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Abstract
Background: Interleukin‐10 (IL‐10) has proved to be important in recovery after acute myocardial infarction; 

increasing its expression in infarcted or bystander tissue therefore could be of great importance. Hydrodynamic DNA 
injection has been found to be very efficient in transferring genes to the liver of small animals, but the procedure is 
very aggressive and must be made compatible with clinical practice in a milder but not less efficient way. The present 
work evaluates the efficiency of noninvasive catheterization of the coronary sinus for human IL‐10 gene transfer to 
infarcted and non‐infarcted pig heart, with therapeutic production of the human protein.

Methods: Myocardial infarction was induced in pigs by a catheter‐based approach to occlude the left anterior 
descending artery. After myocardial infarction verification, two catheters were placed in the coronary sinus, one 
of them to block blood circulation and the other to retrogradely inject 50 ml of a saline solution of DNA (20 µg/ml) 
containing the hIL‐10 gene, and testing different flow rate conditions (control, 2, 5 and 10 ml/s). 

Results: Therapeutic levels of hIL‐10 protein were found in coronary sinus blood 2 and 72 hours after catheter‐
mediated hydrofection at 5 and 10 ml/s flow rate. Molecular analyses to evaluate the delivered DNA, its transcription 
to RNA and translation were also performed, and data were expressed as copies per cell. 

Conclusion: Catheter‐mediated gene transfer through the coronary sinus is a mild and well‐tolerated procedure 
that achieves protective hIL‐10 protein levels, which could minimize the inflammatory response after myocardial 
infarction.
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Introduction
Several clinical trials with limited but encouraging results suggest 

that cardiac gene therapy is a promising therapeutic strategy for heart 
diseases such as ischemic events and heart failure [1‐7]. Viral and 
non-viral vectors have been employed, with good results [8,9]. The 
classical lesser efficiency of non-viral procedures has been overcome 
by hydrodynamic gene transfer to mouse liver employing naked 
DNA, which has been shown to be an efficient and safe procedure 
in gene therapy [10-12]. This procedure involves the rapid injection 
of a large volume (2 ml) of solution containing the gene of interest 
through the tail vein. Important progress has been made in non-
viral gene therapy since the hydrodynamic procedure for mouse liver 
gene delivery was first described [11,13-15]. However, the systemic 
hemodynamic stress caused after injection poses a serious limitation 
for clinical application, since it can even lead to circulatory collapse 
and death. To avoid this adverse effect, different approaches have been 
used to locally reproduce in pig liver the conditions mediated by tail 
vein hydrodynamic injection in mice, with a view to improving gene 
transfer efficiency [15]. Our group achieved important advances in the 
efficacy of naked DNA delivery to mouse liver and its transfer to larger 
animals employing noninvasive catheterization [16‐18]. The promising 
results obtained with this procedure suggest that similar or even better 
results could be achieved in cardiac tissue, since it is a smaller organ 
with a muscular structure that could offer more resistance to injection‐ 
induced distension. In fact, this procedure was successfully transferred 
to the pig heart) through catheter‐mediated retrograde injection into 

the coronary sinus of 50 ml of a DNA solution containing the eGFP 
gene [19]. This procedure could find clinical application [20].

Once the expression of a marker protein was assured, evaluating the 
whole process of information decoding of a human gene was required. 
With this aim, we employed the mentioned procedure to inject a DNA 
solution containing the gene encoding for human interleukin‐10 
(IL‐10) in pig heart after the induction of myocardial infarction. After 
72 hours, tissue and blood samples were collected for further molecular 
analyses and evaluation of the whole gene decoding process (delivery, 
transcription, translation and expression).

In the present work we explore the potential therapeutic capacity 
of clinically applicable hydrodynamic gene delivery of hIL‐10 to 
cardiac tissue, after induced infarction. The results show catheter‐
mediated retrograde injection of naked DNA bearing hIL‐10 gene in 
the pig coronary sinus vein to result in whole cardiac gene delivery 
and efficient protein expression in plasma. These results contribute to 
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commercial Maxwell 16 Mouse Tail DNA Purification Kit and Maxwell 
16 LEV simply RNA Tissue Kit, respectively, from Promega (Barcelona, 
Spain). The specific kit for human IL‐10 TaqMan quantitative PCR was 
obtained from Life Technologies (cat no. Hs00961622_m; CA, USA). 
The anti‐hIL‐10 antibodies kit was obtained from BD (cat. no. 555157; 
CA, USA). The plasmid p2F‐hIL‐10 (6.86 Kb), containing the human 
IL‐10 protein cDNA driven by pCMV promoter, was constructed by 
cloning IL‐10 into the Hind III site of pVITRO2 (Invitrogen). The total 
protein content of each sample was quantified using the NanoOrange 
protein quantitation kit (Life Technologies; CA, USA).

hIL‐10 ELISA

Blood samples were collected at two and 72 hours, and tissue 
samples representing the whole heart were cut into small pieces 72 
hours after gene transfer, and homogenized in homogenization buffer 
(Promega®, Barcelona, Spain) with an Ultra‐ Turrax homogenizer 
(Hielscher Ultrasonics GmbH, Teltow, Germany). Total protein 
amount was quantified using the NanoOrange protein quantitation 
kit (Life Technologies; CA, USA). ELISA was performed following 
the instructions of the manufacturer. Results of protein expression in 
tissue were calculated per cell assuming the total amount of protein to 
be 0.5 ng in a mammalian cell.

Quantitative PCR and RT‐PCR
Tissue samples from the above mentioned territories, representing 

the whole heart, were cut into small pieces and homogenized in 
homogenization buffer (Promega®, Barcelona, Spain) with an Ultra‐
Turrax homogenizer (Hielscher Ultrasonics GmbH, Teltow, Germany). 
Further purifications with the Maxwell RNA and DNA purification 
from tissue kits (Promega®, Barcelona, Spain) were performed before 
spectrophotometric quantification. RNA retrotranscription to cDNA 
was carried out using 1 µg total RNA (DNA free), random hexamers 
and a High Capacity cDNA Archive Kit (Applied Biosystems). For 
quantitative real‐time qPCR, TaqMan PCR master mix (Applied 
Biosystems) was employed according to the instructions of the 
manufacturer. The specific oligonucleotides for human IL‐10 
employed were a pre‐mixed TaqMan kit from Life Technologies (cat 
no. Hs00961622_m).

Quantitative data were calculated as the number of DNA and RNA 
copies on a regression curve which was plotted employing the injected 
plasmid containing the hAAT gene. Data plotting was performed using 
GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA).

The data have been expressed considering the weight of the pig 
diploid genome (5.4 pg) for gene delivery, and the average content of 
RNA per cell in a mammalian hepatocyte (20 pg) for gene transcription 
[21].

Gold nanoparticle synthesis

All chemicals were purchased from Sigma‐Aldrich (Madrid, Spain) 
and used as received, without further purification. Gold nanoparticles 
were synthesized following a modification of the Turkevich method 
[22]. Typically, 0.4 g of HAuCl4.3H2O was dissolved in 90 ml of water 
in a two‐neck round flask (1.3 mM HAuCl4). The resulting solution 
was heated to boiling and refluxed. Then, 9 ml of a 47.2 mM sodium 
citrate solution (0.125 g sodium citrate in 9 ml water) was preheated 
and quickly added. The solution turned from yellow to black and to 
deep red. After the color changed, the solution was refluxed for 20 
min. Then, the heater was turned off and the solution was stirred 
until it reached room temperature. The resulting solution was diluted 
with water to a final volume of 500 ml. Gold nanoparticles were 

introduce interventional catheterization as a noninvasive procedure 
for cardiac gene delivery in humans, with potential clinical application.

Material and Methods
Animals

Female pigs (18‐23 kg) were obtained from a farm supplying the 
Central Service of Research Support (SCSIE) of the University of 
Valencia (Valencia, Spain), and were housed in individual pigsties. The 
experiments were approved by the Animal Biological Research Ethics 
Committee of the Faculty of Medicine of the University of Valencia 
(Spain).

Anesthesia was induced with ketamine (Imalgene® 100, Merial 
France; 5‐10 mg/kg, im), midazolam (Hospira® 1 mg/ml, Madrid, 
Spain; 0.3 mg/kg, im) and propofol (Lipuro® 2%, Braun, Melsungen, 
Germany; 4‐6 mg/kg, iv), and was maintained with isoflurane (Isoflo®, 
Abbott laboratories, Madrid, Spain; 2.5% via the inhalatory route). 
Muscle relaxation was induced with vecuronium bromide (Norcuron® 
10 mg; 0.08 mg/kg, iv). Morphine (0.4 mg/kg, iv) was administered 
for intraoperative analgesia, and buprenorphine (Buprex®, Schering‐
Plough, Madrid, Spain; 0.02 mg/kg, iv) was used for postoperative 
analgesia. Vital functions were monitored throughout the intervention. 
The pigs were sacrificed three days after the operation using potassium 
chloride (Braun 2 mEq, 20 mEq, iv), after sedation. Blood samples (2 
ml) were collected from an ear vein at two and 72 hours after injection, 
before sacrifice. The heart was extracted, and representative tissue 
samples of each area (were collected for further analysis.

In vivo gene transfer in the pig

Arterial pressure and ECG were continuously monitored 
throughout the experiment using a 5 F sheath placed in the right coronary 
artery and a 6‐lead ECG system. Myocardial infarction was induced by 
blocking the coronary blood circulation with a balloon catheter. After 
ECG confirmation of myocardial infarction, the balloon was deflated 
and other catheters were placed in the coronary sinus to inject the DNA 
solution. After right and left jugular puncture, two 7 F sheaths were 
introduced; a 7 F Swan‐Ganz catheter (Arrow International, USA) 
and a 6 F multi‐purpose catheter (Johnson & Johnson, USA) were 
placed in the coronary sinus vein. X‐ray imaging and the perfusion 
of Ultravist 370 contrast solution (Iopramide, Schering) were used to 
guide placement of the catheters. In a typical experiment, the coronary 
sinus vein was sealed by inflating the Swan‐Ganz catheter balloon, 
and closure was confirmed by the injection of contrast through the 
multi‐purpose catheter. Then, 50 ml of saline solution containing the 
p2F‐hIL‐10 plasmid (20 µg/ml) was retrovenously injected through the 
multi‐purpose catheter at 2 ml/s (n=1), 5 ml/s (n=3) and 10 ml/s (n=2) 
flow rates. A control was also employed, with induced infarction but no 
gene transfer catheterization. Five minutes after injection, the balloon 
was deflated and the catheters removed. Blood samples were taken 
from the coronary sinus before gene transfer, at “time 0”, and two and 
72 hours post‐transfection. The animals were sacrificed 72 hours after 
transfection with an intravenous KCl injection; the heart was removed, 
and tissue samples for molecular analyses were taken from 6 different 
areas: right atrium, left atrium, anterior right ventricle, anterior left 
ventricle, posterior right ventricle and posterior left ventricle. In the 
groups where gene transfer was performed, additional samples from 
the infracted area were also taken.

Reagents

Tissue extraction of DNA and RNA was performed employing the 
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characterized by Transmission Electron Microscopy (TEM) (Jeol 1010, 
Tokyo, Japan). The average diameter and the size distribution of the 
gold nanoparticles were determined from TEM images by counting 
at least 300 nanoparticles using Image Pro Plus software from Media 
Cybernetics (Bethesda, MD, USA).

Transmission electron microscopy

Pig hearts were injected (volume 50 ml) through the catheter placed 
in the coronary sinus with a solution of citrate buffer containing 1012 
gold particles (4 nm and 15 nm in diameter) per ml to study the heart 
distribution of gold nanoparticles after injection, depending on the 
size of the particles. Then, small tissue pieces from different heart areas 
were removed and immersed in Sørensen phosphate buffer solution 
(pH 7.4) containing 2.5% glutaraldehyde. For TEM, multiple 1‐mm3 
pieces of heart were routinely processed and embedded in Epoxy resin. 
Ultrathin sections, stained with uranyl acetate, were examined under a 
Jeol JEM‐1010 electron microscope. The sections were not stained with 
lead citrate as usual, in order to avoid the loss of contrast of the small 
gold nanoparticles and facilitate their observation.

Results
Catheterization

In anesthetized pigs, two types of catheters with (Swan‐Ganz) 
and without a balloon (multi‐purpose) were employed, and correct 
perfusion of the coronary sinus was monitored by fluoroscopy after 
the injection of contrast solution. Both catheters were placed in the 
coronary sinus through the jugular vein. The multi‐purpose catheter 
was placed in a distal position in the coronary sinus, and was used 
for plasmid DNA or contrast injection. The Swan‐Ganz catheter was 
placed in the proximal position and was inflated to guarantee vein 
sealing in order to avoid retrovenous flow escape during injection. 
Figure 1 shows the positioning of the two catheters reaching the 
coronary sinus on the posterior side of the heart, with fluoroscopy 
imaging in a typical experiment in which 5 ml of contrast was injected 
just after balloon inflation. We confirmed that the contrast persisted as 
long as the balloon remained inflated, and the contrast mark observed 
confirmed that the whole coronary sinus was full of solution, since the 
contrast flowed out to the azygos vein, which is known to lead to the 
coronary sinus in pigs. No significant arrhythmias, ECG changes or 
hemodynamic destabilization occurred during the pig preparation or 
injection phase, and no significant events occurred over the subsequent 
72‐hour period before sacrifice. Due to the good tolerance of the 
procedure, inotropic agents were not administered.

hIL‐10 gene transfer: ELISA protein detection and molecular 
analyses

Following the experimental procedure described, after inflation 
of the balloon of the proximal catheter, contrast was injected through 
the distal catheter to confirm the appropriate position and conditions 
for injection. Then, 50 ml of saline solution containing plasmid p2F‐
hIL‐10 (20 µg/ml) was injected through the distal catheter at a flow rate 
of 5 ml/s (n=3 pigs) and 10 ml/s (n=2 pigs). Two additional pigs were 
employed: one injected under milder conditions (2 ml/s) and other one 
without hydrodynamic gene injection, as controls. Five minutes after 
the injection, the balloon was deflated, the catheters were removed, and 
the animals were allowed to recover from anesthesia. The pigs were 
sacrificed 72 hours after transfection, and the hearts were removed to 
collect the 6 non‐infarcted cardiac tissue samples from the heart atria 
(left and right), right ventricle (anterior and posterior) and left ventricle 

(anterior and posterior). One additional sample was also collected from 
the infarcted area for evaluating the efficacy of the procedure. In the 
control group, all the samples from non‐infarcted and infarcted areas 
were analyzed together, since no gene transfer was performed in this 
group.

Figure 2 shows the hIL‐10 protein levels detected in the blood 
samples obtained directly from coronary sinus, two and 72 hours after 
gene transfer. The control and 2 ml/s groups showed undetectable 
levels of the human protein, while the 5 ml/s and 10 ml/s groups had 
approximately 80‐90 pg/ml and 40‐60 pg/ml, respectively. The levels of 

A C

B D

Figure 1: Catheterization of the coronary sinus. In anesthetized pigs, two 
catheters were introduced through the jugular vein into the coronary sinus. One 
of them, the Swan-Ganz (SG) catheter equipped with a balloon, was placed 
in a proximal position. The multi-purpose (MP) catheter, placed in a more 
distal position, was used to retrogradely inject contrast solution immediately 
after the balloon (black arrow) of the former catheter was inflated. Upper left: 
fluoroscopic view of MP catheter placement in the coronary sinus; Lower left: 
fluoroscopic view of MP and SG catheter placement in the coronary sinus 
with inflated balloon (black arrow); Upper right: fluoroscopic view after balloon 
inflation (black arrow) and injection of contrast solution into the coronary sinus 
and azygos vein (AzV); Lower right: contrast solution disappearance after 
balloon deflation.
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Figure 2: hIL-10 protein expression in plasma. After infarct induction, 50 
ml of saline solution containing hIL-10 plasmid was injected retrovenously 
at 2, 5 or 10 ml/s into the coronary sinus. Blood samples from the coronary 
sinus were collected at two and 72 hours, and protein was quantified by 
ELISA. Protein concentrations (pg/ml) in blood after injection under different 
conditions were compared.
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this protein under normal healthy conditions are lower than 3 pg/ml in 
humans, approximately.

The molecular studies on the samples collected for PCR and RT‐
PCR were evaluated on the basis of the number of molecule copies per 
cell, as already described by our group.

Briefly, after DNA and RNA purification, quantitative PCR was 
carried out employing a standard curve prepared with the same 
plasmid injected to quantify the copy number. Results are expressed as 
copies per cell DNA and RNA based on the total amount of these per 
cell in pig cells.

Figure 3 shows the results of the molecular analyses for non‐
infarcted cardiac tissue, in the samples taken 72 hours post‐
transfection, after sacrifice. It includes part of the data of Figure 2, 
regarding protein production in coronary sinus blood at 72 hours, 
to facilitate the comparisons. As expected, the control group did not 
show any record at any of the analyzed times. The group injected at 2 
ml/s showed a small amount of DNA copies per cell (0.01 copies/cell) 
that were transcribed to RNA (0.01 copies/cell) in the tissue, but were 
not detectable in coronary sinus blood. The group injected at 5 ml/s 
achieved higher DNA and RNA copies per cell. Finally, although the 
group injected at 10 ml/s had a level of DNA copies/cell similar to that 
of the 5 ml/s group, lower levels of RNA copies were obtained, with 
similar protein levels in tissue that in turn become lower in the sinus 
blood samples.

Figure 4 shows the corresponding data from infarcted cardiac 
tissue in the same four study groups. Under mild conditions of 2 ml/s, 
no significant changes were detected between non‐infarcted versus 
infarcted tissue, whereas DNA delivery at 5 ml/s and 10 ml/s was more 
than 10‐fold higher in infarcted tissue than in normal tissue. However, 
the final expression of the protein in tissue was lower.

Electron microscopy

The ultrastructural study was made to evaluate the tissue 
distribution of nanoparticles according to their diameter, in order to 
know how the natural barriers of the heart tissue limit nanoparticle 
access to cardiomyocytes. The observation of small nanoparticles 
required an increase in tissue contrast; we therefore had to avoid the 
use of lead‐stained samples, and consequently the morphological 
structures are not perfectly defined.

Gold nanoparticles measuring 4 and 15 nm in diameter were 
injected under the same conditions of injection as the plasmid. The 
tissue and/or intracellular location of the particles was observed by 
electron microscopy. The diameters of the nanoparticles were chosen 
to observe selective passage through tissue membranes and barriers. 
The images show an inverse proportional relationship between particle 
size and penetration capacity (Figure 5). The panel at left offers a wide 
view of a cardiomyocyte and its nucleus. Detail A corresponds to the 
amplified square area of this cell, where the particles can be identified. 
We systematically found smaller diameter (4 nm) particles in the 
cytoplasm, always close to Z‐band areas, suggesting these to participate 
in their distribution. However, we failed to identify larger nanoparticles 
within the cardiomyocytes.

Discussion
The present work shows that the retrograde injection of naked 

DNA encoding for the human interleukin‐10 gene in the coronary 
sinus results in whole cardiac gene transfer, since hIL‐10 DNA, RNA 
and protein were identified by quantitative PCR, RT‐PCR and ELISA 

in the samples collected from both non‐infarcted (left and right atria, 
left and right ventricles) and infarcted areas. The human IL‐10 protein 
was present in blood from the coronary sinus for at least 72 hours, as 
demonstrated by ELISA.

In the last decade, more than 20 gene therapy trials have been 
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Figure 3: hIL-10 gene delivery and information decoding process in 
non-infarcted cardiac tissue. After infarct induction, 50 ml of saline solution 
containing hIL-10 plasmid was injected retrovenously at 2, 5 or 10 ml/s into 
the coronary sinus. After 72 hours, pigs were sacrificed and tissue samples 
throughout the heart were collected for molecular analyses. Quantitative PCR, 
RT-PCR and ELISA of exogenous hIL-10 gene and transcript in samples of 
non-infarcted cardiac tissue were performed, and results were expressed as 
hIL-10 DNA, RNA and protein copy number per cell. Protein expression in 
plasma was expressed as concentration in pg/ml. ND: undetermined; * it was 
not possible to evaluate.
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Figure 4: hIL-10 gene delivery and information decoding process in 
infarcted cardiac tissue. After infarct induction, 50 ml of saline solution 
containing hIL-10 plasmid was injected retrovenously at 2, 5 or 10 ml/s into 
the coronary sinus. After 72 hours, pigs were sacrificed and tissue samples 
were collected from infarcted area for molecular analyses. Quantitative PCR, 
RT-PCR and ELISA of exogenous hIL-10 gene and transcript in samples of 
infarcted cardiac tissue were performed, and results were expressed as hIL-
10 DNA, RNA and protein copy number per cell.
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performed, with limited but promising results [1‐4]. However, 
vector efficiency and safety remain as the principal unresolved 
issues in application to clinical therapy [23]. Viral vectors offer 
higher transduction efficiency, but this does not necessarily imply 
greater efficacy; furthermore, their capacity to produce toxicity and 
immunological responses persists [24,25]. Naked DNA remains the 
safest procedure for transferring exogenous gene to the myocardium, 
and the results obtained in clinical trials have demonstrated potential 
interest. However, the transfection efficiency, stability and long‐term 
expression of the therapeutic genes need to be improved [26]. In the 
present study we show that catheter‐mediated retrovenous injection 
into the coronary sinus is a well‐tolerated procedure for DNA delivery 
to cardiac tissue which leads to efficient expression of foreign protein 
in sinus blood for at least three days.

With the purpose of evaluating the efficiency of gene delivery and 
the steps of the decoding process, pigs were sacrificed 72 hours after 
transfection, and tissue samples from different parts throughout the 
heart were collected for molecular studies. The expression of hIL‐10 
protein in sinus plasma was quantified by ELISA at two and 72 hours, 
before sacrifice, and under the best conditions the concentrations 
reached were close to 100 pg/ml (normal values: <3 pg/ml). It has been 
reported that a blood hIL‐10 concentration of 124 pg/ml is able to 
inhibit by half the effects of the proinflammatory protein TNFα [27]. 
Accordingly, the IL‐10 expression achieved by this procedure could 
mediate local immune modulation in the heart that would not affect 
other organs. In order to study the efficiency of each step involved in 
the information decoding process, hIL‐10 DNA, RNA and protein 
in tissue were quantified in all cardiac tissue samples (infarcted and 
non‐infarcted), and the results indicated that transgene expression was 
present and extensively distributed in the whole cardiac tissue. This 
result is in agreement with the presence of human protein in plasma 
and with recent observations indicating that retrograde injection of the 
coronary sinus vein is efficient [28].

Human IL‐10 gene delivery has been expressed as gene copies per 
cell, considering the weight of one diploid genome in pig to be 5.4 pg 
[21]. The results indicate that injecting at 5 and 10 ml/s achieved higher 
(10‐fold) gene delivery than 2 ml/s. The index of gene delivery (gene 
copies/cell) markedly increased in infarcted tissue to more than 100 
gene copies per cell, maybe due to the state of cell membrane disrepair. 
When the transcription index was evaluated, we found that whereas 5 

ml/s and 10 ml/s achieved similar delivery indexes, the RNA level was 
more than 10‐fold higher at 5 ml/s and was slightly higher in infarcted 
tissue. We hypothesize that injection injury could affect the cells, 
limiting the efficiency of transcription. Protein translation in tissue was 
also evaluated, and surprisingly, the levels of hIL‐10 protein reached 
were very similar with the 5 ml/s and 10 ml/s flow rates, despite the 
difference in RNA. This might occur if an excess of transcribed RNA 
causes the translational machinery to operate at saturation in both 
cases. However, in this case this does not appear to be the cause, and 
therefore other mechanisms of downregulation must be involved. The 
high translation index in cardiac tissue supports the good efficiency 
of the procedure, and is correlated to expression efficacy, since the 
hIL‐10 gene encodes for a secreted protein that is released into the 
bloodstream. The data from different areas were averaged, but little 
dispersion was observed among them.

These results are interesting, since it has been reported that after 
infarction, the areas surrounding the necrotic tissue are also affected by 
the elicited inflammatory response. Thus, IL‐10 transgene expression 
could modulate the local inflammatory response and play an important 
role in protecting the heart tissue from the negative effects induced 
by the inflammatory environment. In this respect, naked DNA gene 
delivery by retrograde injection could offer interesting advantages 
for safe clinical application. The effective plasma expression of IL‐10 
during three days suggests that the final efficacy of the gene transfer 
procedure could be of functional relevance in different pathologies, 
depending on the gene employed. Further long‐term studies would 
be needed to evaluate the persistence of gene expression. The choice 
of the correct gene construct could improve the final efficiency of 
the procedure in terms of intensity and/or expression persistence, 
avoiding the main problems facing cardiac gene therapy (inefficient 
gene transfer, host responses to the procedure, and a lack of sustainable 
therapeutic transgene expression) [29,30].

Regarding the gene of interest, hIL‐10 has been widely evaluated 
in the infarcted heart setting. The prognosis of patients suffering from 
myocardial infarction is mainly determined by infarct size, which in 
turn depends on the inflammatory response of the myocardium [15]. 
Several studies have reported that a local increase in IL‐10 reduces 
infarct size and attenuates tissue injury by modulating the inflammatory 
response, although this point remains subject to controversy 
[15,31‐37]. The transfer of IL‐10 or any other anti-inflammatory gene 
such as TGF‐β could exert a similar tissue protection effect against 
pro-inflammatory cytokines, and could be of great interest in the solid 
organ transplantation setting with a view to exploring ways to improve 
graft tolerance [38]. It has also been reported that the retrograde 
transplantation of cells into the heart via the coronary vein is an efficient 
and scantly invasive angiogenic therapeutic procedure [7,39,40].

In conclusion, we provide evidence that catheter‐mediated 
retrovenous gene transfer into the coronary sinus could be of potential 
interest in the clinical setting, since it is a harmless procedure for gene 
transfer that achieves therapeutic plasma levels of protein encoded for 
by the delivered gene.

Acknowledgments

This work has been partially supported by projects from the Spanish Ministry 
of Economy and Competitiveness (SAF11‐27002)

References

1. Losordo DW, Vale PR, Symes JF, Dunnington CH, Esakof DD, et al. (1998) 
Gene therapy for myocardial angiogenesis: initial clinical results with direct 
myocardial injection of phVEGF165 as sole therapy for myocardial ischemia. 
Circulation 98: 2800-2804.

Figure 5: Gold nanoparticle distribution in hepatocytes. A 50 ml volume 
of citric buffer solution containing gold nanoparticles with diameters of 4 nm 
and 15 nm (1012 nanoparticles of each size per ml) was injected into the heart 
at 5 ml/s. The image at left shows a cardiomyocyte with its nucleus. Box A 
corresponding to the squared area is enlarged (image at right). Only 4 nm 
diameter particles are present within the cell, especially surrounding the 
Z-band area. The 4 nm particles are widely distributed within the cytoplasm, 
while the larger nanoparticles appear to be less abundant.

http://www.ncbi.nlm.nih.gov/pubmed/9860779
http://www.ncbi.nlm.nih.gov/pubmed/9860779
http://www.ncbi.nlm.nih.gov/pubmed/9860779
http://www.ncbi.nlm.nih.gov/pubmed/9860779


Citation: Sendra L, Miguel A, Herrero MJ, Forteza MJ, Chaustre FL, et al. (2014) Human Interleukin-10 Naked DNA Delivery to Infarcted Pig Heart by 
Catheter Mediated Retrograde Injection in Coronary Sinus. J Clin Exp Cardiolog 5: 315. doi:10.4172/2155-9880.1000315

Page 6 of 6

Volume 5 • Issue 5 • 1000315
J Clin Exp Cardiolog

ISSN: 2155-9880 JCEC, an open access journal 

2. Ylä-Herttuala S, Markkanen JE, Rissanen TT (2004) Gene therapy for ischemic 
cardiovascular diseases: some lessons learned from the first clinical trials. 
Trends Cardiovasc Med 14: 295-300.

3. Inubushi M, Tamaki N (2005) Positron emission tomography reporter gene
imaging in the myocardium: for monitoring of angiogenic gene therapy in
ischemic heart disease. J Card Surg 20: S20-24.

4. Brewster LP, Brey EM, Greisler HP (2006) Cardiovascular gene delivery: The
good road is awaiting. Adv Drug Deliv Rev 58: 604-629.

5. Jaski BE, Jessup ML, Mancini DM, Cappola TP, Pauly DF, et al. (2009) Calcium 
upregulation by percutaneous administration of gene therapy in cardiac disease 
(CUPID Trial), a first-in-human phase 1/2 clinical trial. J Card Fail 15: 171-181.

6. Isner JM (2002) Myocardial gene therapy. Nature 415: 234-239.

7. Matsumoto R, Omura T, Yoshiyama M, Hayashi T, Inamoto S, et al. (2005)
Vascular endothelial growth factor-expressing mesenchymal stem cell
transplantation for the treatment of acute myocardial infarction. Arterioscler
Thromb Vasc Biol 25: 1168-1173.

8. Hagikura K, Fukuda N, Yokoyama S, Yuxin L, Kusumi Y, et al. (2010)
Low invasive angiogenic therapy for myocardial infarction by retrograde
transplantation of mononuclear cells expressing the VEGF gene. Int J Cardiol
142: 56-64.

9. Grines CL, Watkins MW, Helmer G, Penny W, Brinker J, et al. (2002) Angiogenic 
Gene Therapy (AGENT) trial in patients with stable angina pectoris. Circulation 
105: 1291-1297.

10. Losordo DW, Vale PR, Hendel RC, Milliken CE, Fortuin FD, et al. (2002)
Phase 1/2 placebo-controlled, double-blind, dose-escalating trial of myocardial 
vascular endothelial growth factor 2 gene transfer by catheter delivery in
patients with chronic myocardial ischemia. Circulation 105: 2012-2018.

11. Liu F, Song Y, Liu D (1999) Hydrodynamics-based transfection in animals by
systemic administration of plasmid DNA. Gene Ther 6: 1258-1266.

12. Aliño SF, Crespo A, Dasí F (2003) Long-term therapeutic levels of human
alpha-1 antitrypsin in plasma after hydrodynamic injection of nonviral DNA.
Gene Ther 10: 1672-1679.

13. Zhang G, Budker V, Wolff JA (1999) High levels of foreign gene expression in
hepatocytes after tail vein injections of naked plasmid DNA. Hum Gene Ther
10: 1735-1737.

14. Aliño SF, José Herrero M, Bodi V, Noguera I, Mainar L, et al. (2010) Naked
DNA delivery to whole pig cardiac tissue by coronary sinus retrograde injection 
employing non-invasive catheterization. J Gene Med 12: 920-926.

15. Gibbons RJ, Valeti US, Araoz PA, Jaffe AS (2004) The quantification of infarct 
size. J Am Coll Cardiol 44: 1533-1542.

16. Markowski P, Boehm O, Goelz L, Haesner AL, Ehrentraut H, et al. (2013)
Pre-conditioning with synthetic CpG-oligonucleotides attenuates myocardial
ischemia/reperfusion injury via IL-10 up-regulation. Basic Res Cardiol 108: 376.

17. Khorsandi SE, Bachellier P, Weber JC, Greget M, Jaeck D, et al. (2008)
Minimally invasive and selective hydrodynamic gene therapy of liver segments 
in the pig and human. Cancer Gene Ther 15: 225-230.

18. Herrero MJ, Dasi F, Noguera I, Sánchez M, Moret I et al. (2005) Mouse and pig 
nonviral liver gene therapy: success and trials. Gene Ther Mol Biol 9: 169-180.

19. Aliño SF, Herrero MJ, Noguera I, Dasí F, Sánchez M (2007) Pig liver gene
therapy by noninvasive interventionist catheterism. Gene Ther 14: 334-343.

20. Aliño SF, José Herrero M, Bodi V, Noguera I, Mainar L, et al. (2010) Naked
DNA delivery to whole pig cardiac tissue by coronary sinus retrograde injection 
employing non-invasive catheterization. J Gene Med 12: 920-926.

21. Pleger ST, Brinks H, Ritterhoff J, Raake P, Koch WJ, et al. (2013) Heart failure 
gene therapy: the path to clinical practice. Circ Res 113: 792-809.

22. Gregory TR (2010) Animal Genome Size Database.

23. Kimling J, Maier M, Okenve B, Kotaidis V, Ballot H, et al. (2006) Turkevich
method for gold nanoparticle synthesis revisited. J Phys Chem B 110: 15700-
15707.

24. Muller OJ, Katus HA, Bekeredjian R (2007) Targeting the heart with gene
therapy-optimized gene delivery methods. Cardiovasc Res 73: 453-462. 

25. Hao X, Silva EA, Mansson-Broberg A, Grinnemo KH, Siddiqui AJ et al. (2007)
Myocardial angiogenesis after plasmid or adenoviral VEGF-A(165) gene
transfer in rat myocardial infarction model. Cardiovasc Res 73: 481-487. 

26. McTiernan CF, Mathier MA, Zhu X, Xiao X, Klein E et al. (2007) Myocarditis
following adeno-associated viral gene expression of human soluble TNF
receptor (TNFRII-Fc) in baboon hearts. Gene Ther 14: 1613-1622. 

27. Shah PB, Losordo DW (2005) Non-viral vectors for gene therapy: clinical trials
in cardiovascular disease. Adv Genet 54: 339-361. 

28. Seldon PM, Barnes PJ, Giembycz MA (1998) Interleukin-10 Does Not Mediate 
the Inhibitory Effect of PDE-4 Inhibitors and Other cAMP-Elevating Drugs on
Lipopolysaccharide-Induced Tumors Necrosis Factor-or Generation from
Human Peripheral Blood Monocytes. Cell Biochem Biophys 29: 179-201. 

29. Hoshino K, Kimura T, De Grand AM, Yoneyama R, Kawase Y, et al. (2006)
Three catheter-based strategies for cardiac delivery of therapeutic gelatin
microspheres. Gene Ther 13: 1320-1327.

30. Katz MG, Fargnoli AS, Williams RD, Bridges CR (2013) Gene therapy delivery 
systems for enhancing viral and nonviral vectors for cardiac diseases: current
concepts and future applications. Hum Gene Ther 24: 914-927.

31. Wolfram JA, Donahue JK (2013) Gene therapy to treat cardiovascular disease. 
J Am Heart Assoc 2: e000119.

32. Kiliszek M, Burzynska B, Michalak M, Gora M, Winkler A, et al. (2012) Altered
gene expression pattern in peripheral blood mononuclear cells in patients with
acute myocardial infarction. PLoS One 7: e50054.

33. Cai ZP, Parajuli N, Zheng X, Becker L (2012) Remote ischemic preconditioning 
confers late protection against myocardial ischemia-reperfusion injury in mice
by upregulating interleukin-10. Basic Res Cardiol 107: 277. 

34. Bodhankar S, Chen Y, Vandenbark AA, Murphy SJ, Offner H (2013) IL-10-
producing B-cells limit CNS inflammation and infarct volume in experimental 
stroke. Metab Brain Dis 28: 375-386.

35. George J, Schwartzenberg S, Medvedovsky D, Jonas M, Charach G, et
al. (2012) Regulatory T cells and IL-10 levels are reduced in patients with
vulnerable coronary plaques. Atherosclerosis 222: 519-523.

36. Cavusoglu E, Marmur JD, Hojjati MR, Chopra V, Butala M, et al. (2011) Plasma 
interleukin-10 levels and adverse outcomes in acute coronary syndrome. Am
J Med 124: 724-730.

37. Ammirati E, Cannistraci CV, Cristell NA, Vecchio V, Palini AG, et al. (2012)
Identification and predictive value of interleukin-6+ interleukin-10+ and 
interleukin-6- interleukin-10+ cytokine patterns in ST-elevation acute myocardial 
infarction. Circ Res 111: 1336-1348.

38. Falcao RA, Christopher S1, Oddi C1, Reznikov L2, Grizzard JD1, et al. (2014)
Interleukin-10 in patients with ST-segment elevation myocardial infarction. Int
J Cardiol 172: e6-8.

39. Brikci-Nigassa L, Matsuyama M, Hase T, Eljaafari A, Chargui J, et al. (2012)
Prope tolerance to heart allografts in mice associated with persistence of donor 
interleukin-10-transduced stem cells. Transplantation 93: 761-768.

40. Yokoyama S, Fukuda N, Li Y, Hagikura K, Takayama T, et al. (2006) A strategy 
of retrograde injection of bone marrow mononuclear cells into the myocardium
for the treatment of ischemic heart disease. J Mol Cell Cardiol 40: 24-34.

http://www.ncbi.nlm.nih.gov/pubmed/15596105
http://www.ncbi.nlm.nih.gov/pubmed/15596105
http://www.ncbi.nlm.nih.gov/pubmed/15596105
http://www.ncbi.nlm.nih.gov/pubmed/16305630
http://www.ncbi.nlm.nih.gov/pubmed/16305630
http://www.ncbi.nlm.nih.gov/pubmed/16305630
http://www.ncbi.nlm.nih.gov/pubmed/16769148
http://www.ncbi.nlm.nih.gov/pubmed/16769148
http://www.ncbi.nlm.nih.gov/pubmed/19327618
http://www.ncbi.nlm.nih.gov/pubmed/19327618
http://www.ncbi.nlm.nih.gov/pubmed/19327618
http://www.ncbi.nlm.nih.gov/pubmed/11805848
http://www.ncbi.nlm.nih.gov/pubmed/15831811
http://www.ncbi.nlm.nih.gov/pubmed/15831811
http://www.ncbi.nlm.nih.gov/pubmed/15831811
http://www.ncbi.nlm.nih.gov/pubmed/15831811
http://www.ncbi.nlm.nih.gov/pubmed/19167769
http://www.ncbi.nlm.nih.gov/pubmed/19167769
http://www.ncbi.nlm.nih.gov/pubmed/19167769
http://www.ncbi.nlm.nih.gov/pubmed/19167769
http://www.ncbi.nlm.nih.gov/pubmed/11901038
http://www.ncbi.nlm.nih.gov/pubmed/11901038
http://www.ncbi.nlm.nih.gov/pubmed/11901038
http://www.ncbi.nlm.nih.gov/pubmed/11980678
http://www.ncbi.nlm.nih.gov/pubmed/11980678
http://www.ncbi.nlm.nih.gov/pubmed/11980678
http://www.ncbi.nlm.nih.gov/pubmed/11980678
http://www.ncbi.nlm.nih.gov/pubmed/10455434
http://www.ncbi.nlm.nih.gov/pubmed/10455434
http://www.ncbi.nlm.nih.gov/pubmed/12923566
http://www.ncbi.nlm.nih.gov/pubmed/12923566
http://www.ncbi.nlm.nih.gov/pubmed/12923566
http://www.ncbi.nlm.nih.gov/pubmed/10428218
http://www.ncbi.nlm.nih.gov/pubmed/10428218
http://www.ncbi.nlm.nih.gov/pubmed/10428218
http://www.ncbi.nlm.nih.gov/pubmed/20967894
http://www.ncbi.nlm.nih.gov/pubmed/20967894
http://www.ncbi.nlm.nih.gov/pubmed/20967894
http://www.ncbi.nlm.nih.gov/pubmed/15489082
http://www.ncbi.nlm.nih.gov/pubmed/15489082
http://www.ncbi.nlm.nih.gov/pubmed/23929312
http://www.ncbi.nlm.nih.gov/pubmed/23929312
http://www.ncbi.nlm.nih.gov/pubmed/23929312
http://www.ncbi.nlm.nih.gov/pubmed/18259214
http://www.ncbi.nlm.nih.gov/pubmed/18259214
http://www.ncbi.nlm.nih.gov/pubmed/18259214
http://www.researchgate.net/publication/255606345_Mouse_and_pig_nonviral_liver_gene_therapy_success_and_trials
http://www.researchgate.net/publication/255606345_Mouse_and_pig_nonviral_liver_gene_therapy_success_and_trials
http://www.ncbi.nlm.nih.gov/pubmed/17036058
http://www.ncbi.nlm.nih.gov/pubmed/17036058
http://www.ncbi.nlm.nih.gov/pubmed/20967894
http://www.ncbi.nlm.nih.gov/pubmed/20967894
http://www.ncbi.nlm.nih.gov/pubmed/20967894
http://www.ncbi.nlm.nih.gov/pubmed/23989720
http://www.ncbi.nlm.nih.gov/pubmed/23989720
http://www.genomesize.com/
http://www.ncbi.nlm.nih.gov/pubmed/16898714
http://www.ncbi.nlm.nih.gov/pubmed/16898714
http://www.ncbi.nlm.nih.gov/pubmed/16898714
http://www.ncbi.nlm.nih.gov/pubmed/17097076
http://www.ncbi.nlm.nih.gov/pubmed/17097076
http://www.ncbi.nlm.nih.gov/pubmed/17134685
http://www.ncbi.nlm.nih.gov/pubmed/17134685
http://www.ncbi.nlm.nih.gov/pubmed/17134685
http://www.ncbi.nlm.nih.gov/pubmed/17851548
http://www.ncbi.nlm.nih.gov/pubmed/17851548
http://www.ncbi.nlm.nih.gov/pubmed/17851548
http://www.ncbi.nlm.nih.gov/pubmed/16096018
http://www.ncbi.nlm.nih.gov/pubmed/16096018
http://link.springer.com/article/10.1007/BF02737835
http://link.springer.com/article/10.1007/BF02737835
http://link.springer.com/article/10.1007/BF02737835
http://link.springer.com/article/10.1007/BF02737835
http://www.ncbi.nlm.nih.gov/pubmed/16708077
http://www.ncbi.nlm.nih.gov/pubmed/16708077
http://www.ncbi.nlm.nih.gov/pubmed/16708077
http://www.ncbi.nlm.nih.gov/pubmed/24164239
http://www.ncbi.nlm.nih.gov/pubmed/24164239
http://www.ncbi.nlm.nih.gov/pubmed/24164239
http://www.ncbi.nlm.nih.gov/pubmed/23963752
http://www.ncbi.nlm.nih.gov/pubmed/23963752
http://www.ncbi.nlm.nih.gov/pubmed/23185530
http://www.ncbi.nlm.nih.gov/pubmed/23185530
http://www.ncbi.nlm.nih.gov/pubmed/23185530
http://www.ncbi.nlm.nih.gov/pubmed/22752341
http://www.ncbi.nlm.nih.gov/pubmed/22752341
http://www.ncbi.nlm.nih.gov/pubmed/22752341
http://www.ncbi.nlm.nih.gov/pubmed/23640015
http://www.ncbi.nlm.nih.gov/pubmed/23640015
http://www.ncbi.nlm.nih.gov/pubmed/23640015
http://www.ncbi.nlm.nih.gov/pubmed/22575708
http://www.ncbi.nlm.nih.gov/pubmed/22575708
http://www.ncbi.nlm.nih.gov/pubmed/22575708
http://www.ncbi.nlm.nih.gov/pubmed/21787901
http://www.ncbi.nlm.nih.gov/pubmed/21787901
http://www.ncbi.nlm.nih.gov/pubmed/21787901
http://www.ncbi.nlm.nih.gov/pubmed/22931953
http://www.ncbi.nlm.nih.gov/pubmed/22931953
http://www.ncbi.nlm.nih.gov/pubmed/22931953
http://www.ncbi.nlm.nih.gov/pubmed/22931953
http://www.ncbi.nlm.nih.gov/pubmed/24467979
http://www.ncbi.nlm.nih.gov/pubmed/24467979
http://www.ncbi.nlm.nih.gov/pubmed/24467979
http://www.ncbi.nlm.nih.gov/pubmed/22487811
http://www.ncbi.nlm.nih.gov/pubmed/22487811
http://www.ncbi.nlm.nih.gov/pubmed/22487811
http://www.ncbi.nlm.nih.gov/pubmed/16271723
http://www.ncbi.nlm.nih.gov/pubmed/16271723
http://www.ncbi.nlm.nih.gov/pubmed/16271723

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction 
	Material and Methods 
	Animals 
	In vivo gene transfer in the pig 
	Reagents 
	hIL‐10 ELISA 
	Quantitative PCR and RT‐PCR 
	Gold nanoparticle synthesis 
	Transmission electron microscopy 

	Results 
	Catheterization 
	hIL‐10 gene transfer: ELISA protein detection and molecular analyses
	Electron microscopy 

	Discussion 
	Acknowledgments 
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	References

