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Abstract
A significant amount of cardiomyocytes in subendocardial region survive from ischemic

insults. In order to understand the mechanism by which these cardiomyocytes survive,

the present study was undertaken to examine changes in these surviving cardiomyocytes

and their extracellular matrix. Male C57BL/6 mice aged 8–12weeks old were subjected to a

permanent left anterior descending coronary artery ligation to induce ischemic injury. The

hearts were collected at 1, 4, 7, or 28 days after the surgery and examined by histology. At

day 1 after left anterior descending ligation, there was a significant loss of cardiomyocytes

through apoptosis, but a proportion of cardiomyocytes were surviving in the subendocardial

region. The surviving cardiomyocytes were gradually changed from rod-shaped to

round-shaped, and appeared disconnected. Connexin 43, an important gap junction pro-

tein, was significantly decreased, and collagen I and III deposition was significantly

increased in the extracellular matrix. Furthermore, lysyl oxidase, a copper-dependent amine oxidase catalyzing the cross-

linking of collagens, was significantly increased in the extracellular matrix, paralleled with the surviving cardiomyocytes.

Inhibition of lysyl oxidase activity reduced the number of surviving cardiomyocytes. Thus, the extracellular matrix remodeling is

correlated with the deformation of cardiomyocytes, and the electrical disconnection between the surviving cardiomyocytes due to

connexin 43 depletion and the increase in lysyl oxidase would help these deformed cardiomyocytes survive under ischemic

conditions.
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Introduction

Coronary artery occlusion leads to myocardial infarction,
characterized by a significant loss of cardiomyocytes and
scar tissue formation, impairing cardiac systolic and dia-
stolic function.1 It has been found that some cardiomyo-
cytes within the scar tissue remain surviving in animal
models, including rats,2 mice,3 and dogs,4 as well as

in humans.4,5 However, changes in morphology and func-
tion of the surviving cardiomyocytes remain elusive.

Cardiomyocytes are well-organized and electrically con-
nected, forming the basis for myocardial contraction.6,7

Extracellular matrix (ECM) in the myocardium is the fun-
damental support for the physiological connection between
cardiomyocytes.8 Several key elements play critical roles in
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the regulation of myocardial ECM. Gap junction alpha-1
protein, or connexin 43 (Cx43), is a major component of
the gap junctions that effects electrical connectivity
between cardiomyocytes.9,10 Lysyl oxidase (LOX) is anoth-
er key regulator of ECM homeostasis and is vital for the
structure and function of cardiomyocytes.8,11,12 LOX is
overproduced after myocardial ischemia, followed by an
enhanced cross-linking of type I and III collagens in ECM
of the affected heart.12,13 As LOX activation sustains with
an excessive collagen deposition, myocardial fibrosis devel-
ops leading to cardiac dysfunction.8,12,14

Therefore, the changes in ECM in response to myocar-
dial ischemia would have a marked impact on the mor-
phology and function of cardiomyocytes in the same
region subjected to ischemic insult. This impact is particu-
larly important for the surviving cardiomyocytes in the
highly ischemia-vulnerable subendocardium. In the pre-
sent study, we assessed possible abnormal changes in the
morphology of the surviving cardiomyocytes and their sur-
rounding ECM, paying particular attention to the changes
of Cx43 and LOX in response to myocardial ischemia. We
found that an enhanced collagen deposition along with an
increase in LOX was associated with the survival of cardi-
omyocytes. In addition, Cx43 was significantly decreased
in the remodeling ECM. These together would constitute an
electrical isolation of the affected cardiomyocytes, leading
to their deformation and resistance to apoptosis under
ischemic conditions.

Materials and methods

Animals and animal care

Male C57BL/6 mice of 8 to 12weeks old, weighing 18–25 g,
were obtained from Ensiweier Experimental Animal
Breeding and Research Center (Chongqing, China). Mice
were fed standard chow (5C02, LabDiet, USA) and tap
water ad libitum. All animal procedures were approved by
the institution animal care and use committee at the
Sichuan University, West China Hospital, following the
guidelines of the US National Institutes of Health.

Mouse model of myocardial ischemia

Mice were randomly divided into sham-operated (n¼ 48)
and myocardial ischemia (MI) groups (n¼ 80). The MI
group was subjected to left anterior descending (LAD)
artery ligation as described previously.15 Briefly, mice
underwent open chest surgery after anesthesia by isoflur-
ane inhalation. LAD was exposed and a 7-0 suture was
pierced beneath, then the LAD was ligated to induce myo-
cardial ischemia. Mice revived shortly after sternal closure.
The sham group underwent the same procedure as the MI
group, except for LAD ligation. Of the 80 mice undergoing
LAD occlusion, 70 survived until the time of sacrifice, and
these were used for further investigations.

For the LOX inhibition study, mice were treated with
b-aminopropionitrile (bAPN, 100mg/kg body weight/
day; Sigma-Aldrich, A3134), injected intraperitoneally.
Control mice received phosphate-buffered saline (PBS) as
vehicle control for bAPN.

Tissue preparation

Mice were anesthetized with isoflurane and euthanized in a
CO2 rich cage. Heart samples were collected for histological
and molecular analyses. Briefly, the chests were opened
and the hearts were removed immediately. After a brief
wash in precooled saline (4�C), the atria were removed.
Ventricles were split carefully to separate the infarct area
for mRNA and protein extraction. For histological analyses,
ventricles were split for cross and longitudinal cutting. The
tissues were embedded in the optimal cutting temperature
compound gel (Leica, German) and frozen in liquid nitro-
gen for serial frozen sections. The tissues were sectioned at
4lm intervals and stored at �20�C for immunofluorescent
staining. The remaining tissues were fixed in 4% parafor-
maldehyde and dehydrated in gradient alcohol, embedded
in paraffin, then cut into 2.5 lm serial slides for hematoxy-
lin and eosin (HE) staining to observe morphological
changes of cardiomyocytes.

For serial sectioning, the whole mount of heart was fixed
in 4% paraformaldehyde and then paraffin-embedded. The
heart was cut into five 500 lm-thick layers, from the apex to
1mm above the ligation site, and 2.5 lm sections were col-
lected from each layer for subsequent HE staining to show
the surviving cardiomyocytes.

Detection of apoptosis

Apoptotic cell death was detected in situ using a terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick
end labeling (TUNEL) staining 50 kit (Roche, IN, USA) fol-
lowing the manufacturer’s instructions. The tissue sections
were fixed with 4% paraformaldehyde for 15min, washed
with PBS for two times, 3min each time, and treated with a
precooled permeabilization solution (0.1% Triton X-100) for
2min. After washing (PBS for two times, 3min each time),
the labeling reaction was carried out in a solution contain-
ing terminal deoxynucleotidyl transferase and fluorescein-
dUTP at 37�C for 1h. Nuclei were counterstained with 40,6-
diamidino-2-phenylindole dihydrochloride (DAPI, Sigma,
D9542). TUNEL staining was examined by confocal micro-
scope (ECLIPSE Ti A1, Nikon) with 20� objective lens.

Immunofluorescent staining

Tissue sections were fixed in precooled 4% paraformalde-
hyde for 15min and then washed with PBS for three times,
3min each time. The sections were blocked with 2% bovine
serum albumin (BSA) for 1 h at 37�C. Primary antibodies
were incubated at 37�C for 1 h followed by incubation at
4�C overnight. Secondary antibodies were incubated at
37�C for 1 h at the concentration of 1/1000. Wheat germ
agglutinin (WGA) (lectin from Triticum vulgaris wheat,
Sigma, L4895, 1:250) staining was incubated as described
above, except for the secondary antibody incubation.
Nuclei were counterstained with DAPI (Sigma, D9542).
Blank control was incubated with 2% BSA instead of pri-
mary antibodies. All sections were examined by confocal
microscope (ECLIPSE Ti A1, Nikon). At least three fields for
each section were captured for each animal unless specifi-
cally mentioned.
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For three-dimenaional (3D) images of heart, thick tissue
(50lm) was used for immunofluorescent staining, and the
primary and second antibodies incubated for 48 h at 4�C.
Confocal microscope (ECLIPSE Ti A1, Nikon) was used for
3D reconstruction.

Primary antibodies used were as follows: rabbit anti-
mouse Cx43 (1:1000, Abcam, ab11370), rabbit anti-mouse
LOX (1:200, Abcam, ab174316), rabbit anti-mouse LOX-PP
(1:100, Novus, NB110-41568), goat anti-mouse LOX (1:50,
Abcam, ab223488), goat anti-mouse TNNI3 (1:200, Abcam,
ab56357), mouse anti-mouse a-actinin (1:200, Abcam,
ab9465), rabbit anti-mouse MYH6 (1:200, ABclonal, A9516),
rabbit anti-mouse collagen I (1:200, Abcam, ab34710), rabbit
anti-mouse collagen III (1:200, Abcam, ab7778), rabbit anti-
mouse Ki67 (1:200, Abcam, ab16667), rabbit anti-mouse
Nkx2.5 (1:50, Invitrogen, PA5-49431), rabbit anti-mouse
myocyte-specific enhancer factor 2C (MEF2C) (1:500,
Abcam, ab64644). Secondary antibodies used were as fol-
lows: Alexa Fluor 488 goat anti-mouse (Thermo Fisher,
A 11001), Alexa Fluor 568 goat anti-mouse (Thermo Fisher,
A 11004), Alexa Fluor 488 donkey anti-goat antibody
(Thermo Fisher, A 11055), Alexa Fluor 568 donkey anti-
goat antibody (Thermo Fisher, A 11057), Alexa Fluor
488 goat anti-rabbit (Thermo Fisher, A 11008), Alexa
Fluor 568 goat anti-rabbit (Thermo Fisher, A 11011), Alexa
Fluor 647 chicken anti-rabbit (Thermo Fisher, A 21143).

Quantitative reverse transcription polymerase

chain reaction (qRT-PCR)

Total RNA was extracted from the myocardium, and then
dissolved in Trizol reagent (Invitrogen, USA) according to
the manufacturer’s instructions. The integrity of total RNA
was detected by sepharose gio-gel, and the concentration
was quantified using a NanoDrop 2000 spectrophotometer
(Thermo Fisher, USA). RNA was reversely transcribed to
complementary DNA (cDNA) by using a Prime Scripts RT
reagent kit (TaKaRa, Japan) in the MJMini personal thermal
Cycler (Bio-Rad, USA). The amount of cDNA correspond-
ing to 50 ng of RNAwas amplified using a SYBR green PCR
kit (Bio-Rad Laboratories) with the primers. The primer
sequences used are listed as follow: Lox (forward:
ACTTCCAGTACGGTCTCCC, reverse: AGTCTC
TGACATCCGCCCTA); Tbp (forward: CCTTGTACCCTTC
ACCAATGAC, reverse: ACAGCCAAGATTCACGG
TAGA).

Statistical analysis

Image J was applied to the analysis of the staining pictures.
All data were presented as mean� SD. GraphPad Prism 7.0
was applied to perform statistical analysis. Two-way
ANOVA was used for evaluation of different times post
LAD ligation and sham-operation, and Student’s t-test
was followed to compare the difference between the MI
group and the sham-operated group. P <0.05 was consid-
ered as statistically significant.

Results

Survival of cardiomyocytes in subendocardial region of
ischemic myocardium

There was a significant loss of cardiomyocytes measured at
day 1 and a further loss at day 4 after LAD ligation, but
there was no further loss of cardiomyocytes measured at
day 7 after LAD ligation (Figure 1, Figure S1). A proportion
of cardiomyocytes in the subendocardial region remained
consistently surviving from day 1 to day 28 after LAD liga-
tion (Figure 1(a) to (c), (e)). There was a significantly large
number of apoptotic cardiomyocytes detected in the ische-
mic area at day 1 after LAD ligation, but not so many at
days 4 and 7 post ischemic insult. However, in the suben-
docardial region, there were few apoptotic cardiomyocytes
even at day 1 after LAD ligation (Figure 1(d) and (f)).

There were no proliferative cardiomyocytes in the sub-
endocardial region from day 1 to day 7 (Figure 2(a)).
However, there were many Nkx2.5þ positive cells which
were interfaced with cardiomyocytes at day 1 but which
had disappeared by day 7 post ischemic insult (Figure 2
(b)). MEF2Cþ cardiomyocytes were detected at day 4 and
day 7 (Figure 2(c)), suggesting morphological changes of
these surviving cardiomyocytes.

Deformation of the surviving cardiomyocytes in
ischemic myocardium

The surviving cardiomyocytes in the subendocardial region
were examined from both cross and longitudinal sections
(Figure 3(a) and (b)). Normal cardiomyocytes displayed a
typical rod-shaped morphology, as demonstrated by
round-shaped cross-sections and strip-shaped longitudinal
sections, in sham-operated myocardium (Figure 3(b)). The
surviving cardiomyocytes in the ischemic myocardium
gradually changed their shape from the rod- to round-
shaped, as evidenced by there being a gradual change
from strip-shaped to round-shaped in longitudinal sections
from day 1 to day 7 after LAD ligation (Figure 3(b)). By the
seventh day, most of the surviving cardiomyocytes were
round-shaped in both cross and longitudinal sections
(Figure 3(b)). The sarcomere structure was disturbed, as
defined by a-actinin staining (Figure 3(c)). The morpholog-
ical change was further shown by thick tissue staining fol-
lowed by 3D reconstruction (Figure 3(d)). When WGAwas
used to label the membrane of the surviving cardiomyo-
cytes, it was revealed that the total number of cardiomyo-
cytes was significantly decreased in the subendocardial
region of the ischemic myocardium relative to that in the
sham control (Figure 3(e) and (f)). However, the size of
these surviving cardiomyocytes was significantly increased
as indicated by the comparable cross-sectional area (CSA)
of these surviving cardiomyocytes to that of the sham con-
trol (Figure 3(e) and (g)).

ECM remodeling in the subendocardial region of
ischemic myocardium

Cx43, a gap junction protein located in the intercalated disc
responsible for electrical connection and signal conduction
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between cardiomyocytes, was significantly decreased
(Figure 4(a) and (b), Figure S2). Collagen I and III were
significantly increased and condensed around the surviv-
ing cardiomyocytes as measured on day 7 after myocardial
ischemia (Figure 4(c) to (f)). The ratio of collagen I/III was
decreased at day 1, while returning to the sham-level on
day 7 (Figure 4(g)).

Changes in LOX in the subendocardial region of

ischemic myocardium

LOX catalyzes the reaction of collagens cross-linking,
making ECM maturation. Two isoforms of LOX, LOX-PP
and a-LOX (Figure 5, Figure S3) were detected. The protein

level of both LOX-PP and a-LOX in the subendocardial
region was decreased on day 1 after LAD ligation
(Figure 5(a) to (d)). Thereafter, there was a significant
increase in both proteins measured either four or seven -
days after LAD ligation; there was about a 20-fold increase
in LOX-PP (Figure 5(a) and (b)) and a 5-fold increase in a-
LOX (Figure 5(c) and (d)). In addition, a redistribution of a-
LOX was observed, as it was found in the cytosol and
nuclei of the surviving cardiomyocytes (Figure 5(e) to (g),
Figure S4). Quantitatively, the proportion of cardiomyo-
cytes containing a-LOX (a-LOXþ) was increased from
about 15% on day 4 to 40% on day 7 after LAD ligation
(Figure 5(f)). To determine if up-regulation of LOX expres-
sion was responsible for the increase in LOX proteins, we

Figure 1. Survival of cardiomyocytes in ischemic myocardium. (a) Serial sectioning of whole heart showing the surviving cardiomyocytes at 28 days after LAD ligation,

detected by HE staining. The surviving cardiomyocytes in the sub-endocardial region of the ischemic area (IA) are indicated by dotted lines. Scale bar, 1000 mm and

100 mm. Overview of surviving cardiomyocytes from day 1 to day 7 after LAD ligation, shown by HE staining (b), and immunofluorescent staining (c). Cardiomyocytes

are indicated by TNNI3 (red) and nuclei are indicated by DAPI (blue). Scale bar, 1000 mm. Sham: sham-operated control; MI: myocardial ischemia. (d) Apoptosis of

cardiomyocytes detected by TUNEL (green) and TNNI3 (red) co-staining in ischemic myocardium. The sub-endocardial region in IA (IA-subendocardium) is indicated

by dotted line. Arrow in box 1 indicates apoptotic cells; box 2 represents the apoptotic state in the subendocardial region. Scale bar, 100 mm and 20 mm.

(e) Quantification of TNNI3 positive area (%) in ischemic area (IA). (f) Statistical analysis of TUNEL positive cells in total IA and IA-subendocardium. IA: ischemic area;

IA-subendocardium: the sub-endocardial region in IA. *P< 0.05 between indicated groups. (A color version of this figure is available in the online journal.)
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measured mRNA levels of LOX. As shown in Figure 5(h),
the mRNA level for LOX was significantly increased after
fourdays and further increased after sevendays following
LAD ligation. To determine the role of the LOX increase in
cardiomyocyte survival, we used bAPN (LOX inhibitor) to
inhibit LOX activity. As shown in Figure 6(a), bAPN was
administered once a day, beginning at day 1 and lasting
until day 7 after LAD ligation. This treatment significantly
reduced the number of surviving cardiomyocytes in the
subendocardium (Figure 6(b) and (c)).

Discussion

Coronary artery occlusion leads to a significant loss of car-
diomyocytes in the ischemic myocardium. It has been dem-
onstrated that the subendocardium is at a higher risk of
ischemic injury than the midwall or epicardium.16

However, there are some cardiomyocytes that escape the
lethal insult in the subendocardial region.2–4 Previous
study has shown that new vessels developed from the
endocardium of the left ventricle salvaged cardiomyocytes
in the area.3 We found here that these surviving
cardiomyocytes changed their shape from rod-shaped to
round-shaped with their intercellular junction becoming
disrupted. These surviving cardiomyocytes were sur-
rounded by an altered ECMwith Cx43 depletion and exces-
sive deposition of collagen I and III. LOX, the enzyme
catalyzing cross-linking of collagens, was also significantly
increased in the remodeled ECM. This remodeling of the
ECM would help cardiomyocyte survival but make them
deformed in the subendocardial region.

Surprisingly, there were few apoptotic cardiomyocytes
in the subendocardial region even at day 1 after LAD liga-
tion, while a large number of cardiomyocytes had under-
gone apoptosis in other regions of the ischemic
myocardium. The subendocardial region is considered
more vulnerable to myocardial ischemia than the midwall
or epicardium.17 The remodeling of ECM would help the
survival of these cardiomyocytes. On day 1 after LAD liga-
tion, when a large number of apoptotic cardiomyocytes
were observed in the ischemic myocardium, Cx43 was
decreased in the subendocardial region. Cx43 is a critical
component of the intercalated disc that effects electrical
continuity between cardiomyocytes, making the myocardi-
um a functional syncytium, and is essential to maintain
cardiomyocyte integrity and function.10,18,19 Previous stud-
ies have shown that amutation or defect in intercalated disc
components results in distortions in the structure of cardi-
omyocytes and leads to cardiac abnormalities.10,20,21 The
reduction of Cx43 would result in electrical disconnection
between cardiomyocytes, thus leaving these cells to be elec-
trically isolated, preventing them from responding to com-
munication signals. It was previously reported that a Cx43
inhibitor (Gap26) attenuated LPS-induced apoptosis in
H9C2 cells.22 Thus, these findings taken together suggest
that the decreased electrical connectivity due to Cx43
depletion would help protect these cells from apoptosis,
although it causes diminished contractility of the heart as
a whole.7,8,23 The rod-shaped of cardiomyocytes is the key
characteristic, which is responsible for cardiac contraction.6

The change of the surviving cardiomyocytes from rod-
shaped to round-shaped indicates the reduction in their
contractility. Sarcomere structure in these surviving,

Figure 2. Immunofluorescent staining of the surviving cardiomyocytes. (a) Immunofluorescent staining of Ki67 (red) and a-actinin (green). Nuclei are indicated by DAPI

(blue). (b) Immunofluorescent staining of Nkx2.5 (red) and TNNI3 (green). (c) Immunofluorescent staining of MEF2C (red) and TNNI3 (green). White arrow indicates

MEF2Cþ cardiomyocytes at day 4 and day 7 post LAD ligation. Scale bar, 50 lm. (A color version of this figure is available in the online journal.)
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rounded cardiomyocytes was disturbed, further indicating
the diminished contractile function. Some of these surviv-
ing cardiomyocytes also expressed MEF2C, which controls
cardiac morphogenesis and myogenesis.24 It has been pre-
viously demonstrated that adult mammalian cardiomyo-
cytes would undergo dedifferentiation, proliferation, and
redifferentiation after ischemic injury in vitro.25 The expres-
sion of MEF2C in these surviving cardiomyocytes would
suggest that the change of cardiomyocytes from being

rod-shaped to round-shaped might be reversible with suit-
able changes in the microenvironment.7,24

ECM is the key component in the microenvironment,
and ECM alteration disrupts the supporting structure for
cell-to-cell communication.7,14,23,26 We found here that the
ECM disruption involved excessive collagen deposition in
the ECM, furthering the disconnection between cardiomyo-
cytes. In our previous studies, we observed the activation of
fibroblasts in response to the same ischemic insult in the

Figure 3. Morphological changes of the surviving cardiomyocytes in ischemic myocardium. (a) Schematic diagram of cross and longitudinal sections preparation.

(b) Dynamic morphological alterations of cardiomyocytes from cross and longitudinal sections of hearts from day 1 to day 7 detected by HE staining. Black arrow

indicates morphology of normal cardiomyocytes or survived cardiomyocytes, respectively. Scale bar, 50 mm. (c) Immunofluorescent staining of a-actinin (red) shows

the sarcomere structure of surviving cardiomyocytes at day 7 after LAD ligation. Nuclei are indicated by DAPI (blue). Scale bar, 20 mm. (d) 3D images of cardiomyocytes

in sub-endocardial region in sham-operated control and MI 7 d group. Cardiomyocytes are indicated by TNNI3 (green) and nuclei are indicated by DAPI (blue). Scale

bar, 20 mm. (e) Co-immunofluorescent staining of WGA (red) and TNNI3 (green). Nuclei are indicated by DAPI (blue). Scale bar, 10 lm. The number (f) and CSA (g) of

cardiomyocytes as depicted and calculated by WGA staining. WGA: wheat germ agglutinin, for labeling the cell membrane; CSA: cross-sectional area. *P< 0.05

between indicated groups. (A color version of this figure is available in the online journal.)
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heart.11,12,27,28 Thus, the increase in collagen deposition
would be ascribed to the activation of fibroblasts under
the ischemic conditions.

The increase in LOX in the ECM of the subendocardial
region was paralleled by the increased collagen deposition.
On day 1, collagen III was increased causing a decrease in
the ratio of collagen I/III, but LOX was decreased at this

time suggesting the premature state of the ECM.29 After
that, the expression of LOX increased along with further
increased deposition of both collagen I and III, and return-
ing to the normal ratio of collagen I/III. LOX-catalyzed
cross-linking of collagens is a repair process for the myo-
cardium following ischemic injury.8 After ischemia, surviv-
ing cardiomyocytes need to reconstitute their interaction

Figure 4. ECM remodeling in the subendocardial region of ischemic myocardium. (a) Co-immunofluorescent staining of Cx43 (red) and WGA (green). Nuclei are

indicated by DAPI (blue). Scale bar, 20 lm. (b) Average optical density of Cx43 (fold to sham) in IA from day 1 to day 7 after LAD ligation. *P< 0.05 between indicated

groups. Co-immunofluorescent staining of type I (c) or III (e) collagen (green) with a-actinin (red). Nuclei are indicated by DAPI (blue). IA-subendocardial region is

indicated by dotted line. White arrow indicates collagens which deposited around the surviving cardiomyocytes. Scale bar, 200 lm (up) and 50 lm (below).

Quantification of collagen I (d) or III (f) positive area (per mm2) in IA and IA-subendocardium from day 1 to day 7 after LAD ligation. *P< 0.05 between indicated groups.

(g) Ratio of collagen I/III positive area. *P< 0.05 between indicated groups. (A color version of this figure is available in the online journal.)
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Figure 5. Changes of LOX in surviving cardiomyocytes in ischemic myocardium. Co-immunofluorescent staining of a-LOX (a) or LOX-PP (c) (red) with TNNI3 (green).

Nuclei are indicated by DAPI (blue). IA-subendocardial region is indicated by dotted line. Scale bar, 100 lm. Average optical density of LOX-PP (b) or a-LOX (d) (fold to

sham) in IA and IA-subendocardium from day 1 to day 7 after LAD ligation. *P<0.05 between indicated groups. (e) Localization of LOX-PP (up, red) and a-LOX (below,

red) in cardiomyocytes at day 4 and day 7 after LAD ligation. Cardiomyocytes are indicated by TNNI3 (green) and nuclei were indicated by DAPI (blue). White arrow

indicates a-LOX within the cytosol of cardiomyocyte, and arrow head indicates a-LOX within the nucleus of cardiomyocyte. Scale bar, 20 lm. (f) Quantification of the

cell proportion of cardiomyocytes within a-LOX (a-LOXþ) or LOX-PP (LOX-PPþ), *P< 0.05 between indicated groups. (g) 3D images of co-immunofluorescent staining

of a-LOX (red) and TNNI3 (green). Nuclei are indicated by DAPI (blue). Scale bar, 20 lm. (h) Changes in LOX mRNA level from day 1 to day 7 after LAD ligation detected

by qPCR. *P< 0.05 between indicated groups. (A color version of this figure is available in the online journal.)
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with the ECM, thus protecting them from anoikis.30 In this
context, the inhibition of LOX activity leading to an
increased loss of cardiomyocytes suggests that the reestab-
lishment or remodeling of the ECM by increased LOX
would help cardiomyocyte survival. It seems that cross-
linking of collagens is reversible, possibly related to the
turnover of LOX and the activation of MMPs, as demon-
strated in our previous studies.12,27

We observed that LOX-PP was only faintly detectable in
the sham-operated myocardium, while it was dramatically
increased after ischemia, suggesting its production was up-
regulated after myocardial ischemia.31,32 LOX is a kind of
secretory protein, and is cleaved to become an activated
LOX (a-LOX) and a LOX-PP peptide in the ECM.31,33,34

The increase of a-LOX in the ECM along with the enhanced
collagen deposition would be a disruptive alteration in car-
diomyocyte communication and myocardial structural
integrity.14 We observed here that about 40% of the surviv-
ing cardiomyocytes contained a-LOX in their cytosol. It has
been reported that a-LOX is not only relocated in the cyto-
sol but also found in the nucleus.35,36 Another report sug-
gested that a-LOX can act as a transcription factor
regulating target gene expression, such as collagen III in
COS-7 cells.37 The role of a-LOX as a transcription factor
in cardiomyocytes has not been identified, but it might be
that the increase in a-LOX is related to the up-regulation of
collagen III, as observed in the present study.

In summary, the present study demonstrates that the
excessive collagen deposition in the ECM along with the

increase of a-LOX would substitute for the space emptied
by the rounded-up or lost cardiomyocytes in the subendo-
cardial region, and the altered ECM in turn helps survival
of these cardiomyocytes in the hazardous environment.
Thus, the ECM remodeling is correlated with the deforma-
tion of cardiomyocytes, and the electrical disconnection
between the surviving cardiomyocytes due to Cx43 deple-
tion and the increase in LOX would help these deformed
cardiomyocytes to survive under ischemic conditions.
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