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Abstract Advanced glycation end-products (AGEs) have

been associated with poorer outcomes after myocardial

infarction (MI), and linked with heart failure. Methylgly-

oxal (MG) is considered the most important AGE precur-

sor, but its role in MI is unknown. In this study, we

investigated the involvement of MG-derived AGEs (MG-

AGEs) in MI using transgenic mice that over-express the

MG-metabolizing enzyme glyoxalase-1 (GLO1). MI was

induced in GLO1 mice and wild-type (WT) littermates. At

6 h post-MI, mass spectrometry revealed that MG-H1 (a

principal MG-AGE) was increased in the hearts of WT

mice, and immunohistochemistry demonstrated that this

persisted for 4 weeks. GLO1 over-expression reduced MG-

AGE levels at 6 h and 4 weeks, and GLO1 mice exhibited

superior cardiac function at 4 weeks post-MI compared to

WT mice. Immunohistochemistry revealed greater vascular

density and reduced cardiomyocyte apoptosis in GLO1 vs.

WT mice. The recruitment of c-kit? cells and their incor-

poration into the vasculature (c-kit?CD31? cells) was

higher in the infarcted myocardium of GLO1 mice. MG-

AGEs appeared to accumulate in type I collagen sur-

rounding arterioles, prompting investigation in vitro. In

culture, the interaction of angiogenic bone marrow cells

with MG-modified collagen resulted in reduced cell adhe-

sion, increased susceptibility to apoptosis, fewer progenitor

cells, and reduced angiogenic potential. This study reveals

that MG-AGEs are produced post-MI and identifies a

causative role for their accumulation in the cellular chan-

ges, adverse remodeling and functional loss of the heart

after MI. MG may represent a novel target for preventing

damage and improving function of the infarcted heart.

Keywords Advanced glycation end-products � Bone
marrow cells � Extracellular matrix � Glyoxalase-1 �
Methylglyoxal � Myocardial infarction

Introduction

Ischemic cardiomyopathies, such as myocardial infarction

(MI), are a leading cause of heart failure [21]. Despite

timely pharmacologic or surgical intervention post-MI, the

loss of viable myocardium from both the initial ischemic

event and subsequent infarct expansion can lead to global

remodeling and loss of function in many patients [20, 21].

Thus, discovering novel targets that provide cardioprotec-

tion or improve post-MI healing are highly desirable.

A growing body of evidence suggests a role for

advanced glycation end-products (AGEs) in cardiovascular

disease, though the majority of the work to date has

& Erik J. Suuronen

esuuronen@ottawaheart.ca

1 Division of Cardiac Surgery, University of Ottawa Heart

Institute, 40 Ruskin Street, Ottawa K1Y4W7, Canada

2 Department of Cellular and Molecular Medicine, University

of Ottawa, 501 Smyth Road, Ottawa K1H 8M5, Canada

3 Biomedical Polymers Laboratory, and Jiangsu Key

Laboratory of Advanced Functional Polymer Design and

Application, College of Chemistry, Chemical Engineering

and Materials Science, Soochow University, Ren-Ai Road

199, Suzhou Industrial Park, Suzhou 215012, China

4 Diabetes Research Center and Departments of Internal

Medicine and Pathology, Albert Einstein College of

Medicine, 1300 Morris Park Avenue, Bronx, NY 10461, USA

5 Geisel School of Medicine at Dartmouth, PreventAGE

Healthcare, 16 Cavendish Court, Lebanon, NH 03766, USA

6 Diabetes and Atherosclerosis Laboratory, University of

Ottawa Heart Institute, 40 Ruskin Street, Ottawa K1Y4W7,

Canada

123

Basic Res Cardiol (2017) 112:57

DOI 10.1007/s00395-017-0646-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s00395-017-0646-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00395-017-0646-x&amp;domain=pdf


focused on diabetes and its associated cardiovascular

complications [35]. In diabetes, methylglyoxal (MG) has

been shown to have many intra- and extracellular targets

with numerous deleterious effects including cell death,

inflammation, and impaired angiogenesis [35]. Surprisingly

little attention has been given to AGEs in the setting of

non-diabetic ischemic cardiomyopathies such as MI [35].

AGEs have been linked with the severity and prognosis of

heart failure, and AGE accumulation has been associated

with 1-year incidence of major cardiac events and death

following MI [19, 31]. However, a mechanistic or causa-

tive role for AGEs in cardiovascular disease, particularly in

MI, is unclear.

AGEs are proteins that are non-enzymatically modified

through glycation [34]. These modifications can alter pro-

tein structure and function leading to cellular and tissue

dysfunction, a process also referred to as dicarbonyl stress

[14, 35]. MG is likely the most important AGE precursor;

and the major product of MG-specific glycation is

hydroimidazolone (MG-H1), accounting for approximately

90% of all adducts [34]. MG is mostly produced as a

degradation product of triose phosphates during glycolysis,

and in normal physiologic conditions it is rendered inert

primarily by the enzyme glyoxalase-1 (GLO1) [34].

However, hyperglycemia, hypoxia, ischemia, inflammation

and oxidative stress stimulate the production of MG, while

simultaneously inhibiting the activity of GLO1, leading to

intra- and extra-cellular accumulation of MG and MG-

derived AGEs (MG-AGEs) [35, 46]. Ischemia, inflamma-

tion and oxidative stress are all present post-MI, and the

infarcted heart undergoes a metabolic shift to derive ATP

from anaerobic glycolysis [22, 29], all of which are

favourable for the formation of MG.

Based on this knowledge, we hypothesized that MG is

produced post-MI and that it contributes to adverse ven-

tricular remodeling and cardiac dysfunction. We aimed to

determine if reducing MG-AGE accumulation through

GLO1 over-expression could improve cardiac remodeling

and mitigate functional loss in a mouse model of MI. We

demonstrate that MG-AGEs accumulate in the heart post-

MI; and limiting this process by over-expressing GLO1 in

the vasculature and bone marrow leads to preserved ven-

tricular geometry and cardiac function. Furthermore, we

report that MG-AGE modification of collagen in the

extracellular matrix (ECM) of the myocardium, and

impairment of progenitor cell recruitment and neovascu-

larization contribute to the harmful effects of MG post-MI.

Thus, this study establishes a role for MG in the cellular

changes, adverse remodeling and functional loss of the

infarcted heart.

Materials and methods

Transgenic hGlo1 mice

This study uses human GLO1 over-expressing mice

(GLO1 mice) bred on a C57/BLJ6 background, which

carry a transgene encoding hGlo1 with a cMyc epitope

tag under the control of the preproendothelin-1 promoter,

as previously described [42]. This promoter is appropri-

ate because it is highly expressed in the vasculature and

it is up-regulated in the infarcted heart [17, 39]. This

mouse model and its characterization have been previ-

ously reported by our lab and others [13, 15, 42, 43].

Briefly, hGLO1 expression was detected in all tissues

tested: the heart, aorta, kidney, eye, liver and brain [42].

Despite the reported endothelial-specific expression of

the preproendothelin-1 promoter, GLO1 activity was

fivefold greater in endothelial cells, smooth muscle cells

and cells of bone marrow origin in these mice [42, 43].

Within the heart, GLO1 overexpression was not detected

in cardiomyocytes, but was confirmed in the vasculature

[43]. In whole heart, GLO1 mice showed a 1.8-fold

increase in GLO1 activity (p = 0.002; as measured by

the rate of formation of S-D-lactoylglutathione from

hemi-thioacetal), and no difference in the level of the

GLO1 co-factor reduced glutathione (p = 0.7), compared

to non-transgenic wild-type (WT) littermates [43].

Otherwise, no phenotypic differences were observed

between GLO1 and WT mice. All experiments used

female mice hemizygous for the hGlo1 transgene or their

non-transgenic wild-type (WT) littermates.

Myocardial infarction model

All the procedures were performed with the approval of the

University of Ottawa Animal Care Committee and in

accordance with the National Institutes of Health Guide for

the Care and Use of Laboratory Animals. MI was induced

in 9-week-old mice by a surgeon blinded to mouse geno-

type. Briefly, mice were anaesthetized under 2.5% isoflu-

rane, intubated and kept under mechanical ventilation. A

left-sided open thoracotomy was performed and the left

anterior descending coronary artery was permanently

ligated with a 7-0 silk suture 2 mm below the tip of the left

auricle. MI was confirmed by myocardial blanching. Short

acting buprenorphine (0.05 mg/kg) was administered sub-

cutaneously at least an hour prior to surgery, and slow

release buprenorphine (1.2 mg/kg) was administered sub-

cutaneously immediately before surgery for peri-operative

analgesia.
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Echocardiography

Mice were anaesthetized under 2.5% isoflurane, intubated

and kept under mechanical ventilation. Cardiac function

was assessed by echocardiography on long-axis views with

a Vevo770 system (VisualSonics, Toronto, Canada) in B

mode with the use of a 707B series real-time microvisu-

alization (RMV) scanhead probe.

MG-derived AGE determination

GLO1 and WT mice underwent surgical MI and the infarct

zone tissue (blanched region) was harvested 6 h later from

the myocardium. Tissue from age-matched non-infarcted

controls was also procured. Tissue was surgical micro-

dissected and immediately snap frozen in liquid nitrogen

and kept at -80 �C until required. Samples were prepared

for analysis by liquid chromatography-mass spectrometry

by sequential proteolytic digestion as previously described

[1]. Briefly, tissue was first mechanically homogenized

using liquid nitrogen. Once crushed, an approximately

equal volume of QQ water was added to the samples,

which were then freeze-thawed three times (frozen at

-80 �C, and thawed on ice) and then sonicated. Samples

were kept at -80 �C until further processing. Prior to

proteolytic digestion, sample protein concentrations were

first assayed using the bicinchoninic acid method. For

sample proteolytic digestion, samples were digested over a

period of 5 days. On day 1500 lg of protein in 25, 10 lL
of internal standard (provided by PreventAGE Health Care,

LLC), 5 lL 2 mg/mL pepsin (Sigma), and 25 lL of

20 mM HCl were added to a 1 mL digestion vial then

mixed. Samples were purged with N2, vortexed and incu-

bated at 37 �C for 24 h. On day 2, 8 lL of 65 mM KOH,

25 lL of 50 mM KPO4 with gentamicin, and 5 lL of

2 mg/mL Pronase (Sigma) were added to the vials and

mixed. Samples were purged with N2 and incubated for

24 h at 37 �C. On day 3, 5 lL of 2 mg/mL Aminopepti-

dase (Sigma), 5 lL of 2 mg/mL Prolidase (Sigma) were

added to the vials and mixed. Samples were purged with N2

and incubated at 37 �C for 48 h. Following incubation,

samples were transferred to cryovials for mass spectrom-

etry. Mass spectrometry was carried out at PreventAGE

Health Care, LLC (Dartmouth Regional Technology Cen-

ter, Lebanon, NH 03766 USA) as described [4].

Histology and immunohistochemistry

Mice were sacrificed at 4 weeks. Hearts were collected,

perfused with 2–3 mL of saline, snap frozen in O.C.T

compound and stored at -80 �C. Slides were prepared with
8 lm sections at different levels. Masson Trichrome

staining was performed to measure relative infarct size by

the midline method, as previously described [36]. Unless

otherwise specified, all primary antibodies for immuno-

histochemistry were purchased from Abcam and all Alexa

fluor� (488, 546) secondary antibodies from Invitrogen.

All tissue sections were fixed in cold acetone and washed

with Tris-buffered saline with Tween� 20. Tissue sections

were stained with antibodies against CD31 (1:50, for

endothelial cells), a-smooth muscle actin (a-SMA; 1:200,

for vascular smooth muscle cells), cardiac troponin I

(1:200) ? wheat-germ agglutinin (1:40, for cardiomy-

ocytes) or c-kit (1:200, for progenitor cells). Apoptotic

cells were identified using an anti-active caspase 3 anti-

body (1:300) or TUNEL staining (Roche; following man-

ufacturer’s protocol). Cell nuclei were stained with DAPI.

Images were acquired with a Zeiss Z1 fluorescence

microscope and analyzed by AxioVision digital image

software. For quantification, six random microscopic

fields-of-view were counted per sample in a blinded fash-

ion. An anti-methylglyoxal-derived AGE antibody (MG-

AGE 3D11; Cellbiolabs STA-011) and an anti-type I col-

lagen antibody were used to identify MG-AGE modified

collagen, as described [37]. Briefly, frozen tissue sections

were fixed in acetone and washed with Tris-buffered saline

with Tween� 20. To reduce background, goat anti-mouse

IgG (1:25 dilution) in 10% fetal bovine serum in phosphate

buffered saline was used to block sections for 3 h prior to

incubating with the primary antibody overnight at 4 �C.
A subset of mice was sacrificed 24 h after ligation sur-

gery for the determination of acute infarct size by triphenyl

tetrazolium chloride (TTC) staining. Hearts were excised,

washed with phosphate buffered saline, frozen at -20 �C,
and then cut into 1 mm thick slices. Slices were incubated

with 1% 2,3,5-triphenyl tetrazolium chloride and fixed in

10% formalin. Images were taken and infarct size was

measured using Image J software.

Collagen gels and methylglyoxal glycation

Collagen type I (1%; Nippon Ham) gels were prepared as

previously described [3]. Briefly, 1% porcine collagen I

gels were prepared in phosphate buffered saline and the pH

was adjusted to 7.2–7.4. A thin layer of gel was coated at

the base of a well in six-well dishes and incubated at 37 �C
in a humidified chamber for 2 h. Subsequently, gels were

incubated overnight at 37 �C with phosphate buffered

saline or with 1 mM MG (Sigma). This concentration is

effective at generating glycated collagen in vitro to an

extent that is comparable to in vivo levels of glycated

collagen in the ventricles of rats with diabetic cardiomy-

opathy [37], thus demonstrating that 1 mM MG is physi-

ologically relevant. Glycation of the gel was confirmed by

Western blot (data not shown) using a monoclonal anti-

body (1H7C6) against MG-H1 adducts (the major MG
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adducts), kindly provided by Drs. Xue-Liang Du and

Michael Brownlee (Albert Einstein College of Medicine,

Bronx, USA).

Peripheral blood mononuclear cells and in vitro

studies

Procedures for isolating human peripheral blood mononu-

clear cells (PBMCs) were approved by the Human

Research Ethics Board of the University of Ottawa Heart

Institute. With informed consent, total PBMCs were iso-

lated from the blood of healthy volunteers, and cultured for

4 days on fibronectin, as previously described [25].

PBMCs were then cultured on MG-modified or non-mod-

ified collagen gels in endothelial growth medium-2 (EGM-

2) with fetal bovine serum, vascular endothelial growth

factor, R3-insulin growth factor and endothelial growth

factor supplements (Lonza) at 37 �C, after which cells and/

or conditioned media were collected. PBMCs were evalu-

ated for viability and phenotype (by flow cytometry),

adhesion, and angiogenesis, as described below.

CAC viability, chemotaxis and adhesion

For viability, PBMCs were cultured on collagen gels

(±MG modification) for 2 days under serum deprivation

and hypoxic conditions as described [25]. Cells were then

stained for CD133, CD34, CD31, CD144 and

7-aminoactinomycin (7-AAD) and analyzed by flow

cytometry. For adhesion, 5 9 105 DAPI-stained PBMCs

were seeded on MG-modified or non-modified collagen

gels for 60 min, fixed with 4% paraformaldehyde and

counted per field-of-view in a blinded fashion (209 mag-

nification). For chemotaxis, PBMCs on the two collagen

gels were serum starved overnight, then lifted and placed in

the upper chamber of Transwell� Permeable Supports

(Corning), with 0.05 lg/mL of vascular endothelial growth

factor (Cedarlane) in EBM in the bottom chamber as the

migratory stimulus, as previously described [25]. After

overnight culture, PBMCs were fixed with paraformalde-

hyde and the number of migrating cells was quantified.

Flow cytometry

Flow cytometry was performed with a FACSAriaTM (BD

Biosciences) as described previously [25]. Briefly, for

human PBMCs, phenotype was assessed at baseline and

after 4 days culture on collagen gel (±MG modification).

Cells were lifted and stained for CD31, CD34, CD133 and

CD144 for 30 min at 4 �C in Hank’s balanced saline

solution, then washed and re-suspended in 0.5% bovine

serum albumin in Dulbecco’s phosphate buffered saline for

immediate analysis by flow cytometry. Antibodies used

were: CD31-FITC (Beckman Coulter), CD34-PE-Cy7

(eBioscience), CD133-APC (Miltenyi Biotec), CD144-PE

(Beckman Coulter) with matched Isotype controls. Data

were analyzed using FACSDiva software. For mice, cir-

culating PBMCs were collected from mice by saphenous

vein bleeds pre-operatively and at days 2, 7, and 28 post-

surgery, as described previously [42]. The mononuclear

cell fraction was labeled with antibodies against the fol-

lowing antigens: c-kit (Southern Biotech, Birmingham,

USA), CD45 (BD Biosciences, Mississauga, Canada), and

flk-1 (mouse vascular endothelial growth factor receptor-2;

eBioscience, San Diego, USA), and analyzed by

FACSAriaTM.

In vitro angiogenesis assay

PBMCs were stained with DAPI and human umbilical vein

endothelial cells (Invitrogen) were labeled with Cell-

Tracker OrangeTM (Invitrogen) prior to the in vitro

ECMatrixTM assay (Millipore). Human umbilical vein

endothelial cells (5 9 103 cells) were seeded with PBMCs

(5 9 103 cells; from collagen gel ± MG modification) in

l-slide angiogenesis slides (Ibidi) coated with 10 lL of

ECMatrixTM, prepared following the manufacturer’s pro-

tocol. The number of DAPI? PBMCs contributing to

structure formation (co-localization of DAPI and Cell-

TrackerTM Orange) and total tubule length were quantified

per field-of-view (109 magnification) after overnight cul-

ture. Each condition was assayed in triplicate, with a

minimum of n = 4 per condition.

Statistical analysis

Statistical analyses were performed using GraphPad Prism

6 software. All results are expressed as the mean ± stan-

dard error, and the sample size (n) for each experiment is

provided in the figure legends. Unless otherwise indicated,

for single comparison of data between 2 groups a two-

tailed student’s t test was performed. For multiple com-

parisons, a one- or two-way analysis of variance with a

Bonferroni or Tukey correction was applied. Due to

inherent variability in donors and flow cytometry, data for

PBMC mobilization in mouse peripheral circulation was

analyzed using a t test at each time-point, and for human

PBMCs, data was reported as the mean fold-change of

treatment-to-control ± standard error, and analyzed using

ratio paired t tests. The identification of outliers in the data

was planned a priori and was performed by the identify

outlier function in the Graphpad Prism 6 software using the

ROUT method with a maximum false discovery rate of 5%.

This resulted in the exclusion of one data point in the

mouse PBMC flow cytometry analysis. Probability values

of p\ 0.05 were considered statistically significant.
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Results

MI stimulates MG-H1 production, and GLO1 over-

expression preserves cardiac function

Myocardial tissue was harvested fromGLO1 over-expressing

mice and their WT littermates at baseline (no MI) and 6 h

post-MI and mass spectrometry was performed to measure

AGE content (MG-H1, the MG-derived carboxyethyl-lysine

and the glyoxal-derived carboxymethyl-lysine). At 6 h post-

MI, therewas a 52% increase inmyocardialMG-H1content in

WT mice compared to non-infarct controls, whereas MG-H1

levels were unchanged in GLO1 mice post-MI compared to

GLO1andWTmice at baseline (Fig. 1a). For carboxymethyl-

lysine and carboxyethyl-lysine, myocardial levels did not

change inWTmice after MI; but in post-MI GLO1mice their

abundancewas reduced (Fig. 1b, c). To visualize the extent of

MG-H1 accumulation over time, immunohistochemistry was

performed on myocardial tissue sections of GLO1 and WT

mice at 4 weeks post-MI. Diffuse MG-H1 staining was

qualitatively observed within the granulation tissue and in

arterioles and cardiomyocytes of the infarct scar; however,

less MG-H1 staining intensity was observed in GLO1 com-

pared toWTmice (Fig. 1d). Therefore,MI acutely stimulates

the production of MG-AGEs and their presence appears to

persist in the myocardium for up to 4 weeks.

Although GLO1 over-expression reduced MG-H1 pro-

duction at 6 h post-MI in the GLO1 mice, there was no

difference in the acute infarct size between GLO1 and WT

mice at 24 h post-MI as determined by TTC staining

(Fig. 2a, b), indicating that GLO1 and WT mice sustained

the same initial injury. However, reducing MG-AGE levels

in the myocardium post-MI (via GLO1 over-expression)

significantly limited cardiac dysfunction over the 4-week

observation period. Notably, echocardiography revealed

greater left ventricular ejection fraction in GLO1 mice

compared to WT mice at both 1 and 4 weeks post-MI

(Fig. 2c). A higher % fractional area change and a reduc-

tion in end-systolic volumes were also observed in GLO1

mice at 4 weeks post-MI (Fig. 2d, e). There were no dif-

ferences in end-diastolic volume, cardiac output, left ven-

tricular mass and heart rate between GLO1 and WT mice

(Fig. 2f–i). Together, these results demonstrate that MG-

AGEs are produced and accumulate in the post-MI myo-

cardium, and that GLO1 over-expression can prevent their

accumulation and limit the loss of cardiac function.

GLO1 over-expression reduces scar size and cell

death

Masson Trichrome staining revealed that GLO1 mice had a

reduced final scar size compared to WT mice at 4 weeks

post-MI (Fig. 3a, b). GLO1 over-expression also reduced

on-going cell death in the myocardium (Fig. 3c–g). At

4 weeks, less apoptotic active caspase-3? cardiomyocytes

were present in the infarct zone of GLO1 mice compared to

WT littermates (Fig. 3c), and TUNEL staining confirmed

the reduced cardiomyocyte cell death in GLO1 mice

(Fig. 3d). The number of TUNEL? non-cardiomyocyte

cells was also reduced in GLO1 vs. WT mice (Fig. 3e).

Overall, GLO1 over-expression decreased final scar size

and reduced on-going cell death in the myocardium.

Vascular density and c-kit1 cell number is enhanced

in GLO1 mice post-MI

In diabetes, MG has been shown to impair angiogenesis [9];

therefore, vascular densitywas assessed in the hearts ofGLO1

and WT mice to determine if MG played a similar role post-

MI. In non-infarcted hearts, no difference was observed in

vascular density between GLO1 and WT mice (data not

shown). However, at 4 weeks post-MI, GLO1 mice had a

greater number of CD31? capillaries and a-SMA? arterioles

in the infarct area compared toWT (Fig. 4a–c). To understand

the mechanism, the bone marrow repair response was exam-

ined, since others have shown that bone marrow c-kit? cells

play a major role in vascular repair post-MI [10, 11]. There-

fore, PBMCs were collected from mice at 0, 2, 7 and 28 days

post-MI to assess the mobilization of c-kit?, c-kit?-

VEGFR2?CD45- and c-kit?VEGFR2?CD45? cells over

time. There were non-statistically significant increases in the

number of circulating c-kit? and c-kit?VEGFR2?CD45-

cells at 7 days post-MI in GLO1 mice (p = 0.055 and 0.056,

respectively), while the number of c-kit?VEGFR2?CD45?

cells was significantly greater inGLO1mice vs.WT at 7 days

(Fig. 4d–f). To determine the contribution of c-kit? cells to

neovascularization in the infarct area of the MI heart,

immunohistochemistry was performed (Fig. 4g–k). GLO1

micehadmore arterioleswith c-kit? cells incorporated around

the vessel vs. WT mice (Fig. 4g), and the number of c-kit?

cells that were localized within these arterioles was increased

in GLO1 mice (Fig. 4h). The number of c-kit? cells that co-

stainedwith endothelialmarkerCD31?was greater forGLO1

mice vs. WT (Fig. 4i), as was the overall number of c-kit?

cells recruited to the myocardium (Fig. 4j). Together, these

results suggest that GLO1 over-expression promotes post-MI

neovascularization possibly through increased recruitment

and/or survival of c-kit? cells.

MG modification of ECM proteins impairs

the angiogenic properties of PBMCs

Extensive ECM remodeling post-MI leads to scar deposi-

tion, consisting mainly of type I collagen, and collagen is a

major target for MG-mediated glycation [12, 37]. By
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fluorescence immunohistochemistry, prominent MG-H1

accumulation was observed surrounding arterioles in the

border zone of the infarcted myocardium at 4 weeks post-

MI (Fig. 5a). More co-localization of MG-H1 and collagen

I staining, particularly surrounding the arterioles, was

qualitatively observed in WT compared to GLO1 mice

(Fig. 5a). Collagen glycation has been shown to impair

neovascularization by endothelial cells in collagen gels

in vitro and in vivo [12]. Therefore, some in vitro experi-

ments were performed to investigate how MG-modified

collagen may affect the phenotype and function of PBMCs

recruited to the heart post-MI. For clinical relevance,

human PBMCs were cultured on MG-modified or non-

modified type I collagen. Exposure to MG-modified col-

lagen had no effect on their chemotactic response towards

vascular endothelial growth factor (data not shown);

however, fewer PBMCs were capable of adhering to MG-

modified collagen vs. non-modified collagen (Fig. 5b). To

evaluate if MG-modified collagen impaired angiogenic

potential, PBMCs from either substrate were added toge-

ther with human umbilical vein endothelial cells in an

angiogenesis assay. With PBMCs from the MG-modified

collagen there was reduced total capillary-like network

length and less of these PBMCs incorporated into capil-

lary-like structures compared to PBMCs from non-modi-

fied collagen (Fig. 5c–e). Therefore, the interaction of

Fig. 1 MG and AGEs accumulate in the myocardium post-MI.

Levels of the following AGEs: MG-H1 (a), carboxyethyl-lysine

(CEL) (b) and carboxymethyl-lysine (CML) (c) in the infarct tissue of
mice at 6 h post-MI measured by mass spectrometry (n = 4–5).

d Masson-Trichrome and MG-AGE stained serial tissue sections in

the infarct zone at 4 weeks post-MI. Arrowheads indicate arterioles.

Data are presented as mean ± standard error
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PBMCs with MG-modified collagen reduces their angio-

genic potential, which appears consistent with the in vivo

observations.

PBMCs were subjected to apoptosis-inducing conditions

similar to myocardial ischemia (serum/growth factor

deprivation and hypoxia). Culture in these conditions for

2 days did not affect the overall viability of PBMCs,

although the endothelial cell fraction (CD31?, CD144?

and CD31?CD144? cells) from MG-modified collagen

exhibited reduced survival compared to non-modified col-

lagen culture (Fig. 6a–c). The effect of MG-modified col-

lagen on the putative CD133? and CD34? progenitor cell

subpopulations that participate in post-natal vasculogenesis

[10] was also examined. There was reduced viability of

CD34? cells and CD133? cells in PBMCs cultured on MG-

modified collagen under apoptotic conditions (Fig. 6d, e).

When cultured for 4 days under normal conditions,

PBMCs on MG-modified collagen had a reduced propor-

tion of CD34? and CD133? cells compared to non-modi-

fied collagen culture suggesting loss of this phenotype

(Fig. 6f, g). Together these experiments highlight potential

negative effects that glycated collagen may have on the

angiogenic potency of PBMCs.

Discussion

This study sought to determine if MG production post-MI

has a role in adverse remodeling and cardiac dysfunction.

The main findings are that: (1) MG-AGEs are produced

soon after MI and accumulate in the myocardium; (2) over-

expressing GLO1 prevents MG-AGE production and

accumulation post-MI resulting in less cell death, reduced

scar size and preserved cardiac function; (3) GLO1 over-

expression promotes greater c-kit? cell recruitment and

higher vascular density; and (4) MG-modified collagen

impairs the angiogenic properties of PBMCs. Taken toge-

ther, this provides evidence that MG-AGEs are produced

acutely post-MI and their accumulation contributes to on-

going cardiac remodeling and dysfunction.

The toxic effects of MG have been researched widely in

aging, and most extensively in diabetes [28, 35]. Knowl-

edge of the role that dicarbonyl stress plays in diabetic

cardiovascular disease is expanding, but comparatively

little is known of it in non-diabetic heart disease

[18, 19, 35]. In one clinical study, carboxymethyl-lysine

levels in the plasma of patients with congestive heart

failure were correlated with the severity and prognosis of

the disease [19]. In other work, higher MG-H1 levels were

detected in human carotid atherosclerotic plaques associ-

ated with a rupture-prone phenotype [16]. Of the few ani-

mal studies reported, use of a transient cardiac ischemia

mouse model showed that ischemia led to increased MG

and AGE production in the myocardium, but it did not

establish whether MG or its AGEs participated in cardiac

remodeling [2]. As such, it remains undetermined whether

MG and its AGEs constitute a biomarker or contribute to

cardiac remodeling and loss of function post-MI.

Fig. 2 Preventing MG-AGE accumulation through GLO1 over-

expression preserves cardiac geometry and function. a Infarct size

in GLO1 and WT mice at 1 day post-MI (n = 5). b Representative

images of TTC-stained heart sections at 1 day post-MI. Echocardio-

graphy assessment of left ventricular ejection fraction (LVEF) (c),
fractional area change (d), end-systolic volume (e), end-diastolic

volume (f), cardiac output (g), left ventricular mass (h), and heart rate

(i) in WT and GLO1 mice at 4 weeks post-MI (GLO1 n = 8, WT

n = 7). Data are presented as mean ± standard error
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Our results present the argument that, though AGEs may

initially be a consequence of MI, MG-AGEs are also a

contributor to the ensuing cellular changes, LV remodeling

and deterioration of cardiac function. We observed func-

tional benefits of GLO1 over-expression as early as

1 week, which persisted to 4 weeks post-MI. This suggests

that MG-AGE accumulation was deleterious from the onset

of ischemia. The progressive loss of contractility and

increased dilatation with maintained cardiac output seen in

the WT cohort may be indicative of early stage heart

failure [24]. In contrast, the protective effect of GLO1

over-expression may either delay this process or altogether

prevent it; however, a comparison of the progression to

heart failure remains to be investigated in future long-term

studies. Overall our results link MG-AGE accumulation to

the negative remodeling and progressive loss of cardiac

function post-MI.

Identifying a precise mechanism for the action of MG is

challenging, asMG affects numerous signaling pathways and

cell functions [35]. Furthermore, many of the reported in vitro

studies have used MG concentrations that far exceed

(patho)physiological levels [33], possibly confounding the

interpretation of the in vivo actions of MG. Our GLO1

transgenic mouse model provides the advantage of studying

physiologically relevant concentrations of MG and its con-

sequences in the pathology of disease. For example, we

Fig. 3 GLO1 over-expression

reduces infarct scar size and cell

death in mice post-MI. a Scar

size in GLO1 and WT mice at

4 weeks post-MI (n = 5).

b Representative Masson-

Trichrome stained tissue

sections at 4 weeks post-MI.

Proportion of apoptotic active

caspase 3? cardiomyocytes (c),
TUNEL? cardiomyocytes (d),
and TUNEL? non-

cardiomyocyte cells (e) in tissue

sections at 4 weeks post-MI in

the infarct zone, determined by

immunohistochemistry (n = 5).

f Representative images of

apoptotic cardiomyocytes

(active caspase 3?, green,

arrowheads) in WT and GLO1

mice. The highlighted area

(white box) has been magnified

to show representative co-

localization of DAPI (blue) and

active caspase-3 staining.

g TUNEL staining (green,

arrowheads) of non-

cardiomyocyte cells. Data are

presented as mean ± standard

error
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Fig. 4 GLO1 over-expression increases vascular density, and recruit-

ment and vascular contribution of c-kit? cells in the MI heart. a,
b Number of capillaries (CD31?) and arterioles (a-SMA?CD31?) in

the infarct zone by immunohistochemistry (n = 5). c Fluorescence

microscopy images of a-SMA? arterioles (green) and CD31?

capillaries (red). d–f Percentage of PBMCs in the peripheral

circulation that are c-kit?, c-kit?VEGFR2?CD45- and c-kit?-

VEGFR2?CD45? over a period of 4 weeks post-MI assessed by

flow cytometry (n = 3–5). The number of arterioles containing c-kit?

cells (g), c-kit? cells incorporated into arterioles (h), c-kit?CD31?

cells (i), and total number of c-kit? in the infarcted myocardium (j) at
4 weeks post-MI (n = 5). k Left panels infarct zone images of

recruited c-kit? cells (green) co-stained with CD31 (red). Right

panels higher magnification images. Data are presented as mean ± s-

tandard error
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recently reported that MG contributes to the development of

diabetic cardiomyopathy through inflammation and

endothelial cell death in a mouse model of type 1 diabetes

[43]. In the literature, MG has been shown to influence cell

death and apoptosis, to impair angiogenesis and neovascu-

larization, and to modify and impair ECM signaling [34, 35].

Since these are prominent processes in post-MI cardiac

remodeling, we investigated them in the present study.

Apoptosis during cardiac remodeling (independent of

the immediate post-MI necrotic death) contributes to

myocardial ischemia and heart failure [23, 45]. In heart

failure, usually less than 1% of cells are dying at a given

time, leading to a progressive loss of cardiomyocytes and

deterioration of the heart [23]. Expression of the apoptotic

effector active caspase-3 is increased in heart failure

patient hearts, and its over-expression in a mouse MI model

Fig. 5 MG glycates collagen in vivo and impairs pro-angiogenic

properties of cultured human PBMCs in vitro. a Masson-Trichrome

and immunofluorescence images [MG-AGE (green) and collagen

type I (red)] of the MI border zone. Highlighted areas of the last

panels (white boxes) have been magnified in the images below,

showing greater co-localization of collagen and MG-AGE (yellow/

orange) surrounding an arteriole in a WT mouse. b Number of human

PBMCs adhered to control (non-modified collagen) and MG-modified

collagen after 1 h in vitro (n = 4). c Number of PBMCs proximal to

HUVEC structures, d total network length, and e representative

images of an angiogenesis assay using HUVECs co-cultured with

PBMCs from control or MG-modified collagen culture (PBMCs

stained blue and HUVECs orange; n = 5). Data are presented as

mean ± standard error
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increased scar size and reduced cardiac function [7].

Moreover, MG-AGEs have been shown to induce caspase-

3 activation and cardiomyocyte apoptosis via oxidative

stress [27]. In our study, the death of cardiomyocytes and

non-cardiomyocyte cells was reduced (less active caspase-

3? and TUNEL? cells) in GLO1 mice post-MI demon-

strating the potential for GLO1 over-expression to confer

protection from apoptosis. Limiting the on-going cell death

in the myocardium may partially explain the functional

benefits and reduced infarct size in GLO1 mice. Whether

these effects are the result of a direct action of GLO1 or

secondary to other mechanisms is unclear. A likely sce-

nario is that multiple GLO1-mediated factors contribute to

preserving myocardial viability, including secondary

effects of improved post-MI neovascularization.

Numerous studies report that MG impairs angiogenesis

in diseases such as diabetes [30, 35, 42–44]. Our results

suggest that similar MG-mediated anti-angiogenic mecha-

nisms exist in MI, and that limiting the production of MG-

AGEs (via GLO1 over-expression) can increase vascular-

ity. The presence of c-kit? cells, their adoption of an

endothelial phenotype (c-kit?CD31?) and their incorpora-

tion into arterioles in the infarcted heart was greater in

GLO1 mice compared to WT mice. Although we did not

identify the source of these cells, the recruitment of

mobilized bone marrow c-kit? cells has been shown to

increase capillary density, reduce remodeling and improve

function in MI mice [11, 32]. Increased numbers of cir-

culating c-kit? cells were observed at 7 days post-MI in

GLO1 mice, therefore, greater mobilization and recruit-

ment of these cells to the infarcted myocardium is a pos-

sibility. Furthermore, it is likely that bone marrow cells of

GLO1 mice recruited to the infarcted myocardium are

protected in the high dicarbonyl stress environment and

have improved pro-angiogenic capacity, as we have pre-

viously demonstrated with these transgenic mice [42].

Nevertheless, our results cannot exclude a contribution

from c-kit? cardiac stem cells originating from the myo-

cardium, which have also been shown to possess greater

pro-angiogenic function in GLO1 mice [30].

MG modification of the cardiac ECM may also be an

important contributor to cardiovascular disease given that it

has a[10-fold longer turn-over than other cardiac proteins

[37, 47]. Arginine residues within the integrin recognition

domains of collagen constitute major targets for MG-me-

diated glycation [40, 41], potentially disrupting cell-ECM

interactions that are essential for cell phenotype and

function [8]. Notably, collagen glycation has been shown

to negatively affect angiogenesis and vascular repair

in vitro and in vivo [12, 26], but this has not been estab-

lished in the context of MI. In our study, GLO1 mice had

decreased MG-AGE content in the infarct area (which

consists primarily of collagen type I), and a reduction in

MG-AGE modified collagen surrounding the vasculature in

Fig. 6 MG-modified collagen impairs cell survival and phenotype

in vitro. a–e Viability of the CD31?, CD144?, CD31?CD144?,

CD34? and CD133? fractions of PBMCs cultured on control or MG-

modified collagen and subjected to apoptotic conditions (n = 5). f,

g Number of CD34? and CD133? cells after PBMCs were cultured

on control or MG-modified collagen for 4 days (n = 5). Data are

presented as mean ± standard error
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the border zone, compared to WT mice. This suggests that

MG-modification of collagen in the cardiac ECM may

contribute to defective neovascularization post-MI, which

was supported by our in vitro studies using human PBMCs.

MG-modified collagen supported less PBMC adhesion and

impaired their angiogenic potential. Furthermore, collagen

glycation has been shown to induce endothelial cell anoikis

(cell death resulting from detachment) [9], and we simi-

larly observed reduced viability of CD133? progenitors

and CD31? and CD144? endothelial fractions in PBMCs

cultured on MG-modified collagen under apoptosis-induc-

ing conditions. Taken together, our results suggest that

MG-mediated collagen glycation may interfere with cell-

ECM interactions and limit the recruitment, viability and

function of angiogenic cells leading to reduced vascular-

ization in the MI heart.

A limitation of our study is that elevated GLO1 activity

in our mouse model was confirmed at the whole tissue level

in non-infarcted hearts; however, we have not evaluated

GLO1 activity in either infarcted hearts or at the cellular

level. The hGlo1 transgene is under the control of the

preproendothelin-1 promoter, and during MI, elevated

preproendothelin-1 mRNA expression has been reported in

salvaged cardiomyocytes, endothelial cells, vascular

smooth muscle cells, and inflammatory cells within the

fibrotic tissue [39]. Also, we have confirmed GLO1 trans-

gene expression in bone marrow cells [42], which are

recruited to the myocardium after injury; therefore, it is

likely that GLO1 is over-expressed in several cell types in

the infarcted hearts of GLO1 mice. Another consideration

is that, given the numerous intra- and extra-cellular targets

for MG glycation, several mechanisms likely contribute to

its detrimental effects post-MI. Although we identified

ECM glycation as a possible mechanism, the modification

of intracellular signaling cannot be excluded [28]. One

likely signaling pathway negatively affected by MG in the

post-MI heart is the hypoxia-inducible factor-1a pathway.

MG inhibits hypoxia-inducible factor-1a activity leading to

decreased transcription of its targets genes (e.g. vascular

endothelial growth factor, stromal cell-derived factor-1 and

erythropoietin) and reduced angiogenesis [5, 6, 38]. Thus,

in the present study, GLO1 over-expression may have

increased the production of such growth factors by pre-

venting MG interference on hypoxia-inducible factor-1a
activity. Identifying the various MG targets and distin-

guishing between primary and secondary effects of MG

post-MI presents a future research opportunity. Regardless,

our study highlights that targeting MG-AGE production

post-MI offers cardioprotective benefits.

In summary, this study establishes a possible causative

role for MG in LV remodeling and deterioration of cardiac

function post-MI. Given that MG and its AGEs are

prevalent in diabetes, smoking, and the western diet, and

have now been shown to be deleterious in non-diabetic MI,

this report highlights a need to reconsider the attention

given to MG-AGEs in cardiovascular disease and the

development of its therapies.
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