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Engineered cardiac tissues: a novel in vitro model to investigate
the pathophysiology of mouse diabetic cardiomyopathy
Xiang Wang1,2, Xin-xin Chen3, Hai-tao Yu1,2, Yi Tan1,4, Qian Lin1, Bradley B. Keller4,5,6, Yang Zheng2 and Lu Cai1,4,7

Rodent diabetic models, used to understand the pathophysiology of diabetic cardiomyopathy (DCM), remain several limitations.
Engineered cardiac tissues (ECTs) have emerged as robust 3D in vitro models to investigate structure–function relationships as well
as cardiac injury and repair. Advanced glycation end-products (AGEs), produced through glycation of proteins or lipids in response
to hyperglycemia, are important pathogenic factor for the development of DCM. In the current study, we developed a murine-
based ECT model to investigate cardiac injury produced by AGEs. We treated ECTs composed of neonatal murine cardiac cells with
AGEs and observed AGE-related functional, cellular, and molecular alterations: (1) AGEs (150 µg/mL) did not cause acute
cytotoxicity, which displayed as necrosis detected by medium LDH release or apoptosis detected by cleaved caspase 3 and TUNEL
staining, but negatively impacted ECT function on treatment day 9; (2) AGEs treatment significantly increased the markers of
fibrosis (TGF-β, α-SMA, Ctgf, Collagen I-α1, Collagen III-α1, and Fn1) and hypertrophy (Nppa and Myh7); (3) AGEs treatment
significantly increased ECT oxidative stress markers (3-NT, 4-HNE, HO-1, CAT, and SOD2) and inflammation response markers (PAI-1,
TNF-α, NF-κB, and ICAM-1); and (4) AGE-induced pathogenic responses were all attenuated by pre-application of AGE receptor
antagonist FPS-ZM1 (20 µM) or the antioxidant glutathione precursor N-acetylcysteine (5 mM). Therefore, AGEs-treated murine ECTs
recapitulate the key features of DCM’s functional, cellular and molecular pathogenesis, and may serve as a robust in vitro model to
investigate cellular structure-function relationships, signaling pathways relevant to DCM and pharmaceutical intervention
strategies.
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INTRODUCTION
The global diabetes prevalence in 2019 was estimated to be 9.3%
(463 million) and has been predicted to rise to 10.2% (578 million)
by 2030 and 10.9% (700 million) by 2045 [1]. Diabetic cardiomyo-
pathy (DCM), the main cause of heart failure in diabetic patients and
one of the most lethal complications [2], is characterized by cardiac
hypertrophy, fibrosis, and dysfunction [3]. In recent years, rodent
diabetic models have advanced our understanding of the patho-
physiology of DCM; however, these models require a long time to
develop DCM and are affected by the confounding influences
inherent to in vivo models [4], and in vitro cardiomyocyte culture
provides the ability to study intracellular processes but does not
reflect the tissue-level injury and remodeling typical of DCM.
Engineered cardiac tissues (ECTs) have emerged as robust 3D

in vitro models of maturing myocardium due to the rapid
structural and functional maturation of ECTs and the ability to
vary ECT composition as well as mimic ECT functional evolution in
in vivo models. ECTs are well suited for a variety of applications,
including disease modeling [5–8], drug screening [9–12], tissue

repair [13–17], investigating cardiac development and maturation
[18–22], and exploration of gene-editing technology in the heart
[23–25]. By utilizing different interventions, ECTs are well adapted
for establishment of different disease models as well as drug
toxicity testing. ECT patches developed for cardiac repair and
regeneration through tissue implantation also showed promising
results. Of note, cardiac cell isolation from neonatal murine hearts
is technically very challenging, but when they are isolated
successfully, these neonatal cells rapidly proliferate, undergo
remodeling, and generate functioning myocardium [6].
As a highly heterogeneous group of compounds, advanced

glycation end-products (AGEs) are proteins or lipids that are
glycated in response to clinical hyperglycemia and can occur as
the result of excessive temperature food processing. AGEs are
deleterious in mammals due to their promotion of oxidative stress
and inflammation and are the most important pathogenic initiator
for the development of DCM [26–30]. The mechanistic under-
standing of the role of AGEs in the development of DCM has
confirmed that AGEs interact with the receptor of AGEs (RAGE) to
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turn on intracellular pathways that generate excess reactive oxygen
or nitrogen species (ROS/RNS) and cause cardiac chronic oxidative
stress and damage, inflammation, and consequently cardiac cell
hypertrophy and fibrosis, resulting in cardiac dysfunction [26, 28].
The goal of the present study was to develop and validate an

in vitro model of engineered myocardial tissue with AGEs treatment,
which may reflect the functional, cellular, and molecular features of
DCM and be useful for further investigation.

MATERIALS AND METHODS
Animals
FVB mice were housed at the University of Louisville Research
Resources Center at 22 °C with a 12-h light/dark cycle and were
provided free access to standard rodent chow and tap water. All
animal procedures were approved by the Institutional Animal Care
and Use Committee, which is certified by the American Associa-
tion for Accreditation of Laboratory Animal Care.

Isolation of neonatal mouse ventricular cardiac cells and ECT
construction
We used the enzymatic dissociation method (as described in our
previous work [6]) to isolate cardiomyocytes (CMs) from the hearts
of pups within 3 days after birth. The cell suspensions were
preplated into sterilized tissue culture plates (100 × 20mm;
Corning) and incubated at 37 °C for 45 min to enrich the CM
population, which was followed by rotation at 50 rpm on a shaker
(Labnet International) for an additional 4 h at 37 °C in 5% CO2 to
facilitate CM cluster formation. The cardiac cells remaining in
suspension were collected. Cells were stained with Trypan blue
(Sigma), and the number of live CMs was determined using a
hemocytometer. ECTs were constructed as previously described
[6]. Briefly, 8 × 105 CMs were mixed with collagen and Matrigel to
generate a total of 200 µL of cell/matrix suspension, which was
poured to form 20 × 3mm cylindrical constructs within a Flexcell
Tissue TrainTM culture plate (Flexcell International) and incubated
under preprogrammed conditions in a vacuum for 2 h (37 °C, 5%
CO2) to form the cylindrical ECT constructs. Following initial ECT
gelation, 4 mL medium was added to the 6-well culture dish. All
the ECTs were cultured in medium with 15% serum during the first
3 days, and after the 3rd day, the normal serum group (NS) was
maintained in the same culture medium, while the low serum
group (LS) was maintained in culture medium with 10% serum. All
the ECTs were maintained in culture medium for 3–15 days, with
media changes every three days. AGEs (Sigma-Aldrich) and BSA
(Sigma-Aldrich, as a control for comparison to AGEs) treatment
started on the 4th day, and the medium with AGEs was changed
every 3 days until harvest. DMSO, FPS-ZM1 (TOCRIS, 20 µM) or N-
acetylcysteine (NAC, Sigma-Aldrich, 5 mM) was added to ECTs 2 h
before the control or AGEs treatment.

ECT function classification
ECT function was digitally recorded for 15 s every day after ECT
construction and then qualitatively classified as previously described
[6]. Briefly, normal function (N) corresponded to increased ECT
deformation during shortening with regional dyssynchrony (A);
increased ECT deformation during shortening with global dyssyn-
chrony (B); decreased beating rate and deformation with global
dyssynchrony (C); and arrested beating (D).

Histology
ECTs were fixed in situ using 4% paraformaldehyde in 1× PBS (pH
= 7.2) at room temperature for 30min, removed from the Tissue
TrainTM plate, stored in PBS at 4 °C, dehydrated with a graded
alcohol series, cleared with xylene, embedded in paraffin and
sectioned at a 5 µm thickness. Hematoxylin and eosin staining was
performed as previously described [6]. For troponin T staining,
after antigen retrieval, the ECT sections were washed in PBS with

0.05% Tween 20, blocked with 0.05% Triton-X-100+ 5% BSA in
PBS for 0.5 h and then incubated with mouse anti-cTnT (1:500
dilution; Thermo Fisher Scientific, California, USA). We counter-
stained the nuclei with DAPI (Invitrogen) after incubation with the
secondary antibody for 1 h. We randomly selected 10 fields for
each ECT to count the double-stained cTnT (red) - and DAPI (blue)-
positive cells, and the cTnT+/DAPI+ percentage was used to
determine the CM ratio in the ECTs.

Measurement of ROS by dihydroethidium (DHE) staining
To evaluate the oxidative stress level in the different treatment
groups, we analyzed superoxide and hydrogen peroxide production
by using DHE staining as previously described [31]. The frozen
sections were incubated at 37 °C for 30min with DHE (10 µmol/L,
Sigma) and then counterstained with DAPI (Invitrogen) after washing
with PBS according to the manufacturer’s instructions. Exposure to
light was avoided during the whole experiment. For quantitative
analysis of the immunofluorescence intensity, the IOD and ROI were
measured by ImageJ software (National Institutes of Health).

TdT-mediated dUTP nick-end labeling assay (TUNEL)
We used the DeadEnd™ Fluorometric TUNEL System (Promega,
Madison, WI) to determine the apoptotic cell proportion as
previously described [5]. The TUNEL-positive cells were counted in
10 fields for each ECT.

Protein extraction and Western blotting
ECTs were washed thoroughly in ice-cold PBS, rapidly homo-
genized in lysis buffer (100 µL/ECT) containing 50mmol/L Tris-HCl
(pH 7.4), 1× protease inhibitor (Sigma), 1 mmol/L EDTA (pH 8.0),
and 1× PMSF and lysed at 4 °C for 4 h. After centrifugation at
12,000 rpm for 20 min, supernatants containing soluble proteins
were subjected to protein concentration measurements using the
Bradford method. Equal amounts of protein (15–30mg) were
resolved by SDS-polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes by blotting after blocking with
5% nonfat milk for 1 h at room temperature. Then, the membranes
were washed three times with Tris‐buffered saline containing 0.1%
Tween-20 (TBST). The membranes were incubated with primary
antibodies overnight at 4 °C, washed with TBST and then
incubated with a secondary antibody for 1 h at room temperature.
The antigen–antibody complexes were then visualized using an
ECLkit (Bio-Rad). The primary antibodies included Caspase-3
(1:1000; Cell Signaling Technology, Danvers, USA), 3‐nitrotyrosine
(3-NT; 1:1000; Millipore Corp, Temecula, USA), 4-hydroxynonenal
(4-HNE; 1:2000; Abcam, Cambridge, MA, USA), home oxygenase-1
(HO-1; 1:1000; Cell Signaling Technology, Danvers, USA), catalase
(CAT; 1:5000; Santa Cruz Biotechnology, Dallas, USA), superoxide
dismutase-2 (SOD-2; 1:5000; Santa Cruz Biotechnology, Dallas,
USA), plasminogen activator inhibitor type 1 (PAI-1; 1:1000; BD
Biosciences, San Jose, USA), intercellular adhesion molecule-1
(ICAM-1, 1:1000; Santa Cruz Biotechnology, Dallas, USA), nuclear
factor kappa-light chain enhancer of activated B cells p65 (NF-κB,
1:1000, Cell Signaling Technology, Danvers, USA), tumor necrosis
factor‐α (TNF-α; 1:1000; Abcam, Cambridge, USA), connective
tissue growth factor (CTGF, 1:1000, Santa Cruz Biotechnology,
Dallas, USA), transforming growth factor β (TGF-β, 1:1000, Cell
Signaling Technology, Danvers, USA), and α-smooth muscle actin
(α-SMA, 1:1000, Cell Signaling Technology, Danvers, USA),
followed by an anti-rabbit/anti-mouse HRP-linked secondary
antibody (1:5000 dilution; Cell Signaling, Danvers, USA). β-Actin
(1:3000 dilution, Santa Cruz, Dallas, USA) and GAPDH (1:3000
dilution; Abcam, Cambridge, USA) were used as internal controls.

Isolation of RNA from ECTs and quantitative real-time PCR
Briefly, ECT samples were homogenized by an Omni Tip Tissue
homogenizer (USA Scientific, Ocala, Florida). Total RNA was
isolated using TRIzol (Invitrogen)and purified with an RNeasy
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Mini Kit (Valencia, California). RNA quality and quantity were
measured using a NanoDrop ND-1000 (Thermo Fisher Scientific,
Waltham, Massachusetts). Reverse transcription was performed
with a Mastercycler Gradient (Eppendorf) at 42 °C for 50 min and
95 °C for 5 min with 0.5 µg total RNA in a final volume of 20 µL (4
µL of 25 mmol/L MgCl2, 4 µL AMV reverse transcriptase 5×buffer,
2 µL dNTPs, 0.5 µL RNase inhibitor, 1 µL AMV reverse transcrip-
tase, 1 µL dT primer and nuclease-free water). Primers targeting
Fn1, Collagen I-α1, Collagen III-α1, Nppa, Ctgf, Myh7 and Gapdh
were purchased from Thermo Fisher. Quantitative PCR was
performed in a 20 µL volume (10 µL TaqMan Universal PCR
Master Mix, 1 µL primers and 9 µL cDNA) using the ABI 7300
Real-Time PCR system. Data are expressed as the fold differences
vs. those of the controls using the ΔΔCt method and Gapdh as a
reference gene.

Statistical analyses
Data are presented as the normalized mean ± SD. Statistical
differences were determined using 2-sided unpaired Student’s t
tests or 2-way analysis of variance followed by Tukey’s multiple
comparisons test. A P value < 0.05 was considered statistically
significant.

RESULTS
Basic ECT characteristics
Our previous studies used medium containing 15% serum (NS) for
ECT culture, and we modified our standard protocol to utilize

medium containing 10% serum (LS) for ECT culture after ECT
maturation (3 days after ECT construction). Therefore, we compared
the effects of 10% and 15% serum on the structural, functional and
molecular maturation of ECTs. As we previously reported, ECTs start
to contract rapidly after construction, and the beating rate gradually
declines over time. No significant difference was found for the gel
compaction and beating rates between the LS and NS groups
(Supplementary material: Fig. S1a, b). Histological examination with
H&E staining (Supplementary material: Fig. S1c) did not reveal any
significant difference between the LS and NS groups in terms of cell
density or arrangement. Considering that H&E staining cannot
distinguish different cell types, immunofluorescence staining of
cTnT (a CM-specific marker) was applied, which revealed no
difference in the CM distributions (Supplementary material: Fig. S2a,
b) and numbers (Supplementary material: Fig. S2c) between the LS
and NS groups.
Of note, the LS group ECTs showed no significant differences

compared to the NS group ECTs in terms of global function during
culture (Supplementary material: Table S1). We also checked the
expression of cleaved caspase 3/caspase 3 (marker of apoptosis),
HO-1 (marker of oxidative stress), CTGF (marker of fibrosis), PAI-1
and TNFα (inflammatory markers) in the LS and NS groups
(Supplementary material: Fig. S3), which were high on day 0 likely
because of cell injury due to cell isolation and then decreased to
relatively stable low levels from day 4 to day 14 (Supplementary
material: Fig. S3). Therefore, the LS medium culture group showed
molecular and functional features comparable to those of the NS
medium culture group after up to 14 days in culture.

Fig. 1 Determination of the noncytotoxic dose of AGEs. a LDH assays of the medium from ECTs at different time points treated with
different concentrations of AGEs revealed significant necrosis occurred only after AGEs treatment at 600 µg/mL for 72 h. n= 3 per group per
time point. b, c Western blotting of c-Caspase 3/Caspase 3 in ECTs treated with different concentrations of AGEs. n= 3 per group, treatment
for 72 h. d, e Representative ECT immunofluorescent staining for the terminal transferase dUTP nick end labeling assay (TUNEL, green) and of
nuclei (DAPI, blue) following treatment with different concentrations of AGEs for 12 days (×40 magnification). n= 3 per group. *P < 0.05, **P <
0.01, ***P < 0.001 versus the respective control groups. Data are summarized as the normalized mean ± SD.
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Identification of the dose range of AGEs unable to induce
acute cytotoxicity but able to impair ECT function for establishing
AGE-induced cardiomyopathy in an in vitro model
Since diabetes involves a chronic pathogenic process, diabetes-
related pathogenic factors such as AGEs should not be significantly
or acutely cytotoxic, but rather they should trigger chronic oxidative
stress and inflammatory responses leading to cell hypertrophy,
tissue fibrosis and eventually cardiac dysfunction. To establish a
relevant in vitro model, we first determined the noncytotoxic doses
of AGEs in ECTs. Through concentration gradient experiments, we
found that AGEs at 75–300 µg/mL did not induce necrotic effects, as
assayed by measuring LDH in cultured media for a treatment time
from 24 to 72 h; at 600 µg/mL, AGEs also did not induce necrotic
effects until treatment was extended for 72 h (Fig. 1a). Upon
detecting cleaved caspase 3/caspase 3 in the total protein lysate of
ECTs treated with AGEs for 72 h, apoptotic cell death was not
observed at 75 – 150 µg/mL AGEs but was noted at 300–600 µg/mL
in a dose-dependent manner (Fig. 1b, c). Furthermore, we used
TUNEL staining to assess cell apoptosis in AGE-treated ECTs for
12 days and found that AGEs at 150 µg/mL did not increase
apoptotic cell death, but AGEs at 300–600 µg/mL increased cell
apoptosis in a dose-dependent manner (Fig. 1d, e).

Next, we tested the effect of the highest dose of AGEs used in
this study (150 µg/mL), which did not cause acute cytotoxic
effects, on ECT function and found that treatment of ECTs with
AGEs at 150 µg/mL did not impact function on day 4 but showed
an effect on day 9, when all ECTs showed different degrees of
dysfunction compared to the time-matched controls (Supplemen-
tary material: Table S2), which mainly manifested as grade A - C
dysfunction according to the ECT functional classification.

Determination of whether AGE-induced ECT dysfunction is
accompanied by typical pathogenic alterations observed in
animal DCM models
AGEs triggered remodeling in ECTs. Cardiac hypertrophy and
fibrosis are the typical pathological changes associated with
remodeling noted during the development of DCM [32]. Therefore,
the potential of AGEs to induce fibrotic and hypertrophic changes
in ECTs was examined by the analysis of hypertrophic and fibrotic
markers. AGEs significantly increased CTGF, α-SMA, and TGF-β
protein expression (Fig. 2a–d) after treatment for 3–9 days.
Expression of Collagen I-α1, Collagen III-α1, Fn1, and Ctgf transcripts
also increased after treatment for 3 or 9 days (Fig. 2e). Levels of
markers of cardiomyocyte hypertrophy, Nppa and Myh7, also

Fig. 2 The effect of long-term AGEs exposure on ECT remodeling. a–d The fibrosis markers CTGF, α-SMA, and TGF-β were assessed by
Western blotting. n= 3 per group. e The fibrosis markers Collagen I-α1, Collagen III-α1, Fn1, and Ctgf were assessed by qRT-PCR. n= 3 per
group. f The cardiomyocyte hypertrophy markers Nppa and Myh7 were assessed by qRT-PCR. n= 3 per group. *P < 0.05, **P < 0.01, ***P <
0.001 versus the respective control groups. Data are summarized as the normalized mean ± SD.
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increased after AGEs treatment for 9 days (Fig. 2f). Hence, AGEs were
able to trigger profibrotic and hypertrophic remodeling as well ECT’s
dysfunction (Supplementary material: Table S2), consistent with the
pathological changes in the development of DCM.

AGE-induced inflammation in ECTs. AGE-induced cardiac remodel-
ing is associated with inflammatory responses, and we noted
increases in the inflammatory cascade markers NF-κB, PAI-1, TNF-α,
and ICAM-1 in ECTs exposed to AGEs (Fig. 3); NF-κB was increased
starting at 6 h until day 6, with peak levels observed between 12 and
72 h, whereas ICAM-1 was increased at 6 h and gradually increased
throughout day 1. Both TNF-α and PAI-1 were increased at 12 h until
72 h or 24 h, respectively. These results suggest the capacity of AGEs
to activate ECT inflammatory responses.

AGE-induced oxidative stress in ECTs. Since inflammatory responses
may be derived from oxidative stress, we examined 4-HNE as an
oxidized product marker (Fig. 4a, b) and 3-NT as a nitrated product
marker (Fig. 4c, d). Both were found to significantly increase within
6 h after AGEs treatment and reached their peak levels at 12 or
12–24 h after AGEs treatment and then returned to control levels on
day 6 after AGEs exposure.
Since oxidative stress is caused by an imbalance between

ROS/RNS and antioxidant activity, we further examined

antioxidant protein levels (CAT, SOD2, and HO-1) (Fig. 4e–h).
As expected, CAT was increased at 12 h, reached a peak level at
24 h and gradually returned to the control level by day 9 after
AGEs-treatment; SOD2 was increased at 12 h, showed similar
levels until 72 h, and then gradually decreased but remained
higher than the control level until day 9. HO-1 was increased at
24 h, reached a very high level at 72 h and remained higher than
the control level until day 9.

AGE-induced pathological changes are oxidative stress-dependent
and mediated by RAGE
As revealed in the above experiments, AGE-induced inflamma-
tory, fibrotic and hypertrophic effects in ECTs are associated
with oxidative stress, and we next sought to determine whether
AGEs treatment promoted the generation of ROS in ECTs and
whether blocking AGE-induced ROS would prevent oxidative
stress and damage. Therefore, ECTs were collected 3 h after
AGEs treatment and stained with DHE to identify ROS, which
showed increased red fluorescence in AGEs-treated ECTs
compared to that in control ECTs (Fig. 5a, b). We also confirmed
the preventability of AGE-induced production of ROS by
pretreatment with NAC of AGEs-treated ECTs (Fig. 5a, b).
Finally, we tested the hypothesis that the prevention of AGE-

induced ROS by NAC results in the prevention of AGE-induced

Fig. 3 AGEs induced the expression of markers of inflammation. a–e The inflammatory markers ICAM-1, NF-κB, PAI-1, and TNF-α were
assessed by Western blotting. n= 3 per group per time point, *P < 0.05, **P < 0.01, ***P < 0.001 versus the respective control groups. Each
panel shows the normalized mean ± SD.
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pro-inflammatory effects (shown by the expression of NF-κB,
ICAM-1, PAI-1 and TNF-α, Fig. 6a, b) and remodeling, as shown by
significantly decreased expression of profibrotic (CTGF, TGF-β, α-
SMA protein, and Ctgf mRNA, Fig. 6c–e), fibrotic (Col-1α1, Col-IIIα1,
and Fn1 mRNA, Fig. 6e) and hypertrophic markers (Myh7 and
Nppa mRNA, Fig. 6f) as well as the preservation of normal ECT
function (Table 1).
As a demonstration that AGE-induced oxidative stress and other

associated pathogenic effects are mediated by the interactions of
AGEs with its receptor, we found that ECTs preincubated with the
RAGE inhibitor FPS-ZM1 showed reduced ROS increases (Fig. 5a, b)
and partly or completely normalized levels of markers of oxidative
stress (CAT, SOD2 and HO-1, Fig. 7a, c) and inflammation (PAI-1
and TNF-α, NF-κB, and ICAM-1, Fig. 7a, b). Additionally, RAGE
inhibitor treatment partly or completely prevented remodeling
(Fig. 7d–g) and prevented ECT dysfunction after AGEs exposure
(Table 1).

DISCUSSION
In our current study, we found that noncytotoxic doses of AGEs
could induce neonatal murine ECT remodeling (hypertrophy and
fibrosis) as well as dysfunction. AGE induced the production of
ROS and activated the inflammation pathways via RAGE. RAGE
inhibitors and antioxidants could partly attenuate the increase in
ROS and the inflammatory response and rescue ECT function after
long-term AGEs exposure, as shown in Fig. 8. Thus, AGE-treated
neonatal murine ECTs recapitulate key cellular and molecular
pathophysiological features of DCM [32].
Given the high prevalence of diabetes and the broad range of

clinical complications, the continued investigation of novel, safe,
and more potent therapeutics is urgently required to reduce the
global disease burden of diabetes. This necessitates the continued
use of animal models to discover, validate and optimize novel
therapeutics prior to their testing in clinical trials [33]. Indeed,
various preclinical models have advanced our understanding of

Fig. 4 AGEs induced the expression of markers of oxidative stress. a–h The oxidative stress markers 4-HNE, 3-NT, CAT, SOD2, and HO-1 were
assessed by Western blotting. n= 3 per group per time point, *P < 0.05, **P < 0.01, ***P < 0.001 versus the respective control groups. Each
panel shows the normalized mean ± SD.
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the pathophysiology of DCM; however, limitations persist in
both animal models and cardiomyocyte cultures [4, 34, 35].
ECTs have emerged as a robust in vitro platform to investigate
tissue-level cardiac injury and recovery, including changes in
electromechanical function, and are a promising and scalable
preclinical model for studying DCM injury/remodeling paradigms.

The nonenzymatic glycation process, which occurs inside the
body (endogenous glycation, which is present in hyperglycemia)
[28, 36, 37], leads to the generation and accumulation of a
heterogeneous class of AGE molecules that have been shown to
be significantly increased in diabetic patients and animals
compared to controls [38–40]. Increasing evidence demonstrates

Fig. 6 AGE-induced inflammatory responses and remodeling could be attenuated by depleting ROS with NAC. a, b The inflammatory
markers PAI-1, TNF-α, NF-κB, and ICAM-1 were assessed by Western blotting; n= 3 per group. c, d The fibrosis markers CTGF, α-SMA, and TGF-β
were assessed by Western blotting; n= 3 per group. e The fibrosis markers collagen I-α1, collagen III-α1, Fn1, and Ctgf were assessed by qRT-
PCR; n= 4 per group. f The cardiomyocyte hypertrophy markers Nppa and Myh7 were assessed by qRT-PCR; n= 4 per group. NAC,
N-acetylcysteine; *P < 0.05, **P < 0.01, ***P < 0.001 vs Control. #P < 0.05, ##P < 0.01, ###P < 0.001 versus AGEs+DMSO group. Each panel shows
the normalized mean ± SD.

Fig. 5 NAC and FPS-ZM1 could attenuate AGE-induced production of ROS as assessed by DHE staining. a, b DHE staining of ROS (×10
magnification). AGEs treatment was performed for 3 h before DHE staining. DMSO, FPS-ZM1 (20 µM), or NAC (5mM) was added to ECTs 2 h
before control or AGEs treatment. n= 5 per group, ***P < 0.001 vs control. ##P < 0.01, ###P < 0.001 versus AGEs group. Each panel shows the
normalized mean ± SD.
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that AGEs play a pivotal role in the development and progression
of diabetic heart failure [27–29, 38, 41–43]. Therefore, it would
be quite appealing to establish a platform to investigate the
pathophysiology of DCM in ECTs by using AGEs as inducers [30].

In this study, we established that long-term administration of
noncytotoxic doses of AGEs can lead to ECT dysfunction, which is
mainly manifested as a decreased beating rate with regional or
global dyssynchrony but not arrested beating, which was quite
different from the results of our previously published toxicity study
[6]. AGEs triggered a sustained increase in the markers of fibrosis and
collagen accumulation as well as the markers of cardiac hypertrophy
Nppa and Myh7, which is consistent with the current knowledge
regarding pathological remodeling in DCM [27, 28, 32, 38].
The detailed pathobiology of the AGE-RAGE axis and the

consequences of its activation play an important role in the
development of DCM [38, 44]. Following the interaction with
RAGE, a series of events leading to myocardial damage are elicited
and sustained by AGEs, which include increases in oxidative stress
[45], activation of inflammation [29, 46] and enhancement of
extracellular matrix accumulation, finally resulting in cardiac
dysfunction [28, 32]. Methods that involve breaking down AGEs
or blocking RAGE have been proven to attenuate oxidative stress
and inflammation as well as to alleviate cardiac dysfunction
[38, 41, 47]. Consistent with previous studies, we demonstrate
here that markers of oxidative stress and inflammation are
increased at the early stage after AGEs treatment and are
attenuated by RAGE inhibitor or NAC pretreatment; moreover,

Fig. 7 AGE-induced expression of markers of oxidative stress, inflammation, and remodeling could be attenuated by blocking RAGE. a, b The
inflammatory markers ICAM-1, NF-κB, PAI-1, and TNF-α were assessed by Western blotting; n= 3 per group. a, c The oxidative stress markers CAT,
SOD2, and HO-1 were assessed by Western blotting; n= 3 per group. d, e The fibrosis markers CTGF, α-SMA, and TGF-β were assessed by Western
blotting; n= 3 per group. f The fibrosis markers Collagen I-α1, Collagen III-α1, Fn1, and Ctgf were assessed by qRT-PCR; n= 4 per group. g The
cardiomyocyte hypertrophy markers Nppa and Myh7 were assessed by qRT-PCR; n= 4 per group. FPS-ZM1, inhibitor of RAGE; *P < 0.05, **P < 0.01,
***P < 0.001 vs control. #P < 0.05, ##P < 0.01, ###P < 0.001 versus AGEs+DMSO groups. Each panel shows the normalized mean ± SD.

Table 1. NAC and FPS-ZM1 could rescue the global function of ECTs
treated with AGEs.

ECT function Ctrl
(n= 8)

BSA
(n= 8)

AGEs
(n= 8)

NAC
(n= 8)

AGEs
+NAC
(n= 8)

FPS-
ZM1
(n= 8)

AGEs
+FPS-ZM1
(n= 8)

N 8 8 0 8 5 8 6

A 0 0 1 0 2 0 1

B 0 0 2 0 1 0 1

C 0 0 5 0 0 0 0

D 0 0 0 0 0 0 0

Rate of
dysfunction

0 0 100% 0 37.5% 0 25%

AGEs advanced glycation end-products, FPS-ZM1 inhibitor of RAGE,
NAC N-acetylcysteine
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the ECT dysfunction caused by AGEs exposure can also be partly
rescued (Fig. 8). Therefore, AGE-treated neonatal murine ECTs
recapitulate key molecular pathophysiological features of DCM.
Thus, AGE-treated neonatal murine ECTs recapitulate key

cellular and molecular pathophysiological features of DCM and
can serve as a robust in vitro model to investigate cell-cell
interaction-specific pathways relevant to cardiac injury and DCM
along with pharmaceutical intervention strategies.
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