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Acute coronary occlusion is the leading cause of death
in the Western world. There is an unmet need for the
development of treatments to limit the extent of myo-
cardial infarction (MI) during the acute phase of occlu-
sion. Recently, investigators have focused on the use of
a chemokine, CXCL12, the only identified ligand for
CXCR4, as a new therapeutic modality to recruit stem
cells to individuals suffering from MI. Here, we exam-
ined the effects of overexpression of CXCR4 by gene
transfer on MI. Adenoviruses carrying the CXCR4 gene
were injected into the rat heart one week before ligation
of the left anterior descending coronary artery followed
by 24 hours reperfusion. Cardiac function was assessed
by echocardiography couple with 2,3,5-Triphenyltetra-
zolium chloride staining to measure MI size. In compari-
son with control groups, rats receiving Ad-CXCR4 dis-
played an increase in infarct area (13.5% � 4.1%) and
decreased fractional shortening (38% � 5%). Histological
analysis revealed a significant increase in CXCL12 and
tumor necrosis factor-� expression in ischemic area of
CXCR4 overexpressed hearts. CXCR4 overexpression was
associated with increased influx of inflammatory cells and
enhanced cardiomyocyte apoptosis in the infarcted heart.
These data suggest that in our model overexpressing
CXCR4 appears to enhance ischemia/reperfusion injury
possibly due to enhanced recruitment of inflammatory
cells, increased tumor necrosis factor-� production, and
activation of cell death/apoptotic pathways. (Am J Pathol
2010, 176:1705–1715; DOI: 10.2353/ajpath.2010.090451)

Coronary artery disease is a leading cause of death in the
United States. Acute myocardial infarction (MI) is a cata-
strophic manifestation of coronary artery disease that strikes
nearly one million Americans each year.1–3 The mainstay of
current therapy in acute MI is the restoration of blood flow

(reperfusion) to the affected area through thrombolytic ther-
apy or angioplasty. This reperfusion, although key to myo-
cyte survival, is also associated with myocardial injury.2 One
component of reperfusion is the influx of inflammatory cells into
the heart. These inflammatory cells are believed to cause
further damage to the heart by their release of a variety of
enzymes and other factors.4,5 However, in recent years, there
has been an effort to maximize stem cell recruitment to speed
repair of injured myocardium. Investigators have focused on
the use of a chemokine, CXCL12 (also known as stromal
cell–derived factor-1), which is the main functional ligand for
CXCR4, as a new therapeutic modality. However, to date,
several human clinical trials of stem cell therapy have shown
limited cardiac benefit to individuals suffering from MI.6

Chemokines are a super family of low-molecular-weight
proteins (8 to 10 kDa) that have been subdivided into fam-
ilies on the basis of the position of their cysteine residues.
There are currently 46 ligands that bind to 18 G protein–
coupled receptors.7 Although chemokines are key regulators
of leukocyte migration and host defense pathways, excessive
production of chemokines has been implicated in the inflam-
matory components of numerous diseases including chronic
heart failure and ischemia-induced myocardial injury.8–10

CXCR4 is a 37-kDa G protein–coupled receptor, located
principally at the plasmalemma of cardiac myocytes.
CXCL12, the predominant CXCR4 ligand, is constitutively
expressed in myocardium, detectable in the serum, and is
increased early post myocardial infarction.11 Expression of
CXCR4 is increased in the myocardium of patients with
heart failure.9 Both CXCR4 and CXCL12 are expressed and
functional in cardiomyocyte.12 Whereas the significance of
CXCR4 and CXCL12 in cardiac development has already
been established,13,14 there is a paucity of information re-
garding chemokine receptor signaling on adult cardiac
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myocytes. It was recently demonstrated that activation of
CXCR4 results in a direct negative inotropic modulation of
cardiac myocyte function in vitro implicating an important
role for CXCR4 and its ligand, CXCL12, in heart function.15

In the present study, we explored the effects of CXCR4
gene transfer in a rat cardiac ischemia-reperfusion (IR)
injury model. We hypothesized that overexpression of
CXCR4 in the heart will increase the influx of inflammatory
cells into ischemic tissue, enhance host response to oxygen
free radicals, and impair the cardiac pump function. In
support of this hypothesis, we examined the mechanistic
role of CXCR4 in the pathophysiology of myocardial isch-
emic injury in vivo. Our data demonstrated that CXCR4
overexpression exacerbates the hemodynamic dysfunction
and structural deterioration in a rat model of ischemic reper-
fusion injury. CXCR4 gene transfer increased the infarct size
and decreased the cardiac pump function. Collectively, we
show that overexpression of CXCR4 plays a potentially crit-
ical role dictating the outcome of ischemic reperfusion injury.

Materials and Methods

Recombinant Adenoviral Vectors

Recombinant adenoviruses were used in these studies.
Ad-EGFP-�-gal contains cytomegalovirus promoter, ex-
pression cassettes for �-galactosidase (�-gal), and en-
hanced green fluorescent protein (EGFP).16 The backbone
vector, which contains most of the adenoviral genome
(pAd.EASY1), was used and the recombination performed
in Escherichia coli. CXCR4 cDNA was subcloned into the
adenoviral shuttle vector (pAd.TRACK), using the cytomeg-
alovirus long-terminal repeat as a promoter. pAd.TRACK
also has a concomitantly expressed green fluorescent pro-
tein (GFP) under the control of a separate cytomegalovirus
promoter.15 Ad-�-gal/GFP and Ad-CXCR4 virus were prop-
agated in HEK293 cells. Viral titer was determined by
plaque assay. Stock titers were �1010 pfu/ml for each vec-
tor with a particle/pfu ratio of approximately �102. Contam-
ination with wild-type adenovirus was ruled out by the ab-
sence of real time PCR-detectable E1 sequences.

Gene Transfer

Male Sprague-Dawley (SD) (Charles River Laboratories,
Wilmington, MA) rats were anesthetized with pentobarbital
(60 mg/kg) i.p. and placed on a ventilator. The chest was
accessed from the right side through the third intercostal
space. The pericardium was opened and a 7-0 suture was
placed at the apex of the left ventricle. A 22G catheter
containing 200 �l of adenovirus was advanced from the
apex of the left ventricle (LV) to the aortic root. The aorta and
pulmonary artery were clamped distal to the site of the
catheter and the solution was injected. The clamp was held for
10s while the heart pumped against a closed system (isovolu-
mically). The solution containing the adenovirus circulated
through the coronary arteries without further manipulation, as
described previously.16 All procedures were approved by and
performed in accordance with the Institutional Animal Care
and Use Committee of the Mount Sinai School of Medicine.
The investigation conforms with the Guide for the Care and Use

of Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996).

Ischemia-Reperfusion in Rats and
Echocardiographic Measurements

One week after adenoviruses (Ad-) administration, a left
thoracotomy was performed, and the left anterior descend-
ing coronary artery (LAD) was ligated with 6-0 silk suture �4
mm from its origin with a slipknot. Successful ligation of the
LAD was verified by visual inspection of the left ventricular
apex. After 30 minutes, the LAD ligature was released and
reperfusion was visually confirmed.17 The chest was closed
with continuous 2-0 silk suture. After 24 hours reperfusion, rats
were re-anesthetized with 50 mg/kg of Ketamine and echocar-
diograms were performed using a VIVID 7 general electric
device with a 14-MHZ probe as previously described.18 LV
cavity size, wall motion, fractional shortening, and wall thick-
ening were evaluated on M-mode echocardiography. They
were measured from a short-axis view at the level of the pap-
illary muscles. In addition to animals receiving Ad-CXCR4,
controls included: 1) Blank control with no IR (Blank), 2) Saline-
injected control group who had IR (Control), and 3) Ad–�-gal–
injected animals who were also exposed to IR (�-gal).

Evaluation of Risk Area and Infarct Size

Histological analysis of infarct size was performed by 2,3,5-
Triphenyltetrazolium chloride (TTC) staining. Briefly, after
echocardiogranphic measurements, heparin (1000 u/ml)
0.4 ml was injected intravenously. The hearts were excised
and mounted on a Langendorff apparatus and perfused for
3 minutes under constant pressure (100 cmH20) with K-H
buffer at room temperature. The LAD was re-occluded. The
hearts were perfused with 5% solution of Phthalo blue dye in
normal saline over 3 minutes. The right ventricle of each
heart was excised. The hearts were then frozen at �20°C for
20 minutes, followed by transverse sectioning into 2-mm
slices. Sections were then incubated in 15 ml of 1.5% TTC for
20 minutes at 37°C. The sections were fixed in 10% formalde-
hyde. Twenty-four hours later, the slices were weighed and
photographed. Color digital images of each transverse slice
were obtained using a digital camera (Canon 640A). The blue
regions represents nonischemic normal tissue, red regions
represents risk area (ischemic but noninfarcted), and un-
stained pale white regions represent infarct tissue. The blue,
red, and white areas were outlined on each color image and
measured using Image Plus. On each side, the fraction of the
LV area representing infarct-related tissue (average of 2 im-
ages) was multiplied by the weight of the section to determine
the absolute weight of infarct-related tissue.17,19

Ischemicarea � infarct area � risk area

Infarct size/LV mass �%� �

� Infarct weight in eachsection
Total LV weight

� 100%

Risk area/LV mass �%� �

� red weight in eachsection
Total LV weight

� 100%.
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Evaluation of Gene Transfer Method Using
X-Gal Staining

After gene transfer and ischemia/reperfusion, the hearts
were harvested, cut across the suture, and embedded in
OCT. The tissues were cryosectioned (5- to 10-�m sec-
tions). Subsequently, �-gal/lacZ gene expression was
determined as previously described.16

Histological Assessment

Frozen tissue blocks from the above hearts were cut into
5- to 10-�m sections, and parallel sections were pre-
pared for hematoxylin and eosin staining and immuno-
histochemistry. Immunohistochemical analyses included
staining for CXCL12, CXCR4, and tumor necrosis factor
(TNF)-�, as well as for macrophages and pan leukocytes
markers. The following antibodies were used: (1) rabbit
anti-mouse/rat CXCL12 (eBiosciences; San Diego, CA);
(2) goat anti-rat CXCR4 antibody (Torrey Pines Biolabs;
East Orange, NJ); (3) goat anti-mouse/rat TNF- �, (R&D),
(4) mouse anti-rat leukocyte antibody (BD Pharmingen;
Franklin Lakes, NJ); and (5) mouse anti- rat macrophage
marker (VP-M640, Vector Laboratories; Burlingame, CA)
Sections from the hearts were fixed and blocked with the
normal serum and incubated with primary antibody for
2 hours at room temperature. For visualization, slides
were developed using either the Vectastain ABC kit
with DAB as a substrate,20 or with secondary fluores-
cent conjugated antibodies; with using a BP530/30
filter for FITC and/or a LP590 filter for Texas red. Im-
ages were taken with Axioplan2IE or Zeiss LSM510
META confocal microscope.

Western Blot Analysis

Rats’ hearts were transected along the LAD ligature to
separate ischemic tissue and remote myocardium. The
ischemic and remote tissues were lysed in lyses buffer.
Western blot analysis was performed using procedures
established in our laboratory. For these studies the following
primary polyclonal antibodies were used: (1) anti–CXCR4
(Torrey Pines Biolabs; East Orange, NJ); (2) anti-CXCL12
(eBiosciences; San Diego, CA); (3) anti-Caspase 3
(Cell Signaling; Danvers, MA); or (4) anti-Glyceraldehyde
3-phosphate dehydrogenase (anti-GAPDH, IMgenex;
San diego, CA). A secondary antibody conjugated with
alkaline phosphatase (Sigma; St. Louis, MO). The bands
were visualized using the enhanced chemiluminescence
method according to the manufacturer’s instructions
(Pierce; Rockford, IL).21,22

Inflammatory Cells Count

For each of the hearts examined, the number of inflam-
matory cells was quantified in the infarcted zone (LV
anterior wall), in a blinded manner. Briefly, frozen tissue
blocks were cut into 5- to 10-�m sections, stained with
hematoxylin and eosin, and examined by light micros-
copy (�10, �40, and �63 objective). For each section,

the number of inflammatory cells per mm2 was quanti-
fied.17 Three sections were assessed per heart. Ten
fields were randomly chosen per section, four section per
animal, a total of 40 fields per heart (n � 3 per treatment
group) were counted using a defined rectangular field
area (�40 objective). The number of monocytes and
macrophages was also counted under high-power field
(�40) using monocyte/macrophage specific antibody
(VP-M640, Vector Laboratories; Burlingame, CA).

Morphological Examination of Apoptosis

For each of the hearts examined, myocardial cell apopto-
sis was quantified using a commercially available in situ
cell death detection kit (Roche Applied Science, India-
napolis, IN) to find DNA strand breaks using the terminal
deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) reagent according to the manufactur-
er’s protocol. Briefly, a double-staining technique was
used (ie, TUNEL staining by using an In Situ Cell Death
Detection Kit [Roche, USA] for apoptotic cell nuclei and
4�,6-diamidino-2-phenylindole [DAPI] staining for all cell
nuclei). An additional staining was performed with a
monoclonal antibody against �-sarcomeric actinin (Sig-
ma; St. Louis, MO) for the identification of myocytes.
Cardiomyocytes from at least four slides per block were
selected and evaluated immunohistochemically to deter-
mine the number and percentage of cells exhibiting pos-
itive staining for apoptosis. For each slide, 10 fields were
randomly chosen, and a total of 100 to 150 myocytes per
field were counted using a defined rectangular field area
(�20 and �40 objective). Apoptotic index was deter-
mined (number of TUNEL-positive myocytes/total number
of myocytes stained with anti–�-actinin � 100) from a
total of 40 fields per heart. Assays were performed in a
blinded manner.

Quantitative RT-PCR

CXCL12 mRNA levels were determined by QRT-PCR us-
ing a QuantiTect SYBR Green RT-PCR Kit (Qiagen Ltd;
Valencia CA) on a LightCycler (Roche Diagnostics Ltd.,
Lewes, UK). Total RNA was isolated from samples with
Trizol reagent (Gibco BRL; Carlsbad, CA) according to
the manufacturer’s instructions. Primers were designed
to generate short amplification products. The sequences
of the specific primers were: CXCL12 5�-TTGCCA-
GCACAAAGACACTCC-3� and 5�-CTCCAAAGCAAAC-
CGAATACAG-3�; TNF-� 5�-CTCTGCTTGGTGGTTT-
GCTA-3� and 5�-CAAGGAGGAGAAGTTCCCAA-3� 18S:
5�-GTTGGTTTTCGGAACTGAGGC-3� and 5�- GTCG-
GCATCGTTTATGGTCG-3�. RT-PCR was performed in
20-�l reaction volumes using 10 pmol of primers. Re-
verse transcription was performed at 50°C for 20 minutes,
and cDNA was amplified for 37 cycles: 94°C for 10 s,
57°C for 15 s, and 72°C for 5 seconds. The relative
quantity of gene expression was calculated according to
the manufacturer’s recommendations. 18S was used as
an internal control to calculate the relative abundance of
CXCL12 and TNF- � mRNAs.
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Statistics

All data are expressed as SD (	SD). Differences be-
tween groups were determined with either a paired t test
and/or two-tailed Student t test and/or a one-way analysis
of variance followed by a Newman–Keuls post hoc test.
Probability values of P 
 0.05 were considered to be
significant.

Results

Myocardial CXCR4-Overexpression in Rats
Exhibit Larger Infarcts and Worsening Cardiac
Function After Ischemia-Reperfusion in Vivo

MI in rats was induced by LAD ligation (30 minutes
followed by 24 hours reperfusion). Histological analysis
of infarct size was performed by TTC staining. Figure 1,
A–D shows that the infarct area as a percentage of LV
was significantly increased in CXCR4 group (13.5% 	
4.2%) in comparison with �-gal/GFP group (7.6% 	
3.4%) and saline group (control) (8.0% 	 2.0%). Al-
though the risk area/LV was slightly increased in
CXCR4 group, there was no significant statistical dif-
ference when it was compared with �-gal/GFP and
saline groups. But the infarct/ischemia ratio was sig-
nificantly increased in CXCR4 group (46% 	 7%) as
compared with 36% 	 11% in �-gal/GFP group or 39% 	
8% in the saline group. The infarct/risk ratio was also
significantly increased in CXCR4 group (89% 	 30%) as
compared with �-gal/GFP control (60% 	 28%, P �
0.02). Cardiac function was also measured by echocar-
diography. Figure 2A illustrates that movement of the LV
anterior wall was diminished in CXCR4 group. The left
ventricle internal diastolic/systolic diameter and end dia-
stolic/systolic volume were increased in CXCR4 IR group.
Factional shortening was also decreased significantly in
CXCR4 group as compared with �-gal/GFP and saline

groups (control); (Figure 2B; see Supplemental Table S2,
at http://ajp.amjpathol.org). Cardiac CXCR4 overexpression
did not have any effect on myocardial function of nonin-
farcted rats (no IR); (Figure 2C; see Supplemental Table
S253 at http://ajp.amjpathol.org).

Myocardial CXCR4-Overexpression Augments
CXCL12 Expression in Ischemic Myocardium in
the Rat

Gene transfer was assessed by quantifying expres-
sions of �-gal and CXCR4. �-gal and CXCR4 proteins
expression were overexpressed in ischemic myocar-
dium after gene transfer (Figure 3, A–D). These results
were confirmed by Western blotting (Figure 3E). The
CXCR4-overexpressed group exhibited increased
CXCR4 protein expression in ischemic myocardium as
compared with �-gal and control (saline injected)
groups. Next, we assessed whether changes in CXCR4
expression could effect concomitant expression of its
ligand, CXCL12. Interestingly, we found a marked in-
creased expression of CXCL12 in hearts injected with
Ad-CXCR4 and exposed to IR as compared with �-gal
and control groups as were assessed by immunoflu-
oresence staining (Figure 4A), Western blot (Figure
4B), and quantitative real-time PCR (Figure 4C).

CXCR4-Overexpression Leads to a Significant
Increase in Inflammatory Cell Infiltration after
Ischemia-Reperfusion in Vivo

Because inflammatory cells are the important modulators
of ischemic injury, we assessed the presence of inflam-
matory cells in rats overexpressing CXCR4 in the heart.
Our data demonstrate that hearts injected with CXCR4
and exposed to IR have significantly more inflammatory
cellular infiltrate in the ischemic region (Figure 5A). The
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Figure 1. CXCR4-overexpressed rats exhibit
larger infarcts after ischemia-reperfusion in vivo.
One week after CXCR4 gene transfer, myocar-
dial infarction was induced by LAD ligation (30
minutes followed by 24 hours reperfusion) in
rats in vivo. A: Histological analysis of infarct
size was performed by TTC staining, white �
infarct area; red � risk area; blue � normal area.
B–D: Infarct size as a percentage of risk area (B)
and evaluation of risk area and infarct size:
quantitative assessment (mean 	 SD) of risk
area as a percentage of LV (C) for control groups
(�-gal and control) and the CXCR4-overex-
pressed group. Although risk areas are similar
for all groups, infarct sizes as a percentage of risk
area are statistically different and are larger in
CXCR4 group. Infarct data: infarct/ischemic
area � infarct area/(infarct area � risk area) �
100. P � 0.05 in risk area, *P 
 0.05 in infarct
and ischemic area, compared with �-gal and
control, **P 
 0.05 compared with �-gal control.
Mean 	 SD.
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number of inflammatory cells was quantified per mm2

(Figure 5B). Importantly, there were no significant differ-
ences in monocytes/macrophages migrating into the
ischemic area of CXCR4, �-gal, and saline injected

groups (Figure 5, C and D). The number of monocytes
and macrophages was counted in high power fields
(�40) using cell type–specific mouse anti-rat macro-
phage marker (VP-M640) antibody. Importantly, CXCR4

Figure 2. CXCR4-overexpressed rats exhibit
worsening cardiac function after ischemia-reper-
fusion in vivo. A: Echocardiography was per-
formed on rats’ hearts post 30 minutes ischemia
and 24 hours reperfusion. Short axis. Left, blank
control without IR; Middle, �-gal gene transfer
with IR; Right, CXCR4 gene transfer with IR.
B: Percentage of fractional shortening (%) was cal-
culated: *P 
 0.05 compared with blank, **P 

0.05 compared with �-gal and control. Mean 	 SD.
C: Echocardiography was performed on rats’
hearts before Ad-CXCR4 gene transfer and one
week after injection in an absence of any ischemic
injury.

Figure 3. CXCR4 protein expression on myocardium after one week gene transfer and ischemia 30 minutes followed by 24 hours reperfusion. A: X-gal staining for �-gal
expression, blue color is positive, (B) H-E staining, (C–D) immunostaining (DAB) for CXCR4 protein expression. C: CXCR4 group. D: �- gal control. E: CXCR4-
overexpressed rats exhibit increased CXCR4 protein expression in ischemic myocardium after IR in vivo. Protein lysates were prepared from rats’ hearts one week after
CXCR4gene transfer followedby 30minutes LAD ligation and 24hours reperfusion. The ischemic and remote tissueswere separated, lysed, and analyzedbyWestern blot. CXCR4
Mr; 40 to 47 kDa. Representative gel of three independent experiments is shown. Densitometric analysis of data from three different experiments is shown. *P 
 0.05.
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overexpression did not seem to mediate inflammatory
reactions in the absence of IR (see Supplemental Figure
S1, at http://ajp.amjpathol.org).

CXCR4-Overexpressed Rats Exhibit Significant
Increase in Cell Death/Apoptosis After
Ischemia-Reperfusion in Vivo

Cardiomyocyte necrosis and apoptosis play important roles
in the pathology of ischemic/reperfusion injury. To deter-
mine myocardial apoptosis, in situ detection of apoptotic
myocytes was performed by using TUNEL assay. Positive
apoptotic nuclei were stained green in infarcted myocardial
tissue, and healthy nuclei were stained blue (DAPI staining).
In Figure 6A we show there are significantly higher number
of TUNEL-positive cells in CXCR4 group in comparison with
controls (�-gal–injected and/or saline-injected). Represen-
tative pictures were taken at �40 objective. The number of
TUNEL-positive myocytes/total number of myocytes is pre-
sented as a bar graph of apoptotic index (Figure 6B). To
further corroborate our TUNEL data, we assessed the acti-
vation of caspase 3, an established member of the caspase
family known to be involved in the final execution phase of
apoptosis. Caspase-3 activation has also been implicated
in ischemic reperfusion injuries.23 In Figure 6C, we present
representative Western blot data showing a marked in-
crease in caspase 3 activity in the CXCR4 group (Figure
6C). Becasue inflammatory cytokines such as TNF-� have

been implicated in inflammatory-mediated ischemic injury,
we next evaluated TNF-� expression using immunofluores-
cence and QRT-PCR assay. Representative analyses are
presented in Figure 6, D and E. There was a significant
increase in TNF-� expression at the level of protein and
mRNA in ischemic area in the CXCR4 group as compared
with controls.

Discussion

The role of inflammation in the development, progression,
and destabilization of coronary artery disease is becom-
ing increasingly recognized.24–26 Elevated peripheral
levels of cytokines have been demonstrated in patients
with CHF and are associated with a worse prognosis.
Recent studies have indicated that IR increases the pro-
duction and release of proinflammatory cytokines such
as TNF-�, which can play a key role in causing contractile
dysfunction, apoptosis, and remodeling in heart.27–29

TNF-� is also implicated in recruitment of lymphocytes in
inflammation mediated injury.30,31 Inflammation is a com-
plex biological response. Thus, gaining a better under-
standing of its role in cardiac injury, in particular during
reperfusion after myocardial ischemia, is important. The
viable “border zone” appears to have the highest density
of inflammatory cells such as neutrophils and lympho-
cytes.32,33 The presence of contraction bands and an
inflammatory infiltrate characterized by intense margin-

Figure 4. CXCL12 is upregulated in ischemic myocardium of CXCR4-overexpressed rat. A: CXCL12 protein expression was assessed in hearts injected with either
CXCR4 or �-gal and/or control (saline-injected; with IR) by immunofluorescence staining. Frozen sections were fixed and stained with anti-CXCL12 (green) and
anti–� actinin (red). Primary Abs visualized with FITC or Texas Red conjugate. Nuclei were stained with DAPI. Images are taken with confocal microscopy.
B: Protein lysates were prepared from rats’ hearts one week after CXCR4 gene transfer followed by 30 minutes LAD ligation and 24 hours reperfusion. The ischemic
and remote tissues were lysed and analyzed by Western blot. Representative gel of three independent experiments is shown. C: CXCL12 mRNA levels were
determined by quantitative real-time PCR (QRT-PCR) using a QuantiTect SYBR Green RT-PCR Kit and using specific primers for CXCL12 and 18S. Primers were
designed to generate short amplification products. Densitometric analysis of data from three different experiments is shown. *P 
 0.05.
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ation in the small veins is a hallmark of early reperfu-
sion.33–35 Administration of granulocyte-colony stimulat-
ing factor (G-CSF) after MI improves LV function and
reduces LV remodeling and infarct size.36,37 These ben-
eficial effects of G-CSF were entirely abolished by the
specific CXCR4 antagonist AMD3100. These results sug-
gested that the CXCR4/CXCL12 axis plays a critical role
in the beneficial effects of G-CSF via recruitment of
CXCR4� progenitor cells into the infarcted myocar-
dium.36,37 However, we have also demonstrated that ac-
tivation of CXCR4 decreased papillary muscle and car-
diac myocyte contractility in response to Ca2� and
isoproterenol in vitro.15 The negative inotropic effects on
the heart may benefit cardiomyocyte survival and pre-
serve heart function in ischemia and reperfusion injury.38

Given the previous emphasis on the role of CXCR4 me-
diated migration of hematopoietic progenitor cells in the
heart, we wished to determine the effect of increased
expression of CXCR4 in the heart and IR-related injury.
We have previously reported that the catheter-based ad-
enoviral technique induces global gene transfer in rat
hearts with an expression pattern that is grossly homo-
geneous throughout the ventricles.16,39 Furthermore, the
cardiomyocytes isolated from these rat hearts after in vivo
transduction with Ad.�-Gal demonstrate specific nuclear
�-Gal activity,39 reflecting transgene expression in these
myocytes. In this report, we have also used catheter-
based adenoviral technique to induce CXCR4 gene
transfer in rat hearts and used a model of myocardial IR
injury to determine the effects of cardiac CXCR4 function.
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with Ad-CXCR4, or �-gal and/or control (saline injected) hearts (with IR) stained with hematoxylin and eosin, and examined by light microscopy at �10 and �40
objectives for the presence of inflammatory cells. B: The number of inflammatory cells was quantified per mm2. Inflammatory infiltrate is significantly increased
in CXCR4-overexpressed hearts (*P 
 0.05). C and D: The number of monocytes and macrophages were also assessed by DAB staining using cell specific antibody
(VP-M640). Number of monocyte/macrophages were counted in high-power field (HPF; �40), and average cell count was graphed (n � 3).
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We have show that CXCR4 overexpression by gene
transfer with adenovirus have increased myocardial in-
farct size and impaired cardiac pump function. The pres-
ence of inflammatory cells was increased in CXCR4 gene

transfer hearts post ischemia and reperfusion, suggest-
ing that upregulation of CXCR4 may worsen IR injury.

Previous studies by Rokosh et al have shown that
CXCL12 administration before coronary occlusion fol-

Figure 6. CXCR4-overexpressed rats exhibit significant increase in cell death/apoptosis after ischemia-reperfusion in vivo. A: Increased cardiomyocyte
susceptibility to ischemic injury was examined by assessing apoptosis using TUNEL assay. A double-staining technique was used (ie, TUNEL staining by using
an In Situ Cell Death Detection Kit [Roche, USA] for apoptotic cell nuclei and DAPI staining for all cell nuclei. Representative images are shown. B: Apoptotic index
was determined (ie, number of TUNEL-positive myocytes/total number of myocytes stained with anti-�-actinin � 100) from a total of 40 fields per heart. Assays
were performed in a blinded manner. C: Increased cardiomyocyte susceptibility to ischemic injury was examined by assessing apoptosis using Western blot
analysis of caspase 3 activation. Densitometric analysis of data from three different experiments is shown. *P 
 0.05. D and E: The expression of inflammatory
cytokine TNF-� was assessed in those hearts using immunofluorscence and QRT-PCR assay using a QuantiTect SYBR Green RT-PCR Kit. Specific primers for TNF-�
and 18S were used. Primers were designed to generate short amplification products. Densitometric analysis of data from three different experiments is shown.
*P 
 0.05.
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lowed by 4 hours of reperfusion resulted in decreased
infarct size, and they concluded that CXCL12 pretreat-
ment promoted an antiapoptotic program that confers
protection against ischemia/reperfusion damage.40 There
are some fundamental differences between their model
and ours that might explain the contrasting results. First,
in our model hearts undergo reperfusion over 24 hours.
During this time internal proinflammatory cytokines and
chemokines can accumulate at the site of the injury.
Chemokine-mediated chemotaxis of neutrophils is known
to be important in the pathogenesis of ischemia-reperfu-
sion injury.41 The actions of CXCR4 in myocardial infarc-
tion may not be limited to leukocyte chemotaxis and
might have a direct myocardial cytoprotection as was
suggested by Hu et al.40 However, this mechanism could
be likely masked by the recruitment of inflammatory cells
as seen in our model. Efficient delivery of proteins is
challenged by barriers including the rapid diffusion of
chemokines and their degradation by proteases acti-
vated in injured tissues. CXCL12 is cleaved by matrix
metalloproteinase�2.42 This proteolytic activity will likely
limit the effectiveness of CXCL12 within the inflammatory
environment of infarcted myocardium. Therefore, injec-
tion of CXC4 by adenoviral delivery provides a different
molecular mechanism of action.

In our studies, we demonstrated that there were no
significant changes in cardiac function following CXCR4
gene transfer in an absence of ischemic reperfusion in-
jury (no IR). However, after IR there were significant mor-
phological and functional defects in CXCR4-overex-
pressed hearts. CXCR4-overexpressed rats exhibited
larger ischemic injury. This was also confirmed with sig-
nificant decline in their cardiac function. To demonstrate
the underlying mechanisms, first we assessed whether
myocardium CXCL12 production is altered as a result of
overexpression of its receptor CXCR4. CXCL12 is the
main ligand for CXCR4, and it is a critical chemokine
modulating T cell migration. We found a significant in-
crease in expression of CXCL12 in hearts injected with
Ad-CXCR4 and exposed to IR. The CXCR4 group was
also distinguished by a marked accumulation of inflam-
matory cells in the myocardium. This could be in part
attributable to higher CXCL12 expression. CXCL12 over-
expression could lead to more T-cell recruitment. There is
also evidence in the literature that in ischemic injury
T-lymphocytes mediate the ischemia/reperfusion inflam-
matory response by stimulating neutrophil migration. T-
cells are suggested to play a role in initiating IR-induced
inflammatory responses.43 Additionally, we did not see
significant differences in the number of monocytes/mac-
rophages. This also is in agreement with the literature
because monocytes and macrophages are involved in
the chronic stages of IR.44 Finally, CXCR4 overexpres-
sion in an absence of IR did not seem to mediate inflam-
matory responses, which might be attributable to lack of
CXCL12 overexpression in an absence of IR. In this
model CXCL12 expression seems to be playing an im-
portant role in enhancing the IR injury.

It is now generally accepted that extensive programmed
cell death occurs not only during cardiac ischemia but also
during reperfusion after an ischemic episode (re-

viewed in 45). Here we examined the mechanism(s)
through which CXCR4/CXCL12 upregulation in the infarct
area induces apoptosis. Increased cardiomyocyte sus-
ceptibility to ischemic injury was examined by assessing
1) apoptosis using TUNEL assay, and 2) measuring in-
flammatory cytokines such as TNF-� in CXCR4 overex-
pressed heart. Recent studies indicating that CXCR4
activation induces apoptosis in the CD4� Jurkat T cells
through the death receptor pathway.46 Next, we exam-
ined the effect of CXCR4 activation and overexpression
on inflammatory mediators (eg, TNF-�) implicated in isch-
emic reperfusion injury. TNF-� could interact directly with
cardiac myocytes resulting in activation of apoptotic
pathways or indirectly by acting on migrating leukocytes
to exacerbate myocardial injury. TNF-� is known activator
of the cell death pathway, and its contribution to ischemic
injury has been studied extensively.47,31 We observed a
significant increase in TNF-� production in our IR injury
model thus contributing to the underlying mechanisms of
increased susceptibility to ischemic injury in heart over-
expressing CXCR4. TNF-� is also implicated in recruit-
ment of lymphocytes in inflammation mediated injury.30

TNF-� upregulation not only increases apoptosis but also
might be contributing to an increased inflammatory infil-
trate on ischemic injury. Interestingly, CXCL12 has been
implicated in induction of TNF-� production in the context
of astrocyte cell death.48 In our IR model, hearts infected
with Ad-CXCR4 showed both an increase in TNF-� ex-
pression and in TUNEL-positive cells post IR. TNF-� is
also implicated to inhibit CXCL12 production,49 therefore
upregulation of TNF-� in addition to promoting cell death
may act via a negative feedback loop to control CXCL12.
In this model there is a significant amount of caspase 3
activation accompanying delivery of Ad-CXCR4, thus it is
possible that activation of apoptotic pathways is in part
attributable to TNF-� production or that CXCL12 has
apoptotic effects independent of TNF-�. Further clari-
fication awaits additional experiments.

Collectively, in this study we have demonstrated that
overexpression of CXCR4 by gene transfer increased
myocardial infarct size and worsened cardiac function in
rats post-IR injury. Leukocytes attracted by CXCL12, the
ligand for CXCR4, may impact ischemic reperfusion in-
jury. Myocardium overexpressing CXCR4 exhibit signifi-
cantly increased cell death/apoptosis after IR in vivo.
These results suggest that the net effect of CXCR4 over-
expression in the heart of an intact animal during MI is
enhancement of cardiomyocyte injury. As noted in this
model, this is likely attributable to enhanced recruitment
of inflammatory cells, increased TNF-� production, and
cell death/apoptosis.
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