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A B S T R A C T   

The receptor for advanced glycation end products (RAGE) plays a central role in the chronic inflammatory 
process associated with atherosclerosis development. We aimed to develop lipoplexes carrying RAGE-short 
hairpin (sh) RNA, targeted to the adhesion molecule P-selectin, selectively expressed on the surface of acti
vated endothelium (Psel-lipo/shRAGE) to down-regulate RAGE expression as a therapeutic strategy for athero
sclerosis. In vitro, Psel-lipo/shRAGE lipoplexes were efficiently taken up by activated endothelial cells (EC), 
decreased the expression of RAGE protein, and proved to be functional by reducing the monocyte adhesion to 
activated EC. In ApoE-deficient mice, the targeted lipoplexes accumulated specifically and efficiently transfected 
the aorta. The repeated administration of Psel-lipo/shRAGE lipoplexes, twice per week for one month: i) reduced 
the expression of RAGE protein in the aorta by decreasing the expression of NF-kB and TNF-α; ii) diminished the 
plasma levels of TNF-α, IL6, IL-1β, and MCP-1; iii) inhibited the atherosclerotic plaque development and iv) had 
no significant adverse effects. In conclusion, the newly developed Psel-lipo/shRAGE lipoplexes reduce the in
flammatory processes associated with RAGE signaling and the progression of atherosclerosis in ApoE-deficient 
mice. Downregulation of RAGE employing these lipoplexes may represent a promising new targeted therapy 
to block atherosclerosis progression.   

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; ApoE, apolipoprotein E; AST, aspartate aminotransferase; BUN, Blood urea nitrogen; 
DAPI, 4′,6-diamidino-2-phenylindole; DMAPAP, 2-{3-[Bis-(3-amino-propyl)-amino]-propylamino}-N-ditetradecyl carbamoyl methyl-acetamide; DMEM, Dulbecco’s 
modified Eagle’s medium; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; EC, endothelial cells; EDTA, ethylenediaminetetraacetic acid; FACS, fluorescence- 
activated cell sorting; H&E staining, hematoxylin and eosin staining; HFD, high-fat diet; IL-6, interleukin-6; IVIS, in vivo imaging system; LPS, lipopolysaccharides; 
Mac-1, macrophage-1 antigen; Mal-PEG-DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]; MCP-1, monocyte 
chemoattractant protein 1; NBD-PE, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl); NF-κB, nuclear factor-κB; pEYFP, 
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1. Introduction 

The development of an atherosclerotic plaque in the arteries is pro
moted and sustained by a chronic inflammatory process [1]. Among the 
receptors with a pivotal role in the onset and progression of the vascular 
inflammation, the receptor for advanced glycation end products (RAGE) 
is overexpressed by the activated endothelium, smooth muscle cells and 
macrophages infiltrated into the atherosclerotic lesions [2–5]. 

RAGE is a transmembrane receptor that binds to multiple ligands, 
either endogenous, such as advanced glycation end products (AGEs), 
high mobility group box (HMGB)-1, S100/calgranulin proteins (such as 
S100A12 and S100B), amyloid-β peptide (Aβ), Macrophage-1 antigen 
(Mac-1) or exogenous (e.g. bacterial endotoxin and microbial DNA) 
[3,5]. Upon binding of its ligands, endothelial RAGE activates several 
signal transduction cascades that converge at nuclear factor-κB (NF-κB), 
resulting in the production of proinflammatory cytokines, chemokines, 
and cell adhesion molecules with the concurrent upregulation of RAGE 
itself that favor the adhesion of circulating leukocytes, ensuing the 
amplification of the vascular inflammation [4–7]. RAGE is also func
tioning as an endothelial adhesion receptor recognized by the leukocyte 
integrin Mac-1, thus promoting leukocyte recruitment in the arterial 
wall [8,9]. Previous data have shown that RAGE overexpression by 
macrophages contributes to the destabilization of the atherosclerotic 
plaque by inducing the expression of metalloproteinases [10]. 

The blockade or the absence of RAGE attenuates leukocyte recruit
ment and decreases the expression of proinflammatory mediators, sta
bilizing the established atherosclerotic plaque in diabetic ApoE-deficient 
mice [11,12]. Therefore, RAGE downregulation could represent a 
therapeutic target to impede atherosclerosis progression [11,13]. 

Several therapeutic agents used in the treatment of atherosclerosis 
and diabetes were identified to downregulate RAGE expression, namely 
statins, angiotensin II-receptor blockers, ω-3 polyunsaturated fatty 
acids, and thiazolidinediones [14–20]. To date, some synthetic small- 
molecule inhibitors such as liraglutide, the glucagon-like peptide-1 
(GLP-1) analog [21], or inhibitors binding to the three regions of the Ig- 
like V-type RAGE domain (one example is azeliragon, 3-(4-{2-butyl-1- 
[4-(4-chlorophenoxy)-phenyl]-1H-imidazole-4-yl}-phenoxy)-propyl]- 
diethylamine) used both in vitro and in vivo have been reported to 
inhibit RAGE by competition, to block the inflammatory process and 
even to lower the atherosclerotic burden [22]. 

In an attempt to reduce the vascular inflammation in atherosclerosis, 
we aimed at finding a more specific method to down-regulate RAGE 
expression. The RNA interference (RNAi) mechanisms, which serve as a 
cellular defense against viruses and as epigenetic regulators, represent a 
therapeutic strategy for selective gene silencing [23]. Of the RNAi 
strategies used so far for gene therapy, short hairpin RNAs (shRNA) have 
the advantage of prolonged silencing effect and relatively low cost [24], 
and are proven to be more potent down-regulators of gene expression as 
compared to small interfering RNAs (siRNA) [25]. 

Once delivered into the cell, shRNA is transcribed by the nucleus and 
transported into the cytosol, where it is processed into siRNA to recog
nize, bind and finally degrade the targeted mRNA [26]. A comparison 
side-by-side between shRNA and siRNA reveals that although the 
mechanism of action of siRNA and shRNA is similar (both act by binding 
the mRNA of a target gene), shRNA has the advantage of being a 
renewable source. Thus, on the one hand, shRNA is encoded by plasmids 
or lentiviral particles that can be easily multiplied in the laboratory by 
standard techniques, and, on the other hand, once intracellularly 
delivered, the transfected cells manufacture the siRNA [27]. In addition, 
previous reports showed that shRNA produces a higher gene knockdown 
and fewer off-target effects, explained by the fact that it is processed by 
the endogenous RNAi machinery of the cell, compared to siRNA 
[25,28,29]. To achieve comparable knockdown efficiencies, higher 
concentrations and frequent dosing of siRNA are required [27]. 

In vivo, RNAi faces the challenge of low transfection efficiency since 
the naked RNAi molecules, once injected into the bloodstream, may be 

degraded both extracellularly and intracellularly. Thus, appropriate 
nanocarriers are needed to protect and transport RNAi to the target 
tissue and across the cell membrane into the cytosol. This nanocarriers- 
based delivery strategy also aids in using lower doses and minimizing 
the side effects, which often include leukopenia, thrombocytopenia, 
increased synthesis of cytokines (TNF-α, IL-12, IL-6 and IFN)-γ), and 
elevated serum transaminases activity [30,31]. 

To ensure the specific delivery of the RNAi molecules to the 
atherosclerotic plaque, we designed nanocarriers directed towards the 
cell adhesion molecule P-selectin, overexpressed by the activated 
endothelium during atherosclerosis progression. P-selectin has been 
used as a reliable target to deliver therapeutic agents to tumors [32,33] 
and to the lungs of mice with lipopolysaccharides (LPS)-induced acute 
inflammation [34]. Also, we have reported that P-selectin binding 
peptide tagged PEGylated lipoplexes bind and efficiently deliver siRNA 
cargo to activated endothelial cells (EC) [35]. 

In this study, we hypothesize that suppression of RAGE expression 
and its downstream pathways using RNAi mediated by nanotechnology 
approaches may represent a reliable therapeutic strategy to reduce the 
vascular inflammation in atherosclerosis. To specifically inhibit RAGE 
signaling at inflammatory sites, we proposed to deliver shRNA se
quences, specific for RAGE silencing, to the developing atherosclerotic 
plaque using as vehicles P-selectin-targeted cationic PEGylated lipo
somes (Psel-lipo/shRAGE lipoplexes). We present herein the design, 
preparation and characterization of the Psel-lipo/shRAGE lipoplexes 
and demonstrate their effects in vitro and in vivo. We report that the 
specific downregulation of RAGE in cultured murine EC reduces the 
monocyte adhesion to the activated EC. After intravenous (i.v.) admin
istration in ApoE-deficient mice kept on a high-fat diet (HFD), the P- 
selectin targeted lipoplexes accumulated preferentially at sites of 
atherosclerosis in the aorta as compared to non-targeted lipoplexes. 
Moreover, the administration of P-selectin targeted lipoplexes, carrying 
a plasmid encoding a fluorescent protein, induced the expression of the 
protein in the aorta. The administration of Psel-lipo/shRAGE lipoplexes 
downregulated RAGE expression in the aorta by diminishing the NF-kB 
and TNF-α levels and reduced atherosclerosis. The lipoplexes adminis
tration did not significantly alter the weight and the hepatic and renal 
function of the mice. 

The current study is the first to identify that shRNA sequences tar
geting RAGE, protected by nanocarriers directed towards P-selectin, 
reach the atherosclerotic plaque and reduce its progression. 

2. Materials and methods 

2.1. Reagents 

The main reagents and supplies used in the experiments were pur
chased from the following sources: Dulbecco’s modified Eagle’s medium 
(DMEM), plasmids MISSION® shRNA specific for mouse RAGE (catalog 
no. SHCLND-NM_007425, the clones from The RNAi Consortium (TRC) 
Version 1 library TRCN0000071743; TRCN0000071744; 
TRCN0000071745; TRCN0000071746; TRCN0000071747), MISSION® 
pLKO.1-puro Non-Mammalian shRNA Control Plasmid DNA and 
GenElute-Plasmid Midiprep kit were from SIGMA-Aldrich (Merck KGaA, 
Darmstadt, Germany), tris-(2-carboxyethyl) phosphine (TCEP), XTT 
(2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2Htetrazolium-5-carbox
anilide) Cell Proliferation Kit, fetal bovine serum (FBS), penicillin and 
streptomycin from Gibco (ThermoFisher Scientific, Waltham, Massa
chusetts, USA); cell culture dishes were from TPP® (Trasadingen, 
Switzerland); 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(poly
ethylene glycol)-2000] (Mal-PEG-DSPE), 1,2-dipalmitoyl-sn-glycero-3- 
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammo
nium salt) (NBD-PE) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanol
amine-N-(lissamine Rhodamine B sulfonyl) (ammonium salt) 
(Rhodamine B-PE) from Avanti Polar Lipids (Alabaster, AL, USA); 
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cationic lipid 2-{3-[Bis-(3-amino-propyl)-amino]-propylamino}-N-dite
tradecyl carbamoyl methyl-acetamide (DMAPAP) was synthesized as 
previously described [36]; Amicon centrifugal filter columns (cut-off 
100 kDa) from Millipore (Billerica, MA, USA); Spectra/Por dialysis bags 
(cut-off 500–1000 Da) from Spectrum Labs (Spectrum Europe BV, Breda, 
Netherlands); peptide with high affinity for P-selectin (H2N- 
CKKKKLVSVLDLEPLDAAWL-COOH) and the scrambled peptide (H2N- 
CKKKKLLSAVLWDELVDPLA-COOH) were synthesized by GeneCust 
(Dudelange, Luxembourg); mouse DuoSet ELISA (Enzyme-linked 
immunosorbent assay) kits for IL-1β, TNF-α, IL-6 and MCP-1 were from 
R&D Systems (Minneapolis, MN, USA); antibodies: anti-RAGE (A-9) (cat 
no. sc-365,154) and anti-tumor necrosis factor (TNF)-α (cat no. sc8301) 
from Santa Cruz Biotechnology (cat no. sc8301), Anti-nuclear factor- kB 
(NF-kB) p65 and anti-beta tubulin from Abcam (cat no. ab6046) and 
anti-GAPDH (Ambion cat. no. AM4300) from ThermoFisher Scientific 
(Ambion cat. no. AM4300); the plasmid that encodes the Enhanced 
Yellow Fluorescent Protein (pEYFP) was purchased from Clontech 
Laboratories Inc. (Mountain View, CA, USA). 

2.2. Preparation of P-selectin targeted lipoplexes carrying shRNA 
plasmids 

Cationic Liposomes. 
The P-selectin binding peptide, sequence H2N- 

CKKKKLVSVLDLEPLDAAWL-COOH [37], was coupled to cationic lipo
somes composed of DMAPAP, DOPE and a maleimide-functionalized 
PEGylated DSPE (Mal-PEG-DSPE), combined at a molar ratio of 
50:49:1, as previously described [35]. As control, a scrambled peptide 
sequence (H2N-CKKKKLLSAVLWDELVDPLA-COOH) was coupled to the 
surface of cationic liposomes (Scr-lipo). Briefly, the lipids in chloroform 
were combined and dried in a rotary evaporator. Then, the lipid film was 
hydrated with molecular biology grade water to reach the final lipid 
concentration of 20 mM resulting multilamellar vesicles that were 
extruded through 100 nm polycarbonate membranes using a Mini- 
Extruder (Avanti Polar Lipids, Alabaster, AL/USA). Next, the P-selectin 
binding peptide was linked at the liposomes’ surface by cysteine- 
maleimide reaction as previously described [38]. Finally, a purifica
tion step was performed to separate the liposomes from the uncoupled 
peptide, using the Amicon centrifugal filter units with a cut-off 100 kDa 
(Millipore). The amount of P-selectin binding peptide coupled at the 
surface of liposomes was indirectly determined by measuring the 
amount of uncoupled, free peptide collected from the filtrate, by high- 
performance liquid chromatography (HPLC) employing a UHPLC (Agi
lent 1290 Infinity, Agilent Technologies Santa Clara, California, USA), as 
previously described [34]. 

For in vitro uptake studies, the liposomes were fluorescently labeled 
by inserting the NBD-DSPE (1 mol%) into liposomes bilayers. 

For biodistribution studies in mice, the phospholipid bilayers of li
posomes were fluorescently labeled by adding Rhodamine B-PE (1 mol 
%) in the liposomes’ composition. 

Lipoplexes. 
The targeted (Psel-lipo/shRNA) or non-targeted (Scr-lipo/shRNA) 

lipoplexes were obtained by complexation of the cationic liposomes with 
a mixture of the five MISSION®shRNA plasmids DNA targeting mouse 
RAGE gene (shRAGE) or with a control plasmid, MISSION® pLKO.1- 
puro Non-Mammalian shRNA Control Plasmid DNA (shCTR) at 
different charge ratios (R) +/− , 1:1 volume. The following five clones 
from The RNAi Consortium (TRC) Version 1 library containing shRNA 
sequences specific for mouse RAGE and cloned into the pLKO.1-puro 
vector were used: TRCN0000071743; TRCN0000071744; 
TRCN0000071745; TRCN0000071746; TRCN0000071747. The desired 
final quantities of cationic liposomes and shRNA plasmids were diluted 
in an equal volume of 150 mM NaCl, corresponding to about 10% of the 
final volume. The lipoplexes were formed by slowly pipetting the 
required volume of plasmids in a drop-by-drop manner in an equal 
volume of cationic liposomes and incubating for 30 min at room 

temperature, while gently shaking. Finally, the lipoplexes were brought 
to the final working volume with 150 mM NaCl. The charge ratio was 
calculated considering that 1 nmol of cationic lipopolyamine DMAPAP 
corresponds to 3 nmols positive charges and 1 μg DNA contains 3 nmols 
negative charges [39]. Escherichia coli host strain DH5α was used to 
amplify the RAGE-shRNA plasmids that were subsequently isolated and 
purified using the GenElute-Plasmid Midiprep kit (Sigma-Aldrich, Ger
many), according to manufacturer’s protocol. 

2.3. Characterization of lipoplexes 

Size and zeta potential. 
The average hydrodynamic size of lipoplexes was determined by the 

dynamic light scattering (DLS) method employing the Zetasizer Nano ZS 
(ZEN 3600, Malvern Instruments, Malvern, UK). The Zeta (ζ) potential 
was determined by electrophoretic light scattering (ELS) using a Zeta dip 
cell (ZEN 1002) immersed into the sample. The measurements were 
performed at 25 ◦C using the Smoluchowski model. The results were 
analyzed using the Zetasizer Software 7.12 (Malvern Instruments, Mal
vern, UK). 

Gel retardation assay. 
The efficacy of shRNA plasmid complexation by cationic liposomes 

was investigated, at different charge ratios (+/− ), by electrophoretic 
separation on 1% agarose gels stained with Midori Green, as previously 
described [40]. The samples were mixed with 6× Loading Buffer (0.05% 
Orange G, 30% glycerol), loaded into the gel, and the migration was 
performed using Tris-Acetate-EDTA buffer (40 mM Tris–HCl, 1% acetic 
acid, 1 mM EDTA) at 70 V for 20 min. The DNA bands were visualized 
using an UVP transilluminator. 

Transmission electron microscopy. 
For the morpho-structural characterization of the lipoplexes, a drop 

of lipoplex suspension was placed on a Formvar/carbon copper grid for 
2 min, then the excess of liquid was removed and 1% uranyl acetate was 
dropped on the lipoplexes and allowed to dry for 1 min. The excess was 
removed with a filter paper and the grid was observed employing the 
STEM TALOS F200C Transmission Electron Microscope (TEM) operating 
at an acceleration voltage of 200 kV. 

2.4. In vitro studies 

2.4.1. Cell culture 
The bEnd.3 cells, an immortalized murine endothelial cell line (EC) 

derived from brain endothelioma (European Collection of Authenticated 
Cell Cultures, cat no.96091929), were cultured in DMEM containing 
10% FBS at 37 ◦C in a humidified 5% CO2 incubator, according to the 
producer’s recommendations. 

THP-1 cells, a monocyte cell line (American Type Culture Collection, 
cat no. ATCC® TIB-202™), were grown in suspension in RPMI 1640 
culture medium containing 5% inactivated FBS, at 37 ◦C, 5% CO2 in an 
incubator. The cells were split up (1: 5) twice a week [41]. 

The cells were periodically checked for Mycoplasma contamination 
by PCR assay using specific primers for different Mycoplasma species and 
by a commercially available kit for bioluminescent assay (MycoAlert 
Mycoplasma Detection Kit from Lonza, Basel, Switzerland) and tested 
negative. 

2.4.2. Evaluation of lipoplexes cytotoxicity 
The XTT assay, which is based on the reduction of the tetrazolium 

salt of XTT (2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium- 
5-carboxyanilide salt) to water-soluble orange-colored formazan com
pounds, proportional to the number of living, metabolic active cells, was 
used to evaluate the viability of bEnd.3 cells after exposure to lipoplexes. 
Briefly, bEnd.3 cells were seeded in 96-well culture plates and after 24 h 
the cells were either exposed to lipoplexes formed at various charge 
ratios (R = 4, 6, 8 and 10) with shRNA control plasmid (1 μg shCTR/ ml) 
or stimulated with LPS (100 ng/ml LPS) for 24 h before exposure to 
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lipoplexes. The corresponding concentrations of liposomes used to 
obtain lipoplexes at different charge ratios were used as control. After 
24, 48 and 72 h, the culture media was removed and replaced with XTT/ 
PMS (phenazine methosulfate) solution (final concentration 0.2 mg/ml 
XTT, 5 μM PMS) in colorless DMEM. After incubating for 2 h at 37 ◦C, the 
optical absorbance was measured at 450 nm using an Infinite® M200 
PRO microplate reader (Tecan, Männedorf, Switzerland) spectropho
tometer. The experiments were performed in triplicate and the results 
were expressed as percentage relative to untreated cells, considered 
control. 

2.4.3. Uptake of P-selectin targeted lipoplexes by activated endothelial cells 
P-selectin expression on LPS-stimulated bEnd.3 cells. 
The expression of P-selectin was determined, at 4 and 24 h, on the 

surface of non-activated or LPS-activated (100 ng/ml LPS) bEnd.3 cells, 
by flow cytometry using anti-human/mouse CD62P (P-selectin) PerCP- 
eFluor®710 (2 μg/105 cells) and a standard flow cytometry protocol 
using a Gallios Flow Cytometer (Beckman Coulter, Brea, CA, USA). 

Lipoplexes uptake. 
The cells were seeded in 24-well plates at a density of 25.000 cells/ 

well. At 24 h after seeding, the cells were stimulated for 24 h with 100 
ng/ml LPS to increase the surface expression of P-selectin. Then, the 
cells were incubated for 4 h at 37 ◦C with lipoplexes made of fluo
rescently labeled (NBD-DSPE) P-selectin targeted cationic liposomes 
(Psel-lipo) or non-targeted ones (Scr-lipo) and shCTR plasmid at charge 
ratio +/− of 6 (at a plasmid concentration of 0.6 μg/ml). After that, the 
cells were harvested using 0.5 mM EDTA/ 0.25% trypsin and resus
pended in FACS buffer consisting of 0.5% paraformaldehyde (PFA) in 
phosphate buffer saline (PBS) for flow cytometry determinations in the 
FL1 channel (530 nm), after excitation with the blue laser (488 nm) 
(Gallios, Beckman Coulter). Also, the uptake was visualized by fluores
cence microscopy using the Olympus IX-81 microscope (Olympus 
America, Melville, NY). 

2.4.4. RAGE expression on bEnd.3 endothelial cells 
The expression of RAGE in bEnd.3 cells was analyzed by Western blot 

assay [42]. At 24 h after seeding in 6-well plates at a cell density of 2 ×
105, the cells were stimulated for 4 and 24 h with 100 ng/ml LPS. Then, 
the cells were lysed with Sx2 Laemmli buffer (62.5 mM Tris pH 6.8, 20% 
glycerol, 2% SDS, Bromophenol blue, 0.25 M β-mercaptoethanol) and 
protein concentration was determined by Amido Black assay. Fifty μg 
protein cell extracts were loaded on 12% SDS-PAGE and after electro
phoretic separation (120 V, 60 mA), they were transferred onto nitro
cellulose membranes using a Trans Blot Semi-Dry system (30 min at 15 
V). The blots were blocked with 3% BSA/Tris-buffered saline with 0.1% 
Tween 20 (TBST) for one hour and incubated overnight (4 ◦C) with the 
primary antibodies: mouse anti-mouse RAGE (1:1000, Santa Cruz 
Biotechnology cat. no. sc-365,154) or mouse anti-GAPDH antibody 
(1:1000, Ambion cat. no. AM4300). After three washes of 10 min with 
TBST, the membranes were incubated with mouse IgG kappa binding 
protein (m-IgGκ BP) conjugated to Horseradish Peroxidase (HRP) 
(1:1000, Santa Cruz Biotechnology cat. no. sc-516,102) at room tem
perature for one hour. After washing in TBST, the blots were developed 
with SuperSignal™ West Dura Extended Duration Substrate (Thermo 
Fisher Scientific cat. no. 34076) and the detection of the protein bands 
was performed using the image reader LAS-4000 (General Electrics, 
Healthcare, UK). The optical density (OD) of the protein bands was 
quantified using Image J (National Institutes of Health, Bethesda, MD, 
USA) and RAGE expression was normalized to that of GAPDH. The data 
were expressed as mean ± S.D. (standard deviation) of two experiments 
performed in duplicates. 

2.4.5. Transfection of bEnd.3 cells with Psel-lipo/shRAGE lipoplexes 
The bEnd.3 cells were seeded in 6-well plates, at a cell density of 2 ×

105 cells/well, and after 24 h were stimulated with LPS (100 ng/ml) for 
24 h. Then, LPS-stimulated bEnd.3 cells were incubated with OptiMem 

medium (Thermo Fisher Scientific cat. no. 31985062) containing non- 
targeted (Scr-lipo/shRAGE) or P-selectin targeted (Psel-lipo/shRAGE) 
lipoplexes, obtained as described above, at R = 6 (mix of five RAGE- 
shRNA plasmids at 1 μg each, at a final concentration of 5 μg/ml). As 
a negative control for RNA interference, lipoplexes formed with the 
MISSION® pLKO.1-puro non-mammalian shRNA control plasmid DNA 
(shCTR) with no homology to known mammalian genes was used. Also, 
other controls, namely the transfection with free shRAGE plasmids and 
non-transfected cells were used. The transfection medium was replaced 
after three hours with fresh DMEM supplemented with 10% fetal bovine 
serum and after 48 or 72 h, the cells were lysed and Western blot assay 
was performed as described above. 

2.4.6. Monocyte adhesion assay 
To investigate the functional role of down-regulating endothelial- 

RAGE in monocyte adhesion to endothelial cells, we performed the 
monocytes adhesion assay after treatment of LPS-activated bEnd.3 cells 
with lipoplexes carrying shRAGE. For this, bEnd.3 cells were cultured in 
6-well plates and either activated for 24 h with LPS (100 ng/ml), or left 
unstimulated. Transfection was performed at a charge ratio R = 6 (final 
plasmid concentration of 5 μg /ml) with lipoplexes Psel-lipo/shRAGE, 
Scr-lipo/shRAGE, Psel-lipo/shCTR or with free shRAGE. After 72 h, 
THP-1 monocytes, fluorescently labeled with BCE-CF (2′,7′-bis-(2-car
boxyethyl)-5-(and-6)-carboxy fluorescein), were co-incubated (at a ratio 
of 1:2) with LPS-activated or resting endothelial cells for 30 min, at 
37 ◦C. Non-adherent monocytes were removed by washing with RPMI 
medium, and the monocytes that adhered to the endothelial cells were 
counted on six different microscope fields per sample with an inverted 
fluorescence microscope (IX-81, Olympus America, Melville, NY), using 
the FITC filter. Images were acquired with CellSense Dimensions 
software. 

2.5. Animal studies 

Male ApoE-deficient mice (B6.129P2-Apoetm1Unc/J; Stock No: 
002052) from The Jackson Laboratory were housed in individually 
ventilated cages in a specific pathogen-free facility on a 12-h light/dark 
cycle, with unrestricted access to food and fresh water. To accelerate the 
progression of atherosclerotic lesions, the animals were placed on a 
high-fat diet (HFD) consisting of standard chow rodent diet with 15% 
butter (82% fat) and 1% cholesterol. Throughout the experiments, the 
weight of the animals was monitored, as a welfare parameter. 

The study protocols and experiments were approved by the Ethics 
Committee of the Institute of Cellular Biology and Pathology “Nicolae 
Simionescu” and by the National Sanitary Veterinary and Food Safety 
Authority authorization no. 295/23.08.2016 and were performed in 
accordance with the Romanian Law no. 43/2014 (Official Monitor, Part 
I nr. 326: p 2–4), which transposes the EU directive 2010/63/EU on the 
protection of animals used for scientific purposes. 

2.5.1. Biodistribution of P-selectin targeted lipoplexes 
Six-month old ApoE-deficient mice (20–25 g of weight) had been on 

HFD for other four-weeks before the i.v. injection of the fluorescently- 
labeled lipoplexes. The P-selectin targeted or non-targeted PEGylated 
cationic liposomes were labeled with Rhodamine B-DSPE (1 mol%) and 
the lipoplexes made with the shRNA Control plasmid (shCTR) were 
administered retro-orbitally, under anesthesia, at a dose of 10 μmols 
lipids/1.5 mg shCTR (R = 6) per kg body weight (150 μl/mouse) (n = 3 
for each lipoplexes formulation). As control for autofluorescence, a 
mouse which received 0.9% saline solution was investigated. After one 
hour, the mice were anesthetized with ketamine/xylazine, exsangui
nated via open heart puncture and the vasculature was rinsed using a 
peristaltic pump (infusion rate 2.5 ml/min) with cold PBS containing 5 
mM EDTA while the right atrium was punctured to allow removal of the 
systemic blood. The organs (lungs, heart, aorta, liver, spleen, kidneys, 
and the brain) were excised and their fluorescence was visualized with 
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an IVIS Imaging System 200 (Caliper Life Sciences), using λex = 535 nm 
and λem = 580 for Rhodamine B. For spectral unmixing and discrimi
nation between Rhodamine B fluorescence and tissue autofluorescence, 
several emission wavelengths were used (580 nm, 600 nm, 620 nm, 640 
nm, and 660 nm). 

2.5.2. Transfection efficiency of P-selectin targeted lipoplexes in ApoE- 
deficient mice 

To evaluate the ability of P-selectin-targeted lipoplexes to function as 
effective vectors for shRNA plasmids delivery to the inflamed vascula
ture of ApoE-deficient mice, the lipoplexes were formed by complexa
tion of a plasmid encoding the green/yellow fluorescent protein derived 
from Aequorea Victoria (pEYFP) with cationic liposomes directed or not 
to P-selectin. ApoE-deficient mice received a single dose retro-orbital 
injection of Psel-lipo/pEYFP or Scr-lipo/pEYFP lipoplexes (R = 6) con
taining 1.5 mg plasmid DNA/kg body weight in a volume of 150 μl/ 
mouse. After 48 h, the mice were anesthetized and the vasculature was 
washed with PBS containing 5 mM EDTA. The organs (heart, lung, liver, 
kidney, spleen, brain) were collected and trimmed to remove peripheral 
fatty tissue, and were visualized with an IVIS Imaging System 200 
(Caliper Life Sciences) using the excitation and emission wavelengths for 
the YFP protein of λex = 500 nm and λem = 540 nm. For spectral 
unmixing and discrimination between YFP protein fluorescence and 
tissue autofluorescence, several λem were used (540 nm, 560 nm and 
580 nm). 

2.5.3. Investigation of RAGE downregulation after administration of Psel- 
lipo/shRAGE lipoplexes 

For the RAGE downregulation study, six-month old, male ApoE- 
deficient mice (n = 9 mice/experimental group) were injected twice a 
week for four weeks with lipoplexes carrying shRAGE plasmids (1.5 mg 
plasmid DNA/kg body weight, 150 μl/mouse) either targeted (Psel-lipo/ 
shRAGE) or non-targeted (Scr-lipo/shRAGE) and simultaneously fed 
with the HFD. As controls, the administration of P-selectin targeted 
lipoplexes containing shCTR and PBS were used. No mice died in any 
experimental group. Four days after the last injection, the blood was 
collected in EDTA-tubes by cardiac puncture and then, the vasculature 
was rinsed with cold PBS using a peristaltic pump (infusion rate 2.5 ml/ 
min). The organs and aorta (from the left ventricle to the iliac bifurca
tion) were collected, the fat tissue trimmed away, then the organs were 
snap frozen in liquid nitrogen and stored at − 80 ◦C until tissue ho
mogenization. For Western blot analysis, the tissue samples were ho
mogenized in Laemmli 2× buffer (Merck, cat no. S3401) using a Silent 
Crusher M homogenizer from Heidolph, sonicated for 15 s and dena
tured by boiling for 10 min. Protein concentration was determined by 
Amido black assay and the RAGE protein expression was investigated by 
Western blot as above described. 

Also, the aortic roots, collected by cutting the hearts transversally 
below the atriums, were fixed in 4% PFA/PBS overnight, then cry
oprotected with glycerol and maintained at − 20 ◦C until embedded in 
Optimal Cutting Temperature (OCT) compound. Lung, liver, and kidney 
pieces were fixed in formalin and embedded in paraffin for histology 
investigations. 

2.5.4. Assessment of the anti-inflammatory effect of Psel-lipo/shRAGE 
lipoplexes administration 

The expression of inflammatory molecules in the aorta of ApoE- 
deficient mice after the treatment with lipoplexes was investigated by 
Western blot analysis. The tissue samples were homogenized by soni
cation in Sx2 Laemmli buffer and 40 μg total protein were loaded per 
lane on 5–20% gradient SDS-PAGE gel. The proteins were electropho
retic separated and then transferred onto nitrocellulose membranes 
using a Trans Blot Semi-Dry system (15 V/15 min/gel). After being 
blocked with 3% BSA/TBST, the blots were incubated overnight with the 
primary antibodies: anti-NF-κB p65 (1:1000, Abcam, cat no. ab16502), 
anti-TNF-α (1:1000, Santa Cruz, cat no. sc8301) and anti-beta tubulin 

antibody (1:1000, Abcam, cat. no. ab6046) as loading control. Then, 
after washing, the membranes were incubated with HRP-conjugated 
goat anti-rabbit IgG (H + L) secondary antibody (1:1000, Invitrogen, 
32,460) for one hour at room temperature. The blots were developed 
with SuperSignal™ West Dura Extended Duration Substrate (Pierce) and 
the bands were detected with an image reader LAS-4000. The optical 
density (OD) of the protein bands was quantified using Image J and the 
expression of NF-κB and TNF-α was normalized to that of beta-tubulin. 

2.5.5. Determination of plasma inflammatory cytokines 
The pro-inflammatory cytokines IL-1β, IL-6, TNF-α, and the chemo

kine MCP-1, were quantified using ELISA DuoSet kits (R&D systems, 
Minneapolis, MN, USA cat. no. DY401, DY406, DY410 and DY479 
respectively), following the manufacturer’s instructions. Briefly, the 
plasma (diluted 1:10 in PBS) was incubated for two hours at room 
temperature (RT) in 96-well plates covered with the capture antibody 
specific for the investigated molecule, as indicated by the manufacturer. 
After washing with the provided buffer, the detection antibody was 
added (2 h, RT), followed by Streptavidin-HRP and the detection of the 
optical density using an Infinite® M200 PRO microplate reader (Tecan, 
Männedorf, Switzerland) spectrophotometer. The concentration of IL- 
1β, IL-6, TNF-α and MCP-1 were calculated after plotting their corre
sponding standard curves. 

2.5.6. Immunofluorescence and tissue histology 
Tissue processing. 
Explanted specimens of the aortic roots were embedded in OCT 

compound for cryosectioning. The sections of the aortic roots were 
harvested when the first valve cup became visible in the lumen of the 
aorta. Five μm thick sections were harvested and placed on a microscope 
slide (4 sections/slide), and 10 slides were prepared per mouse. 

Immunofluorescence. 
To reveal RAGE and NF-kB expression in the aortic roots, heat- 

induced epitope retrieval (HIER) was performed. The cryosections 
were rinsed three times in PBS and then incubated in Tris buffer (50 mM 
Tris HCl, Sigma-Aldrich T3253, pH 9.0) at 97 ◦C for 3 h. After cooling at 
room temperature for one hour, the slides were rinsed in PBS and 
incubated over night at 4 ◦C with the primary antibody (RAGE A-9, 
Santa Cruz Biotechnology, cat no. sc-365,154, or NF-κB p65, Abcam, cat 
no. ab16502) diluted 1:100 in 1% BSA/PBS. The next day, the slides 
were incubated with the appropriate secondary antibody (Alexa Fluor 
594 chicken anti-mouse, Invitrogen, cat no. A21201, and Alexa Fluor 
594 donkey anti-rabbit, Invitrogen, cat no. A21207, respectively) 
diluted 1:1000 in 1% BSA/PBS. After rinsing, the slides were mounted 
with ProLong Gold Antifade Mountant with DAPI (ThermoFisher
Scientific, P36931). Fluorescence micrographs were captured using 
XM10 camera attached to a Olympus IX81 inverted microscope (IX81- 
ZDC) and the cellSens Dimension software (Olympus), using the same 
acquisition settings throughout the experiment. Image processing was 
performed using Fiji Is Just ImageJ (NIH) freeware, with the same 
protocol between samples. Images acquired with 20× and 40× magni
fication were stitched together with the Stitching (Linear blending) 
plug-in in order to obtain whole detailed images. 

Lipid staining with Oil Red O in the aortic root. 
The aortic root was stained for the neutral lipid content of the 

atherosclerotic lesions using the Oil Red O (ORO) staining assay [43]. 
Aortic root cryosections were rinsed 30 min with PBS and incubated in 
0.3% ORO (Sigma-Aldrich, O0625) diluted in 60% isopropanol for 15 
min. After brief rinsing in PBS, the slides were immersed in 60% iso
propanol for five minutes and rinsed again in PBS. The nuclei were 
counterstained by incubating with hematoxylin (Hematoxylin and Eosin 
stain kit, VECTOR Laboratories, H-3502) for 3 min. After rinsing with 
distilled water, the slides were mounted with coverslips using 90% 
glycerol. The images were taken using a camera equipped Leica DMi1 
inverted light microscope. The lesion area was quantified morphomet
rically employing ImageJ freeware for measurement of the lesion area of 
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the aortic root in 10 sections per mice. The percentage of area occupied 
by lesions was calculated by dividing the surface of the lesions by the 
surface of total aortic root as previously described [43]. 

2.5.7. Safety evaluation of P-sel/shRAGE lipoplexes 
Biochemical blood parameters. 
Blood was collected from mice from different experimental groups in 

EDTA-tubes and the plasma was obtained by centrifugation at 2000 rpm 
for 20 min at room temperature, and stored at − 80 ◦C until performing 
the assays. The biochemical measurements were performed using Dia
Lab reagent kits for cholesterol (cat no. D95116), triglycerides (cat no. 
D00389), plasma urea (BUN; cat no. 402999), creatinine (cat no. 
D95595), transaminases aspartate aminotransferase (AST; cat no. 
D94610), alanine aminotransferase (ALT; cat no. D94620), alkaline 
phosphatase (ALP; cat no. D95564), according to manufacturer’s in
structions. Briefly, volumes of each sample were pipetted into 96-well 
plates and the appropriate volumes of reagents were added. Immedi
ately, in the case of enzymatic assays, or after the indicated incubation 
time, the absorbance was measured using an Infinite® M200 PRO 
microplate reader (Tecan, Männedorf, Switzerland) spectrophotometer 
at the recommended wavelength. The concentration of the parameters 
was determined by the simultaneous measurements of the recom
mended standards (Assayed Universal Calibration Serum; cat no. 
D98485, Diacal Autor). 

Histopathological analysis of lungs, liver and kidneys of mice injected 
with Psel-lipo/shRAGE. 

Lung, liver and kidney pieces were fixed in formalin and embedded 
in parafin. The 5 μm-thick paraffin sections were stained with hema
toxylin and eosin (H&E) stain kit (VECTOR Laboratories, cat. no. H- 
3502), according to the manufacturer’s guide. The light micrographs 
were taken using a Leica DMi1 inverted microscope equipped with a 
camera. In lung sections, the alveolar septal wall thickness and the 
number of nuclei, as a measure of cellular density, were quantified by 
analyzing optical microscopy micrographs taken with 20× objective 
using ImageJ 1.53c freeware (NIH, USA) according to the macro 
described in the Supplementary material. Ten random fields were used 
per mouse. 

In vitro hemocompatibility assays. 
The hemocompatibility of Psel-lipo/shCTR lipoplexes was investi

gated by determining the hemolysis and erythrocyte aggregation 
induced by their incubation in the presence of lipoplexes. Blood samples 
were collected in EDTA tubes by cardiac puncture from C57BL/6 J mice 
(12-week-old male; Stock No: 000664, The Jackson Laboratory), and the 
hemolysis assay was performed as previously described [44]. Briefly, 
isolated erythrocytes were diluted 1:10 in PBS (pH 7.4) containing Psel- 
lipo/shCTR lipoplexes at different charge ratios (R = 4, 6, 8 and 10) and 
further incubated at 37 ◦C, for 1 h. The concentration of shRNA plasmid 
was calculated to imitate the in vivo conditions of i.v. administration, in 
which lipoplexes containing 30 μg plasmid DNA was injected into a 
mouse (having approximately 1 ml of blood, 45% erythrocytes). Then, 
the samples were centrifuged to sediment the intact erythrocytes, and 
the hemoglobin released in the supernatants was measured with a plate 
reader (TECAN Infinite M200Pro) at 540 nm. As negative and positive 
controls, the incubation of erythrocytes in PBS and in 0.5% Triton X-100 
(considered 100% hemolysis), respectively, were used. The percentage 
of lysed erythrocytes was calculated using the formula: 

%Hemolysis = 100 x
A sample − A negative control

A positive control − A negative control  

where A is the absorbance at 540 nm. 
To study the aggregation of erythrocytes induced by lipoplexes, 

pelleted erythrocytes were resuspended in PBS, placed on glass slides 
and examined with an Olympus IX81 light microscope. 

2.6. Statistical analysis 

The results are expressed as mean ± standard deviation (SD). Sta
tistical analyses were carried out using GraphPad Prism 7 software 
(GraphPad Software, La Jolla, CA) and statistical differences were 
evaluated with unpaired two-tailed t-test for the comparison of two 
groups or one-way ANOVA with multiple comparisons post-hoc Tukey 
test for comparison of three or more groups. Statistically significance of 
differences: *p < 0.05, ** p < 0.01, *** p < 0.001. 

3. Results and discussion 

3.1. Characterization of lipoplexes 

Based on previous experience, we developed P-selectin targeted 
PEGylated cationic liposomes (Psel-lipo) [35] to act as non-viral vectors 
for shRNA plasmids delivery intended to interfere with RAGE tran
scription. Psel-lipo were prepared using the extrusion method of hy
drated lipid mixture comprising DMAPAP (cationic lipid), DOPE (helper 
lipid), and maleimide-functionalized phospholipidic derivates of PEG 
(Mal-PEG-DSPE) used for coupling the peptide with affinity for P- 
selectin at the liposome’s surface. As a control, PEGylated cationic li
posomes coupled with a scrambled peptide (Scr-lipo) were prepared. 
The HPLC measurements determined an amount of about 9.5 μg peptide 
per μmol lipid coupled to the surface of liposomes, as elsewhere reported 
[35]. 

To evaluate the degree of shRNA plasmid complexation by Psel-lipo, 
the electrostatic lipoplexes of Psel-lipo with shRNA control plasmid 
(Psel-lipo/shCTR), formed at different charge ratios (R) +/− (0.25, 2, 4, 
6, 8 and 10), were loaded into the agarose gel containing Midori-Green. 
The shCTR plasmid lanes were visualized under UV light (Fig. 1A). 
Compared to free shCTR, the migration of shCTR plasmid is completely 
blocked for Psel-lipo/shCTR lipoplexes obtained at R ≥ 4, indicating that 
starting with R = 4, the shRNA plasmid is efficiently covered by the 
PEGylated cationic liposomes (Fig. 1A). 

The images obtained by negative staining transmission electron mi
croscopy (TEM) revealed the condensed multilamellar structures 
appearance (“fingerprint-like”) of lipoplexes with concentric lamellar 
structures formed by alternating lipid bilayers of liposomes and plasmid 
DNA (Fig. 1C). Concentric lamellar structures form vesicles with di
ameters of ~100 nm (mean size of 102 ± 9 nm). 

Size and ζ-potential measurements of the liposomes and corre
sponding lipoplexes are summarized in Fig. 1B. Dynamic light scattering 
analysis (DLS) indicated that, immediately after preparation, the 
average hydrodynamic diameter of lipoplexes Psel-lipo/shCTR and Scr- 
lipo/shCTR obtained at R = 6 was around 150 nm and had a unimodal 
distribution, as shown by the polydispersity index (PDI), which was 
below or around 0.2 (Fig. 1B). There were no significant differences in 
the liposomes and lipoplexes with respect to size characteristics imme
diately after preparation. The higher size obtained by DLS measure
ments in comparison with TEM determinations can be explained by the 
fact that DLS measurements were done using intensity distribution mode 
and provide the mean hydrodynamic diameter of solvated nanoparticles 
in solution, whereas in TEM the samples are investigated in the dry state 
[45]. 

The ζ-potential of liposomes had a positive value of ~ +35 mV for 
both Psel-lipo and Scr-lipo. The interaction between shRNA plasmid and 
cationic liposomes produced a decrease of the ζ-potential to ~ +20 mV, 
indicating the electrostatic attraction between the cationic liposomes 
and the negatively charged shRNA plasmid during the lipoplexes 
formation. 

To check the stability of the lipoplexes, we have periodically assessed 
their size after different time intervals (for up to 4 weeks) of storage at 
4 ◦C. Representative results of one set of measurements performed on 
liposomes and lipoplexes (n = 4) are summarized in Supplementary 
Table S1. Since no significant deviation in dimensions after the 4-week 
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storage period was observed, except for an increase in the PDI at the end 
of the period (0.32 ± 0.05), we may assume that the lipoplexes can be 
used within one month without significant alterations of their size. 
However, in the experiments, we used the lipoplexes immediately after 
preparation. 

3.2. Effect of P-selectin targeted lipoplexes on endothelial cells: In vitro 
studies 

3.2.1. Lipoplexes are not cytotoxic for endothelial cells 
Potential cytotoxicity induced by the exposure of quiescent and LPS- 

activated EC (bEnd.3 cell line) to Psel-lipo/shCTR lipoplexes for 
different intervals (24, 48 and 72 h) was assessed using XTT assay. The 
data showed that the viability of quiescent and LPS-activated bEnd.3 
cells was not significantly affected by the incubation with P-selectin 

Fig. 1. Characterization of P-selectin tar
geted lipoplexes. (A) Agarose gel retardation 
assay performed for free shRNA plasmid 
(shCTR) and Psel-lipo/shCTR lipoplexes at 
different charge ratios +/− (R) (200 ng 
shCTR/lane). (B) Average hydrodynamic 
diameter and ζ-potential of P-selectin tar
geted liposomes (Psel-lipo) and lipoplexes 
(Psel-lipo/shCTR) and non-targeted lipo
somes (Scr-lipo) and lipoplexes (Scr-lipo/ 
shCTR) at R = 6 for 100 nM final shCTR 
concentration. Results are reported as mean 
± SD for five individual measurements. (C) 
Electron micrographs of negatively-stained 
Psel-lipo/shCTR lipoplexes (R = 6). Scale
bars: 200 nm. (D) Viability of quiescent 
endothelial cells (EC, bEnd.3 cell line) or 
LPS-activated EC, incubated for different 
periods (24, 48 and 72 h) with Psel-lipo/ 
shCTR lipoplexes at various ratios (4, 6, 8 
and 10) (1 μg shRNA/ml). The results were 
normalized to untreated (control) cells. Data 
are presented as mean ± SD of a represen
tative experiment made in three replicates. 
(E) Overlay of representative flow cytometry 
histograms showing the expression of P- 
selectin on the surface of quiescent (un
treated, black line) and of LPS (100 ng/ml)- 
treated EC for 4 or 24 h (cyan and red lines, 
respectively). (F) Percentages of P-selectin 
positive cells as determined by flow cytom
etry experiments and plotted from a single 
experiment using triplicate probes. Bar 
graph shows data as mean ± SD. Statistical 
significance: * p < 0.05, ** p < 0.01. (G) 
Overlay of representative flow cytometry 
histograms demonstrating uptake of 
fluorescently-labeled Psel-lipo/shCTR and 
Scr-lipo/shCTR lipoplexes after 4 h of incu
bation with LPS-activated EC. (H) Compari
son between the uptake of P-selectin 
targeted (Psel-lipo/shCTR) and non-targeted 
(Scr-lipo/shCTR) lipoplexes by EC, 
expressed as percentage of FL1-positive 
cells. Data are mean ± SD of a representa
tive experiment performed in triplicate. (I) 
Fluorescence images of LPS-activated EC 
incubated with fluorescently labeled Scr- 
lipo/shCTR and Psel-lipo/shCTR lipoplexes 
(green). Nuclei are stained with DAPI (blue). 
Scale bar: 20 μm. (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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targeted lipoplexes (Fig. 1D) or non-targeted ones (Supplementary 
Fig. S1) formed with the shRNA control plasmid (1 μg shCTR/ ml) at 
various charge ratios R = 4, 6, 8 and 10. The data show that lipoplexes 
are cyto-compatible and can be further used in transfection experiments. 

3.2.2. P-selectin targeted lipoplexes are taken up by endothelial cells 

3.2.2.1. P-selectin is over-expressed on the surface of LPS-activated 
cultured EC. The expression of P-selectin on the surface of quiescent or 
LPS-activated EC was assessed by flow cytometry. In the absence of LPS 
activation, ~ 40% of EC express P-selectin (Fig. 1E and F). The activa
tion of EC with LPS (100 ng/ml) for 4 and 24 h induced a significant 
increase, of about two-fold, in P-selectin expression. When the EC were 

exposed for 24 h to LPS, it was found that ~90% of the cells were pos
itive for P-selectin. For this reason, in all subsequent studies, the cells 
were activated for 24 h with 100 g/ml LPS and then used to assess the 
interaction of P-selectin targeted and non-targeted lipoplexes with the 
endothelial cells. 

3.2.2.2. P-selectin targeted lipoplexes are efficiently taken up by LPS- 
activated endothelial cells. For efficiently silencing the target gene, the 
shRNA plasmid has to be intracellularly delivered into the cells. To this 
purpose, the uptake of fluorescently-labeled Psel-lipo/shCTR and Scr- 
lipo/shCTR lipoplexes (R = 6; 0.6 μg shCTR/ ml) by the LPS-activated 
EC was investigated after a 4-h incubation at 37 ◦C by flow cytometry. 
As shown in Fig. 1G and H, a 2.3-fold increase in the percentage of cells 

Fig. 2. (A) RAGE protein expression in 
quiescent and LPS-activated endothelial 
cells (EC, bEnd.3 cell line) for 4 and 24 h. 
The data of Western blot experiments 
expressed as mean ± SD, are representative 
of three independent experiments performed 
in duplicates. (B) Representative Western 
blot and densitometric analysis of RAGE 
protein expression in LPS-activated EC 
treated with Psel-lipo/shRAGE, Scr-lipo/ 
shRAGE, Psel-lipo/shCTR lipoplexes and 
free shRAGE, normalized to control, un- 
treated cells, at 48 and 72 h. The histo
gram depicts data from three independent 
experiments expressed as mean ± SD. (C) 
Functionality of different type of lipoplexes 
in the reduction of monocytes adhesion to 
LPS-activated EC compared with free 
shRAGE. Representative fluorescence mi
crographs show the adherent fluorescently- 
labeled monocytes (green) to activated EC 
treated with Psel-lipo/shRAGE, Scr-lipo/ 
shRAGE, Psel-lipo/shCTR lipoplexes and 
free shRAGE. Scale bar: 200 μm. The histo
gram presents the results as mean ± SD of 
three experiments performed in duplicates. 
Statistical significance: * p < 0.05, ** p <
0.01, *** p < 0.001. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of 
this article.)   

C.A. Mocanu et al.                                                                                                                                                                                                                             



Journal of Controlled Release 338 (2021) 754–772

762

detected in the FL1 channel, corresponding to the fluorescence of NBD- 
DSPE inserted into the liposomes’ bilayers, was detected in the case of 
EC incubation with Psel-lipo/shRNA as compared to Scr-lipo/shRNA 
lipoplexes, demonstrating a higher internalization of P-selectin tar
geted lipoplexes. In addition, the fluorescence images showed small 
green fluorescent granules inside the cytosol, indicating the internali
zation of lipoplexes (Fig. 1I). It can be observed that, in the case of in
cubation with Psel-lipo/shCTR, the cells displayed more numerous 
fluorescence dots, suggesting a higher cellular internalization of P- 
selectin targeted lipoplexes than non-targeted ones. These data are in 
good agreement with our previous study that showed a higher uptake, in 
both static and dynamic conditions of incubation, of lipoplexes made of 
cationic Psel-lipo and siRNA in comparison with control, cationic lipo
somes coupled with a scrambled peptide (Scr-lipo/siRNA) [35]. In the 
same study, competitive experiments, performed in the presence of an 
excess of P-selectin binding peptide, demonstrated that targeted lip
oplexes are specifically internalized by a P-selectin mediated 
mechanism. 

It has been reported that physicochemical properties of lipoplexes, 
such as size, lipid/DNA charge ratio, the chemical structure of the lipids, 
and the presence of electrolytes, influence the intracellular delivery, and 
as a consequence, the transfection efficiency [27,46]. On the other hand, 
different cell types have a different rate of uptake and ability to express 
the sequence coded in a plasmid DNA, and therefore, it is difficult to 
predict the structure or lipoplex size that is most appropriate for the 
DNA/RNA delivery. The advantage of our approach is the targeting of an 
internalizing cell adhesion molecule that improves the delivery effi
ciency by increasing the cellular uptake of lipoplexes. 

3.2.3. Transfection with Psel-lipo/shRAGE lipoplexes down-regulates 
RAGE expression in endothelial cells 

3.2.3.1. RAGE expression in bEnd.3 cells. RAGE protein expression level 
in bEnd.3 cells, cultured in normal- or exposed to LPS conditions was 
evaluated by immunoblotting. We found that RAGE protein was 
constitutively expressed by quiescent bEnd.3 cells, in line with previous 
reports [47]. The activation of cells with 100 ng/ml LPS for 24 h upre
gulated its expression by ~ twofold as compared to non-activated cells 
(Fig. 2A). 

3.2.3.2. Psel-lipo/shRAGE lipoplexes significantly reduce RAGE at 72 h 
after transfection. Two types of lipoplexes, either P-selectin targeted 
(Psel-lipo/shRAGE) or non-targeted (Scr-lipo/shRAGE), were used to 
deliver into the EC, the mix of the five shRNA plasmids (R = 6, 5 μg/ml) 
containing sequences that specifically target RAGE mRNA or a shRNA 
control plasmid containing scrambled-shRNA sequence (shCTR). In 
Fig. 2B, RAGE protein levels relative to glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) are presented as fold change compared to 
the control, non-transfected cells. As one can see, the protein expression 
level of RAGE was significantly reduced in the cells treated with both 
types of lipoplexes carrying the shRNA plasmids targeting RAGE mRNA 
at 72 h after the EC transfection. Thus, Psel-lipo/shRAGE lipoplexes 
downregulated the expression of RAGE by 62% (p < 0.001), whereas the 
RAGE protein level was reduced by 44% (p < 0.01) when the trans
fection was performed using Scr-lipo/shRAGE lipoplexes. However, 
there was no statistically significant difference between targeted and 
non-targeted lipoplexes. This result could be explained by the fact that, 
although the uptake of Psel-lipo/shRNA lipoplexes was twofold higher 
than that of Scr-lipo/shRNA lipoplexes in the first 4 h of incubation, the 
level of RAGE-shRNA delivered intracellularly was sufficient to obtain a 
similar reduction of RAGE protein expression after 72 h. The data are in 
line with our previous results [35] and with those reported by 
Ásgeirsdóttir et al. [48] showing no difference for VE-cadherin silencing 
in activated glomerular endothelium between E-selectin targeted and 
non-targeted transfection using liposomes incorporating high doses of 

siRNA (60 nM). 
A statistically significant reduction was attained when RAGE protein 

expression, measured after transfection with Psel-lipo/shRAGE or Scr- 
lipo/shRAGE lipoplexes, was compared with its expression in cells 
transfected with Psel-lipo/shCTR or free shRAGE plasmids. These results 
demonstrated that the lipoplexes carrying shRNA sequences for RAGE 
silencing were effective in RNA interference, producing a significant 
downregulation of RAGE protein expression with a higher percent of 
reduction for P-selectin targeted lipoplexes. 

3.2.4. Psel-lipo/shRAGE lipoplexes decrease the monocyte adhesion to LPS- 
activated endothelial cells 

The involvement of RAGE in the inflammatory activation of endo
thelial cells has been well documented. It was previously demonstrated 
that the interaction of RAGE with its ligand S100B increases the acti
vation of the ERK and JNK MAPKs pathways and the expression of cell 
adhesion molecules (e.g. VCAM-1) in murine and human aortic endo
thelial cells [4]. In human umbilical vein endothelial cells (HUVEC), 
RAGE expression is increased under shear stress conditions [49] and 
RAGE activation by HMGB1 induces the NF-kB activation and increases 
the expression of TNF-α [50]. Besides, endothelial RAGE function as an 
adhesion receptor recognized by the integrin Mac-1 expressed on leu
kocytes, promoting thus leukocyte recruitment at the inflammatory sites 
of the vascular wall [8,9]. RAGE is involved in both the recruitment and 
activation of the inflammatory cells, thus playing an important role in 
the initiation and maintenance of inflammation [9,51]. To validate the 
role of RAGE in the increased adhesion of monocytes to the endothelial 
cells’ monolayer, we transfected LPS-activated EC with Psel-lipo/ 
shRAGE and Scr-lipo/shRAGE lipoplexes. The cells were first incu
bated with LPS (for 24 h) followed by incubation with Psel-lipo/ 
shRAGE, Scr-lipo/shRAGE or Psel-lipo/shCTR lipoplexes and free 
shRAGE (for 72 h). After incubation of EC with fluorescently labeled 
monocytes (for 30 min), the non-adhered monocytes were removed by 
thorough washing, and the fluorescently adherent monocytes were 
counted. As shown in Fig. 2C, the activation of EC with LPS caused a 
considerable increase (~3-fold) in monocyte adhesion compared to 
monocyte adhesion to unstimulated, control cells. Transfection of LPS- 
activated EC with Psel-lipo/shRAGE significantly reduced the number 
of adhered monocytes (~70%) compared to LPS-activated cells, while 
transfection with Scr-lipo/shRAGE decreased the monocytes adhesion 
by ~45%. Incubation of LPS-activated EC with Psel-lipo/shCTR lip
oplexes and free shRAGE had no considerable effect on the monocyte 
adhesion process. Functionally, the higher percent of inhibition of 
monocytes adhesion to activated EC treated with Psel-lipo/shRAGE, as 
compared with the same concentration of shRAGE plasmid mix deliv
ered by Scr-lipo/shRAGE (Fig. 2C), is a reliable indicative of RAGE role 
of in the monocyte adhesion to activated EC and the superior anti- 
inflammatory effect of Psel-lipo/shRAGE. 

3.3. Effect of P-selectin targeted lipoplexes on experimental 
atherosclerosis: Animal studies 

3.3.1. Biodistribution of P-selectin targeted lipoplexes after i.v. 
administration in ApoE-deficient mice 

It was shown that P-selectin is a cell adhesion molecule with a key 
role in the progression of atherosclerotic lesions, mediating leukocyte 
recruitment into atheroma in ApoE-deficient mice [52]. Importantly, the 
expression of P-selectin is increased on the endothelium covering human 
atherosclerotic plaques [53] and in the aorta of hypercholesterolemic 
rabbits [54]. Also, P-selectin mRNA expression in the aorta of ApoE- 
deficient mice is strongly correlated with the progression of lesion for
mation, suggesting that P-selectin is a good targeted candidate for 
intervention, lesion imaging, or therapeutic targeting strategies [37,55]. 
Moreover, P-selectin has been reported as a reliable target for athero
sclerotic plaque imaging in ApoE-deficient mice using magnetic reso
nance imaging (MRI) [56,57] and positron emission tomography (PET) 
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[58]. Apart from atherosclerosis, P-selectin was also investigated in 
preclinical and clinical studies as an imaging biomarker of other in
flammatory conditions, such as thrombus, aneurysm, or ischemic stroke 
[59,60] or as a therapeutic target for sickle cell disease and myocardial 
infarction using the antibodies crizanlizumab and inclacumab, respec
tively [61,62]. Moreover, P-selectin was exploited as a target for 
nanocarriers-based delivery of therapeutic agents to inflammatory sites 
[34] and various tumors [63,64]. 

Therefore, our approach to use P-selectin as a molecular target for 
delivering lipoplexes to atherosclerotic lesions is justified by the previ
ously accumulated data. Thus, we investigated whether the bio
distribution of P-selectin targeted lipoplexes is different from that of 
non-targeted lipoplexes. The Rhodamine B-labeled Psel-lipo/shCTR or 
Scr-lipo/shCTR lipoplexes (1.5 mg of plasmid/kg body weight) were 
administered to ApoE-deficient mice by retro-orbital injection. After one 
hour, the mice’s vasculature was washed with PBS by puncture of the 
left ventricle, and several organs (brain, lungs, heart, liver, spleen, 
kidneys) and aortas were removed and visualized ex-vivo using the IVIS 
Caliper 200 imaging system. The fluorescent radiant efficiency [fluo
rescence emission radiance per incident excitation intensity (p/s/cm2/ 
sr)/(μW/cm2)] measurements using region-of-interest (ROI) function of 
Living Image 4.3.1. software was used to quantify the biodistribution of 
lipoplexes. The autofluorescence of organs isolated from mice injected 
with PBS only was subtracted from the ROI values measured for each 
organ. To delineate between tissue autofluorescence and the specific 
fluorescence of Rhodamine B, spectral unmixing was performed. 

The fluorescence emission results show that, at one hour after 
administration, both types of lipoplexes accumulate mainly in the lungs 
and the liver of the mice (Fig. 3A-a, b). The non-targeted Scr-lipo/shCTR 
lipoplexes displayed increased accumulation in the lungs and the liver 
(Fig. 3A-b) compared to Psel-lipo/shRNA lipoplexes, but no statistical 
significance was achieved. The spectral unmixing analysis confirmed 
that the fluorescence measured is the specific signal emitted by 
Rhodamine B, used to fluorescently label the lipoplexes (Fig. 3A-c). 
Evidence of successful plasmid DNA (pDNA) delivery after the distri
bution of lipoplexes in vivo was reported by Mahato et al. [65]. They 
reported that the most significant quantities of pDNA at 24 h after tail 
vein injection of lipoplexes were found in the lungs and liver, while in 
the kidney, spleen, heart, and blood, the amount of pDNA was insig
nificant. The analysis of the aortas alone revealed a higher radiant ef
ficiency measured in the specimens isolated from mice injected with 
Psel-lipo/shCTR as compared with mice that received Scr-lipo/shCTR 
lipoplexes (Figs. 3B-a and 3B-b). The accumulation of Psel-lipo/shRNA 
at the sites of atherosclerotic plaques was revealed when overlaying 
the fluorescent images with photographic images taken with the IVIS 
system (Fig. 3B-c). The administration of Psel-lipo/shCTR produced a 
strong fluorescence that was visualized in the areas with atherosclerotic 
lesions, having a white opacity appearance due to the lipid-rich content 
(observed on photographic images). It can be undoubtedly seen that Scr- 
lipo/shCTR does not associate with these atherosclerotic areas. The 
spectral unmixing analysis points out the specific localization of Psel- 
lipo/shCTR in the aortas of ApoE-deficient mice (Fig. 3B-c). By 
contrast, in the case of Scr-lipo/shCTR administration, no fluorescence 
specific for the lipoplexes label (Rhodamine B) was detected. These data 
demonstrate that i.v. administration of lipoplexes directed to P-selectin 
by coupling the recognizing peptide, results in their localization at the 
atherosclerotic plaque and vascular areas with inflamed endothelium, 
exhibiting increased expression of P-selectin. Considering the protocol, 
which required thorough washing of the vasculature with a peristaltic 
pump injecting cold PBS (at a rate of 2.5 ml/min) in the left ventricle, we 
can assume that the Scr-lipo/shRNA lipoplexes were washed away, 
while the interaction between the Psel-lipo/shRNA lipoplexes with P- 
selectin expressed on the surface of endothelial cells resisted the artifi
cial shear flow and resulted in the tethering of lipoplexes at the vascular 
lesions. 

However, since the presence of soluble P-selectin (sP-selectin) 

circulating in the plasma was reported [66], there is a possibility that a 
certain amount of peptide exposed by lipoplexes binds to sP-selectin and 
this might interfere with the binding of P-selectin targeted lipoplexes to 
the endothelium. Elevated levels of sP-selectin in ApoE-deficient mice 
(256 ± 37 ng/ml) were detected, but these were not significantly 
different from the wild-type mice (127 ± 10 ng/ml) [66]. Nevertheless, 
our data showed that targeted lipoplexes could find and bind to their 
target on the activated endothelium surface. We administered approxi
mately 0.2 μmol lipid/ 2 μg P-selectin binding peptide/ml, which is 10- 
fold higher than the reported sP-selectin, and it appears that this level is 
enough for the specific binding of Psel-lipo/shRNA lipoplexes to the 
atherosclerotic sites. 

3.3.2. In vivo transfection efficiency of P-selectin targeted lipoplexes 
The ability of P-selectin targeted lipoplexes to efficiently deliver the 

plasmid to the cells of the arterial wall was investigated using the pEYFP 
plasmid containing a reporter gene encoding the enhanced yellow 
fluorescent protein (EYFP). The transfection efficacy was further 
investigated by the specific fluorescent signal identified in the aorta and 
organs of ApoE-deficient mice, at 72 h after one single i.v. injection with 
targeted (Psel-lipo/pEYFP) or non-targeted (Scr-lipo/pEYFP) lipoplexes 
made with the pEYFP plasmid (1.5 mg/kg body weight). 

We have found that both the targeted and the non-targeted lip
oplexes induced the expression of the fluorescent protein reporter gene 
in the lungs of ApoE-deficient mice, with no significant differences in 
EYFP expression between the two experimental groups (Fig. 3C-a, b). 

Previous studies reported that i.v. administration of lipoplexes leads 
to their accumulation at a higher extent within the lung, namely ~80% 
of the injected dose being localized in this organ. Consequently, high 
levels of gene expression were reported for lungs in the case of in vivo 
transfection using lipoplexes [67,68]. This explains our data showing 
the accumulation of the lipoplexes and the expression of EYFP in the 
lungs. Alternatively, a possible explanation of the fact that P-selectin 
targeted lipoplexes did not induce a higher level of fluorescent protein 
expression could be that the retention of lipoplexes, irrespective of 
formulation, in the lungs is a consequence of the first-pass phenomenon, 
as it is the first capillary bed encountered after i.v. retro-orbital injection 
[69]. Indeed, our biodistribution studies showed that at one hour after 
injection, the level of accumulation in the lungs was similar for both 
lipoplexes formulations (Fig. 3A-b). Moreover, it was reported that the 
retention of lipoplexes in the lungs for approximately one hour is central 
for the high levels of expression determined [70]. 

A statistically significant increase in EYFP expression was measured 
in the aorta of mice receiving Psel-lipo/pEYFP (by 2-fold, p = 0.006) as 
compared to Scr-lipo/pEYFP (Fig. 3C-a, b). Spectral unmixing analysis 
confirmed the specific expression of the fluorescent protein in the aortas 
of mice injected with Psel-lipo/pEYFP (Fig. 3C-c). 

It has been previously described that vascular EC efficiently inter
nalize efficiently lipoplexes [71–73]. They are able to appropriately 
traffic and express the delivered gene, after i.v. administration of lip
oplexes, with higher efficacy as compared to other cell types such as 
pulmonary epithelial cells [74]. 

3.3.3. In vivo downregulation of RAGE by Psel-lipo/shRAGE lipoplexes 
The dose of RAGE-shRNA plasmids chosen for i.v. administration to 

mice was 1.5 mg/kg since higher doses (2.3 mg/kg) induced the 
proinflammatory cytokine production [75] and more than 4 mg/kg 
pDNA provoked morbidity and mortality in mice [76]. Several studies 
support the 1 mg pDNA/kg dose as effective, without detrimental effects 
[77,78]. The identical mix of five RAGE-shRNA plasmids, validated in 
vitro to silence RAGE in mouse EC were employed to obtain P-selectin 
targeted (Psel-lipo/shRAGE) or non-targeted (Scr-lipo/shRAGE) lip
oplexes. A control shRNA plasmid (shCTR) was used to produce P- 
selectin targeted, non-specific lipoplexes (Psel-lipo/shCTR). The lip
oplexes were i.v. administered in ApoE-deficient mice kept on HFD 
twice a week for four weeks. At the end of the treatment, the aorta, 
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Fig. 3. Localization of Rhodamine B-labeled P-selectin targeted lipoplexes (Psel-lipo/shCTR) and non-targeted lipoplexes (Scr-lipo/shCTR) in different organs (B: 
brain, Lu: lungs, H: heart, A: aorta, Li: liver, S: spleen and K: kidneys) (A) and in the aortas (B) harvested from ApoE-deficient mice. The analysis was done one hour 
after retro-orbital administration of lipoplexes in mice (n = 3/experimental group) using the imaging system IVIS Caliper 200, by detection of Rhodamine B 
fluorescence at λex/ λem: 535 nm/ 580 nm. (A) Organ distribution of lipoplexes. (A-a) Fluorescence emission of organs; (A-b) Quantification of total radiant ef
ficiency in the lungs and liver; (A-c) Spectral unmixing analysis to delineate the signal specific for Rhodamine B fluorescence and tissue autofluorescence. The 
composite image displays Rhodamine B fluorescence (red) and tissue autofluorescence (green). (B) Aorta accumulation of lipoplexes. (B-a) Qualitative analysis of the 
epi-fluorescence emission signal of the aortas investigated at λex/ λem: 535 nm/ 580 nm; (B-b) Quantification of total radiant efficiency in the aortas; (B-c) Spectral 
unmixing analysis to eliminate the tissue autofluorescence signal. The accumulation of Psel-lipo/shRNA at the sites with atherosclerotic lesions can be observed in the 
left image. The right image shows the fluorescence specific for Rhodamine B signal (red, arrows) and tissue autofluorescence (green). (C) Expression of yellow 
fluorescent protein (YFP) at 48 h after Psel-Lipo/pEYFP and Scr-lipo/pEYFP administration in ApoE-deficient mice (n = 3/group), detected using the IVIS imaging 
system at λex/ λem: 500 nm/ 540 nm. As control, a mouse which received a retro-orbital injection of PBS was used. (C-a) Epi-fluorescence emission of organs; (C-b) 
Quantification of total radiant efficiency in the aorta and lungs; (C-c) Spectral unmixing analysis. The left image shows the specific expression of YFP in the aorta and 
lungs and the composite image displays YFP fluorescence (green) and tissue autofluorescence (red). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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lungs, liver and kidneys were investigated for RAGE expression by 
Western blot. 

RAGE comprises several distinct protein domains: (1) an extracel
lular region (amino acids (aa) between 1 and 342) including a signal 
peptide (aa: 1–22), followed by three immunoglobulin (Ig)-like do
mains, one Ig-like V-type domain involved in the ligand binding (aa 
23–116) and two Ig-like C2-type domains (aa 124–221 and aa 227–317); 
(2) a single transmembrane domain (aa 343–363) and (3) a short 
cytoplasmic tail (aa 364–404) [79]. In our study, we used the mouse 
monoclonal antibody (A-9, Santa Cruz, cat no. sc-365,154), specific for 
an epitope located between aa 23–43 in the Ig-like V-type domain, at the 
N-terminus of RAGE. 

As shown in Fig. 4A, the aorta displayed a strong signal of the 46-kDa 
isoform. A significant downregulation of the RAGE protein expression 
was obtained when the ApoE-deficient mice were treated with Psel-lipo/ 
shRAGE, as compared with the RAGE expression in the aortas isolated 
from mice from other groups, namely the Scr-lipo/shRAGE, Psel-lipo/ 
shCTR or PBS group. Neither of the other treatments did significantly 
downregulate the expression of RAGE in the aorta. 

These immunoblot results were strengthened by the immunofluo
rescence analysis performed on cryosections of the aortic root, isolated 
from mice from different experimental groups. We found a reduction in 
RAGE staining on the aortic sections obtained from mice that received 
Psel-lipo/shRAGE. That was in contrast with the more pronounced 
staining for RAGE in the aorta sections collected from mice in the control 
group (PBS) or that from mice in the Scr-lipo/shRAGE and Psel-lipo/ 
shCTR (Fig. 4B). 

In the lungs, liver and kidneys, Western blot assays revealed several 
bands identified by the monoclonal antibody used (Fig. 4C), indicating a 
complex expression pattern of RAGE isoforms. Several alternative 
splicing variants have been described for the murine RAGE [80,81] that 
lead to the main isoforms of RAGE protein, namely the full length pro
tein, the N-truncated isoform (that lack the N-terminal V-type 
immunoglobulin-like domain) and the secretory, C-truncated (that lack 
C-terminal transmembrane sequence) isoform [82]. Besides, RAGE has 
two sites of N-glycosylation [83,84] and it is also proteolytically pro
cessed [85,86]. Thus, the observed bands in the homogenates of organs 
may be explained by these features. 

We detected three specific bands for RAGE at molecular masses be
tween 40 and 60 kDa, corresponding to the previously reported RAGE 
isoforms [84,87]. A comprehensive study on the expression of different 
isoforms of RAGE in various mouse tissues and cells was done by Gefter J 
et al. [84]. This study reported protein bands with apparent molecular 
masses of 57.4, 52.6, and 45.1 kDa proteins in lung lysates of C57BL/6 
mice identified as xRAGE, membrane (m)RAGE, and soluble (s)RAGE, 
respectively. In addition, the study confirmed that both xRAGE and 
mRAGE were membrane-bound RAGE isoforms. In our study, we also 
identified the same bands at apparent molecular masses of 55, 50 and 46 
kDa. Moreover, we detected two additional bands below 35 kDa in the 
lungs, liver and kidneys of 28 week-old ApoE-deficient mice kept on 
HFD for the last four weeks. These bands could correspond to isoforms 
without the Ig-like C2 domains, transmembrane and cytosolic domains, 
still containing the ligand binding domain recognized by the antibody 
used. Nevertheless, it is expected that these isoforms do not have an 
impact on RAGE signaling since they lack the cytoplasmic domain of the 
receptor. 

The densitometric measurements of RAGE in each organ was done by 
including in the analysis all the bands detected or the three bands cor
responding to the isoforms expressed in the range of 40–60 kDa. The 
graphs are shown in the Fig. 4C below the Western blots. 

In the lungs, the densitometric analysis of all bands identified 
showed that the administration of Psel-lipo/shCTR caused a statistically 
significant increase (~85%, p < 0.05) in RAGE isoforms as compared to 
the levels measured in control mice that received PBS (Fig. 4C). Treat
ment with Scr-lipo/shRAGE determined a statistically significant 
reduction of RAGE isoforms as compared with that observed in mice 

treated with Psel-lipo/shCTR lipoplexes (Fig. 4C). The analysis of the 
three RAGE protein isoforms with apparent molecular weights of 46 
kDa, 50 kDa, and 55 kDa revealed that their expression was significantly 
decreased by non-targeted Scr-lipo/shRAGE lipoplexes treatment when 
compared with all the other experimental groups (Supplementary 
Fig. S2). This observation could be explained by the results showing a 
higher localization (Fig. 3A) and transfection efficacy (Fig. 3C) in the 
lungs of the mice injected with non-targeted Scr-lipo/shRAGE lipoplexes 
in comparison with targeted Psel-lipo/shRAGE lipoplexes, although no 
statistically significant difference was achieved in those experiments. 
Apparently, the passive retention of non-targeted lipoplexes in the lungs 
of mice from the Scr-lipo/shRAGE group produced a downregulation of 
RAGE isoforms as compared to the Psel-lipo/shCTR and PBS groups. 

An increase in RAGE isoforms was also detected in the liver of mice 
receiving Psel-lipo/shCTR lipoplexes. The RAGE protein isoforms level 
was significantly higher than the level of RAGE isoforms in mice injected 
with Psel-lipo/shRAGE (~ 50%, p < 0.05). No difference between 
control mice that received PBS and other experimental groups was 
detected. It is difficult to explain the increases of RAGE isoform in the 
liver and lungs when the plasmid shRNA control was injected. One 
explanation could be that cationic lipids can induce a non-specific in
crease in gene expression by activating some gene promoters [88]. When 
using lipoplexes carrying the shRAGE plasmid, this effect is not obvious 
since the downregulation of RAGE is assured by the shRNA-RAGE. 
Nevertheless, such an increase was not found for the aortas (Fig. 4A). 

In the kidneys, the administration of any type of lipoplexes does not 
change the RAGE protein isoforms expression (Fig. 4C). Moreover, in the 
kidneys, the biodistribution and in vivo transfection studies showed no 
differences between the experimental groups receiving different lip
oplexes formulations. 

3.3.4. NF-kB and TNF-α levels are decreased in the aorta of ApoE-deficient 
mice treated with Psel/shRAGE lipoplexes 

RAGE is expressed on various cell types implicated in the athero
sclerotic plaque formation, i.e. vascular or immune cells [3], and is 
crucially involved in the inflammatory process associated with the 
progression of atherosclerosis [4,5]. Binding of various ligands to RAGE 
activates multiple signaling transduction pathways that finally generate 
an increased expression of transcription factors, such as NF-kB, AP-1 and 
STAT3, which play a central role in the production of proinflammatory 
cytokines and chemokines [4]. 

In an attempt to decrease the vascular inflammation in atheroscle
rosis, we envisaged the downregulation of RAGE expression by specially 
designed targeted nanoparticles. Immunoblotting experiments were 
carried out to evaluate the expression of the transcription factor NF-kB 
and the cytokine TNF-α in the aorta, after the administration of Psel- 
lipo/shRAGE. We found that the NF-kB expression at protein level was 
significantly reduced upon i.v. injection of Psel-lipo/shRAGE lipoplexes 
(~ 60–70%, p < 0.05) as compared with the levels obtained in the aortas 
from ApoE-deficient mice having received Scr-lipo/shRAGE, Psel-lipo/ 
shCTR or PBS (Fig. 5A). The immunofluorescence analysis of the aortic 
root supported the immunoblotting results. We detected fainter staining 
for NF-kB on the cryosections of aorta isolated from ApoE-deficient mice 
that had received Psel-lipo/shRAGE as compared to similar sections 
from mice from the control group (PBS) or from the Scr-lipo/shRAGE 
and Psel-lipo/shCTR groups (Fig. 5B). 

The level of TNF-α, whose expression is induced by NF-kB, was also 
significantly decreased by ~60% in the homogenates of aortas from 
mice injected with Psel-lipo/shRAGE in comparison with those from 
control mice injected with the Scr-lipo/shRAGE lipoplexes or with PBS 
(Fig. 5A). These data demonstrated that the underlying mechanism of 
the anti-inflammatory potential of Psel-lipo/shRAGE lipoplexes is the 
reduction of NF-kB in the aorta of ApoE-deficient mice. 

Our data extend previous studies that reported that i.v. injection, for 
six weeks, of RAGE-specific siRNA expression vectors in a liver fibrosis 
rat model effectively inhibits the mRNA NF-κB expression and decreases 
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Fig. 4. (A) The schematic representation of in vivo experiments. ApoE-deficient mice were injected twice a week for four weeks with Psel-lipo/shRAGE, Scr-lipo/ 
shRAGE and Psel-lipo/shCTR lipoplexes and simultaneously fed with the HFD (n = 9 mice/experimental group). At the end of the experiment, tissues were harvested 
for investigation. (B) Expression of RAGE in homogenates of aortas from mice treated with lipoplexes (Psel-lipo/shRAGE, Scr-lipo/shRAGE or Psel-lipo/shCTR) 
normalized to levels measured in control mice (PBS). Data are mean ± SD; statistical significance: * p < 0.05, *** p < 0.001. (C) Representative fluorescence mi
crographs of aortic root cryosections labeled for RAGE (red) and counterstained with DAPI (blue) to identify the nuclei; arrows indicate RAGE-positive areas; 
scalebar: 100 μm. (D) Expression of RAGE isoforms in homogenates of lungs, liver and kidneys isolated from mice treated with lipoplexes Psel-lipo/shRAGE (lanes 1), 
Scr-lipo/shRAGE (lanes 2) or Psel-lipo/shCTR (lanes 3) and PBS (lanes 4). The graph shows data as means ± SD; statistical significance: * p < 0.05, ** p < 0.01. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. (A) Western blot assay to evaluate the expression of NF-κB p65 and TNF-α in aorta homogenates from mice treated with Psel-lipo/shRAGE (lanes 1), Scr-lipo/ 
shRAGE (lanes 2) and Psel-lipo/shCTR (lanes 3) or PBS (lanes 4). The graphs present data as means ± SD normalized to tubulin, considering the expression of the 
proteins in the aorta homogenates of control mice (PBS) as 1 (n = 6 mice/experimental group). Statistical significance: *p < 0.05. (B) Representative fluorescence 
micrographs of aortic root cryosections labeled for NF-κB (red) and counterstained with DAPI (blue) to identify the nuclei. The arrows indicate NF-κB-positive areas. 
Scale bar: 100 μm. At least 3 mice/group were investigated. (C) Cytokine concentrations (pg/ml) in the plasma of the animals injected with lipoplexes or PBS as 
assessed at the end of the four-week treatment. Values are mean ± SD. Statistical significance: * p < 0.05, ** p < 0.01 *** p < 0.001 versus PBS. (D) Representative 
images of sections through the aortic sinus collected from mice of different experimental groups stained for lipids with Oil Red O. The graph shows the morpho
metrical analysis of lesion area calculated as percentage of total aortic root surface area. Data represent the mean values ± SD from Psel-lipo/shRAGE, Scr-lipo/ 
shRAGE, Psel-lipo/shCTR and PBS groups (10 sections/mouse, n = 6). Scale bar: 200 μm.**p < 0.01, ***p < 0.001. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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serum levels of inflammatory cytokines, including TNF-α and 
interleukin-6 (IL-6) [89]. 

3.3.5. Psel-lipo/shRAGE administration reduces plasma levels of 
inflammatory cytokines in ApoE-deficient mice 

Treatment of ApoE-deficient mice kept on HFD with Psel-lipo/ 
shRAGE determined a significant reduction of the plasmatic concen
trations of the inflammatory cytokines TNF-α, IL-6, IL-1β and MCP-1 
chemokine, which decreased by ~40% (p < 0.01), ~ 70% (p < 0.01), 
~ 30% (p < 0.05) and ~ 50% (p < 0.001), respectively, as compared to 
plasma levels of control mice having received PBS (Fig. 5C). Also, the 
administration of Scr-lipo/shRAGE lipoplexes induced a reduction of IL- 
6 (~ 70%, p < 0.01) and MCP-1 (~ 50%, p < 0.01) versus the levels 
detected in control (PBS-injected) mice. No difference was obtained 
when the levels of these cytokines detected in the group having received 
Psel-lipo/shCTR lipoplexes were compared with the values measured in 
the PBS group (Fig. 5C). We can safely assume that the decreased con
centration of plasma cytokines in mice injected with Psel-lipo/shRAGE 
may be due to the reported down-regulation of RAGE protein expres
sion and decreased NF-kB levels, in the aorta, with the subsequent 
reduction of inflammatory cytokine production in the arterial wall. 
Moreover, the RAGE down-regulation in the lungs and liver can concur 
to the plasma cytokine levels reduction. The reduction in IL-6 and MCP- 
1 observed in mice treated with Scr-lipo/shRAGE may be explained by 
the reduction of RAGE protein levels in lungs that could contribute to the 
diminished production of these cytokines. 

3.3.6. Psel-lipo/shRAGE lipoplexes reduce the atherosclerotic plaque 
burden 

The accumulation of lipids in the aortic root was evaluated 
comparatively in mice of each experimental groups treated with 
different types of lipoplexes (Psel-lipo/shRAGE, Scr-lipo/shRAGE, or 
Psel-lipo/shCTR), and PBS upon staining of the valve cryosections with 
ORO (Fig. 5D). The morphometric analysis of the cross-sectional area of 
the aortic sinus covered by lesions indicated a decrease in the athero
sclerotic plaque growth in the ApoE-deficient mice treated with Psel- 
lipo/shRAGE lipoplexes. The lesion area normalized to the aortic root 
surface was significantly reduced by ~40% (p < 0.001) in the Psel-lipo/ 
shRAGE group versus the PBS control group, and by ~30% versus the 
Scr-lipo/shRAGE and Psel-lipo/shCTR groups (p < 0.01) (Fig. 5D). The 
percentage of inhibition of atherosclerotic plaque development upon the 
administration of Psel-lipo/shRAGE compared with plaque development 
in control animals was relatively high (~ 40%), given that the treatment 
was performed for only one month in conditions of HFD. The data 
suggest that a lessening of atherosclerosis by reducing the expression of 
RAGE in the aorta is feasible. Our results extend previous studies 
showing that the administration of the soluble isoform of RAGE (sRAGE) 
in ApoE-deficient mice prevents the development and progression of 
atherosclerosis in this animal model [90]. In another study, sRAGE 
administration in diabetic ApoE-deficient mice halted the lesion pro
gression by blocking the influx of macrophages and inhibiting the pro
liferation of smooth muscle cells in the atherosclerotic lesions [11]. 

3.3.7. The administration of Psel-lipo/shRAGE lipoplexes displays no 
toxicity profile 

To monitor animal welfare throughout the in vivo experiment, we 
examined the weight fluctuations, the body postures and behavior, as 
described in the animal-based assessment welfare methods [91,92]. The 
weight of the mice varied insignificantly (less than 5% of the initial 
weight) during the four weeks of the experiments (Fig. 6A). Also, their 
behavior remained unaltered and the body postures was not indicative 
of physical pain. 

The toxicity of lipoplexes was assessed by biochemistry assays [93]. 
The plasmatic concentrations of cholesterol and triglycerides were ex
pected to be high and maintain constant in all the experimental groups, 
as a consequence of the continuous administration of the HFD 

throughout the four-week treatment period. No significant differences in 
these two biochemical parameters were observed between the experi
mental groups treated with different types of lipoplexes (Fig. 6B). Also, 
the hepatic function assessed by measuring ALT and AST enzymes, and 
the renal function investigated by quantification of blood urea nitrogen 
(BUN) and creatinine, showed no significant alterations among the 
experimental groups (Fig. 6B). No evidence of hepatic and renal damage 
was observed after one-month of treatment with lipoplexes, as indicated 
by the levels of the investigated parameters that are not significantly 
different from those in control, ApoE-deficient mice having received 
PBS. 

Histology analysis of organs performed on hematoxylin-eosin stain
ing - sections showed no significant abnormalities in the lungs, liver and 
kidneys morphology in the mice having received Psel-lipo/shRAGE 
(Fig. 6C). Though, of all experimental groups, in the mice having 
received the Psel-lipo/shCTR lipoplexes, the thickening of alveolar 
septal (Fig. 6D) without inflammatory cell infiltrates (Fig. 6E) was 
observed. This was possible due to septal edema induced by unidentified 
off-target effects of the control shRNA plasmid that increased the 
expression of RAGE isoforms as compared with other experimental 
groups (Fig. 4C). 

The hemocompatibility tests showed that the percentages of lysed 
erythrocytes after incubation with lipoplexes is ~2%, less than the 5% 
threshold (Fig. 6F), that is considered the safe hemolytic ratio for bio
materials, according to International Organization for Standardization 
(ISO) 10,993–4:2017. In addition, the examination of the erythrocytes 
after incubation with lipoplexes does not reveal any aggregation, the 
appearance being similar to the negative control (incubation in PBS) 
(Fig. 6G). 

4. Conclusions 

We developed lipoplexes targeted to P-selectin to efficiently deliver 
RAGE-shRNA to the atherosclerotic plaque in order to decrease the in
flammatory process and the ensuing lesion development. In vitro, Psel- 
lipo/shRAGE lipoplexes were efficiently taken up by activated EC, 
decreased the expression of RAGE protein and had a functional role in 
reducing the monocyte adhesion to activated EC. In vivo, in a mouse 
model of atherosclerosis (ApoE-deficient mice), the targeted lipoplexes 
accumulated specifically and efficiently transfected the aorta. The 
repeated administration of Psel-lipo/shRAGE lipoplexes (i) reduced the 
expression of RAGE protein in the aorta by decreasing the expression of 
NF-kB and TNF-α; (ii) diminished the plasma levels of TNF-α, IL-6, IL-1β, 
and MCP-1; (iii) inhibited the atherosclerotic plaque development and 
(iv) had no significant adverse effects. Together, these data suggest that 
the newly developed Psel-lipo/shRAGE lipoplexes represent a promising 
novel targeted therapy to block the progression of atherosclerosis. 
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Fig. 6. Safety assessment of the effects of lipoplexes administered in vivo. (A) Variation in body weight of mice from different groups during experiment. (B) 
Biochemical parameters for liver function (ALT, AST), kidney function (BUN and creatinine) and the lipid profile (cholesterol, triglycerides) measured in the plasma 
of control mice (PBS) or mice treated with lipoplexes (Psel-lipo/shRAGE, Scr-lipo/shRAGE, Psel-lipo/shCTR) at the end of the four-week treatment. Data are mean ±
SD (n = 9 mice for each group). (C) Histology (H&E staining) of organs collected from control mice (PBS) or mice treated with various formulations of lipoplexes 
(Psel-lipo/shRAGE, Scr-lipo/shRAGE, Psel-lipo/shCTR) for one-month (main panel scale bar (black): 200 μm, inset scale bar (yellow): 50 μm. (D) Alveolar wall 
thickness and (E) Lung cellularity measurement on images taken using x20 objective (n = 3 mice were analyzed for each group, and 10 random fields per mouse were 
used for analysis using ImageJ 1.53c Macros described in Supplementary Material). (F) Quantification of hemolysis in erythrocytes incubated with Psel-lipo/shCTR 
plasmid at different charge ratios (R). The corresponding photographs after erythrocytes sedimentation upon exposure to various experimental conditions are shown 
above. (G) Evaluation of erythrocyte aggregation after incubation with lipoplexes, PBS [Ctr (− )] and 0.5% Triton X-100 [Ctr (+)]. Scale bar: 200 μm. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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