids, counterstained with ura-
nyl acetate and lead citrate, and were imaged in a Philips EM 208 transmission electron microscope (Phil-
ips, Eindhoven, Netherlands). Random EM pictures of cardiomyocytes with a visible nucleus were taken at 
1800x and 14000x magnification.

Per animal, 5 EM pictures were taken to perform deep morphological analysis of intracellular car-
diomyocyte organization. Mitochondrial density was calculated as the number of mitochondria, measured 
using the cell counter tool in ImageJ, normalized to total cell area. The mitochondrial, myofilament, nuclear 
and cytoplasm surface area were measured by grid-point analysis in ImageJ, counting every point (distance 
= 2 µm) at the intersection of horizontal and vertical lines [21]. Data were presented as percentage of points 
hitting the different structures relative to total grid points. All samples were coded, and image analysis was 
performed single blinded.

Statistical analysis
Statistical analysis was performed using GraphPad Prism (GraphPad software, version 7, San Diego, 

CA, USA). All data are expressed as mean ± standard error of the mean (SEM). Normal distribution of data 
was verified by the Shapiro-Wilk test. Data sets that passed normality were compared with the parametric 
unpaired t-test, while the non-parametric Mann-Whitney U test was used otherwise. In addition, two-way 
ANOVA test was used when appropriate followed by Tukey’s post hoc test. Finally, paired t-test was used for 
the data before and after application of ISO. A value of P<0.05 was considered statistically significant.
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Results

HMW-AGEs alter global LV function 
in vivo
Hemodynamic parameters ob-

tained after six weeks treatment were 
summarized in Table 1. Maximum 
peak time of pressure rise (dP/dtmax), 
used as a measure of ventricular con-
tractility, was significantly decreased 
while ventricular relaxation, assessed 
by minimum peak time of pressure 
decline (dP/dtmin) was significantly in-
creased after six weeks of HMW-AGEs 
injections (p<0.05). Tau remained 
comparable between groups (Table 1).

HMW-AGEs induce morphological remodeling
As shown in Fig. 1A, heart weight/body weight (HW/BW) and heart weight/tibia length 

(HW/TL) ratios were significantly increased in HMW-AGEs-treated animals indicating an 
increased heart mass. This increase was further confirmed by the increased anterior wall 
thickness (AWT) and posterior wall thickness (PWT) assessed by conventional echocardio-
graphic as previously described by Deluyker et al. [15] and reported in Supplementary Table 
1. While cell length was not statistically different between groups, cell width was significant-
ly increased in HMW-AGEs-treated animals (24 ± 0.3 µm vs 21.8 ± 0.4 µm in control, p<0.05) 
(Fig. 1B). As shown in Fig. 1C, cell width distribution was shifted towards higher cell width 
values in cardiomyocytes from HMW-AGEs injected animals, further confirming an overall 
increase in cell width in the treated group.

HMW-AGEs cause contractile impairment
A representative example of fractional cell shortening during field stimulation at 1 Hz 

in both groups is shown in Fig. 2A. As summarized in Fig. 2B, unloaded cell shortening was 
significantly reduced in HMW-AGEs group. Both TTP and RT50 at 1 Hz were significantly in-
creased in HMW-AGEs group (p<0.05; Fig. 2B). Altogether, these data indicate a reduced con-
traction associated with slower kinetics. Smaller and slower contractions were also seen at 
higher frequencies, i.e. 2 and 4 Hz (Supplementary Fig. 1). Additionally, unloaded cell short-
ening was measured before and after application of ISO (Fig. 2C). Adrenergic stimulation 
increased unloaded cell shortening to the same extent in both groups indicating an unaltered 
contractile reserve in the treated animals.

To further unravel the underlying mechanisms resulting in impaired cardiomyocyte re-
laxation, we examined protein levels of SERCA, PLN and its phosphorylated forms and NCX 
(data not shown). Protein levels were not different between groups. As shown in Supple-
mentary Fig. 2, the impaired cardiomyocyte relaxation observed after 6 weeks injection of 
HMW-AGEs was accompanied with a decrease in Ca2+ ATPase activity (p= 0.07). Finally, there 
was no difference observed in the ratio MHC-α/MHC-β between both groups (Supplemen-
tary Fig. 3).

To get more insights into the mechanisms resulting in a reduced contractile capacity of 
single cardiomyocytes, we examined intrinsic properties of myofilaments in skinned myo-
cytes. As shown in Fig. 3A, passive force was significantly reduced in HMW-AGEs group at all 
sarcomere lengths. Maximal Ca2+-activated active force at 2.2 µm sarcomere length tended 
to be reduced in HMW-AGEs group (18 ± 2 kN/m² in control group vs 13 ± 1kN/m² in HMW-
AGEs group, p=0.06, Fig. 3B). Finally, the rate of force redevelopment (Ktr) was significantly 
smaller in HMW-AGEs group (Fig. 3C).

Table 1. Hemodynamic parameters after six weeks HMW-
AGEs injections. These parameters were evaluated six 
weeks post-injections in control (N=12) and HMW-AGEs 
(N=10). Data are presented as mean ± SEM. * denotes 
p<0.05. HR, heart rate; bpm, beats per minute; dP/dtmax, 
maximum peak time of pressure rise; dP/dtmin, minimum 
peak time pressure decline; Tau, time constant of LV pres-
sure decay during isovolumetric relaxation period
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Fig. 1. HMW-AGEs induce hypertrophy. (A) 
Heart weight/body weight (HW/BW, mg/g, 
p=0.0006, parametric unpaired t-test) and 
HW/tibia length (HW/TL, mg/cm, p=0.0021, 
parametric unpaired t-test) in control (N=16) 
and HMW-AGEs (N=17) animals. (B) Analy-
sis of cardiomyocyte width (µm, p<0.0001, 
parametric unpaired t-test) and length (µm, 
p=0.9628, parametric unpaired t-test) in con-
trol (ncells=203) and HMW-AGEs (ncells=436). (C) 
Frequency distribution of cardiomyocyte width 
and length in both groups. Data are expressed 
as mean ± SEM. ** denotes p<0.001, *** denotes 
p<0.0001.

 

 

Fig 1. HMW-AGEs induce hypertrophy.   

  

Fig. 2. HWM-AGEs reduce cellular 
contractile properties. (A) Represen-
tative example of unloaded cell short-
ening during field stimulation at 1 Hz 
in control and HMW-AGEs group. (B) 
Fractional cell shortening normalized 
to cell length (L/L0, %, p=0.0001, non-
parametric Mann-Whitney U test), 
time to peak of contraction (TTP, sec, 
p=0.0002, non-parametric Mann-
Whitney U test) and time to half-re-
laxation (Time to RT50, sec, p=0.0002, 
non-parametric Mann-Whitney U test) 
in cardiomyocytes derived from con-
trol (ncells=64) or HMW-AGEs-treated 
(ncells=104) animals. Data are express-
es as median with interquartile range 
(C) Relative change in fractional cell 
shortening normalized to cell length 
(L/L0, %) at 1 Hz before and after iso-
proterenol (ISO) application in control 
(ncells=13, p<0,01, two-way ANOVA) or 
HMW-AGEs cardiomyocytes (ncells=18, 
P<0.01, two-way ANOVA). Data are 
expressed as mean ± SEM. ** denotes 
p<0.001, *** denotes P<0.0001.

 

 

Fig 2. HWM-AGEs reduce cellular contractile properties. 
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HMW-AGEs alter L-type Ca2+ channel properties
A representative current recording elicited by a depolarizing step from -40 to +10 mV 

is shown in Fig. 4A, left panel. The associated peak ICaL density was significantly smaller in 
cardiomyocytes derived from HMW-AGEs injected animals (Fig. 4A, mid panel). The slow in-
activation component of Ca2+ current (voltage-dependent, τslow) was not statistically different 
between groups (Fig. 4A, right panel). As summarized in Fig. 4B, voltage-dependence of ICaL 
remained bell-shaped in HMW-AGEs group. In addition, peak ICaL was significantly smaller in 
HMW-AGEs at depolarizing steps of maximal ICaL activation (i.e. 0, 10 and 20 mV).

To further investigate potential changes in the intrinsic properties of L-type Ca2+ chan-
nels, steady-state inactivation and steady-state activation of ICaL were evaluated (Fig. 4C). As 
shown in Table 2, HMW-AGEs injections led to a statistically significant shift towards more 
negative potentials of steady-state inactivation of ICaL, a measure of channel availability. In-
deed, voltage value at 50% inactivation (V50) was at -29.6 ± 0.5 mV in control and -34.2 ± 
0.5 mV in HMW-AGEs group, p<0.05 (Table 2). Steady-state activation of ICaL, a measure of 
channel conductance was not significantly different between the groups. As a result, the Ca2+ 
window current was smaller in HMW-AGEs group (Fig. 4C).

HMW-AGEs cause ultrastructural and functional mitochondrial remodeling in cardiomyo-
cytes
To investigate the impact of HMW-AGEs on cardiomyocyte mitochondria, we quantified 

the mitochondrial surface area using light-microscopy evaluation of toluidine blue-stained 
sections (Fig. 5A). This analysis revealed that mitochondrial area was significantly smaller 
in cardiomyocytes from HMW-AGEs-treated animals compared to non-treated controls (21 ± 
0.3% vs 24 ± 0.5% in control animals, p<0.0001; Fig. 5B). Ultrastructural examination using 
grid-point analysis of electron microscopy (EM) pictures (Fig. 5C) confirmed the reduction 
in mitochondrial surface area in HMW-AGEs group (Fig. 5D, first panel) (33 ± 0.9% vs 36 ± 
1.2% in control animals, p<0.05), further confirming data obtained with light microscopy. 
To evaluate whether the decrease in mitochondrial surface area was related to a loss in mi-
tochondrial number, we measured the mitochondrial density, i.e. mitochondrial number per 
total cell area. The latter analysis revealed a significantly reduced mitochondrial number 
per cell area in cardiomyocytes from HMW-AGEs animals (0.40 ± 0.1 vs 0.46 ± 0.1 in control 
animals, p<0.05; Fig. 5D, second panel). Furthermore, in control condition, analysis of EM 
pictures revealed a mitochondrial network interspersed between regularly organized myo-

Fig. 3. Force development in skinned single myocytes is reduced with HMW-AGEs injections. (A) Passive 
force at different sarcomere lengths (two-way ANOVA followed by Tukey’s post hoc test) and (B) active 
force at sarcomere length 2.2 µm, both normalized to cross-sectional area (kN/m2) in control (ncells=25) 
and HMW-AGEs group (ncells=24) (p=0.06, parametric unpaired t-test) (C) The rate of force redevelopment 
(Ktr, s-1, P=0.03, parametric unpaired t-test) in control (ncells=17) and HMW-AGEs (ncells=22)  group. Data are 
expressed as mean ± SEM. * denotes P<0.05 vs control.

 

Fig 3. Force development in skinned single myocytes is reduced with HMW-AGEs injections. 
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filaments. However, in the treated group, the loss in 
mitochondrial content was accompanied by a disar-
rangement of the mitochondrial network and a sta-
tistically significant increase in area occupied by cy-
toplasm devoid of mitochondria and myofilaments 
(15 ± 1.3% vs 11 ± 0.6% in control animals, p<0.01; 
Fig. 5D, third panel). To determine whether the in-
crease in cytoplasm area was related to a degen-
erative breakdown of myofilaments, we quantified 
myofilament surface area using the aforementioned 
grid-point analysis. This analysis showed no statisti-

Fig. 4. L-type Ca2+ 
current density is 
reduced with HMW-
AGEs injections. (A) 
Representative ex-
ample of L-type Ca2+ 
current (ICaL, pA/pF) 
density elicited by 
a depolarizing step 
from -40 mv to +10 
mV in control and 
HMW-AGEs group 
(left panel). Peak ICaL 
normalized to cell 
capacitance (pA/pF) 
in cardiomyocytes 
derived from con-
trol (ncells=26) and 
HMW-AGEs-injected 
(ncells=20) animals 
(mid panel). Data 
are shown as mean 
± SEM. * denotes 
P<0.05 vs control 
(p=0.016, paramet-
ric unpaired t-test). 
Slow time (τslow, ms) 
constant in cardio-
myocytes from con-
trol (ncells=27) and 
HMW-AGEs (ncells=20) animals (right panel). Data are expressed as mean ± SEM (p=0.5016, parametric un-
paired t-test). (B) Voltage-dependence of ICaL (mV) in cardiomyocytes from control (ncells=18) and HMW-AGEs 
(ncells=12) animals. Data are expressed as mean ± SEM. * denotes p<0.05 vs control (2-way ANOVA followed 
by Tukey’s post hoc test. (at 0 mV p=0.0364, at 10 mV p=0.0238, at 20 mV 0.0438) (C) Steady-state activa-
tion and inactivation of ICaL in control (ncells=12) cardiomyocytes (blue) and in HMW-AGEs (ncells=8) derived 
cardiomyocytes (red). Amplitudes of the peak inward current during the test pulse (I) were normalized to 
their respective maximum value (Imax) and are plotted as a function of the inactivating potential. Amplitudes 
of channel conductance during the test pulse (G) were normalized to their respective maximum value (Gmax) 
and are plotted as a function of the activating potential. The activation window is indicated in color; blue for 
the control animals, red for the animals subjected to HMW-AGEs injection and violet for the overlap between 
both groups. Data are expressed as mean ± SEM. * denotes p<0.05 vs control.

Table 2. HMW-AGEs alter intrinsic prop-
erties of the L-type Ca2+ channel. Volt-
age value at 50% of inactivation (mv) 
and activation (mv) properties of control 
(ncells=12) and HMW-AGEs (ncells=8) 
injected animals. Data are presented as 
mean ± SEM. * denotes p<0.05
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cally significant difference between the groups, indicating no loss in myofilament content 
(Fig. 5D, fourth panel). In control animals, at a much higher magnification (14000x), mito-
chondria with intact cristae, nicely anchored to the sarcomeres were observed (Fig. 5E, left 
panel). After injection with HMW-AGEs, however and despite the presence of intact cristae, 
the attachment of the mitochondria to the sarcomeres was disrupted (Fig. 5E, right panel). 

Fig. 5. Morphometric 
analysis of cardiomyo-
cyte organization re-
veals alterations with 
HMW-AGEs injections. 
(A) Toluidine blue-
staining of LV cardio-
myocytes from control 
(left panel) and HMW-
AGEs (right panel) an-
imals showing mito-
chondria (dark blue) 
and myofilaments/
cytoplasm (light blue). 
(B) Quantification of 
mitochondrial sur-
face area in cardio-
myocytes from control 
(ncells=90) and HMW-
AGEs (ncells=165) ani-
mals via thresholding. 
Mitochondrial surface 
area is expressed as 
a percentage of total 
cell area (p<0.0001, 
parametric unpaired 
t-test). (C) Represen-
tative electron micro-
graphs of LV cardio-
myocytes. Cardiomyo-
cytes showed typical 
intracellular organiza-
tion of myofilaments 
(light grey), mitochon-
dria (dark grey) and 
cytoplasm (white). 
Magnification: 1800×. 
Scale bars: 5 µm. (D) 
Quantification of mi-
tochondrial surface area, mitochondrial density, cytoplasm and myofilament surface area. Mitochondrial 
surface area in cardiomyocytes from control (ncells=23) and HMW-AGEs (ncells=30) animals (p=0.0471, para-
metric unpaired t-test). Intracellular fractions are expressed as a percentage of total grid points. Mitochon-
drial density calculated as the ratio of mitochondrial number to total cell area (p=0.0197, parametric un-
paired t-test). Quantification of cytoplasm (p=0.0020, parametric unpaired t-test) and myofilament surface 
(p=0.1490, parametric unpaired t-test) areas in cardiomyocytes from control (ncells=23) and HMW-AGEs 
(ncells=30) animals. (E) Representative electron micrographs of the mitochondria in LV cardiomyocytes. 
Lower panels, enlargement of the marked area. Magnification: 14000×. Scale bars: 2 µm.  Data are presented 
as mean ± SEM. * denotes p<0.05, ** denotes p<0.01 and ****denotes p<0.0001.

 

 

 

 

 

Fig 5. Morphometric analysis of cardiomyocyte organization reveals alterations with HMW-

AGEs injections. 
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Finally, not only structure but also function of the mitochondria was altered. HMW-AGEs sig-
nificantly decreased the activity of cytochrome c oxidase (COX) (Supplemental Fig. 4).

Discussion

In this study, we showed that 6 weeks of HMW-AGEs injections lead to AGEs accumula-
tion in the heart (Supplementary Fig. 5), resulting in cardiac dysfunction in vivo. This was 
the result of profound cardiomyocyte remodeling, including cell hypertrophy, reduced and 
slower fractional cell shortening, impaired myofilament properties associated with altered 
Ca2+-influx and disturbed intracellular cardiomyocyte organization.

Physiological relevance of glycolaldehyde derived HMW-AGEs
We injected healthy animals with HMW-AGEs prepared by incubating bovine serum al-

bumin (BSA) with glycolaldehyde and concentrating the samples with a cut-off a 50 kDa. 
Glycolaldehyde, formed either as a fragmentation product in the Maillard reaction or as a 
result of the myeloperoxidase-hydrogen peroxide-chloride (MPO) reaction, can also react 
with proteins, resulting in AGEs formation [22]. The reaction between glycolaldehyde and 
amino acids has been shown to lead to the formation of specific AGEs such as CML and gly-
colaldehyde-pyridine (GA-pyridine) [23]. Several reports showed increased levels of these 
AGEs in diabetes patients and therefore indicating a role for modification of proteins with 
aldehydes in a diabetic setting [23-25]. Additionally, the presence of GA-pyridine has been 
found in human atherosclerotic fibrotic lesions and in glomerular mesangium in renal dis-
eases, indicating their involvement in pathological situations [26, 27]. However, until now, 
no data have been available on the effect of glycolaldehyde-derived AGEs in the human heart 
in vivo as well as in vitro. Furthermore, Takeuchi et al. developed non-carboxymethyllysine 
anti-AGE antibodies that recognize serum proteins modified by short chain sugars or alde-
hydes (e.g. glyceraldehyde and glycolaldehyde) and dicarbonyl compounds (e.g. methylgly-
oxal and glyoxal). They show in their study that glycolaldehyde derived AGEs are present in 
serum from diabetic patients [28]. These results further confirm the physiological relevance 
of testing glycolaldehyde-derived AGEs. Finally, immunoblotting of serum protein samples 
from diabetic patients with glycolaldehyde-derived AGEs antibodies showed a high immu-
noreactivity around 200 kDA, indicating the presence of HMW glycolaldehyde-derived AGEs 
in diabetic patients [28]. However, to the best of our knowledge, the role of HMW-AGEs on 
cardiac function was until now not shown.

HMW-AGEs cause morphological remodeling and cardiomyocyte hypertrophy
As shown previously, in vivo hypertrophy characterized by increased AWT and PWT 

has been observed in HMW-AGEs-treated animals [15]. The increase in heart mass was con-
firmed by the increase in HW/BW ratio and HW/TL ratio in our study. In addition, at the 
cellular level, cardiomyocytes subjected to chronic HMW-AGEs exposure were significantly 
wider. As also shown by others [29], our model displayed concentric hypertrophy, character-
ized by an increase in wall thickness and cardiac mass, with a small reduction in chamber 
volume. In addition, isolated cardiomyocytes are wider, indicating hypertrophy at the cel-
lular level. Such LV cardiomyocyte remodeling has also been demonstrated by Gerdes et al. 
[30].

A potential trigger for the observed cardiomyocyte hypertrophy in our study could be 
the result of an increase in mechanical load which was evoked by the AGEs-induced cross-
linking of extracellular matrix (ECM) components. The increase in tissue stiffness stimulates 
fibroblast differentiation, promoting collagen type I synthesis and cross-linking and the ap-
pearance of interstitial fibrosis. Evidence for this statement has been procured from a previ-
ous study by our research group in which an increase in interstitial fibrosis was reported 
in HMW-AGEs-treated rats [15]. This fibrosis will further enhance tissue stiffness thereby 
subjecting cardiomyocytes to a higher mechanical load [31]. In response to this maladaptive 
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remodeling process, an increase in angiotensin II (Ang II), endothelin 1 (ET-1) and insulin-
like growth factor 1 (IGF1) concentration would activate intracellular signaling pathways 
leading to cell growth [32].

Impaired contractile properties are related to reduced Ca2+ current and altered myofila-
ment properties
We observed no changes in cardiac output (CO) and ejection fraction (EF) in vivo. How-

ever, as already described previously [15], CO and EF are global parameters and are not sen-
sitive enough to detect small changes. Nevertheless, at the cellular level a profound remodel-
ing was observed, characterized by decreased unloaded shortening of intact cardiomyocytes 
associated with slower kinetics. The observed changes at the cellular level supported the in 
vivo data in which a statistically significant alteration of dP/dtmax was observed, indicating 
reduced ventricular contractility in rats treated with HMW-AGEs.

In our study, the reduced contraction was due to a reduced Ca2+ influx through L-type 
Ca2+ channels. Indeed, during ECC, Ca2+ is transported into the cytosol via L-type Ca2+ chan-
nels which are located in the transverse tubules (T-tubules). This Ca2+ influx through L-type 
Ca2+ channels cause Ca2+-induced-Ca2+-release (CICR). High levels of Ca2+ are transported out 
of the SR into the cytosol to activate myofilaments and cause activation of the ECC result-
ing in cardiomyocyte contraction [33]. A reduced ICaL will then result in reduced CICR and 
smaller contraction [34]. In our model as well as for other studies using diabetes models 
[35-38], cardiomyocytes isolated from treated animals displayed lower ICaL, suggesting that 
the reduced Ca2+ influx could be a cause for the reduced contractile function. As the extent 
of the reduced contraction (-23.9%) corresponds to the extent of reduced ICaL (-22%), it was 
likely that a change in the intrinsic properties of the L-type Ca2+ channel was the responsible 
underlying mechanism, rather than a decrease in protein density itself. In that context, we 
evaluated steady-state activation and inactivation of the L-type Ca2+ channel. Steady-state 
inactivation of the L-type Ca2+ channel, as a measure for channel availability, was signifi-
cantly decreased in cells from HMW-AGEs animals indicating that the L-type Ca2+ channels 
were less available and inactivated more rapidly compared to cells from control animals. 
Therefore, less Ca2+ can be transported in the cytosol resulting in a reduced ICaL. In line with 
our results, the L-type Ca2+ channel inactivation was also shown to be reduced in diabetes 
[39]. However, the exact underlying mechanism how HMW-AGEs induce these changed Ca2+-
channel properties remains unexplained. Whether the change in the L-type Ca2+ channel 
properties was mediated through RAGE activation was unlikely because we have shown in a 
previous study that HMW-AGEs did not act by RAGE activation [15].

In addition to reduced Ca2+ influx, impaired myofilament properties have been shown 
to be responsible for a reduced unloaded cell shortening [19, 40]. In our animal model, ac-
tive force development tended to be reduced (P=0.06). As also shown by others, a reduced 
CICR related to reduced Ca2+ influx is the primary cause for the impaired Ca2+ availability 
to bind on the myofilaments [19, 40]. Additionally, we observed a reduced rate of tension 
activation characterized by a significant decrease in maximal ktr. A possible mechanism for 
the observed decrease could be a shift in myosin heavy chain (MHC) expression toward the 
slow β-isoform in the myofilaments of cardiomyocytes from HMW-AGEs-injected animals. 
However, we could not observe a shift in isoform expression between both groups (Supple-
mentary Fig. 3). In addition, we observed an altered passive tension in response to HMW-
AGEs. The decreased passive tension could due to an altered baseline sarcomere length or a 
greater intrinsic elasticity.

The PEVK segment of titin is able to bind actin which is important in the regulation of 
passive tension. Cardiomyocyte passive forces play an important role in cardiac muscle as 
it is part of the diastolic wall tension that determines the extent of filling of the heart [41]. 
Our data demonstrated a significantly decreased passive tension in skinned cardiomyocytes 
of HMW-AGEs animals. This was also observed in humans with chronic atrial fibrillation 
and patients with dilated cardiomyopathy (DCM) where the decreased passive tension is 
explained by a switch in titin isoforms [42, 43]. We could only speculate that a switch in titin 
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isoform plays a role in the observed decreased passive tension. However, literature shows 
that a reduced ICaL can modify the interaction between titin and actin which in turn can con-
tribute to decreased passive load [44], also observed in our model.

In diabetic animal models, it is widely shown that SERCA expression is decreased and 
PLN expression is increased causing arrhythmias and diabetic cardiomyopathy [45-47], 
while others failed to report these findings [48]. Petrova et al. reported that AGEs acutely 
have no effect on SERCA, PLN and NCX protein expression [49]. These data were in line with 
the results obtained in our experiments in a chronic setting. In our study, SERCA, PLN and 
their phosphorylated forms (T17 and S16) and NCX remained unchanged in animals treated 
with HMW-AGEs. Indeed, as shown by previous studies, an unchanged expression does not 
necessarily mean an unchanged protein activity that could, in addition to the altered ECC. In 
our study, the Ca2+ ATPase activity tended to decrease after injection of HMW-AGEs, possibly 
contributing to the impaired relaxation.

HMW-AGEs disrupt the cyto-architecture and functionality of cardiomyocytes
The composition and organization of the cytoskeleton network are essential for car-

diac cell function in adult cardiomyocytes. The number of myofilaments, the presence of a 
rigid cytoskeleton and a densely packed mitochondrial network contribute to normal cel-
lular and architectural function. If these components are changed, contractile performance 
of cardiomyocytes will be altered. In our study, ultrastructural data showed no difference in 
myofilament content between both groups. However, a significant decrease in mitochondrial 
area and mitochondrial density indicated a disturbance in mitochondrial dynamics in car-
diomyocytes of animals subjected to HMW-AGEs injections, leading to mitochondrial dam-
age. Literature has shown that AGEs can disrupt mitochondrial network dynamics leading to 
damage of the mitochondria [50, 51]. In addition, AGEs could stimulate their degradation by 
mitophagy by activating PI3K/AKT/mTOR and ERK signaling pathways [52, 53]. Additional-
ly, Viola et al. described that changes in Ca2+- influx as well as changes in L-type Ca2+ channel 
activity were sufficient to modulate mitochondrial function via an association through the 
cytoskeleton. It is then likely that HMW-AGEs could indirectly modify mitochondrial function 
by altering L-type Ca2+ channel properties. Furthermore, we observed a significant increased 
cytoplasm fraction in the HMW-AGEs group compared to control. More cytoplasm densi-
ty results in more space between the myofilaments, leading to an altered cell architecture 
which is essential for proper cardiomyocyte contractile function. Our data demonstrated 
that HMW-AGEs disrupt the cyto-architecture of cardiomyocytes through disorganization of 
the mitochondrial network.

In addition, to explore the functional consequences related to the structural alterations 
of the mitochondria, we determined the activity of COX. COX is the terminal complex (com-
plex IV) of the electron transfer chain. It catalyzes the transfer of electrons from ferrocyto-
chrome c to oxygen, converting the latter to water. Alterations in the activity of COX has been 
associated with mitochondrial defects. Li et al. reported that dysfunctional cytochrome c 
oxidase leads to a compromised mitochondrial membrane potential and a decreased ATP 
level [54]. As shown in Supplementary Fig. 4, COX activity was significantly reduced with 
HMW-AGEs, resulting in a decreased mitochondrial functionality. These results were in line 
with data regarding the decreased Ca2+ ATPase activity.

Conclusion

The currently investigated anti-AGEs therapies are unconvincing as they only target 
LMW-AGEs. Our data indicate that HMW-AGEs also impair cardiomyocyte structure and 
function via a different working mechanism from LMW-AGEs, indicating that HMW-AGEs 
play a distinct role in the development of cardiac dysfunction. In the future, targeting the 
deleterious effects of HMW-AGEs, could be a new strategy to improve cardiac outcome in 
cardiovascular diseases.
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