
 
 
 

 
 
 

 
 

 
 
 
 

 
 

 

 
New therapeutic approaches to modulate metabolic 

alterations in the cardiovascular system. In vivo studies 
 

Aleyda Benítez Amaro 
 
 
 
 

 
 
 
 
 
 

 
ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents condicions d'ús: La difusió 
d’aquesta tesi per mitjà del servei TDX (www.tdx.cat) i a través del Dipòsit Digital de la UB (diposit.ub.edu) ha estat 
autoritzada pels titulars dels drets de propietat intelꞏlectual únicament per a usos privats emmarcats en activitats 
d’investigació i docència. No s’autoritza la seva reproducció amb finalitats de lucre ni la seva difusió i posada a disposició 
des d’un lloc aliè al servei TDX ni al Dipòsit Digital de la UB. No s’autoritza la presentació del seu contingut en una finestra 
o marc aliè a TDX o al Dipòsit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentació de 
la tesi com als seus continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom de la persona autora. 
 
 
ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptación de las siguientes condiciones de uso: La 
difusión de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB (diposit.ub.edu) 
ha sido autorizada por los titulares de los derechos de propiedad intelectual únicamente para usos privados enmarcados en 
actividades de investigación y docencia. No se autoriza su reproducción con finalidades de lucro ni su difusión y puesta a 
disposición desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza la presentación de su 
contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta reserva de derechos afecta 
tanto al resumen de presentación de la tesis como a sus contenidos. En la utilización o cita de partes de la tesis es obligado 
indicar el nombre de la persona autora. 
 
 
WARNING. On having consulted this thesis you’re accepting the following use conditions:  Spreading this thesis by the TDX 
(www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the intellectual 
property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative aims is not 
authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital Repository. Introducing 
its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not authorized (framing). Those 
rights affect to the presentation summary of the thesis as well as to its contents. In the using or citation of parts of the thesis 
it’s obliged to indicate the name of the author. 



 

   

 New therapeutic approaches to modulate 
metabolic alterations in the cardiovascular 
system. In vivo studies 

Aleyda Benítez Amaro  

 

DOCTORAL THESIS 

LD

LD

HFD

control P3

2022 



 

 

 

 

 

 

 

Doctoral Thesis 

 

New therapeutic approaches to modulate metabolic 

alterations in the cardiovascular system. In vivo studies 

 

 

 

Aleyda Benítez Amaro 

 

 

 

Doctoral Program in Biomedicine  

Faculty of Biology 

University of Barcelona 

Institute of Biomedical Research of Barcelona 

Barcelona, December 2022  

 
 
 



University of Barcelona 
Faculty of Biology 

Doctoral Program in Biomedicine 
Institute of Biomedical Research of Barcelona (IIBB-CSIC) 

New therapeutic approaches to modulate metabolic alterations in the 

cardiovascular system. In vivo studies 

Manuscript presented by Aleyda Benítez Amaro in order to obtain the degree of Doctor of 
Philosophy by the University of Barcelona. 

This thesis has been completed in the Lipids and Cardiovascular Pathology group directed 
by Dra. Concepción Vicenta Llorente Cortés 

 
 

Director 
Dra. Concepción Vicenta Llorente Cortés 

Institute of Biomedical Research of 
Barcelona (IIBB-CSIC) 

Tutor 
Dr. Antonio Zorzano Olarte  

Department of Biochemistry and Molecular 
Biomedicine, University of Barcelona. 

Doctoral candidate  
Aleyda Benítez Amaro 

Institute of Biomedical Research of 
Barcelona (IIBB-CSIC) 



 

 

 

 

 

 

 

 

 

 

 

INDEX 

 
 



INDEX 

ABSTRACT ............................................................................................................................................................... 1 

ABBREVIATIONS ................................................................................................................................................... 4 

GENERAL INTRODUCTION................................................................................................................................ 8 

1 Causes of metabolic disorders in the cardiovascular system and potential treatments

 …………………………………………………………………………………………………………………………….9 

1.1 Obesity ................................................................................................................................................. 9 

1.2 Diabetes mellitus .......................................................................................................................... 11 

1.3 Nonalcoholic fatty liver disease .............................................................................................. 13 

1.4 Hyperlipidemia or dyslipidemia............................................................................................. 15 

1.5 Metabolic syndrome .................................................................................................................... 17 

2 Animal models of metabolic disorders ......................................................................................... 19 

2.1 LRP1 animal models.................................................................................................................... 21 

2.2 Animal models for antibody-based therapies ................................................................... 22 

3 LRP1 as a key endocytic receptor in metabolic disorders .................................................... 24 

3.1 Relationship between LRP1 and atherosclerosis ............................................................ 28 

3.2 Relationship between LRP1 and cardiac function .......................................................... 29 

3.3 Relationship between LRP1 and insulin resistance........................................................ 30 

4 Role of cardiac natriuretic peptides on metabolic disorders............................................... 33 

HYPOTHESES AND OBJECTIVES .................................................................................................................. 36 

5 Specific Objectives of Study I ............................................................................................................ 37 

6 Specific Objectives of Study II .......................................................................................................... 38 

7 Specific Objectives of Study III ......................................................................................................... 38 

MATERIALS AND METHODS ......................................................................................................................... 39 

8 Study I ........................................................................................................................................................ 40 

8.1 Mice model generation ............................................................................................................... 40 

8.2 Experimental design and sample collection ...................................................................... 41 

8.3 Tissue homogenization .............................................................................................................. 42 

8.4 Molecular techniques.................................................................................................................. 43 

8.4.1 Cardiomyocytes isolation ................................................................................................. 43 



8.4.2 Cardiomyocyte HL-1 cells ................................................................................................ 43 

8.4.3 Hepatocyte cell culture ...................................................................................................... 45 

8.4.3.1 Hepatocyte isolation ...................................................................................................... 45 

8.4.3.2 Hepatocyte treatment ................................................................................................... 45 

8.4.4 Measurement of gene expression ................................................................................. 46 

8.4.4.1 RNA Isolation, integrity and quantification .......................................................... 46 

8.4.4.2 cDNA synthesis ................................................................................................................ 46 

8.4.4.3 RT-PCR ................................................................................................................................ 46 

8.4.5 Proteomic studies ................................................................................................................ 47 

8.4.5.1 Protein extraction and digestion ............................................................................... 47 

8.4.5.2 Peptide labeling by Isobaric Tandem Mass Tag .................................................. 48 

8.4.5.3 Separation of peptides by Strong Cation Exchange Chromatography ....... 48 

8.4.5.4 Liquid Chromatography/Multiple-Stage Mass Spectrometry (LC/MSn) 

Analysis …………………………………………………………………………………………………………..48 

8.4.5.5 Database search and quantitative analysis ........................................................... 48 

8.4.6 Immunoprecipitation Assays .......................................................................................... 49 

8.4.7 Western Blotting analysis ................................................................................................ 49 

8.4.7.1 Acrylamide gel electrophoresis ................................................................................. 49 

8.4.7.2 Nitrocellulose membrane transfer ........................................................................... 49 

8.4.7.3 Protein detection ............................................................................................................. 50 

8.4.8 Biochemical and lipidic analysis .................................................................................... 50 

8.4.9 Distribution of intragastrically-administered [3H]-TG and [3H]-FFA ............. 51 

8.4.10 Intracellular lipid content determination in target cells and tissues ......... 51 

8.4.10.1 Cell and tissue lipid extraction ................................................................................. 51 

8.4.10.2 Thin-Layer Chromatography ..................................................................................... 51 

8.4.11 Determination of fatty acid β-oxidation (FAO) activity in the liver ............ 52 

8.5 Other techniques .......................................................................................................................... 52 

8.5.1 Analysis of ventricular function ..................................................................................... 52 

8.5.2 Glucose Tolerance Test ..................................................................................................... 52 

8.5.3 Corin catalytic activity assay ........................................................................................... 53 

8.5.4 Immunoassays ...................................................................................................................... 53 



8.5.5 Measurement of cyclic GMP levels in target tissues .............................................. 53 

8.5.6 Confocal microscopy .......................................................................................................... 54 

8.5.7 Histological staining ........................................................................................................... 54 

8.5.8 Indirect calorymetry system ........................................................................................... 54 

9 Studies II and III .................................................................................................................................... 55 

9.1 Rabbit model .................................................................................................................................. 55 

9.2 Experimental design and sample collection ...................................................................... 55 

9.3 Peptide Synthesis and conjugation ....................................................................................... 56 

9.4 Determination of circulating lipids and the lipid content in lipoproteins ............. 57 

9.5 Detection of specific antibodies .............................................................................................. 57 

9.6 Glucose tolerance test ................................................................................................................ 58 

9.7 In vitro studies ............................................................................................................................... 59 

9.7.1 Culture of Rabbit Aortic Smooth Muscle Cells.......................................................... 59 

9.7.2 Human Macrophages (hMΦ) .......................................................................................... 59 

9.7.2.1 hMΦ Isolation ................................................................................................................... 59 

9.7.2.2 hMΦ Treatment ............................................................................................................... 60 

9.7.3 Human Coronary Vascular Smooth Muscle Cells .................................................... 60 

9.7.3.1 VSMC Isolation ................................................................................................................. 60 

9.7.3.2 VSMC treatment ............................................................................................................... 61 

9.7.4 Culture of HL-1 cardiomyocyte and treatment ........................................................ 61 

9.7.4.1 Biotin-labeling of HL-1 cell surface proteins ........................................................ 62 

9.7.4.2 HL-1 NBDG uptake assay ............................................................................................. 62 

9.8 Imaging techniques ..................................................................................................................... 62 

9.8.1 18F-FDG PET/CT ................................................................................................................... 62 

9.8.1.1 Acquisition parameters ................................................................................................ 63 

9.8.1.2 Image analyses ................................................................................................................. 63 

9.8.2 Ultrasonography .................................................................................................................. 63 

9.8.3 Electron microscopy........................................................................................................... 63 

9.8.4 Confocal microscopy studies........................................................................................... 64 

9.9 Other techniques .......................................................................................................................... 65 

9.9.1 Tissue subfractionation .................................................................................................... 65 



9.9.2 Western blotting analysis ................................................................................................. 65 

9.9.3 Immunohistochemistry studies ..................................................................................... 66 

9.9.4 Lipid analyses and determination of aortic, carotid, and hepatic neutral lipid 

content ……………………………………………………………………………………………………………...67 

9.9.5 Immunoprecipitation assay............................................................................................. 67 

9.9.6 FTIR, freeze-dried state .................................................................................................... 68 

REPORT OF THE IMPACT FACTOR OF THE PUBLISHED ARTICLES AND THE 

PARTICIPATION OF THE DOCTORAL CANDIDATE .............................................................................. 69 

10 Article 1 ..................................................................................................................................................... 70 

11 Article 2 ..................................................................................................................................................... 72 

12 Article 3 ..................................................................................................................................................... 74 

RESULTS ................................................................................................................................................................ 76 

13 RESULTS: Article 1 ............................................................................................................................... 77 

13.1 Article 1 supplemental material ............................................................................................. 78 

14 RESULTS: Article 2 ............................................................................................................................... 92 

14.1 Article 2 supplemental material ............................................................................................. 93 

15 RESULTS: Article 3 ............................................................................................................................... 98 

15.1 Article 3 supplemental material ............................................................................................. 99 

GLOBAL DISCUSSION ..................................................................................................................................... 105 

16 Study I ...................................................................................................................................................... 106 

16.1 Validation of cm-lrp1-/- as a model of specific cardiomyocyte LRP1 deficiency 106 

16.2 Phenotypic changes induced by a high-fat diet in the murine model .................... 106 

16.3 Lrp1 cardiomyocyte deficiency prevents diet-induced overweight and glucose 

intolerance by facilitating increased energy expenditure. ...................................................... 107 

16.4 LRP1 controls systemic levels of atrial natriuretic peptide through modulation of 

Corin activity in cardiomyocytes ....................................................................................................... 107 

16.5 ANP is the mediator that activates fatty acid oxidation in the liver of cm-Lrp1-/- 

mice…………………………………………………………………………………………………………………….109 

16.6 The ANP signaling pathway is partially activated in skeletal muscle of cm-Lrp1-/- 

mice…………………………………………………………………………………………………………………….111 

17 Studies II and III .................................................................................................................................. 112 



17.1 Impact of hypercholesterolemia in the cardiovascular system of rabbits ........... 112 

17.1.1 Impact of HFD on lipids and the lipoprotein profile ....................................... 112 

17.1.2 Impact of HFD on the accumulation of lipids in vasculature, heart, and 

liver in rabbits ..................................................................................................................................... 112 

17.1.2.1 HFD upregulated vascular cholesteryl ester accumulation and 

inflammation and causes atherosclerosis ............................................................................. 112 

17.1.2.2 HFD upregulates myocardial CE and TG accumulation in the heart 

causing alterations in cardiac insulin sensitiviy ................................................................. 113 

17.1.2.3 HFD upregulates neutral lipid content in the liver of rabbits .................... 113 

17.1.3 Impact of HFD on glucose tolerance testing ....................................................... 114 

17.2 Impact of lrp1-based immunotherapy on the alterations caused by 

hypercholesterolemia in the cardiovascular system ................................................................. 114 

17.2.1 Effects of P3-immunization on the production of anti-P3 antibodies 

against the LRP1 receptor in the rabbit model ...................................................................... 114 

17.2.2 Impact of P3-immunization on lipid accumulation in the vasculature, 

heart, and liver .................................................................................................................................... 114 

17.2.2.1 Anti-P3 Abs reduce cholesteryl ester accumulation in the vasculature . 114 

17.2.2.2 Anti-P3 antibodies reduce CE accumulation in the heart ............................ 115 

17.2.2.3 Anti-P3 Abs does not modify cholesteryl ester accumulation in the liver 

……………………………………………………………………………………………………………………..115 

17.2.3 Consequences of specific inhibition of vascular cholesteryl ester 

aucmulation on the development of atherosclerosis and inflammation ..................... 116 

17.2.4 Implications of specific inhibition of myocardial cholesteryl ester 

accumulation for cardiac insulin sensitivity ........................................................................... 117 

MAIN CONCLUSIONS ...................................................................................................................................... 120 

18 Conclusions of Study I ....................................................................................................................... 121 

19 Conclusions of Study II...................................................................................................................... 121 

20 Conclusions of Study III .................................................................................................................... 121 

TRANSLATIONAL POTENTIAL OF THE THESIS ................................................................................... 122 

REFERENCES ..................................................................................................................................................... 125 

ACKNOWLEDGEMENTS ................................................................................................................................ 147 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE INDEX 
 

 



FIGURE INDEX 

Figure 1. Schematic representation of NAFLD disease progression over time along with the 

main characteristics of the disease stages ............................................................................................... 14 

Figure 2. Classification and properties of major plasma lipoproteins ......................................... 15 

Figure 3. Lipid metabolism ........................................................................................................................... 16 

Figure 4. Pathophysiology of metabolic syndrome ............................................................................. 18 

Figure 5. Representative diagram showing how the Cre-loxP system works and the general 

breeding approach for conditional mutation involving the loxP and Cre knockout mice 

strain. ...................................................................................................................................................................... 21 

Figure 6. Schematic representation of mature LRP1 .......................................................................... 25 

Figure 7. Insulin receptor structure. ......................................................................................................... 31 

Figure 8. Insulin signaling pathway, in which LRP1 participates in different tissues ........... 32 

Figure 9. Cellular production and release of natriuretic peptides. ................................................ 34 

Figure 10. Generation of the cm-Lrp1−/− transgenic mice.. ............................................................... 40 

Figure 11. Diagram of the experimental design of the study I. ....................................................... 42 

Figure 12. Schematic representation of all the techniques used in the study I. ....................... 43 

Figure 13. Diagram of the technique used for the detection of cGMP in tissues ...................... 54 

Figure 14. Diagram of the experimental design of the studies II and III. .................................... 56 

Figure 15. Representative image of isolated aorta indicating the consecutive sections used 

for immunohistochemistry and molecular studies. .............................................................................. 67 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE INDEX 
 

 



TABLE INDEX 

Table 1. Body mass index-based WHO classification of obesity ........................................................ 9 

Table 2. Characteristics of the different types of diabetes mellitus. ............................................. 12 

Table 3. Animal models mainly used in the investigation of metabolic disorders. ................. 20 

Table 4. Mouse models of conditional LRP1 deficiency using Cre-loxP system. ...................... 22 

Table 5. Clinical trials involving antibody-based therapies for the treatment of 

cardiovascular risk factors ............................................................................................................................. 24 

Table 6. List of the best-known ligands of the extracellular LRP1α-subunit ............................ 27 

Table 7. List of the best-known ligands of intracellular LRP1 β-subunit .................................... 28 

Table 8. Characteristics of the main glucose transporters ............................................................... 31 

Table 9. Oligonucleotides used for mice genotyping .......................................................................... 41 

Table 10. Preparation of cell culture medium for HL-1 cells. .......................................................... 44 

Table 11. Preparation of cell culture media for hepatocytes. .......................................................... 46 

Table 12. List of assays on demand for the genes analyzed by RT-PCR. ..................................... 47 

Table 13. Thermal cycling conditions of RT-PCR. ................................................................................ 47 

Table 14. List of primary antibodies used for western blot analysis in the study I. ............... 50 

Table 15. Composition of the diet used in the studies II and III. .................................................... 55 

Table 16. Summary list of techniques used in the studies II and III ............................................. 58 

Table 17. Preparation of cell culture media for Human Macrophages. ....................................... 60 

Table 18. Preparation of cell culure media for VSMC cells. .............................................................. 61 

Table 19. List of primary antibodies used for confocal microscopy analysis in the studies II 

and III. ..................................................................................................................................................................... 64 

Table 20. List of primary antibodies used for western blot analysis in the studies II and III.

 ................................................................................................................................................................................... 66 

 



1 
 

 

 

 

 

 

 

 

 

 

 

 

ABSTRACT 

 

  



2 
 

ABSTRACT 
Background: Low-density lipoprotein receptor-related protein 1 (LRP1) plays a key role 

in fatty acid metabolism and glucose homeostasis. In the context of dyslipidemia, LRP1 is 

positively regulated in the heart. The LRP1 domain (CR9) and, in particular, the sequence 

Gly1127-Cys1140 (P3 peptide) is essential in the binding and internalization of aggregated 

LDL (agLDL). AgLDL internalization leads to intracellular cholesterol ester (CE) loading and 

foam cell formation in different cell types. The link between intracellular CE accumulation 

and insulin response is largely unknown. The first study aimed to evaluate the impact of 

cardiomyocyte Lrp1 deficiency on high-fat diet (HFD)-induced cardiac and metabolic 

alterations in a murine model and to explore the possible mechanisms involved. In the 

second and third studies, we aimed to evaluate whether immunization of rabbits with the 

P3 peptide reduces HFD-induced atherosclerosis and HFD-induced alterations in cardiac 

insulin response, respectively. 

Methods Study I: We used TnT-iCre transgenic mice to generate an experimental mouse 

model with conditional Lrp1 deficiency in cardiomyocytes (TNT-iCre+-LRP1flox/flox). cm-

Lrp1-/- (deficient) and cm-Lrp1+/+ (control) mice were fed with HFD and treated daily with 

Doxycycline Cyclate in drinking water for six weeks to inhibit Lrp1. After two weeks, mice 

were randomly assigned to untreated (PBS) or treated with natriuretic peptide receptor 

type A (NPRA) inhibitor until the end of the experiment. The indirect calorimetry study was 

performed at week 5 and glucose tolerance test at week 6. At the end of the experiment, 

target tissues were collected for molecular, lipidic, proteomic and immunohistochemical 

studies. 

Methods Study II and III: Rabbits immunized with irrelevant peptides (IrP) or P3 were 

randomized into HFD- or Chow-fed groups. Anti-P3 antibody (Abs) levels were determined 

by ELISA. Lipoprotein profile, circulating and tissue lipids, and vascular proinflammatory 

mediators were determined by standardized methods. Atherosclerosis was determined by 

confocal microscopy and noninvasive imaging studies. LRP1, Insulin receptor (InsR) and 

glucose transporter type 4 (GLUT4) levels were determined in rabbit heart membranes and 

total lysates. The interaction between InsR and LRP1 was analyzed by 

immunoprecipitation and confocal microscopy. Ex-vivo studies of cultured human 

macrophages (hMΦ), HL-1 cardiomyocytes, and vascular smooth muscle cells (VSMC) 

exposed to rabbit serum were conducted to explore the cell-specific effects of anti-P3 Abs. 

Findings of the studies: cm-Lrp1-/- mice have normal cardiac function combined with a 

favorable metabolic phenotype against HFD-induced glucose intolerance and obesity. 

Protection against glucose intolerance was associated with higher hepatic fatty acid 

oxidation (FAO), lower hepatic steatosis, and higher whole-body energy expenditure. 

Proteomic studies of the heart revealed reduced levels of cardiac pro-atrial natriuretic 

peptide (pro-ANP), which paralleled higher circulating levels and signaling of ANP.  
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In the rabbit model, anti-P3 Abs reduced HFD-induced vascular CE accumulation and 

intracellular CE loading of hMΦ and VSMC as well as HFD-induced pro-inflammatory 

effects in these cells. Microscopy studies revealed that anti-P3 abs reduced the percentage 

of lipids, macrophages, and SMCs in the arterial intima, as well as the atherosclerotic extent 

and injured area in the aorta of hypercholesterolemic rabbits. Noninvasive imaging studies 

showed that aortic standardized mean uptake value (SUVmean) and carotid arterial 

resistance index (ARI) were upregulated by HFD to a much higher extent in control groups 

than in the P3-immunized group. In addition, anti-P3 abs not only decreases the amount of 

HFD-induced generation of lipid droplets (LDs) and glycogen drops into cardiomyocytes 

but also modify LD size, content and electrodensity.  In addition, anti-P3 Abs restored the 

downregulatory effect of HFD on membrane InsR and GLUT4 levels as well as on 

LRP1/InsR interactions in rabbit hearts, and normalized the insulin signaling cascade and 

glucose uptake in HL-1 cells exposed to rabbit HFD serums. 
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ABBREVIATIONS  
 

5HT2C: 5-hydroxytryptamine2c receptor 

AAV: Adeno-associated viral  

ACAP1: ANK repeat and PH domain-

containing protein 1  

ACC: Acetyl-CoA carboxylase 

AGE: Advanced glycation end-product 

Akt: Protein kinase B 

AMPK: Adenosine monophosphate-

activated protein kinase  

ANGPTL2: Angiopoietin-like protein 2  

ANP: Atrial natriuretic peptide 

ApoB48: Apolipoprotein B48 

ApoC-II: Apolipoprotein C-II  

ApoE: Apolipoprotein E  

AS160: Akt Substrate 160 kDa 

BACE1: β-site APP cleaving enzyme 1 

BAT: Brown adipose tissue  

BMI: Body mass index  

BMPER: Bone morphogenetic protein-

binding endothelial regulator  

BNP: Brain natriuretic peptide 

CatS: Cathepsin S  

CE: Cholesterol ester  

CETP: Cholesteryl ester transfer protein  

cGKs: cGMP-dependent protein kinases  

cGMP: Cyclic guanosine monophosphate  

CLAMS: Comprehensive lab animal 

monitoring system  

CNP: C-type natriuretic peptide  

CPT1: Carnitine palmitoyl transferase I 

CR: Cysteine-rich complement-type 

repeat 

CTGF: Connective tissue growth factor  

DGAT: Acyl-CoA:diacylglycerol 

acyltransferase  

ERK1/2: Extracellular signal-regulated 

kinase ½ 

eWAT: Epididymal white adipose tissue 

FA: fatty acids 

FAO: Fatty acid oxidation 

FAS: Fatty acid synthase  

FAST: Fibro Scan-AST  

FC: Free cholesterol  

FFA: Free fatty acids  

GGA: ADP-ribosylation factor (ARF)-

binding proteins 

GLP-1: Glucagon-like peptide-1  

GLUT3: Glucose transporters type 3  

GLUT4: Glucose transporters type 4  
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GSK3: Glycogen synthase kinase 3  

GTP: Guanosine-5'-triphosphate  

GTT: Glucose tolerance test  

HbA1c: Glycated hemoglobin  

HCC: Hepatocellular carcinoma  

HDL: High-density lipoprotein 

HFD: High fat diet 

HL: Hepatic Lipase  

HMG-CoA: 3-hydroxy-3-methylglutaryl-

coenzyme A reductase 

IDL: Intermediate-density lipoprotein  

IKK-β: Inhibitor kB kinase β 

IL-18: Interleukin 18 

IL-1β: Interleukin 1β 

IL-6: Interleukin 6 

InsR: Insulin receptor  

iPSCs: Induced pluripotent stem cells 

IRAK-1: Interleukin-1 receptor associated 

kinase-1  

IRS-1: Insulin receptor substrate-1  

JNK: c-Jun N-terminal kinase  

LDL: Low-density lipoprotein  

LDLR: Low density lipoprotein receptor  

LpL: Lipoprotein lipase  

LRP1: Low-density lipoprotein receptor-

related protein-1  

MGAT: Acyl-CoA:monoacylglycerol 

acyltransferase  

mGPD: Mitochondrial glycerophosphate 

dehydrogenase  

MMPs: Matrix metalloproteinases 

NAFL: Nonalcoholic fatty liver  

NAFLD: Nonalcoholic fatty liver disease  

NASH: Nonalcoholic steatohepatitis 

NFATc1: Nuclear factor of activated T 

cells 1  

NF-κB: Nuclear factor kappa B  

NP: Natriuretic peptides 

NPRA: Natriuretic peptide receptor A 

NPRB: Natriuretic peptide receptor B  

NPRC: Natriuretic peptide receptor C  

OFG: Oral fat gavage 
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RAP: Receptor associated protein  

RBP-4: Retinol-binding protein 4  

RCT: Reverse cholesterol transport  

ROS: Reactive oxygen species  
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calcium ATPase-2 protein  

SGLT2: Sodium glucose cotransporter-2  
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TNF-R1: Tumor necrosis factor receptor-
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TNF-α: Tumor necrosis factor-alpha  

VASP: Vasodilator stimulated 
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WHO: World Health Organization  
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GENERAL INTRODUCTION  

1 Causes of metabolic disorders in the cardiovascular system and potential 

treatments 

Metabolism involves a complex chain of interconnected chemical reactions that occur 

inside the cells to produce energy [1]. Metabolic dysfunction is involved in the 

pathophysiology of several diseases, including cardiovascular disease. In this chapter, the 

principal causes of metabolic disorders and the current treatment will be discussed. 

1.1 Obesity  

The World Health Organization (WHO) has defined overweight and obesity as an abnormal 

or excessive storage of fat that constitutes a health problem. According to WHO statistics, 

more than 4 million people die each year as a result of this disease. The WHO uses the body 

mass index (BMI) to classify body fat at the population level (Table 1). In adults, 

"overweight" is defined as a BMI equal or greater than 25 kg/m2, and "obesity", a BMI equal 

or greater than 30 kg/m2 [2]. However, due to the great variability in the clinical 

manifestations of obesity, it cannot be classified by BMI alone. For instance, the BMI index 

is not a completely effective diagnostic tool in adults over 65 years of age due to their 

sarcopenic obesity. Sarcopenic obesity, which is characteristic of aging, is defined as the 

loss of muscle mass, strength, and/or physical function. This leads to patients with 

comparable body weight or BMI scores exhibiting different health risk levels [3,4].  

General information BMI (kg/m2) Weight Range Health risk 

Underweight < 18.5 124 lbs or less Minimal 

Healthy weight 18.5 to <25 125 lbs to 168 lbs Minimal 

Overweight 25 to <30 169 lbs to 202 lbs Increased 

Obesity class I 30 to < 35 203 lbs or more High 

Obesity class II 35 to < 40 203 lbs or more Very high 

Obesity class III ≥ 40 271 lbs or more Extremely high 

 

Table 1. Body mass index-based WHO classification of obesity (adapted from [2]). lbs: pounds 

Obesity contributes to an increased cardiovascular risk through direct and indirect 

mechanisms. Direct mechanisms include the structural and functional adjustments of the 

cardiovascular system to become adapted to the body weight excess and excessive 

adipokine production. Indirect mechanisms include insulin resistance, type 2 diabetes 

mellitus (T2DM), visceral adiposity, hypertension, and dyslipidemia [5]. 

The main cardiac adjustments that occur in obese patients include elevation in circulating 

blood volume due to higher sodium retention, resulting in intravascular volume expansion. 
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To satisfy the metabolic requirements of an oversized adipose tissue, the sympathetic 

nervous system increases stroke volume and heart rate, leading to increased cardiac output 

and finally elevated systemic vascular resistance caused by reduced-grade inflammation, 

hyperinsulinemia, excessive sympathetic activity and respiratory sleep disturbances. All 

these alterations lead to dilatation and hypertrophy of the left ventricle and enlargement of 

the left atrium [5]. 

In obesity, adipose tissue undergoes uncontrolled growth and hypertrophy that, combined 

with decreased tissue vascularization, results in hypoxia and adipocyte apoptosis. 

Apoptotic cells trigger macrophage infiltration and the onset of an inflammatory response. 

This adipose tissue dysfunction promotes the release of proinflammatory adipokines, 

including leptin, tumor necrosis factor α (TNF-α), interleukin 6 (IL-6), interleukin 18 (IL-

18), resistin, retinol-binding protein 4 (RBP-4), lipocalin 2 and angiopoietin-like protein 2 

(ANGPTL2) which are highly atherogenic [5]. IL-6, interleukin 1β (IL-1β), TNF-α, and free 

fatty acids (FFA) are involved in activating c-Jun N-terminal kinase (JNK) and inhibitor kB 

kinase β (IKK-β) in the adipose tissue. JNK activation triggers insulin receptor substrate-1 

(IRS-1) phosphorylation, insulin signaling alterations, systemic insulin resistance, 

metabolic syndrome, and T2DM [6].  

Current treatments for obesity combine lifestyle, pharmacological, and surgical procedures 

[4]. The less expensive and less dangerous option to achieve weight control in patients with 

obesity is lifestyle modification. Behavioral counseling and high intensity therapies focused 

on diet improvements and physical activity cause a moderate weight loss. However, weight 

regain is very common, and patients have to be usually encouraged to continue receiving 

long-term behavioral counseling after intensive therapy completion [7]. 

Orlistat is one of the drugs prescribed for the treatment of obesity. This drug causes a 

decrease in the absorption of fats from the diet by inhibiting pancreatic and gastric lipase. 

Other drugs, such as lorcaserin, increase the feeling of satiety, thereby promoting a 

decrease in food intake by acting as an agonist of the serotonin receptor 5-

hydroxytryptamine 2c (5HT2c). Liraglutide uses the mechanism of a glucagon-like peptide-

1 (GLP-1) agonist to slow down gastric depletion and reduce food consumption. There are 

also combinations of drugs, such as phentermine/topiramate and naltrexone/bupropion, 

which reduce food intake by different mechanisms. Phentermine/topiramate induces the 

release of norepinephrine (phentermine) along with the modulation of gamma-

aminobutyric acid (GABA) receptor (topiramate). Naltrexone/bupropion is a potent opioid 

blocker (naltrexone) and promotes suppression of dopamine and norepinephrine reuptake 

(bupropion). Of note, none of these drugs are suitable for use during pregnancy or by 

patients with thyroid problems [7].  
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There are three main types of bariatric surgery: adjustable gastric banding, gastric bypass, 

and sleeve gastrectomy. Laparoscopic adjustable gastric banding is a minimally invasive 

and reversible procedure that involves inserting an adjustable silicone band into the gastric 

fundus to create a small bag. Another procedure is the Roux-en-Y gastric bypass, in which 

surgeons place a band in the upper gastric fundus that attaches to a Roux-en-Y branch of 

the jejunum. Both surgeries are aimed at reducing food intake. Vertical sleeve gastrectomy 

consists of removing 70% of the stomach, reducing the ability to process food and leading 

to reaching satiety more quickly. The limitation of these surgeries are a high cost, a 

considerable risk of complications, and the possibility of regaining weight within a few 

years after the operation [7].  All of these therapies aim to reduce the escalating epidemic 

of obesity and associated cardiovascular diseases around the world by creating healthier 

lifestyles. 

1.2 Diabetes mellitus  

Diabetes mellitus is a chronic disease with a high prevalence on a worldwide basis. 

According to the International Diabetes Federation, 1 in 10 people across the world will 

develop Diabetes mellitus by 2035 [8]. The disease has two main types: diabetes mellitus 

type 1 (T1DM) and T2DM (Table 2). T2DM is the most prevalent in many countries [9–11].  

Classification Characteristics Causes Treatment Epidemiology 
Associated 

disease 
Ref 

Gestational 

Occurs during 
pregnancy. Insulin 

deficiency and 
hyperglycemia. 

Placental secretion of 
diabetogenic 

hormones 

Insulin and 
oral 

equivalent 
drugs 

Global 
prevalence of 

13.2%. 

Fetal 
macrosomia, 
Obesity and 

T2DM 

[12–
14] 

 

T1DM 

Autoimmune 
Reaction  

(participation of 
innate and 
adaptive 

immunity) 

Insulin deficiency 
due to pancreatic β-

cells damage 
Insulin 

Prevalence of 
9.5% 

worldwide 

Obesity, 
Metabolic 
syndrome 

[15,16] 

T2DM 
Polygenic and 

affected by 
environment 

Insufficient insulin 
secretion and 
response in 

peripheral tissues 

Metformin 
and others 
drugs, in 
certain 

circumstances 
insulin 

6.28% of the 
world 

population 

Obesity, 
Aging 

[15,17] 

T3DM 

(Alzheimer’s) 

 

Deficiencies in 
Brain glucose 

leading to 
neurodegeneration. 

Tau gene 
expression and 

Neuronal 
cytoskeleton 

breakdown and 
deposition of 

hyperphosphorylated 
and 

Aducanumab 
50–70% of 

cases 
T2DM, 
Obesity 

[18–
20] 
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phosphorylation is 
controlled by the 

insulin/IGF 
pathway. 

polyubiquitinated 
microtubule-

associated proteins 

Secondary 

Medication related 
effect, pancreatic 

malfunction or rare 
autoimmune 

disorders 

Different causes 
(antagonization of 
insulin by different 
hormones, drug or 

chemical abuse, 
infections) 

There are 
different 

treatments 
adapted to 

the 
pathogenesis 
of the disease. 

1%-2% of all 
diabetes cases 

T2DM, 
Obesity and 
Metabolic 
syndrome 

[21,22] 

Genetic 

(MODY) 

Development of 
Hyperglycemia at a 

young age 

Genetic defects in 
insulin secretion with 
minimal or no defects 

in insulin action 

Glucose-
lowering 

medications 

1-5% of all 
diabetes cases 

Monogenic 
Diabetes 

[21,23] 

 

Table 2. Characteristics of the different types of diabetes mellitus. IGF: Insulin-like growth factor, 
MODY: Maturity onset diabetes of the young 

Diabetes mellitus causes significant structural and functional changes in the heart muscle 

that lead to cardiovascular alterations and subsequently to death. These changes in the 

myocardium are known as diabetic cardiomyopathy. Among the molecular mechanisms 

that have been described to explain this process is the so-called advanced glycation end 

products (AGEs) [24]. AGEs are molecules that have undergone irreversible alterations due 

to reactions involving sugars and the amino groups on proteins and nucleic acids. The 

formation of AGEs increases with hyperglycemia, and their uncontrolled accumulation 

causes myocardial stiffness because they provoke structural modifications in collagen, 

making their elimination more difficult. When AGEs are recognized by their receptor 

(RAGE), they activate signaling cascades that result in vascular fibrosis, calcification, 

inflammation, prothrombotic effects, and vascular damage [25]. 

The large amount of collagen deposits in the heart of diabetics has been related to an 

increase in the activity of transforming growth factor-β (TGF-β) and connective tissue 

growth factor (CTGF), both of which induce collagen formation. In addition, uncontrolled 

degradation of the extracellular matrix has been observed as a consequence of alterations 

in the expression of matrix metalloproteinases (MMPs) leading to higher connective tissue 

production [26]. 

Another molecular mechanism leading to the development of diabetic cardiomyopathy is 

enhanced inflammation. Increased glucotoxicity and lipotoxicity in diabetes have been 

linked to enhanced macrophage and leukocyte infiltration as well as to elevated levels of 

inflammatory cytokines. Other factor that augments inflammation is oxidative stress, which 

leads to an increased generation of reactive oxygen species (ROS). ROS can interact with 
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DNA and activate redox-sensitive signaling pathways. In addition, activation of redox-

sensitive protein kinase C leads to mitochondrial dysfunction, oxidative stress, and 

endoplasmic reticulum damage [25]. 

Several treatments for diabetes based on gene therapy are currently under development.  

Different insulin-related genes have been delivered to various tissues using lentivirus, 

adenovirus, adeno-associated virus (AAV), and particles such as liposomes and naked DNA 

[27].  

Both T1DM and T2DM are characterized by a total or partial loss of β-cells; therefore, some 

current treatments aim to replenish these lost cells. An example of such treatments is the 

induction of transdifferentiation of ductal cells into β-cells, which has been shown to be 

effective in improving insulin production in pancreas. Further attempts were made to 

transdifferentiate pancreatic progenitor cells or α-cells into β-cells. Currently, induced 

pluripotent stem cells (iPSCs) have become an alternative for the treatment of diabetes. 

One main advantage of iPSCs is that they come from the patients themselves and are 

therefore not recognized by the immune system [27]. 

One of the most widely used drugs for the treatment of diabetes is metformin. This drug is 

implicated in the upregulation of AMP-activated protein kinase (AMPK) as well as 

inactivation of mitochondrial respiratory chain complex 1 and the mitochondrial 

glycerophosphate dehydrogenase (mGPD), which leads to a block of glucagon effects and 

impaired gluconeogenesis in the liver [27]. A recent study in patients with T2DM has 

shown that slow-release metformin has a greater effect on reducing glycated hemoglobin 

(HbA1c) than fast-release metformin. In diabetic patients for whom metformin has failed to 

lower HbA1c levels, the use of sodium glucose cotransporter-2 (SGLT2) inhibitors 

(canagliflozin, dapagliflozin, and empagliflozin) has been recommended as an add-on 

therapy. The mechanism of action of these inhibitors is to decrease glucose reabsorption in 

the renal tubules, and therefore, in the bloodstream, by blocking SGLT2 receptors [28]. 

1.3 Nonalcoholic fatty liver disease 

Nonalcoholic fatty liver disease (NAFLD) describes the whole group of fatty liver diseases, 

starting with nonalcoholic fatty liver (NAFL), nonalcoholic steatohepatitis (NASH), and 

NASH cirrhosis, and including the development of hepatocellular carcinoma (HCC) 

(Figure 1). A recently published study revealed an increase in the number and percentage 

of liver transplants carried out for NASH in Europe in 2016 as compared to 2002 [29]. 
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Figure 1. Schematic representation of NAFLD disease progression over time along with the main 
characteristics of the disease stages  (adapted from [30]) 

NAFLD begins when hepatocytes are no longer able to completely metabolize the ingested 

nutrients (fatty acids and carbohydrates), causing the accumulation of toxic lipids in the 

intercellular space of the liver. The association of toxic lipids with inflammatory processes 

triggers the evolution of the disease to more advanced stages [30]. The excessive hepatic 

accumulation of lipids is caused by pathological lipolysis of adipose tissue, alterations in de 

novo lipogenesis, and poor nutrition (for instance, diets rich in fats and sugars) [6]. 

In particular, NASH illness is characterized by decreased levels of acetyl-coenzyme-A 

carboxylase 1 (ACC1) responsible for de novo lipogenesis, inhibition of carnitine 

palmitoyltransferase 1 (CPT1) leading to decreased mitochondrial fatty acid, and 

overexpression of fatty acid synthase (FAS) responsible for the conversion of malonyl-CoA 

to palmitic acid. An alteration in the functionality of these enzymes leads to the 

accumulation of toxic lipids, which is the hallmark of NAFLD [6]. Other pathological 

processes associated with NAFLD are endoplasmic reticulum stress, increased presence of 

unfolded proteins, induction of apoptotic pathways, stimulation of stellate cells leading to 

fibrosis, and recruitment of pro-inflammatory cells (such as monocytes) [30].  

The diagnosis of NAFLD is currently based on imaging and histological techniques that 

allow the determination of hepatic steatosis degree. Currently, spatially resolved three-

dimensional models of human liver tissue are being developed to determine quantitative 

multiparametric cellular and tissue signatures that will provide a better understanding of 

the pathophysiology of the disease and help us to prevent its progression. These 

customized 3D dynamic computer simulations reveal the bile fluid anticipated an elevated 

pericentral biliary pressure and micro cholestasis, in agreement with high cholesterol 

levels in the serum of NAFLD patients. The non-invasive fibro scan-AST (FAST) score 

allows the identification of patients who have an increased NAFLD activity score (equal 4 
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or higher) and advanced fibrosis (stage 2 or higher), and it is likely to replace liver biopsies 

in clinical practice. Despite these diagnostic advances, there are still no pharmaceutical 

effective therapies approved by the U.S. Food and Drug Administration [31].  

1.4 Hyperlipidemia or dyslipidemia 

Hyperlipidemia is described as increased levels of lipids or lipoproteins in the blood stream 

that can be the result of a heterogeneous group of disorders. People with hyperlipidemia 

are at high risk of having cardiovascular disease [32]. 

Lipoproteins, the molecular complexes that transport lipids in the blood,  are formed by a 

hydrophobic central core made up of cholesterol ester (CE) and triglycerides (TG) 

surrounded by a hydrophilic membrane containing glycerophospholipids, free cholesterol 

(FC) and apolipoproteins (Figure 2) [33].  

 

Figure 2. Classification and properties of major plasma lipoproteins (adapted from [33]). RCT: 
Reverse cholesterol transport 

Hyperlipidemic states are caused by alterations in lipid and lipoprotein metabolism. Lipid 

metabolism includes two pathways: the exogenous pathway responsible for dietary lipid 

metabolism, and the endogenous pathway responsible for endogenously-synthesized lipid 

metabolism.  

In the exogenous pathway, dietary fats are degraded by liver bile acids and are absorbed by 

the small intestines (Figure 3). In the intestinal mucosal cell, FFAs are bound to 

monoglycerides generating TGs. Over the last two decades, genes encoding many of the enzymes 

involved in the synthesis of triglycerides have been identified, including acyl-CoA:monoacylglycerol 

acyltransferase (MGAT) and acyl-CoA:diacylglycerol acyltransferase (DGAT) [34]. Cholesterol is 

converted into CE by the enzyme cholesterol acyltransferase. TGs and CEs then merge with 
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apolipoprotein B48 (ApoB48) to form chylomicrons, the main lipoproteins that transport 

dietary lipids. Chylomicrons enter the systemic bloodstream through the lymphatic system; 

once in the blood circulation, they acquired apolipoprotein C-II (ApoC-II) and 

apolipoprotein E (ApoE) through interactions with other lipoproteins, such as high-density 

lipoprotein (HDL) and remnant very-low-density lipoprotein (VLDL). In circulation, 

chylomicrons also interact with lipoprotein lipase (LpL) that degrades chylomicron TG to 

FFAs and glycerol, generating the remnant chylomicrons. FFAs can then enter into the 

peripheral tissues, where they are used for energy production and/or into fat tissue, where 

they are stored as TG. Remnant chylomicrons are detected by specific hepatic receptors 

that eliminate them from the circulation. In the liver, cholesterol from remnant 

chylomicrons is either used to generate lipoproteins and bile acids or is stored as CE 

[35,36]. 

 

Figure 3. Lipid metabolism (adapted from [37]) 

The endogenous pathway mainly involves VLDL, LDL, and HDL (Figure 3). VLDLs generated 

and secreted by the liver enter into the circulation, where they are recognized by LpL, 

enzyme that degrades the TGs of VLDL to FFA and glycerol. The remnant VLDL/ 

intermediate-density lipoprotein (IDL) can either be eliminated from the circulation by the 

liver or suffer major transformations by LpL and/or hepatic lipase (HL) to become LDL. 

The resulting LDL, which is responsible for transporting cholesterol to the peripheral 
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tissues, undergo modifications such as oxidation (oxLDL) and is then taken up by scavenger 

receptors of intimal local macrophages, contributing to the formation of atherosclerotic 

plaques in the vessels. On the other hand, HDL plays a crucial role in the reverse cholesterol 

transport (RCT) [35,36]. In RCT, HDL collects all excessive cholesterol present in peripheral 

cells and transports it to the liver, where it is excreted in the bile or converted into bile 

acids prior to excretion [38]. 

Among the alterations that occur in lipid metabolism leading to dyslipidemia are enhanced 

TG production, impaired TG-rich lipoprotein (LDL, IDL and VLDL) metabolism, and loss of 

HDL function [39].  

Current treatments for hyperlipidemia focus on reducing the risk of having ischemic heart 

disease, cardiovascular disease, or cerebrovascular disease. Statins are some of the most 

widely used drugs to counteract the adverse effects of hyperlipidemia. Statins suppress the 

activity of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA) in the liver, 

leading to decreased cholesterol synthesis and increased LDLR-mediated uptake of CE-

enriched lipoproteins (Figure 3, white arrow). Another treatment consists of inhibitors 

against the proprotein convertase subtilisin/kexin type 9 (PCSK9), which also upregulates 

LDLR expression at the cell membrane. PCSK9 is a protease produced by hepatocytes that 

binds to the receptor and promotes its degradation causing a decrease in the uptake of CE-

enriched lipoproteins. Additionally, bile acid sequestering agents can be administered to 

patients with hyperlipidemia to block the entry of bile acids into the bloodstream, keeping 

them from reaching the liver and indirectly enhancing the uptake of lipoproteins from the 

circulation. Another hypolipemiant treatment is the use of cholesteryl ester transfer 

protein (CETP) inhibitors, which increase HDL levels and decrease cholesterol 

concentrations in ApoB-containing lipoproteins. Other types of inhibitors used in clinical 

practice are those that decrease the amount of cholesterol reaching the liver by blocking 

the absorption of cholesterol at the intestine level [39].  

1.5 Metabolic syndrome 

The metabolic syndrome encompasses a broad group of metabolic diseases, including 

obesity, hypertension, diabetes mellitus, and dyslipidemia, that have heterogeneous causes 

and symptoms. Metabolic syndrome is more prevalent in men than in women, and its risk 

factors can be hereditary as well as environmental. In Spain, between 22% to 32% of the 

general population has from metabolic syndrome [40]. 

Insulin resistance is a crucial variable in the diagnosis of metabolic syndrome. A 

determining cause for the evolution of insulin resistance is an elevated number of fatty 

acids in the bloodstream. Metabolic syndrome begins with the release of large amounts of 

FFA from visceral adipose tissue lipolysis into the liver that is stored as triglycerides, 

thereby stimulating hepatic glucose generation and VLDL release leading to 
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hypertriglyceridemia. The VLDL released into the circulation exchanges TGs for the CE in 

HDL-C, leading to the rapid clearance of HDL and a deterioration of the condition. Increased 

TGs are also taken up by LDL, making them more prone to hepatic lipase-induced 

degradation resulting in smaller and denser LDL. Small-dense LDL accumulates in the 

arterial wall, where it undergoes modifications leading to the development of 

atherosclerosis (Figure 4) [41,42]. 

 

Figure 4. Pathophysiology of metabolic syndrome (Image from [41]). 

Excess FFA also affects skeletal muscle by suppressing insulin-induced glucose uptake and 

enhancing blood glucose levels, leading to insulin resistance. Glucose overload in 

circulation stimulates insulin release by pancreatic β cells, triggering hyperinsulinemia. A 

key pathological consequence of hyperinsulinemia is hypertension, which is caused by 

activation of the sympathetic nervous system and suppression of nitric oxide synthase 

along with endothelial tissue dysfunction. In addition, the increased secretion of 

adipokines, such as IL-6 and TNF-α, by adipose tissue leads to increased production of 

fibrinogen and plasminogen activator inhibitor-1 (PAI-1), resulting in a pro-thrombotic 

condition, decreased anti-inflammatory cytokine, and reduced insulin sensitivity [41,42]. 

Currently, the main treatments for metabolic syndrome are based on healthy dietary and 

lifestyle habits.  Among the therapeutic strategies that have proven to be effective are 
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improving the quality of food and modifying the distribution of macronutrients (e.g., 

balancing the amount of proteins, fats, and carbohydrates in the diet)[43].   

2 Animal models of metabolic disorders 

Animal models have played an essential role in our comprehension about and progress in 

developing treatments for metabolic diseases. For instance, animal experimentation has led 

to the discovery of vaccines, antibiotics, and a better understanding of human diseases. 

Approximately 20 million animal models are currently being used in biomedical studies, 

the majority of which are mice and rats. Table 3 summarizes some animal models used for 

research in metabolic diseases and their main features [44]. 

Disease Animal model Characteristics Ref 

Obesity 

ob/ob mice 
Mutation on leptin gen, reduced blood pressure, 

increased body weight, impaired glucose tolerance 
[45] 

DIO animals 
Diet-induced models of obesity (DIO) generates 
obesity, hyperinsulinemia, hyperglycemia and 

hypertension 
[46] 

NONcNZO10/LtJ 
mice 

Combination of New Zealand Obese (NZO/HlLt) and 
Nonobese Nondiabetic (NON/LtJ) mice. Visceral 

obesity, moderate liver steatosis. 
[47] 

TALLYHO/JngJ mice 
Obesity, hyperinsulinemia, hyperglycemia (males), and 

hyperlipidemia 
[48] 

B6(cg)-Tubtub/J 
mice 

High blood lipid levels. No atherosclerotic lesions [49] 

T2DM 

db/db mice 
Mutation on leptin receptor gene. Reproductive 

impairment and chronic insulin resistance 
[45] 

BKS db mice 
Spontaneous mutation producing hyperinsulinemia 

that progressively worsens to insulinopenia 
[49] 

Obese domestic cats 

Polygenic disease. Prediabetes (insulin resistance) as 
well as neuropathy and retinopathy. Also 

characterized by pancreatic amyloidosis, hypertension 
and dyslipidemia. 

[46] 

BTBRob/ob mice 
Increase in body fat. Motor and sensory nerve 

conduction velocities deficits 
[50,
51] 

eNOS−/− mice 
Nitric Oxide Synthase 3 (NOS) endothelial cell 

knockout allele. Glucose intolerance, endothelial 
dysfunction and dyslipidemia 

[52] 

Goto-Kakizaki (GK) 
rat 

Leptin resistance. Hyperlipidemia. Unchanged blood 
pressure. Reduced neuronal glucose utilization. 

Oxidative stress 

[45,
53] 
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T1DM 

Akita mice 
Mutation in insulin gene. Pancreatic β-cell dysfunction 
and hyperglycemia. Osteopenia and impaired fracture 

healing 
[54] 

LEW.1AR1/-IDDM 
Rat 

Spontaneous mutation in the intra- Major 
histocompatibility complex (MHC). Diabetes occurs 

between 60 and 90 days of age. 

[55,
56] 

STZ-treated animals 
Administration of streptozotocin (STZ) induces β-cells 

destruction. Severe hyperglycemia, synaptic 
degeneration 

[53] 

NAFLD 

Zebrafish 
(slc16a6−/−) 

Fasting-induced fatty liver disease that is reversed by 
feeding 

[57] 

Zebrafish (ahcy−/−) Hepatic steatosis and liver degeneration [57] 

foz/foz mice 
Mutation in Alms1 gene. Morbid obesity and 

hyperphagia. Insulin resistance. Decreased levels of 
adiponectin. Hypercholesterolemia and steatosis. 

[58] 

Ossabaw miniature 
swine 

Dyslipidemia, obesity, hypertension, and insulin 
resistance 

[59] 

Dyslipidemia 

LDLR−/− mouse 
Mutations in ldlr gene. Acute hyperlipidemia and 

severe atherosclerosis 
[53,
60] 

apoE−/− mouse 
Increases in VLDL and decreases in HDL. Presence of 

fibrous plaque in the aortic root 
[61] 

Zebrafish  

(ApoC-II mutant) 
Hypertriglyceridemia, chylomicronemia [57] 

Metabolic Syndrome 

Zucker fatty (ZF) rat 
Missense mutation on leptin receptor gene. Obesity,  

hyperinsulinemia, hypertension 
[45] 

Zucker Diabetic 
Fatty (ZDF) rat 

Non-functional leptin receptor. Insulin resistance, 
hyperglycemia, mild hypertension 

[45] 

Koletsky rat 
Increased abdominal fat, normal fasting blood glucose, 

severe hypertension 
[45] 

POUND mouse 
Mutation in leptin receptor. Hypercholesterolemia. 

Obese, hyperinsulinemia 
[45] 

 

Table 3. Animal models mainly used in the investigation of metabolic disorders. 

In the near future, animal models will still be necessary to progress in biomedical research. 

However, due to concerns about their clinical applicability and ethics, alternatives such as 

computational simulations are emerging as new approaches (in a sometimes 

complementary manner) to progressing in biomedicine research [44]. 
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2.1 LRP1 animal models 

Previous studies have shown that low-density lipoprotein receptor-related protein-1 

(LRP1) is involved in early embryo development. LRP1 expressed on the surface of 

trophoblast cells recognizes uPA-PAI-1 complexes, promoting their degradation and 

allowing blastocyst implantation in the uterus [62]. On the basis of these results, an animal 

model with a complete deletion of LRP1 is not feasible. 

The recombinant Cre protein (38 KDa) is essential in the integration and cleavage of 

bacteriophage P1 at a specific site in the host genome. LoxP (locus of x-over, P1) sites are 

composed of a 34-bp palindromic sequence with an 8-bp core sequence that establishes the 

orientation of the site. The Cre protein can recognize two single-directional loxP sites 

situated on the same linear DNA molecule, resulting in the cleavage and circularization of 

the targeted DNA sequence. This discovery allowed transgenic animals to be created in 

which any region of the genome can be eliminated in a precise and controlled manner. To 

generate animals with a conditional mutation using the Cre-loxP system, animals 

homozygous for loxP have to be crossed with animals expressing Cre recombinase coupled 

to a specific promoter of the cell or tissue of interest (Figure 5) [63,64].   

 

Figure 5. Representative diagram showing how the Cre-loxP system works and the general 
breeding approach for conditional mutation involving the loxP and Cre knockout mice strain (Image 
from [64]). 

To improve the functioning of the Cre/loxP system, exogenous inducers are used to control 

the activation of Cre at the specific moment (Table 4) [64]. 

Exogenous 
inducer 

Animal model 
Administration 

route 
Promoter Ref 
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Tamoxifen 

LRP1fl/flCx3cr1creER mice 
Intraperitoneal 

injection 
Cx3cr1 promoter [65] 

Club Lrp1-/- 
Intraperitoneal 

injection 
Scgb1a1 

(secretoglobin) 
[66] 

NG2-
CreERT2ct2/wtxR26eGFPflox/flox 

xLRP1flox/flox 

Intraperitoneal 
injection 

nerve/glia antigen-2 
(NG2) 

[67] 

smaLRP1−/− mice 

(lrp1flox/flox, SMA-Cre-ERT2) 

Intraperitoneal 
injection 

smooth muscle actin 
(SMA) 

[68] 

Doxycycline 
LRP‐1‐βKO mice 

(MIP-rtTA; TRE-Cre; Lrp1fl/fl) 
Doxycycline diet 

mouse insulin 
promoter 

[69] 

 

Table 4. Mouse models of conditional LRP1 deficiency using Cre-loxP system. 

Rohlmann et al. were the first group to create a mouse model containing loxP sites inserted 

into the gene coding for LRP1 (LRPflox/flox). LRPflox/flox mice are viable and have a normal 

phenotype. These investigators were able to remove LRP1 from the liver of loxP 

homozygous mice by injecting a recombinant adenovirus containing the recombinant Cre 

gene coupled to the cytomegalovirus promoter [63].  This approach has been used to 

generate different models of conditional LRP1 deficiency, including transgenic mice with 

LRP1 deficiency in oligodendrocyte precursor cells [67]. Club Lrp1-/- (Scgbla1-

Cre/ERTMLRP1flox/flox) mice are tamoxifen-inducible, airway-specific LRP1 knockout mice. 

These mice were developed to study the role of LRP1 in chronic obstructive pulmonary 

disease [66]. Another deficient mouse model induced with tamoxifem is 

LRP1fl/flCx3cr1creER, which was created to study the role of LRP1 in multiple sclerosis. 

Researchers found that LRP1 is upregulated in multiple sclerosis lesions as compared to 

healthy tissue (pathological function). At the same time, they found that LRP1 is required to 

maintain microglia in an anti-inflammatory and neuroprotective state during inflammatory 

aggression (protective function) [65]. Other studies have used a mouse model with a 

specific LRP1 deficiency in vascular smooth muscle cells (VSMCs) (smaLRP1-/-). This model 

has tamoxifen-inducible Cre coupled with a modified estrogen receptor ligand-binding 

domain (ERT2) that is under the control of a specific smooth muscle actin promoter. 

Overall, these studies demonstrate the essential function of LRP1 in the control of VSMC 

contraction by mediating calcium signaling that protected against the formation of 

aneurysms [68]. 

2.2  Animal models for antibody-based therapies 

In recent years, antibody-based therapies have rapidly gained importance and have 

emerged as the best-selling drugs in the pharmaceutical market in 2018. Moreover, 

approximately 570 therapeutic monoclonal antibodies have reached the clinical trial in 
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recent years, of which 79 have been approved by the US Food and Drug Administration (US 

FDA). These biologic drugs are useful for treating cancer, autoimmune, metabolic and 

infectious illnesses [70].  

According to the method of production, antibodies are classified as polyclonal or 

monoclonal. Monoclonal antibodies are generated from a single cell such as specific 

immortalized B cells and are therefore a constant source of antibodies. Polyclonal 

antibodies are produced from numerous cells, so immunized animals need booster doses 

each time before collecting specific antibodies [71]. Generally, in the production of 

polyclonal antibodies, adjuvants that enhance the immunogenicity of the antigens are 

usually used. The main adjuvants used for immunization are Freund's complete and 

incomplete adjuvants, although others based on water-soluble bacterial cell wall 

components can also be used [72]. 

For more than 100 years, animals have been used to produce useful antibodies for 

research, diagnosis, and treatment of diseases. Among the benefits of this process are high 

affinity and stability in vivo, gaining valuable knowledge of antibody lineage, and paratope 

(antibody region that binds to the antigen) patterns using high-throughput sequencing 

[73]. 

Polyclonal antibodies are generally produced in mammals, although other species can be 

used. The animals most commonly used for large-scale antibody production are large or 

dairy animals such as horses, buffaloes, cows, sheep, and goats. For smaller productions 

such as those used in research, small animals such as rabbits, rats, or mice are usually used. 

Avian models are also used to generate antibodies, of which the chicken is the most widely 

used [71]. 

Balb-c mice are a widely used strain for the generation of monoclonal antibodies. Females 

are mainly used due to their ease of housing. New Zealand rabbits are used to produce 

antibodies due to their easy handling, their great capacity to adapt to housing conditions, 

and their drooping ears that make it easier to see the marginal veins for blood collection 

[72,74]. 

In the field of atherosclerosis treatment, oxidized LDL has been reported to be targeted by 

adaptive immune responses, generating oxidized LDL antibodies [75,76]. In this context, 

vaccines generated on the basis of native and modified ApoB100 peptides reduce 

atherosclerosis in hypercholesterolemic animals through different mechanisms [77,78]. 

These previous studies support the use of immunization as a potential treatment for 

atherosclerosis. Different anti-atherosclerosis immunotherapeutic approaches have been 

evaluated in preclinical and clinical studies with the purpose of specifically modulating 

immune responses to LDL [79–81].  



24 
 

Table 5 summarizes some of the antibody-based immunotherapy that has reached clinical 

trials for the treatment of cardiovascular risk factors. 

Therapeutic/ 
study name 

Agent 
Method of 

action 
Company Conclusions 

Preclinical 
Development 

Stage/ref 

CANTOS 
(NCT01327846) 

Canakinumab 
IL-1β 

antibody 
Novartis 

Reduction in 
recurrent CV 
events and 

HF mortality 

Transgenic 
mouse strain 

Completed 
[82–84] 

LDL 
immunization 

V6 
(NCT03042741) 

V6 (antigens 
from adipose 

tissue) 
Vaccination 

Immunitor 
LLC Ongoing Pig 

Phase 3 
[85,86] 

ATTACH 

Infliximab 
(chimeric 
human- 
murine 

monoclonal 
Antibody) 

Anti-TNF-α 
antibody 

Centocor 

Increased risk 
of death or 

hospitalization 
for CHF on 
high dose 

1006-T 
transgenic 

mice 
[87,88] 

FOURIER 

(NCT01764633) 

Evolocumab 
(monoclonal 

antibody) 

PCSK9 
Inhibition 

Amgen 

Reduced 
LDL-C levels 
and the risk 
of CV events 

Transgenic 
mice, non-

human 
primates 

Completed 

[89,90] 

ODYSSEY 
OUTCOMES 

(NCT01663402) 

Alirocumab 
(monoclonal 

antibody) 

PCSK9 
Inhibition 

Sanofi 

Reduced risk 
of recurrent 
ischemic CV 

events 

Transgenic 
mice, non-

human 
primates 

Completed 

[90,91] 

 

Table 5. Clinical trials involving antibody-based therapies for the treatment of cardiovascular risk 
factors (adapted from [92]) CV: cardiovascular, HF: heart failure, CHF: congestive HF, LDL-C, low-
density lipoprotein cholesterol 

Most of these vaccines are directed to treat cardiovascular risk factors such as 

dyslipidemia, obesity and diabetes by modulating inflammatory processes or lipid 

metabolism. 

3 LRP1 as a key endocytic receptor in metabolic disorders  

LRP1 is a cell surface glycoprotein belonging to the LDL receptor super family. The 

receptor is synthesized as a pro-receptor with a molecular weight of 600 kDa. The active 

form of the receptor is a heterodimer consisting of two subunits, the extracellular α-

subunit of 515 kDa and the transmembrane and intracellular β-subunit of about 85 kDa. 

The α-subunit consists of four clusters, each cluster containing numerous ligand-binding 

domains called modular arrays of acidic cysteine-rich complement-type repeats (CRs). The 
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CRs consist of 40 amino acid residues with three conserved disulfide linkages. The main 

function of the β-chain (formed by two NPxY motifs, one YxxL motif, and two di-leucine 

motifs) is the activation of intracellular signaling and endocytosis (Figure 6) [93,94].  

 

Figure 6. Schematic representation of mature LRP1 (Adapted from [93]) 

LRP1 can be cleaved from the plasma membrane by the action of proteases, such as hepatic 

metalloproteinases, tPA, and neuronal β-secretase protease (β-site APP cleaving enzyme 1, 

BACE1). Soluble LRP1 (sLRP1) is composed of the α-chain (that binds to extracellular 

ligands) and a fragment of the β-chain. sLRP1 can be measured in blood and is therefore 

being used as a biomarker for atherosclerosis and cardiometabolic diseases [95]. 

Moreover, an association between sLRP1 and the incidence of coronary events has been 

demonstrated [96]. Finally, this receptor may serve as a biomarker of epicardial adipose 

tissue volume present in T1DM patients [97]. 

There are more than 100 ligands recognized by LRP1, most of them bind to cluster II and IV 

and do not compete with each other for binding to the receptor with the exception of 

receptor associated protein (RAP), which blocks the binding of all other ligands [94,98,99]. 

Table 6 summarizes the main ligands of extracellular LRP1α-subunit. 

Ligand Function Caracteristic Ref 

α-2 macroglobulin 
(α-2-M) 

Inhibits a diverse range of 
proteinases. Enhanced GLUT4 

translocation 

Protease inhibitor 
belonging to the α-2 

globulin family. 
[100] 
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Amyloid β peptide 
(Aβ) 

Elevated production and 
deposition of Aβ in 

Alzheimer's disease leading 
to the formation of 

extracellular plaques. 

Peptide resulting from the 
processing of β-amyloid 
precursor protein. Aβ is 

cleared by BBB-associated 
pericytes though 

LRP1/apoE-specific 
mechanism. 

[101,102] 

 

 

Apolipoprotein E 
and apo E-enriched 

lipoproteins 

Mediates lipoproteins 
interaction, catabolism and 
transport. LRP1 is the main 
apoE receptor in the brain, 

becoming a major cholesterol 
transporter. 

Lipoprotein compound 
that is produced mainly in 

the liver 
[103,104] 

Calreticulin 

Critical for heart's 
development. Promote the 

preservation of cellular 
proteostasis. Contribute to 

the initiation of the immune 
response against cancer. 

Calcium-binding 
chaperone protein 

[105–
107] 

 

Heat shock protein 
90, 96, 70 

Main proteins responsible for 
the folding of other proteins.  

Key player in cell 
proliferation, differentiation 

and carcinogenesis. 

Intracellular chaperon 
proteins whose expression 
is influenced by stressors. 

[108,109] 

 

Heparan sulfate 
proteoglycans 

(HSPGs) 

Endocytic and adhesion 
receptors. Control cell 

migration. 

Glycoproteins expressed 
on the cell surface and in 
the extracellular matrix. 

[110,111] 

Hepatic Lipase 
Degradation of phospholipids 
and triglycerides from plasma 

lipoproteins 

enzyme synthesized by 
hepatocytes 

[112,113] 

Leptin 
Plays an essential role in 

energy homeostasis 
Hormone secreted by 

adipocytes 

[114] 

 

Matrix 
metalloproteinase 

2 (MMP-2),   9 
(MMP-9) and 13 

(MMP-13) 

Group of proteinases whose 
main function is the 
degradation of the 

extracellular matrix. Essential 
for tumor progression and 

metastasis 

zinc-dependent 
endopeptidase family 

[115–
118] 

Plasminogen 
activator inhibitor-

1 (PAI-1) 

Serpin responsible for the 
suppression of uPA and tPA 
activity. Involved in tissue 

remodeling, angiogenesis and 
tumor progression. 

Member of the serine 
protease inhibitor, 

encoded by the gene 
SERPINE1 

[119,120] 

Platelet-derived Enhanced activity has been PDGF-BB is a dimeric  
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growth factor 
(PDGF)-BB PDGF 

receptor (PDGFR) β 

associated with several 
diseases and pathological 

states. 

glycoprotein composed of 
two B subunits 

[121,122] 

 

TGF-β 1 and  

TGF-β 2 

Participate in the associations 
with extracellular proteins, 

cell proliferation, 
differentiation and vascular 

remodeling. 

Multifunctional growth 
factor 

[123,124] 

 

Apo B100 and apo 
B100-enriched 

lipoproteins 
Lipid metabolism 

Alternative ApoB100 
epitope (different from 

that involved in the 
binding to LDLR) 

 

 

[125] 

 

 

Table 6. List of the best-known ligands of the extracellular LRP1α-subunit (adapted from [94]) 
BBB: Blood-brain barrier, uPA: Urokinase-type plasminogen activator, tPA: Tissue-type 
plasminogen activator 

The cytoplasmic domain of LRP1 can also bind to several adaptor proteins involved in 

signal transduction (Table 7). 

Molecule Function Characteristic Ref 

Disabled 
protein 1 

(Dab1) 

Control of neurogenesis 
and neuronal motility 

Contain a Phosphotyrosine-binding 
(PTB) domain. Undergoes tyrosine 

phosphorylated during embryogenesis 
[126] 

Protein kinase 
α (PKCα) 

Involved in the regulation 
of apoptosis, inflammation, 

proliferation, 
differentiation and motility. 

The activation requires the generation of 
secondary messengers and is enhanced 

in insulin-resistant conditions. 
[127] 

Shc 
Activation of downstream 

tyrosine kinases 

Contain PTB domain, a central region 
that contains several tyrosine 

phosphorylation sites, and a carboxyl-
terminal SH2 domain. 

[128] 

JNK 
interacting 

protein 1 (JIP-
1) and 2 (JIP-

2) 

Activation of downstream 
mitogen-activated protein 

kinase (MAPK) kinases 

Scaffold proteins, highly expressed in 
Brain and Pancreatic β-cells 

[129] 

Engulfment 
adapter 
protein 
(GULP) 

Implicated in stabilin-1-
mediated phagocytosis.  

It is able to bind the NPXY motif [130,131] 

Postsynaptic 
density 

Master regulator of 
neuronal plasticity and 

Most abundant protein in the excitatory 
postsynaptic density capable to coupling 

[132] 
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protein 95 
(PSD95) 

memory to N-methyl-D-aspartate (NMDA) 
receptors 

FE65 

Regulation of actin 
dynamics, APP processing, 

neuronal growth and 
migration 

Contains two PTB domains and one WW 
binding domain. Highly expressed in 

Central Nervous System 
[133] 

 

Table 7. List of the best-known ligands of intracellular LRP1 β-subunit (adapted from [95,134]. 

3.1 Relationship between LRP1 and atherosclerosis 

The process of atherosclerosis takes place mainly in the intima of medium and large caliber 

arteries. The first stage of this disease is intimal thickening and is mostly associated with 

the retention of LDL by the proteoglycans of the arterial intima. LDL retained in the intima 

undergoes modifications such as LDL aggregation (agLDL), oxidation (oxLDL), and fusion, 

which is a key event in the progression of atherosclerosis [135–137]. The progression of 

atherosclerotic lesions is a discrete process that develops over decades without clinical 

symptoms. Atherosclerosis can begin at a very early age, with cases being reported of 10-

year-old children with fatty streaks in aortas and coronary arteries [36]. The incidence of 

atherosclerosis has increased considerably due to risk factors such as 

hypercholesterolemia (LDL-cholesterol), obesity, diabetes mellitus, and hypertension 

[138]. 

New research has indicated that LRP1 has dual and opposite roles in the development and 

regulation of atherosclerosis [95]. A large body of research supports its protective role. For 

instance, the correct functioning of macrophages and VSMCs depends on proper signaling 

of the β-chain of LRP1 [139–141]. VSMC proliferation is regulated by PDGF-BB–induced 

LRP1 (β-chain) phosphorylation at the distal NPxY motif [142,143]. Monocyte recruitment, 

susceptibility to macrophage apoptosis, and efferocytosis are restricted through LRP1 

signaling [144,145]. The lack of LRP1 tyrosine phosphorylation causes macrophage 

intracellular lipid deposition and abnormal elimination of apoptotic cells, resulting in 

accelerated atherosclerosis in mice [146]. Together, these results indicate that LRP1 β-

chain–mediated signaling is essential for vascular normal function. LRP1 signaling is 

promoted by certain extracellular LRP1 ligands. Extracellular TGF-β binding to the α-chain 

of LRP1 mediates the atheroprotective induction of Wnt family member 5A (Wnt5a) in 

macrophages [147]. Binding of ApoE to LRP1 α-chain mediates interleukin-1 receptor 

associated kinase-1 (IRAK-1) signaling that downregulates nuclear factor kappa B (NF-κB)-

induced inflammation [148]. Binding of protease-inhibitor complexes to LRP1 α-chain 

inhibit the NF-kB inflammatory response and induce a cytoprotective effect through 

phosphorylation of protein kinase B (Akt) and extracellular signal-regulated kinase 1/2 

(ERK1/2) protein kinases [134,149,150]. 
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Research supporting the pathological role of LRP1 identified aggregated LDL (agLDL) as an 

extracellular ligand of LRP1; of note, this receptor has a high capacity to take up this 

modified LDL and cause intracellular CE accumulation and foam cell formation in human 

coronary VSMC [151–153] and human macrophages [154,155]. In murine macrophages, 

LRP1 promotes the translocation of 12/15-lipoxygenase, leading to the generation of 

oxidized LDL [156]. LRP1 induces bone morphogenetic protein-binding endothelial 

regulator (BMPER) signaling that generates an acute inflammatory response through LPS-

induced nuclear factor of activated T cells 1 (NFATc1) activation in endothelial cells [95]. 

LRP1 is overexpressed in atherosclerotic lesions due to positive upregulation of LRP1 by 

hypercholesterolemia [151,157,158], hypertension [159], and hypoxia [160,161]. LRP1-

mediated internalization of agLDL causes tissue factor (TF) activation and TF microparticle 

liberation, which contributes to the progression of the atherosclerotic lesion to more 

advanced stages (thrombus)[162]. 

Consequently, on the basis of controlling LDL retention and aggregation in the vascular 

wall, several anti-atherosclerotic strategies have emerged. These strategies include the use 

of antibodies against proteoglycans [163], and of ApoA-I and ApoJ peptidomimetics 

[164,165]. These anti-atherosclerotic options, with a focus on preventing LDL aggregation, 

have gained additional relevance due to the findings that the intrinsic properties of 

circulating LDL in patients with coronary artery disease can promote aggregation of LDL 

and are predictive of future cardiovascular deaths [166]. 

3.2 Relationship between LRP1 and cardiac function 

Patients with diabetes mellitus have elevated lipid accumulation in the heart, leading to 

diastolic dysfunction [167]. High levels of VLDL induce lipid accumulation in the heart 

[168] and act as antagonists of LRP1 signaling [143]. Therefore, there is controversial 

evidence on the protective or pathological role of LRP1 overexpression in the heart. 

Abnormal LRP1 signaling may depend not only on LRP1 but also on LRP1 ligand levels. In a 

situation of high circulating VLDL, decreased LRP1 levels could be beneficial to 

cardiomyocytes. 

A recent study revealed that activation of LRP1 signaling during experimental acute 

myocardial infarction induces a cardioprotective signal, which decreases infarct size and 

maintains cardiac systolic function in young adult mice without comorbidities [134,150]. 

Several studies performed by our group in different in vivo models of myocardial infarction 

[169] and in explanted hearts of patients with ischemic cardiomyopathy [170] have 

demonstrated that LRP1 levels are markedly increased in ischemic compared to non-

ischemic areas of the heart. Furthermore, in our studies, myocardial overexpression of 

LRP1 was associated with myocardial cholesterol accumulation [169]. 
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High cholesterol diets can affect the expression of proteins essential for proper heart 

function, such as sarco (endo) reticulum plasma calcium ATPase-2 protein (SERCA), 

ryanodine receptors (RyR), and Na+/Ca2+ exchangers. Rabbits fed with cholesterol-

enriched diet had reduced SERCA2 mRNA levels after four days [32]. Our group has shown 

that LRP1 promotes intracellular accumulation of cholesterol into cardiomyocytes, leading 

to reduced levels of the SERCA2, key in calcium metabolism [171]. SERCA2 levels are 

inversely related to diastolic dysfunction [172].  Additionally, intracellular cholesterol 

accumulation leads to alterations in the structure and physical conformation of 

tropoelastin secreted by vascular cells [173] and cardiomyocytes [174] due to increased 

levels of cathepsin S (CatS). These results suggest that LRP1 and intracellular CE 

accumulation have a potential role in cardiac remodeling.   

3.3 Relationship between LRP1 and insulin resistance 

Insulin is a pancreatic hormone that promotes glucose uptake by tissues such as skeletal 

muscle, liver, and adipose tissue. Insulin resistance is associated to a decrease in the 

response of peripheral tissues to insulin stimuli. Many studies support a strong association 

between insulin resistance and the development of atherosclerotic cardiovascular disease 

[175–181]. 

Binding of insulin to the insulin receptor (InsR) results in the activation of insulin signaling. 

InsR belongs to the tyrosine kinase receptor family and is composed of α and β chains. The 

α-chain is extracellular and contains the insulin binding domain, while the β-chain is 

divided into 3 domains (extracellular, transmembrane, and cytoplasmic). The cytoplasmic 

domain of the β-chain is formed by clusters of tyrosine residues and tyrosine protein 

kinase activity (Figure 7) [182]. Different studies have shown that LRP1 interacts with the 

InsR to regulate InsR-associated intracellular signaling in neurons, hepatocytes and 

cardiomyocytes [183–185]. Depending on insulin signaling, LRP1 is able to translocate to 

the intracellular storage sites of InsR, while LRP1 can act as a scaffolding protein to allow 

proper phosphorylation of InsR by insulin action. However, the molecular mechanisms by 

which LRP1 binds to InsR are not yet known [183]. 
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Figure 7. Insulin receptor structure ( image from [186]). 

Insulin signaling regulates the translocation of glucose transporters (GLUT) to the cell 

surface contributing to the elimination of circulating glucose. The best studied members of 

the GLUT family are GLUT1, GLUT2, GLUT3, and GLUT4. Table 8 summarizes the main 

characteristics and functions of these glucose transporters. 

Criteria GLUT1 GLUT2 GLUT3 GLUT4 

Main location 
Pancreas, CNS 
and red blood 

cells 

Liver, intestine, 
pancreas and 

kidney 

Pancreas, brain, 
testis, 

spermatozoa, and 
lymphocytes 

Adipose tissue, 
heart and skeletal 

muscle 

Primary 
function 

Basal glucose 
uptake 

Glucose-
stimulated insulin 

secretion 

High-affinity for 
glucose, neuronal 

transport 

whole-body 
glucose 

homeostasis 

Characteristics 
Insulin-signaling 

independent 
Insulin-signaling 

independent 
Insulin-signaling 

independent 
Insulin-signaling 

dependent 

Subtrates 

Glucose, 
galactose, 

mannose and 
glucosamine 

Glucose and 
glucosamine 

Glucose, xylose and 
mannose 

Glucose, 
dehydroascor bica 

cid and 
glucosamine 

 

Table 8. Characteristics of the main glucose transporters (Table adapted from [187,188]). CNS: 
central nervous system 

The insulin signaling pathway in which LRP1 participates in different peripheral tissues is 

the phosphoinositide 3-kinase (PI3K) pathway (Figure 8). Activation of the pathway begins 

with phosphorylation of insulin receptor substrates 1 (IRS-1) by insulin, leading to PI3K 

stimulation. PI3K promotes the phosphorylation of protein kinase B (Akt), a kinase critical 

for this signaling process [189,190]. Activation of Akt by insulin causes phosphorylation of 

Akt Substrate 160 kDa (AS160) at multiple sites and phosphorylation of glycogen synthase 

kinase 3 (GSK3), leading to AS160 and GSK3 inactivation. AS160 protein participates in the 

Cell 

membrane

Insulin Receptor

Cellular 

Substrate

Insulin

Tyrosine protein kinase activity

P Clusters of tyrosine residues

Cell 

membrane

Insulin Receptor

Cellular 

Substrate

Insulin

Tyrosine protein kinase activity

P Clusters of tyrosine residues
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hydrolysis of Rab-bound guanosine triphosphate (Rab-GTP) producing Rab-bound 

guanosine diphosphate (Rab-GDP), a compound capable of preventing the exocytosis of 

insulin responsive vesicles (IRVs) containing the GLUT (indicated by dashed arrows in 

Figure 8). Inhibition of AS160 by Akt leads to the formation of more Rab-GTPase, which 

promotes the expression of cell surface glucose transporters (indicated by red arrows in 

Figure 8) [191]. While AS160 is known to bind to the NPxY motif of the LRP1 β-chain, how 

this process works is still unknown [189]. 

 

Figure 8. Insulin signaling pathway, in which LRP1 participates in different tissues (image from 
[189]). 

LRP1 helps to conform the IRVs containing GLUT4 in adipocytes and muscle cells [192]. 

IRV formation is initiated by the recruitment of protein coats at specific sites on the donor 

plasma membrane through the action of adapter proteins such as Golgi-localized-γ-ear-

containing-Arf-binding-protein (GGA), ANK repeat and PH domain-containing protein 1 

(ACAP1), clathrin, and phosphatidylinositol 4-phosphate (PI4P). ACAP1 is responsible for 

the recruitment of clathrin for the formation of the vesicular coat, while GGA interacts with 

sortilin. GGA-dependent sortilin is responsible for assembling the main IRV component 

proteins such as GLUT4, Insulin-regulated aminopeptidase (IRAP) and LRP1 into a large 

oligomeric complex. [193].  

In the brain, LRP1 can interact with the InsR and thereby help to determine the levels of 

glucose transporters such as GLUT3 and GLUT4 [184], modulating insulin resistance and 

glucose uptake, respectively. In addition, in retinal Müller glial cells, blocking LRP1 

exocytosis towards the plasma membrane disturbs intracellular signaling induced by 

insulin [194]. Our group has recently shown that binding between agLDL and LRP1 inhibits 
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insulin-induced intracellular signaling and translocation of GLUT4 to the plasma 

membrane in HL-1 cells [183]. 

4 Role of cardiac natriuretic peptides on metabolic disorders  

The heart can influence the metabolism of peripheral organs (by the secretion of certain 

proteins called cardiokines), leading to more efficient coordination of the entire body 

[195,196]. Some of the best-studied cardiokines include the natriuretic peptides (NPs). 

Circulating NP levels traditionally have significant implications for the diagnosis, prognosis, 

and treatment of patients with suspected or established heart failure [197,198]. Studies 

have shown that obese and type 2 diabetic patients have lower level of NPs in the plasma, 

suggesting a protective role of NP against metabolic syndrome [199].  A pivotal mechanism 

contributing to the metabolic protection conferred by NPs is its capacity to promote 

lipolysis and thermogenesis in human adipose tissues [200–202].  

The natriuretic peptide family consists of three members: the atrial natriuretic peptide 

(ANP), the brain natriuretic peptide (BNP), and the C-type natriuretic peptide (CNP) [203]. 

ANP is mainly expressed in the atria, although it has also been detected in the ventricles. 

ANP is translated from its gene in the form of the prepropeptide preproANP (151 amino 

acids), which is split by a signal peptidase to obtain the (still inactive) proANP (126 amino 

acids). ProANP is stored and transported in secretory granules to the plasma membrane of 

cardiomyocytes. The enzyme corin is responsible for cleaving proANP, producing two N-

terminal (NT)-proANP peptides and the active form ANP [204](Figure 9). 

Corin is a transmembrane serine protease that consists of a transmembrane domain, an N-

terminal cytoplasmic tail, and several extracellular domains. The extracellular region 

comprises 19 N-glycosylation sites and is essential for the conversion of proANP to ANP. 

ANP is cleaved by corin on the cell surface of cardiomyocytes during the secretion process. 

The membrane-bound corin in cardiomyocytes is released into the blood circulation by 

self-cleavage or metalloproteinase-mediated hydrolysis [205]. Cell-based assays showed 

that soluble corin retains the same ability to convert proANP to ANP as membrane-bound 

corin [206]. On the other hand, circulating soluble corin levels do not correlate with tissue 

corin levels [205]. 
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Figure 9. Cellular production and release of natriuretic peptides (adapted from [207,208]). 

Systemic effects of ANP include the maintenance of the water–salt balance and the 

regulation of blood pressure through diuretic, natriuretic and vasodilator effects. In 

addition, ANP exhibits important pleiotropic effects on the heart, acting as a main regulator 

of cardiovascular homeostasis in an autocrine and paracrine manner [209].  

BNP is a cardiac hormone mainly synthesized by the ventricles that, in contrast to ANP, is 

not stored in granules but rather is produced on request, depending on the blood inflow 

stimulus to the ventricles [207,210]. Like ANP, BNP is synthesized as a pro-peptide that is 

converted into an active hormone through the action of the enzyme furin. Furin is an 

intracellular serine endopeptidase that cuts proBNP into two BNP molecules (the active 

form, of 32 amino acids) and NT-proBNP (the inactive form, of 76 amino acids) [211] 

(Figure 9). Corin can also cleave proBNP but with lower efficacy and specificity than 

proANP [205]. BNP is involved in the browning of white adipose tissue and increased 

energy expenditure, effects that improve insulin resistance [212]. 

CNP is synthesized in the vascular endothelium, central nervous system, and kidney. 

ProCNP is cleaved by furin, giving rise to a smaller, active peptide of 53 amino acids, which 

in turn is cleaved by an unknown enzyme to produce an active peptide of 22 amino acids 

(Figure 9). The levels in cardiac tissue of these mature peptides are much higher in patients 

with chronic heart failure than in healthy individuals; however, there are no differences in 

circulating blood CNP levels between healthy individuals and patients with cardiovascular 

conditions [210,213]. Mature CNP is essential for the regulation of muscle tone, blood 

pressure, inflammation, and angiogenesis. By binding to its receptors, natriuretic peptide 

receptor B (NPRB) and natriuretic peptide receptor C (NPRC), CNP activates different 

ANP BNP
CNP

proCNP
1 103

NT-CNP53

51 81

CNP22

82 103

CNP53

?

NT-proCNP

1 50 51 103
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signaling pathways involved in atherosclerosis, hypertrophy, fibrosis and cardiac 

electrophysiology [213,214]. 

Natriuretic peptides released into the bloodstream are recognized by three receptors found 

in peripheral tissues, natriuretic peptides receptor A (NPRA), NPRB, and NPRC [212]. 

Binding of natriuretic peptides to NPRA and NPRB receptors triggers the conversion of 

guanosine-5'-triphosphate (GTP) to cyclic guanosine-3',5'-monophosphate (cGMP). cGMP 

has numerous downstream effectors inside the cell, including cGMP-dependent protein 

kinases (cGKs). cGKs 1 are involved in the phosphorylation of vasodilator-stimulated 

phosphoprotein (VASP), a protein involved in focal adhesion sites and adherents junctions 

[215]. The NPRC receptor has among its functions the internalization of natriuretic 

peptides into the cell for their lysosomal degradation. In addition, the receptor intracellular 

C-terminal tail contains Gi-binding domains that are critical for the detection of pertussis 

toxin, which targets adenylyl cyclase inhibition and phospholipase C- activation [213]. 

Circulating levels of ANP and BNP are increased in patients with cardiovascular disease and 

decreased in patients with obesity, metabolic syndrome, or T2DM [210,216]. Therefore, 

several of these peptides are currently under study for the treatment of diseases. For 

instance, carperitide, a recombinant human ANP,  is widely used in Japan to treat 

pulmonary congestion in patients with decompensated heart failure [217]. Nesiritide,  a 

recombinant B-type natriuretic peptide, has been reported to improve cardiac function in 

patients with acute myocardial infarction and heart failure in a recent meta-analysis [218]. 

Vosoritide,  a CNP-derived peptide, has also recently been approved by the European Union 

for the treatment of achondroplasia (genetic bone disorder causing disproportionate short 

stature in infants) in children ≥ 2 years [219,220]. 
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HYPOTHESIS AND OBJECTIVES 
Insulin resistance is associated with pathological remodeling of the heart, characterized by 

concentric left ventricular hypertrophy, interstitial fibrosis, and extracellular matrix (ECM) 

remodeling leading to diastolic dysfunction [221–223]. Recently, left ventricular 

myocardial remodeling was linked to high levels of CE-enriched lipoproteins, such as LDL, 

using paired cardiovascular magnetic resonance imaging and lipid data in a Mendelian 

randomization study of a sample including 17 311 individuals [15]. However, the molecular 

mechanisms underlying the link between lipoprotein-derived cardiac lipid accumulation, 

insulin action, and cardiac dysfunction are largely unknown. 

Our group has previously identified a peptide sequence (P3: H-GDNDSEDNSDEENC-NH2) 

(Gly1127-Cys1140) in the CR9 domain of LRP1 that is crucial for its interaction with 

aggregated LDL [93]. We showed that polyclonal antibodies generated against the P3 

sequence (anti-P3 antibodies) efficiently blocked VSMC foam cell formation. Importantly, 

the CR8/CR9 tandem is the only pair of consecutive CR modules in cluster II of LRP1 that 

shows negligible affinity for serpins, such as PAI-1 and protease nexin 1 (PN1) [25]. This 

makes CR9 an ideal target to counteract LRP1-agLDL interactions without disrupting the 

binding of other essential ligands, such as protease inhibitor complexes, which are key 

inhibitors of proinflammatory signaling. 

On the other hand, the heart can also exert control over peripheral organ metabolism 

through the secretion of certain molecules, called cardiokines. These cardiokines can affect 

the metabolic function of various cell types that influence whole-body homeostasis 

[195,196,224]. However, it is unknown at this time whether lrp1 in cardiomyocytes 

modulates the production and release of cardiokines potentially involved in whole-body 

metabolism. 

Based on these previous results, the aim of the present work was to study the 

consequences of Lrp1 modulation through different approaches on vascular and cardiac 

metabolism. For this purpose, we developed two different in vivo models: mice with Lrp1-

deficient cardiomyocytes (herein, cm-Lrp1–/–) and P3-immunized hypercholesterolemic 

rabbit. 

5 Specific Objectives of Study I 

1) Generate a murine experimental model of conditional and specific Lrp1 deficiency in 

cardiomyocytes (cm-Lrp1–/–). 

2) Analyze differential proteins in the heart of cm-Lrp1–/– mice and controls. 

3) Explore the impact of differential proteins, in particular cardiokines, on target tissue 

fatty acid metabolism and uptake. 
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4) Study the impact of cardiomyocyte Lrp1 deficiency on whole-body metabolism. 

6 Specific Objectives of Study II 

1) Study the capacity of P3 immunization to generate specific anti-P3 antibodies in a 

rabbit model of hypercholesterolemia. 

2) Study the effect of anti-P3 antibodies to inhibit foam cell formation from smooth 

muscle cell and macrophages, and the associated proinflammatory signaling. 

3) Determine the efficacy of anti-P3 antibodies to block atherosclerosis through 

inhibition of foam cell formation and associated proinflammation. 

7 Specific Objectives of Study III 
1) Evaluate the impact of CE-enriched lipoproteins on cardiac lipid accumulation. 

2) Study the effect of anti-P3 antibodies on cardiac lipid accumulation. 

3) Analyze the impact of cardiomyocte intracellular CE accumulation on cardiac insulin 

response.   
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MATERIALS AND METHODS  

8 Study I 

8.1 Mice model generation   

We generated an experimental mouse model with conditional and cardiomyocyte-specific 

Lrp1 deficiency (TNT-iCre+-LRP1flox/flox or cm-Lrp1-/-) by treatment with Doxycycline [225]. 

Specific controls for these deficient mice are TNT-iCre--Lrp1flox/flox (cm-Lrp1+/+). The 

experimental procedure for the generation of cardiomyocyte-specific Lrp1 deficient mice 

(cm-Lrp1-/-) transgenic mice is illustrated in Figure 10. To accomplish cardiomyocyte-

specific inactivation of LRP1, we used a cardiomyocyte-specific Cre suppressor and a floxed 

Lrp1 allele. We bred commercial LRP1flox/flox mice (B6;129S7-Lrp1tm2Her/J; stock: 

#012604, Jackson Laboratories) carrying loxP sites within the LRP1 gene to TNT-iCre 

transgenic mice (kindly provided by Prof. Bin Zhou, Albert Einstein College of Medicine, 

USA) [225], for eight generations (Figure 10A). 

 

Figure 10. Generation of the cm-Lrp1−/− transgenic mice. (A) Generation schedule of an in vivo 
model with a doxycycline-inducible attenuation of Lrp1 expression selectively in cardiomyocytes. 
In cm-Lrp1−/− mice with the genotype TnTCre+/+Lrp1flox/flox, the activation of Cre recombinase by 
doxycycline converts the Lrp1 floxed alleles to KO (−) alleles. (B) Cre and Flox transgenes were 
detected by PCR. A fragment of 500 bp was amplified from mouse tail genomic DNA when the Cre 
transgene driven by the TnT promoter was present. A fragment of 350 bp was amplified when flox 
sequences flank lrp1 gen. 

A B 
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Transgenic founder mice were genotyped by PCR analysis of tail tip genomic DNA using 

primers for floxed LRP1, Cre and Nrt (endogenous positive control gene) (Figure 10B). 

Genomic DNA was extracted with a Wizard® SV Genomic DNA Purification System 

(Promega, Madison, WI, USA) and PCR analysis was performed with IDT-synthesized 

oligonucleotides (Integrated DNA Technologies, Inc.; Coralville, IA, USA. High-fidelity PCR 

system (Roche Molecular Systems). The oligonucleotides used are specified in Table 9. 

Oligonucleotides Sequence Ref. 

Flox forward 5’-CAT ACC CTC TTC AAA CCC CTT CCT G-3’ 64542236 

Flox reverse 5’-GCA AGC TCT CCT GCT CAG ACC TGG A-3’ 64542237 

Cre forward 5’-GGC GCG GCA ACA CCA TTT TT-3’ 63600505 

Cre reverse 5’-TCC GGG CTG CCA CGA CCA A-3’ 63600506 

Nrt forward 5’-TCG ACG CCT TAG CCA TTG AGA T-3’ 63600507 

Nrt reverse 5’-GGC TGT ACG CGG ACC CAC TTT C-3’ 63600508 

 

Table 9. Oligonucleotides used for mice genotyping 

8.2 Experimental design and sample collection 

Mice were housed in specific pathogen-free facilities with a 12-hour light/12-hour dark 

cycle. Age-matched littermates were used for all experiments. In the first experimental 

setting (Figure 11, green arrow), ten-week-old male cm-Lrp1-/- (deficient) and cm-Lrp1+/+ 

(control) mice were fed a high-fat, high-cholesterol diet (TD.88137) or a chow diet and 

treated with doxycycline cyclate administered in their drinking water (1,5 mg/ml/kg) for 

six weeks to assess attenuation of Lrp1 levels in cardiomyocytes.  In the second 

experimental setting (Figure 11, blue arrow), after two weeks of HFD diet and doxycycline 

cyclate administered in their drinking water, both groups of mice were randomly assigned 

to untreated (PBS) or treated with the NPRA inhibitor A71915 (200 μg/kg in PBS in a final 

volume of 100 μl) for the last four weeks. The Comprehensive Laboratory Animal 

Monitoring System (CLAMS) study was performed at week 5. Mice from both experimental 

setting were harvest at week six and samples from liver, skeletal muscle, heart, epididymal 

white adipose tissue (eWAT), and brown adipose tissue (BAT), were kept frozen at -80°C. 

One aliquot of tissue was resuspended in TripureTM Isolation Reagent (Roche Molecular 

Systems) for total protein and mRNA isolation according to the manufacturer's 

instructions, another aliquot for lipid extraction was resuspended in 0.1 M NaOH and a 

portion of these tissues was also embedded in Tissue-Tek optimum cutting temperature 

(O.C.T.) compound  (Sakura Finetek™, ref. 4583) for immunohistochemistry. Blood plasma 

samples were collected for ELISA and biochemical analysis. Glucose tolerance test (GTT) 

was performed at week six of the dietary intervention. All experimental protocols were 

approved by the Institutional Animal Care and Use Committees at the Research Institute IR 
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SANTPAU, and complied with all guidelines concerning the use of animals in research and 

teaching as defined by the Guide for the Care and Use of Laboratory Animals (NIH 

Publication N°.80-23, revised 1996). 

 

Figure 11. Diagram of the experimental design of the study I. 

8.3 Tissue homogenization 

Frozen tissues (25 mg) (heart, liver, skeletal muscle, eWAT and BAT) were pulverized in 

liquid nitrogen using a mortar and a pestle. Samples were then homogenized in TriPure™ 

isolation reagent (Roche Molecular Systems) for total RNA and protein extraction 

according to the manufacturer's instructions. Total RNA from skeletal muscle was 

extracted using the RNeasy mini kit (Qiagen) according to the manufacturer's instructions 

after the previous addition of Proteinase K. For RNA extraction from eWAT, the tissue was 

processed with the kit RNeasy Mini Kit (Qiagen). DNA was digested with DNase I 

(Invitrogen). Extracted RNA was eluted in 25 μL of nuclease-free water. The yield and 

quality of RNA was tested by agarose electrophoresis and spectrophotometry. Isolated RNA 

was stored at −80 °C until use. All the techniques used in study I are explained in article 1 

and shown in Figure 12. 
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Figure 12. Schematic representation of all the techniques used in the study I (Article 1). 

8.4 Molecular techniques 

8.4.1 Cardiomyocytes isolation  

Cardiomyocytes were obtained from the heart of cm-Lrp1-/- and cm-Lrp1+/+ mice by the 

Langendorff method. First, the heart was surgically removed and washed with a Ca2+ free 

Tyrode solution at 4 °C and oxygenated. The aorta was suspended in the Langendorff 

apparatus, and the heart was perfused via the aorta with Ca2+ free Tyrode solution at 37°C 

to clean blood remnants. The Ca2+ free Tyrode solution was then carefully removed, and the 

enzyme solution composed of Ca2+ free Tyrode solution with bovine serum albumin (BSA), 

collagenases and proteinases was added. Two reperfusion cycles (3 mL/ minute during 6 

minutes) were performed to add the stop solution (Ca2+ free Tyrode solution without 

collagenases and proteinases). Once the perfusion was finished, the heart was removed 

from the Langendorff system and treated with an enzymatic solution for 5 minutes at 37 °C 

under shaking. The pieces of tissue were extracted with tweezers and, with shaking, 

submerged into stop solution to continue disaggregation. Tissue pieces were then removed 

and the solution containing the cardiomyocytes was centrifuged for 5 minutes at 450 rpm. 

The cell pellet was resuspended in stop solution or Tripure™ Isolation Reagent®, 

depending on the further methodology used.  

8.4.2 Cardiomyocyte HL-1 cells 

The HL-1 mouse atrial myocyte cell line was generated by Dr. W. C. Claycomb (Louisiana 

State University Medical Center, New Orleans, LA, USA) and kindly provided by Dr. U. 

Rauch (Charité-Universitat medizin Berlin). These cells showed cardiac characteristics 

similar to those of adult cardiomyocytes, such as the presence of highly ordered myofibrils 
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and specific cardiac junctions in the form of intercalated disks, as well as the presence of 

cardio specific voltage-dependent currents such as rapid delayed rectifier (IKr) channels 

and an ultrastructure similar to primary cultures of adult atrial cardiac myocytes [226].  

HL-1 cardiomyocytes were grown on gelatinized plates with 12.5µg/mL of 0.1% 

Fibronectin bovine plasma (Sigma-Aldrich, ref. F1141) and 0.02% DifcoTM Gelatin (BD 

Bioscience, ref. 214340) and maintained in Claycomb medium (Sigma-Aldrich, ref. 51800C) 

with supplements at 37°C in a 5% CO2 atmosphere (Table 10). 

HL-1 Claycomb medium 

Medium Composition Concentration 

Proliferation state 

Fetal Bovine Serum 10% 

Penicillin G 100 Units/mL 

Streptomycin 100µg/mL 

L-Glutamine 2 mmol/L 

Norepinephrine 100 µM 

Quiescence state 

Fetal Bovine Serum 0.2%/day 

Penicillin G 100 Units/mL 

Streptomycin 100µg/mL 

L-Glutamine 2 mmol/L 

Norepinephrine 100 µM 

Treatment  

Fetal Bovine Serum 0% 

Penicillin G 100 Units/mL 

Streptomycin 100µg/mL 

L-Glutamine 2 mmol/L 

Norepinephrine 100 µM 

 

Table 10. Preparation of cell culture medium for HL-1 cells. 

Our group has developed a stable LRP1-deficient HL-1 line by transfection of the HL-1 

cardiomyocyte cell line with lentivirus. Addition of Blasticidina S HCl (10 ug/mL, Thermo 

Fisher, ref. A11139-03) to the culture medium allowed selective growth of LRP1-deficient 

HL-1. LRP1-deficient HL-1 (LRP1-) and control HL-1 (LRP1+) cells were cultured in 

Claycomb medium for 48 h and then the supernatants were collected. After determination 

of their ANP content by ELISA, the supernatants were added directly to the cultured 

hepatocytes (Hepa 1-6). HL-1 cells were also collected in lysis buffer (Tris-HCl 1M, KCl 1M, 
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cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Roche Diagnostics ref. 11 936 170 

001)) to determine LRP1 levels by Western blot. 

8.4.3 Hepatocyte cell culture  

8.4.3.1 Hepatocyte isolation 

Hepatocytes were isolated from the livers of fed anesthetized control mice by a 

modification of the collagenase method [227]. Livers were perfused with Hank’s balanced 

salt solution (HBSS, pH 7.4, 37ºC, gassed with 95% O2 and 5% CO2: 5.4 mM KCl, 0.44 mM 

KH2PO4, 138 mM NaCl, 4.17 mM NaHCO3, 0.338 mM Na2HPO4, 5.56 mM glucose, 50 mM 

HEPES, and 0.5 mM EGTA) through the inferior vena cava for 5 minutes at a rate of 5 ml/ 

minute. Livers were then perfused with HBSS (without EGTA) containing 5 mM CaCl2 and 

0.25% (w/v) collagenase IV (Sigma) for 12 minutes approximately. The liver was then 

removed and gently disintegrated in HBSS, and the cell suspension was washed three times 

in HBSS. Cell viability as assessed by the Trypan Blue exclusion test was always higher than 

80%. Hepatocytes were seeded at a density of 3.5x106 cells in 0.1% (w/v) gelatin-treated 

25 cm2 flasks in DMEM medium (Gibco #11966), supplemented with 10% Fetal Bovine 

Serum (FBS), 10 mM Glucose, 10 μg/ml Streptomycin, 100 units/ml Penicillin, 100 nM 

Dexamethasone (Sigma), and 100 nM Insulin (Sigma). After cell attachment (5 h), the 

medium was replaced for 16 h by fresh DMEM medium containing either 0.1% BSA, 1 mM 

Carnitine, 20 mM Glucose, 10 nM Insulin, 10 μg/ml Streptomycin and 100 units/ml 

Penicillin. 

8.4.3.2 Hepatocyte treatment  

Hepa 1–6 cells were cultured in DMEM with supplement (Table 11). Quiescent cells were 

used for two different experimental approaches. First, quiescent Hepa 1–6 were exposed to 

supernatants from LRP1- and LRP1+ HL-1 cells. Second, quiescent Hepa 1–6 were exposed 

to increasing dose of ANP (0 to 10 nM) for 18 hours. 

Hepatocyte DMEM medium 

Medium Composition Concentration 

Proliferation state 

Fetal Bovine 
Serum 

10% 

Penicillin G 100Units/mL 

Streptomycin 100µg/mL 

L-Glutamine 2 mmol/L 

Quiescence state 

Fetal Bovine 
Serum 

0.2%/day 

Penicillin G 100 Units/mL 
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Streptomycin 100µg/mL 

L-Glutamine 2 mmol/L 

Treatment 

Fetal Bovine 
Serum 

0% 

Penicillin G 100 Units/mL 

Streptomycin 100µg/mL 

L-Glutamine 2 mmol/L 

 

Table 11. Preparation of cell culture media for hepatocytes. 

8.4.4 Measurement of gene expression  

8.4.4.1 RNA Isolation, integrity and quantification 

Total RNA was isolated with TripureTM Isolation Reagent following the manufacturer's 

instructions. The integrity was verified by electrophoresis in a horizontal agarose gel TBE 

(Tris/Borate/EDTA buffer) 1% stained with Ethidium Bromide (EtBr) 0.4 μg / mL. The mix 

of RNA and Bromophenol Blue dye were heated at 65 ° C for 10 minutes before loading 

samples on the gel. RNA integrity was observed by transillumination with ultraviolet light 

at 260 nm. The quantification of the total RNA was done using a NanoDrop ND-100 

spectrophotometer (NanoDrop Technologies) at a wavelength of 260 nm. The optimum 

purity of the RNA was indicated by the values close to 2 of the ratios of absorbances at 

260/280. 

8.4.4.2 cDNA synthesis     

Total RNA was used for cDNA synthesis according to the protocol provided with the High 

Capacity cDNA Reverse Transcription kit (Applied Biosystems, ref. 4368813). Total RNA (1 

μg) was mixed with 2 μL of RT buffer, 0.8 μL dNTP Mix, 2 μL random primers and 1 μL of 

enzyme Multiscribe
TM

, and made up to 20 μL with nuclease free water. The PCR reaction 

consisted of a 10 minutes cycle at 25°C, another 2 hours at 37°C and 5 minutes at 85°C, using 

Gene Amp PCR System 9700 equipment (Applied Biosystems). cDNA was stored at −20C 

until its use. 

8.4.4.3 RT-PCR 

Target gene expression analyses were performed by Quantitative Real-Time Reverse 

Transcriptase-Polymerase Chain Reaction (q-RT-PCR) in the PCR-7600 equipment 

(Applied Biosystems; Foster City, CA, USA) (Table 12).  
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Receptors Assays Lipid metabolism Assays Other Assays 

Lrp1 Mm00464608_m1 Cpt1 Mm00550438 Cav1 Mm00483057_m1 

Vldlr Rn01498166_m1 Fasn Mm00662319_m1   

Ldlr Mm01151339_m1 Acaca Mm01304257_m1   

Cd36 Mm01135198-m1 Acsl3 Mm01255804_m1   

Nppa Mm01255747_g1 Slc27a2 Mm00449517_m1   

Nppb Mm01255770_g1 Slc27a4 Mm01327405_m1   

 

Table 12. List of assays on demand for the genes analyzed by RT-PCR. 

The SensiFAST™ Probe Hi-ROX Kit (Meridian BIOSCIENCE, ref. CSA-01113) was used for 

this technique with the thermal cycling conditions detailed in the Table 13 below. 

Cycles Temperature Time Observation 

1 95 °C 5 minutes Polymerase activation 

40 
95 °C 10 seconds Denaturation 

60 °C 30 seconds Annealing/extension 

 

Table 13. Thermal cycling conditions of RT-PCR. 

18srRNA (4319413E) was used as a housekeeping gene. The mRNA expression levels were 

measured in triplicate. The threshold cycle (Ct) values were normalized to the 

housekeeping gene. 

8.4.5 Proteomic studies 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository with the dataset identifier PXD011564.  

8.4.5.1 Protein extraction and digestion  

Samples were suspended in lysis buffer (4% (w/v) SDS, 100 mM Tris/HCl, pH 7.6, 0.1 M 

DTT) and incubated at 95ºC for 5 minutes. To complete cell disruption, the cell extract was 

sonicated 5 times for 5 seconds (Sonic Vibracell TM). The cell debris was removed by 

centrifugation at 16000g for 20 minutes at 13ºC. Protein concentration measurement was 

performed with the Bradford Protein Assay (Bio-Rad). Three biological replicates from 

each condition were processed. Each replicate was a pool of tissue obtained from three 

different animals. A total of 36 animals were processed.  
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8.4.5.2 Peptide labeling by Isobaric Tandem Mass Tag  

Each tryptic peptide mixture obtained from 80 µg of protein extract was labeled with 

Tandem Mass Tags (TMT) (Thermo Scientific) based on the standard procedure. The 

tryptic peptide mixtures were evaporated to final volumes of about 60 µl. For each 

experiment, the six labeled peptide mixtures were combined in a low-bind 1.5 mL 

Eppendorf tube, evaporated, and desalted using a C18 SPE cartridge (3 mL, 15 mg, Agilent 

Technologies, USA) before separation by Strong Cation Exchange (SCX) chromatography. 

8.4.5.3 Separation of peptides by Strong Cation Exchange Chromatography 

 Peptide separation by SCX chromatography was performed on an Agilent 1100 HPLC 

system (Agilent Technologies) using a Polysulfoethyl A TM, 50×2.1 mm, 5 µm, 200 Å 

columns. Peptides were suspended in 200 µl of SCX buffer A (30% ACN, 0.1% formic acid) 

and separated at 200 µl/ minute using a linear gradient of SCX buffer B (30% ACN, 0.1% 

formic acid, 500 mM NH4Cl) from 0 to 25% in 38 minutes and then to 100% in 20 minutes. 

Five fractions were collected from minute 10 to 52. 

8.4.5.4 Liquid Chromatography/Multiple-Stage Mass Spectrometry (LC/MSn) 

Analysis 

Between 5-10% of each collected fraction were separately analyzed by LC/MSn using an 

LTQ-Orbitrap XL instrument equipped with a nanoESI ion source (Proxeon). Samples were 

evaporated to dryness and redissolved in 5 µl of 1% formic acid and 5% MeOH. The HPLC 

system was composed of an Agilent 1200 capillary nano pump, a binary pump, a 

thermostated microinjector and a micro switch valve. Separation was carried out using a 

C18 pre-concentration cartridge (Agilent Technologies) connected to a 15 cm-long 100 μm 

i.d. C18 columns (Nikkyo Technos Co, Japan). Separation was performed at 0.4 μl/ minute 

using a linear ACN gradient from 0 to 40% in 120 minutes (solvent A: 0.1% formic acid, 

solvent B: acetonitrile 0.1% formic acid). The LTQ-Orbitrap instrument was set up in the 

positive ion mode with a spray voltage of 1.8 kV. The scan range of each full MS was m/z 

400-2000. Spectrometric analysis was performed in an automatic data dependent mode. A 

full scan followed by 1 HCD and 1 CID MS/MS for the 8 most abundant signals were 

acquired. Dynamic exclusion was set to 1 with a time window of 30 seconds to minimize 

the redundant selection of precursor ions. 

8.4.5.5 Database search and quantitative analysis 

 Thermo RAW files were processed using the EasierMgf software [228], which combines 

the low mass range data from each HCD MS/MS spectrum with the corresponding CID data 

obtained for the same precursor in the scan cycle. A database search was done using 

Proteome Discoverer v1.4 (Thermo-Instruments) with a 1% FDR and the Uniprot 2015-10 

database restricted to Mus musculus and the following parameters: parent tolerance, 20 

ppm; fragment tolerance, 0.8 Da; enzyme, trypsin; missed cleavages, 1; fixed modifications, 

TMTsixplex (N-terminal, K), carbamidomethyl (C); variable modifications, oxidation (M). 
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DanteR was used for relative quantification and statistical analysis of TMT-labeled 

peptides. DanteR ANOVA was performed at protein level and only unique peptides were 

used. P-values were adjusted by using the Benjamini & Hochberg False Discovery Rate 

(FDR) correction. Regulated peptides were determined using an adjusted p-value cutoff of 

0.05 and a fold change lower than 0.66 (down) or higher than 1.5 (up). 

8.4.6 Immunoprecipitation Assays 

Protein G Dynabeads (Invitrogen™, ref. 10003D) were bound to the polyclonal anti-corin 

antibody (abcam ab125254) for 1 h at room temperature. The protein extract was 

incubated with the Dynabeads Protein G-anti-corin complex overnight at 4 °C. After 

incubation, the protein immune-complex beads were washed 3 times with the wash buffer 

and eluted with 50 mM Glycine. Samples were separated by SDS-PAGE and transferred 

blots were incubated with antibody against Serpin 1 (Biorbyt, orb319062). 

8.4.7 Western Blotting analysis 

Protein expression was measured by Western Blotting. Protein was isolated using the 

TripureTM Isolation Reagent (Roche, Ref. 11667165001) procedure, resuspended in 1% 

SDS and quantified by the PierceTM BCA Protein Assay Kit (Thermo Scientific, ref. 23225).  

8.4.7.1 Acrylamide gel electrophoresis 

Protein extracts (10-50μg) were added to Laemmli Buffer and heated to 100°C for 5 

minutes before loading onto 10-15% SDS-PAGE which allows separation of proteins 

according to their molecular weight. The electrophoresis system used was the Mini 

Protean-II system (Bio-rad) following the instructions of the company.  

8.4.7.2 Nitrocellulose membrane transfer 

The proteins separated on the SDS-PAGE gels were transferred to a 0.45 µm nitrocellulose 

membrane (Bio-Rad) using the Trans-Blot Apparatus Transfer System (Bio-Rad) following 

the instructions of the company. The quality of the transfer was shown by reverse staining 

with 0.2% Ponceau (Sigma-Aldrich, Ref. P3504) in 0.1% acetic acid.  

The membranes were blocked for 1h using TBS-Tween 20 (0.1M NaCl, 10mM Tris Base, 

pH7.4, 0.05% Tween20) with 5% BSA or skimmed milk powder depending on the protein, 

before incubation with the primary antibodies against target proteins. The primary 

antibodies and conditions used are described in the Table 14.  

 Primary Antibody Company MW (KDa) Dilution Host Reference 

LRP1 (β-chain) Fitzgerald 85 1/50 Mouse 10R-L107b 

total AMPK Cell Signaling Technology 62 1/1000 Rabbit 2532S 

phospho AMPK Cell Signaling Technology 62 1/1000 Rabbit 2535S 

phospho VASP Santa Cruz Biotechnology 50 1/1000 Mouse sc-101439 
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total VASP Santa Cruz Biotechnology 50 1/1000 Mouse sc-46668 

BNP Santa Cruz Biotechnology 17 1/1000 Goat sc-67455 

ANP Everest Biotech 16 1/1000 Goat EB11166 

Serpin A1 Biorbyt 47 1/1000 Rabbit orb319062 

phospho ACC Cell Signaling Technology 280 1/1000 Rabbit 3661S 

total ACC Cell Signaling Technology 280 1/1000 Rabbit 3662S 

phospho Akt Cell Signaling Technology 60 1/2000 Rabbit 4060S 

total Akt Cell Signaling Technology 60 1/1000 Rabbit 4685S 

UCP3 Abcam 34 1/1000 Rabbit ab10985 

OXPHOS mitochondrial 
complexes 

Abcam 20-50 1/1000 Mouse ab110413 

CPT1 
antibodyregistry.org 
RRID:AB_2636894 

88 1/6000 Rabbit [227,229] 

 

Table 14. List of primary antibodies used for western blot analysis in the study I. 

Prior to incubation with the secondary antibody, three washes with TBS-Tween 20 for 5 

minutes were performed to remove antibody excess not adhered to the membrane. The 

secondary antibodies used were anti-Rabbit (Dako, P0448), anti-mouse (Dako, P0161) and 

anti-Goat (Dako, P0160) at a dilution of 1/10 000 for 1h at room temperature. 

Subsequently, 3 washes with TBS-Tween 20 plus one additional wash with TBS alone were 

performed for 5 minutes before protein detection. Equal protein loading in each lane was 

verified by incubating blots with monoclonal antibodies against Troponin T (TnT) (Thermo 

Scientific #MS-295-P) or β-tubulin (Cell Signaling Technology, Inc., #2146). 

8.4.7.3 Protein detection  

Signal detection was performed with AmershamTM ECLTM Prime Western Transfer 

Detection Reagent (GE Healthcare, Ref. RPN2232) and we used the Chemidoc XRS kit (Bio-

Rad) to capture the luminescence emitted by the secondary antibody. The results were 

analyzed quantitatively with Quantity One software (Bio-Rad). The membranes were 

treated with Restore Western Blot Stripping Buffer (Thermo Scientific, ref. 21059) to be 

reused and incubated with the antibodies of the different proteins of interest and 

endogens. 

8.4.8 Biochemical and lipidic analysis  

Insulin serum levels were measured using a Mouse Insulin ELISA (Mercodia, Uppsala, 

Sweden) following the manufacturer's instructions. The HOMA index (Homeostatic Model 

Assessment for Insulin Resistance), an estimation of insulin resistance, was calculated as: 

[fasting serum insulin (ng/mL) × fasting serum glucose (mM)]/22.5. Serum lipids and 
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lipoproteins, including Cholesterol, Phospholipids, Triglyceride (TG), FFAs, HDL-

cholesterol and HDL-phospholipids, were enzymatically determined using commercial kits 

adapted to a COBAS 6000/c501 autoanalyzer (Roche Diagnostics, Basel, Switzerland)[230]. 

TG measurements were adjusted for free glycerol contained (Sigma-Aldrich St Louis, MO).  

8.4.9 Distribution of intragastrically-administered [3H]-TG and [3H]-FFA 

Mice were given an oral fat gavage (OFG) consisting of 20 μCi [3H]-labeled triolein (glycerol 

tri[9, 10(n)-3H]oleate, 21.0 Ci/mmol; Amersham Biosciences, Buckinghamshire, UK) in 150 

μL of olive oil. Mice were bled by cardiac puncture at 1.5 h after the OFG. Serum and target 

tissues (liver, eWAT and Skeletal Muscle) were collected after perfusion with NaCl solution 

0.9%. Radiolabeled serum and tissue TG were separated from the FA using 

methanol:chloroform:heptane 1.4:1.25:1 (v:v:v) and 0.1 mol/L H3BO3-KCO3 at pH 10.5. The 

radioactivity in the TG and FA fraction, in total serum and target tissues was determined by 

scintillation counting [231]. 

8.4.10 Intracellular lipid content determination in target cells and tissues  

8.4.10.1 Cell and tissue lipid extraction  

Frozen cell and pulverized tissues (10mg) were homogenized in NaOH 0.1M and the 

protein content was quantified using PierceTM BCA Protein Assay Kit to normalize for 

protein content. The lipid extraction protocol is a modification of the method described by 

Bligh [232].  Cell extract (600-800 μL) or homogenized tissue (100-600 μg) was mixed with 

distilled water (until 1mL) and 3mL of the dichloromethane:methanol mixture (1:2) was 

added to round bottom glass tubes previously washed with dichloromethane. After 

vigorous vortexing, 1mL of dichloromethane was added and shaken for about 10 seconds. 

Centrifugation was performed at 3500 rpm for 15 minutes at room temperature and an 

aqueous upper phase separated from the organic lower phase (containing the intracellular 

lipids) by a protein intermediate phase was obtained. The organic phase was collected with 

the aid of a glass Hamilton syringe and transferred to a new conical bottom glass tube. The 

process was repeated with the aqueous phase by adding 1 mL of dichloromethane, shaking 

and centrifuging again at the same conditions. The organic phases were pooled and 

concentrated by evaporating the organic solvent under a stream of N2 to avoid oxidation of 

the lipids. 

8.4.10.2 Thin-Layer Chromatography 

The lipid extract was redissolved in 80 µL dichloromethane, vortexed and loaded onto a 

chromatography silica plate (DC-Fertigplatten SIL G-25UV, Macherey-Nagel, ref. 809023). 

Different known concentrations of standard (a mixture of cholesterol, triglycerides, and 

cholesterol palmitate) were applied to each plate in order to quantify the samples.  

Two different mobile phases were run. The first phase composed of a mixture of heptane: 

diethylether:acetic acid (72:21:4) separated the different lipids. The second phase 
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(washing) (composed only with heptane) carries away all unwanted lipids 4 cm above the 

previous phase. Once the plate was dried, it was stained with a solution of 5% 

phosphomolybdic acid and 5% sulfuric acid in ethanol for 1 minute. The plates were again 

dried and heated at 100°C for 7 minutes. The lipid components were observed as blue 

bands. The plates were captured by densitometry using the Chemidoc XRC (Bio-Rad). Spots 

corresponding to Cholesterol Esters, Triglycerides and Free Cholesterol were quantified by 

densitometry against the standard curve of cholesterol palmitate, triglyceride, and 

cholesterol, respectively, using a Chemidoc XRC (Bio-Rad) and quantified with the Quantity 

One program (Bio-Rad). 

8.4.11 Determination of fatty acid β-oxidation (FAO) activity in the liver 

An aliquot of liver was homogenized in a buffer composed of 150 mM NaCl, 1 mM 

dithiothreitol, 30 mM EDTA and 50 mM KH2PO4. Tissue fatty acid oxidation (FAO) was 

determined with 30 μg of post nuclear supernatant by determining the conversion of 

palmitoyl CoA-1-[14C] into acetyl-CoA [233]. 

8.5 Other techniques 

8.5.1 Analysis of ventricular function 

Transthoracic Echocardiography was assessed using an 18 to 38 MHz linear array 

transducer with a digital ultrasound system (Vevo 2100 Imaging System, Visual Sonics, 

Toronto, Ontario, Canada, http://www.visualsonics.com). The technique was conducted 

with the mice under light sedation (1% Isoflurane in oxygen) three days after starting 

doxycycline treatment (baseline). A second echocardiography was conducted six weeks 

later at the end of the experimental procedure. Images were obtained in B-mode and M-

mode in the parasternal short-axis views. Standard Functional parameters were measured, 

including left ventricle (LV) internal diameter diastole (LVIDd) and LV internal diameter 

systole (LVIDs), LV end diastolic volume (LVEDV), LV end systolic volume (LVESV), LV 

ejection fraction (LVEF), LV fractional shortening (LVFS), LV anterior wall at end cardiac 

diastole (LVAWd), LV posterior wall at end cardiac diastole (LVPWd), and heart rate [234]. 

8.5.2 Glucose Tolerance Test  

The glucose tolerance test (GTT) was performed three days after starting doxycycline 

treatment (baseline) and at week six of the dietetic intervention in fasting conditions. Basal 

blood glucose levels were measured from a tail nick through ACCU-CHEK® Aviva 

glucometer (Roche Molecular Systems). The mice were then intraperitoneally injected with 

glucose (1.3 mg/g of body mass). Blood glucose was measured at 15, 30, 60, 120 and 180 

minutes after glucose injection. The area under the curve (AUC) of the response curve was 

then calculated using the software Prism 4.0 [235]. 

http://www.visualsonics.com/
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8.5.3  Corin catalytic activity assay 

Membrane fractions from heart tissues were prepared by homogenizing 25 µg tissues in 

400 µl buffer A (25mM Tris-HCl pH 7.4, 5mM EDTA pH 8). The homogenate was 

centrifuged at 200 000 g for 1h at 4ºC. The pellet was resuspended in NP-40 buffer 

(150mM NaCl, 50mM Tris-HCl pH 7.4, 1% P-40). Protein concentration was measured by 

PierceTM BCA Protein Assay Kit following the manufacturer instructions. Corin catalytic 

activity assay was performed in 96-well plates with 20µM/L (p-tosyl-Gly-Pro-Arg)2-

rhodamine 110 (Molecular Probes) with 5 µg of heart membrane proteins. To determine 

the specificity of corin activity, a specific thrombin inhibitor (hirudin, Sigma-Aldrich) was 

mixed with samples at 37ºC during 5 minutes before addition of substrate. The 

fluorescence was monitored at wavelengths of 485nm and 538 nm, excitation, and 

emission respectively, at room temperature at 2 minutes interval during 1 hour in a plate 

reader. Corin activity was presented as Vmax for the maximal rate of reaction [236]. 

8.5.4 Immunoassays 

ANP (ab108797, Abcam), GDF-15 (MGD150, R&D Systems) and adrenalin/epinephrine 

(abx257158, Abbexa) plasma levels were measured by commercially available-enzyme-

linked immunosorbent assays (ELISA), according to the manufacturer's recommendations. 

8.5.5 Measurement of cyclic GMP levels in target tissues 

The cyclic guanosine monophosphate (cGMP) levels in heart, liver and skeletal muscle were 

measured using an ELISA kit according to the manufacturer's instructions for non-

acetylated methodology (ADI-900-014, Enzo Life Sciences). An aliquot of tissue (20 mg) 

was homogenized in 200 µl of 0.1 M HCl to inhibit endogenous phosphodiesterase activity 

and stabilize the freed cyclic GMP. They were then centrifuged at 600 g at 4 °C for 10 

minutes and the resulting supernatant was stored at -80 °C prior to assay. The unacetylated 

samples (100µl) and standards were added to the wells containing a GxR IgG antibody. 

Then, the blue solution of cGMP conjugated with alkaline phosphatase was added, followed 

by the yellow solution of rabbit polyclonal antibody against cGMP. The plate was incubated 

at room temperature for 2 hours with shaking at 500 rpm allowing the antibody to bind to 

the cGMP. After incubation, 3 washes were performed with 400μL of wash solution 

provided with the kit to remove unbound cGMP excess. The blue Conjugate (5 µL) plus p-

nitrophenyl phosphate (pNpp) substrate solution (200 µL) was added and incubated for 1h 

without shaking. The substrate generated a yellow color when catalyzed by alkaline 

phosphatase that is conjugated to cGMP. The reaction was stopped by trisodium phosphate 

solution, and the optical density was immediately read at 405 nm. The amount of signal is 

indirectly proportional to the amount of cGMP in the sample (Figure 13).  
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Figure 13. Diagram of the technique used for the detection of cGMP in tissues (image obtained from 
Enzo Life Sciences) 

The cGMP concentrations (pmol/mL) in the tissues were normalized to the total protein 

concentration (mg/mL). The final concentration was expressed as pmol/mg protein. 

8.5.6 Confocal microscopy 

Mouse heart cryosections were subjected to target retrieval (10 mM Tris-HCl, pH = 6) and 

permeabilized with Triton X-100 (0.5%). Isolated cardiomyocytes were fixed with 

paraformaldehyde and preserved in PBS with sodium acid 0.2%. Cells were permeabilized 

with glycine (0.1 M) and Triton X-100 (0.2%), blocked with PBS, Tween-20 (0.2%) and BSA 

(1%) and incubated with primary anti-LRP1 Abs (2 μg/mL, Abcam). Secondary Abs 

conjugated with Alexa488 and Cy3 (1 μg/mL) (Jackson Immuno Research) were used for 

detection. Cell and heart cryosections nuclei were counterstained with 4′,6-diamidino-2-

phenylindole (DAPI) (Sigma-Aldrich, ref 32670). Results were analyzed with an Axio-

Observer Z1 (Zeiss) laser confocal microscope. 

8.5.7 Histological staining 

Tissue samples were frozen and sectioned (5 μm). Sections were stained with 

Hematoxilin/Eosin, Herxheimer, Oil red O and Sirius red stains. Herxheimer and Oil red O 

stainings were used for the detection of lipids. A polarized light microscope was used to 

measure collagen types I and III on randomly selected Sirius red-stained sections. 

8.5.8 Indirect calorymetry system  

Measurements of oxygen consumption (VO2) and CO2 production (VCO2) were performed 

using a comprehensive lab animal monitoring system (Oxymax-CLAMS, Columbus 

Instruments). Mice were acclimated in metabolic chambers for 1 day before the start of the 

recordings. Animals were continuously recorded for 2 days with measurements of their 

locomotor activity (in the x, y and z axes) and gas exchange (O2 and CO2) taken every 20 

minutes for three consecutive days. Energy expenditure (EE) was calculated using VO2 and 

VCO2 values from indirect calorimetry using the Weir equation [237]: EE (in kJ/h) = 
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(15.818 × VO2) + (5.176 × VCO2). The respiratory quotient was estimated by calculating the 

ratio of CO2 production to O2 consumption. 

9 Studies II and III 

9.1 Rabbit model 

This experimental procedure included 30  New Zealand White (NZW) female rabbits from 

the Granja San Bernardo animal center (Navarra, Spain) weighing 1.8-2 kg (6-7 months of 

age). In this study we used female rabbits based on several previous studies suggesting that 

there are sex hormone interactions involved in the process of atherogenesis [238,239]. The 

rabbits were housed in a Tecniplast R-Suite cage with a surface area of 4,264 cm2. Housing 

temperature was maintained at 21°C, relative humidity ranged from 40-60%, and the light 

period was 12 hours per day. All animals had food and water ad libitum. The experimental 

procedures were approved by the Animal Experimentation Ethics Committee of the Vall 

d'Hebron Research Institute with registration number 46/17 and performed in accordance 

with Spanish legislation and also with the European Union Directives (2010/63/EU). 

9.2 Experimental design and sample collection 

NZW rabbit were fed the chow R-01 diet from Granja San Bernardo or HFD TD.140140 (1% 

cholesterol) from Harlan Laboratories (Teklad Diets) (Table 15). Animals were acclimated 

for one week before the first immunization and immunized with a primary injection and 

four reminder doses (R1-R4) of IrP (irrelevant peptide) (IrP group; N=12) or P3 (P3 group; 

N=15) conjugated to the carrier every 21 days. An additional group of rabbits was injected 

with carrier alone (control group; N=3). This immunization pattern in which reminder 

doses are administered every 21 days allows an isotype change from a primary response 

(IgM type) to a secondary response (IgG type), that promotes higher cellular production of 

antibodies that recognize the target antigen. In addition, this immunization pattern 

contributes to somatic hypermutation (programmed process that occurs in the variable 

regions of immunoglobulin genes to produce higher affinity B-cell receptors), which 

improves the affinity of antibody-antigen reactions. 

Rabbit diets 

Chow R-01 diet HFD TD.140140 
Protein (by weight): 16.1% Protein (by weight): 16.7% 

Fiber: 16.7% Fiber: 13.7% 
Cholesterol: None Cholesterol: 1% 
Oil and fat: 3.5% Peanut oil: 5% 
Calcium: 0,76 % Fat (by weight): 7.6% 

Phosphorus: 0,57 % Carbohydrate (by weight): 29.4% 
Sodium: 0,26 % Calcium: 1% 

 

Table 15. Composition of the diet used in the studies II and III. 
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The four doses of IrP or P3 antigen conjugated with KLH (or carrier) were administered 

subcutaneously (138 μg/kg, maximum volume 150 μL) every 21 days. For the first 

immunization, IrP or P3-KLH peptides were emulsified in Freund's Adjuvant Complete, and 

the rest of the immunizations were done using IrP or P3-KLH conjugated in Freund's 

Incomplete Adjuvant (both from Sigma Aldrich). The ratio between peptide and adjuvant 

(Freund's Adjuvant Complete and Freund's Incomplete Adjuvant) was 1:1, the volume of 

antigen administered was mixed with an equivalent volume of adjuvant, emulsified, and 

administered to the rabbits. During the immunization period, the animals were fed a chow 

diet. Starting at the R4 time point, IrP and P3-immunized rabbits were randomly divided 

into normal diet group and high-fat diet (HFD)-fed group. Twelve rabbits (N=6 IrP-injected 

and N=6 P3-injected) continued fed on the chow diet, whereas fifteen rabbits (N=6 IrP-

injected and N=9 P3-injected) and one rabbit control group (N=3 injected with carrier 

alone) received HFD for 30 days. In pre-diet (Chk1) and post-diet (Chk2) time points, 

animals were weighed, serum levels of specific anti-P3 Abs were determined by home-

made ELISA, and animals were submitted to PET-CT and carotid Doppler ultrasonography 

(CDU) imaging studies. After imaging studies, animals were euthanized and aortas, 

carotids, heart, and liver were dissected and processed for molecular, lipid, confocal and 

immunohistochemical studies (Figure 14). 

 

Figure 14. Diagram of the experimental design of the studies II and III.  

9.3 Peptide Synthesis and conjugation 

The P3 peptide used to immunize rabbits contained the following sequence H-

GDNDSEDNSDEENC-NH2 corresponding to amino acids 1127 to 1140 located in the cluster 

II of LRP1 (CR9 domain) [93]. The P3 sequence corresponds to an area of high homology 
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between human and rabbit LRP1, with the difference that the asparagine (N) in humans 

was replaced by a serine (S) in the rabbit protein. In addition, amino acid C1148 in the 

rabbit sequence (GDNDCEDNSDEENC) was replaced by S for higher immunogenic efficacy 

of the peptide. The irrelevant peptide (IrP) has the same sequence as P3 but with amino 

acids in enantiomer configuration D. Both peptides were synthesized as C-terminal amides 

on a Rink amide MBHA resin (Iris Biotech GmbH, Marktredwitz, Germany) by the 

Proteomics and Protein Chemistry Laboratory, Department of Experimental and Health 

Sciences, Pompeu Fabra University, following the Fmoc solid-phase method using a Prelude 

peptide synthesizer (Protein Technologies, Inc.). After deprotection and cleavage with 

trifluoroacetic acid/water/ethanedithiol/triisopropylsilane (94:2.5:2.5:2.5:1, v/v/v/v/v) 

for 90 minutes, the peptides were isolated by precipitation with ice cold diethyl ether, 

dissolved in 10 % acetic acid and lyophilized. Peptides were purified by high-performance 

liquid chromatography to 95 % homogeneity (HPLC, Waters 600) using UV detection at 

254 nanometers (Waters 2487) and characterized by electrospray mass spectrometry 

(Applied Biosystems 4700 Proteomics Analyzer). Peptides were conjugated to the 

Californian limpet hemocyanin (KLH) carrier molecule or to BSA via their N- or C-terminal 

cysteine residues. Peptide conjugation with KLH and BSA (Sigma, St. Louis, MO) was 

performed as previously described [240]. Peptide-KLH conjugates were used for rabbit 

immunization and peptide-BSA conjugates were used as substrate in the immunoassay 

ELISA to detect specific anti-P3 antibodies in rabbit serum. 

9.4 Determination of circulating lipids and the lipid content in lipoproteins 

Serum total cholesterol, choline-containing phospholipids, triglycerides and non-esterified 

fatty acids (NEFA) levels were determined enzymatically using commercial kits adapted to 

a COBAS 501 autoanalyzer (Roche Diagnostics, Rotkreuz, Switzerland). VLDL, LDL and HDL 

lipoproteins were isolated by sequential ultracentrifugation at 100 000 g for 24 h at a 

density of 1.006, 1.019-1.063 and 1.063-1.21 g/ml, respectively, using a fixed-angle 

analytical rotor (50.3, Beckman Coulter) [231]. The composition of each lipoprotein, 

including total and free cholesterol, triglycerides, and phospholipids, was determined by 

commercial methods adapted to the COBAS 501 autoanalyzer. Lipoprotein protein 

concentrations were determined by the bicinchoninic acid method (Termo Scientific, 

Rockford, IL). Lipoprotein composition was used to calculate the total mass of each 

lipoprotein. 

9.5 Detection of specific antibodies 

We standardized immunoELISA to detect specific antibodies against P3 peptides. All serum 

were tested using 96-well polystyrene plates (Ref. 442404 Maxisorp, NUNC, Labclinics, 

Spain) coated with peptide-BSA and BSA as a control for the detection of nonspecific 

antibodies. ELISA plates were incubated with various serum dilutions for 90 minutes and, 

after washes, peroxidase-conjugated anti-rabbit IgG (Ref 170-6515, BioRad, Spain) were 
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added to detect antigen-antibody complexes. The ELISA was developed using OPD 

substrate (Ref P9187, Sigma Aldrich, Spain), and the absorbance was read on a Multilabel 

Victor3 reader (Perkin Elmer, Turku, Finland) at 450 nm. The absorbances obtained were 

fitted to a 4PL curve to calculate the IC50. The parameter 1/IC50 was taken as the antibody 

titer. 

9.6 Glucose tolerance test  

The GTT was performed at week four of the dietetic intervention under fasting conditions. 

Basal blood glucose levels were measured from an ear nick through ACCU-CHEK® Aviva 

glucometer (Roche Molecular Systems). Rabbits were then intraperitoneally injected with 

glucose (1.3 mg/g of body mass). Blood glucose was measured at 15, 30, 60, 120 and 180 

minutes after glucose injection. The AUC of the response curve was then calculated using 

the software Prism 4.0. 

Table 16 summarized the specific techniques used in each paper of the study II and III and 

the detailed described is afterward. 

Study techniques 

Article 2/ Study II Article 3/ Study III 

Isolation of Rabbit Aortic Smooth Muscle Cells Glucose tolerance test  

Isolation of hMΦ primary cultures 
Culture of murine HL-1 cardiomyocyte-derived 

cell line 

Culture of VSMC 
Determination of neutral lipid content in heart 

and liver 

Treatment of hMΦ and VSMC with rabbit 

serums 
Electron microscopy of the heart 

18F-FDG PET/CT and image analysis Confocal microscopy studies of the heart and HL-1 

Ultrasonography 
FTIR, freeze-dried state of the heart and 

lipoproteins 

Preparation of histological sections and 

immunohistochemistry 
Heart subfractionation 

Confocal microscopy studies of the Arteries Biotin-labeling of HL-1 cell surface proteins 

Image analysis Western blot analysis of the heart 

Western blotting analysis of the Arteries Immunoprecipitation assay of the heart and HL-1 

 2-NBDG uptake assay 

 

Table 16. Summary list of techniques used in the studies II and III 
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9.7 In vitro studies  

9.7.1 Culture of Rabbit Aortic Smooth Muscle Cells  

Rabbit Aortic Smooth Muscle Cells (rSMCs) were obtained by gentle scraping of the medial 

layer of NZW rabbit aortas after endothelial layer removal. Cells were incubated at 37°C in 

a humidified atmosphere of 5% CO2 in Ham's F12-DMEM (8:2) supplemented with 20% 

Fetal Bovine Serum, 100 U/mL Penicillin and 0.1 mg/mL Streptomycin. To maintain 

exponential growth, cells were subcultured by trypsinization and seeded at a density of 10 

000 cells/cm2. A solution of BSA at 1% in PBS was used as a blocking agent. Monoclonal 

antibodies against LRP1 (Fitzgerald, 10R-L107c) and polyclonal antibodies obtained from 

P3-immunized rabbits were diluted in PBS/1% BSA/0.01% Triton X-100. Finally, FITC-

conjugated goat anti-mouse IgG and FITC-conjugated goat anti-rabbit IgG were used as 

secondary antibodies. Images were captured and analysed on a Leica inverted fluorescence 

confocal microscope (Leica TCS SP2-AOBS) 

9.7.2 Human Macrophages (hMΦ) 

9.7.2.1 hMΦ Isolation  

hMΦ were obtained from buffy coats of healthy blood donors. Cells were applied on 15 ml 

of Ficoll-Hypaque (GE Healthcare, ref. 17-1440-03) and centrifuged at 300 g for 1 hour at 

22°C, with no brake. Mononuclear cells were obtained from the central white band of the 

gradient, exhaustively washed in Dulbecco's phosphate buffer saline, and suspended in 

RPMI 1640  Glutamax medium (Gibco, ref. 61870-010) supplemented with Human Serum 

AB (Lonza, ref. 14-490E), Penicillin/Streptomycin and HEPES 1M (Gibco, ref. 15630-056). 

Cells were left 7 days in culture and allowed to differentiate into macrophages by changing 

the cell culture media every 3 days (Table 17). 

Human Macrophages RPMI medium 

Medium Composition Concentration 

Proliferation state  

Human serum AB 10% 

HEPES 1% 

Penicillin G 100Units/mL 

Streptomycin 100µg/mL 

Quiescence state 

Human serum AB 0.2%/day 

HEPES 1% 

Penicillin G 100 Units/mL 

Streptomycin 100µg/mL 

Treatment Human serum AB 0% 
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HEPES 1% 

Penicillin G 100 Units/mL 

Streptomycin 100µg/mL 

 

Table 17. Preparation of cell culture media for Human Macrophages. 

9.7.2.2 hMΦ Treatment  

Quiescent hMΦ were exposed to increasing concentrations of serum (0.25%, 0.5% and 1%) 

from the different rabbit groups for 2 hours. In some experiments, quiescent hMΦ were 

exposed to aggregated LDL (100 μg/mL, 2 hours), in the presence of increasing 

concentrations (1%, 5% and 10%) of chow serum from the different group of rabbits. 

Following the serum incubation period, cells were exhaustively washed and harvested in 

NaOH 0.1 M or lysis buffer for lipidic and Western blot analysis. 

9.7.3 Human Coronary Vascular Smooth Muscle Cells  

9.7.3.1 VSMC Isolation  

 VSMC were obtained from the medium layer isolated from macroscopically healthy 

coronary artery segments collected from patients undergoing cardiac transplantation at 

Hospital de la Santa Creu i Sant Pau (Barcelona, Spain). VSMCs were isolated by a 

modification of the explant technique. The coronary arteries were cleaned, opened 

longitudinally and gently scraped to remove the endothelial cell layer. The medial layer 

was separated from the adventitia and cut into 1mm x 1mm fragments. The explants of the 

middle tunic were incubated at 37 °C in a humidified atmosphere of 5% CO2. After 1 week, 

the cells start to migrate from the explants and proliferate, covering the floor of the culture 

well. The medium was exchanged every 3 days after the onset of cell outgrowth; a 

significant outgrowth was reached after 10 days. Tissue fragments were collected with 

forceps and placed in a new dish with fresh medium. The cells that remained in the dish 

were cultured until confluence. For characterization, we performed a western blot analysis 

for specific differentiation markers revealed high levels of-actin (45 kDa) and calponin (33 

kDa). Cell monolayers were grown in medium 199 (Gibco, ref. 22340-087) supplemented 

with FBS (Invitrogen, ref. 04-001-1A), human serum obtained from healthy donor of Sant 

Pau hospital, L-glutamine (Sigma-Aldrich, ref. 25030-024) and penicillin/ streptomycin 

(Sigma-Aldrich, ref. 15140-122) (Table 18). The study was approved by the Institutional 

Ethics Committee at Hospital de la Santa Creu i Sant Pau and conducted in accordance with 

the Declaration of Helsinki. 
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VSMC M199 medium 

Medium Composition Concentration 

Proliferation state 

Fetal Bovine Serum 20% 

Human serum 2% 

Penicillin G 100Units/mL 

Streptomycin 100µg/mL 

L-Glutamine 2 mmol/L 

Quiescence state 

Fetal Bovine Serum 0.2%/day 

Human serum 0% 

Penicillin G 100Units/mL 

Streptomycin 100µg/mL 

L-Glutamine 2 mmol/L 

Treatment 

Fetal Bovine Serum 0% 

Human serum 0% 

Penicillin G 100Units/mL 

Streptomycin 100µg/mL 

L-Glutamine 2 mmol/L 

 

Table 18. Preparation of cell culure media for VSMC cells. 

9.7.3.2 VSMC treatment  

VSMCs were seeded on plates and cultured until 80% confluence was reached. Cell 

quiescence was induced by maintaining the cell culture for 24 h in medium containing 0.2 

% FBS or for 48 h in medium containing 0.4 % serum. Resting VSMCs were treated with 

increasing concentrations of serum (0.25 %, 0.5 % and 1 %) from the different groups of 

rabbits for 2 h or with agLDL (100 μg/mL, 2 h) in the presence of increasing concentrations 

(1 %, 5 % and 10 %) of chow serum from the different groups of rabbits. All experiments 

used cells between passages 4 and 6; VSMCs at these passages appeared as a relatively 

homogeneous population, showing a pattern of hills and valleys at confluence. After 

treatment, cells were washed extensively and collected in 0.1 M NaOH or lysis buffer for 

lipid transfer and Western analysis. 

9.7.4 Culture of HL-1 cardiomyocyte and treatment 

HL-1 cells were maintained in Claycomb medium in plastic dishes as described above 

(8.4.2). the cells were fasted with 0.2 % FBS for 24 h and then were incubated with serum 

(0.25 %, 1.5 h) from the different rabbit groups i) chow IrP-immunized, ii) chow P3-
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immunized, iii) HFD IrP-immunized, and iv) HFD P3-immunized-rabbits. HL-1 cells 

exposed to increased serum concentrations (0.25, 0.5 and 1%) from the different rabbit 

groups. to determine the intracellular content of neutral lipids, HL-1 cells were exposed to 

increased serum concentrations (0.25, 0.5 and 1%) of the different groups of rabbits and 

collected in 0.1M NaOH for thin layer chromatography. 

9.7.4.1 Biotin-labeling of HL-1 cell surface proteins 

HL-1 cells were exposed to rabbit’s serum (0.25 %) for 1.5 h and then treated with insulin 

(100 nM) for 30 minutes. Biotin-labeling protein assay (EZ-Link Sulfo-NHS-SS-Biotin, ref. 

21 331, Thermo Scientific) was used to determine the protein levels of GLUT4 at the cell 

surface. Cells were incubated first with a biotin solution 0.12 mg/ml for 2 h at 4ᵒC and, then 

with 0.1 mM Glycine solution for 30 minutes at 4 ᵒC and then washed three times with PBS 

1X. Biotinylated proteins were pulled down by streptavidin-conjugated agarose beads 

(Pierce Streptavidin Agarose, ref. 20 353, Thermo Scientific) for 2 h at room temperature. 

Biotinylated and total proteins (10 % of proteins incubated with agarose beads) were 

analyzed by Western blot after incubated with rabbit anti-GLUT4 (sc-7938; Santa Cruz 

Biotechnology), mouse monoclonal anti-ATP1A1 (MA3–928, Invitrogen), or mouse 

monoclonal anti-β-actin (A2228; Sigma-Aldrich) antibodies overnight at 4 ᵒC, following by 

incubation with secondary antibodies (goat anti-mouse and goat anti-rabbit; Dako) diluted 

1/10 000 for 1 h at room temperature. Signals were detected with the ECL immunoblotting 

detection system (GE Healthcare) and results were quantitatively analyzed using Chemidoc 

(BioRad). Biotinylated-ATP1A1 and β-actin were used as loading control of plasma 

membrane protein and total protein extracts, respectively. 

9.7.4.2 HL-1 NBDG uptake assay 

HL-1 cells were exposed to rabbit’s serum (0.25 %) for 1.5 h and then treated with insulin 

(100 nM) in the presence of 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-D-

glucose (2-NBDG solution; Sigma-Aldrich) (80 μM) for 30 minutes. Cells were then washed 

with 1X PBS, fixed with 4 % paraformaldehyde, blocked with 2 % BSA, and incubated with 

Hoechst 33 258 colorant (1/2000) for 1 h. Fluorescence was detected with a Leica DMI8 

biological microscope (Leica, Germany). Total fluorescence in the whole cell area was 

quantified by Image J software. 

9.8 Imaging techniques  

9.8.1 18F-FDG PET/CT  

An injection of 18F-FDG (0.5 mCi/kg) was administered through a catheter in the marginal 

vein of the ear of each animal. The image study was performed on a Siemens Biograph mCT 

S64 hybrid PET/CT instrument. Specialized technicians carried out an angiographic 

PET/CT study at 120 and 180 minutes, which allowed the anatomical and metabolic 
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localization of the studied structures. The CT and PET studies were recorded for 5-6 

seconds and 15 minutes, respectively. 

9.8.1.1 Acquisition parameters 

Thoracic-abdominal imaging studies of the heart, great vessels, and abdominal aorta in 

only one bed position (15 minutes) were performed at the maximum resolution of the 

PET/CT equipment (1.5 mm in the PET and 0.5 mm in the CT). CT characteristics 

(attenuation correction) AngioCT characteristics: An angiographic study was performed 

before PET acquisition. VISIPAQUETM (iodixanol) contrast was used and injected at 

0.7ml/second. 

9.8.1.2 Image analyses 

The co-registration of both studies (PET and CT) was automatically carried out by the 

Software of the Siemens Biograph mCT S64 hybrid PET/CT equipment. PET/CT data were 

displayed in axial planes on a Syngovia (Siemens) workstation. Mean standard uptake 

values (SUVs) were recorded on contiguous axial slices of the aorta superior, central, and 

inferior (one ROI in each area). The corresponding SUV units were calculated in each 

animal. These units allow the comparison and standardization of the emission values of 

each structure studied, including decay correction between dual time-point images. 

PET/CT outcome variables were the maximum and averaged SUVs. 

9.8.2 Ultrasonography 

Ultrasonography was performed with a Mindray M7 device (Shenzen Mindray Bio-medical 

Electronics, Shenzen, PRC) and a 7.5 MHz central frequency lineal probe. All animals were 

anaesthetized with propofol and maintained with Isoflurane (2-3% in oxygen) to respect 

their welfare and to avoid tachycardia or stress-induced pulse frequency. Ultrasonographic 

exams were performed for carotid arteries. The morphology of carotid arteries was 

measured using B mode images, followed by colour and pulsed wave Doppler analysis to 

check the blood flow. The specific location at the internal and external carotid division was 

selected following previously published reference [241], assuming that this location is a 

target for lipid deposits. The parameters included were systolic and diastolic velocities, as 

well as arterial resistance index (ARI). ARI=(Systolic velocity-Diastolic velocity)/Systolic 

velocity). In all the ultrasonographic parameters, three different measurements were 

performed in each image, and the mean value was used for parameter calculation. The 

software used for measurements was that included in the ultrasound device, and 

mathematical calculations were obtained. 

9.8.3 Electron microscopy 

Cells growing in 60 mm plates were washed in PBS 1X and then fixed with 2.5 % 

glutaraldehyde in 0.1 M phosphate buffer at room temperature for 1 h. Next, cells were 

gently scraped and then pelleted in 1.5 ml tubes. Cardiac tissue was cut into small pieces, 
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extensively washed in PBS 1X, and fixed with 2.5 % glutaraldehyde, 2 % Paraformaldehyde 

in 0.1 M phosphate buffer overnight. Samples were dehydrated, embedded in Spurr and 

sectioned using Leica ultramicrotome (Leica Microsystems). Ultrathin sections (50–70 nm) 

were stained with 2 % uranyl acetate for 10 minutes, a lead-staining solution for 5 minutes 

and then analyzed with a transmission electron microscope, JEOL JEM-1010 fitted with a 

Gatan Orius SC1000 (model 832) digital camera at the Unit of Electron Microscopy, 

Scientific and Technological Centers of the University of Barcelona, School of Medicine and 

Health Sciences (Barcelona, Spain). 

9.8.4 Confocal microscopy studies 

Serial sections of arteries (5 μm) were immunostained with Phalloidin-488 to identify 

smooth muscle cells and RAM11for detection of macrophages, as well as other antibodies 

for the detection of anti-inflammatory proteins such as NF-kB p65 and TNF-R1 (Table 19). 

Alexa Fluor 633 IgG (1/100) was used as secondary antibody. Images were recorded on a 

Leica inverted fluorescence confocal microscope (Leica TCS SP2-AOBS, Germany). Arteries 

were imaged with the HCX PL APO 20x/0.75 IMM Corr CS2 objective. Fluorescent images 

were acquired in a 1024 x 1024-pixel scan format and processed with standard Leica TCS-

AOBS software 

Heart sections from each study group were washed with PBS 1X, permeabilized for 5 

minutes with PBS 1X with 1 % Tween and blocked with PBS 1X with 1 % BSA. Antibodies 

were used for 1 h and secondary antibody conjugated with alexa fluor (1/100) and Hoechst 

33 258 (1/1000) for 1 h. Some sections were incubated only with 100 μl of BODIPY (1 

mg/ml in DMSO) for 30 minutes for detection of lipid droplets. The slides were then 

mounted with ProLong™ Gold Antifade Mountant (P10144, Thermoscientific). Images were 

obtained with an Olympus FluoView FV1200 confocal microscope (Olympus), processed 

with FV10-ASW Viewer 3.1 (Olympus) and quantified with ImageJ software. 

Primary Antibody Company Reference 

Phalloidin-488 Invitrogen™ A12379 

RAM11 Dako M063301-8 

NF-kB Cell Signalling 4764S 

TNF-R1 MyBiosource MBS840939 

anti-LRP1 Abcam ab92544 

anti-InsR Abcam ab69508 

anti-GLUT4 LS-Bio LS-C123618 

BODIPY 493/503 Molecular probes D3922 

 

Table 19. List of primary antibodies used for confocal microscopy analysis in the studies II and III. 
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HL-1 cardiomyocytes were washed with PBS 1X, fixed with 4 % Paraformaldehyde, 

permeabilized for 30 minutes with 0.5 % (v/v) saponin, and blocked with 2 % BSA. The 

primary antibodies were used for 1 h. After incubation, washes were performed with PBS 

1X, and secondary antibodies conjugated with Alexa Fluor (1/800) and Hoechst 33 258 (1 

/2000) were added to the nuclei and incubated for 1 h. The cells were then washed with 

PBS 1X and finally mounted with Mowiol 4-88 (Calbiochem (Merck, Darmstadt). Images 

were obtained with an Olympus FluoView FV1200 confocal microscope (Olympus), 

processed with FV10-ASW Viewer 3.1 (Olympus) and quantified with ImageJ software. 

Quantification of the colocalization level was analyzed using the JACoP add-on of ImageJ 

software [183]. Controls without primary antibody did not show fluorescent labeling in any 

tissue or cell sample analyzed.  

9.9 Other techniques  

9.9.1 Tissue subfractionation 

Tissue was washed with PBS 1X and homogenized using a POLYTRON ® Immersion 

Dispersers PT 2500 as previously described [161,174]. To obtain membrane protein 

fraction, the homogenized tissue was filtered using QIAshredder spin columns (79 656, 

QIAGEN), incubated with lysis buffer A (NaCl 150 mM, HEPES 50 mM, digitonin 25 μg/ml, 1 

M hexylene glycol, protease inhibitor cocktail 1 % v-v) using an end-over-end rotator. After 

centrifugation, the supernatant containing mainly cytosolic proteins was removed and the 

the pellet was incubated with lysis buffer B (NaCl 150 mM, HEPES 50 mM, igepal 1 % v-v, 1 

M hexylene glycol, protease inhibitor cocktail 1 % v-v). After centrifugation, the 

supernatant containing mainly plasma membrane proteins was collected. Proteins were 

analyzed by Western blot with antibodies against rabbit LRP1 (ab92544 Abcam) or InsR 

(LS-C63091, LSBio) or GLUT4 (LS-C123618, LSBio). Total cardiac lysates were obtained 

using RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 % Triton X-100, 0.5 % sodium 

deoxycholate, 0.1 % SDS, 1 mM PMSF, 10 mM sodium ortho-vanadate, and protease 

inhibitor cocktails (Sigma-Aldrich, St. Louis, MO, USA), and proteins were analyzed by 

Western blot. Anti-ATP1A1 (MA3–928, Invitrogen) and anti-GAPDH (sc-81 545, Santa Cruz 

Biotechnology) were used as total and plasma membrane loading controls, respectively. 

9.9.2 Western blotting analysis 

Protein extracts were obtained using RIPA buffer. Cell protein extracts (10-40 μg) were 

diluted in 5X sample buffer with dithiothreitol (DTT) and heated for 5 minutes at 95 ◦C. 

Electrophoresis was performed on 10 -12% SDS-polyacrylamide gels and the proteins were 

transferred to a nitrocellulose membrane (GE Healthcare Life Science, Amsterdam, The 

Netherlands) as described above (8.4.7). Table 20 shows the primary and secondary 

antibodies used.  
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Primary Antibody Company 
MW 

(KDa) 
Dilution Host Reference 

LRP1 β-chain Fitzgerald 85 1/50 Mouse 10R-L107b 

SREBP-2 
Santa Cruz 

Biotechnology 
68/125 1/1000 Mouse sc-13552 

phospho-NF-kB 
p65 

Cell Signaling 
technology 

65 1/1000 Rabbit 3039S 

NF-kB p65 
Cell Signalling 

Technology 
65 1/1000 Rabbit 4764S 

TNF-R1 My- Biosource 50 1/2000 Rabbit MBS840939 

Akt 
Cell Signaling 
Technology 

60 1/1000 Rabbit 9272S 

Phosphor-Akt Merck 60 1/1000 Rabbit 07–789 

AS160 Abcam 147 1/1000 Rabbit ab24469 

Phosphor-AS160 Abcam 147 1/1000 Sheep ab65753 

Secondary 
Antibody 

 Company   Reference 

Anti-Mouse  Dako   P0161 

Anti-Rabbit  Dako   P0448 

Anti-Sheep  Dako   P0163 

 

Table 20. List of primary antibodies used for western blot analysis in the studies II and III. 

Equal protein loading in each lane was verified by incubating transfers with monoclonal 

antibodies against β-actin (Cell Signaling Technology, Inc, #3700S). Signals were detected 

with the ECL immunoblot detection system (GE Healthcare) and the results were 

quantitatively analyzed with Chemidoc (BioRad). 

9.9.3 Immunohistochemistry studies 

The aorta was cleaned of external fat and divided into two sections: thoracic aorta, from the 

aortic arch to the hepatic aorta, and abdominal aorta, from the hepatic aorta to the 

bifurcation of the iliac aortas (Figure 15). As shown in Figure 15, the first 2cm section of 

the thoracic aorta was opened by a longitudinal incision. The remainder of the aorta was 

divided into 1cm pieces. Alternatively, each piece was frozen and sectioned for histological 

and molecular studies. The carotids were frozen and kept at -80 ºC for subsequent analysis 

of lipid composition. 
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Figure 15. Representative image of isolated aorta indicating the consecutive sections (1 cm) used 
for immunohistochemistry (IHQ) and molecular studies (mol). IA: Iliac bifurcation. 

Longitudinally opened aortic sections were fixed in a 4% Paraformaldehyde-PBS solution 

for the detection and quantification of fatty streaks by the Herxheimer staining method. 

Samples for immunohistochemistry were cross-sectioned with a cryostat into serial 5-μm 

sections and mounted on gelatinized slides. Cross-sections were also stained with the 

Herxheimer staining method to detect lipids. Images were captured with an Olympus 

Vanox AHBT3 microscope and digitized with a Sony 3CCD camera. 

9.9.4 Lipid analyses and determination of aortic, carotid, and hepatic neutral 

lipid content  

Aorta (10 mg), liver (2.5 mg) and the whole extracted carotid were homogenized in NaOH 

0.1 M. Lipids were extracted and quantified as describe above (8.4.10.2). Cholesteryl esters 

(CE) triglycerides (TG) and free cholesterol (FC) were analysed by thin-layer 

chromatography (TLC).  

9.9.5 Immunoprecipitation assay 

Cardiac tissue from the rabbit groups and HL-1 cells exposed to rabbit’s serum from each of 

the four groups were subjected to immunoprecipitation (IP) assays as previously described 

[183]. Protein extracts were incubated with rabbit anti-LRP1 monoclonal antibody 

(ab92544, Abcam) or rabbit non-immune IgG as control (2 μg/200 μg of total proteins) for 

2 h at 4 ᵒC. Samples were then incubated with protein A–conjugated agarose beads 

following the manufacturer’s procedure (sc-2001; Santa Cruz Biotechnology) overnight at 

4 ᵒC. Immunoprecipitated proteins were characterized by Western blot using anti-InsR 

(ab69508; Abcam) and anti-LRP1 (ab92544; Abcam) monoclonal antibodies, and 

secondary antibodies (goat anti-mouse or goat anti-rabbit; Dako). Signals were detected 

using ECL immunoblotting detection system (GE Healthcare) and the results were 

quantitatively analyzed using Chemidoc (BioRad). 

THORACIC AORTA ABDOMINAL AORTA IA

HERXHEIMER

IHQ IHQIHQ IHQ IHQ IHQ IHQmol IHQmol mol mol mol molIHQ mol

Iliac

bifurcation

Renal 

bifurcation

LIVER
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9.9.6 FTIR, freeze-dried state 

Fourier transform infrared spectroscopy/attenuated total reflectance (FTIR/ATR) spectra 

of the freeze-dried lipoproteins and tissues were acquired using a Nicolet 5700 FTIR 

instrument (Thermo Fisher Scientific, Waltham, MA) equipped with an ATR device with a 

KBr beam splitter and a MCT/B detector as previously described [174,242]. The ATR 

accessory used was a Smart Orbit with a type IIA diamond crystal (refractive index 2.4). 

Freeze-dried samples (1 mg) were directly deposited on the entire active surface of the 

crystal and gently pressed with a Teflon tip to assure good contact. For each sample, 80 

interferograms were recorded in the 4000–450/cm-1 region, co-added and Fourier 

transformed to generate an average spectrum of the segmented heart part with a nominal 

resolution of 1 cm-1 using Omnic 8.0 (Thermo Fisher Scientific, Waltham, MA). A single-

beam background spectrum was collected from the clean diamond crystal before each 

experiment, and this background was subtracted from the spectra. Spectra were then 

subjected to ATR and baseline corrections and normalized using the maximum of the 

Amide II peak. Second derivatives were used to enhance the chemical information present 

in overlapping infrared absorption bands of spectra. 
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Title: Low-density lipoprotein receptor-related protein 1 deficiency in cardiomyocytes 

reduces susceptibility to insulin resistance and obesity. 
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Abstract 

Background: Low-density lipoprotein receptor-related protein 1 (LRP1) plays a key role in 

fatty acid metabolism and glucose homeostasis. In the context of dyslipemia, LRP1 is 

upregulated in the heart. Our aimwas to evaluate the impact of cardiomyocyte LRP1 
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deficiency on high fat diet (HFD)-induced cardiac and metabolic alterations, and to explore 

the potential mechanisms involved. 

Methods: We used TnT-iCre transgenic mice with thoroughly tested suitability to delete 

genes exclusively in cardiomyocytes to generate an experimental mouse model with 

conditional Lrp1 deficiency in cardiomyocytes (TNT-iCre+-LRP1flox/flox). 

Findings: Mice with Lrp1-deficient cardiomyocytes (cm-Lrp1−/−) have a normal cardiac 

function combined with a favorable metabolic phenotype against HFD-induced glucose 

intolerance and obesity. Glucose intolerance protection was linked to higher hepatic fatty 

acid oxidation (FAO), lower liver steatosis and increased whole-body energy expenditure. 

Proteomic studies of the heart revealed decreased levels of cardiac pro-atrial natriuretic 

peptide (pro-ANP), which was parallel to higher ANP circulating levels in cm-Lrp1−/− mice 

and higher hepatic signaling. 

Participation of the doctoral candidate: The director of the thesis CERTFIES that Aleyda 

Benítez Amaro participated in the article “Low-density lipoprotein receptor-related protein 

1 deficiency in cardiomyocytes reduces susceptibility to insulin resistance and obesity” as 

following: Aleyda Benítez Amaro participated in the generation and characterization of cm-

lrp1-/- mice, in the ecography studies to analyze ventricular function, in lipidic and 

molecular studies in target tissues, in biochemical serum analysis and biodistribution 

experiments. She was also involved in cell culture experiments, and the associated lipidic, 

molecular and confocal microscopy studies. She also participated in the Method section 

configuration and redaction, in the analysis and interpretation of results, and in the general 

correction of the article.  
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Abstract: 

Background: The LRP1 (CR9) domain and, in particular, the sequence Gly1127-Cys1140 

(P3) plays a critical role in the binding and internalization of aggregated LDL (agLDL). We 

aimed to evaluate whether immunization with P3 reduces high-fat diet (HFD)-induced 

atherosclerosis. 

Methods: Female New Zealand White (NZW) rabbits were immunized with a primary 

injection and four reminder doses (R1-R4) of IrP (irrelevant peptide) or P3 conjugated to 

the carrier. IrP and P3-immunized rabbits were randomly divided into a normal diet group 

and a HFD-fed group. Anti-P3 antibody levels were determined by ELISA. Lipoprotein 

profile, circulating and tissue lipids, and vascular pro-inflammatory mediators were 

determined using standardized methods while atherosclerosis was determined by confocal 

microscopy studies and non-invasive imaging (PET/CT and Doppler ultrasonography). 
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Studies treating human macrophages (hMΦ) and vascular smooth muscle cells (VSMC) 

with rabbit serums were performed to ascertain the potential impact of anti-P3 Abs on the 

functionality of these crucial cells. 

Results: P3 immunization specifically induced the production of anti-P3 antibodies (Abs) 

and did not alter the lipoprotein profile. HFD strongly induced cholesteryl ester (CE) 

accumulation in the aorta of both the control and IrP groups, and their serum dose-

dependently raised the intracellular CE content of hMΦ and VSMC, promoting TNF-R1 and 

phospho-NF-kB (p65) overexpression. These HFD pro-inflammatory effects were 

dramatically decreased in the aorta of P3-immunized rabbits and in hMΦ and VSMC 

exposed to the P3 rabbit serums. Microscopy studies revealed that P3 immunization 

reduced the percentage of lipids, macrophages, and SMCs in the arterial intima, as well as 

the atherosclerotic extent and lesion area in the aorta. PET/CT and Doppler 

ultrasonography studies showed that the average standardized uptake value (SUVmean) of 

the aorta and the arterial resistance index (ARI) of the carotids were more upregulated by 

HFD in the control and IrP groups than in the P3 group. 

Conclusions: P3 immunization counteracts HFD-induced fatty streak formation in rabbits. 

The specific blockade of the LRP1 (CR9) domain with Anti-P3 Abs dramatically reduces 

HFD-induced intracellular CE loading and harmful coupling to pro-inflammatory signaling 

in the vasculature. 

Participation of the doctoral candidate: The director of the thesis CERTFIES that Aleyda 

Benítez Amaro participated in the article “Immunization with the Gly1127-Cys1140 amino 

acid sequence of the LRP1 receptor reduces atherosclerosis in rabbits. Molecular, 

immunohistochemical and nuclear imaging studies” as following: Aleyda Benítez Amaro 

participated in the validation of P3-immunized rabbit as an hypercholesterolemic model 

protected against atherosclerosis. She was mainly involved in blood and tissue collection, 

aorta dissection and lipidic, molecular, and immunohistochemical and confocal studies in 

the model.   She participated in cell culture experiments, collection of cell and supernatants, 

and molecular and lipidic studies in cells. She was mainly involved in the drafting of the 

methodology section.  She also performed statistical analysis of the results and participated 

in their interpretation.  
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Abstract: 

Background: Antibodies against the P3 sequence (Gly1127-Cys1140) of LRP1 (anti-P3 Abs) 

specifically block cholesteryl ester (CE) accumulation in vascular cells. LRP1 is a key 

regulator of insulin receptor (InsR) trafficking in different cell types. The link between CE 

accumulation and the insulin response are largely unknown. Here, the effects of P3 peptide 

immunization on the alterations induced by a high-fat diet (HFD) in cardiac lipid 

accumulation and insulin response were evaluated. 

Methods: Irrelevant (IrP)- or P3 peptide-immunized rabbits were randomized into groups 

fed either HFD or normal chow feeding. Cardiac lipid content was characterized by thin-

layer chromatography, confocal microscopy, and electron microscopy. LRP1, InsR and 
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glucose transporter type 4 (GLUT4) levels were determined in membranes and total 

lysates from rabbit heart. The interaction between InsR and LRP1 was analyzed by 

immunoprecipitation and confocal microscopy. Insulin signaling activity and glucose 

uptake were evaluated in HL-1 cells exposed to rabbit serum from the different groups. 

Findings: HFD reduces cardiac InsR and GLUT4 membrane levels and the interactions 

between LRP1/InsR. Targeting the P3 sequence on LRP1 through anti-P3 Abs specifically 

reduces CE accumulation in the heart independently of changes in the circulating lipid 

profile. This restores InsR and GLUT4 levels in cardiac membranes as well as the 

LRP1/InsR interactions of HFD-fed rabbits. In addition, anti-P3 Abs restores the insulin 

signaling cascade and glucose uptake in HL-1 cells exposed to hypercholesterolemic rabbit 

serum. 

Participation of the doctoral candidate: The director of the thesis CERTFIES that Aleyda 

Benítez Amaro participated in the article “Targeting cholesteryl ester accumulation in the 

heart improves cardiac insulin response” as following: Aleyda Benítez Amaro participated 

in the preparation of samples for transmission electron microscopy (TEM) imaging, in the 

capture and selection of TEM images, in the molecular and lipidic studies in cardiac 

samples. She was also mainly involved in the immunoprecipitation and confocal 

microscopy studies required to study the potential interactions between different 

receptors and transporters. She was also in charge to prepare cardiac samples for 

biophysical studies, and in cell culture experiments. She configured the methodological 

section and participated in the analysis and interpretation of results. 
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13 RESULTS: Article 1 

 



activation that was linked to increased fatty acid (FA) uptake and increased AMPK/ ACC phosphorylation in the
liver. Natriuretic peptide receptor A (NPR-A) antagonist completely abolished ANP signaling and metabolic pro-
tection in cm-Lrp1−/− mice.
Conclusions: These results indicate that an ANP-dependent axis controlled by cardiac LRP1 levels modulates
AMPK activity in the liver, energy homeostasis and whole-body metabolism.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

The metabolic syndrome preceding type 2 diabetes is mainly caused
by an inefficient coordination of energy utilization by key organs [1]. It is
known that alterations in fatty acid (FA) metabolism play a crucial role
in inter-organ dyscoordination and insulin resistance (IR) [2]. Further,
in metabolic diseases, the heart shows an exacerbated uptake of free
FAs (FFAs) [3] and lipoproteins [4] underlying neutral lipid accumula-
tion in cardiomyocytes.

The low-density lipoprotein receptor-related protein 1 (LRP1) is a
key receptor that modulates energy utilization by different tissues.
LRP1 is both a carrier and a signaling receptor that regulates processes
relatedwith lipidmetabolism and glucose homeostasis [5,6]. In the hall-
mark of lipid metabolism, LRP1 is involved in the uptake of unmodified
and modified lipoproteins in different tissues causing alterations in the
lipid content, generally associated with dyslipemic conditions. LRP1 is
involved in the lipid transport from lipoproteins to hepatocytes [5], cor-
onary vascular smoothmuscle cells [7,8], cardiomyocytes [9,10] and ad-
ipocytes [11]. Specifically, adipocyte LRP1 modulates not only lipid
transport but also glucose homeostasis through the control of insulin
sensitivity and energy expenditure [11]. In the context of glucose ho-
meostasis, LRP1 has a regulatory action on the insulin receptor and
GLUT4 activation in different tissues and organs including the brain
[12,13]. Interestingly, insulin favors LRP1 translocation to the cell mem-
brane in the liver, increasing thus postprandial lipoprotein uptake [14].
Recently, it has been shown that hepatic LRP1 protects against IR and
hepatic steatosis [13,15].

The liver plays a central role in the regulation of metabolism, receiv-
ing signals frommultiple organs such as the pancreatic islets, the central
nervous system, adipose tissue and kidneys [16]. It has also been sug-
gested that the heart may also exert control over themetabolism of pe-
ripheral organs through the secretion of certain molecules called
cardiokines. These cardiokines can affect the metabolic function of var-
ious cell types influencing whole-body homeostasis [17–19]. However,
it is unknown at this moment whether lrp1 in cardiomyocytes modu-
lates the production and release of cardiokines potentially involved in
whole-body metabolism. The objectives of this study have been to
1) generate amurine experimentalmodel of conditional Lrp1 deficiency
in cardiomyocytes by using the TnT-iCre transgenic mice with thor-
oughly tested suitability to delete genes exclusively in cardiomyocytes
[20]; 2) study the impact of cardiomyocyte Lrp1 deficiency in whole-
body metabolism; 3) analyze the differential proteins in the heart of
cm-Lrp1−/−mice and controls and 4) examine the impact of differential
proteins, in particular of cardiokines, on target-tissue fatty acid uptake
and metabolism.

2. Material and methods

2.1. cm-Lrp1−/− transgenic mice generation and characterization

We generated an experimental mouse model with conditional and
cardiomyocyte-specific Lrp1 deficiency (TNT-iCre+-LRP1flox/flox or cm-
Lrp1-/-) by treatment with doxycycline [20]. The specific controls for
this animal controls are TNT-iCre−-Lrp1flox/flox or cm-Lrp1+/+. The gen-
eration of cm-Lrp1−/− transgenic mice is described in online Fig. S1. To
achieve cardiomyocyte-specific LRP1 inactivation, we use a

cardiomyocyte-specific Cre deletor and a floxed allele of Lrp1. We
crossed commercial LRP1flox/flox mice (B6;129S7-Lrp1tm2Her/J; stock:
#012604, Jackson Laboratories) carrying loxP sites within the LRP1
gene with TNT-iCre transgenic mice (kindly provided by Prof. Bin
Zhou, Albert Einstein College of Medicine, USA) [20], for eight genera-
tions (Fig. 1A).

Transgenic founder mice were genotyped by PCR analysis on tail tip
genomic DNA using primers for LRP1, Cre and Nrt (Fig. 1B). Genomic
DNA was extracted with a Wizard® SV Genomic DNA Purification Sys-
tem (Promega, Madison, WI, USA) and PCR analysis was performed
with oligonucleotides synthesized by IDT (Integrated DNA Technolo-
gies, Inc.; Coralville, IA, USA), using an Expand High Fidelity PCR System
(Roche Molecular Systems). The oligonucleotides used are specified in
Table S1.

Mice were housed in specific pathogen-free facilities with a 12-hour
light/12-hour dark cycle. Both groups, ten-week-old males cm-Lrp1+/+

and cm-Lrp1−/−,were treated dailywith doxycycline cyclate (Sigma-Al-
drich) (Dox) through their drinkingwater (1.5 mg/mL/kg) ad libitum to
assess the conditional Lrp1 inhibition in cardiomyocytes. The control
group (cm-Lrp1+/+) was also treated with Dox to avoid interference
with the treatment. Robertson et al., showed that Dox has a long half-
life [21].

In the first experimental setting (online Fig. S1A), after checking car-
diac function, cm-Lrp1+/+ and cm-Lrp1−/− ten-week-oldmice were fed
high-fat cholesterol-containing diet (HFD TD.88137; Harlan Teklad) for
six weeks. In the second experimental setting, cm-Lrp1+/+ and cm-
Lrp1−/− ten-week-old mice were randomized to placebo (PBS) or to
NPRA antagonist (A71915, 200 μg/Kg in PBS, volume 100 uL) treatment
during the 6 weeks on HFD (online Fig. S1B). Age-matched littermates
were used for all experiments and at least 6 mice per group were ana-
lyzed considering α = 0.05, power = 80%, and an effect size of 2 mM
glucose and 0.1 μg/L insulin.

Blood samples were taken in fasting conditions in the fourth week
(150 μL) and after sacrificing (400 μL). The serum was frozen at −20
°C and used to measure glucose, insulin and lipid levels. The mice
were euthanized at week six and samples from liver, skeletal muscle,
heart, epididymal white adipose tissue (eWAT), and brown adipose tis-
sue (BAT), were kept frozen at−80 °C for lipid andmolecular analysis. A
piece of these tissueswas also embedded inOCT for immunohistochem-
istry. All experimental protocols were approved by the Institutional An-
imal Care and Use Committees at the Research Institute (IR)-Sant Pau,
and complied with all guidelines concerning the use of animals in re-
search and teaching as defined by the Guide for the Care and Use of Lab-
oratory Animals (NIH Publication N°.80-23, revised 1996).

2.2. Biochemical analysis

Insulin serum levels were measured using a Mouse Insulin ELISA
(Mercodia) following the manufacturer's instructions. The HOMA
index, an estimation of insulin resistance, was calculated as: [fasting
serum insulin (ng/mL) × fasting serum glucose (mM)]/22.5. Serum
lipids and lipoproteins, including cholesterol, triglyceride (TG)
(corrected from free glycerol), phospholipids, FFAs, high density lipo-
protein (HDL) cholesterol and phospholipids, were enzymatically de-
termined using commercial kits adapted to a COBAS 6000
autoanalyzer (Roche Diagnostics) [22].
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2.3. Analysis of ventricular function

Transthoracic echocardiographywas conductedunder light sedation
(1% isoflurane in oxygen) three days after starting doxycycline treat-
ment (baseline). A second echocardiography was conducted six weeks
later, at the end of the experimental procedure [23]. Standard functional
parameters were measured, including left ventricle (LV) internal diam-
eter diastole (LVIDd) and LV internal diameter systole (LVIDs), LV end-
diastolic volume (LVEDV), LV end-systolic volume (LVESV), LV ejection
fraction (LVEF), LV fractional shortening (LVFS), LV anterior wall at end
cardiac diastole (LVAWd), LV posterior wall at end cardiac diastole
(LVPWd), and heart rate.

2.4. Glucose tolerance test (GTT)

The glucose tolerance test (GTT) was performed at week six of the
dietetic intervention in fasting conditions. Basal blood glucose levels

weremeasured froma tail nick throughACCU-CHEK®Aviva glucometer
(Roche Molecular Systems). The mice were then intraperitoneally
injected with glucose (1.3 mg/g BW). Blood glucose was measured at
15, 30, 60, 120 and 180 min after glucose injection. The area under the
curve (AUC) of the response curve was then calculated using the soft-
ware Prism 4.0 [24].

2.5. Distribution of intragastrically-administered [3H]-TG

Mice were given an oral fat gavage (OFG) consisting of 20 μCi [3H]-
labeled triolein (glycerol tri[9, 10(n)-3H]oleate, 21.0 Ci/mmol;
Amersham Biosciences, Buckinghamshire, UK) in 150 μL of olive oil
[24]. Mice were bled by cardiac puncture at 1.5 h. Serum and target tis-
sues (liver, eWAT, heart, leg muscle and BAT) were collected after per-
fusion with NaCl solution 0.9%. Radiolabeled serum and tissue TG
were separated from the FA using methanol:chloroform:heptane
1.4:1.25:1 (v:v:v) and 0.1 mol/L H3BO3-KCO3 at pH 10.5. The
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Fig. 1. cm-Lrp1−/− transgenic mice generation and validation. (A) Generation schedule of an in vivo model with a doxycycline-inducible attenuation of Lrp1 expression selectively in
cardiomyocytes. In cm-Lrp1−/− mice with the genotype TnTCre+/+ Lrp1flox/flox, the activation of Cre recombinase by doxycycline converts the Lrp1 floxed alleles to KO (−) alleles.
(B) Cre and Flox transgens were detected by PCR. A fragment of 500 bp was amplified from mouse tail genomic DNA when the Cre transgene driven by the TnT promoter was present.
A fragment of 350 bp was amplified when flox sequences flank lrp1 gen. (C) Ten-week-old male mice were treated daily with doxycycline cyclate through their drinking water during
the procedure to assess the conditional inhibition of LRP1 levels in cardiomyocytes. After three days of treatment, both cm-Lrp1+/+ and cm-Lrp1−/− mice were randomized and fed a
chow diet or high fat diet for six weeks. (D) Lrp1mRNA expression and LRP1 protein levels (in green) in isolated cardiomyocytes from hearts of cm-Lrp1−/− and control mice (E) Lrp1
mRNA expression and LRP1 protein levels (LRP1 staining in red, nuclei in blue, Bar = 20 μm) in the heart. Data represent the mean ± SEM for 9 mice per group. *** p b .005 versus
cm-Lrp1+/+ mice; ### p b .005 versus chow diet. Differences between groups were analyzed using one-way analysis of variance (ANOVA) followed by a post-hoc Tukey-b test.
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radioactivity in the TG and FA fraction, in total serum and target tissues
was determined by scintillation counting.

2.6. Cardiomyocyte isolation

Cardiomyocytes were obtained from the heart of our in vivo animal
model by the Langendorff method. First, the heart was surgically re-
moved andwashedwith a Ca2+ free Tyrode solution at 4 °C and oxygen-
ated. The aorta was suspended in the Langendorff apparatus and the
heart was perfused via the aorta with Ca2+ free Tyrode solution at 37
°C to clean blood remnants. The Ca2+ free Tyrode solution was then
carefully removed, and the enzyme solution composed of Ca2+ free
Tyrode solution with bovine serum albumin, collagenases and protein-
ases was added. Two reperfusion cycles (3 mL/min during 6 min)
were performed to add the stop solution (Ca2+ free Tyrode solution
without collagenases and proteinases). Once the perfusionwasfinished,
the heart was removed from the Langendorff system and treated with
an enzymatic solution for 5min at 37 °C under shaking. The pieces of tis-
sue were extracted with tweezers and, with shaking, submerged into
stop solution to continue disaggregation. Tissue pieces were then re-
moved and the solution containing the cardiomyocytes was centrifuged
for 5min at 450 rpm. The cell pellet was resuspended in stop solution or
Tripure™ Isolation Reagent®, depending on the further methodology
used.

2.7. Tissue homogenization

Frozen tissues (25mg) (heart, liver, skeletalmuscle, eWAT and BAT)
were pulverized in liquid nitrogen using a mortar and a pestle. Samples
were then homogenized in TriPure™ isolation reagent (Roche Molecu-
lar Systems) for total RNA and protein extraction according to theman-
ufacturer's instructions. Total RNA from skeletal muscle was extracted
using the RNeasy mini kit (Qiagen) according to the manufacturer's in-
structions after the previous addition of Proteinase K. For RNA extrac-
tion from eWAT, the tissue was processed with the kit RNeasy Mini
Kit (Qiagen). DNA was digested with DNase I (Invitrogen). Extracted
RNA was eluted in 25 μL of nuclease-free water. The yield and quality
of RNA was tested by agarose electrophoresis and spectrophotometry.
Isolated RNA was stored at−80 °C until use.

2.8. LRP1-deficient cardiomyocyte cell culture

Murine LRP1-deficientHL-1 cells were generated and kept in culture
as previously described [9,10,25,26].

2.9. Hepatocyte (Hepa 1–6) cell culture

Hepa 1–6 cells were cultured in DMEM supplemented with 10% FCS,
2 mmol/L L-glutamine, 100 U/mL penicillin G, and 100 μg/mL strepto-
mycin. Quiescent cells were used for two different experimental ap-
proaches. First, quiescent Hepa 1–6 were exposed to supernatants
from LRP1- and LRP1- HL-1 cells. Second, quiescent Hepa 1–6 were ex-
posed to increasing dose of ANP (0 to 10 nM).

2.10. Gene expression analyses by RT-PCR

Total RNA (1 μg) was used for cDNA synthesis according to the pro-
tocol provided with the High Capacity cDNA Reverse Transcription
kit (Applied Biosystems). cDNA was stored at −20C until its use.
Gene expression analyses of Lrp1 (Mm00464608_m1), Vldlr
(Rn01498166_m1), Ldlr (Mm01151339_m1), Cd36 (Mm01135198-
m1), Nppa (Mm01255747_g1), Nppb (Mm01255770_g1), Cpt1
(Mm00550438), Fasn (Mm00662319_m1), Acaca (Mm01304257_m1),
Acsl3 (Mm01255804_m1), Cav1 (Mm00483057_m1), Slc27a2
(Mm00449517_m1) and Slc27a4 (Mm01327405_m1) were performed
by quantitative real-time reverse transcriptase-polymerase chain

reaction (q-RT-PCR) in the Applied Biosystems 7300 Real Time PCR Sys-
tem (Applied Biosystems; Foster City, CA, USA). 18srRNA (4319413E)
was used as a housekeeping gene. The mRNA expression levels were
measured in triplicate. The threshold cycle (Ct) values were normalized
to the housekeeping gene.

2.11. Proteomic studies

Proteomic studies were performed as previously described with
small modifications [27,28]. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD011564. The
protein was digested with Sequencing Grade Modified Trypsin
(Promega,Madison,WI, USA) using the FASP (Filter Aided Sample Prep-
aration) digestion protocol as described [27]. A detailed description of
the experimental procedures has been included in supplemental
material.

2.12. Immunoprecipitation Assays

Dynabeads protein G was bound to the polyclonal anti-corin anti-
body (abcam ab125254) for 1 h at room temperature. The protein ex-
tract was incubated with the Dynabeads Protein G-anti-corin complex
overnight at 4 °C. After incubation, the protein immune-complex
beads were washed 3 times with the wash buffer and eluted with
50 mM glycine. Samples were separated by SDS-PAGE and transferred
blots were incubated with Ab against Serpin 1 (biorbyt orb319062).

2.13. Corin catalytic activity assay

Protease corin activity was measured as previously described [29].
Corin activity was presented as Vmax.

2.14. Immunoassays

ANP (ab108797, Abcam), GDF-15 (MGD150, R&D Systems) and
adrenalin/epinephrine (abx257158, Abbexa) plasma levels were mea-
sured by commercially available-enzyme-linked immunosorbent assays
(ELISA), according to the manufacturer's recommendations.

2.15. Western blotting analysis

Blots were incubated with antibodies against mouse LRP1 (β-chain,
clone 5A6 RDI-PRO61066), AMPK (Cell Signaling Technology, Inc., #
2532), pAMPK (Cell Signaling Technology, Inc., Thr172, 40H9, # 2535),
pVASP (Santa Cruz Biotechnology, Inc., sc-101,439), BNP (Santa Cruz
Biotechnology, Inc., sc-67,455), ANP (Everest Biotech, EB11166), Serpin
A1 (Biorbyt, orb319062), pACC (Cell Signaling Technology, 1673661S,
total ACC (Cell Signaling Technology, 1673662S), pAkt (Cell Signaling
Technology, #4060), total Akt (Cell Signaling Technology, #4685),
UCP3 (Abcam, ab10985) and OXPHOS mitochondrial complexes
(Abcam, ab110413). CPT1 from mitochondrial-enriched fractions in
liver was determined [30] using the antibodies described by Herrero
et al [31] and registered in antibodyregistry.org (Dolors Serra/
Universitat de Barcelona Cat# CPT1A, RRID:AB_2636894). Protein ex-
tracts (10 μg) were loaded, resolved on 12% SDS-PAGE and transferred
to nitrocellulose membranes (BioRad). Signal detection was carried
out with the ECL immunoblotting detection system (GE Healthcare)
and the results were quantitatively analyzed using Chemidoc (BioRad).
Equal protein loading in each lanewas verified by incubating blots with
monoclonal antibodies against troponin T (TnT) (Thermo Scientific
#MS-295-P) or β-tubulin (Cell Signaling Technology, Inc., #2146).
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2.16. Measurement of cyclic GMP levels in tissues

The cyclic guanosine monophosphate (cGMP) levels in heart, liver
and skeletal muscle were measured using an ELISA kit according to
the manufacturer's instructions for non-acetylated methodology (ADI-
900-014, Enzo Life Sciences).

2.17. Confocal microscopy

Mouse heart cryosections were subjected to target retrieval (10 mM
Tris-HCl, pH = 6) and permeabilized with Triton X-100 (0.5%). Isolated
cardiomyocytes were fixed with paraformaldehyde and preserved in PBS
with sodium acid 0.2%. Cells were permeabilized with glycine (0.1 M) and
Triton X-100 (0.2%). Samples were blocked with PBS, Tween-20 (0.2%)
and BSA (1%) and incubated with primary antibody LRP1 (2 μg/mL
Abcam). Secondary antibodies conjugated with Alexa488 and Cy3 (1 μg/
mL) (Jackson ImmunoResearch) were used for detection. Cell nuclei were
counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Results were
analyzed with an Axio-Observer Z1 (Zeiss) laser confocal microscope.

2.18. Histological staining

Tissue samples were frozen and sectioned (5 μm). Sections were
stained with Hematoxilin/Eosin, Herxheimer, Oil red O and Sirius red
stains. Herxheimer and oil red O stainings were used for the detection
of lipids. A polarized light microscope was used to measure collagen
types I and III on randomly selected Sirius red-stained sections.

2.19. Lipid extraction and semi-quantitative analysis of cholesteryl ester,
free cholesterol, TG and FFA content in target tissues

Frozen pulverized tissue (10mg)were homogenized in NaOH0.1M.
Lipids were extracted and cholesteryl esters (CE), free cholesterol (FC)
and TG content was analyzed by thin layer chromatography [9,10].
The FFA level was determined enzymatically using commercial kits
adapted to a COBAS 6000 autoanalyzer.

2.20. Determination of fatty acid β-oxidation (FAO) activity in target tissues

Aliquots from heart and liver were homogenized in a buffer com-
posed of 150 mM NaCl, 1 mM dithiothreitol, 30 mM EDTA and 50 mM
KH2PO4. Tissue fatty acid oxidation (FAO) was determined with 30 μg
of post nuclear supernatant by determining the conversion of palmitoyl
CoA-1-[14C] into acetyl-CoA [32].

2.21. Indirect calorymetry system

Measurements of oxygen consumption (VO2) and CO2 production
(VCO2) were performed using a comprehensive lab animal monitoring
system (Oxymax-CLAMS, Columbus Instruments). Mice were accli-
mated in metabolic chambers for 1 day before the start of the record-
ings. Animals were continuously recorded for 2 days with
measurements of their locomotor activity (in the xy and z axes) and
gas exchange (O2 and CO2) taken every 20 min. Energy expenditure
was calculated according to manufacturer's guidelines (Columbus In-
struments). The respiratory quotient was estimated by calculating the
ratio of CO2 production to O2 consumption.

2.22. Statistical analysis

Results are expressed as mean ± SEM. Differences between study
groups were analyzed using one-way analysis of variance (ANOVA)
followed by a post-hoc Tukey-b test, Student's t-test for independent
samples and Student's t-test for paired samples. The statistical software
R (www.r-project.org) was used for all statistical analyses. Differences
were considered statistically significant when P b .050.

3. Results

3.1. Cardiomyocyte Lrp1 deficiency prevents diet-induced overweight and
glucose intolerance by facilitating increased energy expenditure

Cardiomyocyte Lrp1 deficient (cm-Lrp1−/−) mice were generated as
explained in Section 2.1 using the TnT-iCre transgenic mice provided by
Zhou and Bu [20]. These authors showed that the transgenic method
they used to generate TNT-iCre transgenic mice guarantees the deletion
of genes exclusively in cardiomyocytes through all the states of heart
development. Here, we investigated the effects of Lrp1 specific deletion
in cardiomyocytes by crossing TnT-iCre transgenic micewith Lrp1flox/flox

that generated cm-lrp1−/− mice. A schematic representation of cm-
Lrp1−/− generation and genotyping is shown in Fig. 1A,B. cm-Lrp1−/−

mice fed either chow or HFD diet showed decreased Lrp1 levels in iso-
lated cardiomyocytes and in the heart (Fig. 1C-E). However, not differ-
ences were found in other lipoprotein receptors including vldlr or ldlr
in the heart of cm-Lrp1−/− and controlmice (online Fig. S2A). Lrp1 levels
in liver, skeletal muscle and eWAT did not show differences between
cm-Lrp1−/− and control mice (online Fig. S2B-D).

First, we evaluated the effects of cardiomyocyte-specific Cre deletor
on Lrp1 expression in chow-fed animals treated with doxycycline.
These mice usually exhibit moderate increases in weight and IR when
fed a chow diet, but sharp increases when fed a Western-type diet
[22]. Surprisingly, the body weight of cm-Lrp1−/− mice was lower
than that of the controls when the animals were fed a chow diet for a
period of 6 weeks and this was concomitant with lower insulin levels
and improved glucose tolerance as well as lower hepatic fat accumula-
tion and eWAT weight (online Fig. S3A–F). Thus, we used western
diet-fed cm-Lrp1−/− mice to evaluate a putative role of cardiomyocyte
Lrp1 deficiency on metabolic phenotype and the potential mechanisms
involved. Lrp1 deficiency did not cause significant alterations in func-
tional or structural properties of the heart (online Fig. S4 and S5) or in
serum lipid profile (online Table S2).

The body weight of cm-Lrp1−/− mice was lower than that of the con-
trols at all tested times (Fig. 2A) while the average weekly food intake
was similar between both groups (online Fig. S6). This suggests that the re-
duction inbodyweight gainwasnotdue todifferences ofweekly food con-
sumption. The weight-reducing effect of Lrp1 deficiency was associated to
decreased eWAT weight and eWAT/BAT adipocyte size (Fig. 2A-C). While
TG/FA content was reduced in the liver of cm-Lrp1−/− mice (Fig. 2D), no
differences were found in the heart and skeletal muscle of both groups
(online Fig. S7). To knowwhether these phenotypic changes elicit a favor-
able metabolic profile, we conducted a TTG test. Compared with controls,
cm-Lrp1−/− mice had lower glucose intolerance and lower AUC values
(Fig. 2E). Glucose, insulin and IR index (HOMA-IR) were reduced in cm-
Lrp1−/− compared to control mice (Table 1).

To determine whether cardiomyocyte Lrp1 deficiency reduces body
weight and adiposity by regulating energy expenditure, we performed
Comprehensive Lab Animal Monitoring System (CLAMS) experiments.
These experiments showed that the ambulation activity was higher
during the dark period than during the light period. There were, how-
ever, no differences between cm-Lrp1−/− and control mice (online Fig.
S8), indicating that the protection against weight gain of cm-Lrp1−/−

mice was not caused by increased physical activity. cm-Lrp1−/− mice
showed higher lipid oxidation during the light phase (Fig. 3A) and
higher glucose oxidation during the dark phase (Fig. 3B). cm-Lrp1−/−

mice showed higher VO2 and energy expenditure than controls during
both phases (Fig. 3C & D).

3.2. Hearts with Lrp1 deficiency show enhanced corin activity that favors
higher ANP release to the plasma

To identify cardiac proteins potentially involved in the favorable
metabolic phenotype of cm-Lrp1−/− mice, we performed proteomic
analysis of hearts from both cm-Lrp1−/− and cm-Lrp1+/+ mice groups.
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We processed three biological replicates from each group. Each repli-
cate was a pool from three animals. We identified 24,358 spectra corre-
sponding to 6334 non-redundant peptides through a database search
(1% FDR) (Data is available via the ProteomeXchangewith the identifier
PXD011564). For quantitative analysis, only peptides identified as
unique (i.e. peptides sequences belonging to one single protein in the
database) were considered. Overall, a total of 1213 proteinswere quan-
tified from 5735 non-redundant unique peptides. Quantified proteins
were compared between groups and we found a total of 34 differential
expressed proteins. These 34 proteins included 11 which have the po-
tential to be secreted (Table 2). Among the differential secreted pro-
teins, we found atrial natriuretic peptide (ANP) (ratio = 0.58; p =

2.1E-04) and serine protease inhibitors including serpin1a (ratio =
0.71; p = 2.0E-12), serpin 1b (ratio = 0.54; p = 6.0E-05), serpin 1d
(ratio = 0.33; p = 1.7-E-03) and serpin 3 K (ratio = 0.71; p = 4.0E-
09). To validate the Proteomics results, Western blot and immunopre-
cipitation experiments were performed.

As shown in Fig. 4A, ANP is generated from the precursor form
proANP through the activation of corin, a convertase that facilitates
the release of ANP (28 aa) from the C-terminal end of proANP [33].
Western blot analysis performed with Abs that bind to the sequence
RIGAQSGLGCNSFR at the C-terminal end of precursor form showed
that proANP (14 kDa) levels were strongly decreased in cm-Lrp1−/−

compared to control mice. This same test also showed preproANP
(17 kDa) to be similar among the groups (Fig. 4B). These results confirm
proteomic differences (decreased levels of proANP in hearts from cm-
Lrp1−/− mice) and suggest that there is higher release of ANP from
LRP1- hearts.

Immunoprecipitation studies evidenced that serpins form com-
plexes with corin. The number of SerpinA1/Corin complexes were
higher in the heart of cm-Lrp1−/− mice compared to that of controls
(Fig. 4C). The molecular weight of these complexes in the heart of our
murine model was 45–50 KDa and 30–35 KDa, which lines up with
what was previously described of cultured cardiomyocytes [34].
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Fig. 2. Lrp1 deficiency in cardiomyocytes improves diet-induced glucose intolerance and reduces weight gain. cm-Lrp1+/+ and cm-Lrp1−/− mice (control) mice were treated for 6 weeks
with doxycycline cyclate in their drinking water. (A) Body weight changes over 6 weeks of HFD diet. (B) Epididymal white adipose tissue (eWAT) tissue mass at necropsy.
(C) Representative H&E stained sections from eWAT and brown adipose tissue (BAT) (Bar = 100 μm). (D) Triglyceride and FA content in the liver and representative Herxheimer
stained liver sections (Bar =100 μm). (E) Glucose tolerance test in mice (1.3 mg/g body weight) and Area under the curve (AUC). The data represents the mean ± SEM. n = 9 mice
per condition. **p b .01 or *** p b .005 versus control mice. Differences between groups were analyzed using Student's t-test for independent samples.

Table 1
Comparison of serum glucose levels, serum insulin levels and Homeostatic Model Assess-
ment for Insulin Resistance (HOMA-IR) between cm-Lrp1−/− and control mice. The data is
shownasmean±SEM.N=8per group. Differences betweengroupswere analyzed using
the Student's t-test for independent samples.

cm-Lrp1+/+ cm-Lrp1−/− P

GLUCOSE (mM) 11.09 ± 0.37 9.49 ± 0.84 0.072
INSULIN (μg/L) 1.23 ± 0.17 0.48 ± 0.04 0.003
HOMA-IR 13.06 ± 1.55 4.59 ± 0.74 0.003
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Gladysheva IP et al reported that serpin1 binding to corin creates steric
impediments to the union of effective inhibitors and allows prolonged
corin activation [34].

Fluorogenic assays performed in this study revealed that protease
enzymatic activities were higher in the cardiac membranes of Lrp1−/−

micewith orwithout hirudin (Fig. 4D). Hirudin, a highly specific throm-
bin inhibitor, was added to the assay to exclude clotting enzymes in the
membrane fraction. It did not show a significant effect on protease ac-
tivity, suggesting that corin could be one of themain proteases contrib-
uting to the higher protease activity in cardiac membranes of Lrp1−/−

mice.
Circulating ANP levels were higher (about 4-fold) in the plasma of

cm-Lrp1−/− than in that of cm-lrp1+/+ mice (Fig. 4E). Our results sug-
gest that cardiac Lrp1 deficiency facilitates corin activation and ANP re-
lease. There were no differences in cardiac Nppa between groups,
whereas a modest downregulation in Nppb mRNA expression was
found in cm-lrp1−/− mice (online Fig. S9). No differences were found

in the circulating levels of other metabolic factors including adrenalin/
epinephrine and GFD15 (Fig. 4F,G).

3.3. The ANP-NPR-A signaling activation is linked to AMPK phosphorylation
and increased FA oxidation in the liver of cm-Lrp1−/− mice

To ascertain whether increased circulating ANP levels were associ-
ated with the activation of NPR-A signaling in peripheral tissues, we de-
termined the levels of crucial mediators such as cGMP and pVASP in the
liver, skeletal muscle and heart of cm-Lrp1+/+ and cm-Lrp1−/− mice
whether treated with the NPR-A antagonist A71915 or not (online Fig.
S1B). cGMP and VASPwere increased in the liver (Fig. 5A,B) and skeletal
muscle (online Fig. S10A,B) but not the heart (online Fig. S11A,B) of un-
treated cm-Lrp1−/− mice. The treatment of cm-Lrp1−/− mice with
A71915 completely blocked the increase of cGMP and pVASP levels in
liver and partially blocked it in skeletal muscle. We found that cGMP/
pVASP signaling was linked to increased AMPK phosphorylation in the
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Fig. 3. Cardiomyocyte Lrp1 deficiency increases whole-body energy consumption. cm-Lrp1+/+ and cm-Lrp1−/− mice (control) mice were treated for 6 weeks with doxycycline cyclate in
their drinking water and then submitted to CLAMS experiments. Oxymax respirometer measurements of lipid oxidation (A), glucose oxidation (B), VO2 (C) and whole-body oxygen
consumption (D) during the light and dark periods in mice over 6 weeks on HFD. n = 8 mice per condition. *p b .05, **p b .01 or ***p b .005 versus cm-Lrp1+/+ mice. Differences
between groups were analyzed using Student's t-test for independent samples.

7A. Benitez-Amaro et al. / Metabolism Clinical and Experimental 106 (2020) 154191

Descargado para Anonymous User (n/a) en Foundation of the Saint Cross of Vic Hospital de ClinicalKey.es por Elsevier en junio 01, 2022. Para 
uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.



liver. Increased levels of hepatic pAMPK, like those of cGMP and pVASP,
were abolished by the NPR-A antagonist (Fig. 5A,B). There were no dif-
ferences in pAMPK levels in the skeletal muscle (online Fig. S10B) or the
heart (online Fig. S11B) between groups. To knowwhether AMPK phos-
phorylation was linked to AMPK activity, we measured the phosphory-
lation of ACC, the downstream target of pAMPK. ACC mRNA expression

levels in the liver of mice fed HFD were extremely low (reduced by
aprox. 90% in HFD fed mice). Despite this, we detected an increased
ratio pACC/total ACC in the liver of untreated cm-Lrp1−/− compared to
the control mice (Fig. 5A). In addition, the increase in the phosphoryla-
tion of ACC was not observed in A91915-treated mice, supporting the
activation of AMPK by ANP in the liver of KO mice. To explore the

Table 2
Differential cardiac secreted proteins between cm-Lrp1-/- and cm-lrp1+/+ mice. This table showsmass spectromic proteomic data concerning differential cardiac secreted proteins. Three
biological replicates for each condition were processed. Each replicate was a pool of tissue obtained from three different animals. Differences between groups were analyzed using
Student's t-test for independent samples.

Protein
ID

Protein name Gene name cm-Lrp1−/− vs
cm-Lrp1+/+

Ratio P

E9PV24 Fibrinogen alpha chain Fga 0.64 1.8E-12
P05125 Natriuretic peptides A (ANP) Nppa Pnd 0.57 4.8E-04
P07759 Serine protease inhibitor A3K Serpina3k Mcm2 Spi2 0.63 1.6E-12
P22599 Alpha-1-antitrypsin 1–2 Serpina1b Aat2 Dom2 Spi1–2 0.44 1.2E-05
Q00897 Alpha-1-antitrypsin 1–4 Serpina1d Dom4 Spi1–4 0.30 9.4E-04
Q3TFQ8 Alpha-1,4 glucan phosphorylase Pygb 0.72 8.1E-16
Q6S9I0 Kininogen Kng2 0.77 1.1E-03
P01942 Hemoglobin subunit alpha Hba 0.74 9.6E-05
Q8K0E8 Fibrinogen beta chain Fgb 0.66 6.6E-14
Q8VCM7 Fibrinogen gamma chain Fgg 0.65 5.5E-08
Q91X72 Hemopexin Hpx Hpxn 0.70 5.0E-09
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Fig. 4.Cardiomyocyte Lrp1deficiency favors higher corin activity andANP release. (A) Schematic representation for the secretion of preproANP-derived peptidesmodified fromPemberton
et al. [33]. The AA sequence RIGAQSGLGCNSFR that is recognized by the antibody (Ab) is localized at the extreme C-terminal of the protein. cm-Lrp1+/+ and cm-Lrp1−/− mice (control)
mice were treated for 6 weeks with doxycycline cyclate in their drinking water. After sacrifice, one aliquote of frozen heart tissue was used for protein extraction. (B) Representative
Western blot analysis showing cardiac preproANP (16 kDa), proANP (13 kDa) and troponin (TnT) (endogenous control) protein bands and bar graphs showing the quantification of
preproANP and proANP protein bands normalized to TnT. One aliquot of cardiac membranes (5 mg) was used for immunoprecipitation with anti-corin Abs. (C) Immunoblots
performed with anti-SerpinA1 Abs showing two different molecular weight corin/serpinA1 complexes and bar graphs showing the quantification of 45–50 kDa complex and 30–
35 kDa complex. (D) Other aliquot of cardiac membranes (25 μg) was used for membrane protease catalytic activity measurements (Vmax) in absence or presence of the thrombin
inhibitor hirudin (2 μM). (E-G) Circulating levels of ANP, adrenalin/epinephrine and GDF15 measured by ELISA. n = 6 mice per condition. Data represent the mean ± SEM. **p b .01 or
***p b .005 versus cm-Lrp1+/+ mice. Differences between groups were analyzed using Student's t-test for independent samples.
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potential impact of pAMPK activation on hepatic FA synthesis, we ex-
plored several genes involved in FA synthesis in the liver. We
found that Acsl3 mRNA expression was significantly lower in the liver
of KO mice compared to the controls (online Fig. S12). There were no
differences in the mRNA expression levels of Fasn or Slc27a2 between
groups.

To know the impact of pAMPK on FAO,wemeasured CPT1, a keymi-
tochondrial enzyme responsible for FAO; the main components of the
oxidative phosphorylation system (OXPHOS), responsible for mito-
chondrial respiration; and UCP3, an indicator ofmitochondrial response
to enhanced intracellular FA. Oxidative phosphorylation involves a flow
of electrons through the electron transport chain (ETC), a series of pro-
teins and electron carriers within the mitochondrial membrane. We
used one OXPHOS cocktail antibody that contains 5 mouse Abs and de-
tects one subunit of each (five)mitochondrial complexes of the ETC. The
main subunits detected in whole hepatic and skeletal muscle tissue ex-
tracts of our murine model were CV-ATP5A (55 kDa), CIII-UQCRC2
(48 kDa) and CII-SDHB (30 kDa). The protein levels of CPT1, CII, and
CV subunits of ETC were significantly higher in the liver (Fig. 5C) of un-
treated KO mice. The increase in these mitochondrial proteins was
abolished in cm-Lrp1−/− mice treated with A71915, indicating that
NPR-A-signaling is involved in the increase of OXPHOS protein subunits
in mice. UCP-3, an indicator of FA supply to mitochondria, was also in-
duced in the liver (Fig. 5C) but not in the skeletal muscle (online Fig.
S10C) of KO mice. These results suggest that, despite the upregulatory

effect of ANP signaling on OXPHOS subunits of the skeletal muscle,
ANP signaling is not linked to FA oxidation in the skeletal muscle.

According to CPT1 upregulation, the hepatic FAO activity was higher
in untreated KOmice than in control mice, but this increasewas not ob-
served in KO mice treated with A71915 (Fig. 5D). In addition, KO mice
showed reduced hepatic TG accumulation in the untreated mice but
not in the A71915–treated mice (Fig. 5E).

To explore whether these favorable changes may influence insulin
signaling activation,wemeasured the activation state of Akt in different
tissues. We found an increased ratio of pAkt/total Akt exclusively in the
liver of KO mice (online Fig. S13).

3.4. Supernatants from LRP1 deficient HL-1 cells increased pAMPK and CPT1
levels in cultured hepatocytes

LRP1-deficient HL-1 cells (LRP1-) were generated in our group and
previously used to test the impact of the cardiomyocyte LRP1 deficiency
in several processes [9,10,25,26]. LRP1- cells show almost undetectable
levels of LRP1 but similarmorphologic characteristics to the control cells
(Fig. 6A,B). Supernatants from LRP1- cells contain higher ANP levels
than those from control cells (Fig. 6C), and, when added to hepatocytes,
caused induced AMPK phosphorylation and increased CPT1 protein
levels in cultured Hepa 1–6 cells (Fig. 6D,E). In parallel experiments,
we also showed that ANP from 0 to 10 nM caused an increase in
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Fig. 5.Highplasma ANP levels in cm-Lrp1−/−mice induceNPR-A-dependent signaling linked to AMPK phosphorylation and increased fatty acid oxidation in the liver. cm-Lrp1+/+ and cm-
Lrp1−/− mice (control) mice were treated for 6 weeks with doxycycline cyclate in their drinking water and then treated with either saline or the NPR-A antagonist A71915 (200 μg/kg
in PBS in a final volume of 100 μL) for the last 4 weeks. (A) cGMP levels were detected by ELISA. Western blot analysis and bar graphs showing the quantification of pVASP, total VASP,
pAMPK, total AMPK, pACC and total ACC (B) and OXPHOS, UCP3 and CPT1 (C) in the liver. (D) Rate of hepatic fatty acid oxidation (FAO). (E) Representative Herxheimer stained liver
sections (Bar =100 μm) and hepatic TG levels. n = 8–10 mice per condition. Data represent the mean ± SEM. *p b .05, ** p b .01 or *** p b .005 versus cm-Lrp1+/+ mice; ## p b .01 or
### p b .005 versus PBS. Differences between groups were analyzed using one-way analysis of variance (ANOVA) followed by a post-hoc Tukey-b test.
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pAMPK/AMPK ratio and CPT1 protein levels in a dose-response manner
without altering cell morphology (online Fig. S14A-C).

3.5. Activated ANP-NPR-A signaling is linked to increased FA uptake by the
liver

AMPK phosphorylation has been previously reported to activate FA
uptake in oxidative tissues [35,36]. Oral fat gavage (OFG) experiments
showed an increase in [3H]-TG and [3H]-FFA uptake by the liver of cm-
Lrp1−/− mice that was blocked by the NPR-A antagonist A71915 (Fig.
7A). Real-time PCR experiments showed an increased expression of he-
patic Vldlr and Cd36mRNA in cm-Lrp1−/− mice (Fig. 7C) that were also
efficiently blocked by the NPR-A antagonist. Unlike the liver, therewere
no differences between KO and control mice in [3H]-TG and [3H]-FFA
uptake by the skeletal muscle, although a significant increase in [3H]-
TG and [3H]-FFA uptake was detected in groups treated with A71915
(online Fig. S15). In contrast to liver, there was a reduced uptake of
[3H]-TG and [3H]-FFA by eWAT of cm-Lrp1−/− mice (Fig. 7B). Reduced
levels of Vldlr and Cd36 mRNA expresion was detected in eWAT of KO
versus control mice (Fig. 7D). As shown in Fig. 7E,F, A71915 equaled
eWAT weight and eWAT adipocyte size between cm-Lrp1−/− and cm-
Lrp1+/+ mice.

CLAMS experiments showed that treatment of cm-Lrp1−/− mice
with the NPR-A antagonist counteracted increased lipid oxidation dur-
ing the light phase (Fig. 8A) and increased glucose oxidation during
the dark phase (Fig. 8B). There were no differences in oxygen consump-
tion (Fig. 8C) and energy expenditure (Fig. 8D) between cm-Lrp1−/−

and control mice treated with the NPR-A antagonists.

4. Discussion

The main innovative findings of this study are that LRP1 receptor
levels in cardiomyocytes regulate circulating levels of atrial natriuretic
peptide and that through this mechanism control NPR-A dependent
fatty acid metabolism in the liver and, consequently, the whole-body
metabolism.

4.1. LRP1 Controls the systemic levels of atrial natriuretic peptide through
modulation of Corin activity in cardiomyocytes

Here, we show that isolated cardiomyocytes from cm-Lrp1−/− mice
are deficient in the receptor Lrp1. Previous studies have shown that
LRP1 plays a crucial role in the degradation of serpin:protease com-
plexes [37,38]. Results from the immunoprecipitation assays performed
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Fig. 6.Hepatocytes exposed to supernatants from LRP1-deficient (LRP1-) HL-1 cardiomyocytes exhibited increased levels of phosphorylated AMPK and CPT1. LRP1 deficient HL-1 (LRP1-)
and control HL-1 cells (LRP1+) were grown in complete Claycomb medium from 48 h and supernatants were then collected. After determination of their ANP content by ELISA,
supernatants were directly added to cultured hepatocytes (Hepa 1–6). Hepa 1–6 were exposed to HL-1 supernatants for 18 h and then collected in lysis buffer to perform Western
blot analysis. (A) Representative optical microscopy image of LRP1+ and LRP1- HL-1 cells. (B) Western blot analysis and bar graphs showing LRP1 protein levels in LRP1- compared to
LRP1+ HL-1 cells. (C) ANP levels in LRP1+ and LRP1- supernatants measured by ELISA. (D) Representative optical microscopy image of Hepa 1–6 cells exposed to supernatants from
LRP1+ and LRP1- HL-1 cells. (E) Western blot analysis and bar graphs showing pAMPK/total AMPK ratio and CPT1 protein levels of Hepa 1–6. Data represent the mean ± SEM of
three experiments performed in duplicate. ** p b .01 or *** p b .005 versus LRP1+ HL-1 cells or versus Hepa 1–6 cells exposed to supernatants from control HL-1 cells. Differences
between groups were analyzed using Student's t-test for independent samples.
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in this study indicated that corin, themain protease responsible for car-
diac release of atrial natriuretic peptide [33], was mostly complexed
with serpins in the heart of cm-Lrp1−/− mice, as it was previously
shown in cultured cardiomyocytes [34]. In agreement with the capacity
of LRP1 tomodulate protease levels,we found that Lrp1deficiency in the
cardiomyocyte, the most abundant and main ANP producing cell in the
heart [39,40], directly impacts corin activity, cardiac ANP release and
ANP circulating levels. A more direct proof of the capacity of LRP1 to
modulate ANP release has been obtained from cell culture experiments
performed with an LRP1-deficient HL-1 cell line (LRP1- HL-1 cells) pre-
viously generated in our group [9,10,25,26]. Our results evidenced the
presence of higher ANP levels in the supernatants from LRP1- HL-1
cells compared to control cells.

The protease corin is also involved in the cleavage of pro-brain natri-
uretic peptide (BNP) to BNP [41]. Despite this, we did not observe alter-
ations in cardiac or plasma BNP levels in cm-Lrp1−/− mice compared to
the controls. The specific effect of the receptor deficiency onANP release
could be explained by the predominance of ANP (compared to themar-
ginal presence of BNP) in hearts without ventricular dysfunction [42].

Several groups, including ours, have determined that the modula-
tion of Lrp1 receptor causes alterations of key signaling pathways in
the heart. Our group reported that cardiac Lrp1 overexpression contrib-
utes to enhanced cholesterol and triglyceride supply to the heart and is
associatedwith serious calcium-handling alterations [25]. In the context
of the myocardial infarction, LRP1 signaling activation has been re-
ported to induce a cardioprotective signal, decreases infarct size, and
preserves cardiac systolic function in young adult mice without comor-
bidities [43]. Elevated levels of Lrp1 ligands, such as VLDL, can act as

antagonists of Lrp1 signaling [44]. Results from the present study
show that cardiomyocyte Lrp1 deficiency did not affect in cardiac func-
tion. This could be related to the absence of pathological stressors such
as atherogenic dyslipemia or hypoxia. Further studies are required to
know the optimal Lrp1 threshold values in the presence of certain path-
ological ligands.

4.2. ANP activates NPR-A signaling that is linked to AMPK phosphorylation
and increased FA oxidation/FA uptake in the liver of cm-Lrp1−/− mice

The systemic effects of ANP are well described, contributing to
water-salt balance maintenance and blood pressure regulation through
diuretic, natriuretic and vasodilatory effects. In addition, ANP displays
important pleiotropic effects in the heart, acting as a main regulator of
cardiovascular homeostasis in an autocrine and paracrine manner
[45]. Besides the hemodynamic effects, ANP also is involved in lipolytic
processes in white adipose tissue in primates [46]. Recently, it has been
described as a potent lipolytic agent that exerts a great impact on the
metabolism of patients with heart failure [47]. Interestingly, ANP in-
duces anti-inflammatory effects in adipose tissue [48].

ANP has also been reported to promote oxidative metabolism in
human skeletal muscle. In particular, ANP induces PGC-1α and mito-
chondrial OXPHOS gene expression in a cyclic GMP–dependentmanner
in humanmyotubes [49]. Results from the present study show that ANP
increased NPR-A/cGMP/pVASP in the skeletal muscle of cm-Lrp1−/−

mice. In our murine model, this upregulatory effect of ANP signaling
was linked to mitochondrial OXPHOS upregulation, affecting CV-
ATP5A and CII-SDHB subunit overexpression. However, there were no
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Fig. 7. TG and FA uptake increased in the liver while decreased in eWAT of cm-Lrp1−/− mice. cm-Lrp1+/+ and cm-Lrp1−/−mice (control) mice were treated for 6 weeks with doxycycline
cyclate in their drinking water and then treatedwith either saline or the NPRA antagonist A71915 for the last 4 weeks. Mice were then given an oral fat gavage (OFG) consisting of 20 μCi
[3H]-labeled triolein in 150 μL of olive oil as. Percentage of [3H]-triglyceride and [3H]-free fatty acid uptake by liver (A) and eWAT (B) in the different groups taking as reference the control
group. Real-time PCR of Vldlr and Cd36mRNA expression levels in liver (C) and eWAT (D). (E) RepresentativeHerxheimer stained eWAT sections (Bar=100 μm). Data represent themean
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differences in the levels of phosphorylated AMPK, the TG/FA uptake, the
levels of CPT1 and UCP3, and TG accumulation in the skeletal muscle of
cm-Lrp1−/− and control mice. These results indicate that FA uptake and
FA oxidation were not significantly modulated by NPR-A/cGMP/pVASP
signaling in the skeletal muscle of cm-Lrp1−/− mice.

In contrast, we found that NPR-A/cGMP/pVASP signaling was linked
to AMPK phosphorylation in the liver of cm-Lrp1−/− mice. Our cell cul-
ture experiments evidenced that hepatocytes exposed to supernatants
from LRP1- HL-1 cells or to ANP directly showed increased levels of
phosphorylated AMPK. Previous studies have shown that pVASP, an
ANP signaling mediator, phosphorylated specifically AMPK in the liver
of a mouse model of diabetes [50]. AMPK is considered the master reg-
ulator of lipid metabolism andmitochondrial homeostasis [51–54]. One
of the crucial functions of AMPK is the regulation of lipid metabolism
through the phosphorylation of ACC. Upon activation of AMPK, phos-
phorylation of ACC results in ACC inactivation. Our results indicate

that ACC phosphorylation is increased in the liver of KO mice and
abolished by the treatment of KOmicewith the NPR-A antagonist, indi-
cating that the energy sensing AMPK/ACC pathway can be modulated
by ANP in the liver. Acsl3 mRNA expression levels were also decreased
in the liver of cm-Lrp1−/− compared to control mice. Acsl3 knockdown
decreased total acyl-CoA synthetase activity in ob/ob mice and mice
fed a high sucrose diet [55]. Together, these results support that ANP-
induced AMPK phosphorylation is involved in the deactivation of FA
synthesis in the liver of cm-Lrp1−/− mice.

The phosphorylation of ACC inhibits the production of malonyl-CoA,
a substrate for fatty acid synthase (FAS) and a potent inhibitor of CPT1
[56]. CPT1 is the main mitochondrial enzyme responsible for fatty acid
oxidation. Results from the present study showed increased levels of
CPT1 in the liver cm-Lrp1−/− mice and in hepatocytes exposed to in-
creased ANP levels. We also showed that this increase in dependent of
NPR-A signaling. The link between AMPK phosphorylation and CPT1
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activation has been previously shown in oxidative tissues of a mice
model [36,51]. The upregulation of themitochondrial OXPHOS subunits
support an enhancedmitochondrial respiration in the liver of cm-Lrp1−/

− mice. Further experiments are required to know the mechanism by
which ANP signaling enhances the level of these OXPHOS protein sub-
units. This could be due to enhanced mitochondrial synthesis or en-
hanced amount of protein subunits per mitochondria. Together these
results support an ANP-enhanced mitochondrial fatty acid oxidation in
the liver of cm-Lrp1−/− mice.

Finally, UCP3, an indicator of mitochondrial response to intracellular
FA, [3H]-FA and [3H]-TG uptake and FA/TG transporters such as Cd36
and VLDLR were upregulated in the liver of KO mice and the increase
was abolished by the treatment of KO mice with the NPR-A antagonist.
Previous studies have reported that pAMPK positively modulates Cd36
in a mouse model of AMPK activation specifically in the liver [57].

Together, these results evidenced that ANP signaling promoted by
cardiomyocyte LRP1 deficiency facilitates the repression of FA synthesis
and the activation of FAuptake/FAmitochondrial oxidation in anAMPK-
coordinated manner in the liver of cm-Lrp1−/− mice.

4.3. ANP-induced hepatic FAO confers a favorable metabolic profile to cm-
Lrp1−/− mice

Here, we show that enhanced FA uptake and oxidation promoted by
ANP reduces TG accumulation in the liver of KO mice. These results are
in agreementwith previous studies showing that moderate increases in
Cpt1a activity are sufficient to reduce hepatic TG levels in CPT-1a-
overexpressing animals [58] and even tomodulate diabetes and obesity
[30]. Interestingly, reduced hepatic triglyceride content in KO mice

occurred in the context of enhanced supply of FA to the liver, and, by
counteracting ANP-induced FA uptake by the liver, the NPR-A antago-
nist caused an increased FA uptake by eWAT. Although, a direct effect
of ANP on adipose tissue of cm-Lrp1−/− cannot be discarded, data
from the present study supports the secondary nature of cardiac Lrp1
deficiency's benefits such as reducing diet-induced obesity and increas-
ing energy expenditure. The liver is considered the main organ in the
homeostasis of lipids and glucose and one of the highest contributors
to whole-body lipid oxidation [59]. Moreover, previous studies have
consistently demonstrated the link between the hepatic FAO and
insulin-resistance [45,47,54]. Results from the present study show that
phosphorylation of Akt, a crucial step in the insulin signaling pathway,
is more active in the liver of cm-Lrp1−/− mice compared with controls.
In addition, CLAMS experiments showed an ANP-induced glucose oxi-
dation during the dark phase. However, further studies based on the
analysis of signaling right after insulin administration are indeed re-
quired to obtain conclusions about the role of ANP on the modulation
of diet-induced hepatic insulin resistance [60]. Similarly, it would be in-
teresting to determine whether the response to leptin is altered in our
model.

4.4. Main conclusions and translational potential of the work

Our results show that the favorable metabolic profile and increased
energy expenditure in cm-Lrp1−/−micemainly depends on ANP signal-
ing involving hepatic AMPK activation (summarized in Fig. 9).

From the clinical point of view, our team has evaluated natriuretic
peptide levels in patients with chronic heart failure. Recently, we de-
scribed that patients with a low capacity to degrade active natriuretic

Fig. 9. Schematic main figure. Cardiomyocyte Lrp1 deficiency facilitates corin activation and ANP release from the heart. NPR-A/cGMP/pVASP signaling activates AMPK/ACC pathway that
coordinately inhibits FA synthesis and activates FA uptake and oxidation in the liver of cm-Lrp1−/−mice. The ANP-mediated activation of AMPK seems to underlie the decrease in hepatic
TG content, the improved glucose tolerance, the limited weight gain and the enhanced whole-body energy consumption of cardiomyocyte-lrp1 deficient mice.
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peptides had better outcomes [61,62]. In humans, the main protective
metabolic effects of ANP are related to ANP lipolytic effects in adipose
tissue [46,63–67]. In fact, high levels of natriuretic peptides in plasma
have been associated with weight loss in humans [66,67]. Here, treat-
ment of cm-Lrp1−/− mice with the NPR-A antagonist restores energy
expenditure to the levels of control mice, suggesting that ANP/NPR-A
signaling is involved in the increased energy expenditure and reduced
weight of cm-Lrp1−/− mice. It will be interesting to test in humans
whether ANP-induced hepatic FA uptake/oxidation is an additional
mechanism contributing to the impact of high circulating NP levels in
weight loss. According to the present study, low levels of Lrp1 expres-
sion in cardiomyocytes would contribute to the maintenance of ele-
vated NP levels in circulation. This could be highly relevant in patients
with metabolic disorders.
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13.1 Article 1 supplemental material 

 

 

 

Figure S1. Scheme of experimental procedure and mice groups. (A) Study I: cm-Lrp1-/- (deficient) 

and cm-Lrp1+/+ (control) mice (10-week old) were fed high fat diet for six week. Both cm-Lrp1-/- and 

control groups were daily treated with doxycycline cyclate administered in their drinking water to 

assess Lrp1 deficiency in cardiomyocytes. (B) Study II. Male cm-Lrp1-/- and cm-Lrp1+/+ (control) 

mice (10-week old) were fed with HFD and daily treated with doxycycline cyclate administered in 

their drinking water to assess the attenuation of Lrp1 levels in cardiomyocytes. After two weeks of 

diet, mice were randomly assigned to either untreated (PBS) or treated with the NPRA inhibitor 

A71915 (200 µg/kg in PBS in a final volum of 100 µl) for the last four weeks. Calorimetry study was 

performed at week 5. The glucose tolerance test (GGT) was carried out during the last week of 

treatment. Animals were sacrificed at the end of the study.  
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Figure S2. Hearts from cm-Lrp1-/- mice showed specific deletion of Lrp1 but not of other receptors 

of the same family. Ten week old male mice were treated daily with doxycycline cyclate 

administered in their drinking water during all the procedure to assess the conditional inhibition of 

Lrp1 levels in cardiomyocytes. After three days of treatment, both cm-Lrp1+/+ and cm-Lrp1-/- mice 

were randomized and fed a chow diet or HFD for six weeks. (A) Real-time PCR measurements of 

Vldlr and Ldlr mRNA expression levels in the heart and of Lrp1 mRNA expression in liver (B), 

skeletal muscle (C) and eWAT (D). Data represent the mean±SEM for 9 mice per group. # p<0.05 

versus chow diet. Differences between groups were analysed using one-way analysis of variance 

(ANOVA) followed by a post-hoc Tukey-b test. 
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Figure S3. Lrp1 deficiency in cardiomyocytes improves diet-induced glucose tolerance and reduces 

weight gain. cm-Lrp1-/- and cm-Lrp1+/+ (control) mice were treated for 6 weeks with doxycycline 

cyclate in their drinking water. (A) Body weight changes over 6 weeks of HFD diet. Glucose 

tolerance test in mice (1.3 mg/g of body mass) (B), glucose (C) and insulin (D) circulating levels. (E) 

Hepatic TG levels and (F) eWAT weight. Data represent the mean±SEM. n=9 mice per 

condition.*p<0.05, **p<0.01 or *** p<0.005 vs control mice. Differences between groups were 

analysed using Student’s t test for independent samples. 

10 12 14 16
20

25

30

35

40
cm-lrp1+/+

cm-lrp1-/-

*** *** *** ***
*** ***

**

Age (weeks) 

B
o

d
y
 w

e
ig

h
t

(g
)

0 50 100 150 200
0

100

200

300

400

500
cm-lrp1+/+

cm-lrp1-/-

*
***

**

Time (minutes)

G
lu

c
o

s
e

(m
g/

d
l/
h
)

0

10

20

30

cm-lrp1
+/+

cm-lrp1
-/-

G
lu

c
o

s
e

(m
M

)

0

1

2

3
cm-lrp1

+/+

cm-lrp1
-/-

**
In

s
u

li
n

( 
g
/L

)

0

10

20

30

40

50
cm-lrp1

+/+

cm-lrp1
-/-

***

H
e
p

a
ti

c
 T

G
 a

c
c
u

m
u

la
ti

o
n

( 
g
/m

g
 p

ro
te

in
)

0.0

0.5

1.0

1.5

2.0
cm-lrp1

+/+

cm-lrp1
-/-

**

e
W

A
T

 w
e
ig

h
t

(g
)

A 

D C 

B 

E F 



81 
 

 

 

 

Figure S4. Cardiomyocyte Lrp1 deficiency did not alter cardiac functional parameters. Mice were 

subjected to a transthoracic echocardiography pre- and post-diet. LVEF, left ventricle ejection 

fraction; LVFS, left ventricle fractional shortening; LVIDd, left ventricle internal diameter diastole; 

LVIDs, left ventricle internal diameter systole; LVEDV, left ventricle end-diastolic volume; LVESV, 

left ventricle end-systolic volume; LVAWd, LV anterior wall at end cardiac diastole; LVPWd, LV 

posterior wall at end cardiac diastole. n=6-9 mice per condition. Data represent the mean±SEM. 

Differences between groups were analysed using Student’s t test for paired samples. 
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Figure S5. Cardiomyocyte Lrp1 deficiency did not alter cardiac structural parameters. Heart 

sections stained with Oil Red O to detect lipids (left panels). A polarized light microscope was used 

to measure collagen types I and III (right panels) on randomly selected Sirius red-stained sections. 

  

Figure S6. Food intake was similar in both cm-Lrp1+/+ and cm-Lrp1-/- mice. Data represent the 

mean±SEM of 3 independent cages per group. Differences between groups were analysed using 

Student’s t test for independent samples. 

 

 

11 12 13 14 15 16
10

20

30

40

cm-lrp1+/+

cm-lrp1-/-

Age (weeks) 

In
ta

k
e
 d

ie
t 

c
o

n
s
u

m
p

ti
o

n
(g

/m
ic

e
)



83 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. Lack of differences in triglyceride and fatty acid content of heart and skeletal muscle 

between cm-lrp1-/- and control mice. Heart and skeletal muscle were subjected to lipid extraction 

and used to lipid partitioning by Thin Layer Chromatography to quantify triglyceride content using 

a standard triglyceride (TG) curve and to measure FA content by a COBAS autoanalyzer. n=9-11 

mice per condition. Data represent the mean±SEM. Differences between groups were analysed 

using Student’s t test for independent samples. 
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Figure S8. Ambulation activity was higher during the dark without differences between cm-Lrp1-/- 

and control mice. n=8 mice per condition. Data represent the mean±SEM. Differences between 

groups were analysed using Student’s t test for independent samples. 

 

 

 

 

 

 

 

 

Figure S9. Cardiac Lrp1 deficiency does not upregulate natriuretic peptide A (Nppa) and natriuretic 

peptide B (Nppb) mRNA expression. Ten week old male mice were treated with Doxycycline Cyclate 

in drinking ad libitum water to assess the conditional inhibition of LRP1 in cardiomyocytes (cm-

Lrp1-/-) and HFD fed for 6 weeks. Real-time PCR measurements of cardiac Nppa and Nppb mRNA 

levels. Data represent the mean±SEM for 4 to 8 mice per group. ** p<0.01 vs cm-Lrp1+/+ mice. 

Differences between groups were analysed using Student’s t test for independent samples. 
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Figure S10. High plasma ANP levels in cm-Lrp1-/- mice induce NPRA signaling but not AMPK 

phosphorylation in the skeletal muscle. Male cm-Lrp1-/- and cm-Lrp1+/+ (control) mice were treated 

for 6 weeks with Doxycycline Cyclate in their drinking water and then treated with either PBS or 

the NPRA antagonist A71915 (200 µg/kg in PBS in a final volum of 100 µl) for the last 4 weeks. (A) 

Levels of cGMP detected by ELISA. (B) Western blot analysis and bar graphs showing the 

quantification of pVASP, total VASP, pAMPK, total AMPK, and (C) OXPHOS, UCP3 and CPT1 in the 

skeletal muscle. n=8-10 mice per condition. Data represent the mean±SEM. *p<0.05, ** p<0.01 or 

*** p<0.005 vs cm-Lrp1+/+ mica,  p<0.5 vs PBS. Differences between groups were analysed using 

one-way analysis of variance (ANOVA) followed by a post-hoc Tukey-b test.  
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Figure S11. High plasma ANP levels did not induce NPRA signaling in the heart of cm-Lrp1-/- mice. 

Male cm-Lrp1-/- and cm-Lrp1+/+ (control) mice were treated for 6 weeks with doxycycline cyclate in 

drinking ad libitum water and then treated with either PBS or the NPRA antagonist A71915 (200 

µg/kg in PBS in a final volum of 100 µl) for the last 4 weeks. (A)Tissue cGMP levels detected by 

ELISA. (B) Western blot analysis and bar graphs showing the quantification of pVASP, total VASP, 

pAMPK, total AMPK in the heart. n=8-10 mice per condition. Data represent the mean±SEM. 
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Figure S12. The expression of genes involved in FA uptake was increased in the liver of cm-Lrp1-/- 

mice. Male cm-Lrp1-/- and cm-Lrp1+/+ (control) mice were treated for 6 weeks with Doxycycline 

Cyclate in drinking ad libitum water. After sacrifice, one aliquote of frozen liver was used for RNA 

extraction and real time PCR analysis. The expression of genes involved in FA uptake and FA 

synthesis were analyzed. Data represent the mean±SEM. *p<0.05 or ** p<0.01 vs cm-Lrp1+/+ mice. 

Differences between groups were analysed using Student’s t test for independent samples. 
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Figure S13. The ratio pAkt/total Akt is increased in the liver of cm-Lrp1-/- mice. Male cm-Lrp1-/- and 

cm-Lrp1+/+ (control) mice were treated for 6 weeks with doxycycline cyclate in drinking ad libitum 

water. After sacrifice, one aliquote of frozen heart, eWAT and liver tissues were used for protein 

extraction. Representative Western blot analysis showing protein bands and bar graphs for the 

quantification of pAkt normalized to total Akt. Data represent the mean±SEM. *p<0.05 vs cm-

Lrp1+/+ mice. Differences between groups were analysed using Student’s t test for 

independent samples. 
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Figure S14. ANP increased the oxidative capacity of hepatocytes. Hepa 1-6 were exposed to  

increasing ANP concentrations (0, 1, and 10 nM) for 18 hours and then collected in lysis buffer to 

perform Western blot analysis. (A) Representative optical microscopy image of Hepa 1-6 exposed 

to different concentrations of ANP. (B) Western blot analysis and bar graphs showing pAMPK/total 

AMPK ratio and (C) CPT1a protein levels in Hepa 1-6 cells. Data represent the mean±SEM of three 

experiments performed in duplicate. *** p<0.005 vs cells unexposed to ANP. Differences between 

groups were analysed using Student’s t test for independent samples.  
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Figure S15. Treatment of control and cm-Lrp1-/- mice with the NPRA antagonist A71915  increases 

[3H]-triglycerides and [3H]-FFA uptake by skeletal muscle. Mice were treated with doxycycline 

cyclate in ad libitum drinking water to assess the conditional inhibition of Lrp1 in cardiomyocytes 

(cm-Lrp1-/-) and were treated with either PBS or the NPRA antagonist A71915 ((200 µg/kg in PBS 

in a final volum of 100 µl) in conjunction with the HFD diet for 4 weeks. (A) [3H]-triglycerides and 

(B) [3H]-FFA content of  skeletal muscle after 1.5h  of injecting mice with a single bolus of 150µL of 

radiolabeled [3H] olive oil based emulsion. # p<0.05 or ## p<0.01 versus PBS. Differences between 

groups were analysed using one-way analysis of variance (ANOVA) followed by a post-hoc Tukey-b 

test. 
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Table S1. Oligonucleotides used for mice genotyping (Table 9 of materials and methods section) 

 

 

 

 
cm-lrp1+/+ cm-lrp1-/- P 

    
Cholesterol (mM) 6.69±0.30 7.08±0.28 0.720 

Phospholipids (mM) 5.15±0.23 5.52±0.28 0.631 

Triglycerides (mM) 0.75±0.08 0.81±0.10 0.958 

HDL-cholesterol (mM) 5.71±0.31 5.88±0.21 0.958 

HDL-phospholipids (mM) 5.02±0.27 5.17±0.29 0.965 

 

Table S2. Plasma biochemical parameters in cm-Lrp1+/+ and cm-Lrp1-/-. Cholesterol, total 

phospholipids, triglycerides, High Density Lipoprotein (HDL)-cholesterol and HDL- phospholipids 

were determined as explained in Material & Methods. N=8 per group. Differences between groups 

were analysed using Student’s t test for independent samples. 
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Introduction 
Cardiovascular disease (CVD) is the leading 

cause of death, the dominant cause of which is 
atherosclerosis, which mainly occurs in the intima of 
several middle-sized and large arteries. Intimal 
thickening, occurring during the first step of 
atherosclerosis, is majorly associated with low density 
lipoprotein (LDL) retention by the proteoglycans of 
the arterial intima. Intimal retained LDLs undergo 
LDL aggregation (agLDL) and fusion which is a key 
event in the progression of atherosclerosis. [1–3]. 
AgLDL interacts with the receptor low-density 
lipoprotein receptor-related protein 1 (LRP1), and 
LRP1-mediated agLDL uptake causes intracellular 
cholesteryl ester (CE) loading and foam cell formation 
in human coronary vascular smooth muscle cells [4–6] 
and macrophages [7,8].  

LRP1 receptor is a signaling mediator that exerts 
essential cytoprotective and anti-inflammatory func-
tions. Therefore, its potential pathological functions 
could not be overcome by LRP1 silencing. This 
strategy will indeed cause deleterious effects in 
macrophage and VSMC functionality, which both 
depend on proper LRP1 β-chain signaling [9–11]. 
LRP1 β-chain is phosphorylated on the distal NPxY 
motif of the by PDGF-BB mitogenic signaling, and this 
modulates VSMC proliferation[12,13]. LRP1 signaling 
is also essential to limit lesional apoptosis and 
inflammation through the regulation of monocyte 
recruitment, macrophage apoptosis susceptibility, 
and efferocytosis [14,15]. In line, it has been 
thoroughly shown that disabling LRP1 tyrosine 
phosphorylation causes macrophage intracellular 
lipid accumulation and the anomalous clearance of 
apoptotic cells, resulting in accelerated atherosclerosis 
[16]. In addition to signaling mediated by the LRP1 b 
chain, signaling induced through the binding of its 
a-chain to extracellular ligands also seems to be 
essential for optimal vascular function. The 
atheroprotective induction of Wnt5a mediated by 
extracellular TGF-β in macrophages requires LRP1 α 
chain [17]. Apolipoprotein E-mediated interleukin-1 
receptor associated kinase-1 (IRAK-1) signaling that 
downregulates NF-κB-induced inflammation requires 
the binding of Apolipoprotein E to LRP1 α chain [18]. 
The binding of protease-inhibitor complexes to 
LRP1 α chain inhibit the NF-kB inflammatory 
response, and induce a cytoprotective effect through 
phosphorylation of Akt and ERK1/2 protein kinases 
[19–21]. NF-kB is a key player involved in the 
development and progression of inflammation in 
different tissues, including the vasculature [22]. A 
vascular mediator in NF-kB activation is tumor 
necrosis factor-alpha receptor -1 (TNFR1), which 

enhances arterial wall chemokine and adhesion 
molecule expression, as well as smooth muscle cell 
proliferation and migration in atherosclerosis [23]. 

We have previously identified one peptide 
sequence (P3: H-GDNDSEDNSDEENC-NH2) (Gly 
1127–Cys1140) in the CR9 domain of LRP1 that is 
crucial for its interaction with aggregated LDL [24]. 
We showed that polyclonal antibodies generated 
against P3 sequence (Anti-P3 Abs), located in the CR9 
domain, efficiently blocked hcVSMC-foam cell forma-
tion. It is important to note that the CR8/CR9 tandem 
is the only pair of consecutive CR modules from the 
LRP1 cluster II that shows only negligible affinity for 
serpins such as plasminogen activator inhibitor-1 
(PAI-1) and protease nexin 1 (PN1) [25]. This makes 
CR9 an ideal target to counteract LRP1-AgLDL 
interactions without altering the binding of other 
essential ligands, such as protease-inhibitor com-
plexes, which are key inhibitors of pro-inflammatory 
signals. 

On the basis of these previous results, we 
considered a challenge within the cardiovascular field 
to study the anti-atherosclerotic efficacy of anti-P3 
antibodies in a translational in vivo model, similar to 
humans in the cholesterol-carried lipoprotein profile. 
In the rabbit model of HFD-induced atherosclerosis, 
cholesteryl esters are mainly carried by ApoB-100 
lipoproteins and there is an elevated participation of 
SMCs in fatty streak lesions [26]. In addition, this 
model has been previously validated to study the 
effects of HDL on fatty streak formation and evolution 
[27] as well as to study vascular inflammation by the 
mainstay imaging technique 18F-FDG/PET [28].  

The aim of this work was to study the potential 
therapeutic relevance of a LRP1 (CR9)-specific 
blockade with anti-P3 Ab to counteract HFD-induced 
atherosclerosis. Our results showed that anti-P3 
antibodies reduced HFD-induced cholesteryl ester 
accumulation and pro-inflammatory signaling in the 
aorta. The potent anti-inflammatory efficacy of 
anti-P3 Abs allowed for the corroboration of the 
treatment’s efficacy via non-invasive imaging 
techniques, such as 18F-FDG/PET and Doppler 
ultrasonography, which provided a high translational 
impulse to this innovative, anti-atherosclerotic, 
potentially therapeutic tool.  

Methods 
Peptide Synthesis and conjugation 

The P3 peptide used to immunize rabbits 
contained the following sequence GDNDSEDNSDEE-
NC corresponding to the amino acids 1127 to 1140 
located in LRP1 cluster II (domain CR9) [24]. The P3 
sequence corresponds to an area of high homology 
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between human and rabbit LRP1, with the difference 
that the asparagine (N) in humans was replaced by a 
serine (S) in the rabbit protein. In addition, the amino 
acid C1148 in the rabbit sequence (GDNDCEDNSDEE-
NC) was replaced by S to achieve greater peptide 
immunogenic effectiveness. The irrelevant peptide 
(IrP) has the same sequence than P3 but with amino 
acids in D-enantiomer configuration. Both peptides 
were synthesized by the Laboratory of Proteomics & 
Protein Chemistry, Department of Experimental & 
Health Sciences, Pompeu Fabra University, by the 
solid-phase method using a Prelude peptide 
synthesizer (Protein Technologies, Inc.). Peptides 
were purified by high-performance liquid chromato-
graphy (HPLC, Waters 600) using UV detection at 254 
nanometers (Waters 2487) and characterized by mass 
spectrometry (Applied Biosystems 4700 Proteomics 
Analyser). 

Peptides were conjugated to the transporter 
molecule Keyhole limpet haemocyanin (KLH) for 
immunizations and with bovine serum albumin (BSA) 
for ELISAs. The conjugation of peptide to KLH and 
BSA (Sigma, St. Louis, MO) was performed as 
previously described [29]. Peptide–KLH conjugates 
were used for rabbit immunization and peptide-BSA 
conjugates for substrate in the immunoassay ELISA to 
detect specific anti-P3 Abs in the rabbit serum.  

Animal model 
Thirty New Zealand White (NZW) rabbits from 

the San Bernardo Farm animal centre (Navarra, Spain) 
weighing 1.8-2 kg (6-7 months-age) were used in this 
study. Rabbits were housed in a Tecniplast R-Suite 
cage with a surface area of 4.264 cm2. Housing 
temperature was maintained at 21°C, relative humid-
ity ranged between 40-60%, and the light period was 
12 hours a day. All animals had food and water ad 
libitum. Experimental procedures were approved by 
the Ethics Committee of Animal Experimentation of 
the Vall d'Hebrón Institute of Research with 
registration number 46/17, and performed in 
accordance with Spanish legislation and also with the 
European Union directives (2010/63/ EU). 

Animals were fed the "chow" R-01 diet from 
Granja San Bernardo with the following formulation: 
17.3% protein, 16.7% fibre and 3% fat; or HFD 
TD.88137 (42% from fat) from ENVIGO. Animals 
were acclimated for one week before the first 
immunization and immunized with a primary 
injection and four reminder doses (R1-R4) of IrP 
(irrelevant peptide) (IrP group; N=12) or P3 (P3 
group; N=15) conjugated to the carrier every 21 days. 
An additional group of rabbits was injected with 
carrier alone (control group; N=3). The four doses of 
IrP or P3 antigen conjugated with KLH (or carrier) 

were administered subcutaneously (138 µg/kg, 
maximum volume 150 µL) every 21 days. For the first 
immunization, IrP or P3-KLH peptides were 
emulsified in Freund's Adjuvant Complete, and the 
rest of the immunizations were done using IrP or 
P3-KLH conjugated in Freund's Incomplete Adjuvant 
(both from Sigma Aldrich). During the immunization 
period, the animals were fed a chow diet.  

Starting at the R4 time point, IrP and 
P3-immunized rabbits were randomly divided into 
normal diet group and high-fat diet (HFD)-fed group. 
Twelve rabbits (N=6 Irp-injected and N=6 P3-injected) 
continued fed on the chow diet, whereas fifteen 
rabbits (N=6 IrP-injected and N=9 P3-injected ) and 
one rabbit control group (N=3 injected with carrier 
alone) received HFD for 30 days (supplemental Figure 
S1). In pre- and post-diet time points, animals were 
weighed, serum levels of specific anti-P3 Abs were 
determined by ELISA, and animals were submitted to 
PET-CT and carotid Doppler ultrasonography 
imaging studies. After imaging studies, animals were 
euthanized and aortas, carotids and liver were 
dissected and processed for molecular, confocal and 
immunohistochemical studies.  

Determination of circulating lipids and the 
lipid content in lipoproteins 

Total plasma cholesterol, choline-containing 
phospholipid, triglyceride and NEFA levels were 
enzymatically determined using commercial kits 
adapted to a COBAS 501 autoanalyzer (Roche 
Diagnostics, Rotkreuz, Switzerland). VLDL, LDL and 
HDL lipoproteins were isolated by sequential 
ultracentrifugation at 100,000 g for 24 h at a density of 
1.006, 1.019-1.063 and 1.063-1.21 g/ml, respectively, 
using an analytical fixed angle rotor (50.3, Beckman 
Coulter) [30]. The composition of each lipoprotein, 
including total and free cholesterol, triglycerides and 
phospholipids, was determined by commercial 
methods adapted to the COBAS 501 autoanalyzer. 
Lipoprotein protein concentrations were determined 
by the bicinchoninic acid method (Termo Scientific, 
Rockford, IL). Lipoprotein composition was used to 
calculate the total mass of each lipoprotein. 

Detection of specific antibodies 
We standardized immunoELISAs to detect 

specific antibodies against P3 peptides. Briefly, all 
sera were analysed using 96-well polystyrene plates 
(Ref 442404 Maxisorp, NUNC, Labclinics, Spain) 
coated with peptide-BSA and BSA as a control for the 
detection of unspecific antibodies. ELISA plates were 
incubated with several serum dilutions for 90 
minutes, and after washes, anti-rabbit IgGs 
conjugated to peroxidase (Ref 170-6515, BioRad, 



Theranostics 2020, Vol. 10, Issue 7 
 

 
http://www.thno.org 

3266 

Spain) was added to detect the antigen-antibody 
complexes. ELISA was revealed using OPD substrate 
(Ref P9187, Sigma Aldrich, Spain), and the absorbance 
was read in a Multilabel reader Victor3 (Perkin Elmer, 
Turku, Finland) at 450 nm. The absorbances obtained 
were adjusted to a 4PL curve to calculate the IC50. The 
parameter 1/IC50 was taken as the antibody titer. 

Isolation of Rabbit Aortic Smooth Muscle Cells 
 Rabbit aortic smooth muscle cells (rSMCs) were 

obtained by gentle scraping of the medial layer of 
New Zealand White rabbit aortas after endothelial 
layer removal. Cells were incubated at 37°C in a 
humidified atmosphere of 5% CO2 in Ham's 
F12-DMEM (8:2) supplemented with 20% foetal calf 
serum, 100 U/mL penicillin and 0.1 mg/mL 
streptomycin. To maintain exponential growth, cells 
were subcultured by trypsinization and seeded at a 
density of 10 000 cells/cm2. rSMCs were identified by 
their growth behaviour, morphology, and immuno-
fluorescence. Immunocytochemical identification of 
cells was performed by specific monoclonal anti-
bodies for α-smooth muscle cell and von Willebrand 
factor. Cells were fixed with ice-cold methanol at 20°C 
for 5 minutes. A solution of BSA at 1% in PBS was 
used as a blocking agent. Monoclonal antibodies 
against LRP1 (Fitzgerald, 10R-L107c) and polyclonal 
antibodies obtained from P3-immunized rabbits were 
diluted in PBS/1% BSA/0.01% Triton X-100. Finally, 
FITC-conjugated goat anti-mouse IgG and 
FITC-conjugated goat anti-rabbit IgG were used as 
secondary antibodies. Images were captured and 
analysed on a Leica inverted fluorescence confocal 
microscope (Leica TCS SP2-AOBS). 

Isolation of human macrophages primary 
cultures  

Human macrophages (hMΦ) were obtained from 
buffy coats of healthy blood donors. Cells were 
applied on 15 ml of Ficoll-Hypaque and centrifuged at 
300 g for 1 hour at 22°C, with no brake. Mononuclear 
cells were obtained from the central white band of the 
gradient, exhaustively washed in Dulbecco's phos-
phate buffer saline, and suspended in RPMI medium 
(Gibco) supplemented with 10% human serum AB 
(Sigma). Cells were left 7 days in culture and allowed 
to differentiate into macrophages by changing the cell 
culture media (RPMI supplemented with 10% human 
serum AB, 100 units/ml penicillin and 100 µg/ml 
streptomycin) every 3 days. 

Culture of coronary human vascular smooth 
muscle cells  

Human coronary vascular smooth muscle cells 
(hVSMC) were obtained from the medium layer 

isolated from macroscopically healthy coronary artery 
segments collected from patients undergoing cardiac 
transplantation at Hospital de la Santa Creu i Sant Pau 
(Barcelona, Spain). hVSMCs were isolated by a 
modification of the explant technique, as described 
previously [4–6]. The explants were incubated at 37 °C 
in a humidified atmosphere of 5% CO2. After 1week, 
the cells start to migrate from the explants and 
proliferate, covering the floor of the culture well. The 
medium was exchanged every 3 days after the onset 
of cell outgrowth; a significant outgrowth was 
reached after 10 days. Tissue fragments were collected 
with forceps and placed in a new dish with fresh 
medium. The cells that remained in the dish were 
cultured until confluence. For characterization, cells 
were seeded in cover-slips and grown to confluence. 
Cell quiescence was induced by maintaining the cell 
culture for 24 h in a medium with 0.2% FCS or for 48 h 
in a medium with 0.4% serum. All experiments used 
serum-deprived cells between passages 4 and 6; 
VSMCs at these passages appeared as a relatively 
homogeneous population, showing a hill-and-valley 
pattern at confluence. Western blot analysis for 
specific differentiation markers revealed high levels 
of-actin (45 kDa) and calponin (33 kDa). Cell 
monolayers were grown in medium 199 
supplemented with 20% FBS, 2% human serum, 2 
mmol/literL-glutamine, 100 units/ml penicillin G, 
and 100g/ml streptomycin. The study was approved 
by the Institutional Ethics Committee at Hospital de la 
Santa Creu i Sant Pau and conducted in accordance 
with the Declaration of Helsinki. 

Treatment of hMΦ and hcVSMC with rabbit 
serums 

Quiescent hMΦ and hcVSMC were exposed to 
increasing concentrations of serum (0.25%, 0.5% and 
1%) from the different rabbit groups for two hours. In 
some experiments, quiescent hMΦ were exposed to 
aggregated LDL (100 µg/mL, 2 hours), generated as 
previously described [4–6] in the presence of 
increasing concentrations (1%, 5% and 10%) of chow 
serum from the different group of rabbits. Following 
the serum incubation period, cells were exhaustively 
washed and harvested in NaOH 0.1 M or lysis buffer 
for lipidic and Western blot analysis.  

18F-FDG PET/CT and image analysis 
An injection of 18F-FDG (0.5 mCi/kg) was 

administered through a catheter in the marginal vein 
of the ear of each animal. The image study was 
performed on a Siemens Biograph mCT S64 hybrid 
PET/CT instrument. We carried out an angiographic 
PET/CT study at 120 and 180 minutes, which allowed 
the anatomical and metabolic localization of the 
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studied structures. The CT and PET studies were 
recorded for 5-6 seconds and 15 minutes, respectively.  

Acquisition parameters 
Thoracic-abdominal imaging studies of the 

heart, great vessels and abdominal aorta in only one 
bed position (15 minutes) were performed at the 
maximum resolution of the PET/CT equipment (1.5 
mm in the PET and 0.5 mm in the CT). 

CT characteristics (attenuation correction) 
AngioCT characteristics: An angiographic study 

was performed before PET acquisition. VISIPAQUETM 
(iodixanol) contrast was used and injected at 
0.7ml/sec.  

Image analyses 
The co-registration of both studies (PET and CT) 

was automatically carried out by the Software of the 
Siemens Biograph mCT S64 hybrid PET/CT 
equipment. PET/CT data were displayed in axial 
planes on a Syngovia (Siemens) workstation. Mean 
standard uptake value (SUV)s were recorded on 
contiguous axial slices of the aorta superior, central 
and inferior (one ROI in each area).  

The corresponding SUV units were calculated in 
each animal. These units allow the comparison and 
standardization of the emission values of each 
structure studied, including decay correction between 
dual time-point images. PET/CT outcome variables 
were the maximum and averaged SUVs. 

Ultrasonography 
 Ultrasonography was performed with a 

Mindray M7 device (Shenzen Mindray Bio-medical 
Electronics, Shenzen, PRC) and a 7.5 MHz central 
frequency lineal probe. All animals were anaesthe-
tized with propofol and maintained with iIsofluorane 
(2-3% in fresh air) to respect their welfare and to avoid 
tachycardia or stress-induced pulse frequency.  

Ultrasonographic exams were performed for 
carotid arteries. The morphology of carotid arteries 
was measured using B mode images, followed by 
colour and pulsed wave Doppler analysis to check the 
blood flow. The specific location at the internal and 
external carotid division was selected following 
previously published reference [31], assuming that 
this location is a target for lipid deposits. 

The parameters included were systolic and 
diastolic velocities, as well as arterial resistance index 
(ARI). ARI=(Systolic velocity-Diastolic velocity)/ 
Systolic velocity). In all the ultrasonographic 
parameters, three different measurements were 
performed in each image, and the mean value was 
used for parameter calculation. The software used for 
measurements was that included in the ultrasound 

device, and mathematical calculations were obtained 
in Excel format. 

Preparation of histological sections and 
immunohistochemistry 

At necropsy, the aorta, carotids and liver were 
dissected. The aorta was cleaned from external fat and 
divided into two sections: thoracic aorta, from the 
aortic arc to the hepatic aorta, and abdominal aorta, 
from the hepatic aorta to the bifurcation of the iliac 
aortas (Supplemental Figure S2). As shown in 
Supplemental Figure 2, the first 2 cm section of the 
thoracic aorta was opened by a longitudinal incision. 
The rest of the aorta was divided into 1cm pieces. 
Alternatively, each piece was frozen and sectioned for 
histological and molecular studies. Carotids were 
frozen and kept at -80 ºC for further analysis of lipid 
composition. 

Longitudinally open sections of aorta were fixed 
in 4% paraformaldehyde-PBS solution for fatty streak 
detection and quantification using Herxheimer’s 
staining method. Samples for immunohistochemistry 
were transversally cut with a cryostat in serial 
sections of 5 µm and mounted in gelatinized slides. 
Transversally cut sections were also stained with 
Herxheimer’s staining method to detect lipids. Images 
were captured with an Olympus Vanox AHBT3 
microscope, and digitalized using a Sony 3CCD 
camera.  

Confocal microscopy studies 
Arteries were dissected, immersed in cell 

maintenance media, examined under low magnifica-
tion with a zoom stereo microscope and classified 
according to the criteria of the American Heart 
Association (AHA). At this point, samples were used 
for immunohistochemistry or were stained with 
Masson’s trichromic to identify vascular structures. 
Serial sections (5 µm thick) were immunostained with 
Phalloidin-488 (to identify smooth muscle cells), and 
RAM11 (Dako M063301-8), NF-kB p65 (C22B4) (Cell 
Signalling; #4764) and TNFR1 (MyBiosource MBS8409 
39) with secondary antibody Alexa Fluor 633 IgG). 
Images were recorded on a Leica inverted fluores-
cence confocal microscope (Leica TCS SP2-AOBS, 
Germany). Arteries were viewed with HCX PL APO 
20x/0,75 IMM Corr CS2 objective. Fluorescent images 
were acquired in a scan format of 1024 x 1024 pixels 
and were processed with the Leica Standard Software 
TCS-AOBS. Controls without primary antibody 
showed no fluorescence labelling. 

Image analysis 
Image analysis was performed using Visilog 5.4 

software (Noesis, France) to quantify the extent of the 
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lesions, and the results were given as the percentage 
of the total aortic area covered by lipid. Images were 
captured with a Vanox AHBT3 microscope (Olym-
pus) and digitized using a DXC-S500 camera (Sony) at 
x200 magnification. Six different sections were 
analysed per animal, and six animals were analysed 
per group. The results were shown as the mean ± SD. 

Western blotting analysis 
Blots were incubated with antibodies against 

mouse LRP1 (β-chain, clone 5A6 RDI-PRO61066), 
SREBP-2 (Santa Cruz Biotechnology; sc-13552), 
phospho-NF-kB p65 (Cell Signaling; #3039), NF-kB 
p65 (C22B4) (Cell Signalling; #4764) and TNFR1 (My-
Biosource MBS840939) Protein extracts (10 μg) were 
loaded, resolved on 12% SDS-PAGE and transferred 
to nitrocellulose membranes (BioRad). Signal detec-
tion was carried out with the ECL immunoblotting 
detection system (GE Healthcare) and the results were 
quantitatively analyzed using Chemidoc (BioRad). 
Equal protein loading in each lane was verified by 
incubating blots with monoclonal antibodies against 
β-actine (Cell Signaling Technology, Inc, #3700S). 

Lipid analyses and determination of aortic, 
carotid and hepatic neutral lipid content Aorta (10 
mg), liver (2.5 mg) and the whole extracted carotid 
were homogenized in NaOH 0.1 M. Lipids were 
extracted and quantified as previously described [4–
6]. Cholesteryl esters (CE) triglycerides (TG) and free 
cholesterol (FC) were analysed by thin-layer 
chromatography (TLC). The organic solvent was 
removed under an N2 stream, the lipid extract was 
redissolved in dichloromethane, and one aliquot was 
partitioned by TLC which was performed on silica 
G-24 plates. Different concentrations of standard (a 
mixture of cholesterol, triglycerides and cholesterol 
palmitate) were applied to each plate. The chromato-
graphic developing solution was heptane/ 
diethylether/acetic acid (74:21:4, vol/vol/vol). Spots 
corresponding to CE and FC were quantified by 
densitometry against the standard curve of 
cholesterol palmitate and cholesterol, respectively, 
using a computing densitometer. 

Statistical analysis 
The results were expressed as the mean ± SD. 

Differences between study groups were analysed 
using one-way analysis of variance (ANOVA) 
followed by a post-hoc Tukey b-test. In the image 
analysis, Student’s t-test for paired samples was used 
to compare differences between baseline and HFD 
feeding PET/CT parameters in each experimental 
group. The statistical software R (www.r-project.org) 
was used for all statistical analyses. Differences were 
considered statistically significant when P < 0.05.  

Results 
P3- Immunization induces the production of 
anti-P3 antibodies in rabbits 

ELISA analyses showed the absence of specific 
antibodies against P3 in the serum of both the control 
(Figure 1A) and IrP-injected groups (Figure 1B) as 
well as its presence in P3-immunized rabbits serum 
(Figure 1C). Anti-P3 Abs levels were maintained in 
P3-immunized rabbits serum throughout the entire 
diet period. Previous studies focusing on the 
functional evaluation of anti-P3 Abs showed their 
efficacy in reducing foam cell formation through the 
blockade of the LRP1/agLDL interaction [24]. Here, 
confocal microscopy studies revealed that Abs in the 
P3-immunized rabbits serum hybridized with the 
LRP1 with a similar efficiency as commercial 
anti-LRP1 Abs in rabbit aortic vascular smooth muscle 
cells (rSMCs) (Figure 1D). None of the sera showed an 
unspecific response when only BSA without a 
conjugated peptide, was used as an antigenic source 
in ELISA (data not shown). 

Anti-P3 Abs counteract HFD-induced 
atherosclerosis in rabbits 

En face preparations of the thoracic aorta showed 
that HFD feeding in rabbits induced a high 
percentage of occupation of the aortic vasculature 
with fatty streak lesions in the control and IrP groups 
but not in the P3-immunized group (Figure 2A and 
2B). Immunohistochemistry studies revealed a high 
percentage of lipids and macrophages in the arterial 
intima of control and IrP-immunized rabbits that was 
strongly reduced in P3-immunized rabbits (Figure 
2C). Finally, confocal microscopy studies showed an 
elevated presence of α-actin positive cells in the 
intima of the initial lesions in control and IrP groups 
that was almost completely absent in the P3 group 
(Figure 3A). Both VSMC (falloidin positive cells in 
red) and macrophages (RAM11 positive cells in green) 
coexist in the intimal thickening of initial 
atherosclerotic lesions (Figure 3B). Taken together, 
these results demonstrate that anti-P3 Abs limit 
monocyte recruitment and VSMC migration, thus 
preventing early atherosclerotic formation in rabbits.  

Anti-P3 Abs reduce cholesteryl ester 
accumulation and pro-inflammatory signals 
induced by HFD in the vasculature of rabbits 
without altering serum lipid levels or the 
lipoprotein profile 

Circulating levels of cholesterol, phospholipid 
and NEFAs, but not triglycerides, were strongly 
higher in HFD- compared to chow fed rabbits, but 
there were no differences in P3 compared to control 
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groups (Suplemental Figure S3). VLDL, LDL, or HDL 
lipoprotein masses and triglyceride (TG), 
phospholipid (Ph), free cholesterol (FC), cholesteryl 
esters (CE) and protein levels in lipoprotein fractions 
were similar among the three groups (Figure 4). These 
results clearly indicate that P3 immunization did not 
alter the plasma lipid levels and that, in rabbits, 
cholesteryl esters are mainly carried by LDL and 
VLDL lipoproteins in all rabbit groups. There were no 
differences on weight gain according to diet or 
between groups (supplemental Figure S4). 

Consistent with the high impact of HFD on the 
VLDL and LDL cholesteryl ester content, HFD 
increased CE accumulation to a much higher extent in 
the aorta of control and IrP groups than in the 
P3-immunized group (Figure 5A). There were no 
differences in the low TG or FC content in the 
vasculature between groups. In the liver, HFD 
strongly increased CE, TG and FC content with no 
differences between the groups (Figure 5B). 

Molecular studies have shown that HFD 
increased LRP1 levels in the aorta (Figure 6A,B), as 
previously shown in this and other models by the 

group [4,32]. The upregulatory effect of HFD on LRP1 
was not observed in the aorta of P3-immunized 
rabbits, confirming the vascular LRP1 upregulation 
by cholesteryl esters in this particular experimental 
setting.  

Molecular studies combined with confocal 
studies have shown that HFD raises TNFR1 (Figure 
6A,C,D)and NF-kB (p65) (Figure 6A,E,F) protein 
levels in the aorta of the control and IrP groups but 
not in the P3-immunized group. These results indicate 
that anti-P3 are highly efficient inhibiting cholesteryl 
ester accumulation and pro-infammatory signaling in 
the vasculature of rabbits. 

HFD serum from the P3-immunized rabbits, 
different from that of the control and 
IrP-immunized rabbits, failed to induce 
intracellular cholesteryl ester accumulation 
and pro-inflammatory signaling in human 
macrophages and human coronary vascular 
smooth muscle cells  

The treatment of human macrophage (hMΦ) and 
human coronary vascular smooth muscle cell 

 

 
Figure 1. P3 immunization raises serum levels of specific anti-P3 antibodies. (A) Graphs showing the results of standardized enzyme-linked immunosorbent assay 
(ELISA) in pre-serum and serum at the check points (Check1 and Check2) from control (A), IrP- (B) and P3-treated rabbits (C) against P3-BSA used as antigenic source. Results 
are shown as mean±SD. Control (N=3); IrP (N=12); P3 (N=15) (D) Confocal images of rabbit SMCs exposed to serum from P3-treated rabbits (middle panel) or to commercial 
anti-LRP1 (right panel). 
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(hcVSMC) with chow serum from the control, IrP or 
P3 groups (1%, 2 hours) failed to increase intracellular 
cholesteryl ester content in hMΦ (Figure 7A) and 
hcVSMC (Figure 8A). In contrast, treatment of cells 
with HFD serum (1%, 2 hours) from the control and 
IrP groups (but not the P3 group) dramatically raised 
the intracellular CE content in hMΦ (Figure 7A) and 
hcVSMC (Figure 8A). HFD serum from control and 
IrP groups (but not the P3 group) dose-dependently 
raised the intracellular CE content of both hMΦ and 
hcVSMC (supplemental Figure S5). Treatment with 
chow serum from P3-immunized rabbits but not from 
control or IrP-injected rabbits dose-dependently 
reduced intracellular CE accumulation in hMΦ 
exposed to aggregated LDL (100 µg/mL, 2 hours) 

(supplemental Figure S6). 
Concurrently with HFD serum-induced 

intracellular CE accumulation, LRP1 protein levels 
were augmented while those of sterol regulatory 
element binding protein 2 (SREBP-2) decayed in hMΦ 
and hcVSMC exposed to (control and IrP)-HFD 
serums (1%, 2 hours) but not in cells exposed to P3 
serum under the same experimental conditions 
(Figure 7B,C,D and 8B,C,D respectively). These results 
are in line with the capacity of intracellular cholesteryl 
esters to stimulate LRP1 transcription through 
SREBP-2 downregulation previously described by our 
group [4,33,34]. There were no differences in LRP1 
and SREBP-2 protein levels between cells exposed to 
chow serum from the different groups.  

 
 
 

 
Figure 2. P3 immunization reduces HFD-induced atherosclerotic burden. (A) Representative images of longitudinally open sections of aorta stained with Herxheimer 
in control, IrP and P3-immunized rabbits fed either chow or HFD. (B) Graph showing quantification of atherosclerotic burden in HFD-fed rabbits from control (N=3), IrP (N=6) 
and P3 (N=9). Results are shown as mean±SD of 8 aortic sections/rabbit. #P<0.005, P3 versus control and IrP groups. (C) Representative immunohistochemical images of lipid and 
macrophage staining in cross-sections of aortas from control and P3-immunized rabbits, both on HFD m: media; i: intima. 
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Figure 3. P3 immunization reduces HFD-induced SMC accumulation in the arterial intima. Representative confocal microscopy images of SMCs detected with 
anti-a-actin antibodies in cross-sections of aortas from control and P3- immunized rabbits (A) and of SMC detected with falloidin and macrophages detected with anti-RAM 
antibodies (B). Fluorescent images were acquired in a scan format of 1024 x 1024 pixels and were processed with the Leica Standard Software TCS-AOBS. m: media; i: intima. 

 
Figure 4. P3 immunization did not induce alterations in lipoprotein mass subclasses or lipoprotein profile of HFD fed rabbits. VLDL, LDL and HDL were 
isolated by sequential ultracentrifugation and their composition in terms of total, free cholesterol, triglycerides, phospholipids and protein were determined as explained in 
methods. Lipoprotein composition was used to calculate the total mass of each lipoprotein. Results are shown as mean±SD of control (N=3), IrP (N=6) and P3-immunized rabbits 
(N=9). 
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Figure 5. P3 immunization reduces HFD-induced cholesterol accumulation in the aorta but not in the liver. Representative thin-layer chromatography of aorta 
(A) and liver (B). Bar graphs showing the quantification of cholesteryl ester (CE), triglycerides and free cholesterol content of aorta and liver. Results are expressed as µg 
cholesterol per mg protein and shown as mean ± SD in chow IrP (N=6), chow P3 (N=6), HFD Ctr (N=3), HFD IrP (N=6) and HFD P3 (N=9). *P<0.005 versus chow diet; 
#P<0.005 versus control or IrP-rabbits. 

 
Figure 6. P3 immunization reduces aortic pro-inflammatory mediators in the aorta. Representative Western blot analysis of LRP1, TNFR1, pNF-kB (p65), total 
NF-kB (p65), and β-actin bands (A) and bar graphs showing band quantification of LRP1 and TNFR1 normalized by a-actin (B,C) and pNF-kB (p65)/total NF-kB (p65) ratio (E). 
Results are shown as mean ± SD in chow IrP (N=6), chow P3 (N=6), HFD Ctr (N=3), HFD IrP (N=6) and HFD P3 (N=9). *P<0.005 versus chow diet; #P<0.005 versus control 
or IrP-rabbits. Representative confocal microscopy images of TNFR1 (D) and NF-kB levels (F) in aortic samples from the different groups. Scale bar = 50 µm. 
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Figure 7. HFD serum from control and IrP serum, but not P3 serum, dramatically increased intracellular CE and pro-inflammatory mediators in human 
macrophages. Quiescent human macrophages (hMΦ) were exposed to serum from the different groups (0.5%, 2 hours). Cells were then exhaustively washed and collected in 
NaoH 0.1N for lipid extraction or in lysis buffer for Western blot analysis. A) Representative TLC and bar graphs showing the cholesteryl ester (CE) /free cholesterol ratio. 
Representative Western blot analysis of LRP1, SREBP-2, TNFR1, pNF-kB (p65), total NF-kB (p65), and a-actin bands (B) and bar graphs showing band quantification of LRP1, 
SREBP-2 and TNFR1 normalized by a-actin (C,D,E) and pNF-kB (p65)/total NF-kB (p65) ratio (F). Results are shown as mean ± SD of three experiments performed in duplicate. 
*P<0.005 versus chow serum; #P<0.005 versus control or IrP-serums. 

 
Our molecular studies showed that HFD serum 

(from the control and IrP groups) promote a much 
higher induction of crucial inflammatory mediators, 
such as TNFR1 and pNF-kB (p65), than a chow diet in 
hMΦ (Figure 7B,E,F) and hcVSMC (Figure 8B,E,F). 
However, P3 immunization efficiently restricted the 
HFD serum pro-inflammatory effects in cells to the 
levels found in cells exposed to chow serums. These 
results highlight the crucial role of Anti-P3 Abs in 
counteracting HFD-induced pro-inflammatory 
signaling coupled with the intracellular cholesteryl 
ester loading of human macrophages and human 
coronary vascular smooth muscle cells. 

PET/CT imaging studies show that Anti-P3 
Abs reduce 18F-FDG uptake in the aorta of 
rabbits  

PET-CT metabolic images were performed and 
analyzed at 120 and 180 minutes after the intravenous 
administration of 18-FDG in the three groups before 

their submission to a specific diet. After 31 days of 
specific diet feeding, subsequent new metabolic 
images were obtained and analyzed at 120 and 180 
minutes. Maximal-intensity projections (MIP) and 
orthogonal slices were analyzed in fused 
morpho-metabolic images to identify the aortic tract, 
and, in the axial plane, three sections were selected for 
SUV measurements: upper, middle and lower. A 
circular region of interest (ROI) was drawn following 
anatomical limits in each section, from which SUVmean 
was obtained. A progressive decrease in aortic activity 
was observed as a function of time, which was 
attributed to the clearance of the vascular background 
activity. The acquisition that best separated the 
groups was that performed at 120 minutes. The 
measurements in the three segments of the aorta 
showed that the highest 18F-FDG uptake activity 
occurred in the upper region while it decreased in the 
middle region and practically disappeared in the 
lower region. HFD significantly increased SUVmean in 
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the upper and middle regions of the aorta of control 
groups, as previously shown [35]. In contrast, in the 
P3-immunized rabbits, HFD only slightly induced 
SUVmean in these aortic regions (Figure 9). Moreover, 
rabbits on the chow diet did not show alterations in 
post-diet versus pre-diet SUVmean values (supple-
mental Figure S7). The high impact of Anti-P3 Abs on 
aortic 18F-FDG uptake confirmed molecular, confocal 
and immunohistochemical results obtained in the 
present study showing an elevated anti-inflammatory 
potential of anti-P3 Abs in macrophages and smooth 
muscle cells in the vasculature.  

Doppler ultrasonography imaging reveals that 
anti-P3 Abs prevent the HFD-induced arterial 
resistance index in the carotids of rabbits 

B-mode ultrasound images of rabbit carotid 
arteries did not show thickening or calcification indi-
cative of the presence of atherosclerotic lesions. Our 
available technology was not suitable for performing 
high-resolution studies (40-50 MHz) capable of 
detecting early atherosclerotic lesions in carotids. 

Doppler measurements were used to obtain the arter-
ial resistance index (ARI), an indirect hemodynamic 
parameter that indicates the resistance to blood flow 
in a vascular bed distal to the points of measurement: 
the systolic (1, 3, and 5), diastolic (2, 4, and 6), and 
pulse frequency measurement points (vertical dotted 
lines) (marked in Figure 10A). ARI was measured at 
baseline (pre-diet) and after one month of feeding 
rabbits HFD (post-diet) into the external and internal 
carotids from the IrP and P3-immunized rabbits. 
There were no differences in terms of the basal 
measurements between the groups. HFD increased 
ARI in both the external and internal carotid arteries 
of the IrP rabbits. However, in the P3-immunized 
rabbits, HFD only slightly induced ARI in the internal 
carotid artery (Figure 10B). As in the aorta, HFD 
dramatically induced cholesteryl ester accumulation 
in the carotids of IrP rabbits and anti-P3 Abs 
significantly reduced CE accumulation in the external 
but not in the internal carotid artery (Figure 10C). 

 

 
Figure 8. HFD serum from control and IrP serum, but not P3 serum, dramatically increased intracellular CE and pro-inflammatory mediators in human 
coronary vascular smooth muscle cells. Quiescent human coronary vascular smooth muscle cells (hcVSMC) were exposed to serum from the different groups (0.5%, 2 
hours). Cells were then exhaustively washed and collected in NaoH 0.1N for lipid extraction or in lysis buffer for Western blot analysis. A) Representative TLC and bar graphs 
showing the cholesteryl ester (CE) /free cholesterol ratio. Representative Western blot analysis of LRP1, SREBP-2, TNFR1, pNF-kB (p65), total NF-kB (p65), and a-actin bands 
(B) and bar graphs showing band quantification of LRP1, SREBP-2 and TNFR1 normalized by a-actin (C,D,E) and pNF-kB (p65)/total NF-kB (p65) ratio (F). Results are shown as 
mean ± SD of three experiments performed in duplicate. *P<0.005 versus chow serum; #P<0.005 versus control or IrP-serums. 



Theranostics 2020, Vol. 10, Issue 7 
 

 
http://www.thno.org 

3275 

 
Figure 9. P3 immunization counteracts aortic 18F-FDG uptake induced by HFD in rabbits. (A) Representative PET/CT longitudinal images of the aorta in control 
and P3 immunized rabbits fed HFD. (B) Graphs showing the SUVmean progression from pre-diet to post-diet time points in the upper and middle parts of the aorta in HFD-fed 
rabbits (IrP and P3 groups) (N=6/group). *P<0.005 versus pred-diet; #P<0.005 versus IrP-rabbits. 

 
Figure 10. P3 immunization reduces the HFD-induced arterial resistance index (RI) and cholesteryl ester content in the carotids of rabbits. (A) 
Representative image of Eco Pulsed-Wave Doppler in the external carotid of rabbits. The systolic (1, 3 and 5), diastolic (2, 4 and 6), and pulse frequency measurement points 
(vertical dotted lines) are marked. (B) Arterial resistance index (ARI) was measured at baseline (pre-diet) and after 1 month of HFD feeding (post-diet) in external and internal 
carotids by Doppler ultrasonography in IrP and P3 groups (N=4/group). (C) Representative thin-layer chromatography of external and internal carotids and bar graphs showing 
the cholesteryl ester (CE)/free cholesterol (FC) ratio in carotids. Results are shown as mean ± SD. ***P<0.001, P3 versus control. *P<0.005 versus pred-diet; #P<0.005 versus 
IrP-rabbits.  
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Discussion 
In this study, we revealed the significant 

reduction of two surrogate markers of atherosclerosis, 
aortic 18F-FDG cellular metabolism and carotid 
resistance index, upon the P3 immunization of 
rabbits. Immunohistochemical, confocal, and molecu-
lar studies showed that P3 immunization efficiently 
counteracted the formation of fatty streaks due to the 
high efficacy of Anti-P3 Abs in preventing foam cell 
formation and their coupled pro-inflammatory 
signaling involved in monocyte recruitment and 
VSMC migration (summarized in the graphical 
abstract, Fig. 11).  

Previous studies have consistently shown that 
LRP1 plays a crucial role in the maintenance of the 
vascular function and in atheroprotection due to its 
participation in signaling pathways that limit the 
vascular smooth muscle cell proliferative activity 
[12,13], apoptosis/efferocytosis and the pro-inflam-
matory signal of macrophages [14–16].The essential 
LRP1’s role in signaling prompted us to develop 
antibodies with capacity to specifically block the 
binding of aggregated LDL. In the present study, we 
show that Anti-P3 Abs normalized aortic LRP1 levels 
until the levels found in the aorta of chow fed rabbits. 
Therefore, this strategy to modulate LRP1 function 
should not alter the binding of essential LRP1 ligands 
and coactivators. 

 

HFD is known to promote atherosclerosis. Here, 
we found that, in agreement with previous studies 
[32,36], one month of HFD strongly promoted 
hypercholesterolemia and led to early atherosclerotic 
lesions or fatty streaks in NZW rabbits. In our rabbit 
experimental model, HFD increased circulating CE 
levels to aproximately 55 mM (2115 mg/dL), mainly 
transported by VLDL and LDL in the rabbit serum. 
Considering that the percentage of the protein in 
lipoproteins is similar to humans, LDL and VLDL in 
HFD-fed rabbits are extremely enriched in cholesteryl 
esters compared to human LDLs. In fact, the exposure 
of hMΦ and hcVSMC to HFD serum (0.5%) for only 2 
hours caused a tremendous intracellular CE 
accumulation, in agreement with the high CE 
accumulation that we observed in the aorta of this 
rabbit model. In line with our results in rabbits, an 
increased atherogenicity of large CE-enriched 
ApoB-100 lipoproteins has been previously reported 
in monkeys and pigs [37,38]. Remarkably, large LDLs 
have been associated with increased coronary artery 
disease in humans [39,40]. The excessive cholesteryl 
ester load of these lipoproteins per se seems not to be a 
primary factor determining their increased 
atherogenicity. Core cholesteryl ester and triglyceride 
seem to cause serious alterations in ApoB-100 
conformation, a key determinant of the LDL affinity 
by the LDLR [41,42]. Here, the high capacity of rabbit 
CE-enriched ApoB-100 lipoproteins to cause 
intracellular CE accumulation in human macrophages 

 

 
Fig. 11. Graphical Abstract 
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and VSMC suggest that they are not taken up through 
the LDLR, a receptor downregulated by intracellular 
CE levels. Unexpectedly, anti-P3 Abs, designed to 
inhibit agLDL, not only counteracted CE 
accumulation in the rabbit vasculature, where LDL 
aggregation could have been facilitated by 
proteoglycans of the arterial intima, but also in hMΦ 
and hcVSMC that have been directly exposed to 
VLDL and LDL of the rabbit serum. The high efficacy 
of Anti-P3 Abs to block serum-induced hMΦ and 
hcVSMC cholesteryl ester loading suggest that rabbit 
large VLDL and/or LDL (CE-enriched ApoB-100 
lipoproteins) could be interacting with the human 
LRP1, probably through the same domain than 
aggregated LDL. Futher molecular studies are indeed 
required to know how CE-enriched large VLDLs 
and/or LDLs influence ApoB-100 conformation and 
whether the epitope of ApoB-100 generated in these 
lipoproteins share structural similarities with that 
generated in aggregated LDL. An important challenge 
for future research will be to design molecular tools 
suitable to reduce the vascular impact of the majority 
of atherogenic lipoproteins.  

Differently to aorta, where HFD only 
upregulates vascular cholesteryl ester content, HFD 
increased both hepatic cholesteryl esters and 
triglycerides. The differential impact of HFD serum in 
the neutral lipid content of aorta and liver could be 
associated to the particular lipoproteins that mainly 
interact with vascular and hepatic tissues. In vascular 
cells (macrophages and VSMC), LRP1 supposedly 
interacts greatly with agLDL [4–6]. In hepatic cells, 
LRP1 mainly interacts with ApoE-enriched 
lipoproteins such as chylomicrons [43]. It is known 
that ApoB-100 and ApoE interact with LRP1 receptor 
through different clusters. The new epitope generated 
in ApoB-100 during LDL aggregation interacts with 
cluster II (CR9 domain) [24] while ApoE interacts with 
cluster III (domain CR17) [44,45]. The different 
lipoproteins that reach aortas and livers may explain 
why P3 immunization reduces cholesteryl ester 
accumulation in the vasculature (aorta and carotids) 
but not in liver. The CR9 and CR17 domains are so 
spatially distant that it is structurally impossible for 
anti-P3 antibodies to cause any effect on the binding 
of ApoE-enriched lipoproteins. This could explain 
why P3 immunization did not exert any effect on the 
HFD-induced neutral lipid accumulation in the liver. 
The liver is a key organ that modulates whole-body 
lipid and lipoprotein metabolism and consequently 
circulating lipid and lipoprotein profile [46]. 
Therefore, the lack of impact of the Anti-P3 Abs in the 
hepatic neutral lipid content could be a determinant 
of the similar lipoprotein profile between groups. 

Molecular, immunohistochemical and confocal 

microscopy experiments showed that Anti-P3 Abs 
decreased HFD-induced TNFR1 overexpression in 
vasculature and cells. Macrophage-foam cells have 
been reported to secrete extracellular vesicles that 
determine the proliferative and migratory capacity of 
SMC [47]. Moreover, TNFR1 promotes monocyte 
recruitment and SMC proliferation in the 
pro-atherosclerotic arterial wall [23]. Therefore, the 
reduced TNFR1 levels that we observed in Anti-P3 
treated macrophages and VSMCs could indeed 
contribute to limit the recruitment of monocytes and 
VSMCs into the arterial intima. 

The impact of HFD on NF-kB (p65) phosphory-
lation reported in this study is in line with previous 
results showing that an excessive input of nutrition 
activates NF-kB signaling in macrophages [48]. Simi-
lar HFD effects were observed in the phosphorylation 
of NF-kB (p65) phosphorylation in VSMC. The high 
efficiency of Anti-P3 Abs to counteract HFD-induced 
NF-kB (p65) phosphorylation in hMΦ and hcVSMC, 
suggest a high potential of these Abs to modulate 
atherosclerosis. Abbate’s group has elegantly shown 
that, by counteracting NF-kB pro-inflammatory 
signaling, LRP1 activation with SP16 agonist leads to 
a cardioprotective signal that reduces infarct size 
[20,21]. SP16 has been designed on the basis of the 
motif present in protease-inhibitor complexes, which 
have been reported not to be recognized by the 
consecutive CR8/CR9 modules of cluster II [25]. The 
specific interaction of anti-P3 Abs with CR9 domains 
ensures high specificity of effects, and importantly, 
guarantees zero interference with the agonists of the 
LRP1 anti-inflammatory signaling. Of note that 
anti-P3 Abs did not exert any effect on these basal 
LRP1 levels, suggesting that Anti-P3 Abs reduced 
HFD-induced pro-inflammatory signaling without 
disturbing the atheroprotective LRP1 signaling in the 
vasculature.  

Taken together, our results highlight the 
strategic therapeutic value of Anti-P3 Antibodies to 
inhibit diet-induced cellular cholesteryl ester loading 
and coupled inflammation in the vasculature. 

In line with previous studies showing that 
18F-FDG uptake reaches maximal values during early 
foam cell formation [35], in the current study, we also 
showed that the anti-atherosclerotic efficiency of P3 
immunization on early lesions can be tracked by PET/ 
CT. Complementary confocal microscopy analysis 
showed that reduced 18F-FDG uptake in the aorta of 
P3-immunized rabbits occurred concomitantly with a 
reduced presence of macrophages and SMCs in the 
arterial intima. Although cellular metabolic activity in 
PET/CT has been assumed to be mainly caused by the 
high number of macrophages in atherosclerotic 
plaques [28], more recent studies have demonstrated 
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that SMCs also play a crucial role in plaque PET/CT 
activity due to their high capacity to take up glucose 
when exposed to pro-inflammatory cytokines [49].  

While imaging for the detection of atherosclero-
tic lesions at different stages has been extensively 
used for rabbit aortas, less investigated has been the 
impact of HFD on the development of atherosclerosis 
in carotids of this animal model, and especially 
through imaging techniques. Here, we showed that 
one month of HFD increased the resistance index (RI) 
of both external and internal carotids despite the lack 
of direct evidence of atherosclerotic plaques in 
carotids. In carotid arteries, a significant correlation 
between RI and the degree of generalized atheroscler-
osis has been previously shown in humans [50]. Here, 
we demonstrated the efficacy of P3-immunization in 
reducing carotid RI, although the effect was different 
between the external and internal carotids (higher for 
the external carotids). In fact, further carotid lipidic 
analysis showed that P3 immunization reduced 
cholesteryl ester accumulation on the external but not 
on the internal carotid. Differential anatomy and 
hemodynamics could likely explain the differential 
impact of P3 immunization on these carotids. On the 
basis of aortic PET/CT and carotid Doppler ultrason-
ography, our results revealed that P3 immunization 
efficiently reduces HFD-induced atherosclerosis in 
rabbits, at least in the early stages. Moreover, these 
results suggested that PET/CT and ultrasonography 
are imaging techniques that can track the effect of 
potential therapeutic P3 immunizations in other 
translational in vivo models and in humans.  

Limitations of the study  
The main limitations of this study were that the 

efficacy of P3 immunization was not analyzed in the 
endothelium despite the crucial role of endothelial 
lrp1 in atherosclerosis, glucose sensitivity and lipid 
profiles [51]. Recently, it has been reported the 
feasibility of a surface-enhanced Raman scattering- 
antibody-functionalized gold nanoprobes (SERS- 
BFNP) molecular imaging platform for non-invasive 
detection of adhesion molecules in the endothelium of 
atherosclerotic lesions in in vivo models [52]. In 
addition, the efficacy of P3 immunization was only 
tested in early atherosclerotic lesions despite the high 
relevance of the interaction of VSMC with LDL for the 
vulnerability of the atherosclerotic plaques [53]. 
Finally, the technology used in the present study to 
detect the presence of atherosclerotic plaques in 
carotids has certain limitations.  

Conclusions 
In conclusion, our study demonstrates that, by 

specifically blocking LRP1-mediated intracellular CE 

accumulation in vascular cells, Anti-P3 Abs 
counteract cellular pro-inflammatory signals that 
allow for the recruitment of monocytes and VSMC 
into the arterial intima of a rabbit model of 
HFD-induced atherosclerosis. Moreover, anti-P3 Abs 
are extremely effective to stop foam cell formation 
from human macrophages and human coronary 
vascular smooth muscle cells and the efficacy of P3 
immunization can be tracked using non-invasive 
imaging techniques such as PET/CT and Doppler 
ultrasonography. These both aspects confer an 
enormous translational potential to Anti-P3 Abs.  
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14.1 Article 2 supplemental material 

 

Figure S1. Study Design. Animals were acclimated for one week before the first immunization and 

immunized with a primary injection and four reminder doses (R1-R4) of IrP (irrelevant peptide) 

(IrP group; N=12) or P3 (P3 group; N=15) conjugated to the carrier every 21 days. An additional 

group of rabbits was injected with carrier alone (control group; N=3). At day 84, 18F-FDG PET/CT 

image scans, Doppler ultrasonography and circulating anti-P3 specific antibody determinations 

(CK1) were performed and considered as a reference of basal levels. Starting at the R4 time point, 

IrP and P3-immunized rabbits were randomly divided into normal diet group and high-fat diet 

(HFD)-fed group. Twelve rabbits (N=6 Irp-injected and N=6 P3-injected) continued fed on the chow 

diet, whereas fifteen rabbits (N=6 IrP-injected and N=9 P3-injected) and one rabbit control group 

(N=3 injected with carrier alone) received HFD for 30 days. After one month, final imaging PET/CT 

scans, Doppler measurements and circulating anti-P3 specific antibody determinations (CK2) were 

performed. At day 114, animals were then euthanized, and tissues (aorta, carotids and liver) were 

processed for immunohistochemistry, confocal microscopy and molecular studies. CK1: check point 

1 (pre-diet); CK2: check point 2 (post-diet) 
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Figure S2. Representative image of isolated aorta indicating the consecutive sections (1 cm) used 

for immunohistochemistry (IHQ) and molecular studies (mol). IA: Iliac bifurcation (Figure 15 of 

materials and methods section)  

 

 

Figure S3. Circulating lipid levels in controls and P3-immunized rabbits. Bar graphs showing (A) 

cholesterol, (B) triglycerides, (C) non-esterified fatty acids (NEFA) and (D) phospholipid levels in 

serum from control, IrP and P3-immunized rabbits. # P<0.005 versus chow diet. 
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Figure S4. Rabbit weight gain in pre- and post-diet time points in the different studied groups. 

 

Figure S5. Effect of HFD serum from IrP and P3-immunized rabbits in the intracellular CE/FC ratio 

of human macrophages (hMΦ) and human coronary vascular smooth muscle cells (hcVSMC). 

Quiescent hMΦ and hcVSMC were exposed for increasing serum dose (0.25%, 0.5% and 1%) for 

two hours. Cells were then exhaustively washed and collected in NaoH 0.1N for lipid extraction 

followed by TLC. Bar graphs show the cholesteryl ester (CE) /free cholesterol (FC) ratio. Data are 

shown as mean ± SEM of three experiments performed in duplicate. # P<0.005 versus IrP. 
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Figure S6. Effect of chow serum from IrP and P3-immunized rabbits in the intracellular CE/FC ratio 

induced by aggregated LDL in human macrophages (hMΦ). Quiescent hMΦ were exposed to 

aggregated LDL (100 µg/mL, 2 hours) in the presence of increasing dose of chow serum from IrP or 

P3 rabbits (1%, 5% and 10%). Cells were then exhaustively washed and collected in NaoH 0.1N for 

lipid extraction followed by TLC. Bar graphs show the cholesteryl ester (CE) /free cholesterol (FC) 

ratio. Data are shown as mean ± SEM of three experiments performed in duplicate. # P<0.005 

versus IrP. 

HUMAN MACROPHAGES 
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Figure S7. P3 immunization did not exert any effect on basal aortic 18F-FDG uptake. (A) 

Representative PET/CT longitudinal images of the aorta in control and P3 immunized rabbits fed 

chow diet. (B) Graphs showing the SUVmean values at pre-diet and post-diet time points in the 

upper and middle parts of the aorta in chow-fed rabbits (IrP and P3 groups) (N=3/group). 
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2

Interpretation: LRP1-immunotargeting can block CE accumulation within the heart with specificity, selectivity, 
and efficacy, thereby improving the cardiac insulin response; this has important therapeutic implications for a 
wide range of cardiac diseases. 
Funding: Fundació MARATÓ TV3: grant 101521-10, Instiuto de Salud Carlos III (ISCIII) and ERDF PI18/01584, 
Fundación BBVA Ayudas a Equipos de Investigación 2019. SECyT-UNC grants PROYECTOS CONSOLIDAR 2018- 
2021; FONCyT, Préstamo BID PICT grant 2015-0807 and grant 2017-4497.   

1. Introduction 

Cardiovascular disease (CVD) is the leading cause of death world-
wide and is frequently associated with metabolic syndrome (MS) and 
type 2 diabetes mellitus (T2DM)[1–4]. Individuals with MS or T2DM 
have a 2.5-times higher risk of developing heart failure than healthy 
individuals [5], and frequently present myocardium steatosis, which is 
associated with alterations in insulin signaling [6–8] and precedes dia-
stolic dysfunction and loss of metabolic flexibility [9–11]. Further, in-
sulin resistance is associated with pathological remodeling of the heart, 
which is characterized by concentric hypertrophy of the left ventricle, 
interstitial fibrosis, and extracellular matrix (ECM) remodeling that 
leads to diastolic dysfunction [12–14]. Recently, left ventricle myocar-
dial remodeling has been linked to high levels of cholesteryl ester 
(CE)-enriched lipoproteins, such as low-density lipoprotein (LDL), using 
paired lipid and cardiovascular magnetic resonance data, in a 
one-sample Mendelian randomization study that included 17 311 in-
dividuals [15]. However, the molecular mechanisms underlying the link 
between lipoprotein-derived cardiac lipid accumulation, insulin action, 
and cardiac dysfunction are largely unknown. 

The susceptibility of LDL particles to aggregate is associated with 
increased cardiovascular mortality [16]. The small, dense LDL particles 
(prevalent in MS and T2DM patients) have a higher tendency to be 
retained and aggregated (agLDL) in the extracellular spaces of several 
tissues, including the arterial intima [17–19]. AgLDL, in contrast to 
native LDL, is taken up by the LDL receptor-related protein 1 (LRP1), a 
receptor that is upregulated by hypercholesterolemic conditions in cells 
of the cardiovascular system (including smooth muscle cells, macro-
phages, and cardiomyocytes) [20–22]. The interaction of LRP1 with 
agLDL facilitates the selective uptake and transfer of CEs from agLDL to 
intracellular lipid droplets of vascular and cardiac cells [21,22]. Of note, 
LRP1-mediated agLDL uptake decreases insulin-induced intracellular 
signaling, glucose transporter type 4 (GLUT4) translocation to the 
plasma membrane, and glucose uptake by HL-1 cells [6]. In fat and 
muscle cells, LRP1 regulates the intracellular trafficking of 
insulin-responsive GLUT4 storage vesicles (GSV) [23]. Under insulin 
stimulation, GSVs are trafficked and fused with the plasma membrane 
by a mechanism that is dependent on the activation of the 
phosphatidylinositol-3-kinase (PI3K)/protein kinase B (Akt)/AS160 
(Akt substrate of 160 kDa) pathway [24]. LRP1 interacts with insulin 
receptor (InsR) to regulate InsR-associated intracellular signaling in 
neurons, hepatocytes, and cardiomyocytes [6,25,26]. In addition, in 
retinal Müller glial cells, blocking LRP1 exocytosis towards the plasma 
membrane disturbs intracellular signaling induced by insulin[27]. These 
data suggest that LRP1 is critical for the link between lipid accumulation 
and insulin signaling in different cell types. 

The LRP1 P3 peptide sequence of H-GDNDSEDNSDEENC-NH2 
(Gly1127–Cys1140) is located on the CR9 domain of the extracellular 
alpha chain, cluster II and is crucial for the interaction of this receptor 
with CE-enriched lipoproteins [28]. We previously showed that poly-
clonal antibodies against the P3 sequence (anti-P3 Abs) efficiently 
reduced foam cell formation and atherosclerosis in in vitro, ex vivo, and in 
vivo models [28,29]. In particular, purified anti-P3 Abs have a higher 
affinity for the P3 epitope than agLDL, blocking the binding of this 
atherogenic LDL to LRP1 and its subsequent uptake by vascular cells 
[28]. In in vivo studies, immunization against LRP1 prevents intracel-
lular CE accumulation in the vasculature and harmful coupling of 

pro-inflammatory signaling in rabbits, as well as in ex vivo human 
macrophages or human coronary vascular smooth muscle cells exposed 
to rabbit hypercholesterolemic sera [29]. The CR9 domain (which binds 
anti-P3 Abs) show scarce affinity for serpins, such as plasminogen 
activator inhibitor-1 and protease nexin 1, which induce a protective 
signal in the heart [30]. This makes CR9 an ideal target for blocking 
LRP1 interactions with pathological ligands (atherogenic lipoproteins) 
but without altering interactions with protective ligands (protea-
se-inhibitor complexes) [31]. On the basis of these previous results, the 
main objectives of the present study were i) to evaluate the impact of 
CE-enriched lipoproteins on cardiac lipid accumulation, and ii) to study 
the consequences of CE accumulation on cardiac insulin response. For 
this, we specifically blocked the interaction of CE-enriched lipoproteins 
with LRP1 receptor via immunization with the peptide P3. 

2. Methods 

2.1. Animal model 

Experimental procedures were approved by the Ethics Committee of 
Animal Experimentation of the Vall d′Hebron Institute of Research with 
registration number 46/17, and performed in accordance with Spanish 
legislation and also with the European Union directives (2010/63/ EU). 
Female rabbits (thirty New Zealand White [NZW]) were fed i) a chow R- 
01 diet from Granja San Bernardo with the following formulation: 17.3 
% protein, 16.7 % fiber, and 3 % fat, or ii) a high-fat diet (HFD) TD.88 
137 (42 % fat, 0.2 % cholesterol) from ENVIGO, for 1 month (Fig. S1a). 
Animals were acclimated for one week before the first immunization and 
immunized with a primary injection and four reminder doses (R1-R4) 
every 21 days of irrelevant peptide (IrP group; n = 10) or P3 peptide (P3 
group; n = 10) conjugated to the carrier. The four doses of IrP or P3 
antigen conjugated with keyhole limpet hemocyanin (KLH) were 
administered subcutaneously (138 μg/kg, maximum volume 150 µl). For 
the first immunization, IrP or P3-KLH peptides were emulsified in 
complete Freund’s adjuvant; the rest of the immunizations were done 
using IrP or P3-KLH conjugated in incomplete Freund’s adjuvant (both 
from Sigma Aldrich). During the immunization period, the animals were 
fed a normal chow diet. Starting at the R4 time point, IrP- and P3- 
immunized rabbits were randomly divided into a chow-fed or a HFD- 
fed group. Ten rabbits (n = 5 IrP-injected, n = 5 P3-injected) 
continued the chow diet, whereas ten rabbits (n = 5 IrP-injected, n =
5 P3-injected) received HFD for 30 days. Four groups of rabbits were 
included in this study: i) chow IrP-immunized, ii) chow P3-immunized, 
iii) HFD IrP-immunized, and iv) HFD P3-immunized (Fig. S1a). Animals 
were weighed at pre- and post-diet time points, and serum levels of 
specific anti-P3 antibodies were determined by ELISA. At the end of the 
study, animals were euthanized, and the hearts and livers were removed 
aseptically and processed for molecular, confocal, electron microscopy, 
biophysical, and immunohistochemical studies. 

2.2. Peptide synthesis and conjugation 

The P3 peptide used to immunize rabbits contained the sequence 
GDNDSEDNSDEENC, which corresponds to the amino acids 1127–1140 
located in LRP1 cluster II (domain CR9) [28,29]. The P3 sequence cor-
responds to an area of high homology between human and rabbit LRP1, 
with the difference that the asparagine (N) in humans was replaced by a 
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serine (S) in the rabbit protein. In addition, the amino acid C1140 in the 
rabbit sequence (GDNDCEDNSDEENC) was replaced by S to achieve 
greater peptide immunogenic effectiveness. The irrelevant peptide (IrP) 
has the same sequence than P3 but with amino acids in D-enantiomer 
configuration. Both peptides were synthesized by the Laboratory of 
Proteomics & Protein Chemistry, Department of Experimental & Health 
Sciences, Pompeu Fabra University, by the solid-phase method using a 
Prelude peptide synthesizer (Protein Technologies, Inc.). Peptides were 
purified by high-performance liquid chromatography (HPLC, Waters 
600) using UV detection at 254 nanometers (Waters 2487) and char-
acterized by mass spectrometry (Applied Biosystems 4700 Proteomics 
Analyser). Peptide conjugation to KLH or BSA (Sigma, St. Louis, MO) 
was performed as previously described [32]. Peptide–KLH conjugates 
were used for rabbit immunization, and peptide-BSA conjugates were 
used as a substrate in the immunoassay ELISA to detect specific anti-P3 
Abs in the rabbit serum. 

2.3. Detection of specific antibodies 

ELISAs were standardized to detect specific antibodies against P3 
peptides. Briefly, all sera were analyzed using 96-well polystyrene plates 
(442 404 Maxisorp, NUNC, Labclinics, Spain) coated with peptide-BSA 
or BSA as a control to detect unspecific antibodies. ELISA plates were 
incubated with several serum dilutions for 90 min; after washes, anti- 
rabbit IgGs conjugated to peroxidase (170–6515, BioRad, Spain) were 
added to detect the antigen–antibody complexes. ELISA was revealed 
using OPD substrate (P9187, Sigma Aldrich, Spain), and the absorbance 
was read in a Multilabel reader Victor3 (Perkin Elmer, Turku, Finland) 
at 450 nm. The measured absorbances were adjusted to a 4PL curve to 
calculate the IC50. The parameter 1/IC50 was used as the antibody titer. 

2.4. Biochemical analysis of serum and isolated lipoproteins 

Serum lipids and lipoproteins, including cholesterol and triglyceride 
(TG) (corrected from free glycerol), were enzymatically determined 
using commercial kits adapted to a COBAS 6000 autoanalyzer (Roche 
Diagnostics) [33]. VLDL, LDL, and HDL lipoproteins were isolated by 
sequential ultracentrifugation at 100,000g for 24 h at a density of 1.006, 
1.019–1.063 and 1.063–1.21 g/ml, respectively, using an analytical 
fixed angle rotor (50.3, Beckman Coulter). The composition of each li-
poprotein, including total and free cholesterol, triglycerides and phos-
pholipids, was determined by commercial methods adapted to the 
COBAS 501 autoanalyzer. Lipoprotein protein concentrations were 
determined by the bicinchoninic acid method (Termo Scientific, Rock-
ford, IL). Lipid and protein concentrations were used to calculate the 
total mass of each lipoprotein. 

2.5. Glucose tolerance test (GTT) 

The glucose tolerance test (GTT) was performed at week four of the 
dietetic intervention under fasting conditions. Basal blood glucose levels 
were measured from an ear nick through ACCU-CHEK® Aviva gluc-
ometer (Roche Molecular Systems). Rabbits were then intraperitoneally 
injected with glucose (1.3 mg/g BW). Blood glucose was measured at 15 
min, 30 min, 60 min, 120 min and 180 min after glucose injection. The 
area under the curve (AUC) of the response curve was then calculated 
using the software Prism 4.0 [34]. 

2.6. Cell culture 

The murine HL-1 cardiomyocyte-derived cell line was generated by 
Dr. W.C. Claycomb (Louisiana State University Medical Centre, New 
Orleans, Louisiana, USA). HL-1 cells were maintained in Claycomb 
medium (Sigma-Aldrich) in plastic dishes [6], coated with 12.5 g/ml 
fibronectin (Sigma-Aldrich) and 0.02 % gelatin, in a 5% CO2 atmo-
sphere at 37 ◦C. HL-1 cells were fasted with 0.2 % FBS for 24 h and then 

were incubated with serum (0.25 %, 1.5 h) from the different rabbit 
groups i) chow IrP-immunized, ii) chow P3-immunized, iii) HFD 
IrP-immunized, and iv) HFD P3-immunized-rabbits. 

2.7. Determination of neutral lipid content in heart and liver 

Myocardial, hepatic, and cellular lipids were extracted and parti-
tioned by thin-layer chromatography. Lipids were extracted with 
dichloromethane/methanol [1:2] and cholesteryl esters (CE), free 
cholesterol (FC), and triglycerides (TG) were analyzed by thin-layer 
chromatography (TLC) on silica G-24 plates as previously described 
[35,36]. Different concentrations of standards (a mixture of cholesterol, 
cholesterol palmitate and triglycerides) were applied to each plate. The 
spots corresponding to CE, TG, and FC were quantified by densitometry 
against the standard curve of cholesterol palmitate, triglycerides and 
cholesterol, respectively, using a computing densitometer. 

2.8. Assessment of lipid droplet morphology and size 

2.8.1. Electron microscopy 
Cells growing in 60 mm plates were washed in PBS 1X and then fixed 

with 2.5 % glutaraldehyde in 0.1 M phosphate buffer at room temper-
ature for 1 h. Next, cells were gently scraped and then pelleted in 1.5 ml 
tubes. Cardiac tissue was cut into small pieces, extensively washed in 
PBS 1X and fixed with 2.5 % glutaraldehyde, 2 % PFA in 0.1 M phos-
phate buffer overnight. Samples were dehydrated, embedded in Spurr 
and sectioned using Leica ultramicrotome (Leica Microsystems). Ultra-
thin sections (50–70 nm) were stained with 2 % uranyl acetate for 10 
min, a lead-staining solution for 5 min and then analyzed with a trans-
mission electron microscope, JEOL JEM-1010 fitted with a Gatan Orius 
SC1000 (model 832) digital camera at the Unit of Electron Microscopy, 
Scientific and Technological Centers of the University of Barcelona, 
School of Medicine and Health Sciences (Barcelona, Spain). 

2.8.2. Confocal microscopy 
A stock solution of the fluorescent dye boron-dipyrromethene 

(BODIPY) was diluted to a final concentration of 1 mg/ml in DMSO. 
To study lipid droplets, heart slides were incubated for 30 min with 100 
µl of BODIPY (1 mg/ml in DMSO). Images of immunostained cells were 
analyzed on a Leica inverted fluorescence confocal microscope (Leica 
TCS SP2-AOBS; excitation wavelength 480 nm, emission maximum 515 
nm). 

2.9. FTIR, freeze-dried state 

Fourier transform infrared spectroscopy/attenuated total reflectance 
(FTIR/ATR) spectra of the freeze-dried lipoproteins and tissues were 
acquired using a Nicolet 5700 FTIR instrument (Thermo Fisher Scien-
tific, Waltham, MA) equipped with an ATR device with a KBr beam 
splitter and a MCT/B detector as previously described [37,38]. The ATR 
accessory used was a Smart Orbit with a type IIA diamond crystal 
(refractive index 2.4). Freeze-dried samples (1 mg) were directly 
deposited on the entire active surface of the crystal and gently pressed 
with a Teflon tip to assure good contact. For each sample, 80 in-
terferograms were recorded in the 4000–450/cm-1 region, co-added and 
Fourier transformed to generate an average spectrum of the segmented 
heart part with a nominal resolution of 1 cm-1 using Omnic 8.0 (Thermo 
Fisher Scientific, Waltham, MA). A single-beam background spectrum 
was collected from the clean diamond crystal before each experiment, 
and this background was subtracted from the spectra. Spectra were then 
subjected to ATR and baseline corrections and normalized using the 
maximum of the Amide II peak. Second derivatives were used to 
enhance the chemical information present in overlapping infrared ab-
sorption bands of spectra. 
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2.10. Determination of InsR and LRP1 levels in membranes and total 
cardiac lysates 

2.10.1. Tissue subfractionation 
Tissue was washed with PBS 1X and homogenized using a POLY-

TRON® Immersion Dispersers PT 2500 as previously described [35,38]. 
In brief, to obtain membrane protein fraction, the homogenized tissue 
was filtered using QIAshredder spin columns (79 656, QIAGEN), incu-
bated with lysis buffer A (NaCl 150 mM, HEPES 50 mM, digitonin 25 
µg/ml, 1 M hexylene glycol, protease inhibitor cocktail 1 % v-v) using an 
end-over-end rotator. After centrifugation, the supernatant containing 
mainly cytosolic proteins was removed and the the pellet was incubated 
with lysis buffer B (NaCl 150 mM, HEPES 50 mM, igepal 1 % v-v, 1 M 
hexylene glycol, protease inhibitor cocktail 1 % v-v). After centrifuga-
tion, the supernatant containing mainly plasma membrane proteins was 
collected. Proteins were analyzed by Western blot with antibodies 
against rabbit LRP1 (ab92544 Abcam) or InsR (LS-C63091, LSBio) or 
GLUT4 (LS-C123618, LSBio). Total cardiac lysates were obtained using 
RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 % Triton X-100, 
0.5 % sodium deoxycholate, 0.1 % SDS, 1 mM PMSF, 10 mM sodium 
ortho-vanadate, and protease inhibitor cocktails (Sigma-Aldrich, St. 
Louis, MO, USA), and proteins were analyzed by Western blot. 
Anti-ATP1A1 (MA3–928, Invitrogen) and anti-GAPDH (sc-81 545, Santa 
Cruz Biotechnology) were used as total and plasma membrane loading 
controls, respectively. 

2.10.2. Biotin-labeling of cell surface proteins 
HL-1 cells were exposed to rabbit’s serum (0.25 %) for 1.5 h and then 

treated with insulin (100 nM) for 30 min. Biotin-labeling protein assay 
(EZ-Link Sulfo-NHS-SS-Biotin (21 331,Thermo Scientific) was used to 
determine the protein levels of GLUT4 at the cell surface. Briefly, cells 
were incubated first with a biotin solution 0.12 mg/ml for 2 h at 4 ◦C 
and, then with 0.1 mM glycine solution for 30 min at 4 ◦C and then 
washed three times with PBS 1X. Biotinylated proteins were pulled 
down by streptavidin-conjugated agarose beads (Pierce Streptavidin 
Agarose (20 353, Thermo Scientific) for 2 h at room temperature. Bio-
tinylated and total proteins (10 % of proteins incubated with agarose 
beads) were analyzed by Western blot after incubated with rabbit anti- 
GLUT4 (sc-7938; Santa Cruz Biotechnology), mouse monoclonal anti- 
ATP1A1 (MA3–928, Invitrogen), or mouse monoclonal anti-β-actin 
(A2228; Sigma-Aldrich) antibodies overnight at 4 ◦C, following by in-
cubation with secondary antibodies (goat anti-mouse and goat anti- 
rabbit; Dako) diluted 1/10 000 for 1 h at room temperature. Signals 
were detected with the ECL immunoblotting detection system (GE 
Healthcare) and results were quantitatively analyzed using Chemidoc 
(BioRad). Biotinylated-ATP1A1 and β-actin were used as loading control 
of plasma membrane protein and total protein extracts, respectively. 

2.11. Western blot analysis 

Protein extracts were obtained using RIPA buffer (50 mM Tris-HCl 
pH 8.0, 150 mM NaCl, 1 % Triton X-100, 0.5 % sodium deoxycholate, 
0.1 % SDS, 1 mM PMSF, 10 mM sodium ortho-vanadate, and protease 
inhibitor cocktails) (Sigma-Aldrich, St. Louis, MO, USA). Cell protein 
extracts (40 µg) were diluted in 5 × sample buffer with dithiothreitol 
(DTT) and heated for 5 min at 95 ◦C. Electrophoresis on 10 % SDS- 
polyacrylamide gels was performed, and proteins were transferred to 
nitrocellulose membrane (GE Healthcare Life Science, Amsterdam, The 
Netherlands). Nonspecific binding was blocked with 5 % non-fat dry 
milk in a Tris-HCl buffer containing 0.01 % Tween 20 (TBS-T) for 60 min 
at room temperature. Membranes were incubated overnight at 4 ◦C with 
primary antibodies and then with secondary antibodies (goat anti- 
mouse and goat anti-rabbit; Dako) diluted 1/10 000 for 1 h at room 
temperature. For signaling activation analysis, the following primary 
antibodies were used: rabbit anti-Akt (9272, Cell Signaling Technology), 
rabbit anti-pAkt (Ser473, 07–789, Merck), rabbit anti-AS160 (ab24469, 

Abcam), rabbit anti-pAS160 (Thr642, ab65753, Abcam), and mouse 
monoclonal anti-β-actin (A2228; Sigma-Aldrich). Signals were detected 
with the ECL immunoblotting detection system (GE Healthcare), and the 
results were quantitatively analyzed using Chemidoc (BioRad). 

2.12. Confocal microscopy 

The procedures were followed as previously described [6]. HL-1 
cardiomyocyte were washed with PBS 1 × , fixed with 4 % para-
formaldehyde (PFA), permeabilized for 30 min with 0.5 % (v/v) saponin 
and blocked with 2 % bovine serum albumin (BSA). Primary antibodies 
were used for 1 h, using rabbit anti-LRP1 monoclonal antibody 
(ab92544, Abcam) or mouse anti-InsR antibody (ab69508; Abcam), and 
secondary antibodies conjugated with Alexa Fluor (1/800) and Hoechst 
33 258 (1/2000) were used for 1 h. Finally, cells were mounted with 
Mowiol 4–88 (Calbiochem (Merck, Darmstadt). Images were obtained 
with an Olympus FluoView FV1200 confocal microscope (Olympus), 
processed using the FV10-ASW Viewer 3.1 (Olympus) and quantified by 
ImageJ software. Quantification of the colocalization level was analyzed 
by JACoP plug-in from ImageJ software [6]. 

Heart slides were washed with PBS 1 × , permeabilized for 5 min 
with PBS 1 × with 1 % Tween and blocked with PBS 1 × with 1 % BSA. 
Primary antibodies were used for 1 h (mouse anti-GLUT4 monoclonal 
antibody LS-C123618. LS-Bio) (1/50) and secondary antibody conju-
gated with alexa fluor (1/100) and Hoechst 33 258 (1/1000) were used 
for 1 h. Slides were then mounted with ProLong™ Gold Antifade 
Mountant (P10144, Thermoscientific). Images were obtained with an 
Olympus FluoView FV1200 confocal microscope (Olympus), processed 
using the FV10-ASW Viewer 3.1 (Olympus) and quantified by ImageJ 
software. 

2.13. Immunoprecipitation (IP) assay 

Cardiac tissue from the rabbit groups and HL-1 cells exposed to 
rabbit’s serum from each of the four groups were subjected to immu-
noprecipitation (IP) assays as previously described [6]. Briefly, protein 
extracts were incubated with rabbit anti-LRP1 monoclonal antibody 
(ab92544, Abcam) or rabbit non-immune IgG as control (2 μg/200 μg of 
total proteins) for 2 h at 4 ◦C. Samples were then incubated with protein 
A–conjugated agarose agarose beads following the manufacturer’s pro-
cedure (sc-2001; Santa Cruz Biotechnology) overnight at 4 ◦C. Immu-
noprecipitated proteins were characterized by Western blot using 
anti-InsR (ab69508; Abcam) and anti-LRP1 (ab92544; Abcam) mono-
clonal antibodies, and secondary antibodies (goat anti-mouse or goat 
anti-rabbit; Dako). Signals were detected using ECL immunoblotting 
detection system (GE Healthcare) and the results were quantitatively 
analyzed using Chemidoc (BioRad). 

2.14. 2-NBDG uptake assay 

HL-1 cells were exposed to rabbit’s serum (0.25 %) for 1.5 h and then 
treated with insulin (100 nM) in the presence of 2-deoxy-2-[(7-nitro- 
2,1,3-benzoxadiazol-4-yl) amino]-D-glucose (2-NBDG solution; Sigma- 
Aldrich) (80 µM) for 30 min. Cells were then washed with 1X PBS, 
fixed with 4 % paraformaldehyde, blocked with 2 % BSA, and incubated 
with Hoechst 33 258 colorant (1/2000) for 1 h [6]. Fluorescence was 
detected with a Leica DMI8 biological microscope (Leica, Germany). 
Total fluorescence in the whole cell area was quantified by ImageJ 
software. 

2.15. Statistical analysis 

Differences between study groups were analyzed using two-way 
analysis of variance (ANOVA) followed by a Tukey post-hoc test. The 
statistical software R (www.r-project.org) was used for all statistical 
analyses. Differences were considered statistically significant when p <
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0.05. 

3. Results 

3.1. Immunization with the P3 peptide produces anti-P3 Abs in rabbits 

The experimental rabbit immunization procedure included the pri-
mary injection and four booster injections of either the P3 peptide or an 
irrelevant peptide (IrP), and two blood extractions at the checking 
points. Rabbits were either fed a high-fat diet (HFD) or a control diet (i. 
e., normal chow) for 30 days (Fig. S1a). ELISA analysis showed a sig-
nificant anti-P3 Abs production that was maintained throughout the 
entire dietetic intervention period in the serum of P3-immunized rab-
bits, based on the levels of antibodies at the two checkpoints, Chk1 and 
Chk2 (Fig. S1b, middle and left panel). Rabbits immunized with the IrP 
peptide did not show any response against P3 in ELISA (Fig. S1c). 

3.2. Lipid profile and peripheral insulin resistance induced by HFD are not 
modified by anti-P3 Abs 

Cholesterol levels (Fig. 1a) and triglyceride (TG) levels (Fig. 1b) were 
higher in the serum of HFD-fed rabbits than in serum of control diet 
rabbits, with no differences between P3- or IrP-immunized rabbits. Liver 
lipid extraction followed by TLC showed a significant upregulatory ef-
fect of HFD on levels of hepatic CE, TG, and free cholesterol (FC), also 
with no differences between P3- or IrP-immunized rabbits (Fig. 1c-f). 

Rabbits in all four groups (e.g., HFD P3, HFD IrP, chow P3, and chow 
IrP) exhibited a similar increase in body weight over the study period 
(30 days) (Fig. S2a). However, the glucose tolerance test (GTT) showed 
that HFD induced glucose intolerance in both IrP and P3 immunized 
groups (Fig. S2b, c), indicating that the impairment of peripheral insulin 
response induced by HFD was not affected by P3 immunization. 

Fig. 1. Immunization with P3 peptides does not alter serum or liver lipid profiles in rabbits. (a, b) Bar graphs showing serum cholesterol and triglyceride (TG) levels. 
(c) Representative thin-layer chromatography (TLC) of cholesterol ester (CE), TG, and free cholesterol (FC) in the liver. The CE/TG/FC bands from the standards (Std) 
are shown. (d, e, f) Bar graphs showing results as mean ± SD of CE, TG, or FC, quantified as μg/mg tissue protein. Statistical significance was determined by 2-way 
ANOVA with Tukey’s post-hoc test. n = 5/group. 
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3.3. Cholesteryl esters in HFD-fed rabbits are mainly carried by VLDL and 
LDL lipoproteins 

The HFD-fed groups had much higher total mass of circulating LDL 
(IrP: 32.10 ± 3.53 vs 1.23 ± 0.68 g/L, p < 0.001) and, to a lesser extent, 
of VLDL (IrP: 5.90 ± 0.85 vs 0.35 ± 0.13 g/L, p < 0.001), than either of 
the chow-fed groups (Fig. S3), with most of HFD-increased plasma 
cholesterol carried by LDL and VLDL. Both VLDL and LDL had much 
higher CE content in HFD rabbits (Fig. S3c,d) than in control rabbits 
(Fig. S3a,b), with no differences in the lipid/protein profile of VLDL and 
LDL lipoproteins between IrP- and P3-injected rabbits, irrespective of 
diet. Despite the low total mass of circulating VLDL and LDL in serum 
from control groups, these lipoproteins had higher proportion of TG 
(Fig. S3a,b) than the HFD groups (Fig. S3c,d), irrespective of IrP- or P3- 
immunization. HDL was the minor lipoprotein class, with a similar 
composition in the four groups. Overall, the lipoprotein fraction content 
of VLDL, LDL, and HDL lipoprotein masses, as well as of TG, phospho-
lipid (Ph), FC, CE, and protein levels, were similar between IrP- and P3- 
injected groups irrespective of diet. These results clearly indicate that P3 
immunization did not significantly alter the lipid/protein profile of 
VLDL, LDL, or HDL in rabbits. 

3.4. The spectral FTIR lipid signature of CE-enriched lipoproteins (VLDL 
and LDL) is evident in rabbit heart 

FTIR spectroscopy is based upon the interaction between the IR ra-
diation and the covalent bonds of molecules. IR spectroscopy exploits 
the fact that molecules have specific frequencies at which they vibrate 
corresponding to discrete energy levels (vibrational modes). C-H 
stretching vibrations arise essentially from lipids and lead to absorption 
bands in the 3050–2800 cm− 1. In this infrared zone [3050–2800 cm− 1] 
of the FTIR spectra, human and rabbit lipoproteins showed the specific 
absorption of asymmetric and symmetric (CH3) and (CH2) stretching, 
mainly associated with the vibrational answer of the different classes of 
lipids, as well as the (C––H) stretching at 3010 cm− 1 that corresponds to 
unsaturated lipids (Fig. S4a). The band associated with unsaturated 
lipids as well as the specific bands of CE in the [2900–2880 cm− 1] zone 
were better detected on the second derivative spectra (Fig. S4b) that 
enhances resolution for both lipoproteins and rabbit hearts. 

In the [3050–2800 cm− 1] zone, the spectral signatures of lipids from 
LDL and VLDL were identified in the FTIR profile of hearts from both 
chow and HFD rabbit groups (Fig. 4a, Fig. S4a,b). These absorption 
bands can be detected at the same position both in lipoproteins and 
heart tissues. This fact indicates that these lipoproteins are one of the 
main sources of neutral lipids to the heart. 

Fig. 2. Anti-P3 Abs specifically block the selective uptake of CE from lipoproteins in the heart. (a) Confocal microscopy images showing BODIPY-stained lipid 
droplets (red dots) in the hearts from the distinct rabbit groups. Cell nuclei are stained with DAPI (blue). (b) Representative TLC of heart lipid extracts and bands 
corresponding to the cardiac content of cholesteryl esters (CE), triglyceride (TG), and free cholesterol (FC). The CE/TG/FC bands of standards (Std) are shown in 
duplicate. Bar graph represents the mean ± SD of CE (c), TG (d), or FC (e), expressed as μg/mg tissue protein. Statistical significance was determined by 2-way 
ANOVA with Tukey’s post-hoc test. n = 5/group. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.) 
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3.5. Lipoprotein-derived CE accumulation in heart and HL-1 
cardiomyocytes is reduced by anti-P3 Abs 

Confocal microscopy analysis of BODIPY-stained transversal cross 
sections from the heart showed lower levels of lipid droplets in the HFD 
P3 group as compared to HFD IrP group (Fig. 2a). To further explore the 
impact of P3 immunization of cardiac lipid content, we performed thin- 
layer chromatography (TLC) of cardiac lipid extracts. TLC showed that 
HFD strongly increased intramyocardial CE and TG content as compared 
to chow diet (Fig. 2b–d). P3 immunization showed efficacy in reducing 
exclusively intramyocardial CE (Fig. 2b,c) but not TG content (Fig. 2b, 
d). Cardiac FC was similar for all four groups (Fig. 2b, e). Additionally, in 
ex vivo experiments, we explored the effect of increased percentages of 
serum (0.25–1 %; 1.5 h) from all four groups in the intracellular lipid 
content of the HL-1 cardiomyocytes. At 1.5 h, HFD serum induced 
intracellular CE/FC ratio in a dose-dependent manner but no changes in 
the TG/FC ratio. The anti-P3 Abs present in HFD P3 rabbit serum effi-
ciently blocked the intracellular CE/FC ratio induced by the hypercho-
lesterolemic serum in HL-1 cells at each tested dose (Fig. S5a,b). 

3.6. P3 immunization changes the ultrastructure and bioenergetics of lipid 
droplets in the rabbit heart 

Transmission electron microscopy (TEM) of ultrathin sections from 
heart of HFD-fed rabbits revealed the presence of neutral lipids forming 
lipid-filled vacuoles in cardiomyocytes of hearts from HFD groups 
(Fig. 3a,b and S6c,d). These lipid droplets were located between the 
sarcomere fibers and surrounded by a membrane that seems to be in 
close contact with mitochondria, as well as by the sarcoplasmic reticu-
lum membrane. An important finding from electron microscopy studies 
was that lipid droplets in the heart of P3-immunized rabbits (Fig. 3b and 
S6d) were scarcer, more electrodense and bigger than those found in the 
heart of IrP injected rabbits (Fig. 3a and S6c). Another important finding 
was that the inter-sarcomere cytoplasm contained abundant glycogen in 
proximity with lipid droplets in the heart of HFD IrP (Fig. 3a and S6c) 
but not in that from HFD P3 rabbits (Fig. 3b and S6d). Similar or even 
higher abundance of glycogen drops were observed in the surroundings 
of lipid droplets formed in HL-1 cells exposed to rabbit HFD IrP serum 

(Fig. S7a, S7b). Lipid droplets were not detected in HL-1 cells exposed to 
rabbit serum from the other groups. 

3.7. Anti-P3 Abs increase membrane InsR levels and restore InsR/LRP1 
interaction and insulin signaling impaired by HFD in cardiomyocytes 

We then evaluated InsR and LRP1 protein levels in the cardiac 
membranes and total extracts from the heart of the four different groups. 
Plasma membrane was disrupted by digitonin fractionation [36], and 
ATP1A1 (ATPaseNa/K) used as a specific marker for plasma membrane. 
As shown in Fig. 4a,b, membrane to total InsR ratio was significantly 
lower in the heart from HFD rabbits compared to than from chow rab-
bits, however, in the presence of anti-P3 Abs, membrane to total InsR 
ratio was restored and even exceeded those observed in chow rabbits. As 
shown in Fig. 4c,d, membrane to total LRP1 ratio was much higher in 
HFD than in control chow groups without differences between IrP and 
P3 groups. In addition, immunoprecipitation assays showed that 
InsR/LRP1 interaction complexes were reduced in the heart of HFD 
compared to chow groups; and that anti-P3 Abs not only restored but 
even surpassed the basal levels of InsR/LRP1 complexes observed in the 
heart of chow animals (Fig. 4e,f). Along the same line, ex-vivo experi-
ments showed that treatment of HL-1 cardiomyocytes with HFD IrP 
serum reduced InsR/LRP1 complex levels in the absence or presence of 
insulin while HFD P3 serum restored and even increased the levels of 
InsR/LRP1 complex in these cells (Fig. S8a,b). 

Confocal microscopy experiments showed that serum from HFD IrP 
animals, but not that from HFD P3 animals, reduced InsR and LRP1 
colocalization in HL-1 cardiomyocytes (Fig. 5a,b). In addition, HFD IrP 
serum significantly reduced insulin-induced Akt and AS160 phosphor-
ylation, while HFD P3 serum restored insulin-induced p-Akt and p- 
AS160 levels to those found in HL-1 cells exposed to chow serum 
(Fig. 5c-e). Taken together, these results indicate that anti-P3 Abs 
reduced the deleterious effect of HFD on the InsR/LRP1 association, InsR 
membrane translocation, and InsR signaling in cardiomyocytes. 

Fig. 3. Anti-P3 Abs alters lipid droplet size and electrodensity as well as the glycogen content induced by HDF. Representative electron microscopy of cardiomyocyte 
ultrastructure from the heart of HFD-fed rabbits showing differences between the size and electrodensity of lipid droplets (LD) (asterisks) in HFD IrP (a) and HFD P3 
(b) rabbit groups. LD are located in the intersarcomeric cytoplasm between the sarcomeric fibers (SF) and in close connection with mitochondria (mit) and 
sarcoplasmic reticulum (SR). A high number of glycogen (electrodense granules, red arrows) surrounding the LD (asterisks) can also be observed in the heart of HFD 
IrP group. Representative Z-disc (Z) are indicated. Scale bar: 400 nm. (For interpretation of the references to colour in this figure, the reader is referred to the web 
version of this article.) 
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3.8. Anti-P3 Abs restore GLUT4 membrane levels in HFD hearts and the 
insulin response in HL-1 cardiomyocytes exposed to HFD serum 

Western blot analysis (using ATP1A1 as a specific marker for plasma 
membrane) and confocal microscopy revealed that membrane to total 
GLUT4 ratio was much lower in the heart of HFD rabbits than in that of 
control chow rabbits, however, in the presence of anti-P3 Abs, GLUT4 
membrane levels were restored to those observed in control chow rab-
bits (Fig. 6a-c). In addition, we evaluated whether anti-P3 Abs could 
restore GLUT4 trafficking to plasma membrane and glucose uptake in 
HL-1 cardiomyocytes exposed to HFD serum. Biotin-labeling cell surface 
protein assays showed that insulin failed to induce GLUT4 translocation 
to the plasma membrane in HL-1 cells exposed to HFD IrP but not in cells 
exposed to HFD P3 and chow serums (Fig. 6a,b). In line, insulin failed to 
induce 2-deoxyglucose (2-NBDG) uptake in HL-1 cells exposed to HFD 
IrP serum but not in cells exposed to HFD P3 and chow serums (Fig. 6c). 
These results suggest that anti-P3 Abs counteract the deleterious effect 
of HFD on GLUT4 trafficking to plasma membrane and glucose uptake in 
cardiomyocytes Fig. 7. 

4. Discussion 

Here we show that CE accumulation within the heart in response to 
HFD is driven by LRP1. Immunization of the rabbit model against the P3 
sequence of LRP1 is able to reverse myocardial CE accumulation inde-
pendently of changes in the circulating lipid profile. Here, we also show 
that intramyocardial CE accumulation is linked to a deficiency of InsR 
and GLUT4 in cardiac membranes as well as to impaired LRP1/InsR 
interaction, both of which were recovered in hypercholesterolemic 
rabbits by inhibition of myocardial CE accumulation. In line, ex vivo 
experiments showed that rabbit hypercholesterolemic serum strongly 
induces intracellular CE accumulation in HL-1 cardiomyocytes, 
decreasing InsR signaling, insulin-induced GLUT4 translocation to 

plasma membrane and insulin-induced glucose uptake in these cells. All 
these outputs were significantly reduced in HL-1 cells exposed to hy-
percholesterolemic serums containing anti-P3 Abs. These novel findings 
show that cardiomyocyte intracellular CE accumulation plays a crucial 
role in impaired cardiac insulin response induced by diet, and that these 
alterations are efficiently reduced by exposure to antibodies against the 
P3 sequence of LRP1 CR9 domain. 

Intramyocardial CE accumulation in the heart is promoted by 
ischemia [35,37,39], hypercholesterolemia [40], and obesity [38]. 
However, the clinical impact of intramyocardial CE accumulation 
(independently of TG accumulation) has not yet been investigated, even 
though experimental studies have consistently shown that the causes 
and consequences of intracellular CE and TG accumulation involve 
differential mechanisms and pathological consequences. TG accumula-
tion is mainly caused by an imbalance between the rates of fatty acid 
(FA) entry and FA oxidation, and it usually occurs in parallel to accu-
mulation of detrimental lipid intermediates, such as long-chain acyl--
CoA, ceramides, and diacylglycerol, all of which impair insulin signaling 
and glucose use in the heart [41]. We and others have proposed that 
intramyocardial CE accumulation is caused by the uptake of 
CE-enriched lipoproteins through lipoprotein receptors [22,35,39]. 
Here, molecular studies revealed that intramyocardial CE accumulation 
is mainly caused by LRP1-mediated uptake of CE-enriched lipoproteins, 
since it is blocked in rabbit heart by anti-P3 Abs, similar to our previous 
results in neonatal rat ventricular myocytes and cardiac-derived HL-1 
cells by RNA silencing approaches [22,35]. CE-enriched VLDLs and LDLs 
are large lipoproteins in rabbits that display lower affinity for the LDL 
receptor [42,43] but increased affinity for the LRP1 receptor [29]. 

Our electron microscopy studies revealed that the lipid droplets in 
cardiomyocytes of P3- injected rabbits, although lower in number, are 
bigger and more electrodense than those found in the heart of IrP- 
injected rabbits. These imaging results combined with molecular and 
biophysical studies suggest that lipid droplets in the heart of P3- 

Fig. 4. Anti-P3 Abs prevent the deleterious effects of HFD on cardiac LRP1 and InsR membrane localization and interaction. Representative Western blot analysis of 
InsR (a) and LRP1 (c) in cardiac membranes and total cardiac lysates. Bar graph showing the InsR (b) and LRP1 (d) ratio between membrane and total levels 
normalized by ATP1A1 (membranes) or GAPDH (total extracts). n = 5/group. (e) Immunoprecipitation assay for LRP1. Myocardial lysates were immunoprecipitated 
with anti-LRP1 antibodies and analyzed by Western blot assays for InsR and total LRP1. NC, non-immune control without anti-LRP1 Ab. (f) Bar graph showing the 
densitometry quantification of Western blot bands. Values are expressed as mean ± SD of the relative intensity of LRP1 and InsR bands with respect to the 
endogenous control and are shown as a fold-change against the mean value of control IrP-immunized group. n = 3/group. Statistical significance was determined by 
2-way ANOVA with Tukey’s post-hoc test. 
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immunized rabbits contain almost exclusively TG, while those in the 
heart of IrP rabbits are mixed (cholesteryl esters and triglycerides). In 
line with our findings, lipid droplets containing exclusively CE have 
been observed to have a reduced size [44,45]. In addition, from the 
biophysical point of view, the liquid crystalline nature of CE mecha-
nistically determines the intracellular phase behaviors of lipid droplets, 
and thus the structure and organization of a TG/CE lipid droplet, the 
lipid droplet nucleation, and the TG packaging [46,47]. These studies 
suggest that presence of CE limits lipid droplet growth, which would 
explain the smaller size of CE/TG lipid droplets present in the heart of 
the HFD IrP rabbits as compared to the TG-enriched lipid droplets pre-
sent in the heart of HFD P3 rabbits. In addition, TLC results showed that 
P3- immunization had a strong efficacy in exclusively reducing intra-
myocardial CE content. Together, these results demonstrate that P3- 
immunization shows specificity for targeting CE accumulation in the 
heart. 

Another key observation in this study is that mixed CE/TG lipid 
droplets formed in the heart of HFD rabbits and in HL-1 cells exposed to 

rabbit HFD IrP serum are surrounded by abundant glycogen drops, in 
contrast to TG-enriched lipid droplets in the heart of HFD P3 rabbits 
(which are not surrounded by glycogen). Our results suggest that P3- 
immunization counteracts the increased glycogen content induced by 
HFD in the heart of rabbits. Of note, previous studies have reported an 
increased glycogen content in the liver of fasted mice [48]. 

Our subfractionation studies combined with Western blot analysis 
showed that the membrane/total InsR ratio was lower in hearts from 
HFD rabbits than in those from normal chow rabbits. Coherently, LRP1 
immunoprecipitation assays in rabbit heart tissue showed that HFD not 
only reduced cardiac membrane InsR levels but also disrupted InsR 
interaction with LRP1, suggesting that InsR/LRP1 interactions mainly 
occurs at the cardiac membrane. These results in the in vivo model are in 
line with previous studies from our group showing a reduction in the 
InsR/LRP1 association in aggregated LDL-loaded HL-1 cells [6]. It re-
mains to be explored whether this interaction is direct or mediated by 
other intermediate proteins. A key result from the present study is that 
anti-P3 Abs, which blocked LRP1 interactions with CE-enriched 

Fig. 5. Anti-P3 Abs block the down-regulatory effects of intracellular CE on InsR signaling in HL-1 cells. (a) Confocal microscopy of HL-1 cells exposed to rabbit 
serum (0.25 %, 1.5 h) from the different groups, showing the co-localization between LRP1 (red) and InsR (green). The inset represents the 4× magnification of the 
framed regions in the dotted lines. The white arrowheads indicate co-localization vesicles. Images are representative of three independent experiments (n = 3). Scale 
bar, 10 µm. (b) Bar graph showing the mean ± SD of Manderś coefficient of the co-localization between InsR and LRP1, obtained from the quantification performed 
in 30 cells per condition. (c) Western blot assays of phosphorylated Akt (p-Akt) and AS160 (p-AS160), and total Akt (t-Akt) and AS160 (t-AS160) in HL-1 cells 
exposed to serum (0.25 %, 1.5 h) from the different groups of rabbits and then stimulated with insulin (100 nM, 10–20 min). β-actin was used as a protein loading 
control. Bar graphs showing the densitometry quantification of p-Akt (d) and p-AS160 (e) normalized to t-Akt and t-AS160 bands respectively, and represented as a 
fold-change as compared to the mean of control IrP group. *** p < 0.0001 versus indicated conditions. ** p < 0.001 versus indicated conditions. Results are shown as 
mean ± SD of three independent experiments (n = 3). Statistical significance was determined by one-way ANOVA followed by a Dunnett’s multiple comparison. (For 
interpretation of the references to colour in this figure, the reader is referred to the web version of this article.) 
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lipoproteins and intramyocardial CE accumulation, facilitated the re-
covery of InsR levels and InsR/LRP1 complex in membranes in the heart 
of rabbits and HL-1 cells exposed to HFD serum. Unexpectedly, we have 
also found that HFD increased total InsR levels in rabbit heart, and that 
anti-P3 Abs also blocked this effect. Interestingly, the presence of 
excessive InsR levels in muscle tissues has been proposed to contribute 
to dyslipemia and steatosis [49] and to be a compensatory mechanism in 
a situation of the HFD-generated insulin resistance [50]. 

In our model, both total and membrane LRP1 were higher in HFD-fed 
groups as compared to standard chow control groups, and anti-P3 Abs 
reduced the LRP1 levels to near that found in the control group, as ex-
pected by the positive transcriptional upregulation of LRP1 by hyper-
cholesterolemia [51]. In the presence of anti-P3 Abs, the cardiac 
membrane InsR levels and the InsR/LRP1 interactions were even higher 
than those found in the control group, suggesting that blocking LRP1 
interactions with lipoproteins could be a highly efficient process for 
recovering a correct cardiac insulin response. Our ex vivo studies showed 
that reducing the levels of the InsR/LRP1 complexes by a HFD was 
directly responsible for alterations in InsR signaling, in agreement with 
previous studies showing the pivotal role of LRP1 in insulin-induced 
InsR phosphorylation [6,25,26]. Further studies are now required to 
determine how intramyocardial CE accumulation impairs InsR/LRP1 
complex formation and, how anti-P3 Abs overcome this effect. 

Insulin and glucose metabolism are tightly related, and glucose 
transport across the cell membrane is strongly influenced by membrane 
fluidity [52] and, modulated by cholesterol [53]. Our current results 
from ex vivo studies showed that hypercholesterolemic serum reduced 
insulin response in terms of glucose uptake, and that anti-P3 Abs 
restored this response. In rabbit hearts, we showed that GLUT4 traf-
ficking to cardiac membrane was reduced in HFD IrP rabbits but 

recovered in HFD P3 rabbits. In line with our results, HFD-mediated 
membrane cholesterol loading seems to promote the loss of cortical 
actin filaments required for GLUT4 trafficking to the membrane (a 
hallmark of skeletal muscle insulin resistance) [54]. We showed that 
blocking intramyocardial CE accumulation with anti-P3 Abs was suffi-
cient to restore insulin-induced InsR signaling, GLUT4 trafficking to 
plasma membrane, and glucose uptake by HL-1 cardiomyocytes. Thus, 
LRP1-mediated CE accumulation is an early and reversible mechanism 
linking HFD to altered insulin response. Indeed, the multiple roles for 
LRP1 in mediating lipoprotein uptake [51,55], InsR signaling [6,25], 
and GLUT4 trafficking [6,23] also underpin the link between the car-
diomyocyte intracellular CE accumulation and cardiac insulin signaling 
abnormalities. It is tempting to suggest that LRP1 binding to 
CE-enriched lipoproteins prevents the LRP1 receptor from interacting 
with other receptors or transporters, such as InsR or GLUT4, respec-
tively, and this precludes their movement to plasma membrane. Further 
studies are required to explore these crucial mechanistic aspects con-
necting LRP1-mediated intramyocardial CE accumulation and insulin 
resistance in peripheral tissues. As glucose uptake in the heart is largely 
controlled by insulin-sensitive mechanisms, insulin resistance is an 
obstacle for enhanced myocardial glucose utilization. In recent studies, 
the use of insulin-sensitizing agents, such as metformin or SGLT2 
(sodium-glucose cotransporter 2) inhibitors, was shown to reduce the 
risk of cardiovascular death or hospitalizations for heart failure in pa-
tients with T2DM [56,57]. 

A crucial question that remains open in this study is why anti-P3 Abs 
protected against HFD-induced cardiac but not peripheral insulin 
resistance. Peripheral insulin resistance is considered to be caused by 
hepatic steatosis [58], and HFD feeding dramatically increased accu-
mulation of both CE and TG in the liver of this rabbit model. Of note, 

Fig. 6. Anti-P3 Abs block the deleterious effects of HFD on cardiac GLUT4 membrane localization. (a) Representative Western blot analysis of GLUT4 levels in 
cardiac membrane and total rabbit heart extracts. ATP1A1 and GADPH were used as protein loading controls for plasma membrane and total cardiac protein extracts, 
respectively. (b) Bar graphs showing the GLUT4 ratio between membrane and total levels normalized by ATP1A1 (membranes) or GADPH (total extracts), 
respectively. n = 5/group. (c) Confocal microscopy of slides from the heart of the four groups. Images show the localization of GLUT4 (in red) in cardiomyocytes. An 
overlay of confocal and transmission images helps to visualize GLUT4 localization in the boundary of cardiomyocytes in the hearts from the chow IrP, chow P3, and 
HFD P3 groups but not from HFD IrP rabbit group. Asteriks indicate GLUT4 in the cytoplasm of cardiomyocytes. Nuclei are shown in blue. (For interpretation of the 
references to colour in this figure, the reader is referred to the web version of this article.) 
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hepatic TGs are the main regulators of VLDL secretion by the liver [59]. 
Controversially, insulin resistance has been reported to decrease mem-
brane LRP1 levels in the liver, which could contribute to impaired he-
patic clearance of triglyceride-rich lipoproteins. We now show that 
anti-P3 Abs had not protective effect against hepatic TG or CE accu-
mulation induced by HFD. Importantly, anti-P3 Abs blocked the inter-
action of vascular LRP1 with ApoB100-enriched lipoproteins [29], the 
main lipoprotein ligand of LRP1 in the cardiovascular system. However, 
in liver, the main lipoprotein ligands of LRP1 are ApoE-enriched lipo-
proteins, such as chylomicrons [60]. It is known that ApoB100 and ApoE 
interact with the LRP1 receptor through domains localized in different 
clusters: CR9 in cluster II for ApoB100 [28] and CR17 in cluster IV for 
ApoE [61]. The inefficiency of anti-P3 Abs to block the interactions of 
LRP1 with ApoE-enriched lipoproteins could be the reason behind their 
lack of effect on HFD-induced systemic insulin resistance in rabbits. 

In conclusion, our study now shows that i) diet-induced intra-
myocardial CE accumulation impaired cardiac insulin response, and that 
ii) anti-P3 Abs specifically and efficiently blocked intramyocardial CE 
accumulation, thereby normalizing the cardiac insulin response (sum-
marized in Fig. 8). Further studies are required to determine the 
mechanisms underlying the link between reduced CE accumulation in 

the heart and restored insulin response. This aspect deserves to be 
investigated indepth given the potential role of myocardial CE accu-
mulation on insulin resistance in a wide range of cardiac diseases. The 
innovative immunization-based approach that we took here, which 
differs from more traditional pharmacological or genetic techniques, 
showed both specificity and selectivity for targeting cardiovascular CE 
accumulation. These findings have important therapeutic implications 
in the management of CVD and shed new light on the complex role of 
LRP1 in regulating cardiac insulin response associated with hypercho-
lesterolemia, obesity, and T2DM. 

Research in context 

Evidence before this study 

Cardiovascular disease, the leading cause of death worldwide, is 
frequently associated with increased levels of atherogenic lipoproteins. 
Cholesteryl ester (CE)-enriched lipoproteins are an essential source of 
lipids to the heart; however, their dysregulated uptake and consequent 
lipid accumulation in the heart contributes to cardiac metabolic alter-
ations and cardiac dysfunction. In particular, CE accumulation in the 

Fig. 7. Anti-P3 abs block the deleterious effects of hypercholesterolemic serum on GLUT4 traffic to the plasma membrane and glucose uptake by HL-1 cells. (a) 
Representative Western blot analysis from biotin-labeling protein assays of GLUT4 in the plasma membrane (upper panel) and in total cell extracts (lower panel) of 
HL-1 cells exposed to rabbit serum (0.25 %, 1.5 h) and stimulated with insulin (100 nM, 30 min). ATP1A1 and β-actin were used as protein loading controls for 
plasma membrane and total cell protein extracts, respectively. Line 1 represents control without biotin. (b) Bar graphs showing the quantification of Western blot 
bands for cell surface GLUT4 normalized to ATP1A1, and expressed as a fold-change as compared to the mean value of HL-1 exposed to serum from chow IrP group. 
Values are expressed as mean ± SD of three independent experiments (n = 3). (c) Bar graph showing the 2-NBDG uptake in HL-1 cells exposed to serum (0.25 %, 
1.5 h) and then stimulated with insulin (100 nM, 30 min) in the presence of 2-NBDG (80 μM). The bar graph shows the mean ± SD of the fluorescence intensity of 2- 
NBDG per area of three independent experiments (n = 3), expressed as fold change as compared to the mean value of control IrP group. * p < 0.05; ** p < 0.01 
insulin-stimulated versus basal. Statistical significance was determined by two-way ANOVA followed by a Student t-test. 
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heart causes calcium-handling alterations and cardiac remodeling in 
experimental models. Recently, a clinical study with more than 15,000 
individuals has revealed the link between high levels of CE-enriched 
lipoproteins and left ventricle myocardial remodeling. Antibodies 
against the receptor LRP1 (the P3 sequence of CR9 domain of cluster II) 
specifically block intracellular CE accumulation in vascular cells by 
successful competition with aggregated LDL uptake. Moreover, P3 im-
munization of rabbits inhibits vascular CE accumulation and 
atherosclerosis. 

Added value of this study 

In this study, we used an innovative immunization-based approach 
to inhibit the CE uptake from lipoproteins into the heart. By comple-
mentary molecular, biophysical, and imaging approaches, we show that 
P3 immunization has specificity and selectivity for targeting intracel-
lular CE accumulation within the heart of rabbits without modifying the 
circulating lipid profile or the myocardial triglyceride accumulation. In 
addition, we found that the selective inhibition of CE accumulation is 
enough to restore both the levels of InsR and GLUT4 levels in the cardiac 
membrane as well as the interaction between LRP1/InsR that is neces-
sary for correct insulin signaling of hypercholesterolemic rabbits. 

Implications of all the available evidence 

This study provides new insight into lipid metabolism and its rela-
tionship to the insulin response in the heart and uncovers a novel and 
different approach to specifically modifying cholesterol metabolism and 
treat impaired cardiac insulin response. By providing a novel strategy of 
preventing the deleterious effect of hypercholesterolemia, it opens the 
possiblity for new therapeutical strategies of clinical management of 
impaired insulin response. Strikingly, reducing LRP1-mediated CE 
accumulation can restore insulin signaling in the myocardium. This is an 
important finding given the role of cardiac lipid accumulation and in-
sulin response in a range of cardiac diseases and underscores the ther-
apeutic potential/utility of antibody therapies. 
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Metabóloicas y Cáncer RED2018–102799-T), a project run by MINECO. 
VLl-C group recognized by Generalitat de Catalunya (2017 SGR 946). 
We are thankful to Eva Prats and the staff from Centres Científics i 
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15.1 Article 3 supplemental material 

 

Figure S1. Immunization with P3 peptide raised anti-P3 antibodies in rabbits. (a) Rabbits were 

divided into two groups, one immunnized with P3 (immunized group) (n = 15) and the other 

injected with irrelevant peptide (IrP) (n = 12), both peptides conjugated to the carrier KLH. A 

primary injection and four remainder (R1-R4) dose (138 µg/Kg; volume max: 150 µL) were 

administered every 21 days. At day 84, circulating anti-P3 specific antibody determinations (Chk1) 

were performed and considered as reference of basal levels. Animals were then divided into two 

subgroups: chow diet and HFD diet subgroups. After 1 month, circulating anti-P3 specific antibody 

determinations (Chk2) were again quantified and animals were then euthanized, and tissue 

analysis performed. (b) Representative linear graphs showing the results of standardized ELISA in 

preserum and serum from the checkpoints (Chk1 and Chk2) and bar graphs showing the mean±SD 

of anti-P3 abs levels in serum from P3-inmmunized rabbits. (c) Representative graphs showing the 

lack of immune response in IrP injected rabbits. ***p < 0.001 vs. preserum. Statistical significance 

was determined by Two-Way ANOVA followed by a Tukey post-hoc test.   
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Figure S2. HFD induced glucose intolerance in rabbits. (a) Bar graphs showing body weight 

changes over 30 days of chow or HFD rabbit feeding. Results are shown as mean ± SD of body 

weight expressed in grams (gr). Pre-diet group (N=20). N = 5/group pre-diet (at R4).  (b) Glucose 

tolerance test in rabbit (1.3 mg/g body weight). (c) Area under the curve (AUC). Results are shown 

as mean ± SD. Statistical significance was determined by 2-way ANOVAs with Tukey’s post-hoc test. 
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Figure S3. Immunization with P3 peptides does not alter total mass and VLDL, LDL and HDL 

composition in control and HFD rabbit groups.  Chart graphs showing the total mass and lipid and 

protein composition of VLDL, LDL, and HDL in rabbits fed a chow (a,b) or HFD (c,d) diet and either 

injected with IrP (negative control) (a,c) or immunized with P3 peptides (b,d) . Results are shown 

as mean ± SD of the percentage of total mass. Chow IrP and chow P3 n = 4/group; HFD IrP (n = 

5/group) and HFD P3 (n = 5/group).  Cholesteryl esters, red color;  triglycerides, blue color; 

phospholipids, light gray color;  free cholesterol,  intermediated gray color; protein, dark gray color. 
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Figure S4. Infrared spectra and 2nd derivative spectra reflecting the similarity of human and rabbit 

lipoproteins signatures in the main lipid zone and the signature of lipids from LDL and VLDL in the 

hearts tissues. (a) Normalized mean FTIR-ATR spectra of rabbit lipoproteins, human lipoproteins 

and chow rabbit hearts (n = 5/group) in the (CHx) stretching zone. (b) FTIR-ATR 2nd derivative 

spectra in the same zone, with the superimposition of lipoproteins and hearts from HFD rabbits. 

Hearts FTIR spectra magnified 5X. Arrows indicate the intensification of  absorption bands in HFD 

IrP rabbits. 

 

Figure S5. Anti-P3 Abs block intracellular cholesteryl ester accumulation in HL-1cells. (a) 

Representative thin-layer chromatography of HL-1 cell lipid extracts showing the bands 

corresponding to cholesteryl esters (CE), triglyceride (TG), and free cholesterol (FC) from HL-1 cells 

exposed to increased serum concentrations (0.25, 0.5 and 1%) from the different rabbit groups (n 

=3/group). The CE/TG/FC bands of standards (Std) are shown by duplicate. (b) Line graph showing 

the mean ± SD of intracellular CE/FC ratio in HL-1cells exposed to HFD IrP (black line) and HFD P3 

(red line) rabbit serum (from 0.25% to 1% for 1.5h). ***p < 0.001 HFD P3 versus HFD IrP. 
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Figure S6. HFD induces lipid droplets formation in cardiomyocytes of rabbit heart. Representative 

electron micrographs of cardiomyocyte ultrastructure from the heart of the four rabbit groups. HFD 

IrP and HFD P3 hearts show prototypical lipid droplets (asterisks) that have different size and 

electrodensity in HFD IrP and HFD P3 hearts and that are located in the intersarcomeric cytoplasm 

between the sarcomeric fibers (SF) in close contact with mitochondria (mit). 
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Figure S7. HFD induces lipid droplets formation in HL-1 cells. Thin-section electron micrographs of 

lipid droplets (asterisks) in HL-1 cells exposed to rabbit HFD IrP serum (1%, 2 h). LDs are 

surrounded by glycogen (red arrows) and are in close contact with mitochondria (mit) and 

endoplasmic reticulum (ER). Lipid droplets were not found in HL-1 cells exposed  to HFD P3, chow 

IrP or chow P3 under similar conditions.  

 

Figure S8. Anti-P3 Abs counteract the deleterious effect of hypercholesterolemic serum in the 

interaction between InsR and LRP1 in HL-1 cells. (a) Cell lysates were immunoprecipitated with 

anti-LRP1 antibodies and subjected to Western blot analysis for InsR and LRP1. (NC) non-immune 

control without anti-LRP1 ab. The detection of LRP1, InsR and β-actin in total lysates is shown in 

the lower panel. (b) Bar graphs showing the densitometric quantification of Western blot bands. 

Values are expressed as mean ± SD of the relative intensity of InsR bands normalized to LRP1 and 

shown as a fold against the mean value of chow P3 group, of three independent experiments (n = 3), 

**p<0.005 versus indicated conditions. Statistical significance was determined by One-Way ANOVA 

followed by a Dunnett´s multiple comparison test. 
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GLOBAL DISCUSSION 
In this thesis project, we have generated two in vivo models using different approaches to 

modulate the LRP1 receptor. In the murine model, we used a genetic approach to induce 

LRP1 deficiency specifically and conditionally in cardiomyocytes. In the rabbit model, we 

used an LRP1-based immunotherapy to inhibit specifically the interactions of LRP1 with 

pro-atherogenic lipoproteins without altering LRP1 interaction with ligands involved in 

essential signaling pathways. 

16 Study I 

16.1 Validation of cm-lrp1-/- as a model of specific cardiomyocyte LRP1 

deficiency   

Real-time PCR and confocal microscopy analyses showed that cm-Lrp1–/– mice are 

characterized phenotypically by decreased Lrp1 levels in the heart, and specifically in 

cardiomyocytes. Cardiomyocytes isolated from the heart of cm-Lrp1-/- mice maintain a low 

expression of Lrp1 mRNA and LRP1 protein levels. Coherently, the cm-Lrp1-/- mice showed 

a low expression of Lrp1 mRNA and LRP1 protein levels in the heart but not in other 

tissues such as liver, skeletal muscle and eWAT. There were no differences in vldlr or ldlr 

mRNA expression levels in the heart of cm-Lrp1-/- and control mice.  

16.2 Phenotypic changes induced by a high-fat diet in the murine model    

Mice fed a HFD for 6 weeks generated a mouse model of diet-induced insulin resistance 

(IR). This was reflected, among other features, in increased body and eWAT weight, higher 

eWAT adipocyte size, increased glucose intolerance and AUC values. In addition, this model 

showed increased glucose, and insulin levels in plasma, and an elevation in the IR index 

(HOMA-IR).  

This diet also induced hepatic steatosis due to an increased TG and FA uptake and 

accumulation in the liver. Our results in mice are in agreement with previous studies in 

HFD-fed rats, in which hepatic steatosis was observed after short times [243–245]. In our 

model, HFD-induced hepatic lipid accumulation was associated with decreased FAO 

oxidation due to reduced levels of proteins involved in FA oxidation and increased levels of 

proteins involved in FA synthesis. All these results agree with experiments in vivo using the 

Comprehensive Laboratory Animal Monitoring System (CLAMS), showing decreased 

whole-body lipid and glucose oxidation that result in lower systemic energy expenditure 

and oxygen consumption in HFD-fed compared to standard diet-fed mice. 

However, this dietary intervention did not alter the accumulation of neutral lipids in the 

heart. In the murine model, most cholesterol is transported by HDL, and it was previously 

reported that the main lipoproteins supplying neutral lipids to the heart are TG-enriched 

lipoproteins[168].  
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16.3 Lrp1 cardiomyocyte deficiency prevents diet-induced overweight and 

glucose intolerance by facilitating increased energy expenditure.  

Our results show that Lrp1 attenuation decreased blood glucose and insulin levels, insulin 

resistance, and weight gain without altering plasma lipid levels in HFD-fed mice. The 

weight-reducing effects of Lrp1 deficiency were associated to decreased eWAT weight and 

eWAT/BAT adipocyte size. These beneficial metabolic changes occur simultaneously with 

increased protein levels of carnitine palmitoyltransferase 1a (CPT1a) (a mitochondrial 

enzyme that plays a key role in FA oxidation) and a reduction in triglyceride levels in the 

liver. Our results are in line with a previous study showing that a moderate increase in 

CPT1a activity is sufficient to reduce hepatic TG levels [246].  

CPT1a is the main isoform present in the liver, heart, and pancreas. This enzyme is in the 

outer mitochondria membrane and its main function is the transport of lipids to be 

metabolized in the organelle. An aberrant function of CPT1a and FAO favors the 

development of NAFLD and liver injury [247,248]. Along this line, short-term genetically 

induced hepatic FAO has been reported to mitigate insulin resistance in rodent models 

[249,250]. Together, these results suggest that the liver may play a central role in the 

favorable metabolic profile derived from lrp1 attenuation in cardiomyocytes.  

Indirect Calorimetry System or CLAMS experiments are widely used for the analysis of 

whole-body energy metabolism. These experiments allow the energy expenditure and 

substrate utilization to be calculated by measuring the rate of respiratory exchange [251]. 

In the present work, we demonstrate that cm-Lrp1-/- mice have a higher oxygen 

consumption and energy expenditure than HFD-fed control littermate. During the light 

period (starvation), the increased energy production of cm-Lrp1-/- mice is derived from 

lipid oxidation, while during the dark period (feeding), it is derived from glucose oxidation. 

We also found that there was no difference between cm-Lrp1-/- and control mice in terms of 

ambulation activity, indicating that the protection against weight gain of cm-Lrp1-/- mice 

was not caused by increased physical activity. These results demonstrate that all the 

favorable metabolic changes found in HFD-fed cm-Lrp1-/- mice are due to increased energy 

expenditure. 

16.4 LRP1 controls systemic levels of atrial natriuretic peptide through 

modulation of Corin activity in cardiomyocytes  

To determine the mechanism by which LRP1 deficiency produces an increase in energy 

expenditure, differential proteomics studies of hearts from lrp1 deficient mice and controls 

were performed. These studies revealed that ANP and serine protease inhibitors such as 

serpin1a, serpin3k, serpin1b, and serpin1d were differentially secreted proteins in the 

heart of cm-Lrp1-/- mice compared with control mice. Several peptides or proteins secreted 

by cardiac cells (e.g., cardiokines) may influence not only cardiac function but also 

mechanisms occurring in distal organ tissues [196,224]. Considering all this information, 
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we decided to study the ANP signaling pathway in liver and skeletal tissues, and the activity 

of corin, which is necessary for the cardiac release of ANP, in the heart. 

In our murine model, the attenuation of cardiomyocyte lrp1 increased corin activity, 

enhancing ANP secretion. This corin-induced ANP release found in the heart of cm-Lrp1-/- 

mice is consistent with previous studies in rat and mouse models showing how the switch 

from ANP inactivation to activation depends exclusively on the action of corin [211,252]. 

Chan et al. reported elevated levels of proANP peptide (inactive form) and almost 

undetectable values of ANP (active form) in the heart of corin-deficient (Cor-/-) mice. Cor-/- 

mice showed increased body weight, hypertension, and cardiac hypertrophy compared 

with control mice. ANP release in these mice was recovered only by injection of active 

recombinant soluble corin [252]. 

In our study, the corin catalytic activity assays revealed increased corin activity in hearts 

from Lrp1-deficient mice. Immunoprecipitation of corin followed by immunoblotting with 

anti-serpinA1 antibody showed increased complex formation between the protease 

domains of corin and serpinA1. Despite complex formation between serpinA1 and corin 

protease domains, it has been reported that these soybean trypsin inhibitors fail to 

efficiently inhibit cell-bound corin due to steric hindrance [253]. Furthermore, it has been 

proposed that the binding of soybean trypsin inhibitors to corin protects the enzyme from 

inhibition by its hitherto unknown physiological inhibitors. LRP1 binds to serpin:protease 

complexes and determines their degradation, with this process being very effective in 

controlling protease activity in various cell types [254,255]. It is tempting to speculate that 

cardiac LRP1 deficiency might facilitate an increased half-life of the corin/serpinA1 

complex, with corin protease activity conserved through interactions with serpins. A more 

direct proof of the capacity of LRP1 to modulate ANP release has been obtained from cell 

culture experiments performed with an LRP1-deficient HL-1 cell line (LRP1-HL-1 cells) 

previously generated by our group [161,170,174,256]. Our results revealed the presence of 

higher ANP levels in the supernatants from LRP1- HL-1 cells as compared to those from 

control cells. 

In contrast to the differential levels of plasma ANP between cm-Lrp1-/- and control mice, 

there were no alterations in cardiac or plasma BNP levels between groups.  It has been 

previously reported that BNP activation depends on furin activity. A specific silencing of 

furin seems to decrease the cleavage of proBNP in both atrial and ventricular myocytes 

[211]. Furin is mainly localized in the Golgi apparatus where BNP activation occurs 

[211,257,258]. Further complementary experiments will be required to determine furin 

levels in the heart of cm-Lrp1-/- mice. Supporting our results, the specific silencing of corin 

has been previously shown to decrease proANP levels in both atrial and ventricular 

myocytes with no impact on proBNP cleavage [211].  
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In a previous study, we reported that LRP1 is upregulated in cardiomyocytes exposed to 

atherogenic lipoproteins and in the heart of diabetic rats [161,174]. It is therefore feasible 

that LRP1 overexpression in the heart could be associated with metabolic alterations. 

Further studies in in vivo experimental models of diabetes are indeed required to know 

whether cardiac LRP1 overexpression plays a role in the reduction of plasma ANP levels 

observed in with the context of type 2 diabetes [259–261]. 

16.5 ANP is the mediator that activates fatty acid oxidation in the liver of cm-

Lrp1-/- mice  

In previous sections, we found that proANP levels were decreased in cm-Lrp1-/- mice in 

association with the activation of corin, which promotes ANP release into the circulation. 

Here, we explain how increased circulating ANP levels are related to the activation of NPRA 

signaling. To find out whether the effects observed in the liver were caused by ANP, we 

included two additional groups treated with the NPRA antagonist (A71915). A71915 is an 

ANP-derived peptide composed of two non-native amino acids at locations 8 and 26 that 

efficiently inhibits binding of ANP to its receptor [262–264]. 

We found that the ANP/NPRA/cGMP/pVASP signaling pathway was activated in the liver of 

cm-Lrp1-/-mice. In particular, pVASP specifically phosphorylates AMPK in the liver of a 

mouse model of diabetes [265], and AMPK regulates the phosphorylation of acetyl-CoA 

carboxylase (ACC), which results in its inactivation [266]. Results from the present study 

show that ACC phosphorylation is increased in the liver of deficient mice, and that this 

increase is abolished by treatment of deficient mice with the NPRA antagonist, indicating 

that the AMPK/ACC energy-sensing pathway may be modulated by ANP in the liver of our 

murine model. AMPK is recognized as the principal regulator of lipid metabolism and 

mitochondrial homeostasis [267,268]. One of the critical roles of AMPK is the regulation of 

lipid metabolism through ACC phosphorylation. ACC phosphorylation inhibits the 

production of malonyl-CoA, a substrate for fatty acid synthase (FAS) and a potent inhibitor 

of CPT1 [268]. We now show that cm-Lrp1–/– mice have increased levels of CPT1 in the 

liver, and that these increased levels depend on NPRA signaling. These results agree with 

our cell culture experiments that showed that hepatocytes exposed to ANP-enriched 

supernatant from LRP1-HL-1 cells, or to ANP directly, had increased levels of 

phosphorylated AMPK and CPT1. The link between AMPK phosphorylation and CPT1 

activation has been previously demonstrated in oxidative tissues of a mouse model [267]. 

Upon AMPK activation, ACC phosphorylation leads to ACC inactivation, which promotes the 

reduction of malonyl-CoA, a substrate for fatty acid synthase and a potent inhibitor of CPT1  

[269].  

To understand the effects of pAMPK activation in FAO, we analyzed the main components 

of the oxidative phosphorylation system (OXPHOS) (responsible for mitochondrial 

respiration) and UCP3, an indicator of mitochondrial response to intracellular FA uptake. 
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Positive regulation of mitochondrial OXPHOS subunits supports and enhances 

mitochondrial respiration in the liver of cm-Lrp1-/- mice. The increase in these 

mitochondrial proteins was eliminated in cm-Lrp1-/- mice treated with A71915, indicating 

that NPRA signaling is involved in the increase of OXPHOS protein subunits in mice. 

Further experiments are required to elucidate the mechanism by which ANP signaling 

enhances the level of these OXPHOS protein subunits. This could be due to enhanced 

mitochondrial synthesis or an enhanced amount of protein subunits per mitochondrion. 

Together, these results support ANP-enhanced mitochondrial fatty acid oxidation in the 

liver of cm-Lrp1-/- mice. Finally, UCP3, [3H]-TG and [3H]-FFA and FA/TG transporters, such 

as Cd36 and Vldlr, are increased in the liver of lrp1-deficient mice, and the increase was 

abolished by treatment of lrp1-deficient mice with the antagonist NPRA. Previous studies 

reported that pAMPK positively modulates Cd36 in a mouse model of liver-specific AMPK 

activation (delivery of active AMPK using adenovirus) [270].  

Here, we show that the enhanced FA uptake and oxidation promoted by ANP reduces TG 

accumulation in the liver of lrp1-deficient mice. These results are in agreement with 

previous studies showing that moderate increases in Cpt1a activity are sufficient to i) 

reduce hepatic TG levels in animals overexpressing CPT1a [246] and ii) modulate diabetes 

and obesity [227]. Interestingly, the reduction of hepatic triglyceride content in deficient 

mice occurs in the context of increased FA delivery to the liver due to a reduced [3H]-TG 

and [3H]-FFA uptake by eWAT. By counteracting ANP-induced FA uptake in the liver, the 

NPRA antagonist caused increased FA uptake by eWAT of cm-Lrp1-/- mice. Although a direct 

effect of ANP on cm-Lrp1-/- adipose tissue cannot be ruled out, our data support that the 

benefits of cardiac Lrp1 deficiency on diet-induced obesity derive from its direct 

upregulatory effects on whole-body energy expenditure. 

The liver is considered the major organ in lipid and glucose homeostasis and is a major 

contributor to whole-body lipid oxidation [271]. In addition, previous studies have 

consistently demonstrated the link between hepatic FAO and insulin resistance [272]. The 

results of the present study show that Akt phosphorylation, a crucial step in the insulin 

signaling pathway, is more active in the liver of cm-Lrp1-/- mice as compared to controls. 

Furthermore, CLAMS experiments showed glucose oxidation during the dark phase and fat 

oxidation during the light phase. Increased oxygen consumption, energy expenditure, and 

the shift from lipid oxidation to glucose were dependent on ANP signaling, as all these 

protective changes were abolished in cm-Lrp1-/- mice treated with the NPRA inhibitor. 

However, further studies based on the analysis of signaling immediately after insulin 

administration are required to draw conclusions about the role of ANP in modulating diet-

induced hepatic insulin resistance  [273]. 

All these favorable metabolic changes observed in deficient mice were abolished by 

treatment with the NPRA antagonist, indicating that the AMPK/ACC energy-sensing 
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pathway may be modulated by ANP in the liver. Acsl3 mRNA expression levels were also 

reduced in the liver of cm-Lrp1-/- compared with control mice. Deletion of Acsl3 has been 

reported to decrease total acyl-CoA synthase activity in ob/ob mice and high sucrose diet-

fed mice [274]. Together, these results strongly suggest that ANP-induced AMPK 

phosphorylation is involved in increased FA oxidation and inactivation of FA synthesis in 

the liver of cm-Lrp1-/- mice. 

16.6 The ANP signaling pathway is partially activated in skeletal muscle of 

cm-Lrp1-/- mice 

Natriuretic peptides released by the heart has been shown to alter skeletal muscle 

metabolism. Of note, an increase of the NPRA receptor (involved in both ANP and BNP 

signaling) has been detected in the muscle of athletes [212]. In particular, ANP has been 

reported to promote oxidative metabolism in human skeletal muscle, and to induce gene 

expression of PGC-1α and mitochondrial OXPHOS in a cyclic GMP-dependent manner in 

human myotubes [201]. The results of the present study show that the ANP-induced 

increase of NPRA/cGMP/pVASP in skeletal muscle of cm-Lrp1–/– mice is abolished by 

treatment with the NPRA antagonist A71915. In our murine model, ANP signaling in 

skeletal muscle was also linked to positive regulation of mitochondrial OXPHOS, which 

affects CVATP5A and CII-SDHB subunit overexpression. However, there were no 

differences in phosphorylated AMPK, CPT1 or UCP3 levels in skeletal muscle of cm-Lrp1-/- 

and control mice. In contrast to the liver, there were no differences in [3H]-TG and [3H]-FFA 

uptake by skeletal muscle between cm-Lrp1-/- and control mice, although there was a 

significant increase in [3H]-TG and [3H]-FFA uptake detected in the A71915-treated groups.  

These results indicate that FA uptake and FA oxidation are not significantly modulated by 

NPRA/cGMP/pVASP signaling in skeletal muscle of cm-Lrp1-/- mice, and suggest that 

downstream mediators of VASP signaling are different in liver and skeletal muscle. 

The differential ANP effects on liver and skeletal muscle might be due to the fact that the 

main effector of metabolism in skeletal muscle is BNP. Mice with induced overexpression of 

BNP showed improvement of obesity and glucose intolerance due to  increased fat 

oxidation [275]. Other studies have shown that BNP can protect against mitochondrial 

dysfunction and oxidative stress in skeletal muscle after ischemia-reperfusion [276]. 

Different studies have also reported the participation of perosyxomel proliferator activated 

receptors (PPARs) in the effects of BNP on mitochondrial biogenesis and fat oxidation in 

skeletal muscle [275]. In addition, AMPK, a master enzyme in cellular energy homeostasis, 

has been identified as a novel PPARα-associated component in the promoters of activated 

metabolic genes [277]. Further studies are needed to determine the role of BNP in skeletal 

muscle metabolism in deficient mice. 
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17 Studies II and III 

17.1 Impact of hypercholesterolemia in the cardiovascular system of rabbits 

17.1.1 Impact of HFD on lipids and the lipoprotein profile  

Biochemical studies have revealed that circulating levels of cholesterol and triglyceride are 

much higher in HFD-fed rabbits than in chow-fed control rabbits. Specifically, the HFD-fed 

groups had much higher total mass of circulating LDL and, to a lesser extent, of VLDL, than 

control group, with most of HFD CE mainly transported by ApoB-100 lipoproteins (LDL and 

VLDL). Considering that the percentage of the protein in lipoproteins is similar to that in 

humans, LDL and VLDL are extremely CE enriched particles in this rabbit model. In line 

with our results in rabbits, an increased atherogenicity of large CE-enriched ApoB100 

lipoproteins has been previously reported in monkeys and pigs [278,279]. Both VLDL and 

LDL had much higher CE content in HFD rabbits than in control rabbits. Despite the low 

total mass of circulating VLDL and LDL in serum from control groups, these lipoproteins 

had higher proportion of TG than the HFD groups. These results are consistent with 

previous studies in which Japanese white rabbits were fed a diet containing 1% cholesterol 

for 8 weeks (chol-8w) or 12 weeks (chol-12w). Rabbits in the chol-8w group had higher 

circulating levels of total cholesterol, HDL-cholesterol, and LDL-cholesterol as compared to 

the control group (chow-fed rabbits), and this increase was more pronounced with a longer 

diet time (chol-12w fed rabbit) [280]. These HFD-induced changes in the lipoprotein 

profile occurred without differences in body weight among the three groups [280]. 

17.1.2 Impact of HFD on the accumulation of lipids in vasculature, heart, and 

liver in rabbits  

17.1.2.1 HFD upregulated vascular cholesteryl ester accumulation and 

inflammation and causes atherosclerosis 

In this study, we found a strong increase in vascular CE accumulation (but not free 

cholesterol) induced by HFD in the aorta and carotids in the rabbit model. This increase in 

vascular CE coincided with increased monocyte recruitment and VSMC migration to the 

arterial intima (as corroborated by confocal microscopy). HFD mainly increased CE content 

in rabbit LDL in agreement with previous studies in this model [158,281] as well as in 

humans [282,283] and promotes hypercholesterolemia, leading to early atherosclerotic 

lesions or fatty streaks (after only one month of dietetic intervention) in the vasculature. In 

addition, similar to previous studies using NZW rabbits [284], fatty streak lesions 

comprising SMC and macrophages were present in our rabbit model.  Ex vivo studies in 

which we exposed cultured hcVSMC and hMΦ to rabbit HFD serum from control and IrP 

groups (0.5%, 2 h) showed a massive build-up of intracellular CE in these cells. 

Concurrently with HFD serum-induced intracellular CE accumulation, LRP1 protein levels 

were augmented while those of sterol regulatory element binding protein 2 (SREBP-2) 
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decayed in these cells. These results are in line with the capacity of intracellular CE to 

stimulate LRP1 transcription through SREBP-2 downregulation, as previously described by 

our group [151,157,285]. There were no differences in LRP1 and SREBP-2 protein levels 

between cells exposed to chow serum from IrP or P3-immunized rabbits. Besides LRP1, 

several pro-inflammatory markers, including TNFR1 and NFkB, were also upregulated by 

HFD in the rabbit vasculature and in human SMC and macrophages. 

Like in other experimental models [286–288], our FDG-PET/CT imaging studies in our 

rabbit model confirmed that HFD increased the SUVmax (a surrogate marker of 

inflammation) and validated the vascular association between cholesterol accumulation 

and inflammation. In addition, Doppler ultrasonography imaging studies revealed that HFD 

increased the resistance index (RI) of the external and internal carotids, despite the lack of 

direct evidence of atherosclerotic plaques in this arterial territory. In carotid arteries, a 

significant correlation between RI and the degree of generalized atherosclerosis has been 

previously demonstrated in humans [289].  

17.1.2.2 HFD upregulates myocardial CE and TG accumulation in the heart 

causing alterations in cardiac insulin sensitiviy 

In the present rabbit model, HFD strongly increased the CE content of heart, as previously 

shown in other translational in vivo models [161,170,174,242,290]. In contrast to aorta, 

where HFD only increased CE content, HFD also increased the TG content in the heart. This 

reflects the major role of VLDL as a source of TG and CE in the heart [168] compared to the 

limited role of VLDL as a neutral lipid source in the arterial intima [291]. 

On the other hand, HFD induced the intracellular accumulation of CE but not of TGs in HL-1 

cardiomyocytes treated with serum from control groups. The lack of effect of HFD serum 

on the intracellular TG content of HL-1 cells could be a result of a short exposure time, 

since previous studies from our group showed a strong increase in intracellular TG content 

in HL-1 cells exposed to VLDL for 18 h [292]. 

In association with myocardial lipid accumulation, HFD induced impairment of cardiac 

insulin responsiveness due to a reduction of cardiac InsR and GLUT4 membrane levels and 

LRP1/InsR interactions. In HL-1 cells (in which HFD increased only in intracellular CE), 

HFD affected the InsR/LRP1 association, InsR membrane translocation, and InsR signaling , 

suggesting that these alterations are caused by intracellular CE accumulation in 

cardiomyocytes. 

17.1.2.3 HFD upregulates neutral lipid content in the liver of rabbits 

HFD also dramatically increased the accumulation of CE, FC, and TG in the liver. These 

results are in agreement with other studies using this rabbit model, in which the group fed 

a cholesterol-enriched diet was found to have elevated hepatic cholesterol accumulation 

already after 2 weeks, which worsened after 7 weeks [293].  
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17.1.3 Impact of HFD on glucose tolerance testing  

Similar to previously reports in rabbits [280], all the groups of rabbits analyzed in this 

study exhibited a similar increases in body weight throughout the diet period. However, 

the glucose tolerance test (GTT) showed increased glucose intolerance and higher AUC 

levels in the HFD-fed groups compared to the chow diet-fed groups. These results indicate 

that we have developed a rabbit model of diet-induced peripheral insulin resistance. This is 

consistent with the upregulatory effect of HFD on insulin resistance in animal models 

[294,295] and in humans [296]. 

17.2 Impact of lrp1-based immunotherapy on the alterations caused by 

hypercholesterolemia in the cardiovascular system 

17.2.1 Effects of P3-immunization on the production of anti-P3 antibodies 

against the LRP1 receptor in the rabbit model  

 Rabbits immunized with the P3 peptide have a strong immune response, resulting in the 

production of anti-P3 antibodies that specifically block the binding of atherogenic 

lipoproteins to the LRP1 receptor. Levels of anti-P3 antibodies were maintained in serum 

from P3-immunized rabbits throughout the whole dietetic period. Immunization 

approaches have been previously used in this and other animal models to generate 

antibodies against lipoprotein receptors. For instance, Shen Qu et al. immunized NZW 

rabbits with a polypeptide fragment of the VLDL receptor to generate anti-VLDLR 

antibodies using a similar immunization pattern (a first injection and 4 reminder doses 

every 28 days).  Anti-VLDLR antibodies efficiently block VLDL binding to VLDL receptor in 

human and rat samples [297], showing the efficacy of this immunization pattern for 

producing efficient polyclonal antibodies. 

17.2.2 Impact of P3-immunization on lipid accumulation in the vasculature, 

heart, and liver 

17.2.2.1 Anti-P3 Abs reduce cholesteryl ester accumulation in the vasculature 

The essential role of LRP1 in signaling [142–146] motivated us to develop antibodies to 

specifically block aggregated LDL binding by vascular cells. In the vasculature of our rabbit 

model, anti-P3 antibodies decrease LRP1 levels, resulting in a reduction of vascular CE 

accumulation and in fatty streak formation, and a decrease in pro-inflammatory signaling. 

 Interestingly, HFD serum from P3 immunized rabbits failed to induce intracellular CE 

accumulation in these cell types. Moreover, aggregated LDL also failed to induce 

intracellular CE accumulation in cells pre-incubated with chow serum from P3 immunized 

rabbits. These results are in line with previous results from the group showing that Abs 

generated in P3-immunized rabbits efficiently prevented foam cell formation induced by 

exposure of human coronary vascular smooth muscle cells to aggregated LDL [93]. 

Together, these results demonstrate the crucial role of LRP1 in the uptake of rabbit HFD 
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serum CE-enriched lipoproteins, and highlight that the anti-atherogenic properties of anti-

P3 antibodies rest on their efficacy to inhibit foam cell formation from smooth muscle cells 

and macrophages. 

17.2.2.2 Anti-P3 antibodies reduce CE accumulation in the heart 

Remarkably, we found that in the heart, anti-P3 antibodies were also extremely efficient at 

blocking myocardial intramyocardial CE accumulation.  In line with the capacity of LRP1 to 

mediate selective CE uptake from lipoproteins [298], TG accumulation was not blocked in 

the heart of P3-immunized rabbits. These results are also in agreement with the reduction 

of intracellular CE accumulation in neonatal rat ventricular myocytes and cardiac-derived 

HL-1 cells made deficient in LRP1 through RNA silencing approaches [161,170]. Our 

electron microscopy studies revealed that lipid droplets are undoubedly formed in the 

cardiomyocytes in tight contact with sarcomeric fibers, mitochondria and endoplasmic 

reticulum. A remarkably finding has been that cardiomyocytes of HFD P3-injected rabbits, 

although lower in number, are bigger and more electrodense than those found in the heart 

of HFD control rabbits, suggesting a different lipid composition. These imaging results 

combined with molecular studies suggest that lipid droplets in the heart of P3-immunized 

rabbits contain almost exclusively TG, while those in the heart of IrP rabbits are mixed (e.g., 

CE and TGs). Previous studies have shown that lipid droplets containing exclusively CE 

have a reduced size [299,300]. In addition, from the biophysical point of view, the liquid 

crystalline nature of CE mechanistically determines TG packaging [301,302]. These studies 

suggest that cholesterol limits lipid droplet growth, and explain the expansion of lipid 

droplets (mainly composed of TGs) in the heart of HFD-fed P3 rabbits. Together, these 

results demonstrate that P3-immunization shows specificity for targeting CE accumulation 

in the heart. 

17.2.2.3 Anti-P3 Abs does not modify cholesteryl ester accumulation in the liver 

Here, P3 immunization reduced CE accumulation in the vasculature (aorta and carotids) 

and the heart but not in the liver, where LRP1 plays a secondary role on the uptake of 

cholesterol-enriched lipoproteins. The differential impact of serum HFD on neutral lipid 

content in the aorta and heart with respect to the effect on liver could be associated with 

the lipoproteins that interact mainly with these tissues. In the vasculature and heart, LRP1 

putatively interacts with CE-enriched lipoproteins [152,153,161,183,303], while in the 

liver, LRP1 interacts mainly with ApoE-enriched lipoproteins, such as chylomicrons [304]. 

ApoB100 and ApoE are known to interact with the LRP1 receptor through different 

clusters. The new epitope generated on ApoB100 during LDL aggregation interacts with 

cluster II (CR9 domain) [93], while ApoE interacts with cluster III (CR17 domain) 

[305,306].  The different lipoproteins that reach the vasculature, heart, and liver may 

explain the different impact of P3 immunization on the accumulation of CE in these tissues. 

The CR9 and CR17 domains are so spatially distant that it is structurally impossible for 
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anti-P3 antibodies to cause any effect on ApoE-enriched lipoprotein binding. This could 

explain why immunization with P3 exerted no effect on HFD-induced neutral lipid 

accumulation in the liver. The liver is a key organ that modulates whole-body lipid and 

lipoprotein metabolism and, consequently, the circulating lipid and lipoprotein profile 

[307]. Therefore, the lack of impact of Abs anti-P3 on hepatic neutral lipid content could be 

a determinant of the similar lipoprotein profile between the groups 

17.2.3 Consequences of specific inhibition of vascular cholesteryl ester 

aucmulation on the development of atherosclerosis and inflammation 

Imaging studies were complemented with immunohistochemical and molecular studies 

showing that P3 immunization efficiently prevented the formation of fatty streaks, and 

particularly, the recruitment of lipids and cells (macrophages and SMCs) in the arterial 

intima of rabbits. These effects were associated with a significant reduction of pro-

inflammatory signal in the vascular wall. The efficacy of P3-immunization as anti-

inflammatory strategy was also validated in imaging studies. Note that using  18F-FDG/PET 

imaging, which was recently validated as read-out of vascular inflammation in rabbits 

[288,308], showed a significant reduction of SUVmax in the aorta of P3-immunized rabbits.  

In addition, confocal microscopy studies showed a clear reduction of both intimal SMC and 

macrophages in the arterial intima of hypercholesterolemic P3-immunized rabbits, 

Therefore, in our model, both macrophages and SMCs seem to contribute to 18F-FDG 

uptake and atherosclerotic signal in PET/CT studies Lederman et al. showed that 3H-2dG 

signal from rabbit plaques on autoradiography originates not only from macrophage-rich 

areas, but also from SMCs [309]. In line with this, it has been also shown that SMCs, but not 

macrophages, increase theirs glucose uptake when exposed to pro-inflammatory cytokines 

[310].  

While cardiac imaging for the detection of atherosclerotic lesions at different stages has 

been previously used for rabbit aortas [286,311–313], the impact of HFD on the 

development of atherosclerosis in the carotids of this animal model, and especially through 

imaging techniques such as Doppler ultrasonography, has been less investigated. Here, we 

demonstrated the efficacy of P3 immunization in reducing carotid resistance index (RI), 

although the effect was different between external and internal carotids (greater for 

external carotids). In fact, additional carotid lipid analyses showed that P3 immunization 

reduced CE accumulation in the external carotid but not in the internal carotid. Differential 

anatomy and hemodynamics could probably explain the differential impact of P3 

immunization on these carotids. Based on aortic PET/CT and carotid Doppler ultrasound, 

our results revealed that P3 immunization effectively reduces HFD-induced atherosclerosis 

in rabbits, at least in the early stages, and in different vascular territories. Furthermore, 

these results suggested that PET/CT and ultrasonography are imaging techniques that can 

track the effect of this new immunotherapy in translational in vivo models. 
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Previous studies have shown the beneficial effects of different immunotherapies for the 

treatment of atherosclerosis [314,315]. Anti-LDL or anti-apoB Abs reduce atherosclerosis 

in in ApoE-/- and LDLR-/- mice [103], anti-angiopoietin-2 (cytokine that regulates 

angiogenesis and inflammation) Abs have efficacy in inhibiting fatty streak formation in 

brachiocephalic arteries of hypercholesterolemic mice [314], and anti-eotaxin-2 

(chemokine linked to inflammatory processes) Abs efficiently decrease early 

atherosclerotic plaque formation in young ApoE-/- mice by decreasing monocyte adhesion 

and migration [315].  

Our results highlight the strategic therapeutic value of anti-P3 antibodies in inhibiting diet-

induced cellular CE loading and associated inflammation in the vasculature. Our PET/CT 

studies show, in line with previous studies [286], that 18F-FDG uptake reaches peak values 

during early foam cell formation. In addition, our results show the anti-atherosclerotic 

efficacy of P3 immunization in early lesions traced by PET/CT. Finally, complementary 

confocal microscopy analysis showed that reduced 18F-FDG uptake in the aorta of P3-

immunized rabbits occurred concomitantly with a reduced presence of macrophages and 

SMCs in the arterial intima. 

17.2.4 Implications of specific inhibition of myocardial cholesteryl ester 

accumulation for cardiac insulin sensitivity 

Intramyocardial CE accumulation in the heart is promoted by ischemia [161,242,290],  

hypercholesterolemia [316], and obesity [174]. However, the clinical impact of 

intramyocardial CE accumulation (independently of TG accumulation) has not yet been 

investigated, even though experimental studies have consistently shown that the causes 

and consequences of intracellular CE and TG accumulation involve differential mechanisms 

and pathological consequences. TG accumulation is mainly caused by an imbalance 

between the rates of FA entry and FA oxidation, and it usually occurs in parallel to 

accumulation of detrimental lipid intermediates, such as long-chain acyl-CoA, ceramides, 

and diacylglycerol, all of which impair insulin signaling and glucose use in the heart [317].  

We and others have proposed that intramyocardial CE accumulation is caused by the 

uptake of CE-enriched lipoproteins through lipoprotein receptors [161,170,290]. 

Here, we show for the first time in a high translational in vivo model that intramyocardial 

CE accumulation is linked to a deficiency of InsR and GLUT4 in cardiac membranes as well 

as to an impaired LRP1/InsR interaction. Both InsR and GLUT4 were recovered in cardiac 

membranes of hypercholesterolemic rabbits by inhibition of myocardial CE accumulation. 

In line with this, ex vivo experiments showed that rabbit hypercholesterolemic serum 

strongly induces intracellular CE accumulation in HL-1 cardiomyocytes, decreasing InsR 

signaling, insulin-induced GLUT4 translocation to plasma membrane, and insulin-induced 

glucose uptake in these cells. All these outputs were significantly reduced in HL-1 cells 

exposed to hypercholesterolemic serums containing anti-P3 Abs. These results in the in 
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vivo model are in line with previous studies from our group showing a reduction in the 

InsR/LRP1 association in CE-loaded HL-1 cells [183]. These novel findings show that 

cardiomyocyte intracellular CE accumulation plays a crucial role in impaired cardiac 

insulin response induced by diet, and that these alterations are efficiently reduced by 

exposure to antibodies against the P3 sequence of the LRP1 CR9 domain. Whether this 

interaction is direct or is mediated by other intermediate proteins remains to be explored. 

A key result from the present study is that anti-P3 Abs, which block LRP1 interactions with 

CE-enriched lipoproteins and intramyocardial CE accumulation, facilitate the recovery of 

InsR levels and InsR/LRP1 complex in membranes in the heart of rabbits and HL-1 cells 

exposed to HFD serum. Unexpectedly, we have also found that HFD increases total InsR 

levels in rabbit heart, and that anti-P3 Abs also blocks this effect. Interestingly, the 

presence of excessive InsR levels in muscle tissues has been proposed to contribute to 

dyslipemia and steatosis [318] and to be a compensatory mechanism in a situation of diet-

induced insulin resistance [319]. In our model, both total and membrane LRP1 were higher 

in HFD-fed groups as compared to standard chow control groups, and anti-P3 Abs reduced 

the LRP1 levels to near that found in the control group, as expected by the positive 

transcriptional upregulation of LRP1 by hypercholesterolemia [151]. In the presence of 

anti-P3 Abs, the cardiac membrane InsR levels and the InsR/LRP1 interactions were even 

higher than those found in the control group, suggesting that blocking LRP1 interactions 

with lipoproteins could be a highly efficient process for recovering a correct cardiac insulin 

response.  

Our ex vivo studies showed that reducing the levels of the InsR/LRP1 complexes by a HFD 

was directly responsible for alterations in InsR signaling, in agreement with previous 

studies showing the pivotal role of LRP1 in insulin-induced InsR phosphorylation [183–

185]. Further studies are now required to determine how intramyocardial CE accumulation 

impairs InsR/LRP1 complex formation, and how anti-P3 Abs overcomes this effect.  

Insulin and glucose metabolism are tightly related, and glucose transport across the cell 

membrane is strongly influenced by membrane fluidity [320] and modulated by cholesterol 

[321]. Our current results from ex vivo studies showed that hypercholesterolemic serum 

reduces insulin response in terms of glucose uptake, and that anti-P3 Abs restored this 

response. In rabbit hearts, we showed that GLUT4 trafficking to cardiac membrane was 

reduced in HFD IrP rabbits but recovered in HFD P3 rabbits. 

In line with our results, HFD-mediated membrane cholesterol loading seems to promote 

the loss of cortical actin filaments required for GLUT4 trafficking to the membrane (a 

hallmark of skeletal muscle insulin resistance) [322]. 

We showed that blocking intramyocardial CE accumulation with anti-P3 Abs was sufficient 

to restore insulin-induced InsR signaling, GLUT4 trafficking to plasma membrane, and 
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glucose uptake by HL-1 cardiomyocytes. Thus, LRP1-mediated CE accumulation is an early 

and reversible mechanism linking HFD to altered insulin response. Indeed, the multiple 

roles for LRP1 in mediating lipoprotein uptake [151,298], InsR signaling [183,184], and 

GLUT4 trafficking [183,323] also underpin the link between the cardiomyocyte 

intracellular CE accumulation and cardiac insulin signaling abnormalities. It is tempting to 

suggest that, by impairing LRP1 binding to CE-enriched lipoproteins, anti-P3 Abs preserve 

the interaction of LRP1 receptor with other receptors or transporters, such as InsR or 

GLUT4, respectively, facilitating their movement to plasma membrane. In addition, by 

reducing CE accumulation, anti-P3 Abs preserve InsR and GLUT4 trafficking. Further 

studies are required to explore these crucial mechanistic aspects connecting LRP1-

mediated intramyocardial CE accumulation and insulin resistance in peripheral tissues. As 

glucose uptake in the heart is largely controlled by insulin-sensitive mechanisms, insulin 

resistance is an obstacle for enhanced myocardial glucose utilization. In recent studies, the 

use of insulin-sensitizing agents, such as metformin or SGLT2 inhibitors, was shown to 

reduce the risk of cardiovascular death or hospitalizations for heart failure in patients with 

T2DM [324,325].  
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18 Conclusions of Study I  

 

 Lrp1 deficiency preserves corin activity in cardiomyocytes and favors increased 

ANP release into the bloodstream. 

 Increased circulating ANP levels activate the NPRA/cGMP/pVASP axis in the liver.  

 NPRA signaling in the liver is linked to AMPK phosphorylation, increased FA uptake 

and metabolism, and decreased hepatic TG accumulation. 

 Treatment with NPRA antagonist abolish the protection that lrp1 deficiency confers 

against metabolic alterations and obesity. 

 

19 Conclusions of Study II 

 

 Anti-P3 antibodies prevent the cholesteryl ester accumulation in the vasculature 

(aorta and carotid arteries)  

 P3 immunization efficiently blocks the formation of fatty streaks and pro-

inflammatory signaling in the aorta 

 Anti-P3 antibodies block foam cell formation from smooth muscle and macrophages 

 The beneficial effects of anti-P3 antibodies can be tracked using non-invasive 

imaging techniques, such as PET/CT and Doppler ultrasonography 

 

20 Conclusions of Study III 

 

 Anti-P3 antibodies decrease cholesteryl ester accumulation in the heart without 

affecting triglyceride accumulation. 

 The reduction in myocardial CE accumulation facilitates the recovery of InsR levels 

and InsR/LRP1 complex in cardiac membranes of hypercholesterolemic rabbits. 

 GLUT4 trafficking is recovered in cardiac membrane of P3-immunized rabbits fed a 

hypercholesterolemic diet 
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TRANSLATIONAL POTENTIAL OF THE THESIS  
Our results show that the favorable metabolic profile and increased energy expenditure in 

cm-Lrp1-/- mice are mainly dependent on ANP signaling involving hepatic AMPK activation. 

It has been described that patients with a low capacity to degrade active natriuretic 

peptides have better outcomes [326,327]. In humans, the main protective metabolic effects 

of ANP are related to the lipolytic effects of ANP in adipose tissue [328–330]. Indeed, high 

plasma natriuretic peptide levels have been associated with weight loss in humans 

[331,332]. Here, treatment of cm-Lrp1-/- mice with the NPRA antagonist restores energy 

expenditure to the levels of control mice, suggesting that ANP/NPRA signaling is involved 

in the increased energy expenditure and weight reduction of cm-Lrp1-/- mice. It will be 

interesting to test in humans whether ANP-induced hepatic FA uptake/oxidation is an 

additional mechanism contributing to the impact of high circulating natriuretic peptide 

levels on weight loss. According to the present study, low levels of Lrp1 expression in 

cardiomyocytes would contribute to the maintenance of high circulating natriuretic 

peptide levels. This could be very relevant in patients with metabolic disorders. A previous 

study from our group showed that sLRP1 and sLRP1/ANP ratio are elevated in persons 

with T2DM, and their temporal progression is closely related to glycemic and lipidic control 

(unpublished results). 

In the rabbit model, we demonstrate that immunization with P3 effectively blocks fatty 

streak formation in the aorta, and that these beneficial effects can be traced by non-

invasive imaging techniques, such as PET/CT and Doppler ultrasonography. Anti-P3 Abs 

counteracts the cellular proinflammatory signals that enable the recruitment of monocytes 

and VSMCs into the arterial intima. In addition, anti-P3 Abs are extremely effective in 

arresting foam cell formation of human macrophages and human coronary vascular 

smooth muscle cells. Immunization with P3 did not significantly alter the lipid profile but 

did reduce the intramyocardial accumulation of CE, which facilitated the recovery of the 

levels of InsR and the InsR/LRP1 complex in cardiac membranes of hypercholesterolemic 

rabbits. Furthermore, we demonstrated that GLUT4 trafficking is also recovered in the 

cardiac membrane of P3-immunized rabbits. 

The potent anti-inflammatory efficacy of anti-P3 Abs allowed the corroboration of 

treatment efficacy by non-invasive imaging techniques, such as 18F-FDG/PET and Doppler 

ultrasound, which gives high translational potential to this innovative immunotherapy that 

confers cardiac protection against atherosclerosis and heart failure. A major challenge for 

future research will be to design suitable molecular tools to reduce the vascular impact of 

most atherogenic lipoproteins. These results highlight the relevance of blocking LRP1 

interactions with lipoproteins as a highly efficient process to recover a cardiac insulin 

response in the context of dyslipidemia. Further studies are required to determine the 

mechanisms underlying the link between reduced EC accumulation in the heart and 
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restored insulin response. This aspect deserves further investigation, given the potential 

role of myocardial EC accumulation on insulin resistance in a wide range of cardiac 

diseases. The innovative immunization-based approach we took here, which differs from 

more traditional genetic or pharmacological techniques, showed specificity and selectivity 

in targeting cardiovascular EC accumulation. These findings have important therapeutic 

implications in the treatment of CVD and shed new light on the complex role of LRP1 in the 

regulation of cardiac insulin response associated with hypercholesterolemia, obesity, and 

T2DM. 
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