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Abstract. Previous studies have described the beneficial 
effects of overexpressing integrin‑linked kinase (ILK) after 
myocardial infarction (MI) in small animal models. However, 
the effects of ILK in pre‑clinical large animals are not known. 
To move closer to clinical translation, we examined the effects 
of ILK gene transfer in a swine model of ischemic heart 
disease. Swine received percutaneous intracoronary injections 
of adenoviral vector expressing ILK (n=10) or empty ad‑null 
(n=10) in the left anterior descending coronary artery (LAD) 
following LAD occlusion. Four weeks after transfection, we 
confirmed that transgene expression was restricted to the 
infarcted area in the cardiac tissue. Imaging studies demon-
strated preserved cardiac function in the ILK group. ILK 
treatment was associated with reduced infarcted scar size and 
preserved left ventricular (LV) geometry (LV diameter and 
LV wall thickness). Enhanced angiogenesis was preserved in 
the ILK animals, along with reduction of apoptosis. ILK gene 
therapy improves cardiac remodeling and function in swine 
following MI associated with increased angiogenesis, reduced 
apoptosis, and increased cardiomyocyte proliferation with no 
signs of toxicity. These results may deliver a new approach to 
treat post‑infarct remodeling and subsequent heart failure.

Introduction

Despite advances in pharmacology, interventional cardiology 
techniques, and devices and surgery, heart failure (HF) 
remains the leading cause of mortality and hospitalization 
worldwide (1). Cardiac remodeling is generally accepted as a 
determinant of the clinical course of HF. Following myocar-
dial infarction (MI), cardiomyocyte loss and increased load 

trigger gene expression changes, result in molecular, cellular, 
and interstitial changes that manifest clinically in changes 
in size, shape, and function of the heart (2,3). Preventing or 
attenuating the signaling pathways leading to changes in heart 
size is an important goal of anti‑remodeling therapy (4).

A target recently identified in the heart remodeling pathway 
is integrin‑linked kinase (ILK), a serine/threonine protein 
kinase widely expressed in mammalian tissues that plays 
important roles in transducing cell-matrix interaction‑induced 
biomechanical signals, including cytoskeleton remodeling, 
angiogenesis, cell growth, proliferation, survival, and differ-
entiation (5,6). Indeed, mutations in ILK have been reported in 
human patients with dilated cardiomyopathy (DCM) (7) and 
targeted ILK deletion in the murine heart causes spontaneous 
DCM and HF (8). In addition, ILK controls the recruitment of 
endothelial progenitor cells to the ischemic tissue (9) and ILK 
gene therapy improves cardiac remodeling and function in rats 
after MI (5).

The promising results in rodents led us to conduct further 
investigation on the therapeutic effects of ILK in a large animal 
model that is closer to approximate human physiology and 
anatomy. In the present study, we investigated whether heart 
transfection of ILK following acute MI in swine showed the 
same therapeutic effects as those described in mice and rats. 
The present study focused on the mechanisms of ILK action 
and the safety of ILK intervention.

Materials and methods

Recombinant adenovirus construction. Recombinant adeno-
viral vector carrying human wild‑type ILK together with 
humanized recombinant green fluorescent protein (hrGFP) 
cDNA (ad‑ILK) or only hrGFP (ad‑null) under the control of 
the CMV promoter was prepared as previously described (10).

Animal model of MI and adenoviral vector delivery. Animal 
experiments were performed following the guidelines in the 
Guide for the Care and Use of Laboratory Animals published 
by the National Institutes of Health (National Institutes of 
Health publication No. 85‑23, revised 1985). The procedures 
were approved by the Institutional Animal Care and Use 
Committee of Nanjing Drum Tower Hospital.

MI was induced as described previously  (11). Briefly, 
20 mini pigs (15-17.5 kg) were randomly divided into two 
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groups that received ad‑ILK (n=10) or ad‑null (n=10). The 
mini pigs were pre‑medicated using intramuscular ketamine. 
After the intravenous line was placed, mini pigs were 
intubated and ventilated with 100% oxygen (oxygen flow was 
3 l/min). Electrocardiograms were monitored continuously 
during the operation. A 7F femoral artery sheath was then 
advanced to the left coronary artery ostium. After confirming 
catheter positioning by coronary angiogram, a coronary 
angioplasty balloon was placed in the proximal left anterior 
descending coronary artery (LAD) to the first diagonal branch 
and pre‑conditioned for 30 sec for three times followed by 
90 min reperfusion (the balloon was inflated to 4 atm). Then, 
2x109 viral particles of ad‑ILK or ad‑null were delivered by 
anterograde intracoronary infusion over 10  min. The MI 
model was confirmed by observing a substantial ST‑segment 
elevation and by serum cTnT levels six hours after surgery.

Ultrasonic cardiogram. Transthoracic echocardiography 
was assessed before inducing MI and four weeks after gene 
delivery. After general anesthesia, all the measurements were 
performed under repeated, short end‑expiratory breath holds. 
Transthoracic 2D echocardiography was performed with a 
dynamic focused 3.5‑55 MHz probe and using SONO 5500 
ultrasound system (Philips, Eindhoven, The Netherlands). 
Left ventricular (LV) end‑systolic diameter, LV end‑diastolic 
diameter, interventricular septal thickness in diastole (IVSD), 
LV posterior wall thickness (LVPW), and LV ejection fraction 
(LVEF) were measured.

Positron emission tomography (PET). Regional myocardial 
PET was evaluated four weeks after gene transfer as previously 
described with minor modifications. Before PET scans, 
pigs were maintained under general anesthesia and blood 
glucose ranged from 5 to 6 mmol/l. Then the animals were 
placed in the dorsal (supine) position, and PET scans were 
performed 60 min after intravenous injections of 2.65 MBq 
of 18F‑fluorodeoxyglucose per kilogram. PET images were 
acquired in 2D mode. Transaxial cardiac images were then 
reconstructed into horizontal short‑axis, as well as horizontal 
and vertical long‑axis with a 4 µm thickness. Delayed PET 
scans were performed if necessary. Three axis views were 
analyzed further.

Single‑photon emission computed tomography (SPECT). Four 
weeks after gene transfer, 99 mTc‑sestamibi of 1 MBq (10 mCi) 
per kilogram was delivered to the animals. After 40 min, 
the heart images were collected with a dual‑head γ camera 
(Skylight, Philips) in step‑and‑shoot mode. Then, 64 images 
(64x64 matrix) were acquired, 40 sec each and throughout a 
180˚ arc. The images were reconstructed along the short, hori-
zontal long, and vertical long axes of the heart. Quantitative 
analysis of perfusion defects was performed according to the 
AHA procedural guidelines for myocardial perfusion imaging 
in nuclear cardiology (12).

Histology. At the end of the study, pigs were euthanized by 
injecting 20 mmol potassium and their hearts were sectioned 
into six sections. Hearts, liver, and kidneys were fixed with 
formalin, embedded in paraffin for subsequent histological, 
immunohistochemical, and TUNEL examination. Tissue 

samples collected for western blot analysis were snap‑frozen 
with liquid nitrogen.

Immunohistochemistry. To differentiate between the border 
and infarct area, the frozen heart tissue was first stained 
with hematoxylin and eosin (H&E). To measure microvessel 
density, the frozen sections (5 µm) were stained with anti‑rat 
vWF antibody (1:200, BD Laboratory), followed by goat 
anti‑rabbit secondary antibody conjugated with EnVision 
HRP/DAB (Dako, Carpinteria, CA, USA). Microvessel density 
was calculated as previously reported (13).

Transgene expression and TUNEL assay. The sections were 
incubated with mouse anti‑rabbit sarcomeric actin (1:50; 
Abcam, Cambridge, MA, USA) and rabbit anti‑GFP (1:100; 
Beyotime Institute of Biotechonolgy, Beijing, China). Alexa 
Fluor 488 goat anti‑mouse secondary antibody (1:200) and 
Alexa Fluor 555 goat anti‑rabbit secondary antibody (1:250) 
(both from Molecular Probes, Inc., Eugene, OR, USA) were 
applied for subsequent detection. Apoptosis was assessed by 
TUNEL assay on slides of myocardium using the DeadEnd 
Fluorimetric TUNEL System (Promega Corp., Madison, WI, 
USA). The apoptotic cells were measured by counting the 
TUNEL‑positive nuclei relative to the total number of nuclei 
counterstained with 4',6‑diamidino‑2‑phenylindole (Sigma, 
St. Louis, MO, USA).

Western blot analysis. Western blotting was conducted as 
previously described (14). Rabbit monoclonal ILK antibody 
(dilution, 1:500; cat. no. ab52480; Abcam, Cambridge, MA, 
USA), rabbit monoclonal GFP antibody (dilution, 1:1,000; cat. 
no. 2037S) and rabbit monoclonal GAPDH antibody (dilu-
tion, 1:1,000; cat. no. 3683) (both from CST, Beverly, MA, 
USA) were used. Protein band densities and were calculated 
by ImageJ followed by normalization using GAPDH as the 
internal control.

Statistical analysis. Continuous variables were reported 
as mean ±  standard error of the mean. Data analysis was 
performed using SPSS 20 (IBM SPSS, Armonk, NY, USA). The 
unpaired Student's t‑test was used between group differences 
if normal distribution was assumed or Mann‑Whitney U test 
when distributions were not normal. ANOVA was used to 
test for differences among at least three groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Large‑animal model of MI. Percutaneous, catheter‑based 
intermittent balloon occlusion of the proximal LAD (Fig. 1A) 
resulted in reproducible perfusion defects of the anterior wall 
and MI. The infarcted pigs were confirmed by a substantial 
ST‑segment elevation (Fig. 1B‑D), the detection of serum cTnT 
6 h after surgery (Fig. 1G), and pathological H&E staining 
after sacrificing the animals (Fig. 1H and I). These results 
supported the successful induction of MI in mini pig that we 
can use to study the therapeutic effects of ILK.

ILK gene therapy increases cardiac ILK expression. 
Following the injection of adenoviral particles, gene transfer 
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was confirmed by detecting the expression of ILK and/or 
hrGFP. First, we detected in situ transgene expression derived 
from adeno‑virus. For this, we stained heart sections from 
MI animals four weeks after transfection for α‑sarcomeric 
actin, a marker of cardiomyocytes  (Fig.  2A), and hrGFP. 
GFP‑positive cells were found in the infarction zone (Fig. 2B). 
In addition, the majority of hrGFP‑positive cells were overlaid 
with α‑sarcomeric actin  (Fig.  2C), indicating successful 
ad‑ILK transfection in cardiomyocyte, although some cardiac 
fibroblasts appeared hrGFP-positive.

For quantitative studies, we detected the exogenous 
expression of transfected ILK using western blot analysis. Four 
weeks after adenoviral delivery, the expression of ILK in the 
infarcted zone was significantly elevated in the ad‑ILK group 
relative to the ad‑null controls by western blot analysis (Fig. 2D, 
E and G; P<0.05). However, we found no differences in ILK 
levels in the infarction remote area (Fig. 2F-H; P>0.05). These 
results confirmed that the expression of ILK from the viral 
vector was localized to the infarcted site.

ILK gene rescues cardiac function and preserves myocardial 
perfusion. After detecting positive expression of ILK from the 
viral transfection, we performed cardiac functional studies with 
echocardiography (Fig. 3A‑D). Four weeks after MI, two cases 
of apical aneurysm occurred in ad‑null group, whereas no cases 
occurred in the ad‑ILK group. ILK overexpression exhibited 
a further improvement in percentage of EF (56.03±3.19%) 
compared to controls (36.70±2.68%, P<0.05)  (Fig.  3A). 
Moreover, interventricular septum thickness (IVSd) improved 
in the ad‑ILK group (5.48±0.87 mm) compared to the ad‑null 
group (4.17±0.74 mm, P<0.05) (Fig. 3B). Percent fractional 
shortening (% FS) also demonstrated significant improvement 
in the ad‑ILK group (46.23±2.35 mm) compared to the ad‑null 
group (37.31±1.98 mm, P<0.05) (Fig. 3C). By contrast, the 
LVPW showed no significant difference between the two 
groups. These data suggested improved cardiac function four 
weeks after adenoviral delivery of ILK.

SPECT is a commonly available direct method for 
assessing myocardial cell viability (15). We used SPECT to 

Figure 1. Establishing a swine myocardial infarction model. (A) Pigs underwent 90 min proximal left anterior descending coronary artery balloon occlusion. 
(B) Preoperative ECG. (C) ST elevation in operation. (D) ECG of post‑operation. (E) Heart slices of sham‑operation. (F) Heart slices of infarct area with 
white scar. (G) Serum cTnI levels of pre‑ and post‑surgery, *compared with before operation, P<0.01. (H and I) Heart section staining by H&E indicated 
cardiomyocyte necrosis. Scale bars, 100 µm.
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determine whether ad‑ILK delivery can attenuate the severity 
of myocardial ischemia. The extent of rest/stress perfusion 
defect was markedly smaller when ILK was overexpressed 
compared with the control (SRS 8.25±5.7 vs. 14±3.12, 
P<0.05)  (Fig. 3E and F), further supporting the beneficial 
effect of ILK.

Compared to SPEPCT, PET‑CT possesses the advantage 
measuring cardiomyocytes metabolism quantitatively (16). 
In the present study, PET images obtained four weeks after 
ILK treatment displayed improved levels of myocardial 
metabolism compared to control. Then, we combined the PET 
and SPECT images and the infarcted zones were determined 
according to the calculation of DS scores, a sensitive index 
that discriminates the vitality of the ischemic myocardium. 
The DS scores for the ad‑ILK group were highly significant, 
indicating the improved vitality of myocardium when treating 
with ad‑ILK (Fig. 3E and F).

ILK gene therapy increases microvessel density and reduces 
apoptosis in the infarct zone. vWF staining four weeks 
after MI demonstrated that ad‑ILK delivery increased 
microvessel density in the peri‑infarct myocardium 
(136.02±6.32) compared to the ad‑null group (91.56±7.81, 

P<0.01)  (Fig. 4C and D). TUNEL assay was conducted to 
quantify cardiomyocyte apoptosis following the infarction. The 
percentage of TUNEL‑positive cardiomyocytes was markedly 
reduced in the ad‑ILK group (0.57±0.37%) compared to the 
ad‑null group (1.01±0.93%, P<0.01) in the infarct zone four 
weeks post‑MI (Fig. 4A and B). These studies confirmed the 
protective effect of ILK by promoting microvessel density and 
preventing cardiomyocyte cell death.

Discussion

The present preclinical study provides evidence for the benefits 
for ILK transfer on cardiac function after MI caused by a tran-
sient coronary occlusion in mini pigs. Four weeks after gene 
transfer, the ILK treatment group exhibited reduced infarct 
scar size, preserved LV geometry, enhanced angiogenesis, 
decreased apoptosis, and increased cardiomyocyte prolifera-
tion. These results support previous work in rodent models on 
the protective activity of ILK during MI.

The argument of gene transfection efficiency arises due to 
the paradox of time selection for gene transfer. Post‑infarction 
remodeling has been arbitrarily divided into an early phase 
(within 72 h) and a late phase (beyond 72 h) (17). Currently, 

Figure 2. Expression of ILK and hrGFP four weeks after adenoviral delivery. (A)  Immunofluorescence for α‑actin and DAPI in cardiomyocytes. 
(B) Immunofluorescence for hrGFP expression in the myocardium. (C) hrGFP expression appeared in α‑actin‑positive cells, indicating successful Ad‑ILK 
transfection into cardiomyocyte. (D) Western blotting showing hrGFP expression in the infarction zone four weeks after adenoviral delivery compared with 
null control. GAPDH expression is shown as internal control. (E and G) Western blotting showing ILK expression after adenoviral delivery in the infarction 
zone compared with null control. (F and H) Western blotting showing ILK expression after adenoviral delivery in the infarction remote zone compared with 
null control. GAPDH expression is shown as internal control. *P>0.05, n=6. Scale bars, 40 µm. ILK, integrin‑linked kinase; hrGFP, humanized recombinant 
green fluorescent protein; DAPI, 4',6‑diamidino‑2‑phenylindole. 
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most preclinical gene transfer studies have focused on the 
chronic ischemic heart disease (a late phase of remodeling) (18). 
However, fewer studies address gene transfer on acute MI (an 
early phase) model. The early phase is associated with the 
expansion of the infarct zone and this time is critical to normalize 
several key molecules during the early phase of MI  (17). 
Substantial evidence supports the effectiveness of emergency 
percutaneous coronary intervention (PCI) in acute MI (19). 

ILK transfer can be conducted concurrently with emergency 
PCI, which is available in clinical practice. Recombinant 
adenoviruses can express physiologically significant levels of 
transgene starting 2-4 h after delivery (20). Thus, in the present 
study, we delivered ILK immediately after inducing MI in the 
animal model. Aneurysms form during the early remodeling 
phase (17) and we detected them only in the ad‑null group, 
partly indicating the benefits of early phase transfer.

Figure 3. Heart imaging studies in mini pig MI. (A‑D) LVEDD, IVSD, EF and LVPWd improved in the ad‑ILK group compared with the ad‑null group. n=6, 
*P<0.05. (E and F) Ad‑ILK improves heart function four weeks post‑MI. The myocardial perfusion image by ECT and the myocardial metabolic image by 
PET. LVEDD, LV end-diastolic diameter; IVSD, interventricular septal thickness in diastole; MI, myocardial infarction; PET, positron emission tomography.
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The effectiveness of ILK delivery could be ascertained 
from the studies using AAV1‑mediated SERCA‑2a gene 
transfer in preclinical (14,21,22) and clinical studies (23,24), 
which have shown to boost cardiac contractility and to 
preserve cardiac function. Traister et al (25) initially revealed 
increased baseline LV global systolic and diastolic functions 
in mice with cardiac‑specific overexpression of ILK in a 
SERCA‑2a/PLN‑dependent mechanism. Thus, ILK serves 
to link mechanoreception to the dynamic modulation of 
cardiac contractility in the SERCA‑2a/PLN signaling module. 
Furthermore, ILK provides more potential advantages 
compared to SERCA‑2a based on its SERCA‑2a‑independent 
functions. ILK has been confirmed to promote cardiac 
contractility in the AKT/GSK‑3β, CamKII, SERCA‑2a and 
ras/raf/MEK pathways. In addition, ILK contributed to angio-
genesis and reduced cardiomyocytes apoptosis (26).

Apart from the benefits on cardiomyocytes, ILK also 
protects fibroblasts from apoptosis (27,28), therefore contri
buting to the post-infarct healing process by proliferation, 
collagen synthesis, transformation into myofibroblasts, and 
reducing the ventricular rupture or aneurysm formation. The 

present study was consistent with the above discoveries with 
no aneurysm found in ILK transfer group compared with two 
pigs in the control group.

Several factors may limit the scope of the present study. 
First, a more extended period of follow‑up would better reflect 
the progression of heart remodeling and to better contrast 
the advantages of ILK overexpression relative to the ad‑null 
group. A previous study demonstrated that the improvement 
in cardiac function after ad‑ILK transfection persists up to at 
least seven weeks in a rat MI model (29). In the present study, 
although the GFP-positive cells were found in the infarction 
zone for weeks after gene transfer, we did not directly confirm 
the expression of ILK. Additionally, apart from detecting ILK 
and performing histopathology in liver, kidneys, and spleen 
from ILK‑treated animals (data not shown), serum indexes 
as  well  as cellular and humoral immunogenicity profiles 
should be considered to validate the safety of ILK transfer. 
Furthermore, the expression of the adenoviral vector used in 
the current study is robust but transient. This approach may 
be appropriate for short‑term, pro‑angiogenic responses as 
in our acute MI model. However, transgene expression levels 

Figure 4. Overexpression of ILK prevents apoptosis and increases microvessel density in the infarct zone. (A and B) Triple‑staining with TUNEL (green), 
anti‑α‑sarcomeric actin antibody (red) and DAPI (blue) in the infarction zone of (A) ad‑ILK and (B) ad‑null. Scale bars, 50 µm. (C and D) Microvessel 
density is measured by frozen sections stained with vWF in the infarct zone of (C) ad‑ILK and (D) ad‑null group; scale bars, 25 µm. (E) Quantification of 
TUNEL‑positive cardiomyocytes in the infarct zones of ad‑ILK and ad‑null animals. n=6 per group. *P<0.01. (F) Quantification of microvessel density in 
faction zone of ad‑ILK and ad‑null animals. n=6 per group. *P<0.01.
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exhibited adenoviral vector peaks within three days and 
decreases by four weeks (20). In future studies, it may be useful 
to examine the effectiveness of alternative vectors expressing 
ILK for much longer periods with lower immunity response, 
such as recombinant adeno‑associated virus.

In conclusion, ILK overexpression by ad‑ILK transfer 
via intracoronary delivery in an acute MI porcine model can 
preserve global LVEF, improve ventricular remodeling and 
restore regional perfusion with no signs of toxicology by 
histopathology assessment, which paves the way for further 
clinical studies to better define safety and efficacy of this 
promising approach to ischemic heart disease.
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