Stéphane Potteaux 
  
Virginie Deleuze 
  
Régine Merval 
  
Michel F Bureau 
  
Bruno Esposito 
  
Daniel Scherman 
  
Alain Tedgui 
  
Ziad Mallat 
email: <mallat@larib.inserm.fr>
  
In vivo electrotransfer of interleukin-10 cDNA prevents endothelial upregulation of activated NF-jB and adhesion molecules following an atherogenic diet
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Objectives. Interleukin (IL)-10 has anti-atherogenic properties. However, the molecular mechanisms involved in IL-10 protection against atherosclerosis in vivo remain poorly understood. In this study, we examined the effect of IL-10 cDNA in vivo electrotransfer on diet-induced, endothelial activation. Methods. C57BL/6J mice were fed an atherogenic diet for 10 days. Expression of VCAM-1 and ICAM-1 was examined in the aortic sinus, a region predisposed to atherogenesis in mice, using immunohistochemistry. NF-jB activation was examined using a monoclonal antibody that selectively reacts with the activated form of the p65 subunit. Results. We detected a low basal expression of activated NF-jB, VCAM-1 and ICAM-1 in the endothelium of the aortic sinus. Endothelial expression of activated NF-jB, VCAM-1 and ICAM-1 was markedly increased after 10 days on the atherogenic diet (p < 0.001). In vivo electrotransfer of a murine IL-10-encoding plasmid completely prevented diet-induced endothelial upregulation of activated NF-jB, VCAM-1 and ICAM-1 (p < 0.01). Conclusion. In vivo electrotransfer of IL-10 cDNA prevents diet-induced endothelial activation. These results suggest that the protective effects of IL-10 may already occur in the very early stages of atherogenesis.

Endothelial cell activation with the consequent expression of cell adhesion molecules on the endothelial cell surface, is the primary event in the cascade leading to the development of atherosclerotic lesions [START_REF] Ross | Atherosclerosis--an inflammatory disease[END_REF][START_REF] Hansson | Inflammation, atherosclerosis, and coronary artery disease[END_REF]. Induction of endothelial cell adhesion molecules, particularly vascular cell adhesion molecule (VCAM)-1 and intercellular adhesion molecule (ICAM)-1, is triggered by a variety of pathophysiologically relevant stimuli, including abnormal blood flow hemodynamics [START_REF] Walpola | Expression of ICAM-1 and VCAM-1 and monocyte adherence in arteries exposed to altered shear stress[END_REF][START_REF] Chappell | Oscillatory shear stress stimulates adhesion molecule expression in cultured human endothelium[END_REF][START_REF] Gonzales | Hemodynamic modulation of monocytic cell adherence to vascular endothelium[END_REF][START_REF] Nagel | Shear stress selectively upregulatesintercellular adhesion molecule-1 expression in cultured human vascular endothelial cells[END_REF], oxidized LDL (oxLDL) [START_REF] Jeng | Oxidized low-density lipoprotein enhances monocyte-endothelial cell binding against shear-stress-induced detachment[END_REF][START_REF] Frostegard | Mononuclear leukocytes exposed to oxidized low density lipoprotein secrete a factor that stimulates endothelial cells to express adhesion molecules[END_REF][START_REF] Khan | Modified low density lipoprotein and its constituents augment cytokineactivated vascular cell adhesion molecule-1 gene expression in human vascular endothelial cells[END_REF] and atherogenic diets [START_REF] Li | An atherogenic diet rapidly induces VCAM-1, a cytokine-regulatable mononuclear leukocyte adhesion molecule, in rabbit aortic endothelium[END_REF], as well as proinflammatory cytokines [START_REF] Caterina | Nitric oxide decreases cytokine-induced endothelial activation. Nitric oxide selectively reduces endothelial expression of adhesion molecules and proinflammatory cytokines[END_REF]. This induction is highly modulated by the activation of the proinflammatory nuclear transcription factor NF-jB [START_REF] Iademarco | Characterization of the promoter for vascular cell adhesion molecule-1 (VCAM-1)[END_REF][START_REF] Neish | Functional analysis of the human vascular cell adhesion molecule 1 promoter[END_REF][START_REF] Marui | Vascular cell adhesion molecule-1 (VCAM-1) gene transcription and expression are regulated through an antioxidant-sensitive mechanism in human vascular endothelial cells[END_REF][START_REF] Voraberger | Cloning of the human gene for intercellular adhesion molecule 1 and analysis of its 5'regulatory region. Induction by cytokines and phorbol ester[END_REF]. Interleukin (IL)-10 is a potent antiinflammatory cytokine expressed in the atherosclerotic lesion [START_REF] Uyemura | Cross-regulatory roles of interleukin (IL)-12 and IL-10 in atherosclerosis[END_REF][START_REF] Mallat | Expression of interleukin-10 in advanced human atherosclerotic plaques : relation to inducible nitric oxide synthase expression and cell death[END_REF], and has been shown to exert a major protective role against the development of atherosclerosis in C57BL/6 mice [START_REF] Mallat | Protective role of interleukin-10 in atherosclerosis[END_REF][START_REF] Oslund | Interleukin-10 blocks atherosclerotic events in vitro and in vivo[END_REF][START_REF] Namiki | Intramuscular gene transfer of interleukin-10 cDNA reduces atherosclerosis in apolipoprotein E-knockout mice[END_REF]. Different studies have demonstrated the beneficial role of IL-10 through various experimental models of atherosclerosis. IL-10 deficiency in C57Bl/6 mice fed an atherogenic diet has been shown to enhance early lesion formation [START_REF] Mallat | Protective role of interleukin-10 in atherosclerosis[END_REF][START_REF] Oslund | Interleukin-10 blocks atherosclerotic events in vitro and in vivo[END_REF]. More recently, similar observations were obtained in apolipoprotein E (apoE)/IL-10 double-knockout (KO) mice fed a standard diet [START_REF] Caligiuri | Interleukin-10 deficiency increases atherosclerosis, thrombosis, and low-density lipoproteins in apolipoprotein E knockout mice[END_REF], and in LDL receptor-KO mice with bone marrow deficiency in IL-10 [START_REF] Potteaux | Leukocyte-derived interleukin 10 is required for protection against atherosclerosis in low-density lipoprotein receptor knockout mice[END_REF]. In parallel, other studies confirmed the anti-atherogenic effect of IL-10 by overexpressing it in LDLr-or apoE-deficient mice [START_REF] Namiki | Intramuscular gene transfer of interleukin-10 cDNA reduces atherosclerosis in apolipoprotein E-knockout mice[END_REF][START_REF] Pinderski | Overexpression of interleukin-10 by activated T lymphocytes inhibits atherosclerosis in LDL receptor-deficient mice by altering lymphocyte and macrophage phenotypes[END_REF]. Although these consistent data emphasize the anti-atherogenic properties of IL-10, the molecular mechanisms involved in IL-10-mediated protection against atherosclerosis in vivo remain poorly understood. In vivo studies have demonstrated that atherosclerotic lesions of IL-10-deficient mice showed increased infiltration of inflammatory cells [START_REF] Mallat | Protective role of interleukin-10 in atherosclerosis[END_REF][START_REF] Potteaux | Leukocyte-derived interleukin 10 is required for protection against atherosclerosis in low-density lipoprotein receptor knockout mice[END_REF]. In vitro studies have revealed that IL-10 inhibited the interaction between activated endothelial cells and monocytes in an atherogenic context [START_REF] Oslund | Interleukin-10 blocks atherosclerotic events in vitro and in vivo[END_REF]. Based on these data, we hypothesized that at least some of the beneficial effects of IL-10 in atherosclerosis may involve a protective role against the up-regulation of cell adhesion molecules and the recruitment of inflammatory cells into the vessel wall. IL-10 has been shown to inhibit NF-jB activation in vitro and in vivo [START_REF] Wang | Interleukin (IL)-10 inhibits nuclear factor kappa B (NFkappa B) activation in human monocytes. IL-10 and IL-4 suppress cytokine synthesis by different mechanisms[END_REF][START_REF] Lentsch | In vivo suppression of NF-kappa B and preservation of Ikappa B alpha by interleukin-10 and interleukin-13[END_REF] although no study has reported an inhibitory effect in endothelial cells. With regard to expression of cell adhesion molecules, contradictory results have been reported in vitro [START_REF] Krakauer | IL-10 inhibits the adhesion of leukocytic cells to IL-1-activated human endothelial cells[END_REF][START_REF] Noble | Interleukin 10 regulates cellular responses in monocyte/endothelial cell co-cultures[END_REF], whereas lack of IL-10 was associated with increased VCAM-1 and ICAM-1 expression in a model of colitis in vivo [START_REF] Kawachi | Cytokine and endothelial cell adhesion molecule expression in interleukin-10-deficient mice[END_REF]. In vivo electrotransfer of plasmid DNA has emerged as a highly efficient method of ensuring a sustained and significant delivery of specific molecules with no or minimal side effects [START_REF] Aihara | Gene transfer into muscle by electroporation in vivo[END_REF][START_REF] Mir | High-efficiency gene transfer into skeletal muscle mediated by electric pulses[END_REF][START_REF] Nakano | Cytokine gene therapy for myocarditis by in vivo electroporation[END_REF]. Therefore, we designed this study to examine the effects of a single in vivo, intramuscular IL-10 cDNA electrotransfer on endothelial NF-jB activation and expression of VCAM-1 and ICAM-1 in the aortic sinus of C57BL/6 mice fed an atherogenic diet. As previous studies showed that induction of endothelial cell adhesion molecules following an atherogenic diet is rapid, and precedes the recruitment of circulating mononuclear cell into the vessel wall [START_REF] Nakashima | Upregulation of VCAM-1 and ICAM-1 at atherosclerosis-prone sites on the endothelium in the ApoE-deficient mouse[END_REF][START_REF] Iiyama | Patterns of vascular cell adhesion molecule-1 and intercellular adhesion molecule-1 expression in rabbit and mouse atherosclerotic lesions and at sites predisposed to lesion formation[END_REF], the time course of this study was limited to 10 days.

METHODS

Mice

Female C57BL/6J (5 to 9 mice per group), 7-8 weeks old were fed either a standard "A04" diet, which contained 3 % fat (UAR, France) or were placed on an atherogenic diet for 10 days. The atherogenic diet was generated by addition of 15 % cacao butter, 1.25 % cholesterol and 0.5 % sodium cholate to the standard diet. Mice were kept in accordance with standard animal care requirements, housed 4-5 per cage and maintained on a 12-hour lightdark cycle. Water and food were given ad libitum. We chose the C57BL/6J model in order to control the induction of high blood cholesterol levels starting from normal baseline values. The 10-day period was chosen in order to study the precise role of IL-10 on endothelial activation, before any invasion of the arterial wall by inflammatory cells.

Immunohistochemical studies

After 10 days on the atherogenic diet, mice were killed by CO 2 overdose. The basal half of the ventricles and the ascending aorta were removed, embedded in OCT compound (tissue Tek), frozen in isopentane, and stored at -70 °C until processing. Serial 10 lm sections of the aortic sinus with valves (80-90 per mouse) were cut on a cryostat. Each slide contained 6 to 10 sections that were representative of the whole aortic sinus. Frozen sections were fixed in acetone before immunostaining. They were incubated with either a primary goat polyclonal antibody against mouse VCAM-1 (Santa Cruz), a primary goat polyclonal antibody against mouse ICAM-1 (Santa Cruz), or a primary mouse monoclonal antibody against NF-jB, p65 subunit (Boehringer Mannheim). This latter antibody recognizes the IjB binding region on the p65 DNA binding subunit and therefore selectively reacts with p65 in the activated form of NF-jB. This antibody has been useful in numerous studies for immunohistochemical detection of activated NF-jB in specific cell types [START_REF] Brand | Activated transcription factor nuclear factor-kappa B is present in the atherosclerotic lesion[END_REF]. Immunostains were visualized after incubation with the corresponding pre-adsorbed, secondary biotinylated antibodies (Vector Laboratories) and the use of avidin-biotin horseradish peroxidase visualization systems (Vectastain ABC Kit) (Vector Laboratories). We took advantage of the InnoGenex Mouse-to-Mouse Iso-IHC Kit to abrogate any background staining that may have resulted from the use of the mouse primary anti-NF-jB antibody on mouse tissues. Irrelevant immunoglobulins were used for negative controls. Six to ten sections per animal (representative of the whole aortic sinus) were analyzed for each immunostaining. A quantitative analysis of the percentage of positive cells for each immunostaining was performed at a magnification of x 400 in a strictly blinded manner.

Systemic delivery of murine IL-10 by intramuscular injection of expression plasmid DNA

To assess the effects of IL-10 supplementation on in vivo endothelial NF-jB activation and expression of VCAM-1 and ICAM-1, mice placed on the atherogenic diet were injected at day 0 with either murine IL-10 expression plasmid, pCor-IL10, or an empty plasmid as control, as previously described [START_REF] Mallat | Protective role of interleukin-10 in atherosclerosis[END_REF]. IL-10 or control expression plasmid (15 lg) was injected into both tibial cranial muscles of anesthetized mice. Briefly, transcutaneous electric pulses (8 square-wave electric pulses of 200 V/cm, 20 ms each, at 2 Hz) were delivered by a PS-15 electropulsator (Genetronics) using two stainless steel plate electrodes placed 4.2 to 5.3 mm apart, each side of the leg. Blood samples were obtained by vein puncture at day 2 and day 10 after transfection. Circulating IL-10 levels were determined in the serum samples using of a highly sensitive ELISA kit specific for murine IL-10 (BioSource International).

Statistical analysis

Data are expressed as mean ± SEM. Simple regression analysis was performed to analyze the relation between expression of activated NF-jB and that of VCAM-1 and ICAM-1. The effects of the atherogenic diet or in vivo IL-10 cDNA electrotransfer on endothelial expression of activated NF-jB, VCAM-1 and ICAM-1 were determined using a t-test. A value of p < 0.05 was considered statistically significant.

RESULTS

Basal expression of activated p65, VCAM-1 and ICAM-1 in lesion-prone areas

A careful study of the aortic sinus revealed constitutive immunoreactivity for the activated form of NF-jB in occasional endothelial cells, exclusively located at atherosclerosis-prone areas (figure 1A). Otherwise, the staining was negative indicating that the antibody did not recognize the non-activated form of NF-jB. Negative staining using an irrelevant IgG3 further confirmed the specificity of the reaction (data not shown). As expected, we also observed constitutive VCAM-1 (figure 1B) and ICAM-1 expression in the endothelial cells of lesion-prone areas (table 1).

Diet-induced up-regulation of activated p65, VCAM-1 and ICAM-1

We found a clear increase in immunoreactivity for activated NF-jB in the endothelial cells of the aortic sinus after 10 days on the atherogenic diet (figure 2A). The increase in endothelial NF-jB activity was associated with a substantial up-regulation of endothelial VCAM-1 and ICAM-1 (figure 2B and2C, table 1). Quantitative analysis of the percentage of positive cells showed a highly significant difference between the mice on the atherogenic diet and those on the standard diet (table 1).

Prevention of diet-induced endothelial activation by in vivo electrotransfer of IL-10-encoding plasmid

The in vivo eletrotransfer technique ensured the production of high levels of circulating IL-10 in the mice transfected with pCor-IL-10 plasmid (2015.25 ± 121.16 pg/mL at day 2, n = 3, and 319.75 ± 35.40 pg/mL at day 10, n = 3). Circulating levels of IL-10 following injection with the empty plasmid were below the level of detection. In vivo electrotransfer of pCor-IL-10 plasmid completely prevented diet-induced expression of activated p65 and inhibited VCAM-1 and ICAM-1 up-regulation (figure 2D-2F, table 1). Overall, there was a very significant positive correlation between the presence of activated p65 and the expression of both adhesion molecules on the endothelial lining (r = 0.82, p < 0.0001 for VCAM-1; r = 0.68, p < 0.001 for ICAM-1).

DISCUSSION

Endothelial expression of VCAM-1 and ICAM-1 is a critical event in the initiation of the atherosclerotic process [START_REF] Ross | Atherosclerosis--an inflammatory disease[END_REF][START_REF] Hansson | Inflammation, atherosclerosis, and coronary artery disease[END_REF]. These adhesion molecules are up-regulated in atherosclerotic-prone areas and their expression precedes the recruitment of inflammatory cells within the arterial wall [START_REF] Nakashima | Upregulation of VCAM-1 and ICAM-1 at atherosclerosis-prone sites on the endothelium in the ApoE-deficient mouse[END_REF][START_REF] Iiyama | Patterns of vascular cell adhesion molecule-1 and intercellular adhesion molecule-1 expression in rabbit and mouse atherosclerotic lesions and at sites predisposed to lesion formation[END_REF]. Moreover, the use of neutralizing antibodies that block the ligation of these molecules was shown to inhibit leukocyte adhesion on the endothelial cell surface and to reduce the development of atherosclerotic lesions [START_REF] Shih | Blocking very late antigen-4 integrin decreases leukocyte entry and fatty streak formation in mice fed an atherogenic diet[END_REF][START_REF] Patel | Inhibition of alpha4 integrin and ICAM-1 markedly attenuate macrophage homing to atherosclerotic plaques in ApoE-deficient mice[END_REF][START_REF] Schapira | Genetic deletion or antibody blockade of alpha1beta1 integrin induces a stable plaque phenotype in ApoE-/-mice[END_REF]. ICAM-1 is constitutively expressed on the endothelial cell surface. In this study, we also observed a constitutive expression of VCAM-1 on the endothelial lining of lesion-prone areas, a finding consistent with the results of Iiyama et al. [START_REF] Iiyama | Patterns of vascular cell adhesion molecule-1 and intercellular adhesion molecule-1 expression in rabbit and mouse atherosclerotic lesions and at sites predisposed to lesion formation[END_REF]. We also showed constitutive expression of the activated form of p65 in occasional endothelial cells exclusively located in lesion-prone areas, as shown by Hajra et al. [START_REF] Hajra | The NF-kappa B signal transduction pathway in aortic endothelial cells is primed for activation in regions predisposed to atherosclerotic lesion formation[END_REF]. It is likely that this represents the in vivo effects of local changes in shear stress on NF-jB activation, a phenomenon that has been established in vitro [START_REF] Chappell | Oscillatory shear stress stimulates adhesion molecule expression in cultured human endothelium[END_REF][START_REF] Gonzales | Hemodynamic modulation of monocytic cell adherence to vascular endothelium[END_REF]. We also found a significant increase in endothelial expression of activated NF-jB shortly after the administration of the atherogenic diet and showed a close relationship between this activation and the up-regulation of VCAM-1 and ICAM-1. Our in vivo findings are in agreement with in vitro studies showing that upregulation of VCAM-1 and ICAM-1 on endothelial cells is under inflammatory control and is highly dependent on NF-jB activation [START_REF] Weber | Monocyte arrest and transmigration on inflamed endothelium in shear flow is inhibited by adenovirus-mediated gene transfer of IkappaB-alpha[END_REF][START_REF] Lockyer | Inhibition of nuclear factor-kappaBmediated adhesion molecule expression in human endothelial cells[END_REF]. We and others have shown that both the development and the stability of atherosclerotic lesions depend on the balance between pro-and anti-inflammatory cytokines and that IL-10 plays a major role in this balance [START_REF] Mallat | Expression of interleukin-10 in advanced human atherosclerotic plaques : relation to inducible nitric oxide synthase expression and cell death[END_REF][START_REF] Oslund | Interleukin-10 blocks atherosclerotic events in vitro and in vivo[END_REF]. Pinderski et al. reported 

an in vitro decrease in monocyte adhesion to endothelial cells transfected with an

Representative photomicrographs of tissue sections from the aortic sinus of C57BL/6 female mice fed a standard diet and injected at day 0 with a control empty pCor plasmid. The sections were stained for activated p65 NF-jB (A) and VCAM-1 (B). Original magnifications: x 400.

Table 1

Quantitative analysis of the percentage of positive staining for activated p65 NF-jB, VCAM-1 and ICAM-1 in endothelial cells of the aortic sinus of C57BL/6 mice (n = 5 to 9 for each staining) C,F). We detected a significant activation of p65 NF-jB in the endothelium after 10 days on the atherogenic diet (A). In vivo transfer of IL-10 resulted in nearly complete inhibition of endothelial p65 NF-jB activation (D). We also detected a significant up-regulation of endothelial VCAM-1 (B) and ICAM-1 (C) after 10 days on the atherogenic diet. In vivo transfer of IL-10 significantly prevented the induction of both VCAM-1 (E) and ICAM-1 (F). Original magnifications: x 400.
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 2 Figure 2Representative photomicrographs of tissue sections from the aortic sinus of C57BL/6 female mice fed an atherogenic diet for 10 days, and injected at day 0 with either a control (A-C) or an IL-10-encoding plasmid (D-F). The sections were stained (in red) for activated p65 NF-jB (A, D), VCAM-1 (B, E) or ICAM-1 (C, F). We detected a significant activation of p65 NF-jB in the endothelium after 10 days on the atherogenic diet (A). In vivo transfer of IL-10 resulted in nearly complete inhibition of endothelial p65 NF-jB activation (D). We also detected a significant up-regulation of endothelial VCAM-1 (B) and ICAM-1 (C) after 10 days on the atherogenic diet. In vivo transfer of IL-10 significantly prevented the induction of both VCAM-1 (E) and ICAM-1 (F). Original magnifications: x 400.
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