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ABSTRACT 

Nucleotide-binding oligomerization domain 1 (NOD1), a pattern recognition receptor (PRR) of the 

innate immunity which detects bacterial peptidoglycan and other damage signals, has also been 

related to inflammatory pathologies. This includes cardiovascular diseases (CVDs), dyslipidemia, 

diabetes, cancer or endocrine dysfunctions. Since both the immune system and the host gut 

microbiota are currently considered fundamental regulators of human health, and, indeed, they are 

closely related, its integrated study seems necessary. In addition, NOD1 is expressed by immune (i.e. 

neutrophils, monocytes/macrophages) and non-immune cells (i.e., smooth muscle cells, endothelial 

cells) as well as in a wide number of tissues (i.e. heart, aorta, bone marrow, spleen, liver, thyroid 

gland). When activated, it triggers complex defense responses. Hematopoiesis, leukocyte 

recruitment, chemokine release and kinases activation are critical events in these processes. This 

academic dissertation aims to unveil the role of NOD1 as a master regulator of immunometabolic 

processes, thyroid biology, extramedullary hematopoiesis, atherogenesis, neutrophil extracellular 

traps (NETs) and iron homeostasis while providing future research avenues and clinical applications. 

Pharmacological NOD1-targeting treatments or their combination with personalized 

immunonutrition, gut microbiota modulation, surgical methods or other translational biomedical 

approaches, could benefit the health of every single patient. 

 

RESUMEN 

El dominio de oligomerización de unión a nucleótidos 1 (NOD1), un receptor de reconocimiento de 

patrones (PRR) de la inmunidad innata que detecta el peptidoglicano bacteriano y otras señales de 

daño, ha sido también relacionado con diferentes patologías inflamatorias. Entre ellas se incluyen las 

enfermedades cardiovasculares (ECV), dislipidemia, diabetes, cáncer o disfunciones endocrinas. 

Dado que tanto el sistema inmune como la microbiota intestinal del huésped se consideran 

actualmente reguladores fundamentales de la salud y están estrechamente relacionados, su estudio 

integrado parece necesario. Además, el receptor NOD1, se expresa en células inmunes (como los 

neutrófilos o los monocitos/macrófagos) y no inmunes (células del músculo liso o células 

endoteliales), así como en una amplia cantidad de tejidos (entre otros, corazón, aorta, médula ósea, 

bazo, hígado, tiroides). Al activarse, desencadena respuestas de defensa complejas. La 

hematopoyesis, el reclutamiento de leucocitos, la liberación de quimiocinas y la activación de 

quinasas son eventos críticos en estos procesos. Esta tesis doctoral tiene como objetivo contribuir al 

conocimiento del papel de NOD1 como regulador clave en mecanismos inmunometabólicos, biología 

del tiroides, hematopoyesis extramedular, aterogénesis, trampas extracelulares de neutrófilos y 

homeostasis del hierro; al tiempo que abre futuras vías de investigación y aplicaciones clínicas. Los 

tratamientos farmacológicos dirigidos a NOD1 o su combinación con inmunonutrición personalizada, 

modulación de la microbiota intestinal, métodos quirúrgicos u otros enfoques biomédicos 

traslacionales podrían beneficiar notablemente la salud de cada paciente. 
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ABBREVIATIONS 

Non-standard abbreviations and acronyms  
 

5-HT: Serotonin 

ACD: anemia of chronic disease = AI 

ACS: acute coronary syndromes 

ACSL4: acyl-CoA synthetase long-chain family member 4 

AGM: aorta-gonad-mesonephros 

AI: anemia of inflammation = ACD 

AIBP: non-cellular autonomously acting protein binding protein apoA-I 

AIM2: absent in melanoma-like 2 receptors 

AITD: autoimmune thyroid disease 

Atgl: patatin-like phospholipase domain-containing protein 2 

ATM: ataxia-telangiectasia mutated 

ATR: ATM and Rad3-related 

BA: bile acids 

BACH1: heme-binding transcriptional repressor Btb and Cnc Homology 1 

BAT: brown adipose tissue 

BBB: blood-brain barrier  

BM: bone marrow 

BMDM:  bone-marrow derived macrophage 

BMP-SMAD: bone morphogenetic protein-SMAD 

BSH: bile salt hydrolase 

c12-iE-DAP: NOD1 agonist/activator iE-DAP 

CAD: coronary artery disease 

CARD: N-terminal caspase recruitment and activation domain or dominio N-terminal de 

reclutamiento y activación de caspasas 

CCL2: CC chemokine ligand 2 

CD: celiac disease 

C. difficile: Clostridium difficile 

C/EBPβ: CCAAT/enhancer-binding protein β 

CHD: chow diet 

CIITA: MHC class II transcription activator 

CsA: cyclosporine A 

CSF1: colony stimulating factor 1 

CVDs: cardiovascular Diseases 

D1, D2, D3: iodothyronine deiodinases 

D1 activity: type 1 deiodinase activity 



   Doctoral Thesis of B. Victoria Fernández-García 

2 
 

D2 activity: type 2 deiodinase activity 

DAMP: damage-associated molecular patterns 

DAP: meso-diaminopimelic acid or mDAP 

DCs: dendritic cells 

DHA: docosahexaenoic acid 

DMT1: divalent metal transporter 1 

dsDNA: double-stranded DNA 

dsRNA: double-stranded RNA 

E. coli: Escherichia coli 

ECVs: enfermedades cardiovasculares 

EECs: enteroendocrine cells 

EMH: extramedullary hematopoiesis  

ELISA: enzyme-linked immunosorbent assay 

EMR1: epidermal growth factor module-containing mucin-like receptor 1 

EPCs: endothelial progenitor cells  

ER: endoplasmic reticulum  

ERα: estrogen receptor α  

eWAT: epididymal white adipose tissue 

FACS: fluorescent Activated Cell Sorter 

FC:   fibrous cap 

FCHO: free cholesterol  

FFAA: fatty acids 

FPN1: ferroportin 1 

FSP1: ferroptosis suppressor protein 1 

FT3: free thyroid T3 

FT4: free thyroid T4  

FTL: ferritin light chain 

FXR: bile acid-activated farnesoid X nuclear receptor 

G-CSF: granulocyte colony stimulating factor 

GEF-H1: guanidine exchange factor H1 

GM-CSF: granulocyte-macrophage-colony stimulating factor 

GPX4: glutathione peroxidase 4 

GRP41, GRP43: G protein-coupled fatty acid receptors 

GSH: glutathione 

GSNO: nitric oxide donor S-nitrosoglutathione 

GSTA1: glutathione-S-transferase α-1 

GSTP1: glutathione-S-transferase pi-1 

GTT: glucose tolerance test 
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HCV: hepatitis C virus  

HDL: high-density lipoprotein-cholesterol 

HE:  hematoxylin-eosin 

HET-E: incompatibility locus protein from Podospora anserine 

HEM: hematopoyesis extramedular 

HFD:  high-fat diet  

HO-1: heme oxygenase 1 

H. pylori: Helicobacter pylori 

HSCs: hematopoietic stem cells 

HSPCs: hematopoietic stem and progenitor cells 

IBD: inflammatory bowel disease  

ICP-MS: inductively coupled plasma mass spectrometry 

iE-DAP: γ-D-glutamyl-meso-diaminopimelic acid or ácido D-glutamil-meso-

diaminopimélico 

iE-Lys: inactive structural analogue of c12-iE-DAP that does not activate NOD1 

IFN-γ: interferon-γ 

IL-6: interleukin-6 

IL-6/STAT3: interleukin-6/signal transducer and activator of transcription 3 

IL-23: interleukin-23 

IR: ionizing radiation 

IRP1-HIF2α: iron regulatory protein 1-hypoxia inducible factor 2α 

ISGF3: IFN-stimulated gene factor 3 complex 

ISIN: International Society for Immunonutrition  

iWAT: inguinal white adipose tissue 

JNK: C-Jun N-terminal kinase 

KO: knockout 

LDL: low-density lipoprotein-cholesterol  

Lipe: hormone-sensitive lipase 

LOXs: lipoxygenases 

Lox1: oxidized low-density lipoprotein receptor 1 = Olr1 

Lpl: lipoprotein lipase 

LPS: lipopolysaccharide 

LRR: C-terminal leucine-rich repeat domain or dominio C-terminal rico en leucina 

repetido 

LSH: lymphoid-specific helicase 

M1 macrophages: pro-inflammatory macrophages 

M2 macrophages: anti-inflammatory/pro-resolving macrophages 

MAMPs: microbes associated molecular patterns  
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MAP3K7: mitogen-activated protein kinase kinase kinase 7, also known as TAK1 

MAPK: mitogen-activated protein kinase 

MCL: medium chain length fatty acids 

M-CSF: macrophage colony-stimulating factor 

mDAP: meso-diaminopimelic acid 

MDP: muramyl-dipeptide 

MIF: migration inhibitory factor 

miRNAs: microRNAs  

MPO: myeloperoxidase 

MRP1: multidrug resistance-associated protein 1 

Msr1: Sr-a, macrophage scavenger receptor 1 

MUFA: monounsaturated fatty acids 

MZ: marginal zone 

NAFLD: non-alcoholic fatty liver disease 

NAG: N-acetylglucosamine 

NAIP: neuronal apoptosis inhibitory protein 

NAM: N-acetylmuramic acid 

NBD domain: long nucleotide-binding NACHT domain or dominio central largo NACHT 

de unión a nucleótidos 

NC: necrotic core 

NCOA4: nuclear receptor coactivator 4 

NDB: number of double bonds in fatty acids 

NEFA: non-esterified fatty acids 

NETs: neutrophil extracellular traps or trampas extracelulares de neutrófilos 

NETosis: NETs related-cell death or muerte celular asociada con las NETs 

NF-κB: nuclear factor kappa B 

MGST1: microsomal glutathione-transferase 1 

NK: natural killer cells 

NLR: nucleotide-binding domain and leucine-rich repeat 

NOD1: nucleotide-binding oligomerization domain-1 

Nodinitib-1: NOD1 antagonist 

NOS3: endothelial nitric oxide synthase 

NRF2: nuclear factor erythroid 2-related factor 

Olr1: oxidized low-density lipoprotein receptor 1 = Lox1 

OMV: outer membrane vesicles 

OPSI: overwhelming post-splenectomy infection 

ORO: Oil Red O  

OTUs:  operational taxonomic units 
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oxLDL:  oxidized low-density lipoprotein or lipoproteínas oxidadas de baja densidad  

p38-MAPK: p38 mitogen-activated protein kinase 

PALS: periarteriolar lymphoid sheath 

PET/CT: positron emission tomography/computed tomography or tomografía por 

emisión de positrones/tomografía computarizada 

PFA: paraformaldehyde 

PGN: peptidoglycan or murein or peptidoglicano 

PI3K/Rac1: phosphoinositide 3-kinase/RAS-related C3 botulinum toxin substrate 1 

PMADs: patrones moleculares asociados a daño 

PMAMs: patrones moleculares asociados con microbios 

PMAPs: patrones moleculares asociados con patógenos 

Pnpla3: patatin-like phospholipase domain-containing protein 3 

PUFA: polyunsaturated fatty acids 

PU/UFA: polyunsaturated/unsaturated fatty acids 

q(RT)-PCR: quantitative real-time (RT) polymerase chain reaction 

RBCs: red blood cells 

REE: resting energy expenditure 

rHDL: reconstituted HDL  

RhoA: RAS homolog family member A, Rho GTPase 

RIP2 or RICK: receptor-interacting protein-2 

ROS: reactive oxygen species 

RP: red pulp 

RRP: receptor de reconocimiento de patrones 

RSL3: RAS-selective lethal 3 

RT-qPCR: quantitative reverse transcription polymerase chain reaction 

PAMPs: pathogen associated molecular patterns 

PBMCs: peripheral blood mononuclear cells 

PRRs: pattern recognition receptors 

PUFA: polyunsaturated fatty acids 

PYY: peptide YY  

S1P: sphingosine-1-phosphate 

S1PR: sphingosine-1-phosphate receptor 

S14: thyroid hormone responsive spot 14 protein or THRSP 

Sat. Index: saturation index 

SFA: saturated fatty acids 

SAT: subacute thyroiditis 

S. aureus: Staphylococcus aureus 

SCFA: short-chain fatty acids  
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SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SLC7A11: cysteine-glutamate solute carrier family 7 member 11 

SLC15: solute transporter family 15 

SMA: anti-smooth muscle α-actin 

SMC: smooth muscle cell 

SPI-2: Salmonella pathogenicity island 2 

S. pneumoniae: Streptococcus pneumoniae 

SRA: scavenger receptor class A 

SR-BI: scavenger receptor type BI 

ssDNA: single-stranded DNA  

STAT3: signal transducer and activator of transcription 3 

STYK1/ NOK: serine threonine tyrosine kinase 1/novel oncogene with kinase domain 

S. Typhimurium: Salmonella enterica serovar Typhimurium 

T2D: type 2 diabetes 

T3: 3,3´, 5-triiodo-L-thyronine  

T4: 3,3´, 5,5´ tetraiodo-L-thyroxine 

T3SS: virulence-associated type III secretion systems 

T4SS: virulence-associated type IV secretion systems 

TAG: triglycerides 

TAK1: mitogen-activated protein kinase kinase kinase 7, also known as MAP3K7 

TCA: tricarboxylic acid cycle 

TCHO: total cholesterol 

TFRs: transferrin receptors 

Th1: T helper 1 cell 

THRSP: thyroid hormone responsive spot 14 protein or S14 

TLR4/NF-κB: toll-like receptor 4/nuclear factor κB 

TLRs: toll-like receptors  

TP1: telomerase-associated protein 

TRH: thyrotropin-releasing hormone 

TSH: thyroid-stimulating hormone 

TXNRD1: thioredoxin reductase 

UFA: unsaturated fatty acids 

VLA-4: very late antigen-4 

WHO: World Health Organization  

WP: white pulp  

WT: wild-type 

YAP/TAZ: yes-associated protein 1/transcription adaptor putative zinc finger 
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INTRODUCTION 

 

Nucleotide-Binding Oligomerization Domain-1 (NOD1): the fine line between health 

or disease 

Nucleotide-Binding Oligomerization Domain-1 (NOD1) is a Pattern Recognition Receptor 

(PRR) of the innate immunity initially discovered for its functions of regulation of 

apoptosis and NF-κB activation pathways, and mainly known to be activated by 

infections [1] [2]. NOD1 recognizes its ligand through the C-terminal LRR domain that, 

upon ligand binding, triggers the oligomerization of the protein that facilitates the 

binding and subsequent activation of the receptor interacting protein-2 (RIPK2). As 

shown in Figure 1, this mechanism leads to downstream signaling pathways activation 

[3].  PRRs are also involved in highly prevalent, chronic or even mortal pathologies, such 

as inflammatory or immunometabolic disorders, cancer, thyroid dysfunctions or 

cardiovascular diseases (CVDs).  

 

Figure 1. Pattern Recognition Receptor (PRRs), like TLRs (Toll-Like Receptors) or NLRs (Nod-Like 

Receptors), recognize molecular patterns associated with microbes or pathogens (MAMPs or PAMPs) or 

danger associated molecular patterns (DAMPs) and become activated. Among NLRs, NOD1 (Nucleotide-

Binding Oligomerization Domain-1) is a cytoplasmic PRR of the innate immunity which is expressed both 

in nonhematopoietic cells (such as endothelia) or hematopoietic and immune cells (e.g., 

monocytes/macrophages, neutrophils, NK cells, lymphocytes). The structure of this PRR includes an N-

terminal caspase recruitment and activation domain (CARD), a central long nucleotide-binding NACHT 

domain (NBD), which mediates oligomerization; and a C-terminal leucine-rich repeat domain (LRR). NOD1 
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recognizes either components of the bacterial cell wall (peptidoglycan (PGN)), or synthetic analog D-

glutamyl-meso-diaminopimelic acid (iE-DAP)), or other DAMPs such as oxidized low density lipoproteins 

(oxLDL) or reactive oxygen/nitrogen species (ROS). This recognition triggers complex signaling routes 

including innate and adaptive immune responses, immune memory training or normal homeostasis. 

However, impairments in NOD1 activation lead to cell/organ dysfunction, the development of 

autoimmunity and other diseases.  

 

NOD1, microbiota and immunometabolism 

Due to NOD1 double function in inflammatory disorders and infections, added to the 

growing interest in the human microbiome as a key factor in human health or disease, 

deciphering the contribution of NOD1 to the immunometabolic adaptations involved 

becomes relevant.  In this sense, NOD1 activation, certain cell damage signals and the 

intake of a diet rich in lipids, are closely related to the microbiome, highlighting the 

importance of their integrated study [4] [5] [6] [7].  

 

The microbiota-NOD1-thyroid function axis 

Moreover, the human microbiota has been related to chronic disorders such as cancer, 

thyroid dysfunction or CVDs and NOD1 has also been associated with these diseases. For 

instance, the links between thyroid hormones homeostasis and the immune system 

have been extensively described and accordingly, changes in the normal gut microbiota 

content imply the activation of the immune response while leading to different 

disorders including endocrine system dysregulation. However, NOD1 intervention in 

these processes remains practically unknown [8] [9] [10]. 

 

The immune system as a target for novel therapies: NOD1-immunonutrition 

approaches 

Immune responses comprise several complex levels of defense based on barriers, 

cellular-mediated defense or mechanisms involving soluble components. The immune 

system fiercely protects the subject but its impairment can also trigger serious disorders. 

Therefore, immunonutrition, an interdisciplinary and emerging science that studies 

immunity, nutrition, infection, inflammation and injury, constitutes a field with great 

potential in Biomedicine. Since NOD1 is closely related to the immune system and a wide 

range of metabolic processes and dysfunctions like cancer and CVDs, an integrated study 

of the potential use of this PRR in targeted individual immunonutrition approaches 

would be useful [11] [12].  
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NOD1 in atherosclerosis 

Regarding CVDs, the 1st cause of death worldwide and taking an estimated 17.9 million 

lives each year, according to the World Health Organization (WHO), atherosclerosis is 

considered the main underlying pathology [13]. Atherosclerosis is a chronic 

inflammatory disease with progressive accumulation of lipids, fibrotic materials and 

leukocytes in arteries and exacerbated inflammatory response. With risk factors like 

dyslipidemia and hypertension, atherogenesis causes myocardial infarction, angina, 

stroke and heart failure [14] [15]. It has been a long time since immunity was directly 

linked to atherosclerosis. Danger-Associated Molecular Patterns (DAMPs), such as 

cholesterol or oxidized low density lipoprotein particles (oxLDLs), cause inflammation 

and trigger the atherosclerotic process upon recognition by innate immunity PRRs. Toll-

like receptors (TLR), NOD-like receptors (NLR), C-type lectin-like receptors (CLR), RIG-like 

receptors (RLR), and cytosolic DNA sensors (CDS) are families of PRRs [16] [17]. However, 

they are mainly known by their activation in case of infection, when recognition of 

Pathogen-Associated Molecular Patterns (PAMPs) initiates a pro-inflammatory signaling 

that triggers host defense responses. For instance, leukocytes produce cytokines and/or 

antimicrobial compounds in response to PRR stimulation, and their exacerbated 

activation can lead to inflammatory immunopathology. Subsequently, antigen-

presenting cells are further induced, initiating the adaptive immunity. Of note, studies 

related to modify or interrupt PRRs signaling have encouraged the so-called innate 

immunopharmacology. Thus, the development of new therapies aimed at PRRs 

targeting seem a promising treatment for inflammatory diseases [5] [6]. Our group has 

studied NOD1 in the regulation of immune response in the early atherosclerotic onset. 

Phenotypic and physiological characterization of Apoe-/- Nod1-/- mice has been made in 

comparison to Apoe-/- to elucidate the molecular mechanism involved in the 

development of atherosclerosis. NOD1 is induced in murine atherosclerotic tissues and 

its inactivation reduces early disease. After the detection of pathogenic microorganisms 

and other ligands, NOD1 regulates the expression of VCAM-1 in endothelial cells, which 

regulates leukocyte infiltration and plaque inflammation [5]. 

 

Enhanced hematopoiesis aggravates the atherosclerotic onset 

Additionally, the production of inflammatory cells (monocytes, neutrophils) in the bone 

marrow (BM) and spleen, termed hematopoiesis, after being exacerbated under 

hypercholesterolemic conditions, aggravates the atherogenic process. In addition, we 

have previously demonstrated that there is a significant decrease in the recruitment and 

adhesion of monocytes and neutrophils in the inflamed vessels of pro-atherogenic mice 

lacking NOD1 (Apoe-/-Nod1-/-) [5]. This fact demonstrates the contribution of PRRs in the 
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recruitment of leukocytes in response to damage, showing the importance of NOD1 in 

the early mobilization of myeloid cells in vessels with an inflammatory tendency. Since 

PRRs are involved in innumerable routes, metabolic processes and prevalent diseases, 

all this evidence encourages us to investigate the function of NOD1 in this pathological 

context. Though previous studies on its role in infections and the formation of the 

atheromatous plaque have paved the way, the hereby described dissertation is dealing 

with the functions of this immune receptor within the spleen. 

 

From classical to extramedullary hematopoiesis: a role for NOD1 in the splenic 

contribution to the atheroma layer 

Besides, the ability of hematopoietic stem cells (HSC) to mobilize from the bone marrow 

and extramedullary tissues is quite complex and far from our current understanding. 

However, what is clear is its close relation to cholesterol metabolism, 

hypercholesterolemia and atherosclerosis. Extramedullary hematopoiesis (EMH) refers 

to the production of blood cells outside the bone marrow when there is inadequate 

production of blood cells (chronic hematological disorders, leukemia, etc.) or there are 

altered metabolic conditions like hypercholesterolemia. It involves the liver, spleen and 

lymph nodes. Recent studies indicate that EMH complements the hematopoietic 

function of BM producing circulating inflammatory cells that infiltrate atherosclerotic 

lesions and it further contributes to the progression of the disease. These were 

encouraging elements to initiate assays on NOD1 [18] [19] [15].  The spleen provides 

inflammatory monocytes and myeloid cells progenitors to the growing atheroma and it 

is an important myelopoietic organ with different hematological and immunological 

functions. Actually, Robbins et al. (2012) was the first to determine that the spleen, with 

a reservoir of undifferentiated monocytes at a steady-state, is a major provider of 

inflammatory monocytes to the growing atheroma layer, increasing the production of 

ROS that gives rise to lipid-laden macrophages (foam macrophages). In addition, the 

spleen contains progenitors of proliferating myeloid cells, making it an important 

lymphopoietic organ with hematological and immunological functions [19] [15].  

 

Updates in atherosclerosis: ¿neutrophil extracellular traps (NETs) and NOD1? 

Beyond the cellular component, other factors such as certain molecules (cytokines, 

reactive oxygen metabolites or even a complex net-like structure of nuclear chromatin 

and several proteins released by activated neutrophils and termed NETs), have been 

demonstrated to play a preeminent role in the development of atherosclerosis. In this 

regard, NETs can induce the activation of antigen-presenting cells, endothelial cells, and 

platelets, enhancing a proinflammatory immune milieu. Because NETs and NETs-related 
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cell death (NETosis) are considered a key connection between innate immunity, 

inflammation, oxidative stress, and cardiovascular disease, our group aimed to study 

these mechanisms under a NOD1 signaling pathway onset [20] [21] [22].  

 

NOD1, ferroptosis and iron metabolism regulation in atherosclerosis 

Given the importance of cell death mechanisms, such as apoptosis and ferroptosis, both 

in inflammation and within atherosclerotic lesions, and their relation to intracellular 

phospholipid peroxidation, we further aimed to investigate the role of NOD1 regarding 

iron homeostasis. Since iron metabolism is tightly regulated by the interaction of 

different iron-processing organs and cells, like hematopoietic cells and derived lineages 

such as macrophages, which, in turn, are key contributors to atherosclerosis, the 

relationship among these processes and cells was studied in this context [23] [24] [25].  

 

The atherosclerotic process as a target for novel imaging techniques 

It is a fact that the use of imaging techniques in the evaluation of atherogenic lesions 

has been gaining importance over the last few years. This is due to the attempt to 

determine both the magnitude and the stability of the atheromatous plaque. 

Furthermore, modern imaging techniques, such as positron emission 

tomography/computed tomography (PET/CT) that can employ tracers such as 11C-

acetate, allow discerning between concrete subsets of myeloid cells affecting the 

atheromata. For instance, it is possible to label antiinflammatory/pro-resolution intra-

plaque macrophages, with the diagnostic and clinical advantages that this entails. This 

is based on the divergence in the acetate uptake by polarized stimulated macrophages 

[26] [27]. 

 

Advanced disease in a NOD1-dependent manner 

In addition, atherosclerosis is a dynamic process that progresses from early to advanced 

lesions, involving PRRs, different cell types, and complex signaling routes. This may lead 

to vulnerable plaques, thrombotic events, and subsequently risk of acute coronary 

syndromes (ACS), the main cause of morbidity and mortality in western societies. 

Exacerbated infiltration of inflammatory leukocytes and a large necrotic core 

surrounded by a thin fibrous cap characterize vulnerable plaques. When the fibrous cap 

is destabilized, this leads to its rupture or erosion, exposing to the bloodstream the 

necrotic core content, which is highly thrombogenic. As a consequence, platelets and 

fibrin aggregate forming a thrombus which results in total or partial blockage of the 

artery, ischemia, occlusion and associated ACS. Despite the clinical importance of this 
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process, the mechanisms involved in plaque destabilization and rupture as well as NOD1 

contribution, remains unclear [28] [29].  

 

NOD1 at the crossroads of immunometabolism and precision medicine 

Overall, the novelty of the work developed during this academic dissertation resides in 

continuing the experimental lines and research carried out in the laboratory in an 

unprecedented and multidisciplinary way. The functions of the immune receptor NOD1 

in immunometabolic adaptations or in the secondary hematopoietic organs and, 

especially in the spleen, as well as the molecular mechanisms involved and their possible 

agonists and antagonists, are not yet elucidated under these complex inflammatory 

contexts. There are studies of NOD1 concerning its role in infections and its contribution 

to the formation and development of atheromatous plaque; however, its dynamics and 

importance in other organs and tissues are still unknown, where it could be regulating 

key metabolic processes. 

There have been developed novel mouse models of early atherosclerosis or 

atherosclerotic plaque destabilization that will be used in our study to reproduce human 

traits of acute coronary syndromes, but any of them have focused on NOD1 before [29].  

Moreover, given the current prevalence and the WHO forecast for inflammatory, 

immunometabolic and CVD, it seems crucial to study these intricate processes, identify 

pharmacological targets and design personalized strategies for the treatment of these 

diseases. This includes novel drugs directed to specifically block the activity of NOD1 and 

undoubtedly supposes promising forthcoming clinical, social and economic benefits [6] 

[7]. 
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Working hypothesis and developed studies 

Therefore, considering the antecedents previously exposed, we formulated the 

following working hypothesis: NOD1, due to its ability to integrate signals associated 

with the microbiota and cell damage, articulates additional responses to the activity of 

other receptors involved in the recognition of various molecular patterns, thus 

contributing in this way to the regulation of the pathophysiology of the inflammatory 

response. The following studies were carried out. Here we only show the theme and the 

original contribution of the author, in later sections they will be developed in greater 

depth. 

 

1. NOD1 in the interplay between microbiota and 
gastrointestinal immune adaptations 
 

Original contribution from the doctoral student: V.F.-G. wrote the publication, 

designed the figures and revised the manuscript [3]. 

 

2. Beyond classic concepts in thyroid homeostasis: immune 
system and microbiota 
 

Original contribution from the doctoral student: V.F.-G. wrote the publication, 

designed the figures and revised the manuscript [8]. 

 

3. NOD1 deficiency promotes an imbalance of thyroid 
hormones and microbiota homeostasis in mice fed high fat diet 
 

Original contribution from the doctoral student: V.F.-G performed experiments, 

analyzed data and revised the manuscript [9]. 

 

4. NOD1-targeted immunonutrition approaches: on the way 
from disease to health 
 

Original contribution from the doctoral student: V.F.-G. wrote the original draft and the 

edited versions, designed the figures and revised the manuscript [11]. 

 

5. Contribution of extramedullary hematopoiesis to 
atherosclerosis. The spleen as a neglected hub of inflammatory 
cells  
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Original contribution from the doctoral student: V.F.-G. wrote the publication, 

designed the figures and revised the manuscript [18]. 

 
6. High-fat diet activates splenic NOD1 and enhances 
neutrophil recruitment and neutrophil extracellular traps release 
in the spleen of ApoE-deficient mice 
 

Original contribution from the doctoral student: V.F.-G. designed the study, performed 

experiments, analyzed data, wrote the publication, designed the figures and graphical 

abstract and revised the manuscript [20]. 

 

7. NOD1 splenic activation confers ferroptosis protection and 
reduces macrophage recruitment under pro-atherogenic 
conditions 
 

Original contribution from the doctoral student: V.F.-G. designed the study, performed 

experiments, analyzed data, wrote the publication, designed the figures and graphical 

abstract and revised the manuscript [23]. 

 

8. Unraveling the interplay between iron homeostasis, 
ferroptosis and extramedullary hematopoiesis  
 

Original contribution from the doctoral student: V.F.-G. wrote the publication, 

designed the figures and graphical abstract and revised the manuscript [30]. 

 

9. Use of 11C-acetate PET imaging in the evaluation of 
advanced atherogenic lesions 
 

Original contribution from the doctoral student: V.F.-G. co-wrote the publication, and 

revised the manuscript [27]. 

 

10. Deletion or inhibition of NOD1 favors plaque stability and 
attenuates atherothrombosis in advanced atherogenesis 
 

Original contribution from the doctoral student: V.F.-G. performed experiments, 

analyzed data, designed the graphical abstract and revised the manuscript [28]. 
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INTRODUCCIÓN 

 

Nucleotide-Binding Oligomerization Domain-1 (NOD1): la fina línea entre la salud o la 

enfermedad 

Nucleotide-Binding Oligomerization Domain-1 (NOD1) es un receptor de 

reconocimiento de patrones (RRP) de la inmunidad innara descubierto originalmente 

por sus funciones regulatorias de la apoptosis y de las rutas de activación de NF-κB, y 

principalmente conocido por ser activado en caso de infección [1] [2]. NOD1 reconoce a 

su ligando a través del dominio C-terminal rico en leucina repetido (LRR domain), el cual, 

tras la unión del ligando, desencadena la oligomerización de la proteína que facilita la 

unión y posterior activación del receptor RIPK2 (receptor interacting protein-2). Como 

muestra la Figura 1, éste mecanismo conlleva la activación de subsiguientes rutas de 

señalización [3].  Los RRPs se encuentran también asociados a patologías altamente 

prevalentes, crónicas o incluso mortales, como los desórdenes inflamatorios o 

inmunometabólicos, el cáncer, las disfunciones tiroideas o las enfermedades 

cardiovasculares (ECVs).  

 

Figura 1. Los receptores de reconocimiento de patrones (RRPs), como los TLRs (Toll-Like Receptors) o los 

NLRs (Nod-Like Receptors), reconocen patrones moleculares asociados con microbios o patógenos 

(PMAMs o PMAPs) o patrones moleculares asociados a daño (PMADs) y se activan. Entre los NLRs, NOD1 

(Nucleotide-Binding Oligomerization Domain-1) es un RRP citosólico de la inmunidad innata el cual se 

expresa tanto en células no hematopoyéticas (como las endoteliales) como en las células 

hematopoyéticas o las células inmunes (por ejemplo, monocitos/macrófagos, neutrófilos, células NK, 
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linfocitos). La estructura de este RRP incluye un dominio N-terminal de reclutamiento y activación de 

caspasas (CARD), un dominio central largo NACHT de unión a nucleótidos (NBD), el cual media la 

oligomerización; y un dominio C-terminal rico en leucina repetido (LRR). NOD1 reconoce tanto 

componentes de la pared celular bacteriana (peptidoglicano (PGN)), como el análogo sintético ácido D-

glutamil-meso-diaminopimélico (iE-DAP)), u otros PMADs como las lipoproteínas oxidadas de baja 

densidad (oxLDL) o las especies reactivas de oxígeno/nitrógeno. Este reconocimiento desencadena 

complejas rutas de señalización que incluyen las respuestas inmunitarias innata y adaptativa, 

entrenamiento de la memoria inmunológica o la homeostasis normal. Sin embargo, alteraciones en la 

activación de NOD1 llevan a disfunción celular u orgánica, el desarrollo de autoinmunidad y otras 

enfermedades. 

 

NOD1, microbiota e inmunometabolismo 

Debido a la doble función de NOD1 en desórdenes inflamatorios e infecciones, sumado 

al creciente interés en el microbioma humano como factor clave en la salud o 

enfermedad humanas, descifrar la contribución de NOD1 a las adaptaciones 

inmunometabólicas involucradas resulta esencial. En este sentido, la activación de 

NOD1, ciertas señales de daño celular y la ingesta de una dieta rica en lípidos se 

encuentran íntimamente relacionadas con el microbioma, destacando la importancia de 

su estudio integrado [4] [5] [6] [7].  

 

El eje microbiota-NOD1-tiroides 

Por otra parte, la microbiota humana ha sido relacionada con desórdenes crónicos tales 

como el cáncer, la disfunción tiroidea o las ECVs y NOD1 ha sido también asociado con 

estas enfermedades. Como ejemplo, los nexos entre la homeostasis de las hormonas 

tiroideas y el sistema inmune han sido descritos ampliamente y de acuerdo a ello, 

cambios en la microbiota intestinal normal implican la activación de la respuesta inmune 

al mismo tiempo que llevan a distintos desórdenes que incluyen la disfunción del 

sistema endocrino. Sin embargo, la intervención de NOD1 en estos procesos es 

prácticamente desconocida [8] [9] [10]. 

 

El sistema inmune como diana para nuevas terapias: estrategias basadas en NOD1 e 

inmunonutrición 

La respuesta inmune comprende diferentes y complejos niveles de defensa basados en 

barreras, defensa mediada por células o mecanismos en los que participan 

componentes solubles. El sistema inmunológico protege fuertemente al sujeto pero su 

desajuste puede conllevar también a graves enfermedades. Por lo tanto, la 
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Inmunonutrición, una ciencia interdisciplinar y emergente que estudia la inmunidad, la 

nutrición, la infección, la inflamación y el daño tisular y celular, constituye un campo con 

gran potencial para la Biomedicina. Dado que NOD1 se encuentra profundamente 

relacionado con el sistema inmune y con una amplia gama de procesos metabólicos y 

enfermedades tales como cáncer y ECVs, un estudio integrado del uso potencial de este 

RRP en estrategias individuales y específicas de Inmunonutrición sería muy ventajoso 

[11] [12].  

 

NOD1 en aterosclerosis 

Respecto a las ECVs, la primera causa de muerte a nivel global y con una mortalidad 

asociada de 17,9 millones de vidas cada año, según la Organización Mundial de la Salud 

(WHO), la aterosclerosis es considerada la principal patología subyacente [13]. 

La aterosclerosis es una enfermedad crónica e inflamatoria que cursa con una 

acumulación progresiva de lípidos, material fibrótico y leucocitos en las arterias, así 

como con una respuesta inflamatoria exacerbada. Presentando factores de riesgo como 

la dislipidemia o la hipertensión, la aterogénesis puede llegar a causar infarto de 

miocardio, angina, accidente cerebrovascular y fallo cardíaco [14] [15]. La asociación 

entre inmunidad y atherosclerosis es conocida desde hace tiempo. Patrones 

moleculares asociados a daño (PMADs), tales como el colesterol o las lipoproteínas 

oxidadas de baja densidad (oxLDLs), causan inflamación y desencadenan el proceso 

aterosclerótico al ser reconocidas por los RRPs de la inmunidad innata. Los receptores 

TLR (Toll-like receptors), NLR (NOD-like receptors), CLR (C-type lectine-like receptors), 

RLR (RIG-like receptors), y los CDS (cytosolic DNA sensors) son diferentes familias de RRPs 

[16] [17]. Sin embargo, son principalmente conocidos por su activación en caso de 

infección, cuando el reconocimiento de patrones moleculares asociados a patógenos 

(PMAPs) inicia una señalización pro-inflamatoria que desencadena respuestas de 

defense en el huésped. Por ejemplo, los leucocitos producen citoqinas y/o compuestos 

antimicrobianos en respuesta a la estimulación del RRP, y su activación exacerbada 

puede traducirse en inmunopatologías inflamatorias. Con posterioridad, se induce la 

actividad de las células presentadoras de antígeno, iniciando la inmunidad adaptativa. 

Debe destacarse que estudios asociados a modificar o interrumpir la señalización de los 

RRPs han alentado el desarrollo de la denominada inmunofarmacología del sistema 

inmune innato. Debido a ello, el diseño de nuevas terapias dirigidas a establecer PRRs 

como dianas farmacológicas suponen tratamientos prometedores para las 

enfermedades inflamatorias [5] [6]. Nuestro grupo ha realizado estudios sobre NOD1, 

RRP intracelular, en la regulación de la respuesta inmune en el marco de la aterosclerosis 

temprana. La caracterización fenotípica y fisiológica de ratones Apoe-/- Nod1-/- frente a 
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ratones Apoe-/- ha sido llevada a cabo para elucidar el mecanismo molecular implicado 

en el desarrollo de aterosclerosis. Se ha determinado que el receptor NOD1 se induce 

en tejidos ateroscleróticos murinos y que su inactivacion reduce la enfermedad 

temprana. Tras la detección de microorganismos patógenos y otros ligandos, NOD1 

regula la expression de VCAM-1 en células endoteliales, lo que modula la infiltración 

leucocitaria y la inflamación en la placa de ateroma [5]. 

 

El aumento de la hematopoyesis agrava el contexto aterosclerótico 

Adicionalmente, la producción de células inflamatorias (monocitos, neutrófilos) en la 

médula ósea y el bazo, denominada hematopoyesis, tras ser exacerbada bajo 

condiciones de hipercolesterolemia, empeora el proceso aterogénico. Además, nuestro 

grupo había demostrado previamente que existe una disminución significativa del 

reclutamiento y adhesion de monocitos y neutrófilos en los vasos inflamados de ratones 

proaterogénicos que carecen de NOD1 funcional (Apoe-/-Nod1-/-) [5]. Este hecho 

demuestra la contribución de los RRPs en el reclutamiento de leucocitos en respuesta a 

daño, destacando la importancia de NOD1 en la movilización temprana de células 

mieloides en vasos con tendencia inflamatoria. Dado que los RRPs están involucrados 

en numerosas rutas, procesos metabólicos y enfermedades altamente prevalentes, 

todas estas evidencias nos animaron a investigar la función de NOD1 en este contexto 

patológico. Aunque los estudios previos sobre su papel en las infecciones y en la 

formación de la placa de ateroma han allanado previamente el camino, la tesis doctoral 

aquí presentada trata las funciones de este receptor inmune dentro del bazo. 

 

De la hematopoyesis clásica a la extramedular: un papel para NOD1 en la contribución 

del bazo a la capa de ateroma 

La capacidad de las células madre hematopoyéticas para movilizarse desde la médula 

ósea hasta los tejidos extramedulares es muy compleja y está aun lejos de nuestra 

completa comprensión por el momento. Sin embargo, sí son claras sus estrechas 

conexiones con el metabolismo del colesterol, la hipercolesterolemia y la aterosclerosis. 

La hematopoyesis extramedular (HEM) hace referencia a la producción de células de la 

sangre fuera de la médula ósea cuando existe una producción inadecuada de las mismas 

(debido a trastornos hematológicos crónicos, leucemia, etc.) o se presentan alteraciones 

en las condiciones metabólicas, como hipercolesterolemia. El hígado, el bazo y los 

nódulos linfáticos se encuentran implicados. Estudios recientes indican que la HEM 

complementa la función hematopoyética de la médula ósea, produciendo células 

inflamatorias circulatorias que se infiltran en las lesiones ateroscleróticas y contribuyen 

a la progresión de la enfermedad. Estos fueron elementos alentadores para iniciar 
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ensayos en relación a NOD1 [18] [19] [15].  El bazo proporciona monocitos inflamatorios 

y progenitores de las células mieloides a la capa de atheroma en crecimiento y es un 

importante órgano hematopoyético con diferentes y variadas funciones hematológicas 

e inmunológicas. Fueron Robbins et al. (2012) los que primero determinaron que el 

bazo, con un reservorio de monocitos indiferenciados en estado estable, es el mayor 

proveedor de monocitos inflamatorios de la capa de ateroma, aumentando con ello la 

producción de especies reactivas de oxígeno y dando lugar a macrófagos cargados de 

lípidos (y denominados células espumosas). Además, el bazo contiene progenitores de 

células mieloides en proliferación, lo que lo convierte en un importante órgano 

linfopoyético con funciones hematológicas e inmunológicas [19] [15].  

 

Actualizaciones en aterosclerosis: ¿trampas extracelulares de neutrófilos (neutrophil 

extracellular traps o NETs) y NOD1? 

Más allá del componente cellular, otros factores como ciertas moléculas (citoquinas, 

metabolitos reactivos de oxígeno o incluso una compleja estructura con forma de red y 

compuesta por cromatina nuclear y diferentes proteínas liberada por neutrófilos 

activados y denominada NETs), han demostrado presentar un papel fundamental en el 

desarrollo de la aterosclerosis. En este sentido, las NETs son capaces de inducir la 

activación de células presentadoras de antígeno, células endoteliales y plaquetas, dando 

lugar a un marco inmune proinflamatorio. Dado que las NETs y la muerte celular 

asociada con las NETs (NETosis), son consideradas una conexión crucial entre la 

inmunidad innata, la inflamación, el estrés oxidativo y la enfermedad cardiovascular, 

nuestro grupo se ha centrado en estudiar estos mecanismos bajo el contexto de la ruta 

de señalización de NOD1 [20] [21, 22].  

 

NOD1, ferroptosis y regulación del metabolismo del hierro en la aterosclerosis 

Dada la importancia de los mecanismos de muerte celular, tales como la apoptosis y la 

ferroptosis, tanto en inflamación como en las lesiones ateroscleróticas, así como su 

relación con la peroxidación intracelular de fosfolípidos, nuestro grupo ha tratado de 

investigar la función de NOD1 en relación a la homeostasis del hierro. Debido a que el 

metabolismo del hierro está finamente regulado por la interacción de diferentes células 

y órganos que lo procesan, como las células hematopoyéticas y los linajes celulares 

derivados, tales como los macrófagos, los cuales, a su vez, son contribuyentes clave en 

la aterosclerosis, la relación entre todos estos procesos y células ha sido estudiada bajo 

este contexto [23] [31] [25].  
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El proceso aterosclerótico como diana para nuevas técnicas de imagen 

Es conocido que el uso de técnicas de imagen en la evaluación de las lesiones 

aterogénicas ha ido ganando importancia a lo largo de los últimos años. Este hecho se 

debe al intento de determinar tanto la magnitud como la estabilidad de la placa de 

ateroma. Además, técnicas modernas de imagen como la tomografía por emisión de 

positrones/tomografía computarizada (PET/CT), la cual puede emplear marcadores 

como 11C-acetato, permiten discernir entre subgrupos concretos de células mieloides 

que afectan a la capa de ateroma. Como ejemplo, es posible marcar macrófagos intra-

placa antiinflamatorios/pro-resolutivos, con las ventajas diagnósticas y clínicas que ello 

conlleva. Esto se basa en la divergencia en la adquisición del acetato que presentan los 

macrófagos estimulados polarizados [27] [26]. 

 

La enfermedad avanzada de forma dependiente a NOD1 

La aterosclerosis es un proceso dinámico que progresa desde las lesiones tempranas a 

las avanzadas, incluyendo RRPs, diferentes tipos celulares y complejas rutas de 

señalización. Esto puede conducir a placas vulnerables, eventos trombóticos y 

subsiguiente riesgo de síndromes agudos coronarios, la primera causa de morbilidad y 

mortalidad en las sociedades occidentales. Las placas vulnerables se caracterizan por la 

infiltración exacerbada de leucocitos inflamatorios y un núcleo necrótico aumentado 

rodeado por una fina capa fibrosa. Cuando la capa fibrosa se desestabiliza, esto da lugar 

a su ruptura o erosión, exponiendo el contenido del núcleo necrótico al torrente 

sanguíneo, lo que es altamente trombogénico. Como consecuencia, las plaquetas y la 

fibrina se agregan, formando un trombo que resulta en el bloqueo parcial o total de la 

arteria, isquemia, oclusión y síndromes agudos coronarios asociados. Pese a la 

importancia clínica de este proceso, los mecanismos involucrados en la desestabilización 

de la placa y su ruptura, así como la contribución de NOD1 siguen siendo poco claros 

[28] [29].  

 

NOD1 en la encrucijada del inmunometabolismo y la medicina de precisión 

En conjunto, la novedad del trabajo desarrollado para esta tesis doctoral reside en 

continuar las líneas experimentales y la investigación llevada a cabo en este laboratorio 

de de una manera inédita y multidisciplinar. Las funciones del receptor inmune NOD1 

en adaptaciones inmunometabólicas o en órganos hematopoyéticos secundarios y, 

especialmente, en el bazo, así como los mecanismos moleculares implicados y sus 

posibles agonistas y antagonistas no están aun elucidados bajo estos complejos 

contextos inflamatorios. Existen estudios sobre NOD1 en relación a su papel en la 

infección y su contribución en la formación y desarrollo de la placa de ateroma, sin 
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embargo, su dinámica e importancia en otros órganos y tejidos son aún desconocidas y 

en ellos puede encontrarse regulando procesos metabólicos clave. 

Se han desarrollado nuevos modelos murinos de aterosclerosis temprana o de 

desestabilización de placa aterosclerótica que se utilizarán en nuestro estudio para 

reproducir rasgos humanos de síndromes coronarios agudos, pero ninguno de ellos se 

ha centrado antes en NOD1 [29].  

Además, dada la prevalencia actual y el pronóstico de la Organización Mundial de la 

Salud para enfermedades inflamatorias, inmunometabólicas y ECVs, parece crucial 

estudiar estos intrincados procesos, identificar dianas farmacológicas y diseñar 

estrategias personalizadas para el tratamiento de estas enfermedades. Esto incluye 

fármacos novedosos dirigidos a bloquear específicamente la actividad de NOD1 y sin 

duda supone beneficios clínicos, sociales y económicos prometedores [6] [7]. 

 

Hipótesis de trabajo y estudios desarrollados 

Considerando los antecedentes expuestos anteriormente, formulamos la siguiente 

hipótesis de trabajo: NOD1, por su capacidad de integrar señales asociadas a la 

microbiota y al daño celular, articula respuestas adicionales a la actividad de otros 

receptores implicados en el reconocimiento de diversos patrones moleculares, 

contribuyendo de esta manera a la regulación de la fisiopatología de la respuesta 

inflamatoria. Los siguientes estudios fueron llevados a cabo. Aquí solo mostraremos el 

tema y la aportación original del autor, en posteriores apartados se desarrollarán en 

mayor profundidad. 

 

1. NOD1 en la interacción entre la microbiota y las 
adaptaciones inmunitarias gastrointestinales 
 

Contribución original de la estudiante de doctorado: V.F.-G. escribió el artículo, diseñó 

las figuras y revisó el manuscrito [3]. 

 

2. Más allá de los conceptos clásicos en la homeostasis del 
tiroides: sistema inmune y microbiota 
 

Contribución original de la estudiante de doctorado: V.F.-G. escribió el artículo, diseñó 

las figuras y revisó el manuscrito [8]. 
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3. La deficiencia de NOD1 promueve un desequilibrio de las 
hormonas tiroideas y la homeostasis de la microbiota en ratones 
alimentados con una dieta alta en grasa 
 

Contribución original de la estudiante de doctorado: V.F.-G realizó experimentos, 

analizó datos y revisó el manuscrito [9]. 

 

4. Enfoques de Inmunonutrición dirigidos a NOD1: en el camino 
de la enfermedad a la salud 
 

Contribución original de la estudiante de doctorado: V.F.-G. escribió el artículo original 

y las versiones editadas, diseñó las figuras y revisó el manuscrito [11]. 

 

5. Contribución de la hematopoyesis extramedular a la 
aterosclerosis. El bazo como proveedor olvidado de células 
inflamatorias 
 

Contribución original de la estudiante de doctorado: V.F.-G. escribió el artículo, diseñó 

las figuras y revisó el manuscrito [18]. 

 

6. La dieta alta en grasa activa NOD1 y favorece el 
reclutamiento de neutrófilos y la liberación de trampas 
extracelulares de neutrófilos en el bazo de ratones deficientes en 
ApoE 
 

Contribución original de la estudiante de doctorado: V.F.-G. diseñó el estudio, realizó 

experimentos, analizó los datos, redactó el artículo, diseñó las figuras y el resumen 

gráfico y revisó el manuscrito [20]. 

 

7. La activación esplénica de NOD1 confiere protección frente 
a la ferroptosis y reduce el reclutamiento de macrófagos bajo 
condiciones pro-aterogénicas 
 

Contribución original de la estudiante de doctorado: V.F.-G. diseñó el estudio, realizó 

experimentos, analizó los datos, redactó el artículo, diseñó las figuras y el resumen 

gráfico y revisó el manuscrito [23]. 
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8. Descifrando la interacción entre la hemostasia del hierro, la 
ferroptosis y la hematopoiesis extramedular 
 

Contribución original de la estudiante de doctorado: V.F.-G. escribió el artículo, diseñó 

las figuras y revisó el manuscrito [30]. 

 

9. Uso de imagen PET 11C-acetato en la evaluación de las 
lesiones aterogénicas avanzadas 
 

Contribución original de la estudiante de doctorado: V.F.-G. co-escribió el artículo, y 

revise el manuscrito [27]. 

 

10. La delección o inhibición de NOD1 favorece la estabilidad de 
la placa y atenúa la aterotrombosis en la aterogénesis avanzada 
 

Contribución original de la estudiante de doctorado: V.F.-G. realizó experimentos, 

analizó datos, diseñó el resumen gráfico y revisó el manuscrito [28]. 
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OBJECTIVES 

 

Doctoral thesis hypothesis: Nucleotide-Binding Oligomerization Domain 1 (NOD1) 

activation is involved in the regulation of immunometabolic processes, inflammation, 

thyroid homeostasis, extramedullary hematopoiesis, iron metabolism, ferroptosis and 

advanced atherogenic pathology. 

General objective: To determine the role of NOD1 in the regulation of the immune 

response under obesogenic and pro-atherogenic conditions. 

 

Specific objectives: 

 

 To study the involvement of NOD1 in the modulation of the immune system 

and the intestinal microbiome as well as its role in other immunometabolic 

adaptations. 

 

 To understand the current knowledge about the interplay between thyroid 

biology, the immune system and the host microbiota under a NOD1-dependent 

signaling. 

 

 To investigate the contribution of NOD1 to thyroid hormones homeostasis, bile 

acids metabolism and the host intestinal microbiota pattern. 
 

 To unveil the potential use of NOD1 in targeted individual immunonutrition 

approaches. 

 

• To define the contribution of extramedullary hematopoiesis to atherosclerosis, 

considering a special focus on the spleen as an essential source of inflammatory 

cells. 

 

• To elucidate the molecular and cellular mechanisms within the spleen by which 

NOD1 is involved in atherosclerosis regulation. Role of NOD1 in the ontogeny 

of myeloid progenitor cells, extramedullary hematopoiesis, vascular 

recruitment of leukocytes and neutrophil extracellular traps (NETs) formation 

and potential interventions. 

 

 To determine the role of NOD1 in the regulation of iron metabolism and 

ferroptosis. 
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 To study ferroptosis and iron regulation in extramedullary hematopoiesis. 

 

 To underline the importance of leukocyte subsets and imaging techniques such 

as PET/CT in the evaluation of atherogenic lesions. 

 

• To analyze the role of NOD1 in advanced stages of atherosclerosis: its 

contribution to the necrotic core, the infiltration and dynamics of inflammatory 

leukocytes and the process of plaque destabilization. 

 

 

MATERIALS, METHODS AND RESULTS 

 

Summary of the research and experimental strategy 

 

 Bibliographic review and research. Employment of state-of-the-art articles and 

scientific websites and databases referring to the proposed topics, trying to 

ensure that the sources are as recent and rigorous as possible. 

 

 Experimental models include Apoe-/- Nod1-/- vs. Apoe-/- and Nod1-/- vs. Wt. 

(C57bl6) mice, obtained as previously described [5]. Protocols were approved by 

the local ethics committee and are conformed to the European and Spanish laws. 

To accelerate the development of atherosclerotic lesions, at 8 weeks of age, 

males were placed on high-fat diet (HFD) for 4 weeks (early disease) or 16 weeks 

(advanced atherosclerotic context). In the case of the publication NOD1 

deficiency promotes an imbalance of thyroid hormones and microbiota 

homeostasis in mice fed high-fat diet, animals were maintained in chow diet 

(CHD) or HFD for 6 weeks. In some cases, animals underwent evaluation of their 

metabolic profile by using individual Phenomaster metabolic cages or evaluation 

of the glucose tolerance test by glucose injection and further blood glucose 

measurement and plasma insulin level determination. Bile acids were analyzed 

in certain cases by employing fluorometric assays. 1H NMR analysis was used for 

liver lipids. Thyroid hormones determinations (by specific radioimmunoassays) 

and deiodinase activities were assessed. Gut microbiota analysis was carried out 

based on fecal samples from each mouse, DNA extraction and amplification, V4-

V5 variable regions of the 16S rRNA gene targeting, multiplexing and further 

sequencing process and bioinformatics. When needed, animals were subjected 
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to surgical interventions to prevent spleen function and destabilize the 

atherosclerotic plaque were performed to clarify its importance in this context. 

Human coronary arteries were collected from patients undergoing heart 

transplantation at the Hospital de la Santa Creu i Sant Pau (Barcelona). 

Atherosclerotic and non-atherosclerotic coronary arteries were taken from 

coronary artery disease (CAD) and non-CAD patients, respectively. Human fresh 

blood samples were collected at the Hospital Universitario la Paz (Madrid) and 

underwent subsequent processing to isolate and obtain monocytes and 

macrophages. Written consent was obtained from all participating subjects. The 

studies were approved by the Ethics Committee of the hospital and were 

conducted following the Helsinki Declaration (Project RTI2018-094727-BI00; 

approved October 2018). Cryopreservation of tissues of interest (murine spleen, 

heart, aorta and liver and human coronary arteries) was done to subsequently 

perform histo/cytochemistry (hematoxylin/eosin, oil red oil, Masson´s trichrome 

and iron stainings) and immunofluorescence stainings. Plasma lipid and cytokine 

levels were assayed by ELISA (enzyme-linked immunosorbent assay) and myeloid 

progenitors cells mobilization and their expression of biomarkers (in blood, 

aorta, spleen, bone marrow, liver) was assessed under these experimental 

conditions by flow cytometry technologies including FACS (Fluorescent Activated 

Cell Sorter). Besides, basic techniques of molecular biology such as RT-qPCR 

(quantitative reverse transcription polymerase chain reaction), Western Blotting 

and PicoGreen double-stranded DNA (dsDNA) quantitation assay to selectively 

detect dsDNA in the presence of single-stranded DNA (ssDNA), RNA, and free 

nucleotides, were used to study the signaling pathways involved in different 

subsets of immune cell populations (such as neutrophils, inflammatory 

monocytes, macrophages or T-cells). Also, inductively coupled plasma mass 

spectrometry (ICP-MS) was performed to analyze and measure elements at trace 

levels in biological tissues (spleen, heart, liver). Cell cultures of primary murine 

and human cells (vascular smooth muscle cells, monocytes, macrophages, 

neutrophils) for in vitro assays followed by the corresponding assessment of its 

cellular (migration assays, apoptosis) and biochemical function (lipid uptake, 

cytokine release, regulation of gene expression or neutrophil extracellular traps 

or NETs formation) were used. Finally, the use of bioinformatics tools was 

undoubtedly essential to unmasking the role of NOD1 in these intricate signaling 

pathways. 
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Results 

The connections among the different further discussed articles and the obtained results 

are collected in Figure 2. 

 

 

Figure 2. The ten presented articles (grey boxes) are closely interconnected, since NOD1, the 

common nexus, is involved both in key physiological or pathological human mechanisms. From 

microbiota regulation or dysbiosis to thyroid homeostasis, atherosclerosis, extramedullary 

hematopoiesis (EMH) or iron metabolism, NOD1 plays preeminent roles which need to be further 

studied. Indeed, this immune receptor emerges as a novel molecular target that should be used 

in combined therapeutic strategies against a wide variety of diseases. 
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NOD1 in the interplay between microbiota and 
gastrointestinal immune adaptations 
 
Abstract: Nucleotide-binding oligomerization domain 1 (NOD1), a pattern 

recognition receptor (PRR) that detects bacterial peptidoglycan fragments and 

other danger signals, has been linked to inflammatory pathologies. NOD1, which 

is expressed by immune and non-immune cells, is activated after recognizing 

microbe-associated molecular patterns (MAMPs). This recognition triggers host 

defense responses and both immune memory and tolerance can also be achieved 

during these processes. Since the gut microbiota is currently considered a master 

regulator of human physiopathology and the intestine metabolizes a wide range 

of nutrients, drugs and hormones, it is a fact that dysbiosis can alter tissues and 

organs´ homeostasis. These systemic alterations occur in response to 

gastrointestinal immune adaptations that are not yet fully understood. Even if 

previous evidence confirms the connection between the microbiota, the immune 

system and metabolic disorders, much remains to be discovered about the 

contribution of NOD1 to low-grade inflammatory pathologies such as obesity, 

diabetes and cardiovascular diseases. This review compiles the most recent 

findings in this area while providing a dynamic and practical framework with future 

approaches for research and clinical applications in targeting NOD1. This 

knowledge can help to rate the consequences of the disease and to stratify the 

patients for therapeutic interventions [3]. 

 

Original contribution from the doctoral student: V.F.-G. wrote the publication, 

designed the figures and revised the manuscript. 
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A B S T R A C T   

Nucleotide-binding oligomerization domain 1 (NOD1), a pattern recognition receptor (PRR) that detects bac-
terial peptidoglycan fragments and other danger signals, has been linked to inflammatory pathologies. NOD1, 
which is expressed by immune and non-immune cells, is activated after recognizing microbe-associated mo-
lecular patterns (MAMPs). This recognition triggers host defense responses and both immune memory and 
tolerance can also be achieved during these processes. Since the gut microbiota is currently considered a master 
regulator of human physiology central in health and disease and the intestine metabolizes a wide range of nu-
trients, drugs and hormones, it is a fact that dysbiosis can alter tissues and organs homeostasis. These systemic 
alterations occur in response to gastrointestinal immune adaptations that are not yet fully understood. Even if 
previous evidence confirms the connection between the microbiota, the immune system and metabolic disorders, 
much remains to be discovered about the contribution of NOD1 to low-grade inflammatory pathologies such as 
obesity, diabetes and cardiovascular diseases. This review compiles the most recent findings in this area, while 
providing a dynamic and practical framework with future approaches for research and clinical applications on 
targeting NOD1. This knowledge can help to rate the consequences of the disease and to stratify the patients for 
therapeutic interventions.   

1. Introduction 

The crosstalk between the immune system, gut microbiota and 
external pathogens has been the subject of heated debate over the past 
decades. The role of the gut microbiota in initiating and regulating the 
responses of the immune system is well known [1–5]. In the late 1990 s, 
the discovery of innate immunity pattern recognition receptors (PRR), 
capable of detecting bacteria through conserved molecular patterns 
absent in host components, was a clear scientific break-through. PRRs 
were identified and classified into various families, with the aim of 
revealing their related signaling pathways and their contribution to 
disease [6,7]. These include Toll-like receptors (TLRs), retinoic 
acid-inducible gene (RIG)-I-like receptors, lectin-like receptors, absent 
in melanoma-like 2 receptors (AIM2), and nucleotide-binding oligo-
merization domain (NOD)-like receptors (NLRs). About 10 years later, 

the characterization of the human microbiota became another relevant 
achievement with undeniable fundamental connections to these PRRs 
[3,8,9]. 

PRRs, some expressed only by immune cells and others ubiquitously 
distributed in many cell types, recognize microbe-associated molecular 
patterns (MAMPs) and damage-associated molecular patterns (DAMPs) 
[10–12]. These interactions activate receptors that trigger inflammation 
and various immune responses [3]. Immune memory training is favored 
during these complex processes, while active reprogramming of bone 
marrow cell progenitors tends to occur rapidly to fight infection [13]. 
Consequently, PRRs activation by commensal gut microbial ligands 
confers a protective mechanism to the host [3]. Deficiencies in these 
highly regulated processes lead to autoimmunity and chronic diseases. 
As an example, high concentrations of bacterial antigens that interact 
with mucosal tissues lead to a breakdown of tolerance in human 
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autoimmune diseases, such as rheumatoid or psoriatic arthritis [3,8,14]. 

2. Interaction of the human microbiota with the immune system 

The human intestinal epithelium is critical for protection against 
harmful microbes and maintenance of mucosal homeostasis (Graphical 
abstract). In fact, recognition of conserved bacterial molecules by PRRs 
in epithelial cells and the communication between these cells and other 
systems, such as the nervous or endocrine, induces specific immune and 
metabolic responses [2]. Therefore, PRR ligands, such as peptidoglycans 
(PGN) present in most bacteria, participate in the homeostatic regula-
tion of human metabolism and immune system [15]. PGN, also known as 
murein, is the main component of the bacterial cell wall and is composed 
of glycan chains cross-linked by short stem peptides. The glycan chains 
contain alternating units of N-acetylglucosamine (NAG) and N-ace-
tylmuramic acid (NAM) linked by β-(1− 4) glycosidic bonds [16]. The 
stem pentapeptide has the sequence L-Ala, D-Glu, a dibasic amino acid, 
and (D-Ala)2 and is built by sequential incorporation of the amino acids 
starting by L-Ala to a lactoyl group of NAM, resulting in the synthesis of 
the lipid II precursor molecule. Most Gram-positive bacteria have L-Lys 
as the dibasic amino acid in the stem peptide while Gram-negative 
bacteria contain meso-diaminopimelic acid (m-DAP). PGN is constantly 
remodeled and recycled during bacterial growth. This recycling, 
although effective, does not prevent the release of PGN fragments by 
endogenous hydrolases. These PGN fragments from commensal bacteria 
cross the intestinal epithelial barrier and enter the bloodstream and 
lymphatic vessels [3,17,18]. PRRs, like the intracellular receptors NOD1 
and NOD2, recognize PGN fragments. The dipeptide D-gluta-
myl-(γ)-m-DAP (iE-m-DAP) is sufficient for the recognition and activa-
tion of NOD1 [19,20]. 

iE-mDAP is mainly found in Gram-negative bacteria but it is also 
present in the PGN of some Gram-positive bacteria such as Listeria 
monocytogenes and many Bacillus spp. The latter genus has the strongest 
NOD1-stimulating effect in assays derived from soil bacteria [21,22]. 
Gram-negative bacteria are the predominant class of microorganisms in 
the gastrointestinal microbiota. However, NOD2 activation requires an 
intact NAM residue linked to a dipeptide residue (L-Ala-D-Glu or 
L-Ala-D-isoGln). This recognition pattern suggests that NOD2 could have 
evolved as a receptor to control infections caused by Gram-positive and 
Gram-negative bacteria whereas NOD1 could sense essentially PGN of 
Gram-negative bacteria [23]. Tolerance mechanisms, in which repeated 
exposure of immune cells to PRR ligands results in poor immune and 
inflammatory responses, decrease in the presence of NOD1. In this re-
gard, NOD1 expression by neutrophils is associated with the clearance of 
Streptococcus pneumoniae and Staphylococcus aureus. In 
non-hematopoietic cells, as we will see briefly later, NOD1 participates 
in host homeostasis and defense against infection [24–29]. 

Since microbes are recognized by various PRRs, NOD1 or NOD2 
deficiencies have only modest effects on pathogen clearance in vivo. 
Furthermore, NOD1 and NOD2 have synergistic functions with TLRs in 
the detection of bacteria and in the synthesis of pro-inflammatory me-
diators [30,31]. This is because both PRR-signaling pathways trigger the 
activation of NF-κB and MAPK [32]. Consistently, NOD1 and NOD2 
become essential when the TLR response is reduced or absent in vivo, as 
shown in TLR ligand-insensitive epithelial cells [33]. These cells still 
react to NOD1-stimulating bacteria and to NOD1 ligands. Furthermore, 
NOD1 and NOD2 signaling is enhanced by pretreatment with TLR li-
gands (e.g., LPS or viral infection) both in vitro and in vivo [25,34]. 

3. NOD1 vs. NOD2: introducing the role of NOD1 

NOD1 and NOD2, which share a similar domain organization, were 
the earliest members of the NLR family to be studied. They participate in 
both innate and adaptive immune responses. Despite their function as 
microbial sensors, they play additional roles in other cellular functions, 
such as maintenance of endoplasmic reticulum (ER) homeostasis and 

modulation of the actin cytoskeleton [22,26,35–37]. 
NOD1 is profusely expressed by a wide variety of cell types. Unlike 

NOD1, NOD2 expression is restricted to certain cell types, such as he-
matopoietic and intestinal cells. For example, the terminal ileum of 
Nod2-deficient mice is colonized by opportunistic pathogens due to 
impaired crypt function [38]. The intestinal Paneth and stem cells ex-
press NOD2, which allows the detection of a large variety of PGN types. 
The level of stimulatory activity of NOD2 varies between microbial 
species. NOD2 induces MAPK and NF-κB activation after S. pneumoniae 
and Escherichia coli infections. The intracellular bacterial pathogens 
Listeria monocytogenes, Salmonella enterica serovar Typhimurium (S. 
Typhimurium), Shigella flexneri and Mycobacterium tuberculosis can be 
recognized by NOD2. In addition, the detection of S. pneumoniae by 
NOD2 releases the CC chemokine ligand 2 (CCL2), which favors the 
recruitment of lung macrophages necessary for the elimination of bac-
teria. Eradication of Citrobacter rodentium in the intestine or S. aureus in 
the skin is also promoted by NOD2-induced CCL2 and T helper 1 (Th1) 
cell immune responses [25,34,35,39]. 

Both NOD1 and NOD2 are considered cytoplasmic receptors. How-
ever, when activated, they associate with the plasma membrane, 
endosomes and bacteria-containing phagosomes. These facts suggest 
distinct entry routes for bacteria and ligands. In vitro work performed on 
epithelial cells infected with S. Typhimurium showed that intracellular 
bacteria actively release LPS-containing membrane vesicles from the 
phagosomal compartment [40]. This phenomenon supports the idea of a 
massive intracellular trafficking of vesicles containing NOD-activating 
molecules, which can also involve PGN fragments trapped in the outer 
membrane vesicles shed by the pathogen. 

Impaired host defense and resistance to the development of inflam-
matory diseases have been associated with disruption of NOD1 and 
NOD2 signaling [10,28,41]. Although NOD2 is considered a key player 
in the immune system and host defense, bacterial stimulation of NOD1, 
contrary to the stimulating activities of NOD2 or TLR4, is very stable. In 
fact, NOD1 activation by bacterial products cannot be eradicated by 
prior heat-inactivation of the microbe or by incubation at extreme pH. 
This stimulatory activity of NOD1 has been evaluated in different en-
vironments and microbial species. Moreover, unlike other immunosti-
mulatory mediators, the supernatant of bacterial cultures, but not the 
complete bacterial extract, exhibits the highest level of NOD1 stimula-
tory activity [15]. 

Since NOD1 participates in a broad spectrum of metabolic pathways, 
it is considered a key molecular target in the prevention and treatment of 
multiple human diseases, including those related to inflammation [42, 
43]. Currently, at least 196 disorders associated with this versatile re-
ceptor have been reported. These disorders range from infectious dis-
eases to inflammatory dysfunctions or different oncologic processes. 
This is summarized in the Open Targets platform: (https://www.targetv 
alidation.org/target/ENSG00000106100/associations). 

4. NOD1 structure and biological roles 

The domain organization of NOD1 includes: i) an N-terminal caspase 
recruitment and activation domain (CARD); ii) a central long nucleotide- 
binding NACHT domain, name standing for NAIP (neuronal apoptosis 
inhibitory protein), CIITA (MHC class II transcription activator), HET-E 
(incompatibility locus protein from Podospora anserina) and TP1 (telo-
merase-associated protein), which mediates oligomerization; and, iii) a 
C-terminal leucine-rich repeat domain (LRR). NOD1 recognizes its 
ligand through this C-terminal LRR domain that, upon ligand binding, 
triggers the oligomerization of the protein that facilitates the binding 
and subsequent activation of the receptor interacting protein-2 (RIPK2). 
This mechanism leads to downstream signaling pathways (Fig. 1). As 
NOD1 is expressed primarily in the cytoplasm, ligands such as PGN must 
first enter into the cells or being transported to the cytosol from vacuolar 
compartments. This can occur after bacterial uptake (phagocytosis) and 
subsequent degradation of bacterial components within the 
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phagosomes. It has been postulated that the transporter proteins of the 
solute transporter family 15 (SLC15A2 and SLC15A4) could transport 
PGN fragments out from the phagosomal compartment to the cytosol 
[43]. In addition, outer membrane vesicles (OMV), such as those 
released by Gram-negative bacteria as active shedding, can also enter 
into cells from the extracellular milieu [44,45]. It has been shown that 
the mucosal pathogens Helicobacter pylori, Neisseria gonorrheae and 
Pseudomonas aeruginosa release PGN fragments within OMVs that enter 
epithelial cells and activate NOD1 in vitro. Indeed, OMVs administered 
intra-gastrically to mice can initiate innate and acquired immune re-
sponses in a NOD1-dependent but TLR-independent manner. An alter-
native mechanism mediating release of NOD1 ligands into the cell 
occurs through specialized bacterial secretion systems. This mechanism 
is mediated by type III (T3SS, e.g. Shigella flexneri) or type IV (T4SS, e.g. 
H. pylori) secretion systems [46,47]. The wide range of immunological, 
regulatory and physiological functions of NOD1 may underlie its wide 
expression in both hematopoietic and non-hematopoietic cells. Cyto-
kines released after NOD1 activation are common in antigen-presenting 
cells, such as dendritic cells or macrophages and promotes concomitant 
activation of TLRs to eradicate infections efficiently. This has been 
extensively studied in S. Typhimurium infections [30,31]. Additionally, 
it has been reported that the PGN recognition protein PGLYRP2 exerts a 
protective function in vivo in the control of S. Typhimurium infection 
through a NOD1/NOD2-independent mechanism [25,28,29,45,48]. 
Interestingly, S. Typhimurium can also activate NOD1 using effector 
proteins translocated to the cytoplasm by virulence-associated T3SS. 
This activation occurs independently of PGN since the mere ectopic 
expression of the effector is sufficient to detect NOD1 activation and 

inflammation [49]. In addition to these findings, intracellular S. 
Typhimurium infections induce ER stress that subsequently mediates 
inflammation in a NOD1/NOD2-dependent manner [50]. 

5. NOD1 signaling pathways in immune cells 

After PGN recognition, the NOD1 signaling cascade mediates type I 
IFN activation [51,52]. Even if the downstream IKKα, NF-κB and MAPK 
pathways are predominant after NOD1 activation, they also promote 
type I IFN release and subsequent transcription of host antimicrobial 
defense genes through nuclear translocation of the IFN-stimulated gene 
factor 3 (ISGF3) complex. IRF7 translocation also contributes to type I 
IFN induction [28,53–55]. 

Neutrophils are central players in innate immunity, as they are often 
the first line of defense against external pathogens. In this sense, NOD1 
has a broad impact on the activation and function of neutrophils, 
contributing to both the oxidative and non-oxidative mechanisms of 
bacterial clearance. These signaling pathways include killing of patho-
gens such as S. aureus and S. pneumoniae [56]. Remarkably, neutrophils 
obtained from the bone marrow of mice treated with broad-spectrum 
antibiotics, therefore with depleted microbiota, or isolated under 
germ-free conditions, are less efficient in eliminating S. aureus and 
S. pneumoniae than those of mice with a normal microbiota [56]. 
NOD1-mediated recognition of Clostridium difficile also depends on 
neutrophil recruitment [57]. This Gram-positive anaerobic bacterium is 
the causative agent of pseudomembranous colitis in patients treated 
with antibiotics. Indeed, Nod1-deficient mice exhibited improved bac-
terial translocation, defective neutrophil recruitment and, therefore, 

Fig. 1. Microbe determinants that activate NOD1. Bacteria, viruses and fungi release molecules that, after recognition by NOD1 promote dimerization and binging of 
the receptor-interacting serine/threonine protein kinase 2 (RIPK2) constitutes a ternary protein complex (also recognized as nodosome). In the nodosome, RIPK2 
undergoes autophosphorylation and activation of the protein kinase activity, transferring the NOD1 activation to downstream signaling pathways involved in 
inflammation. 
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impaired pathogen clearance and increased lethality after intestinal 
C. difficile infection [57]. Although NOD1 was considered a PRR of 
innate immunity capable of recognizing PGN from the microbiota [58], 
additional evidence has also associated it with the onset of acquired 
immune response. Antigen-specific T-cell immunity resulted after NOD1 
activation in vivo [32,59]. In addition, it has been shown a link between 
NOD1 and CD8+ lymphocyte selection and maturation [60]. This study 
concluded that perhaps atypical lymphocyte responses in NOD-related 
inflammatory disorders are the result of not only detected bacterial li-
gands but also of lymphocyte defects caused by impaired CD8 T-cell 
thymic development [60]. 

Bacterial effector proteins translocated by specialized T3SS can also 
activate NOD1 and NOD2 independently of PGN. SopE, a Salmonella 
protein translocated by the invasion-associated T3SS, functions as a 
guanine nucleotide exchange factor and activates the Rho GTPases 
CDC42 and Rac1. These GTPases in their active state interact and acti-
vate NOD1. Another Salmonella effector protein translocated by a T3SS, 
SipA, activates NF-κB through NOD1 and NOD2 [35]. OspB and IpgB2, 
effector proteins of S. flexneri, among others, induce membrane ruffling 
and recruit GEF-H1 (Guanidine Exchange Factor), activating RhoA (Rho 
GTPase), which in turn activates NF-κB via NOD1 [10,28,35,61]. 

6. Role of NOD1 in metabolic inflammation 

As shown before, the gut microbiota fuels the host ‘metabolic 
inflammation’, employing in part immune PRRs like NOD1 [62,63]. 
These inflammatory processes are the hallmark of metabolic diseases 
such as type 2 diabetes, obesity, or cardiovascular disorders [64]. 
Proinflammatory responses after NOD1 activation are well identified, 
but the evidence on the contribution of NOD1 to stress-mediated in-
flammatory mechanisms of the ER is relatively more recent. Various 
insults lead to ER stress, including bacterial and viral infections and 
invasions by intracellular bacteria. For example, the intracellular bac-
terial pathogens S. Typhimurium and Brucella abortus induce ER stress 
[50]. In the case of B. abortus, macrophage infection in mice correlates 
with a strong inflammatory response, mainly triggered by a T4SS that 
injects effector proteins, such as VceC, into the host cell. VceC further 
translocates into the ER where it binds to the BiP chaperone and triggers 
IL-6 synthesis in an IRE1α-dependent manner [34,65]. Consequently, 
intraperitoneal injection of B. abortus to mice led to a pro-inflammatory 
environment that was blocked in the absence of VceC and decreased by 
the IRE1α inhibitor KIRA6 and the ER stress inhibitor TUDCA [34,47]. 
IL-6 production induced by VceC was reduced in Nod1–/–Nod2–/– mac-
rophages and Nod1–/–Nod2–/– or Ripk2–/– mice injected with wild-type 
B. abortus, but not with a vceC mutant [34,35,47]. These observations 
established a clear link between ER stress and NOD1/NOD2-mediated 
signaling. 

7. The past and recent story of two old friends: NOD1 and 
microbiota 

Host defenses evolved with rapid responses based on the recognition 
of MAMPs to eradicate invading pathogens. In fact, the microbiota in-
cludes a large number of interacting bacteria, archaea, viruses, fungi and 
bacteriophages. These microorganisms, mainly commensal or mutual-
istic, colonize human surfaces and body cavities and form multicellular 
communities [66]. When the microbiota is disrupted, it leads to meta-
bolic disorders and diseases, such as obesity, type 2 diabetes, car-
diometabolic disorders, or nonalcoholic liver disease [67,68]. Given the 
importance of host mucosal microorganisms in homeostasis and intes-
tinal disease, and their relationship to PRRs such as NOD1, a better 
understanding on the NOD1-microbiota cross-talk, is required [10,66, 
69]. NOD1 can be activated by many pathogenic and non-pathogenic 
bacteria. Among the former class, NOD1 contributes to clearing of 
Campylobacter jejuni, Chlamydia pneumoniae, C. rodentium, C. difficile, 
Haemophilus influenzae, H. pylori, Legionella pneumophila, L. 

monocytogenes, P. aeruginosa, S. Typhimurium, S. flexneri, S. aureus and 
S. pneumoniae [10,70]. Remarkably, NOD1 and NOD2 do not alter the 
endogenous intestinal microbiota in homeostasis [71], and NOD1 has 
been reported to mediate the recognition of polymicrobial combinations 
of extracellular bacteria [72]. 

NOD1 also contributes to control viral infections as those caused by 
hepatitis C virus (HCV) and cytomegalovirus [73]. NOD1 limits RNA 
viral replication and promotes antiviral responses in several experi-
mental models. For example, NOD1-viral RNA binding triggers the 
modulation of MDA5 and MAVS (part of the RIG-I-like receptors), fa-
voring effective antiviral signaling pathways. In addition, NOD1 con-
tributes to the innate immune response against HCV [74,75]. The viral 
RNA polymerase NS5B, synthesizes double-stranded RNA (dsRNA) and 
elicits an important inflammatory response involving type I IFN and 
β-lymphotoxin. NS5B increases NOD1 expression via the interaction 
with dsRNA, which implies a crosstalk between different receptors of the 
innate immune response (Fig. 1) [10,28,35,73,75]. 

NOD1 also recognizes fungi and parasites. It has recently been shown 
that, following the recognition of Aspergillus fumigatus, NOD1 elicits a 
pro-inflammatory response that contributes to invasive aspergillosis. 
NOD2 leads to the pathogenicity of A. fumigatus in a similar way and this 
pathogen uses the PRR Dectin-1 to gain access to host cells in a NOD1/2- 
dependent manner [65,76]. Even if the role of NOD1 during invasion of 
parasites has hardly been described, the evidence confirms that NOD1 
(and NOD2) is activated by parasites such as Plasmodium berghei. In this 
case, NOD1 downstream signaling does not alter their replication and 
disease outcome. The ER stress induction by P. berghei also leads to 
activation of pro-inflammatory NOD1/2 pathways in the liver and brain 
and favors infection in the liver. Trypanosoma cruzi, the etiologic agent 
of Chagas disease, leads to NOD1/2-dependent NF-κB and cytokine re-
sponses, leading to inflammation, cardiomyopathy, and disease devel-
opment. However, only NOD1 managed to control and restrict the 
infection in mice [10,35,76,77]. A novel role for NOD1 in modulating 
intestinal goblet cell biology and mucin production after infection of the 
enteric parasite Trichuris muris has also been reported. This is of interest 
since mucins are preeminent innate defense molecules involved in a 
wide range of enteric infections, including parasitic processes [78]. The 
nature of the NOD1-dependent signals after infection by such distinct 
pathogens remains uncharacterized and this is, undoubtedly, a matter of 
future research. 

8. NOD-evasion mechanisms: bacterial strategies 

Bacteria have developed efficient mechanisms to evade their 
perception and clearance by the host. The recognition mediated by 
NOD1 and the subsequent immune activation can be modulated by the 
attacking intruder or the beneficial microbiota in cunning and subtle 
ways. For example, amidation of the m-DAP residue (m-DAPNH2) in the 
stem peptide of the PGN, a modification reported in both commensal 
and pathogenic bacteria, decreases recognition by NOD1 [74,79,80]. 
However, m-DAP and m-DAPNH2 seem to interact with different recog-
nition domains in NOD1. This alteration in the capacity to stimulate 
NOD1 is relevant in few bacterial species, including Arthrobacter crys-
tallopoietes, Bacillus sp., L. monocytogenes, Lactobacillus plantarum, Lep-
tospira sp., Mycobacterium sp., S. aureus, S. epidermidis and various strains 
of streptococci and micrococci, which are among the many microor-
ganisms that modify a fraction of their m-DAP residues in their PGN to 
m-DAPNH2 [74,79,80]. In this regard, B. subtilis is less recognized by 
NOD1 and, consequently, mycobacterial PG fragments are poorly 
detected [74,80]. Furthermore, PGNs are known to induce the expres-
sion of TNFα without a relevant TNFα translation. However, this altered 
translation is relieved when PGNs are incubated together with LPS, 
showing a synergistic response. PGN and LPS can also activate syner-
gistically NF-κB in a NOD1-dependent manner [25,32,81]. Several 
pathogens modify the α-carboxylic acid of iso-D-Glu in the PGN by 
amidation in an attempt to avoid recognition by the host immune 
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system. This includes the immune evasion of NOD1 but, interestingly, it 
does not affect the mechanisms depending on NOD2 activation [80,82]. 
The most paradigmatic case is Corynebacterium glutamicum, which ami-
dates 100% of the iso-D-Glu residues and ~80% of the m-DAP of PGN 
[79]. Furthermore, some microorganisms can replace iso-D-Glu by Gly 
or D-Ser and change the carbohydrate structure of their PGN by acety-
lation or formation of 1,6-anhydro pyranose, present in the terminal end 
of the glycan chains [80]. Also striking is the case of pathogenic spiro-
chetes such as Borrelia and Treponema, which are Gram-negative bac-
teria that replace m-DAP by L-orthinine [83,84]. This modification was 
shown to impair NOD1 signaling [19], which agrees with the low 
immunogenicity potential reported for the PGN of spirochetes. 

NOD1 detection/evasion strategies can also go further by modifying 
the glycan chains of PGN. L. monocytogenes escapes NOD1 detection by 
N-deacetylation of N-acetylglucosamine residues or O-acetylation of N- 
acetylmuramic acid, structural alterations that also impair other innate 
immune defenses such as lysozyme [8,17]. PGN with these modifica-
tions are poorly degraded by this important host muramidase. Similar 
changes in the glycan chain have been reported for the PGN of H. pylori 
[25]. A very different mechanism of evasion has been observed for 
Leptospira interrogans, which can escape NOD1 recognition by LipL21, a 
conserved outer membrane lipoprotein from pathogenic leptospires that 
is tightly bound to PGN. Moreover, LipL21 protects PGN from NOD1 
recognition and from excessive hydrolase digestion, minimizing the 
release of PGN fragments [85]. This is important because of leptospirosis 
is a potentially serious infection in humans [65]. 

9. NOD1-microbiota-gastrointestinal immuno-metabolic 
adaptations: the fine barrier between health and disease 

Approximately 30–400 trillion bacteria are found in the human 
body, and more than 95% of these bacteria are found in the gut [86]. 
This essential part of the gastrointestinal tract is home to at least 40,000 
bacterial species, displaying ~150 times more genes than the host itself, 
comprising approximately 26,000 functional genes. The host gut 
microbiota shows great inter-individual variability and its taxonomy 
depends on the ethnicity and geographic location of the hosts. Multiple 
factors can alter the microbiota, including host genetics, age, sex, life-
style, external environment, disease status, or nutritional intake 
[87–90]. The diet influences human health at the same time that it af-
fects the survival, diversity and function of intestinal microbes, which 
use the nutrients for their biological processes (Fig. 2). Whereas the gut 
microbiota alters the absorption, storage, and metabolism of nutrients, 
the macro and micronutrients modify the gastrointestinal microbiota 
composition [24,39,91–93]. 

The effects of dietary carbohydrates (CHO) have been extensively 
characterized. Sucrose and other simple CHO, alone or included in a 
Western-style high-fat, high-sugar diet, rapidly trigger microbiota 
remodeling and dysbiosis [94,95]. Many complex CHOs are indigestible 
by humans, whereas microbes have more degrading enzymes [92]. 
Interestingly, high sugar intake upregulates NOD1 expression, which 
has been widely associated with impaired glucose signaling pathways 
and insulin resistance [96,97]. Under these circumstances, NOD1 plays a 
prominent role in lipid homeostasis and related metabolite pathways 
[98]. High fat intake also modifies the microbiota content, often 
decreasing the content of Bacteroidetes phylum and increasing Firmicutes 

Fig. 2. NOD1-dependent immune and metabolic adaptations between the microbiota and the gastrointestinal tract. Microbe associated molecular patterns (MAMPs) 
coming from the gastrointestinal tract can exert systemic effects after releasing specific motifs recognized by NOD1. 
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and Proteobacteria. This leads to lipid-mediated metabolic dysfunction 
with significant pathological consequences. Long-chain saturated fats 
result in increased insulin resistance and adipose tissue inflammation, 
while ω-3 polyunsaturated fatty acids favor a more diverse microbiota. 
Additionally, high-fat diets (HFD) promote translocation of LPS, which 
causes an intensified inflammatory environment via TLR4 activation 
and is linked to cardiovascular and metabolic diseases [99]. The mi-
crobial composition can also be modulated by dietary proteins and 
amino acids or their metabolites (ammonia, amines, branched chain 
fatty acids, indoles, phenols, etc.) [92]. 

Postprandial signals are associated with bile acids and the micro-
biota, orchestrating the response of immune cells to pathogens and other 
signs of damage. Primary bile acids derived from cholesterol produced 
in the liver contribute to the digestion of dietary lipids. These bile acids 
are released in the small intestine, where they favor the solubilization 
and absorption of lipids [91,100–102]. Microbes can alter bile acids by 
various mechanisms including 7α/β-dehydroxylation, hydrolysis of 
conjugated amino acids, and epimerization and oxidation of hydroxyl 
groups. In addition, gut microbes have recently been associated with 
direct effects on the bile acid-activated farnesoid X receptor (FXR) and 
the cell membrane bile acid receptor TGR5, altering the digestion and 
absorption of lipids [103,104]. In contrast, bile acids influence the 
growth of microorganisms, therefore closing a feedback loop [5,14,91, 
92]. Recently, NOD1 was shown as a new player in the regulation of bile 
acids, thyroid hormones, and energy expenditure [105]. Six weeks 
HFD-fed Nod1-/- mice, compared with wild-type (WT) mice, exhibited 
relevant modifications in bile acid and thyroid hormones homeostasis as 
well as accelerated obesity and enhanced lipogenesis. The levels of 
Pnpla3 (patatin-like phospholipase domain-containing protein 3) RNA, 
encoding for an enzyme involved in triglycerides hydrolysis and upre-
gulated by T3, were decreased in the adipose tissue of Nod1-/- mice, 
suggesting a hypothyroidism condition. Other lipases, such as Lipe 
(hormone-sensitive lipase) and Atgl (patatin-like phospholipase 
domain-containing protein 2) were downregulated or upregulated, 
respectively. Indeed, thyroid metabolism was modified in Nod1-/- mice: 
these animals presented higher levels of serum T3 and T4 hormones 
under chow diet, although the levels of free thyroid T3 and T4 were 
lower indicating impaired T3 secretion and T4. NOD1 deficiency led to 
an increase in type 2 iodothyronine deiodinase (D2) activity in brown 
adipose tissue (BAT; chow and HFD) and a marked increase in its mRNA 
levels (Dio2), showing high activation of BAT metabolism. Type 1 
iodothyronine deiodinase (D1) activity was lower in the liver, based on 
related T3 levels. Both thyroid and lipid homeostasis showed significant 
modifications between mice NOD1 genotypes. Interestingly, the lipo-
proteins contained in HFD compromise the integrity of the intestinal 
barrier and promote the influx of gut bacterial components into the 
bloodstream. Importantly, the Nod1-/- group presented a different gut 
microbiota content when compared to the WT mice group. This occurred 
especially under HFD, which favored a notable decrease in the diversity 
and richness of bacterial species. The Nod1-/- animals under chow diet 
showed lower abundances of the S24–7 family and Bacteroides and 
Mucispirillum genera, but they presented higher abundance of the genera 
Oscillospira, Prevotella, Parabacteroides, Rikenella, Helicobacter and 
Desulfovibrio, among others. HFD decreased the genera Odoribacter, 
Prevotella, Parabacteroides, Rikenella, Paraprevotella and Helicobacter in 
these mice, while in both murine genotypes HFD decreased Bifido-
bacterium, Rikenella, Bilophila, rc4_4 and Enterococcus and also an in-
crease in other genera like Helicoboccus [5,105]. These data point to a 
role for NOD1 in the composition of the microbiota. 

Intestinal epithelial cells stimulated with NOD1 ligands lead to 
chemokine release and subsequent accumulation of inflammatory cells 
in vivo. In turn, NOD1 signaling triggers immune responses in epithelial 
cells infected with different Gram-negative bacteria, such as H. pylori or 
S. flexneri. H. pylori inducing the production of type I IFN [42]. There-
fore, Nod1-/- mice are more prone to H. pylori infection. NOD1 is also 
associated with the recognition of enteroinvasive E. coli, C. jejuni, 

P. aeruginosa, Pasteurellaceae NI1060, and C. difficile. Nod1-/- mice are 
more vulnerable to infection by the latter pathogen, resulting in limited 
clearance, improved commensal translocation, and defective mobiliza-
tion of neutrophils to the site of infection [43,57,106]. 

10. Role of NOD1 in gastrointestinal disorders 

Intestinal homeostasis can be achieved by improving the epithelial 
barrier function and favoring resistance to pathogens. Failure in these 
conditions may lead to infectious colitis, a term encompassed in the 
concept of inflammatory bowel disease (IBD). NOD1 has been reported 
to promote this by modulating antimicrobial peptides, pro- 
inflammatory cytokines, autophagy, and acquired immunity. For 
example, Salmonella spp. activates NOD1 in the intestine, which regu-
lates inflammation, improves the destruction of bacteria and limits the 
severity of colitis. The role of NOD1 depended on the expression of the 
T3SS encoded in the Salmonella pathogenicity island 2 (SPI-2) [28,39, 
107,108]. Additionally, NOD1 can limit infectious colitis caused by 
pathogens such as C. difficile. In mouse models of recurrent chronic 
colitis and associated tumorigenesis, NOD1-deficient mice were found to 
have a greater severity of colon inflammation and susceptibility to colitis 
and infection compared to WT mice. This was associated with lower 
integrity of the epithelial barrier and greater permeability of the intes-
tinal epithelium. In addition, these groups of mice had different gut 
microbiota compositions. This difference in microbiota content was 
associated with different tumor susceptibilities and was confirmed by 
cohousing, fecal transplantation, and cross-promotion trials [57,108, 
109]. Interestingly, supplementation with the probiotic strain Bifido-
bacterium breve NCC2950 decreased the susceptibility to colitis and 
related complications [28,39,110]. Despite the experimental evidence 
showing connections between NOD1, NOD2 and ICAM-1 gene poly-
morphisms and various inflammatory bowel disorders, such as ulcera-
tive colitis and Crohn’s disease, however, other studies deny that the 
variants of the NOD1 gene represent genetic susceptibility factors for 
these diseases, including the known relationship of NOD1 with inflam-
matory processes. These conflicting views need to be further investi-
gated [111–114]. 

The genesis of lymphoid tissue also modulates intestinal homeosta-
sis. Intestinal lymphoid tissues include mesenteric lymph nodes, Peyer’s 
patches, and numerous isolated lymphoid follicles (ILF). The composi-
tion of the intestinal bacterial community is drastically altered in the 
absence of ILF. Germ-free mice treated with a NOD1 agonist exhibited 
increased ILF formation through the production of β-defensin 3 and 
CCL20, especially in the ileum [115]. The ileum of Nod1-deficient mice 
was found to have a higher bacterial load. In fact, the content of 
Gram-negative bacteria, including Bacteroides and Enterobacteriaceae, 
was expanded [28,115]. Taken together, these findings support the idea 
that NOD1 contributes to gastrointestinal immune-metabolic adapta-
tions linked to the content of the host microbiota. Interestingly, de-
ficiencies in NOD1 and NOD1-dependent signaling pathways, as seen in 
Itchy E3 ubiquitin protein ligase deficiency models of RIPK2-related 
proteins, lead to mucosal inflammation and inadequate 
pro-inflammatory function of RIPK2 [29]. In epithelial cells, NOD1, due 
to its function as an intracellular sensor for small PGN fragments, can be 
activated by H. pylori, and has also been associated with pancreatitis 
[116]. Nod1 deficiency in cells and murine models leads to an intensified 
susceptibility to infection by this gastric pathogen. It should be noted 
that H. pylori not only elicits these responses in host cells through the 
NOD1 receptor, but it also does so with other types of bacteria, such as 
enteroinvasive E. coli or C. difficile. In the latter, susceptibility to infec-
tion has also been associated with lower neutrophil recruitment. 
C. trachomatis is capable of inducing NOD1-mediated responses in 
trophoblastic cells, while C. pneumoniae does in endothelial cells, linking 
this immune response to the development of atherosclerosis and coro-
nary heart disease in infected patients [29,117]. Since H. pylori is 
considered the most powerful known risk factor for gastritis, peptic 
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ulcer, and gastric carcinogenesis and harbors the cag pathogenicity is-
land, several studies are being conducted on this pathogen. The cag is-
land is recognized as a cancer-related locus and translocates PGN 
components into host cells by being responsible for expressing the 
virulence-associated T4SS. NOD1 activation in gastric epithelial cells 
leads to innate immune responses against H. pylori, inducing antimi-
crobial peptides, chemokines and cytokines. Additionally, alteration of 
H. pylori PGN by a mutation in the pdgA gene encoding the PGN 
deacetylase, leads to bacterial persistence and carcinogenic develop-
ment [53,116,118]. The role of NOD1 in human epithelial cells that 
have been infected with this pathogen has been reported as funda-
mental, since it leads to the trans-epithelial migration of neutrophils 
[119]. 

PGN from gut microbiota can govern myeloid biology and phagocyte 
longevity through NOD1 signaling and its subsequent control of leuko-
cyte turnover and apoptosis [120,121]. Stimulation of this PRR, for 
example, leads to the production of the pro-inflammatory cytokine 
IL-17A, which is further required for the transfer of NOD1-dependent 
signals to active phagocytes [121]. The gastrointestinal adaptations of 
NOD1 go further, as this PRR has been reported to downregulate the 
intestinal serotonin transporter expressed in enterocytes. The intestinal 
biology is partially modulated by serotonin (5-HT); therefore, NOD1 
activation affects the intestinal serotonergic system and contributes to 
altering the homeostasis and inflammation [122]. As a result of the gut 
microbiota-derived ligands activation, NOD1 is also involved in multiple 
systemic severe inflammatory diseases (e.g., diabetes and insulin resis-
tance [17,123–125] or cardiovascular diseases). Among them, due to its 
high morbidity and mortality, atherosclerosis has been studied in depth 
both in relation to the intestinal microbiota [126,127] and to NOD1 
signaling. Our group and others have identified NOD1 as a prominent 
regulator of early [128–131] and advanced atherogenesis [67,128,132]. 
Therefore, there is a strong connection between the gut microbiota, 
NOD1, and atherosclerotic and cardiovascular events, pointing to the 
importance of dysbiosis in the development of diseases. 

11. Role of NOD1 and gut microbiota in colorectal cancer 

Colorectal cancer has been widely associated with the host gut 
microbiota [133,134]. As PRRs are closely related to microorganisms 
and immune system modulation, numerous studies have emerged on the 
interplay between NOD1, cancer and metastasis [135,136], as we have 
briefly outlined above. However, there are certain controversies that 
must be thoroughly investigated in the future. As an example of the 
involvement of NOD1 in cancer processes, several studies used a mouse 
model of colon tumorigenesis associated with colitis [4,39,135]. These 
works demonstrated that NOD1 deficiency further progresses to colitis 
and colon tumors involving the tumor suppressor Apc. NOD1 alters 
signaling, causes modifications within the intestinal epithelial cell bar-
rier, lesions, increased cell apoptosis and favors the release of inflam-
matory cytokines. The depletion of the gut microbiota decreased tumor 
development in Nod1-deficent mice, establishing a connection between 
normal commensal gut bacteria and NOD1 [135]. However, other au-
thors demonstrated that NOD1, which is highly expressed in both mu-
rine colorectal cancer cell lines and human colorectal cancer, negatively 
affects the survival of colorectal cancer patients. NOD1 activation 
resulted in increased colorectal cancer cell migration, metastasis, and 
adhesion, primarily mediated by mitogen-activated protein kinase p38 
signaling [136]. 

12. NOD1, gut microbiota and brain disorders 

The microbiota not only plays a role in modulating the gastrointes-
tinal tract or in bacterial infection, but it is also a preeminent contributor 
to neurodevelopment. PRRs, like NOD1, stand out as potential regula-
tors of the connections between the microbiota and the nervous system. 
Microbial products (e.g., PGN) are recognized by PRRs present in the 

placenta, brain, and circulation, and can cross the blood-brain barrier 
(BBB). Moreover, gut microbiota is known to contribute to BBB forma-
tion and homeostasis, microglial development and function, complex 
behaviors, and myelination [27]. Indeed, dysbiosis triggers psychiatric 
disorders and behavioral aberrations [137]. Changes in the permeability 
of the intestinal epithelial barrier are not the only cause of translocation 
of PGN fragments into the host’s bloodstream: this has also been re-
ported to occur under basal conditions. Interestingly, the detection of 
PGN by NOD1 primes and restores neutrophil functions even in the 
absence of bacteria. PGN fragments have been found in a wide con-
centration in healthy subjects, which suggests a homeostatic function of 
PGN [56,121,138–140]. In addition, fragments of PGN have been 
detected in the brains of healthy mice, which shows that certain types 
can cross the BBB and their levels increase according to the processes of 
bacterial colonization after birth [141–143]. Further studies should 
reveal which fragments pass through the BBB, identify their function, 
and correlate them with specific microbiota content (Fig. 3). 

The PRRs that recognize PGN are expressed during specific periods in 
brain development and especially within specific regions of the cortex 
and some of them are influenced by changes in the gut microbiota. For 
example, Nod-like receptors are expressed at higher concentrations in 
males. Interestingly, gastrointestinal disturbances and the composition 
of the gut microbiota are consequently related to some psychiatric dis-
orders such as autism spectrum disorder. PepT1 (SLC15A1), belonging 
to the proton pair oligopeptide transporter family, is responsible for the 
transport of muramyl-dipeptide (MDP) and the tripeptide L-Ala-D-Glu- 
m-DAP in human intestinal epithelial cells [144]. This transporter is also 
expressed in various brain regions and is enhanced during the first 
postnatal days. Under normal conditions, PRRs modulate developmental 
events: for example, NOD1 epithelial cells activated by Gram-negative 
PGNs regulate the production of gut-associated lymphoid tissue. Since 
other molecules of the immune system also modulate neuro-
developmental processes, it would not be surprising if NOD1 had a role 
in brain development, function and behavior. 

Furthermore, NOD1 (and NOD2), have been specifically identified as 
key receptors for gut-brain axis mechanisms and disorders. The mice 
deficient in NOD1 and NOD2 (NodDKO) presented cognitive deterio-
ration, anxiety and depression induced by stress, under an overactive 
condition of the hypothalamic-pituitary-adrenal axis. An imbalance of 
serotonergic signaling in the brain, decreased hippocampal cell prolif-
eration, reduced neural activation, and immature neurons were 
observed. Interestingly, NodDKO mice had increased gastrointestinal 
permeability and impaired gut serotonin signaling after exposure to 
acute stress. Cell-specific deletion in the intestinal epithelium of NOD1, 
but not NOD2, increased stress-induced anxiety and post-stress cognitive 
decline [137]. This evidence reinforces the hypothesis that future ave-
nues should take into account the influence of the nervous system and 
the microbiota in the strategies to treat other pathologies such as 
gastrointestinal. 

13. Looking to the future from a pharmacological point of view 

Given the importance of NOD1 in the aforementioned pathologies and 
physiological processes, the leap from theory to practice contemplating the 
receptor for possible targeted clinical applications is essential. However, to 
date, clinical trials on NOD1 are modest and scarce. There is an ongoing trial 
(Abnormal Fecal Microbiota in Healthy Subjects at High Risk for Crohn’s Disease; 
MAGIC, NCT02826330) in which analysis of 380 genetic variants of mo-
lecular targets involved in this disease is being performed. At this point, 
polymorphisms and mutations of NOD1, NOD2, IL23R, ATG16L1, DGL5, 
TNF, IL6 or NFKB1 genes are analyzed (https://www.clinicaltrials.gov/ct2/ 
show/ NCT02826330?term=Nod1&cond=Microbiota&draw=2&rank=1). 

The potential of the "forgotten organ" is far from being fully exploi-
ted. Interestingly, there are currently different techniques to analyze the 
gut microbiota because it is considered a tool for subsequent personal-
ized medicine [145]; the microbial profile is unique for each individual 
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(Fig. 3). High-throughput human multi-omic data, measurements of host 
physiology, and animal or cellular models are key to characterizing the 
cellular and molecular mechanisms that drive these connections. Indi-
vidualized dietary, therapeutic or microbiota-directed interventions 
represent major goals that outline a promising future. Antibiotics, pro-
biotics, prebiotics, symbiotics (combinations of probiotics and pre-
biotics), polyphenols, or fecal microbiota transplantation approaches 
are current strategies targeting the microbiota that are being improved 
[4,89]. The potential use of CRISPR/Cas technologies can be applied to 
treat metabolic disorders, autoimmune dysfunctions, and dysbiosis. 
Furthermore, human biology has been linked to circadian clocks. 
Myeloid cells, such as neutrophils, also exhibit circadian oscillations. 
Microbiota fragments or derived products activate PRRs, such as TLRs 
and NLRs, and the inflammatory role of leukocytes depends on oscilla-
tions of the circadian clock. Moreover, the microbiota content itself has 
also been associated with circadian and nutritional clocks in various host 
species [5,39,69]. 

The advancement of “pharmaco-microbiomics” as a novel field of 
research has promising use in personalized diagnosis, therapy, and 
prognosis. It studies drug-microbiota interactions and the effect of al-
terations of the human microbiota on drugs [146]. Drug efficacy and 
reduction of adverse drug reactions could be controlled by manipulating 
the gut microbial communities. Host microorganisms can influence 
xenobiotics-foreign molecules that include drugs and bioactive com-
pounds derived from the diet. In this regard, the microbial biotransfor-
mation of hydroxycinnamates into anti-inflammatory cinnamoyl 
esterases, the direct binding of microorganisms to xenobiotics (H. pylori 
to levodopa, decreasing its bioavailability) or the bacterial detoxifica-
tion of xenobiotics (for example, inactivation of digoxin by the slow 

commensal Eggerthella) are some examples [147,148]. Indirect effects of 
host-microbiota interaction on xenobiotics are the enterohepatic cycle 
of foreign molecules (e.g., β-glucuronidase cleavage of non-steroidal 
anti-inflammatory drugs, with enteropathic effects), the modification 
of host gene expression post-infection (such as hepatic upregulation of 
CYP450 gene expression), synthesis of intestinal microbe metabolites 
(such as trimethylamine-containing molecules), or the competition be-
tween xenobiotic microorganisms and metabolites for binding sites 
within host enzymes. Moreover, some drugs modify the activity of the 
gut microbiota and increase the expression of genes related to drug 
resistance, drug metabolism, and response to harmful stimuli such as 
stress. Therefore, to achieve drug efficacy, adherence to drugs and avoid 
bacterial resistance, identify host microorganisms, classify their micro-
bioma into different metabotypes, and study drug-microbiota in-
teractions are essential [14,146,149]. 

Interestingly, there are studies that attempt to employ targeted 
strategies based on the synthesis of conformationally layered iE-mDAP 
derivatives as NOD1 ligands. These approaches attempt to harness its 
immunomodulatory and antimicrobial potential for medical chemistry 
applications while studying its specific agonist effect on NOD1 [3,150, 
151]. Additionally, the identification and use of selective small molecule 
inhibitors of NOD1 offer useful tools to address inflammatory, infectious 
and metabolic diseases [152]. Future studies should also focus on 
elucidating the molecular patterns of PGN synthesized by intracellular 
bacterial pathogens as they proliferate within host cells [153,154]. 
Despite some attempts to characterize PGN structure of intracellular 
pathogens like Coxiella burnetti, Chlamydia and Mycobacterium leprae, the 
information is still scarce and not providing clear clues on how these 
pathogens limit recognition by NOD1/NOD2 [153,154]. It is also 

Fig. 3. Translational and therapeutic interventions intended to regulate NOD1 activity. The role of NOD1 in human pathology constitutes a subject of research from 
different points of view; from clinical trials intended to identify its role and targeting the activity to omics studies involving the definition of the polymorphic variants 
and their role in health and disease. A summary of these studies is provided. 
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surprising that no study has yet addressed at the molecular level the 
nature of PGN fragments shed by pathogens when they inhabit the 
eukaryotic intracellular niche. 

What is clear is that NOD1 is considered a promising therapeutic 
molecular target [42,155]. Thus, PGN from non-invasive pathogens or 
commensal bacteria is delivered to NOD1 through outer membrane 
vesicles. It has been reported that the activation of NOD1 signaling by 
these vesicles may have important clinical applications [44,45]. 
Furthermore, colonization strategies with controlled and defined com-
mensals or specific probiotic therapies can prevent mucosal barrier 
permeabilization and intestinal inflammation in the host [156]. 

Given that infections contracted early in life compromise the health 
of the adult individual and entail an increase in neonatal or infant 
mortality, its study of these stages is essential. Recent findings on 
neonatal gut microbiota interactions are underscoring the potential for 
gut microbiota modulation early in life. In a recent study, the expression 
of NOD1 and, also the induced production and release of pro- 
inflammatory molecules were affected in premature-born childs. The 
authors associated these events with the contribution of NOD1 to the 
increased susceptibility of infants to infection. Therefore, developing a 
new personalized and targeted immunological approach to the pro-
phylaxis and treatment of infections in newborns is a promising strategy 
[157,158]. Knowing all these paradigms can lead to the crucial devel-
opment of therapeutic interventions on prophylaxis based on NOD1, 
microbiota modulation and antibiotic treatments. 

14. Concluding remarks 

The growing evidence in recent years on the contribution of NOD1 in 
different pathologies, added to the importance of the microbiota in 
human physiology and metabolism, has led to a greater interest in the 
study of their complex interrelations. Since NOD1 participates in critical 
gastrointestinal immune-metabolic adaptations, its regulation by the gut 
microbiota has consequences for human health and disease. Unveiling 
these still poorly understood processes means obtaining potential diag-
nostic and therapeutic tools for diseases as varied as autoimmune to 
infectious. For this, multidisciplinary and integrated studies are neces-
sary to this aim. 
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Sollner Dolenc, Synthesis of conformationally constrained γ-D-glutamyl-meso- 
diaminopimelic acid derivatives as ligands of nucleotide-binding oligomerization 
domain protein 1 (Nod1), Eur. J. Med Chem. 69 (2013) 232–243, https://doi.org/ 
10.1016/j.ejmech.2013.08.022. 

[152] D.J. Rickard, C.A. Sehon, V. Kasparcova, L.A. Kallal, P.A. Haile, X. Zeng, M. 
N. Montoute, D.D. Poore, H. Li, Z. Wu, P.M. Eidam, J.G. Emery, R.W. Marquis, P. 
J. Gough, J. Bertin, Identification of selective small molecule inhibitors of the 
nucleotide-binding oligomerization domain 1 (NOD1) signaling pathway, PLoS 
One 9 (2014) 96737, https://doi.org/10.1371/journal.pone.0097675. 

[153] F. García-del Portillo, Building peptidoglycan inside eukaryotic cells: a view from 
symbiotic and pathogenic bacteria, Mol. Microbiol. 113 (2020) 613–626, https:// 
doi.org/10.1111/mmi.14452. 

[154] C. Otten, M. Brilli, W. Vollmer, P.H. Viollier, J. Salje, Peptidoglycan in obligate 
intracellular bacteria, Mol. Microbiol. 107 (2018) 142–163, https://doi.org/ 
10.1111/mmi.13880. 

[155] L. Moreno, T. Gatheral, Therapeutic targeting of NOD1 receptors, Br. J. Pharm. 
170 (2013) 475–485, https://doi.org/10.1111/bph.12300. 

[156] J.M. Natividad, V. Petit, X. Huang, G. de Palma, J. Jury, Y. Sanz, D. Philpott, C. 
L. Garcia Rodenas, K.D. McCoy, E.F. Verdu, Commensal and probiotic bacteria 
influence intestinal barrier function and susceptibility to colitis in Nod1-/-; 

V. Fernández-García et al.                                                                                                                                                                                                                    

https://doi.org/10.1007/s00535-005-1780-z
https://doi.org/10.1007/s00535-005-1780-z
https://doi.org/10.1136/gut.52.1.71
https://doi.org/10.1038/nature07450
https://doi.org/10.1038/nature07450
https://doi.org/10.3748/wjg.v24.i16.1725
https://doi.org/10.3748/wjg.v24.i16.1725
https://doi.org/10.1038/ni1131
https://doi.org/10.1158/0008-5472.CAN-14-2291
https://doi.org/10.1158/0008-5472.CAN-14-2291
https://doi.org/10.5009/gnl13218
https://doi.org/10.1038/s41598-020-70455-7
https://doi.org/10.1038/s41598-020-70455-7
https://doi.org/10.1182/blood-2015-10-675173
https://doi.org/10.1002/jcp.26229
https://doi.org/10.2337/db11-0004
https://doi.org/10.1007/s12020-018-1831-x
https://doi.org/10.1007/s12020-018-1831-x
https://doi.org/10.1016/j.diabet.2012.08.001
https://doi.org/10.1111/bph.14483
https://doi.org/10.3389/fmicb.2015.00671
https://doi.org/10.1096/fj.201801231RR
https://doi.org/10.1096/fj.201801231RR
https://doi.org/10.3390/cells9092067
https://doi.org/10.4049/jimmunol.1302841
https://doi.org/10.1161/atvbaha.110.216325
https://doi.org/10.1161/atvbaha.110.216325
https://doi.org/10.1161/HYPERTENSIONAHA.116.08192
https://doi.org/10.1146/annurev-cancerbio-030617-050240
https://doi.org/10.1007/s10096-016-2881-8
https://doi.org/10.1007/s10096-016-2881-8
https://doi.org/10.1158/0008-5472.Can-08-2061
https://doi.org/10.1007/s13238-019-00687-5
https://doi.org/10.1007/s13238-019-00687-5
https://doi.org/10.1113/jp278640
https://doi.org/10.1128/iai.02212-14
https://doi.org/10.3390/nu12103032
https://doi.org/10.3390/nu12103032
https://doi.org/10.1152/physrev.00026.2016
https://doi.org/10.1152/physrev.00026.2016
https://doi.org/10.4049/jimmunol.1701776
https://doi.org/10.1038/mp.2016.182
https://doi.org/10.1038/mp.2016.182
https://doi.org/10.1038/pr.2017.111
https://doi.org/10.1152/ajpgi.00527.2009
https://doi.org/10.1186/s40169-019-0232-y
https://doi.org/10.1186/s40169-019-0232-y
https://doi.org/10.1007/s13238-018-0547-2
https://doi.org/10.1007/s13238-018-0547-2
https://doi.org/10.2174/187220809788700157
https://doi.org/10.2174/187220809788700157
https://doi.org/10.1016/j.steroids.2018.01.007
https://doi.org/10.1007/978-981-15-3895-7_10
https://doi.org/10.3390/ijms20174265
https://doi.org/10.1016/j.ejmech.2013.08.022
https://doi.org/10.1016/j.ejmech.2013.08.022
https://doi.org/10.1371/journal.pone.0097675
https://doi.org/10.1111/mmi.14452
https://doi.org/10.1111/mmi.14452
https://doi.org/10.1111/mmi.13880
https://doi.org/10.1111/mmi.13880
https://doi.org/10.1111/bph.12300


Pharmacological Research 171 (2021) 105775

13

Nod2-/- mice, Inflamm. Bowel Dis. 18 (2012) 1434–1446, https://doi.org/ 
10.1002/ibd.22848. 

[157] K.Z. Sanidad, M.Y. Zeng, Neonatal gut microbiome and immunity, Curr. Opin. 
Microbiol. 56 (2020) 30–37, https://doi.org/10.1016/j.mib.2020.05.011. 

[158] Y. Chen, S.L. Yu, Y.P. Li, M.M. Zhang, Nucleotide-binding oligomerization domain 
(NOD) plays an important role in neonatal infection, Int J. Biol. Macromol. 121 
(2019) 686–690, https://doi.org/10.1016/j.ijbiomac.2018.10.052. 

V. Fernández-García et al.                                                                                                                                                                                                                    

https://doi.org/10.1002/ibd.22848
https://doi.org/10.1002/ibd.22848
https://doi.org/10.1016/j.mib.2020.05.011
https://doi.org/10.1016/j.ijbiomac.2018.10.052


   Doctoral Thesis of B. Victoria Fernández-García 

29 
 

Beyond classic concepts in thyroid homeostasis: immune 
system and microbiota 

 

Abstract: It has long been known that thyroid hormones have implications for 

multiple physiological processes and can lead to serious illness when there is an 

imbalance in its metabolism. The connections between thyroid hormone 

metabolism and the immune system have been extensively described, as they can 

participate in inflammation, autoimmunity, or cancer progression. In addition, 

changes in the normal intestinal microbiota involve the activation of the immune 

system while triggering different pathophysiological disorders. Recent studies 

have linked the microbiota and certain bacterial fragments or metabolites to the 

regulation of thyroid hormones and the general response in the endocrine system. 

Even if the biology and function of the thyroid gland have attracted more attention 

due to its pathophysiological importance, there are essential mechanisms and 

issues related to it that are related to the interplay between the intestinal 

microbiota and the immune system and must be further investigated. Here we 

summarize additional information to uncover these relationships, the knowledge 

of which would help establish new personalized medical strategies [8]. 

 

Original contribution from the doctoral student: V.F.-G. wrote the pulication, 

designed the figures and revised the manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Molecular and Cellular Endocrinology 533 (2021) 111333

Available online 25 May 2021
0303-7207/© 2021 Elsevier B.V. All rights reserved.

Beyond classic concepts in thyroid homeostasis: Immune system 
and microbiota 

Victoria Fernández-García a,b, Silvia González-Ramos a,b,**, Paloma Martín-Sanz a,c, 
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A B S T R A C T   

It has long been known that thyroid hormones have implications for multiple physiological processes and can 
lead to serious illness when there is an imbalance in its metabolism. The connections between thyroid hormone 
metabolism and the immune system have been extensively described, as they can participate in inflammation, 
autoimmunity, or cancer progression. In addition, changes in the normal intestinal microbiota involve the 
activation of the immune system while triggering different pathophysiological disorders. Recent studies have 
linked the microbiota and certain bacterial fragments or metabolites to the regulation of thyroid hormones and 
the general response in the endocrine system. Even if the biology and function of the thyroid gland has attracted 
more attention due to its pathophysiological importance, there are essential mechanisms and issues related to it 
that are related to the interplay between the intestinal microbiota and the immune system and must be further 
investigated. Here we summarize additional information to uncover these relationships, the knowledge of which 
would help establish new personalized medical strategies.   

1. Thyroid gland and hormones. The interplay between thyroid 
hormones and the immune system 

In the anterior space of the neck, there is a butterfly-shaped tissue 
responsible for several physiopathological functions: the thyroid. In fact, 
thyroid disorders occurs in a variety of endocrine pathologies (Beynon 
and Pinneri, 2016). In adults, thyroid hormones are necessary for proper 
metabolism and development. Thyrotropin-releasing hormone (TRH) 
and thyroid-stimulating hormone (TSH), or thyrotropin, regulate the 
thyroid gland, but there are other physiological conditions and mole-
cules that modulate the activity of this gland, such as nutritional status 
and nutritional signals like leptin and peptides that control the appetite 
(Mullur et al., 2014). However, the interaction of microbiota, metabolic 
profiles and thyroid function are a subject of discussion (Feng et al., 
2019; Knezevic et al., 2020). 

3,3′, 5,5′ tetraiodo-L-thyronine (T4) and 3,3′, 5-triiodo-L-thyronine 
(T3) are produced by the thyroid gland, exerting TSH the main modu-
lation. The thyroid secretes T4, while the more physiologically active T3 

is obtained from the deiodination of T4. The action of both hormones is 
non-genomic and genomic (nuclear) and is quite complex, depending on 
the expression of membrane thyroid hormone transporters, thyroid 
deiodinases, and thyroid hormone receptors (Davis et al., 2016; 
Hammes and Davis, 2015). Iodothyronine deiodinases (D1, D2, D3) are 
selenoenzymes that regulate cellular levels of thyroid hormones and 
their activation or inactivation (Montesinos and Pellizas, 2019). D2, 
expressed in the hypothalamus, white fat, brown adipose tissue (BAT), 
and skeletal muscle, is the main enzyme catalyzing the conversion of T4 
to the active form T3 and participates in adaptive thermogenesis (Mullur 
et al., 2014). Thyroid hormone receptors modulate cholesterol and 
carbohydrate metabolism (Shin and Osborne, 2003), bile acid signaling 
(Ockenga et al., 2012), insulin sensitivity in the liver (Brenta, 2011), 
energy expenditure and body weight (Kim, 2008). Also, adrenergic 
signaling is considered one of the most important pathways that links 
thyroid hormones with metabolic homeostasis (Mullur et al., 2014). 

Growing evidence underscores the importance of the crosstalk be-
tween thyroid hormones and the immune system under both 

* Corresponding author. Instituto de Investigaciones Biomédicas Alberto Sols, C/Arturo Duperier, 4, 28029, Madrid, Spain. 
** Corresponding author. Instituto de Investigaciones Biomédicas Alberto Sols (CSIC-UAM), Arturo Duperier 4, 28029, Madrid, Spain. 

E-mail addresses: gonzalez.ramos.silvia@gmail.com (S. González-Ramos), lbosca@iib.uam.es (L. Boscá).  
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physiological and pathological conditions (Klein, 2006; Montesinos and 
Pellizas, 2019; van der Spek et al., 2017; Rubingh et al., 2020). T4 and 
T3 affect immune cells activity and their subsequent way of fighting off 
pathogens; in the same way, dysfunctions related to the immune system 
and autoimmunity can lead to thyroid diseases (Benvenga and Antonelli, 
2016; Montesinos and Pellizas, 2019). For example, administration of 
T3 to rats resulted in increased respiratory burst, mitochondrial oxygen 
consumption and production of reactive oxygen species (ROS) from 
neutrophils, which express thyroid hormone receptors (Mohan and 
Damodar, 2019; van der Spek et al., 2017). Neutrophil ROS production 
also occurred when T3 was administered to euthyroid patients. In hy-
pothyroidism, there is a decrease in oxidative metabolism that can be 
easily reversed with levothyroxine (a T4 replacement therapy) (Galdiero 
et al., 2018; Mancini et al., 2016; Montesinos and Pellizas, 2019). Under 
hypothyroidism conditions, there are also changes in the lipid compo-
sition of the membranes of these leukocytes, leading to an altered 
function. T3, T4, and some metabolites of thyroid hormones trigger 
respiratory burst and myeloperoxidase (MPO) activity. Furthermore, 
when there is an acute inflammation or infection, D3 is highly expressed 
in neutrophils from zebrafish to humans, which supports their ability to 
kill pathogens (van der Spek et al., 2018). 

Macrophages also express different thyroid hormone receptors and 
isoforms (van der Spek et al., 2017). The essential enzymes of glycolysis 
are controlled by these receptors on macrophages, thus regulating their 
function (Montesinos and Pellizas, 2019; Orliaguet et al., 2020). ROS 

release and monocyte migration were suppressed in immuno stimulated 
hyperthyroid rats, while hypothyroidism increased ROS production 
without affecting cell migration (Chen et al., 2020; Rosa et al., 1995). 
The phagocytic capacity of rat intraperitoneal macrophages was favored 
by thyroid hormones and furthermore, the administration of T4 to mice 
increased it. When hyperthyroidism occurred, the inflammatory 
response of macrophages was increased, while with hypothyroidism it 
was inhibited. There are also studies on how T4 levels inhibit MIF 
(migration inhibitory factor) activity in macrophages (Wendt et al., 
2013). In addition, T3 decreased the differentiation of monocytes into 
macrophages and improved a pro-inflammatory pattern by also 
reducing the expression of genes related to 
anti-inflammatory/pro-resolution function of macrophages (Perrotta 
et al., 2014). Recent reports showed altered macrophage activity when 
there is a reduced intracellular T3 concentration after a lack of D2 ac-
tivity. There are a variety of studies on thyroid hormones related to the 
homeostasis of the nervous tissue and the liver (Shah et al., 2008; 
Takeuchi et al., 2002), one of the main target organs of thyroid hor-
mones (Chi et al., 2019; González-Ramos et al., 2020; Virili and Cen-
tanni, 2015). 

Functional dendritic cells (DCs), derived from the maturation of 
monocytes stimulated with thyroid hormones, release iodinated me-
tabolites, and especially T3. For this reason, cancer immunotherapy 
focused on developing DCs therapeutic strategies, will benefit from new 
discoveries to improve the viability, function and migration of DCs using 

Fig. 1. Unveiling the Immune System-Thyroid-Microbiota triad. The thyroid gland comprises a series of finely regulated molecular and cellular mechanisms that 
involve thyroid hormones, nutrient metabolism and the action of essential enzymes. Deiodination enzymes regulate the cellular levels of thyroid hormones and their 
activation. The effects of thyroid hormones mainly depend on the expression of thyroid hormone receptors. These receptors modulate cholesterol and carbohydrate 
metabolism, as well as bile acid signaling. In addition, thyroid biology has recently been linked to the immune system and gut microbiota, resulting in a complex 
triad. The intestinal microbiome releases molecular patterns associated with microbes or pathogens (MAMPS or PAMPs, respectively). MAMPs and PAMPs interact 
with pattern-recognition receptors (PRRs), as NOD1 (nucleotide-binding oligomerization domain-1), which are expressed by immune cells and trigger their acti-
vation. Immune cells, including DCs (dendritic cells), NK (natural killer) cells, neutrophils, monocytes and macrophages, present thyroid hormone receptors. These 
activated cells take part in various signaling pathways related to innate and adaptive immunity, and immune memory training. Severe infections or sepsis, thyroid 
dysfunction and other disorders, such as the euthyroid sick syndrome, release of thyrotropin receptor autoantibodies, Graves’ orbitopathy, hypothyroidism, hy-
perthyroidism or thyroid cancer; have been associated to both altered gut microbiota and thyroid pathologies. 
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thyroid hormones (Alamino et al., 2016). In addition, T3 promotes the 
cross-presentation of antigens in these cells by triggering appropriate T 
cell responses. T3-stimulated DCs vaccines are being studied for certain 
types of cancer. There are also studies on how a patient’s thyrometabolic 
state (normal, hypothyroidism, hyperthyroidism, thyroid cancer) affects 
the state of thyroid hormones and subsequent changes in DCs pop-
ulations (Montesinos and Pellizas, 2019). 

Interestingly, thyroid hormones are related to the immune system, 
and the immune system is closely related to the gut microbiota and 
external pathogens, as shown in Fig. 1. As we will discuss the connec-
tions of thyroid homeostasis with host microbes in the following para-
graphs, we must briefly comment on the role of the gut microbiota in the 
initiation and regulation of the immune system. It is known that the 
pattern recognition receptors (PRR) expressed by immune cells recog-
nizes molecular patterns that are associated with microbes or pathogens 
(MAMPS or PAMP), which lead to their activation of different signaling 
pathways of the immune system (Fröhlich and Wahl, 2019; Knezevic 
et al., 2020; Moshkelgosha et al., 2018; Shin et al., 2020; Virili and 
Centanni, 2015). This also favors immune memory training and the 
active reprogramming of the immune progenitors located in the bone 
marrow to protect against infections. Consequently, PRR training with 
normal gut microbial or non-microbial ligands confers a protective 
mechanism for the host. Deficiencies and errors in these normally finely 
regulated mechanisms include the development of diseases and auto-
immunity. Irrespective of the immune memory, which is identified in 
both innate and adaptive immune cells, microorganisms are therefore 
essential in immune education (Abdollahi-Roodsaz et al., 2016; Negi 
et al., 2019; Thaiss et al., 2016). 

2. The thyroid, immunity and microbiota triad: the interface 
between health and disease 

The intestinal tract is necessary for the homeostasis and metabolism 
of nutrients, molecules, drugs and hormones involved in thyroid 
biology, such as exogenously administered/absorbed and endogenously 
produced iodothyronines. In fact, studies on germ-free animals showed 
impairment of both immunity and intestinal permeability (Macpherson 
and Harris, 2004; Natividad and Verdu, 2013), which helped to under-
stand the possible roles of the gut microbiota, among others, in thyroid 
autoimmunity and interference with thyroxine absorption (Virili et al., 
2012). This relationship can be extended because microbiota acts as a 
key suppressor of Angptl4 (a fasting-induced adipocyte factor) in the 
intestinal epithelium (Backhed et al., 2004), which plays an active role 
in mediating the promotion of papillary thyroid cancer (Yang et al., 
2020). Despite the importance of these processes, the relationship be-
tween thyroid and microbiota content is not fully understood (Virili and 
Centanni, 2015). The aim of this review is therefore to bring together the 
little available knowledge and to identify or suggest new research paths. 
In this line, our group recently demonstrated that NOD1 (nucleotide--
binding oligomerization domain-1, PRR of the innate immunity), has 
emerged as a new key player in the regulation of metabolism, thyroid 
hormones action and energy expenditure (González-Ramos et al., 2020). 
NOD1 is expressed by a wide variety of cells and tissues, including the 
thyroid. In this regard, NOD1, which can be activated by both bacterial 
fragments and danger signals (like oxLDL) and which is believed to 
trigger pro-inflammatory signaling pathways, has been linked to resis-
tance to insulin and obesity. Indeed, the relationship between innate 
immunity, obesity, metabolic syndrome, insulin resistance and diabetes 
is well known. Our results showed that Nod1− /− mice fed high fat diet 
(HFD) for 6 weeks (compared to wild-type mice, WT) had accelerated 
diet-induced obesity and improved lipogenesis in inguinal white adipose 
tissue (iWAT) and epididymal white adipose tissue (eWAT), as well as 
significant changes in bile acid metabolism and thyroid hormone regu-
lation. T3 upregulates the phospholipase Pnpla3 (patatin-like phospho-
lipase domain-containing protein 3), which is involved in the hydrolysis 
of triglycerides in fat cells. The levels of Pnpla3 RNA were reduced in the 

adipose tissue of Nod1− /− mice, which indicates hypothyroidism. Other 
lipases, such as Atgl (patatin-like phospholipase domain-containing 
protein 2) and Lipe (hormone-sensitive lipase), which play a role in 
lipid homeostasis, were each upregulated or downregulated. Oddly 
enough, the biology of the thyroid, which regulates lipid metabolism, 
energy expenditure, and tissue homeostasis, was altered in Nod1− /−

mice with higher serum levels of T4 and T3 under chow diet, indicating 
an increased need for these hormones in these mice. When feeding HFD, 
there were no differences between the two mouse genotypes 
(González-Ramos et al., 2020). 

The levels of free thyroid T3 and T4 (FT3 and FT4 to be released in 
serum) were lower in Nod1− /− mice fed the chow diet, showing 
impaired T3 secretion and T4 while under HFD treatment, FT4 levels 
were higher. Thyroid hormones have also been studied in brown adipose 
tissue (BAT), as it regulates energy balance and thermogenesis, and in 
the liver, regulating specific metabolic functions (Shah et al., 2008; 
Takeuchi et al., 2002). T4 levels were higher in both tissues and in the 
plasma concentrations in the case of Nod1− /− mice on the chow diet, but 
these changes were suppressed under HFD. The T3 concentrations 
remained practically unchanged. NOD1 deficiency showed increased D2 
activity in BAT (chow and HFD) and a marked increase in Dio2 mRNA 
levels, indicating a high activation of BAT metabolism to maintain T3 
levels. Taking into account that low T4 levels, as it is not the case under 
these conditions, are the main activators of D2, this demonstrates the 
involvement of other activators in this response, like fatty acids. D1 
activity was lower in the liver, in agreement with the T3 levels found in 
that organ. In addition, it is known that circulating lipoproteins, such as 
those found in HFD, endanger the intestinal barrier, thereby promoting 
the entry of intestinal bacterial components into the bloodstream (Cani 
et al., 2008; Kawano et al., 2016; Knezevic et al., 2020; Luck et al., 
2015). Interestingly, the Nod1− /− animals also had a different compo-
sition of their gut microbiota compared to their WT counterparts, 
particularly in HFD, which resulted in a significant decrease in the di-
versity and richness of the microbial species (González-Ramos et al., 
2020). As part of a standard chow diet, Nod1− /− mice show a reduced 
abundance of the S24-7 family and Bacteroides and Mucispirillum genera, 
but an increased frequency of the genera Oscillospira, Prevotella, Para-
bacteroides, Rikenella, Helicobacter and Desulfovibrio, among others. HFD 
caused a decrease in the genera Odoribacter, Prevotella, Parabacteroides, 
Rikenella, Paraprevotella and Helicobacter in these animals, while in both 
murine genotypes HFD induced a decrease in Bifidobacterium, Rikenella, 
Bilophila, rc4_4 and Enterococcus and also an increase in other genera like 
Helicoboccus (González-Ramos et al., 2020). 

Consistent with this, deiodination enzymes, which are considered to 
be the most important way of metabolizing iodothyronines, are found in 
all peripheral tissues (Gereben et al., 2008; Obregon, 2014; van der Spek 
et al., 2018; Watanabe et al., 2006). The D2 and D3 activities have been 
mainly associated with the human intestine, which has a large surface 
area. Therefore, the levels of T3 and other hormones depend on the 
healthy or damaged state of the intestine, which is also influenced by the 
intestinal microbiota. Microbes have also been identified as regulators of 
certain enzymes involved in the metabolism of iodothyronines, 
assuming a limiting factor in the homeostasis of thyroid hormones. In 
addition, gut bacteria can also specifically bind to thyroid hormones 
(Fröhlich and Wahl, 2019; Virili et al., 2012; Virili and Centanni, 2015). 

Patients with sepsis or critical infections may have the euthyroid sick 
syndrome (also called non-thyroidal illness syndrome), which causes 
low levels of serum T3 and, in the most severe cases, also low levels of T4 
without an increase in TSH (Akbaş et al., 2018; Fliers and Boelen, 2020; 
Golombek, 2008). Administration of T4 to infectious bacterial animal 
models promoted their survival and reduced septicemia and inflam-
mation. Consequently, lipopolysaccharide (LPS)-induced inflammation 
and mortality were increased in hypothyroid mice and T3 protected 
them from endotoxemia. On the contrary, there are also studies that 
confirm a higher mortality of mice in cases of hyperthyroidism in 
response to LPS. T3 induced the inhibition of signal transducer and 

V. Fernández-García et al.                                                                                                                                                                                                                    



Molecular and Cellular Endocrinology 533 (2021) 111333

4

activator of transcription 3 (STAT3) and interleukin (IL)-6 signaling 
during infection and inflammation, highlighting its regulatory role in 
these conditions (Montesinos and Pellizas, 2019). 

A few years ago, it was demonstrated another connection between 
thyroid pathologies and the gut microbiota. Microbial alteration was 
associated with serum thyrotropin receptor autoantibodies and patients 
with Graves’ orbitopathy (Suzuki et al., 2018). Prevotella copri and the 
genus Bacteroides were identified as the most abundant bacteria in pa-
tients with superior autoantibodies against the thyrotropin receptor. 
These data also establish a link between autoimmune diseases, the 
thyroid and the microbiota (Fröhlich and Wahl, 2019; Shi et al., 2019). 
However, the search of specific serum biomarkers associated to micro-
biota in hypothyroid vs. non-hypothyroid obese patients has failed to 
provide clear clues (Tabasi et al., 2021). 

Interestingly, in a recent dysbiosis study in the rat gut microbiota 
caused by chemically or surgically induced thyroid dysfunction, the 
authors showed that gut microbiota content varied depending on the 
functional status of the thyroid, using levothyroxine-induced hyper-
thyroidism, propylthiouracil-induced hypothyroidism or thyroidec-
tomy, as experimental models of thyroid dysfunction. Hyperthyroid rats 
had a higher content in the genus Ruminococcus, while the S24-7 family 
was enhanced in the hypothyroid group. The Prevotellaceae family and 
the Prevotella genus were lower in hypothyroid rats and in the surgery- 
induced hypothyroidism group; however, Phylum Firmicutes and Oscil-
lospira geni increased in the latter (Shin et al., 2020). Additionally, 
thyroid nodules, thyroid cancer, and thyroid function have also been 
linked to dysbiosis of the gut microbiota. These findings imply potential 
applications in clinical diagnostics, therapies, and probiotic 

development (Zhang et al., 2019). 
About 103-104 different bacterial species make up the human intes-

tinal microbiota (Fröhlich and Wahl, 2019; Knezevic et al., 2020; 
Thursby and Juge, 2017; Virili and Centanni, 2017). Firmicutes or Bac-
teroidetes phyla are main in normal microflora content and can convert 
exogenous substrates into new derived metabolites that participate in 
different signaling pathways and exert effects on a variety of cells. 
Short-chain fatty acids, for example, whose production is increased by 
the intestinal microbiota through fiber fermentation processes, 
contribute to altering hematopoiesis in the bone marrow. Furthermore, 
the host’s microbiome is necessary for the proper maturation and 
regulation of the immune system: phagocyte functionality, cytokine 
release, ability to kill, etc., (Chevre et al., 2018; Xiao and Kang, 2020). 

There are interesting ongoing clinical trials on this subject, such as 
the ‘GUT MICROBIOTA IS ASSOCIATED WITH AUTOIMMUNE THY-
ROID DISEASE’ (NCT03390582), ‘MICROBIOME AND PAPILLARY 
THYROID MICROCARCINOMA’ (NCT04376203) or ‘CHANGE OF GUT 
MICROBIOME IN THE TREATMENT OF GRAVES′ DISEASE’ 
(NCT04383795). Although all the aforementioned investigations are 
shedding light on what had remained unknown for years, there is still a 
wide field to be explored in the interactions between the microbiota and 
the targets that mediate alterations in the euthyroid state (Fig. 2). 

3. Diet, nutrients and antibiotics produce changes in normal 
microbiota composition that affect thyroid biology and vice 
versa 

Since the gut microbiota is currently considered as a key regulator of 

Fig. 2. The double-edged microbiota-thyroid. The metabolism of nutrients, drugs and hormones involved in thyroid physiology require the function of the in-
testinal tract. Interestingly, thyroid hormones are related to the immune system, and the immune system is closely related to the gut microbiota and external 
pathogens. The microbes that reside in the human gut also depend on dietary nutrients, the immune response and other characteristics that affect the health of the 
host. Changes in dietary behavior or other problems that affect the normal metabolism or the healthy state, lead to dysbiosis, dysfunction and exacerbation of the 
disease. New studies are trying to demonstrate the bidirectional connection between thyroid pathologies and the gut microbiota. Firmicutes, Bacteroidetes, Acti-
nobacteria and Proteobacteria phyla are the most dominant in normal microflora composition. Bacteroidetes and Firmicutes suppose the 90% of the total content. 
Dysbiosis has been associated with thyroid dysfunction: Firmicutes/Bacteroidetes ratio is impaired in these patients. Also, higher levels of serum thyrotropin receptor 
autoantibodies are linked to an increased Prevotella copri and genus Bacteroides content. In addition, hyperthyroidism has been related to a higher content in the 
genus Ruminococcus and hypothyroidism has been associated to a S24-7 family. 
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human health or disease, changes in diet or other problems that affect 
human health, such as certain xenobiotics, will alter normal microbiota 
content (Gentile and Weir, 2018; Oliphant and Allen-Vercoe, 2019). 
Foods that are rich in fats or carbohydrates and endotoxins lead to dif-
ferential activation of leukocytes, due to the specific expression pattern 
of Toll-like receptors (TLRs), the release of ROS and inflammation, 
among other characterized mechanisms. These cellular and metabolic 
alterations involve changes in the response of the immune system, which 
implies modified behaviors to fight infections or even changes in the 
normal composition of the intestinal microbiota (Chevre et al., 2018). 

High-fat diets are known to induce alterations in the content and 
characteristics of the normal microbiota, supporting the thyroid- 
microbiota link (Cani et al., 2008; Shao et al., 2014; Ye et al., 2019). 
Furthermore, the synthesis, metabolism and release of cholesterol are 
also regulated by thyroid hormones that exert direct and indirect actions 
(Mullur et al., 2014; Shin and Osborne, 2003; Sinha et al., 2014; Take-
uchi et al., 2002). As mentioned above, they promote lipolysis and 
lipogenesis and are related to bile acid signaling pathways, which also 
contribute to cholesterol metabolism and stimulate D2 activity and en-
ergy expenditure. Knowing these mechanisms should be essential to 
establish new therapeutic targets and design new drugs for a wide va-
riety of metabolic diseases. As an example, several thyroid hormone 
analogs are being developed to control cholesterol and body weight 
pathways (Morreale de Escobar et al., 1985; Mullur et al., 2014). 
Therefore, if thyroid hormones modulate lipids and lipids regulate im-
mune cell functions, these hormones are closely related to pathogens 
and the gut microbiota. 

Gut absorption and lipid metabolism by the gut microbiota have 
been studied in depth in a wide range of experimental models (Greer 
et al., 2013; Martinez-Guryn et al., 2018; Mokkala et al., 2020; Semova 
et al., 2012). However, not only fats or carbohydrates in the diet inter-
fere with the composition of the microbiota, but also micronutrients (for 
example, vitamins), food additives (i.e., emulsifiers or sweeteners) and 
special diets (such as paleolithic, ketogenic, mediterranean or vegan/-
vegetarian) (Gentile and Weir, 2018). Therefore, nutrients regulate 
innate immune cells in different ways. The composition of the meals 
affects not only the metabolism, but also the intestinal microbiota, cell 
signaling, hormones homeostasis and the modulation of innate leuko-
cyte activities. IgA regulates the microbiota composition, its population 
size and contributes to fight infections and its responses are altered 
when there exists microbiome dysbiosis caused by ‘Western diet’ habits 
(Pabst and Slack, 2020). These dysbiosis contribute to autoimmune 
diseases (Chevre et al., 2018). Moreover, it has been widely reported 
that antibiotics negatively influence gut microbiota (Vrieze et al., 2014; 
Zarrinpar et al., 2018); however, contrary to what might be expected, 
even if dramatic modifications in gut microbiota occurred, no changes in 
glucose metabolism or gut hormones (postprandial glucose tolerance, 
insulin secretion or plasma lipid levels) existed except an enhanced 
release of the gut peptide YY (Mikkelsen et al., 2015; Persaud and 
Bewick, 2014). 

4. Fats-bile acids-hormones-microbiota axis 

Diet has been widely shown to affect metabolism and immunity, and 
recent studies link it to modulation of the microbiota, as well as bile acid 
synthesis and signaling (Alvarez-Sola et al., 2017; He and You, 2020; 
Heiss and Olofsson, 2018; Musso et al., 2011). Furthermore, the bidi-
rectional interaction between bile acids and the microbiota regulate the 
immune function in the enterohepatic circulation. Notably, the latter 
appears to be impaired in Nod1− /− mice (González-Ramos et al., 2020). 
Interestingly, bile acids are metabolized by microbial enzymes but they 
also affect the growth of defined populations of the microbiota (Tian 
et al., 2020) and subsequently this modifies the immune system activity 
(Chevre et al., 2018; Silvestre-Roig et al., 2019). Bile salt detoxifying 
encoding genes have been identified in diverse species belonging to the 
genera Bacteroides, Clostridium, Lactobacillus, and Bifidobacterium (Jones 

et al., 2008). For example, Bacteroides distasonis expresses bile salt hy-
drolases and 7β-dehydroxylation activity, while Clostridium scindens and 
Clostridium perfringens express 3α- and 7α-hydroxysteroid hydrolases, 
and Clostridium absonum expresses both 7α- and 7β-hydroxysteroid de-
hydrogenases. Changes in bile acids modulate the relative abundance of 
microbial genes involved in bile acid metabolism where a high abun-
dance of Bacteroides enable a greater improvement in their metabolism 
in comparison to a gut microbiota dominated by Prevotella. Moreover, 
the homologies between the amino acid sequences of thyroid peroxidase 
and thyroglobulin, and glycopolymers of the genus Lactobacillus and 
Bifidobacterium, suggest a potential role of those in the pathogenesis of 
autoimmune thyroid diseases (Abdollahi-Roodsaz et al., 2016; Fröhlich 
and Wahl, 2019; Knezevic et al., 2020; Marchesi et al., 2016; Virili and 
Centanni, 2015; Kiseleva et al., 2011). 

Balanced lipid homeostasis and immunity depend on bile acids 
(Joyce et al., 2014; Watanabe et al., 2006). In the study mentioned 
above by our group (González-Ramos et al., 2020), important changes in 
bile acid metabolism and thyroid hormone regulation were reported (i. 
e., reduction in Bacteroides and dietary-mediated decrease in Bifido-
bacterium). Total bile acids were measured in serum and liver extracts of 
Nod1− /− mice fed HFD for 6 weeks (compared to WT mice). In addition, 
mRNA levels of important genes related to bile acid biosynthesis were 
analyzed. Among other biomarkers, the key sterol hydrolases Cyp7a1 
and Cyp27a1 were markedly increased in Nod1− /− mice, consistent with 
increased bile acid production in the liver of these mice 
(González-Ramos et al., 2020). The liver is an important metabolic tissue 
with a wide range of immune cells and high immunological activity, for 
which the microbiota, bile acids and hormones play a fundamental role 
in its modulation (Chevre et al., 2018). In this regard, it has been shown 
that choloylglycine hydrolase (bile salt hydrolase) produced in bacteria 
has a role in regulating the host’s cholesterol and lipid metabolism, 
while also affecting weight gain (Backhed et al., 2004; Joyce et al., 
2014). 

Other studies also highlight the influence of altered bile acids and the 
microbiota on lipid homeostasis and metabolic diseases such as obesity 
(Wei et al., 2020). In fact, the bile acid receptor TGR5, a G-protein 
coupled receptor, is expressed in BAT and muscle, where its activation 
can promote energy expenditure and attenuate diet induced obesity by 
conversion of T4 into T3 (Duboc et al., 2014; Wei et al., 2020). There-
fore, it is not surprising that, given the connections between bile acids 
and the thyroid, alterations in bile acids or lipid-regulating bacteria have 
an impact on thyroid homeostasis (direct or indirect). In addition, bile 
acids pool is almost exclusively derived from the microbiome; however, 
the bacterial species and the genes and molecules involved in these 
biosynthetic processes are poorly understood. Microbiota-derived bile 
acids, such as iso-3β-hydroxy-bile acids, have been shown to be pro-
duced by Ruminococcus gnavus. Interestingly, the iso-bile acid signaling 
pathway favors the growth of the important commensal genus Bacter-
oides by detoxifying deoxycholic acid (Devlin and Fischbach, 2015). 

In view of these microbe-guided biosynthetic pathways, thyroid 
hormones regulation would benefit from microbiota or iso-bile acid 
targeting strategies. Moreover, it has been demonstrated that antibi-
otics, like vancomycin, influence intestinal microbiota, bile acids ho-
meostasis and insulin sensitivity, reinforcing the previous connections 
(Mikkelsen et al., 2015). Fecal microbial diversity resulted reduced after 
vancomycin treatment: Gram-positive bacteria and Firmicutes especially, 
decreased, while gram-negative bacteria, predominantly Proteobacteria, 
increased. The antibiotic also reduced fecal secondary bile acids and 
increased plasma primary bile acid levels. Consequently, alterations in 
the abundance of fecal bile acids were mainly related to changes in 
Firmicutes (Vrieze et al., 2014). Taken together, this leads to the fact that 
the study of thyroid hormones under these conditions would uncover 
paradigms in certain cases of patients with thyroid disease treated with 
antibiotics. 

It is known that metabolites derived from the diet produce alter-
ations in immune cells, thereby altering their functions and the ability to 

V. Fernández-García et al.                                                                                                                                                                                                                    



Molecular and Cellular Endocrinology 533 (2021) 111333

6

eliminate pathogens. Indeed, monocytes, macrophages and innate 
lymphoid cells are present in the intestinal mucosa and tend to test the 
luminal content to maintain intestinal homeostasis and prevent in-
flammatory responses (Chistiakov et al., 2015; Greer et al., 2013; Her-
gott et al., 2016; Junker et al., 2012; Layunta et al., 2018; Tilg et al., 
2020). In this regard, the NLRP3 inflammasome has emerged as a key 
regulator of the inflammatory response, while other components of the 
immune system, such as TLRs and other PRR, are regulated by saturated 
and polyunsaturated fatty acids and pathogen derived molecules (Baker 
et al., 2017; Huang et al., 2016). 

5. Energy and metabolites impact microbiota and thyroid 
hormones 

Many environmental characteristics can influence energy homeo-
stasis; however, diet is the most important of them. This energy is then 
used in metabolic networks or stored in adipose tissues as fat. The gut- 
adipose tissue axis is also key to the study of energy balance in many 
metabolic disorders (Tilg et al., 2020; Xiao and Kang, 2020). Energy and 
other factors such as the consumption of a HFD influence the intestinal 
microbiota (Oliphant and Allen-Vercoe, 2019; Xiao and Kang, 2020; Ye 
et al., 2019). Studies based on manipulation of the Bacteroidetes and 
Firmicutes populations have shown differential effects on fatty acids 
profile (Kindt et al., 2018). In particular, microbiota affects mono-
unsaturated fatty acids (MUFA)-containing lipids generation and poly-
unsaturated fatty acids (PUFA) elongation via short-chain fatty acids 
(SCFA), mainly acetate production, leading to significant alterations in 
the acyl-chain profile of glycerophospholipids (Kindt et al., 2018), 
including phosphatidylinositol that may play a pivotal function in 
physiological and pathological situations associated with the thyroid 
(Benvenga and Antonelli, 2016). Overall, the thyroid hormone respon-
sive spot 14 protein (THRSP or S14) gene is a functional gene induced by 
T3 and regulating fatty acid compositions (Kuemmerle and Kinlaw, 
2011). Thus, the hormone-fatty acid-microbiota axis constitutes an 
additional aspect of the association between thyroid function and 
microbiota composition. 

In addition, the microbiota enhances the ability of the host to obtain 
energy from the diet and leads to production of specific metabolites 
microbial molecules including secondary bile acids and lipopolysac-
charides among others (Chevre et al., 2018; Jia et al., 2018; Kusumoto 
et al., 2017). The gut microbes ferment and therefore metabolize com-
plex, indigestible carbohydrates, producing short-chain fatty acids. All 
these molecules, which become sources of energy, are involved in 
essential signaling pathways such as energy intake and storage, appetite 
regulation or intestinal motility. In addition, substances transmitted by 
the blood, the afferent vagal and spinal nerves, hormones, and certain 
neurotransmitters allow the gut and gut microbiota to communicate 
with the brain in what is known as the gut-brain axis (Obrenovich et al., 
2017; Pusceddu et al., 2019; Xiao and Kang, 2020). The receptors 
expressed in the brain regulate this crosstalk and the energy balance. 
These processes also involve the hypothalamus, key in thyroid modu-
lation (Heiss and Olofsson, 2018; Oliphant and Allen-Vercoe, 2019; Xiao 
and Kang, 2020). Interestingly, thyroid homeostasis is partly regulated 
by iodine and selenium availability. The absorption of these nutrients, 
not fully understood, has been demonstrated to be impaired in pathol-
ogies that curses with an important reduction of the gastrointestinal 
mucosa and changes in urinary iodine excretion. In addition, an 
increasing demand of selenium by intestinal microorganisms contributes 
to reduce the availability of the element in the host, thus damaging 
thyroid regulation (Virili and Centanni, 2015). The availability of other 
essential micronutrients for the thyroid gland, such as iron, copper, zinc 
or vitamin D is also impaired by the composition of the intestinal 
microbiota (Fröhlich and Wahl, 2019; Knezevic et al., 2020). 

6. Microbiota-nervous system-endocrine system-thyroid 
connection 

The knowledge of the genetic and metabolic pattern of a microbial 
community provides us information about if these microorganisms are 
associated with health promotion or disease development and, if 
necessary, helps in establishing therapeutic interventions (Marchesi 
et al., 2016). Microbiota-mediated regulation of host metabolism takes 
place by a complex system implying central and peripheral signals, 
which interact in order to modulate the individual response to nutrient 
ingestion. The direct influence of gut microorganisms can be extended to 
the neuroendocrine system, as accumulating evidence indicates a sig-
nificant relationship between microbiota and, for example, the endo-
cannabinoid system (Cani, 2016). Endocannabinoids play a relevant role 
in the regulation of food intake and energy homeostasis of the body, and 
have a significant impact on the activity, among other, of the thyroid 
gland as well as the regulation of adipokine production and the immune 
balance (Hillard, 2015; Porcella et al., 2002). Serum levels of leptin 
regulate disorders related to thyroid dysfunction, such as the marked 
changes in both body weight and energy expenditure; however, peptide 
YY (PYY) levels did not modify significantly serum T4, T3, or leptin, but 
were able to act directly on the pituitary gland reducing the activity of 
thyroid axis (Manuchehri et al., 2008; Oliveira et al., 2006). Here, 
microbiota-derived SCFA production can be linked to modulation of the 
endocrine functions due to their interaction with G protein-coupled fatty 
acids receptors (i.e., GRP43 and GRP41) increasing the levels of both 
PYY and leptin (Cani et al., 2009; Xiong et al., 2004). The interplay 
between the gut, the intestinal epithelium and the thyroid has also been 
highlighted in other disorders, like celiac disease (Greer et al., 2013; 
Knezevic et al., 2020; Lerner et al., 2017). It is known that autoimmune 
thyroiditis is closely related to celiac disease (CD) through immuno-
logical (i.e., autoantigens, immune pathways and inflammation), hor-
monal, genetic (such as predisposal genes) and clinical common factors. 

Autoimmune thyroid disease (AITD) patients frequently present CD 
as well as nutritional deficiencies related to essential micronutrients like 
iron as comorbidities (Rayman, 2019). Recent advances in elucidating 
the molecular basis of interactions between gut microbiota and CD are 
shedding new light on the health and pathogenesis of intestinal in-
flammatory diseases. Both AITD and CD exhibit genetic susceptibility, 
nutritional and environmental factors as relevant determinants of their 
severity and progression. In recent years, a significant bulk of data 
appeared to support the important role of gut microbiota in CD and the 
control of inflammatory response(s) with a direct link to iron homeo-
stasis. Restoring iron levels has been shown to significantly reduce 
symptoms of hypothyroidism. Despite the crucial role of microbiota and 
iron in these diseases, the causal relationship between imbalances in the 
composition of the gut microbiota and iron homeostasis remains poorly 
defined (Bessman et al., 2020; Fröhlich and Wahl, 2019; Knezevic et al., 
2020). 

The luminal contents are separated from the effector immune cells by 
a thin layer of epithelial cells. Therefore, a damaged epithelium, sup-
poses the exposure of the sub-epithelium and the resident immune cells 
to a wide range of different antigens and microorganisms, leading to 
autoimmunity. There are recent studies about gastrointestinal dysfunc-
tions in thyroid diseases, as it was demonstrated that 40% of subjects 
with Hashimoto’s thyroiditis presented increased intraepithelial 
lymphocyte number, lymphocytic colitis, enlarged tight junctions and 
thicker and shorter microvilli (Chamaillard et al., 2003; Fröhlich and 
Wahl, 2019; Knezevic et al., 2020; Lerner et al., 2017; Rayman, 2019). 
Conversely, intestinal damage, such as it occurs in CD, is involved in 
thyroiditis development. Altered immune balance, damaged intestinal 
permeability, gut dysbiosis, impairment in the immune tolerance, syn-
thesis of antibodies that bind to thyroid follicles, post-translational 
modification of proteins, mucosal stress, Th1 to Th2 response shift, in-
hibition of Th17 change and changes induced by gut microbiota are 
some of the proposed mechanisms explaining this relationship (Bessman 
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et al., 2020; Hasegawa et al., 2011; Knezevic et al., 2020; Stroo et al., 
2012). Therefore, the gut microbiota is now regarded as an independent 
and essential endocrine organ (‘Microbial Endocrinology’). In addition, 
microbes regulate the connection between the 
hypothalamic-pituitary-adrenal crosstalk (Lyte et al., 2018; Villageliũ 
and Lyte, 2017). 

Moreover, enteroendocrine cells (EECs), sensory cells located in the 
intestinal epithelium were silenced by HFD and microbiota action. An 
Acinetobacter strain inducing the silencing of these cells has been iden-
tified. Since EECs cells are the largest and most intricate endocrine 
network in the organism and synthesize and secret more than 15 
different hormones, some of which are related to insulin sensitivity and 
energy storage, it is suggested that these specialized cells may influence 
thyroid hormones and biology. This hypothesis is supported by the fact 
that EECs also communicate through paracrine and neuronal signaling 
to a wide number of tissues, including the nervous system, liver, 
pancreas and adipose tissue (Ye et al., 2019). 

Some enteric infections (i.e., Helicobacter cinaedi and other bacteria) 
can also contribute to what is called ‘thyroid storm’ or ‘thyrotoxic’ crisis 
(Takehara et al., 2019). This acute disorder, a real thyroid emergency 
and very frequent in patients suffering Graves’ disease, is characterized 
by being a life-threatening magnification of the events and symptoms of 
hyperthyroidism. Under these conditions, there is a fast increase in 
catecholamines elicited by several factors such as infection (the most 
common), surgery, trauma, pregnancy, childbirth, stress or antithyroid, 
antiarrhythmic or antidepressant medications interruption (Maung 
et al., 2021; Senda et al., 2020). There are also cases that have been 
reported after thyroid hormones overdoses. Infection may also lead to a 
‘myxedema coma’, but it is a much rarer situation than the thyrotoxic 
crisis (Beynon and Pinneri, 2016). Otherwise, patients with subacute 
thyroiditis (SAT) display increased levels of hepcidin – a human anti-
microbial peptide and acute-phase inflammatory factor essential for 
tissue repair that exerts a key role on iron homeostasis – and decrease 
significantly during the restoration of normal thyroid function in pa-
tients with Graves’ disease (Fröhlich and Wahl, 2019; Knezevic et al., 
2020; Rayman, 2019; Suzuki et al., 2018). Recently, conventional DCs 
have been identified as a source of independent hepatocyte-derived 
hepcidin induced by intestinal inflammation in response to microbes 
(Bessman et al., 2020). 

Moshkelgosha and coll. published an interesting research article 
showing more links between the gut microbiome and the thyroid gland 
(Moshkelgosha et al., 2018). Using hyperthyroidism Graves’s disease, 
Graves’s orbitopathy-BALB/c and C57BL/6J mice models, the animal 
genotypes showed differences in clinical features, pathology score, and 
microbiota content. The strain C57BL/6J presented higher counts of 
Operational Taxonomic Units (OTUs) belonging to the genera Pal-
udibacter, Allobaculum, Limibacter, Anaerophaga and Ureaplasma. The 
genera observed in these mice correlate significantly with the clinical 
onset: Limibacter with thyroid-stimulating antibodies. Hence, these re-
sults demonstrate again that intestinal microbiota exerts an important 
immunomodulatory function in thyroid homeostasis (Moshkelgosha 
et al., 2018). Therefore, the microbiota-gut-brain-endocrine metabolic 
interactome continues to gain interest due to its impact on clinical 
practice. In summary, bacteria can influence the hormonal axes and the 
brain, such as the hypothalamic-pituitary-adrenal axis or the neuro-
chemistry related to behavioral health or diseases (Obrenovich et al., 
2017). 

7. Future perspectives: personalized medicine, dietary 
interventions, gut microbiota modulation, nutritional 
epigenomics and circadian clock attacks 

Interestingly, nowadays, there are different gut-microbiome analysis 
techniques since it is considered as a tool for subsequent personalized 
medicine. Detection of the bacterial species present in a subject helps 
determine possible imbalances and their impact on the development of 

specific pathologies: the profile of the analysis is unique for each indi-
vidual (Abdollahi-Roodsaz et al., 2016; Doestzada et al., 2018; Pincelli 
et al., 2020; Rathi et al., 2020). In the era of precision medicine, inte-
gration of the microbiota in clinical assessment and risk stratification of 
patients suffering thyroid disorders could help to expand the under-
standing of the gut-thyroid axis fostering interdisciplinary science as 
coadjutant therapeutic strategies intended to define patient stratifica-
tion and clinical management. 

Individualized dietary interventions will be clue in order to establish 
personalized feeding habits and modulation of the gut microbiota 
composition. Machine-learning algorithms are being used to this pur-
pose, helping, for instance, to design strategies that regulate the glyce-
mic response after meal intake or to fight against inflammatory and 
metabolic diseases (Chevre et al., 2018; Gentile and Weir, 2018; 
Schröder et al., 2020). Lipid metabolism disorders are also susceptible to 
be partly treated or prevented by targeting the intestinal microbiota (He 
and You, 2020). Given the aforementioned links with thyroid hormones, 
thyroid diseases will benefit from such therapeutic strategies. 

The plasticity of microorganisms makes manipulation of the gut 
microbiota in certain host disorders a possible targeted intervention in 
personalized medicine. To do this, antibiotics, probiotics (living mi-
croorganisms that confer benefits for the health of the patient), poly-
phenols (transformed into absorbable bioactive molecules), prebiotics 
(molecules that when fermented are capable of producing specific 
changes in the microbiota), symbiotics (synergistic combinations of 
probiotics and prebiotics) or fecal microbiota transplantation ap-
proaches are on the portfolio of several clinical trials. The transfer of 
intestinal microorganisms from a healthy donor to another subject, 
called fecal microbiota transplantation, has opened a new field for the 
treatment of various diseases, such as those related to the thyroid gland 
(Di Rienzi and Britton, 2019; Edwards et al., 2020; He and You, 2020; 
Kawano et al., 2016; Marchesi et al., 2016; Obrenovich et al., 2017). 
Future targeted, elegant and specific CRISPR/Cas technologies can be 
used to treat altered microbiota and thyroid dysfunction (Obrenovich 
et al., 2017). 

The biology of the thyroid, synthesized in Fig. 3, has been linked to 
circadian clocks, an emerging field with potential clinical applications. 
The circadian rhythm controls the hypothalamic-pituitary-thyroid axis 
and, interestingly, the central circadian pacemaker in mammals is 
located in the suprachiasmatic nucleus of the hypothalamus. Alterations 
in the external environment, such as exposure to light or the timing of 
food intake (we have previously discussed the impact of eating and di-
etary habits on thyroid homeostasis) affect the circadian system and can 
lead to the development of certain diseases. In addition, the TSH release 
patterns are altered in patients with hypothyroidism and hyperthy-
roidism. Therefore, it is necessary to study all these processes related to 
the thyroid gland based on the circadian rhythm (Ikegami et al., 2019). 
Furthermore, the gut microbiota content has also been related several 
times to the circadian clock and nutritional biorhythm in various host 
species (Bishehsari et al., 2020; Frazier and Chang, 2020; Mekuchi et al., 
2018). 

8. Conclusion 

Although there are now a growing number of better-diagnosed 
endocrine and hormonal disorders, more multidisciplinary research on 
thyroid hormones is needed. Since nutrition and the intestinal micro-
biota have an outstanding influence on health, recent findings indicate 
an existing interaction between the microbiota and thyroid gland. Un-
derstanding the mechanisms by which these interactions occur, as well 
as their cellular and molecular consequences, is vital in the fight against 
certain types of severe and chronic diseases. This implies a multi- 
personalized medical strategy, as it can be approached from a nutri-
tional, immunological, therapeutic or even surgical perspective specif-
ically developed for a single patient. 
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Abstract: The contribution of the nucleotide-binding oligomerization domain 

protein NOD1 to obesity has been investigated in mice fed a high fat diet (HFD). 

Absence of NOD1 accelerates obesity as early as 2 weeks after feeding HFD. The 

obesity was due to increases in abdominal and inguinal adipose tissues. Analysis 

of the resting energy expenditure showed an impaired function in NOD1-deficient 

animals, compatible with an alteration in thyroid hormone homeostasis. 

Interestingly, free thyroidal T4 increased in NOD1-deficient mice fed HFD and the 

expression levels of UCP1 in brown adipose tissue were significantly lower in 

NOD1-deficient mice than in the wild type animals eating HFD, thus contributing 

to the observed adiposity in NOD1-deficient mice. Feeding HFD resulted in an 

alteration of the proinflammatory profile of these animals, with an increase in the 

infiltration of inflammatory cells in the liver and the white adipose tissue, and an 

elevation of the circulating levels of TNF-α. In addition, alterations in the gut 

microbiota in NOD1-deficient mice correlate with increased vulnerability of their 

ecosystem to the HFD challenge and affect the immune-metabolic phenotype of 

obese mice. Together, the data are compatible with a protective function of NOD1 

against low-grade inflammation and obesity under nutritional conditions enriched 

in saturated lipids. Moreover, one of the key players of this early obesity onset is 

a dysregulation in the metabolism and release of thyroid hormones leading to 

reduced energy expenditure, which represents a new role for these hormones in 

the metabolic actions controlled by NOD1 [9]. 
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NOD1 deficiency promotes 
an imbalance of thyroid hormones 
and microbiota homeostasis 
in mice fed high fat diet
Silvia González‑Ramos1,2,6*, Marta Paz‑García1,6, Victoria Fernández‑García1,6, 
Kevin J. Portune3, Emilio F. Acosta‑Medina4, Yolanda Sanz3, Antonio Castrillo1,5, 
Paloma Martín‑Sanz1,2,5, Maria Jesus Obregon1 & Lisardo Boscá1,2,5*

The contribution of the nucleotide‑binding oligomerization domain protein NOD1 to obesity has 
been investigated in mice fed a high fat diet (HFD). Absence of NOD1 accelerates obesity as early 
as 2 weeks after feeding a HFD. The obesity was due to increases in abdominal and inguinal adipose 
tissues. Analysis of the resting energy expenditure showed an impaired function in NOD1‑deficient 
animals, compatible with an alteration in thyroid hormone homeostasis. Interestingly, free thyroidal 
T4 increased in NOD1‑deficient mice fed a HFD and the expression levels of UCP1 in brown adipose 
tissue were significantly lower in NOD1‑deficient mice than in the wild type animals eating a HFD, 
thus contributing to the observed adiposity in NOD1‑deficient mice. Feeding a HFD resulted in an 
alteration of the proinflammatory profile of these animals, with an increase in the infiltration of 
inflammatory cells in the liver and in the white adipose tissue, and an elevation of the circulating 
levels of TNF‑α. In addition, alterations in the gut microbiota in NOD1‑deficient mice correlate with 
increased vulnerability of their ecosystem to the HFD challenge and affect the immune‑metabolic 
phenotype of obese mice. Together, the data are compatible with a protective function of NOD1 
against low‑grade inflammation and obesity under nutritional conditions enriched in saturated lipids. 
Moreover, one of the key players of this early obesity onset is a dysregulation in the metabolism and 
release of thyroid hormones leading to reduced energy expenditure, which represents a new role for 
these hormones in the metabolic actions controlled by NOD1.

Abbreviations
HFD  High fat diets
JNK  C-Jun N-terminal kinase
KO  Knockout
MAPK  Mitogen-activated protein kinase
q(RT)-PCR  Quantitative real-time (RT) polymerase chain reaction
SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis
WT  Wild-type

The nucleotide-binding oligomerization domain (NOD) protein NOD1 belongs to the NOD-like receptor (NLR) 
family of pathogen recognition receptors. NOD1 is a cytoplasmic protein that recognizes conserved fragments 
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found in the cell wall of many types of Gram-negative or Gram-positive  bacteria1. NOD1 resides as an inactive 
monomer in the cytoplasm and, upon ligand recognition, a conformational change occurs favoring oligomeri-
zation and recruitment of the serine/threonine-protein kinase 2 (RIPK2) through homotypic CARD–CARD 
 interactions2,3. RIPK2 mediates the recruitment and activation of the serine/threonine kinase TAK1, which is a 
prerequisite for activation of the IκB kinase complex, leading to both the canonical NF-κB and MAPK activa-
tion  pathways4. The bacterial determinants involved in NOD1 activation have not been yet fully elucidated, but 
several studies have demonstrated that the minimal motif γ-d-glutamyl-meso-diaminopimelic acid (iE-DAP), 
present in most bacterial peptidoglycans, is sufficient to fully activate  NOD11,2. Although NLRs and TLRs are 
thought to play partial redundant roles, their expression pattern shows certain specificities that can be evidenced 
in genetically targeted animal models challenged with different  pathogens1,5. NOD1 is widely expressed by a 
variety of cell types, but is significantly represented in epithelia, stromal and endothelial cells, adipocytes and 
in the  thyroid6,7, and to a lesser extent in resting myeloid  cells3,4,8–10. Activation of NOD1 in intestinal epithelial 
cells triggers the production of chemokines and the recruitment of acute inflammatory cells in vivo, playing a 
role in the immune response against pathogenic  microbes4,11,12. Indeed, NOD1 KO mice are more susceptible to 
multiple bacterial pathogens suggesting a specific role for this receptor in the innate defense mechanisms of the 
intestinal epithelium against acute  infections13–16. Moreover, NOD1 also exerts a protective role against chronic 
intestinal inflammatory processes, like colorectal cancer as deduced from NOD1 or RIPK2 deficient mice chal-
lenged with different colonic tumor  inducers13,15–17, proving its role in the maintenance of intestinal homeostasis.

The innate immune system is strongly associated with obesity, insulin resistance, metabolic syndrome and 
 diabetes18. Recent studies suggest that much of this interplay is due to NLR activation, in particular  NOD118–20. 
Moreover, insulin resistance has been associated with both NOD1 and NOD2 activities by eliciting pro-inflam-
matory signaling pathways in adipocyte cell models and in in vivo studies on human adipose  tissue20–23. Indeed, 
it appears that several fatty acids can moderately activate these NLRs leading to a chronic low-grade inflam-
matory  tone15,24. Several studies suggest that the intestinal barrier becomes compromised during HFD feeding, 
resulting in translocation of gut bacterial components into systemic  circulation18. Therefore, intestinal epithelial 
NOD1 may play a protective role in strengthening the gut barrier and restricting this bacterial influx in obesity. 
Accordingly, mice deficient in NOD1 present an exacerbated systemic inflammation under HFD, in addition to 
alterations in the broad metabolic homeostasis of the  animals2,20,24,25. In this work, we have examined the impact 
of a HFD in NOD1 deficient mice compared to wild-type (WT) mice during the early onset of diet-induced 
obesity. Our data show that NOD1 deficient mice fed a HFD for six weeks exhibit an exacerbated increase in 
lipogenesis in the iWAT and eWAT, but this occurs in the absence of an evident insulin resistance phenotype. 
In addition to this, important alterations in thyroid hormone dynamics were observed when comparing WT vs. 
NOD1 KO mice fed a HFD, which probably are involved in the progression to further metabolic dysfunctions. 
The NOD1 deletion also influences the composition of the gut microbiota and the HFD-induced alterations 
associated with a worse metabolic phenotype.

Materials and methods
Materials. Common reagents were from Sigma-Aldrich-Merck (St Louis, MO, USA) or Roche (Darmstadt, 
DE). Murine or human cytokines were obtained from PeproTech (London, UK). Antibodies were from Ambion 
(Austin, TX, USA), Abcam (Cambridge, UK) or Cell Signaling (Danvers, MA, USA). Reagents for electropho-
resis were from Bio-Rad (Hercules, CA, USA). Tissue culture dishes were from Falcon (Lincoln Park, NJ, USA), 
and serum and culture media were from Invitrogen (Life Technologies/Thermo-Fisher, Madrid, ES).

Animal care and tissue preparation. Wild type (WT) and homozygous Nod1−/− (NOD1 KO) mice (both 
in the mixed C57BL/6 and 129/C57BL/6 background), have been previously  described7,26,27. Male NOD1 WT 
or KO were housed under 12 h light/dark cycle and food and water was provided ad libitum (chow diet: CHD; 
2.05% fat, mainly oleic and linoleic acids; SAFE-PANLAB, ES) for 12 weeks. Animals were then maintained in 
CHD or switched to a high-fat diet (HFD; 10.2% hydrogenated coconut fat and 0.75% cholesterol; Ssniff, Soest, 
DE) which was provided ad libitum for six weeks. Treatment with the NOD1 activator iE-DAP was achieved as 
previously  described7. Animals were cared for according to the protocol approved by the Ethical Committee of 
CISC, and in accordance to directive 2010/63/EU of the European Parliament.

Evaluation of animal metabolic profile. Animals under analysis were maintained individually in Phe-
nomaster Metabolic Cages (TSE Systems International Group) from day 33 to day 38 and the evaluation was 
done during day 35–38. Spontaneous physical movement, drink and food intake, respiratory exchange  (O2 and 
 CO2), weight and heat production were monitored as previously  described28.

Evaluation of the glucose tolerance test. Mice underwent a glucose tolerance test (GTT) at the begin-
ning of the HFD and at week 6 of treatment. Animals were fasted overnight and injected with 2 g of glucose per 
kg body weight. Blood glucose was measured with an Accu-Check glucometer (Roche) from the tail vein at 0, 
15, 30, 60 and 120 min. Plasma insulin levels were determined using an ELISA kit (Mercodia, Uppsala, SE) and 
in parallel to the glucose determination (15 min after glucose administration).

Assay of total bile acids (BA). A fluorimetric assay (Sigma-Aldrich) was used to determine total bile 
acids in serum and in liver extracts. The assay is based on the use of 3-hydroxysteroid dehydrogenase that reacts 
with twelve BA, reducing NAD to NADH. Appropriate internal controls were used to ensure the linearity and 
specificity of the reaction.
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1H NMR analysis of liver lipids. HRMAS analysis was run at 4 °C in an 11.7 T Bruker Avance spectrom-
eter at 500.113 MHz, and using 5 kHz spinning rate, following a previously described protocol for  lipids29,30. The 
ex vivo spectra were quantified by using MestReC software (Mestrelab Research, Santiago de Compostela, ES). 
Validation of 1H MR spectra were obtained from different FA standards and data were generated using heuristic 
analysis. Results were expressed as: SFA: saturated fatty acids (FFAA); UFA: Unsaturated FFAA; MUFA: mono-
unsaturated FFAA; PUFA: polyunsaturated FFAA; MCL: medium chain length FFAA; NDB: number of double 
bonds in FFAA; PU/UFA, polyunsaturated/unsaturated fatty acids; saturation index (Sat. Index), as the ratio 
between stearic and oleic acids, reflecting membrane rigidity.

Quantification of myeloid cell populations. Animals were fed as indicated and the presence of myeloid 
cells in the eWAT and liver at 24 h was assessed in a FACSCanto II flow cytometer as previously  described7. The 
adipose tissue (eWAT) was mechanically digested using an enzymatic solution (type II collagenase,  CaCl2 plus 
BSA) for 20 min at 37 °C in a rotational shaker (200 rpm). Leukocyte subsets were defined using FlowJo soft-
ware: neutrophils  (CD45+CD115−Ly6G+), inflammatory monocytes  (CD45+CD115+) and tissue macrophages 
 (CD45+CD115−F4/80+)-population31.

Preparation of total protein cell extracts. Tissues were homogenized as previously described in the 
presence of 1 mM β-mercaptoethanol, detergent (0.5% CHAPS) and protease and phosphatase inhibitor cocktail 
from Sigma. Extracts were centrifuged and protein content was  quantified7.

RNA isolation and analysis. RNA was extracted in TRIzol and processed in a Real-time PCR equipment 
as previously  described7,32. Samples were analyzed in duplicate vs. 36B4. Dio2, Ucp1 and Dio1 were assayed using 
specific Taqman probes (Mm01244861m1 for Ucp1, Mn00515664m1 for Dio2, Mn00839358_m1 for Dio1 (Gene 
expression assays, Applied Biosystems, Foster City, CA). Results were normalized to cyclophilin labelled with 
VIC (Ppia, Mm02342429g1, Applied Biosystems) in the same well. The fold-change in mRNA expression was 
calculated by the  2−ΔΔCt method.

Protein analysis by Western blot. Protein cell extracts were boiled in 250 mM Tris–HCl, pH 6.8; 2% 
SDS, 10% glycerol and 2% β-mercaptoethanol, and equal amounts of protein were separated by SDS-PAGE elec-
trophoresis in 8–10% gels and visualized by ECL chemiluminescence as  described7,32. The antibodies used were 
from Abcam or Cell Signaling.

Thyroid hormones determinations. The concentrations of T3 and T4 were measured after extraction 
and purification from plasma, liver, brown adipose tissue (BAT) and thyroids using specific radioimmunoassays. 
For hormone measurement in thyroids, tissues were homogenized in ethanol, and thyroidal free (F) T4 and T3 
were determined in the dried extracts as  described33.

Deiodinase activities. D2 in BAT and D1 in liver. 125I-T4 and 125I-rT3 were synthetized and purified to 
reduce iodide to less than 1% of the total 125I. D2 activity was assayed as previously  described34,35. D1 activity was 
determined as previously  described36.

Histological analysis and immunostaining. Mouse liver and eWAT tissues were fixed in 4% paraform-
aldehyde in 0.1 M PBS and embedded in paraffin. 5 μm sections of tissue were deparaffinized sections were 
stained with hematoxylin/eosin (HE) or Oil-Red O using standard procedures.

Microbiota analysis. Analysis of gut microbiota. Fecal samples from individual mice from each experi-
mental group (n = 10 for control, n = 8 for NOD1 KO) were collected after 12 weeks on a CHD and then at 
6 weeks after the switch to the HFD and stored in 2 ml cryovials. Samples were immediately frozen in liquid 
nitrogen and maintained at − 80 °C. DNA extraction was done using Fast DNA Stool Mini Kit (Qiagen) accord-
ing to the manufacturer’s instructions with several modifications: Fecal samples (ca. 220 mg) were homogenized 
with glass beads in the presence of 1 ml of Inhibitex buffer (Qiagen) using a beadbeater for 2 successive rounds 
for 1 min and then heated to 95 °C for 10 min. DNA was PCR-amplified in triplicate using primers (S-D-Bact-
0341-b-S-17/S-D-Bact-0785-a-A-21) that target the V4–V5 variable regions of the 16S rRNA gene, following a 
previous  protocol37. Samples were tagged with barcodes to allow multiplexing during the sequencing process. 
Sample amplicons were combined and purified using the Illustra GFX PCR DNA and Gel Band Purification Kit 
(GE Healthcare) according to the manufacturer’s instructions and combined in equimolar concentrations before 
carrying out sequencing on a MiSeq instrument (Illumina). All raw sequence data has been submitted to ENA-
EMBL Accession # PRJEB33681.

Bioinformatic processing of data was carried out using the software QIIME1 (version 1.9.1)38,  Mothur39, 
and  UPARSE40. Briefly, using QIIME1, paired-end forward and reverse Illumina reads were joined into contigs 
(join_paired_ends.py), barcodes were extracted (extract_barcodes.py), and reads were demultiplexed (split_
libraries_fastq.py). Sequences smaller than 325 bp or containing homopolymers greater than 7 were removed 
using the screen.seqs() command from the software program Mothur. Primers were then removed using trim.
seqs() from Mothur. Using UPARSE, chimeras were removed and reads were clustered at 97% identity into OTUs 
using default settings. An OTU abundance table was generated within the UPARSE pipeline by mapping reads to 
representative sequences for each OTU. Using QIIME, a biom file was created from the OTU table and reads were 
rarefied (single_rarefaction.py) and singletons were removed (filter_otus_from_otu_table.py). A phylogenetic 
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tree was constructed from representative sequences for each OTU, and aligned (align_seqs.py) using  PYNAST41 
and filtered (filter_alignment.py) using default settings. Alpha diversity metrics (Shannon’s, Chao1, observed 
OTUs) were calculated (alpha_diversity.py). Beta diversity analysis was conducted using generalized UniFrac 
(GUniFrac)42. Taxonomy was assigned to representative OTUs (summarize_taxa.py) using UCLUST against the 
Greengenes database (version 13.8).

Statistical analyses of microbiota. The biomarker discovery method LDA Effect Size  (LEfSe43) was employed to 
compare the effect of genotype (WT vs. NOD1 KO groups) under a CHD and HFD diet, as well as examine the 
effects of a HFD after 6 weeks. Comparisons of beta diversity between groups using generalized UniFrac were 
performed by a PERMANOVA with adonis within the GUniFrac package in R.

Statistical analysis. After normality, the statistical analysis was calculated by D’Agostino-Pearson omni-
bus test, either a nonparametric test (Mann–Whitney U test), or a normality test (unpaired Student’s t test with 
Welch’s correction, ordinary 1-way ANOVA) was used as appropriate. Removal of outliers was assessed by the 
ROUT method. Results were considered statistically significant at P < 0.05.

Results
Loss of NOD1 accelerates diet‑induced obesity. WT and NOD1-deficient mice fed standard CHD 
did not show differences in body weight across the lifetime of the animals (not shown). However, after 6 weeks 
on HFD, statistically significant differences in body weight were observed, mainly due to fat accumulation in 
the eWAT, iWAT and BAT (Supplementary Fig.  S1a, Fig.  1a,b), but not in other organs (e.g., liver; Fig.  1b). 
The increase in body weight of NOD1-deficient mice fed HFD was statistically significant after two weeks of 
treatment, having both groups the same tibiae size (Supplementary Fig. S1a,b). Regarding blood lipids, HFD-
fed mice exhibited an increase in total cholesterol (TCHO) due to an elevation in the HDL fraction, but no 
differences were observed in other lipids assayed, including triglycerides (TGA) and non-esterified fatty acids 
(NEFA; Fig. 1c). When animals were analyzed in metabolic cages, NOD1-deficiency in mice fed CHD resulted 
in higher respiratory activity. However, a depressed respiration during the darkness period was observed in 
NOD1-deficient mice vs. the WT counterparts when fed a HFD (Fig. 2a). These metabolic differences included a 
substantial decrease in Resting Energy Expenditure (REE) during darkness and in lesser motion in HFD NOD1 
KO animals, a situation opposite to that observed under CHD (Fig. 2b, and Supplementary Fig. S2), suggesting 
a role for thyroid hormones (a key player in REE) in this differential  response44. However, no significant differ-
ences in body temperature (not shown), and food and beverage intake were observed between WT and NOD1 
KO mice regardless the dietary regimen (Supplementary Fig. S2). To further investigate the mechanisms associ-
ated with the observed body weight gain, the glucose tolerance test was evaluated. No differences in the time-
dependent glucose drop were observed in animals under CHD; however, NOD1 KO mice fed HFD exhibited an 
unexpected improvement in the glucose tolerance test that was not due to differences in plasma insulin levels 
(Fig. 3a,b). These data are compatible with increased GLUT-4 expression from eWAT in NOD1 KO mice, sug-
gesting improved glucose homeostasis (Fig. 3c). Nevertheless, no significant differences in phospho-AKT were 
observed under these conditions (Fig. 3c).

NOD1 deficiency increases white adipocyte lipid content and promotes liver steatosis in 
HFD‑fed mice. Since eWAT seems to be one of the tissues responsible for the increased body weight in 
NOD1 KO mice fed HFD, a histological analysis of this tissue was performed. In agreement with the body weight 
increase of NOD1 KO mice, a very significant enlargement of adipocytes was observed, indicating obesity or at 
least overweight (Fig. 4a). The RNA levels of key adipocyte lipases and lipid metabolism genes were determined 
(Fig. 4b). The phospholipase Pnpla3 (patatin-like phospholipase domain-containing protein 3; Pnpla3), which 
is upregulated by T3 and mediates the hydrolysis of triglycerides in adipocytes playing a role on lipid storage 
 homeostasis45,46, was decreased in NOD1 KO adipose tissue from CHD and HFD mice, a situation compatible 
with hypothyroidism. The lipase Atgl (patatin-like phospholipase domain-containing protein 2) increased signif-
icantly under  HFD21,47. Other lipases, such as Lipe (hormone-sensitive lipase), decreased in HFD, in agreement 
to their role in controlling  lipolysis47,48, whereas Lpl (lipoprotein lipase) remained unchanged in all conditions 
assayed (Fig. 4b). Among other genes involved in lipid homeostasis, a marked increase in Ppara, but not in 
Pparg was evidenced in the absence of NOD1 (not shown). Because lipid accumulation is evident in eWAT from 
NOD1 KO animals fed HFD, it can be suggested that lipogenesis is markedly enhanced in this tissue through 
mechanisms not yet fully established. Since infiltrating immune cells may influence the physiology of adipo-
cytes, eWAT resident immune cell populations were determined by flow cytometry. As Fig. 4c shows, no signifi-
cant differences in the content of CD45-positive cells or in the tissue distribution of myeloid cells was observed 
under CHD. However, after HFD, the eWAT tissue from NOD1 KO mice exhibited a large infiltration of mac-
rophages, but with lesser neutrophilia (Fig. 4c, lower panel), despite the larger size of the eWAT adipocytes from 
NOD1 KO HFD fed mice. In addition to eWAT, the liver from NOD1 KO mice under HFD presented a signifi-
cant steatosis, without elevation of serum transaminases except for a modest, although statistically significant 
increase in alanine aminotransferase (ALT; Fig. 4d). This increased lipogenesis in the absence of NOD1 under 
HFD was confirmed by the fatty acid composition of livers that showed an increase of polyunsaturated fatty acids 
(PUFA) and a decrease of saturated fatty acids (SFA), a metabolic situation associated with the development of 
non-alcoholic fatty liver disease (NAFLD)49 (Fig. 4e). Interestingly, WT mice fed a HFD for 4 weeks followed by 
2 weeks on CHD fully recovered from the lipid accumulation in liver, whereas NOD1 KO mice under the same 
nutritional protocol still exhibited clear signs of steatosis and lipid accumulation in the liver (Supplementary 
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Figure 1.  NOD1 deficient mice exhibit enhanced body weight and obesity after feeding high-fat diet (HFD). 
12-weeks old WT (n = 27) and NOD1 KO mice (n = 26) maintained in chow diet (CHD) were fed for 6 
additional weeks with CHD or HFD. (a) Body weight and representative images of animals. (b) Adipose tissues 
(brown adipose tissue, BAT; epididymal adipose tissue, eWAT; inguinal adipose tissue, iWAT) and liver weight 
under 6-weeks HFD conditions. (c) Serum lipid profile and non-esterified fatty acids content from these 
animals (n = 7, for each group). Results show the mean ± SEM of the indicated samples. **P < 0.01; ***P < 0.005; 
****P < 0.001 vs. the corresponding condition in WT mice. ns not statistically significant.
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Fig. S3). Indeed, HFD significantly activates NOD1 signaling cascade in WT mice through the phosphorylation 
of RIP2 kinase (Supplementary Fig. S4).

NOD1‑deficiency influences bile acid metabolism, inflammation and intestinal lipids in 
HFD‑fed mice. Bile acids (BA), produced in the liver, stimulate energy expenditure through increases in 
D2 deiodinase in BAT. In addition to this, BA are critically important for balanced lipid metabolism and innate 
 immunity19,50. Thus, we investigated the mRNA levels of relevant genes involved in cholesterol catabolism lead-
ing to BA biosynthesis (Fig. 5a, Supplementary Fig. S5). The key sterol hydrolases Cyp7a1 (also increased in 
NOD1 KO CHD-fed mice) and Cyp27a1 were significantly increased in NOD1 KO HFD fed mice, compatible 
with an increase in BA synthesis in NOD1 KO liver (Fig. 5b), due to the elevated levels of cholesterol under 
these conditions. The hepatic levels of the  Na+/BA-cotransporter Slc10a1 were significantly higher in NOD1 
KO vs. WT mice in CHD regimen, suggesting that the enterohepatic circulation of BA into hepatocytes was 
reduced upon HFD treatment. Regarding Nr1h4, the farnesoid X receptor that counteracts the expression of 
Cyp7a1, avoiding excess of BA synthesis, only a minimal but statistically significant decrease was observed in 
NOD1 KO livers under HFD vs. CHD. Furthermore, in vivo NOD1 activation with iE-DAP induced Cyp7a1 in 
liver as did the HFD, at the time that decreased the transcription of Slc10a1 (Supplementary Fig. S5), suggesting 
the existence of alternative mechanisms independent of NOD1 and responsible for the elevation in the levels 
of both genes under HFD. Moreover, increased serum TNFα levels were observed in NOD1 KO mice fed HFD, 
probably due to the enhanced liver Tnfa expression measured in these animals (Fig. 5c,d). Interestingly enough, 
an increase, although not statistically significant, in the liver resident inflammatory monocytes was observed in 
these animals, that was associated with a statistically significant increase in liver macrophages (Fig. 5e). The lipid 

Figure 2.  Evaluation of animal metabolic profiles. WT (n = 12) and NOD1 KO (n = 12) animals were fed 
standard chow diet (CHD) or high-fat diet (HFD) for 6 weeks. The  O2 and  CO2 exchange (a), the Resting 
Energy Expenditure (REE) (b) were registered as described in the “Materials and methods” section, during the 
daylight and darkness periods (12 h). Results show the mean ± SEM of 6 animals per nutritional condition and 
genetic background. *P < 0.05; **P < 0.01; ***P < 0.005 vs. the corresponding condition in WT mice; #P < 0.05, 
##P < 0.01 vs. the corresponding condition under HFD. ns not statistically significant.
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composition of intestinal mucosa from NOD1 KO mice fed HFD included a higher proportion of saturated fatty 
acids and a lower amount of monounsaturated fatty acids vs. their WT counterparts (Fig. 5f).

Thyroid function is altered in mice lacking NOD1. Since thyroid hormones have an impact on tissue 
homeostasis and lipid  metabolism51–53 as well as in energy  expenditure44, we investigated their levels in WT 
and NOD1 KO mice fed CHD or HFD. The serum levels of T4 and T3 were significantly higher in NOD1 KO 

Figure 3.  NOD1 KO mice fed HFD exhibit improved glucose tolerance. WT and NOD1 KO mice were fed 
CHD or HFD for 6 weeks and, at the end of the period were starved and submitted to a glucose tolerance test. 
Plasma glucose level after i.p. administration of 2 g of glucose per kg body weight (a). Plasma insulin levels from 
these animals were determined 15 min after glucose administration (b). Immunoblot levels of Glut4 and pAkt 
in eWAT (c). Results show the mean ± SEM of 6 animals per nutritional condition and genetic background. 
*P < 0.05; **P < 0.01; ***P < 0.005 vs. the corresponding condition in WT mice. ns not statistically significant. 
Immunoblot corresponds to a representative assay out of four.
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Figure 4.  NOD1 KO mice fed HFD exhibit a significant increase in eWAT size, infiltration of immune cells and hepatic 
steatosis. Immunohistochemical analysis of eWAT from WT and NOD1 KO mice fed HFD for 6 weeks, and evaluation of 
adipocyte area and cell density (a). qPCR analysis of eWAT lipases from mice fed CHD or HFD for 6 weeks (b). Infiltration 
of immune cells in eWAT (c). Accumulation of lipids in liver and serum transaminase levels from WT and NOD1 KO 
mice fed HFD (d). Hepatic lipid composition from HFD fed animals determined by 1H magnetic resonance spectrum (1H 
MRS-HRMAS) (e). Results show the mean ± SEM of 4 (b, c) and 6 (a, d, e) animals per nutritional condition and genetic 
background. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001 vs. the corresponding condition in WT mice. #P < 0.05, ##P < 0.01, 
###P < 0.005 vs. the corresponding genetic condition under CHD. Ns not statistically significant. Results were expressed as: SFA: 
saturated fatty acids (FFAA); UFA: Unsaturated FFAA; MUFA: monounsaturated FFAA; PUFA: polyunsaturated FFAA; MCL: 
medium chain length FFAA; NDB: number of double bonds in FFAA; PU/UFA, polyunsaturated/unsaturated fatty acids; 
saturation index (Sat. Index), as the ratio between stearic and oleic acids.
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vs. WT mice under CHD, suggesting increased requirements of T4 and T3 in NOD1 KO mice. However, feed-
ing HFD suppressed the differences between both groups (Fig. 6a). Measurement of free thyroidal T4 and T3 
(thyroid FT4 and FT3 ready to be released to serum) in NOD1 KO mice fed CHD showed a strong decrease as 
compared to the WT, indicating damage in the secretion of T4 and T3 in NOD1 KO mice. However, in HFD, 
the FT4 is higher in the thyroid of NOD1 KO animals compared with WT counterparts (Fig. 6a,b). Due to the 
importance of BAT in regulating thermogenesis and energy balance, thyroid hormones levels were assessed in 
BAT and in liver. We found that T4 concentrations were increased in BAT and liver of NOD1 KO animals fed 
CHD in parallel to plasma T4, but feeding HFD also suppressed this T4 rise. Regarding T3 levels, absence of 
NOD1 resulted in equal or low T3 values than in the WT counterparts in BAT and liver, independently of the 
diet (Fig. 6c,d). However, deficiency in NOD1 results in statistically higher D2 activity in BAT, irrespectively of 
the nutritional regime of the animals (Fig. 6c) and nine- to ten-fold increases in Dio2 mRNA (Supplementary 
Fig. S6a), suggesting high activation of BAT machinery to maintain T3 levels in BAT. Of note, that this occurs 
with a normal or high BAT T4 (low T4 is the main activator of D2 activity), that excludes a role for T4 in the 
D2 activity and Dio2 mRNA increases, pointing to other activators for D2 deiodinase as BA or fatty acids. Ucp1 
mRNA was decreased to 60% in NOD1 mice on HFD, which agrees with the observed obesity under HFD in 

Figure 4.  (continued)
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Figure 5.  NOD1 KO mice fed HFD exhibit an enhanced liver pro-inflammatory profile. WT and NOD1 KO 
mice were maintained under CHD or HFD for 6 weeks. The hepatic mRNA levels of genes involved in bile acid 
metabolism were determined (a). Quantification of hepatic bile acids (b). The plasma levels of TNF-α (c) and 
the hepatic mRNA levels of Tnfa (d) were determined. The infiltration of immune cells in liver were determined 
by flowcytometry (e). The lipid composition of the ileum was determined by 1H MR spectroscopy (f.). Results 
show the mean ± SEM of 4 (b–e) and 8 (a, f) animals per nutritional condition and genetic background. 
*P < 0.05; **P < 0.01; ***P < 0.005 vs. the corresponding condition in WT mice. #P < 0.05, ##P < 0.01, ###P < 0.005 vs. 
the corresponding genetic condition under CHD. ns not statistically significant. Results were expressed as: SFA: 
saturated fatty acids (FFAA); UFA: Unsaturated FFAA; MUFA: monounsaturated FFAA; PUFA: polyunsaturated 
FFAA; MCL: medium chain length FFAA; NDB: number of double bonds in FFAA; PU/UFA, polyunsaturated/
unsaturated fatty acids; saturation index (Sat. Index), as the ratio between stearic and oleic acids.
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Figure 6.  Thyroid hormones in plasma, thyroid, BAT and liver; liver D1 and BAT D2 deiodinase activities 
in WT and NOD1 KO mice fed CHD or HFD. Animals were maintained on CHD or fed HFD for 6 weeks. 
The serum (a) and free thyroidal concentrations (b) of T4 T3 were determined. The BAT T4, T3 and T4 type 
2 deiodinase activity (D2 activity) were determined (c). The liver T4, T3 and type 1 deiodinase activity (D1 
activity) were determined (d). Results show the mean ± S.E.M. of 9–15 animals per nutritional condition and 
genetic background. *P < 0.05; **P < 0.01; ***P < 0.005 vs. the corresponding condition in WT mice. #P < 0.05; 
##P < 0.01 vs. the corresponding genetic condition under CHD. ns not statistically significant.
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NOD1 KO mice (Supplementary Fig. S6b). Conversely, D1 activity in liver was significantly lower in NOD1 KO 
animals, which correlates with the T3 levels measured in this tissue (Fig. 6d), despite to observe similar mRNA 
levels for Dio1 (Supplementary Fig. S6c).

Gut microbiota differences in WT and NOD1 KO mice under different diets. Analyses of the 
intestinal microbiota were performed in the two experimental groups (NOD1 KO and WT mice) under the 
CHD and after switching to a HFD. These enabled us to identify differences in microbiota related to both the diet 
(HFD vs. CHD) and the genotype (NOD1 KO vs. WT). In general, indices of α diversity tended to be reduced by 
the HFD but the differences varied depending on the genotype (Fig. 7a). As shown in Fig. 7a, the HFD feeding 
caused decreases in observed OTUs and in the Chao1 index (a measure of species richness) in NOD1 KO mice 
but not in WT mice, suggesting that HFD exerted stronger adverse effects in the gut microbiota composition 

Figure 7.  Characterization of the gut microbiota. (a) Alpha diversity indices (Shannon’s diversity index, Chao1, 
Observed OTUs) from each diet and genotype treatment group. (b) Principle coordinates analysis (PCoA) plot 
using generalized UniFrac distances comparing microbial communities from each treatment group. Group 
means are indicated by the center of each ellipse. Distance-based non-parametric PERMANOVA tests were 
conducted as pairwise comparisons of treatment groups. P values of all pairwise comparisons were corrected for 
multiple comparisons using false discovery rate.



13

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:12317  | https://doi.org/10.1038/s41598-020-69295-2

www.nature.com/scientificreports/

of the NOD1 KO. Nonetheless, Shannon’s diversity index (species diversity) was slightly lower in WT than in 
NOD1 KO under HFD (Fig. 7a). Comparison of β diversity showed that after a HFD, it appears that the micro-
biota composition changed for both genotype groups when compared to CHD. Analysis using generalized Uni-
Frac (which down-weights abundant or rare taxonomic groups) revealed significant differences between CHD 
and HFD for WT and NOD1 KO groups, individually. However, no significant differences in β diversity could be 
attributed to the genotype, when comparing WT vs NOD1 KO groups for CHD and HFD, respectively (Fig. 7b). 
When differences in specific taxonomic categories were analyzed as a function of the genotype under each spe-
cific dietary period, it was observed that the NOD1 KO group was characterized by lower abundances of the 
family S24-7, as well as the genera Bacteroides and Mucispirillum compared to the WT group under a standard 
CHD (Supplementary Fig. S7). In contrast, higher abundances of the genera Oscillospira, Prevotella, [Prevotella], 
Parabacteroides, AF12 (family Rikenellaceae), Rikenella, Dehalobacterium, Helicobacter, Desulfovibrio and rc4_4 
(family Peptococcaceae) were observed in the NOD1 KO group compared to the WT under a CHD. After HFD 
feeding, the NOD1 KO group was characterized by higher abundances of the family Desulfovibrioaceae and 
the genera Odoribacter, Prevotella, Parabacteroides, [Ruminococcus], Rikenella, Paraprevotella and Helicobacter 
compared to the WT group. Therefore, four bacterial groups were increased in NOD1 KO mice compared to WT 
regardless of the diet, including Prevotella, Parabacteroides, Rikenella and Helicobacter. The HFD feeding caused 
a decrease in several genera (Bifidobacterium, Rikenella, Bilophila, rc4_4 and Enterococcus) and an increase in 
others (Helicobacter) in both WT and NOD1 KO groups, compared to the groups fed the CHD, revealing the 
key influence of the diet on the gut microbiota composition above the genetic background. Of these bacterial 
groups, the initial increased levels of Helicobacter found in NOD1 KO mice could aggravate the effects of the 
HFD, which also could contribute to their increase. Specific effects of the HFD depending on the genotype were 
also detected. Indeed, the HFD decreased the abundance of some taxonomic genera (Oscillospira, Coprococcus 
and Streptococcus) only in the NOD1 KO group. Other taxonomic genera were increased only in the NOD1 KO 
group (Bacteroides, [Ruminococcus], Dorea) or the WT group (Desulfovibrio, Allobaculum) under HFD feeding. 
These findings suggest that the genotype influences the susceptibility of the host to diet-induced microbiota 
changes (Supplementary Fig. S7).

Discussion
In this work, we show that under a standard CHD, the absence of NOD1 does not alter lipid metabolism nor 
promote obesity, as deduced by the presence of normal adipose tissue and complete absence of liver steatosis in 
these mice. However, HFD favors a rapid and significant development of obesity, or at least overweight, caused 
by an enlargement of eWAT adipocytes and enhanced hepatic steatosis in NOD1 KO mice, whereas this situa-
tion is delayed in the WT counterparts. Blood lipids from NOD1 KO mice fed HFD show an increase in total 
cholesterol, mainly due to the elevation of the HDL fraction. When animals are analyzed in metabolic cages, 
the absence of NOD1 results in higher REE values. However, under a HFD regimen, the rise in REE during the 
darkness period is lesser than in the WT animals, contributing to the increased obesity in NOD1 KO mice vs. 
the same genotype in CHD. Indeed, the significant decreased levels of Pnpla3 in eWAT suggest a moderate hypo-
thyroidism, as previously  described35. In fact, among the targets responsive to thyroid hormones and involved 
in obesity, Pnpla3 plays a role in the enlargement of eWAT 35. However, the situation is more complex in view of 
the elevation of Atgl levels, a key enzyme in triglyceride  lipolysis47, in the absence of NOD1, both under CHD 
and HFD vs. the corresponding levels in the WT counterparts.

We provide evidence of different mechanisms that could explain this accelerated obesity of NOD1 KO mice 
fed HFD. According to our data, one of the key players is a significant alteration of thyroid hormone homeo-
stasis at 6 weeks after HFD. Under a CHD, NOD1 deficiency results in higher serum levels of both T3 and T4, 
accompanied by lower FT4 and FT3 hormones in the thyroid (hormone ready to be released). Thyroidal FT4 
and FT3 are strongly decreased in NOD1 KO mice fed CHD, showing a profound effect of thyroid secretion. If 
similar decreases in NOD1 expression or activity were found in humans, with decreases in thyroidal FT4 and 
FT3, this would indicate the early involvement of the thyroid in pathological events, such as obesity associated 
to alterations in this NLR. This thyroid situation is reversed under HFD, which may contribute to the increased 
obesity of NOD1 deficient mice. The strong response of BAT D2 deiodinase points to higher T3 requirements 
in NOD1 KO mice. Regarding other alternatives accounting for T3 decreased levels, such as Dio3, it should 
be mentioned that Dio3 is expressed mainly during fetal life and in proliferative situations, including cells in 
culture. Dio3 is the main pathway for T3 degradation. It has been reported that Dio3 is not expressed or it is 
undetectable in murine BAT, thyroid and adult liver. Therefore, thyroid hormone dysfunction appears to be an 
early event prior to the development of insulin resistance, and related to the gain in body weight mainly through 
lipid accumulation in fat and liver tissues.

It is known that HFD alters the permeability of the intestinal barrier, and its integrity is compromised by this 
dietary  regimen24,25,54–56. HFD lipids, in combination with bacterial molecules from the gut microbiota (bacterial 
cell wall components, DNA, etc.) are translocated across this barrier and gain access to systemic circulation and 
activate pro-inflammatory pathways, not only in immune cells but also in other tissues where NOD1 and NOD2 
are  expressed11,12,50. Our data suggest that HFD is involved in the rise of circulating NOD1 activatos as deduced 
by the increase in the phosphorylation of the adaptor RIPK2 in the WT mice. Interestingly, the absence of NOD1 
per se has an impact on the gut microbiota composition, which exhibits a higher content in Parabacteroides, 
Prevotella, Rikenella and Helicobacter regardless of the diet. The differences in microbiota related to the NOD1 
deletion seem to influence the subsequent HFD-induced effects on the gut ecosystem, which could contribute 
to aggravate the immune-metabolic phenotype of the obese mice. In addition to this, NOD1 deficiency in epi-
thelial intestinal cells is likely associated with a higher translocation of gut-derived molecules that contribute 
to activate immunity.
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Exacerbation of the adverse metabolic effects of the HFD in NOD1 KO mice compared to WT mice, including 
increased adiposity and lipogenesis and changes in ileum lipid composition could be related to dietary-induced 
alterations in the natural intestinal ecosystem of the NOD1 KO animals. This is characterized by reductions in 
some diversity indexes and shifts in the abundance of specific bacterial taxonomic groups. A role for dietary-
induced changes in the microbiota in dietary lipid absorption and deposition in peripheral tissues has been 
reported in different study  models12,57. Diet-induced increases in the phylum Firmicutes were shown to increased 
lipid absorption in the intestine through fecal transplantation  experiments57. Other studies reported that that 
lipid absorption could be increased by a microbiota enriched in Clostridiaceae and with reduced abundance of 
Bacteroidaceae and Bifidobacteriaceae12. In our study, HFD-induced reductions in Bifidobacterium, which could 
explain increased lipid absorption leading to obesity and adiposity, although these effects were identified in both 
WT and NOD1 KO and attributed exclusively to the HFD. Specific dietary effects on the intestinal ecosystem of 
NOD1 KO mice (not detected in WT mice under HF feeding), such as reductions in Oscillospira, Coprococcus 
or Streptococcus and increases in others (Dorea, [Ruminococcus] or Bacteroides) could account for the stronger 
adverse impact of the diet on lipid absorption and metabolism than in WT mice. Oscillospira has often been 
associated with leanness in human microbiota  studies58, although opposite associations have also been reported 
in WT  rodents59. This potential benefits could be attributed to the ability of Oscillospira spp. to produce butyrate, 
which is thought to play positive roles in  obesity58. Oscillospira spp. also utilize as a primary energy source host-
derived glycans (glucoronate), instead of dietary starches, which will cost energy to the host and could explain 
its positive association with leanness in  humans58. By contrast, increases in Dorea have been positively associated 
with obesity/adiposity in  rodent59,60 and  human61 studies.

Specific taxa of the gut microbiota regulate proteins involved in BA metabolism, such as BA transporters, 
bile salt hydrolase (BSH) and BA 7α-dehydroxylase activities. These are responsible for both BA deconjugation 
and subsequent dehydroxylation in the distal gut. Their activity could increase the excretion of BAs in feces and 
reduce their concentrations in the body, leading to induction of BA synthesis from cholesterol in the  liver11,12. 
Therefore, the induction of the expression of Cyp7a1 in the liver of NOD1 KO mice under both the CHD and 
the HFD could be related to the specific microbiota alterations associated with the mouse genotype and the 
subsequent effect of the HFD. For example, Parabacteroides spp., which showed higher abundances in NOD1 
KO mice, although were not specifically increased by the HFD, produce secondary BAs and, thereby, could 
contribute to inducing BA synthesis from cholesterol in the liver as  well62–64.

Collectively, the low-grade immune response upon HFD is exacerbated in the case of NOD1 deficiency, 
contributing to dysfunctional lipid synthesis, due to a higher infiltration of pro-inflammatory immune cells in 
adipose and liver  tissues18,20, as confirmed by the quantification of the infiltrated cells and the rise in circulating 
TNF-α levels. Indeed, experiments using germ-free mice show protection against HFD-induced obesity in NOD1 
KO animals, although this phenotype is suppressed when mice are housed under conventional conditions and the 
gut becomes  colonized13,18,65–67. The HFD used promoted a modest increase in body weight of the WT animals 
(9.8% increase after 6 weeks); however, in the absence of NOD1 the body weight gain was 33.3% during this 
period, reflecting this obesity in adipose tissue and in the liver. In addition to this, these tissues became more infil-
trated by immune cells, such as macrophages and neutrophils, as it has been previously  described4,22,24. The idea 
that lipids and bacterial-derived molecules cooperate in the induction of ‘metabolic inflammation’ and obesity 
comes from the fact that particularly NOD1 is overexpressed and activated in adipose tissue in response to these 
 challenges10,18,20,23. However, our data provide a different scenario since constitutive deficiency of NOD1 worsens 
the metabolic dysfunction due to HFD. In fact, NOD1 polymorphisms in humans -associated with differences in 
the activity of this NLR- appear to play a relevant role in inflammatory-related diseases, including  obesity23,68,69.

Regarding insulin resistance and NLR activity, other groups have described that NOD1 activation after iE-DAP 
administration promotes insulin  resistance20,23,24,70. However, in animals lacking NOD1 in the hematopoietic system, 
Chan et al.18 reported that after 18 weeks of HFD, the WT animals exhibited hyperinsulinemia, insulin resistance and 
a reduced capacity to decrease glucose overload, a situation that was significantly more benign in the hematopoietic 
NOD1 deficient mice. Here we provide a new piece of knowledge since our animals deficient in NOD1 and fed a 
HFD for 6 weeks, despite an evident obesity, are not resistant to insulin and exhibit an improved glucose tolerance test 
when compared with the WT counterparts. These results suggest that additional dysfunctional changes are required 
to establish insulin resistance and defective oral glucose tolerance test, compatible with diabetes progression in WT 
animals. Moreover, reversion to CHD after 6 weeks of HFD shows a significant recovery in the liver steatosis of the 
NOD1 KO animals and almost complete absence of Oil-red O staining in the WT counterparts, which is in agree-
ment with the failure of the establishment of the insulin-resistance phenotype in these 6 weeks of HFD regimen.

Finally, although less attention has been paid to thyroid metabolism associated with microbial composition it 
remains a relevant pathophysiological issue as observed from our results in the NOD1 KO mice, and discussed in 
a recent  review71. Indeed, our data suggest an interplay between NOD1 activity, microbiota and thyroid hormone 
function that might help to unravel unexpected obesity-related pathologies in humans.
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Abstract: Immunonutrition appears as a field with great potential in modern medicine. Since
the immune system can trigger serious pathophysiological disorders, it is essential to study and
implement a type of nutrition aimed at improving immune system functioning and reinforcing it
individually for each patient. In this sense, the nucleotide-binding oligomerization domain-1 (NOD1),
one of the members of the pattern recognition receptors (PRRs) family of innate immunity, has been
related to numerous pathologies, such as cancer, diabetes, or cardiovascular diseases. NOD1, which
is activated by bacterial-derived peptidoglycans, is known to be present in immune cells and to
contribute to inflammation and other important pathways, such as fibrosis, upon recognition of its
ligands. Since immunonutrition is a significant developing research area with much to discover, we
propose NOD1 as a possible target to consider in this field. It is relevant to understand the cellular
and molecular mechanisms that modulate the immune system and involve the activation of NOD1 in
the context of immunonutrition and associated pathological conditions. Surgical or pharmacological
treatments could clearly benefit from the synergy with specific and personalized nutrition that even
considers the health status of each subject.

Keywords: NOD1; immunonutrition; lipids; microbiota; exercise; cancer; personalized medicine

1. Immunonutrition at a Glance

Immunity, nutrition, inflammation, infection, and injury are among the topics that are
included in the concept of immunonutrition, an interdisciplinary and emerging field with
high future projection [1,2]. A well-balanced diet is fundamental for maintaining human
health. The nutritional status of each subject and other immunological biomarkers help
immunonutrition practice; however, the whole metabolism of the individuals, along with
their genetics, their underlying diseases, and even their lifestyles, need to be taken into
account. As we will discuss later, there are numerous cases in which immune-modulating
nutrition supposes a useful and cutting-edge tool. People with the potential risk of malnu-
trition (e.g., children or adolescents, elderly, pregnant women, or athletes) and nutrition
or patients suffering from immune-related diseases (including allergies and metabolic
disorders such as diabetes) will benefit from immunonutrition studies and approaches.
This field also allows the analysis of the roles and effects of nutrients (both of conventional
origin or obtained from functional foods) and bioactive compounds in the host health and
in the immune system. Lifestyle influences, such as diet composition, sedentary or exercise
habits, stress, or sleep routines are also evaluated within immunonutrition. Modulation
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of immune system responses based on nutrient intake contributes to the expression of
essential immunoregulatory genes [3–5].

Even if it is a well-known fact that the immune system function and development
require an adequate nutritional status, the study of the connections between the immune
system and nutrition is rather recent. First, research on the nutrition–infection link was
advanced: infection influenced the nutritional condition while nutrition determined the
host defense extent. This idea was collected in a 1968 World Health Organization monograph,
before the great development of immunology as a science and the emergence of immune
response studies that put it all together. Nutrients (or micronutrients) deficiencies lead to
compromised immunity and host defense. The first article on immunonutrition arrived
almost 70 years ago, in 1947. Since then, a multitude of scientific publications on the subject
has been released [3,6,7].

Interactions between the immune system and nutrients are subjects of growing re-
search interest. After infection, and innate and acquired immune system activation,
metabolic changes happen to release nutrients from adipose tissue and muscle ready
to be used by immune cells. These nutrients help to repair tissues, modulate cytokine
turnout, or protect tissues from harmful effects of free radicals and other oxidants, etc.
Therefore, undernutrition or malnutrition, both of them leading to insufficient or inade-
quate intake of macro- and micronutrients, negatively affects the immune system response.
Immune cell functions, phagocytic activity, host defense, complement system, cytokine
release, antibody responses, or affinities are among the immune mechanisms impaired
after these altered conditions [4,6,8]. However, this perspective based on the essentiality of
nutrients or their biochemical role in supporting the function and activity of the immune
system is experiencing significant changes toward a more molecular-targeted influence on
immunity. For example, the effects derived from the interaction of certain nutrients (i.e.,
serine-type protease inhibitors) with the innate immune “Toll-like” receptor (TLR)-4 [9,10]
or the role and extent that dietary modulation of this receptor can determine selective
functional differentiation response(s) of innate immune mediators are receiving increasing
interest. This point of view is aligned with the life sciences-based Process for the Assessment
of Scientific Support for Claims on Foods (PASSCLAIM) that was coordinated by the Institute
of Life Sciences (ILSI) Europe [11].

There are three main and potential targets for immunonutrition: mucosal barrier
functionality, cellular defense, and inflammation (local or systemic; related to inflammatory
mediators). Antioxidants, vitamin D, fatty acids, carbohydrates, bovine colostrum, prebi-
otics, probiotics, proteins, minerals, and herbal supplements are some topics associated
with immunonutrition. They are called immunonutrients, that is, molecular compounds
with a double function: they act as components of the diet and at the same time influence
the immune system. Arginine, glutamine, n-3 fatty acids, branched-chain amino acids, and
nucleotides are the most studied nutrients in this science. Indeed, there exist commercial
enteral feeds, which combine some or all of these nutrients. Therefore, two tactics that
will be discussed later may govern clinical trials: those that obtain benefit from a single
immunonutrient approach or the ones that use a nutrient-combination strategy. In the first
case, enteral glutamine supplementation has been demonstrated to reduce the incidence of
pneumonia, bacteremia, and fatal sepsis in critically ill patients and the incidence of severe
sepsis in premature neonates [12,13]. Glutamine is an essential nutrient for gut mucosal
cells and even more necessary if we consider that mucosal atrophy implies bacterial inva-
sion and the entrance of microorganisms into the bloodstream. Accordingly, parenteral
glutamine has also been used in clinical trials. Supplemental oxygen requirement, venti-
lation support, length, and time of stay in the intensive care unit were diminished after
enteral lipid-modified feed in moderate and severe acute respiratory distress syndrome
patients. In addition, their capacity to develop organ failure and their mortality tended to
be decreased [1,5,6,12,14,15].

An inflammatory storm involving immune system activation, pro- and anti-inflammatory
mediators, paracrine and endocrine effectors, free radicals and oxidants release lead to
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multiple organ failure mentioned above in critically ill patients [16,17]. The need for an
exogenous supply of specific nutrients in critically ill or surgical patients paved the way for
immunonutrition attempts (Figure 1). It should be noted that immunosuppression is a crit-
ical period after major surgery (or after hyperinflammation and an excessive compensatory
response in critically ill subjects) that exhibits an increased risk of infection, morbidity, and
mortality. This area is where immunonutrition comes into play, strengthening the immune
system and favoring selectively driven response(s) to reduce derived complications and im-
prove the clinical evolution of these patients. Early treatment is key to reduce inflammation
and avoid/decrease the immunosuppression phase. However, there is much controversy
about the real benefits of immunonutrition in critically ill patients; therefore, more studies
are needed [1,2,12,15,18].
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Figure 1. Immunonutrition overview. Basic pillars of immune-modulating nutrition. The term
immunonutrition is mainly powered by four interconnected concepts: immune system, nutrition,
body organ metabolism, and the human microbiome. These relationships pave the way for a wide
and complex multidisciplinary topic with potential applications. The immune system comprises
an intricate network of mechanisms, signals, cells, organs, and tissues. It is extraordinarily variable
between subjects and when it fails, it can shift the fine line between health and disease. Bad dietary
habits can lead to the poor nutritional status of the subject and consequently to severe pathologies.
Nutritional interventions are needed at this point. Single nutrients or combined therapies, all of
them designated as immunonutrients, are considered key tools. The most studied are arginine (Arg),
glutamine (Gln), n-3 fatty acids (ω-3 PUFAs), amino acids, and nucleotides. Antioxidants, fatty acids,
carbohydrates (CHO), prebiotics, probiotics, proteins, minerals, and food supplements are other
employed immunonutrients. Deficiency of certain nutrients leads to compromised immunity and a
high predisposition to infections. The immune system fights against harmful agents such as bacterial
antigens supported by its ability to distinguish between self and nonself molecules. This includes
foreign components and commensal microbiota. After infection, innate and adaptive immune
responses occur, generally through inflammatory processes and metabolic changes. These events can
trigger tissue injury, as well as undernutrition or malnutrition. An inadequate intake of macro- and
micronutrients negatively affects the immune system. Nutrients help repair tissues (wound healing),
modulate cytokine release, or protect organs from free radicals or oxidants. Immunonutrition
provides potential benefits to varied and numerous populations: from critically ill patients to
professional athletes, and including patients undergoing surgery, subjects with immuno-related
diseases, people at potential risk of malnutrition, or the elderly.
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Exercise practice can benefit greatly from immunomodulatory nutrition protocols. Ex-
perts in the field have elaborated a large document that contains scientific evidence, critical
points of view, and new perspectives in this field (Consensus Statement. Immunonutrition
and Exercise [7]).

Since immunonutrition has emerged as a potential ally to fight numerous diseases or
as a way to improve human health in several circumstances, different related societies have
been founded. Among these institutions, it is worth mentioning the International Society for
Immunonutrition (ISIN), due to its ability to establish itself worldwide. The latest example
of this important contribution is its aim of promoting adequate nutrition to strengthen
the immune system and of establishing strategies of trained innate immunity, as well as,
especially acquired immunity, against COVID-19 infection. Based on scientific evidence
and promoting the expansion and dissemination of knowledge in this field of nutrition
linked to immunity, these societies contribute to the development of immunomodulatory
nutrition (https://immunonutrition-isin.org/ accessed on 30 March 2020).

There are different parameters and measurements that can help studies on immunonu-
trition and the application of new therapeutic strategies. Several groups have analyzed
markers for their suitability to indicate the modifications that nutrients exert on the immune
system. For example, immune responses can be modified by decreased cell proliferation,
decreased protein synthesis, nutrient deficiencies, and impaired metabolic pathways under
malnutrition conditions. Other useful immunological biomarkers and immunonutrition
evaluation parameters are the following: circulating factors such as immunoglobulins in
human fluids (IgG, IgA, IgM, IgD, and IgE); acute phase proteins (complement factors,
C-reactive protein, and ceruloplasmin); levels of cytokines and cytokine receptors; immuno-
competent cell count and functionality, and other functional and genetics of the immune
system [3,4].

The immune system is a highly complex defense network of mechanisms, signals,
cells, organs, and tissues, whose goal is to protect the human being. Conventional versus
nonconventional or extramedullary hematopoiesis are key processes by which blood cellu-
lar components (including the most relevant immune actors, leukocytes) are formed [19].
However, this intricate system is extremely variable between subjects and can also cause
illness when it fails or there are deficiencies in its performance. Many immunometabolic-
based chronic diseases such as cancer, the nonalcoholic fatty liver disease that carries a
high risk of type 2 diabetes, obesity, and other important features of metabolic syndrome,
Alzheimer’s disease, and autoimmune or cardiovascular diseases have been related to
inappropriate immune and inflammatory responses. However, both hereditary and non-
hereditary determinants modulate the variability of the immune system [20]. Therefore,
an in-depth study and understanding of these biological processes, in addition to the
individualized use of nutrients as regulators of the immune function, is essential.

2. State of the Art: Immune Cells and NOD1

Potentially harmful agents are recognized and fought off by the immune system,
which responds to countless antigens. Its capacity to distinguish between self or nonself
molecules and events and to establish tolerance of self-elements is essential for the subject.
This includes external components and beneficial commensal microbiota. There are three
main levels of immune defense: (1) physical (e.g., skin, mucous membranes, endothelia),
physiological (such as sneezing or diarrhea), chemical (e.g., low pH and antimicrobial
molecules), or biological (normal microbiota) barriers (all of them normally known as
physicochemical barriers); (2) innate or unspecific immunity (for a rapid defense action); (3)
acquired, adaptive or specific immunity (more complex and persistent, leading to immuno-
logical memory). Immune responses comprise different blood-borne issues, including
soluble components and cells.

The unspecific immunity involves soluble factors (cytokines, complement factors, and
acute-phase proteins), and cells (granulocytes (neutrophils, basophils, and eosinophils),
monocytes/macrophages, and natural killer (NK) cells). Adaptive immunity implies

https://immunonutrition-isin.org/
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a more efficient response after reexposure to a specific antigen. It is executed mainly
by B, T, T cytotoxic, and T helper lymphocytes and soluble components (cytokines and
antibodies). However, innate and acquired immune systems are interconnected and have
been shown to be linked by cell-to-cell or cell–surface protein contacts and by cytokines
release. What is clear is that there is certainly a close interaction between both types of
immune responses [3,6,21].

Immune cells express pattern-recognition receptors (PRRs) that recognize and are
activated by molecular patterns associated with microbes or pathogens (MAMPs or PAMPs,
respectively). Different signaling pathways and cell responses are triggered by these
receptors [22–25]. Interactions of PRRs with normal intestinal microbial or nonpathogenic
molecules confer a protective mechanism for the host that contributes to immune memory
training. Impairments in these mechanisms lead to the development of immune diseases.
An essential component of the bacterial cell wall formed by two β-1,4-linked sugars,
N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) is called peptidoglycan
(PGN) or murein. PGN glycan strands are cross-linked by short peptides (two to five
amino acids). The general backbone presents certain diversity when comparing Gram-
negative and Gram-positive bacteria. In the last case, L-lysine is usually the dibasic amino
acid, while Gram-negative bacteria contain meso-diaminopimelic acid (DAP). Among
the intracellular cytoplasmic PRRs, nucleotide-binding oligomerization domain-1 and
-2 (NOD1/NOD2) share overlapping signaling pathways but different specificities in
MAMPs/PAMPs recognition [26–31]. NOD1 recognizes and is activated by bacterial PGNs.
To this purpose, the γ-D-glutamyl-DAP (iE-DAP) is sufficient to activate NOD1. iE-DAP is
mainly associated with Gram-negative bacteria, but it is also present in a few Gram-positive
bacteria (e.g., Listeria monocytogenes or Bacillus spp.). Nevertheless, Gram-negative bacteria
constitute the main class of microorganisms present in the gastrointestinal microbiota.
These changes in bacterial composition can have important consequences on disease
severity since PAMPs from the gut microbiota modulate intestinal mucosal immunity
via TLRs and other PRRs. Gut microbiota composition has been directly associated with
innate immunity [32]. In addition, changes in the diversity of the intestinal microbiota
can worsen or improve insulin resistance and therefore type 2 diabetes (T2D) in mice and
patients [33,34], possibly due to interaction with innate immune signaling through the TLR4,
NOD1/NOD2 proteins, etc., as yet undefined pathways [35,36]. Activated NOD1/NOD2
recruit receptor-interacting serine/threonine-protein kinase 2 (RIPK2), transducing the
activation of the “nodosome” after RIPK2 autophosphorylation (Figure 2). RIPK2 is further
polyubiquitinated by E3 ubiquitin ligases, which allow the additional recruitment of
mitogen-activated protein kinase kinase kinase 7 (MAP3K7, also known as TAK1) and
subsequent activation of the IKK/NF-κB signaling pathway [31,37–40].
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Figure 2. NOD1/NOD2 (nodosome) activation and signaling. NOD1 or NOD2 dimerize after
MAMPs/PAMPs binding, recruiting the kinase RIPK2 that becomes autophosphorylated and polyu-
biquitinated. This nodosome promotes additional intracellular signaling via TAK1/IKK activation
that results in the activation of Mitogen-Activated Protein Kinases (MAPKs) and NF-κB translocation
to the nucleus.



Biomedicines 2021, 9, 519 6 of 20

NOD1 is expressed in several cells, from nonhematopoietic (such as endothelial
cells) to hematopoietic and immune cells (e.g., monocytes/macrophages, neutrophils, NK
cells, lymphocytes). Functional NOD1 in neutrophils, for example, has been related to
Staphylococcus aureus and Streptococcus pneumoniae clearance [41–44]. However, this PRR is
associated with innate immunity and with the acquired immune response (Figure 2). For
example, NOD1 stimulation primes antigen-specific T cell immune responses primarily
with a Th2 polarization profile. Interestingly, along with other TLRs of innate immunity,
NOD1 leads to Th1, Th2, and Th17 immune responses. Furthermore, NOD1 activation
and downstream signaling contribute to B cell antigen receptor-engaged mature B cells’
survival [45,46].

Regarding immunonutrition, both counts and functionality of phagocytic neutrophils
and monocytes/macrophages are important due to their response to infections and to
their involvement in autoimmune diseases. From an immunonutritional point of view, the
myeloid F4/80 population in rodents and the epidermal growth factor module-containing
mucin-like receptor 1 (EMR1) equivalent in humans appear to be susceptible to the
immunonutritional-driven polarization by dietary protease inhibitors [47,48]. Further-
more, when considering immunonutritional strategies to include protease inhibitors in
complex food matrices (e.g., bread formulations), they have been shown to be effective
in controlling insulin resistance [49]. The normal reference values are relevant for the
practice of immunonutrition, especially when there is malnutrition or special pathologies.
Nutritional status can be indirectly measured by total lymphocyte count, establishing a
gradient from mild to severe malnutrition based on their number of cells per mm3 or by
immunocompetent phenotypic and functional flow cytometry assays [3].

3. NOD1-Related Diseases and Nutrients: The Potential Benefit of
Immunonutrition Approaches

There are at least 196 reported diseases associated with NOD1, from several cancers
or neoplasms to inflammatory, metabolic, immune, and infectious diseases, as shown in
the Open Targets Platform: https://www.targetvalidation.org/target/ENSG00000106100
/associations (accessed on 20 April 2021). Since NOD1 was discovered, it has always
been considered an active and key mediator in human metabolism and inflammation. It is
directly involved in signaling pathways of cell stressors (e.g., calcium influx or endoplasmic
reticulum mechanisms, as indicated later) and regulates downstream pathways in response
to metabolic mediators such as glucose and fatty acids. NOD1 stimulation is believed to be
the result of a combination of bacterial and metabolic ligands [50,51].

There exists a link between immunocompetent cell functions and adipose tissue
homeostasis, including leptin and TNF-α in adipose tissue [7,8]. In this line, cell death
plays also a determinant role within these mechanisms [52]. Programmed cell death and
innate immune system signaling are closely related. NOD1 activation has been connected
with cell death induction (mainly via caspase 8 activation) and, in addition, cell death is
involved in the regulation of inflammatory processes [53–55]. Inflammation was shown
to be partially modulated by certain nutrients such as fatty acids, retinol, tocopherol, or
zinc. This observation established a new interesting field of study within immunonutrition
where balancing n-3 and n-6 fatty acid consumption was a key intervention [3].

3.1. NOD1, Adipose Tissue, and Obesity

Consumption of Western diet in humans and its equivalent in mice, high-fat diet
(HFD), results in the upregulation of NOD1 signaling. These diets involve weight gain,
an increase in adiposity, and the development of a proinflammatory onset. Consequently,
NOD1 activation in adipocytes leads to NF-κB and protein kinase A-triggered lipolysis.
This lipolysis prompts an increase in available fatty acids, which can ultimately lead to
insulin resistance. The metabolic effects derived from fatty acids are the consequence
of several molecular and cellular mechanisms: from stimulation of hormone receptors
to modifications in the fluidity of the cell membrane. In this regard, saturated fatty
acids (e.g., lauric acid) favor NOD1 activation in several cell types, including adipocytes,

https://www.targetvalidation.org/target/ENSG00000106100/associations
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while unsaturated fatty acids (e.g., docosahexaenoic acid (DHA)) impair NOD1 auto-
oligomerization and its ligand-induced inflammation. In fact, DHA negatively regulates the
stimulation of NOD1 signaling by saturated fatty acids. Therefore, nutritional interventions
targeting fat and the immune system at the same time would be promising. Fat-enriched
diets are well-known drivers of metabolic syndrome and cardiovascular diseases [50,56].
In this context, the administration of immunonutritional protease inhibitors has been
shown to be effective in modulating lipid homeostasis and shaping the gut microbiota,
ameliorating the severity of hepatocarcinoma under HFD [10].

3.2. NOD1 and Atherogenesis

Our group and others [57–60] have described a prominent role for NOD1 in the lead-
ing cause of death worldwide: cardiovascular diseases (CVDs). NOD1 has been shown to
contribute to atherogenesis, both in early and advanced disease. Since atherosclerosis is
the main underlying cause of most of the CVDs and it involves lipid deposition and NOD1
in addition to other important inflammatory and immune components, immunonutrition
approaches represent another essential front to fight them. NOD1 is induced and activated
in atherosclerotic tissues. NOD1 deletion in Apoe−/− mice, one of the most commonly used
animal models of atherogenesis, reduces the burden of the disease and the accumulation of
leukocytes within the lesions, especially monocytes and neutrophils. Endothelial NOD1 ac-
tivated by PGNs or oxidized LDLs (oxLDLs, important within diet and lipid sources), leads
to overexpression of VCAM-1 and subsequent adhesion of leukocytes to athero-prone ves-
sels [57–60]. When atherogenesis progresses, there is a risk of atherothrombosis and acute
coronary syndromes, triggered by unstable plaque rupture, cell necrosis, hyperinflamma-
tion, and decreased collagen content. In these circumstances, cells such as macrophages and
smooth muscle cells play a critical role since they proliferate, undergo apoptosis, and form
foam cells within the plaque. NOD1 is involved in all these processes that contribute to the
vulnerability of atheromas [58,61]. Cardiac dysfunction, impaired excitation–contraction
coupling, and Ca2+ handling have also been associated with NOD1 [62]. Furthermore,
subsequent studies have shown that NOD1 activation by noxious stimuli and stress is also
involved in cardiac remodeling and hypertrophy, heart failure, and mitochondrial energy
balance and mitophagy [63]. Therefore, knowing that the diet and its derived nutrients
and metabolites influence both the energy state of the cells and the production of damage
signals, immunomodulatory nutrition strategies become important.

3.3. NOD1 and Diabetes

Consistent with this, it has also been observed that mice fed HFD have higher glucose
and insulin basal concentrations, insulin resistance, and glucose intolerance. Not only
high-fat diets positively regulate NOD1, but also high sugar intake, as occurs in the Western
diet [56,64–72]. For example, high glucose levels can activate NOD1 in mesangial cells.
In fact, adipocytes stimulated with iE-DAP or other NOD1 ligands exhibit enhanced pro-
inflammatory responses and diminished insulin receptor signaling, leading to a decreased
glucose uptake by insulin and to insulin resistance [50]. In addition, diabetes, obesity,
and hyperglycemia cause dysbiosis of the intestinal microbiota favoring gut permeability
and the consequent increase in circulating bacterial products. Activation of NOD1 by
these microbe-derived molecules can disrupt other signaling pathways and metabolic
routes, thus establishing a self-feedback loop [50,73]. For example, microbiota recognition
by NOD1 in bone marrow mesenchymal stromal cells can modulate hematopoiesis in
mice [74]. In contrast, NOD1-mediated renal antibacterial defenses are dampened by
cyclosporin A (CsA) [75]. Another NOD1–microbiota–metabolism connection is shown in
a work by Zhang et al., in which they demonstrate that microbes-derived NOD1 ligands
directly regulate insulin trafficking in pancreatic beta cells. NOD1 ligands are released into
the bloodstream by intestinal lysozyme and Rab1a, recruited by NOD1, leading to insulin
signaling [76]. What is clear is the importance of micro and macronutrient homeostasis in
this immune system–microbiome–metabolism axis. Interestingly, evidence has shown that
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vitamin D administration downregulates 66 genes and upregulates 291 genes involved in
the biological function and homeostasis of more than 160 signaling pathways associated
with metabolic dysfunctions, CVDs, autoimmune disorders, and cancer [4].

3.4. NOD1 and Cancer

The NOD1–cancer axis has been widely confirmed and it is quite relevant due to the
high morbidity and mortality associated with these diseases [25,39,54,77–82]. For instance,
a recent study has shown that activated NOD1 leads to the progression of colorectal
carcinogenesis by modulating the immunosuppressive functions of tumor-infiltrating
leukocytes via arginase-1 activity [77]. Other previous studies have also linked NOD1
activities to colon cancer and metastasis [79,82] and carcinogenic responses to Helicobacter
pylori pathogen [80]. Given the high impact of nutrition on the gastrointestinal tract and
the microbiota content (also closely linked to NOD1) and the information provided by
these studies, new immunonutrition strategies are required. There are also studies on
the involvement of NOD1 in other tumor-related diseases such as cervical cancer, breast
cancer, and head and neck squamous cell carcinoma [25,39,54,78,81,83]. Patients with these
cancers would benefit from immunomodulatory nutrition strategies targeting NOD1.

3.5. NOD1 and Kidney Dysfunction

Clear cell renal cell carcinoma is another example of the involvement of NOD1 in
cancer processes, although it is related to the pathogenesis of another organ—the kid-
ney [84]. NOD1 is expressed in human and murine renal tubular epithelial cells [85,86].
Renal ischemia/reperfusion injury activates NOD1 due to tubular epithelial apoptosis
and inflammation [85,87]. Furthermore, a complex and interesting study linked immuno-
suppressive drugs such as CsA with NOD1: CsA inhibited the innate renal antibacterial
responses of NOD1 in both mice and human transplant recipients [75]. Other NOD1/NOD2
KO models have been used to decipher the role of these PRRs in the onset of renal disease
and inflammation [88]. Due to all these data and the fact that kidneys are involved in
nutrients and xenobiotics metabolism, as well as in blood filtering, a combined NOD1-
immunonutrition therapy must be tackled in specific patients. In addition, high-protein
diets can damage the kidneys and lead to severe diseases, which is why immunomodula-
tory nutrition is essential.

3.6. NOD1 and Respiratory and Hepatic Diseases

Lung cells, including epithelial cells, are also involved in the activation and functions
of NOD1. As an example, NOD1 activates CCAAT/enhancer-binding protein β (C/EBPβ)
signaling pathways in these cells after bacterial or agonists recognition [89]. Since lung
and respiratory tract diseases could benefit from immunonutrition, as shown in the case
of acute respiratory distress syndrome, NOD1 inhibition or downregulation appears as a
potential therapeutic target [90].

NOD1 regulates liver molecular and cellular mechanisms as well. For example,
this immune PRR contributes to liver ischemia/reperfusion injury. NOD1 modulates
the overexpression of adhesion molecules and regulates infiltration of neutrophils in the
liver, which are responsible for causing the injury [91]. Given that the liver constitutes
a “metabolic turbine” where multiple anabolic and catabolic processes occur and where
nutrients are metabolized, immunonutrition and NOD1-targeted approaches are likely
candidates to restore liver homeostasis and function.

3.7. NOD1 and Thyroid Hormones Homeostasis

Recent work published by our group links NOD1 with metabolism, thyroid hormones,
and energy expenditure. NOD1 is also expressed in the thyroid and other highly metabolic
cells and tissues, such as adipose tissue, including inguinal white adipose tissue (iWAT) and
epididymal white adipose tissue (eWAT). NOD1 activation in Wt mice after 6 weeks HFD
regimen resulted in decreased lipogenesis in iWAT and eWAT, compared to their Nod1−/−
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counterparts, as well as differences in bile acid metabolism and thyroid hormone homeosta-
sis. Interestingly, Nod1−/− mice showed accelerated diet-induced obesity, demonstrating
the involvement of this PRR in metabolism and body weight regulation and becoming a
good target for immunonutrition. Accordingly, NOD1 influences thyroid hormones’ func-
tions (T3, T4), which are implicated in the modulation of metabolic routes related to lipids
(e.g., lipogenesis and lipolysis), carbohydrates, bile acids, energy storage/expenditure, and
thermogenesis. Furthermore, all of these complex processes and their interrelationships
can lead to severe disorders, such as hypothyroidism, hyperthyroidism, Graves’ disease, or
even cancer.

The biology of the thyroid is also linked to infections and sepsis. Along these lines,
it has been confirmed that the intestinal microbiota is altered depending on HFD and
NOD1 function. The immune system has a relevant role in this regard, and we report that
immune cells express thyroid receptors and these cells are modulated directly or indirectly
by thyroid hormones. In addition, the thyroid gland is regulated by the nutritional status
and other signals such as leptin or appetite-controlling peptides. Therefore, there is a need
for an immunonutrition approach for thyroid dysfunctions involving or not involving
NOD1 [41,58].

3.8. NOD1, Thyroid Hormones, and Pregnancy

Thyroid hormones and the endocrine system are also crucial during pregnancy for
normal fetal and neonatal brain development. Interestingly, several NOD1–pregnancy
relationships have been established. NOD1 is widely expressed in maternal and fetal
tissues. For example, NOD1 in the uterine wall, decidua, and placenta causes inflammation
in both normal and preeclamptic pregnancies, but especially in the first case, as it is upreg-
ulated [92]. Furthermore, NOD1 regulates the decidual stromal cell role in the maintenance
of pregnancy during the first trimester [70]. NOD1 expression and activation have also
been investigated in the fetal membrane, placenta, and plasma obtained from pregnancies
with premature rupture of membranes [93]. Accordingly, related to the previous comments
on NOD1 activation in conditions of high glucose and diabetes, and its relationship with
insulin resistance, this PRR expression is enhanced in the adipose tissue of women with
gestational diabetes. Notably, increased maternal inflammation and peripheral insulin
resistance consist of two features of pregnancy, which evolved with gestational diabetes
mellitus [94]. Other works linked NOD1 activation and signaling with fetal death and
growth restriction through fetal–maternal vasculopathy, thus connecting several pathogenic
events [95]. Furthermore, after Chlamydia trachomatis infection, NOD1 participates in the
induction of IL-1β release in human trophoblasts [96], cells in which the regulation of
NOD1 and the pattern of cytokine secretion have been analyzed [97]. Prematurity has
been strongly associated with infection, and there are studies that go further and relate
it to the activation of NOD1 by bacterial ligands sensing [98]. Additionally, pregnancy
constitutes a physiological context that exemplifies the importance of immunometabolic
interactions for both the mother and the embryo. This is a unique physiological state, in
which the immune tolerance of the developing fetus coincides with the immune activa-
tion to induce insulin resistance necessary to meet the energy needs of the mother, along
with an increased demand for glucose by the embryo [99]. The intergenerational transfer
of immunometabolic properties between mother and offspring can help prevent further
development of chronic diseases as well as their severity [100]. Given the importance of
balanced nutrition in pregnant women and the connections between them, the immune
system, and the implications of NOD1 for health and disease, immunonutrition seems such
as a perfect treatment combination approach.

NOD1 participates in processes related to lactation. This occurs even in other species
such as cows or goats. In dairy cows, for example, a high-concentrate diet-induced apopto-
sis of mammary epithelial cells by the NOD1 and caspase-8 pathways [101] while triggering
NOD1-NF-κB downstream proinflammatory signaling pathways [102]. Another interesting
study cited the relationship between NOD1 downregulation in neutrophils from peripar-
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turient dairy cows, the dysregulation of neutrophils, and their increased vulnerability
to infectious diseases [103]. In goats, sodium butyrate inhibited NOD1 activation in lac-
tating mammary glands during subacute ruminal acidosis. NOD1 signaling pathway
activation in cow and goat mammary glands usually occurs during ruminal acidosis after
translocation of lipopolysaccharide from the digestive tract into the bloodstream [101].
Therefore, studies on these issues suggest two ways of modulating NOD1 under nutritional
conditions: acting indirectly on livestock (which provide us with food and factors that
regulate our immune system) or studying these mechanisms in humans and applying them
to improve immunity.

3.9. NOD1 and Inflammatory Diseases

An adequate nutritional status is required for optimal wound healing, thus setting
a promising outlook for immunonutrition. Molecular mechanisms such as inflammation,
cell migration or proliferation, coagulation, and remodeling, contribute to wound healing.
Therefore, nutritional depletion or deficiency of certain nutrients could lead to an impaired
wound healing process. In fact, malnourished subjects often have ulcers, infections, and
delayed healing or even nonhealing wounds. In contrast, nutritional supplementation
with beneficial effectors, such as arginine or curcumin, stimulates restorative events in this
host [104–107]. Given that migratory leukocytes and immune responses play a fundamental
role in these processes and that NOD1 is an active actor in immune cells, it would not be
surprising if combined strategies based on wound healing favored by this receptor were
taken into account.

Another example of the contribution of NOD1 to human disease is illustrated in the
expression and functions of NOD1 in dental pulp odontoblasts. NOD1 activation and
derived release of chemokines lead to the appearance of pulpitis. This is interesting because
odontoblasts recognize caries-related pathogens and trigger inflammation and subsequent
pulpitis [108]. In this regard, NOD1 was demonstrated to sense periodontal pathogens
(e.g., Porphyromonas gingivalis, Fusobacterium nucleatum, and Aggregatibacter actinomycetem-
comitans) [109] and putative newly identified pathogens (Eubacterium nodatum, Eubacterium
saphenum, and Filifactor alocis) to initiate innate immune responses [110]. This spp. are
important in the development of periodontitis inflammatory disease. Interestingly, other
external factors, such as cigarette smoke, have been determined to regulate NOD1 signaling
and β-defensins in the oral mucosa and therefore host defense against pathogens [111]. A
carefully studied immune-related nutrition can help both prevent tooth decay and disrupt
NOD1 activation (Figure 3).
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Figure 3. Health or disease: a matter of the well-known PRR NOD1 with possibilities of taking
advantage of alliances with immunonutrition. NOD1, a cytoplasmic PRR of the innate immunity, is
expressed in nonhematopoietic cells (such as endothelia) and in hematopoietic and immune cells (e.g.,
monocytes/macrophages, neutrophils, NK cells, lymphocytes). PRRs recognize molecular patterns
associated with microbes or pathogens (MAMPs or PAMPs) and become activated. Impairments
in this activation lead to the development of autoimmunity and other diseases. Components of
the bacterial cell wall (peptidoglycan (PGN) and murein), are recognized and activate NOD1. γ-D-
glutamyl-meso-diaminopimelic acid (iE-DAP) is sufficient to accomplish NOD1 activation. iE-DAP is
mainly present in Gram-negative bacteria, which constitute the main microorganisms in the human
gut. There exist at least 196 reported diseases related to NOD1, ranging from several cancers or
neoplasms to metabolic, inflammatory, immune, and infectious diseases, as summarized in this figure.
NOD1 is overexpressed and activated under these pathological conditions. Therefore, NOD1-related
diseases connected with nutrient metabolism, deficiencies, or disorders can benefit from carefully
studied immunonutrition approaches and clinical applications. Blue letters, events, and pathways
related to NOD1 signaling.

4. A Focus on Future Strategies

It is widely shown that human nutrition is associated with the content and function of
the gut microbiota. In turn, the intestinal microbiota is related to metabolic diseases and
the immune system. The prevalence of certain diseases, such as metabolic ones, including
obesity, has been increasing over the past decades [112]. In an interesting study, exercise was
opposed to obesity-related changes in the gut microbiota [113]. In another work, scientists
highlighted the importance of combining novel diet and gut microbiome-modulating
strategies to treat inflammatory bowel disease in an immunonutrition approach [114].
Therefore, there are strong connections between diet, exercise, microbiota, immune system,
and health or disease that highlight the need to understand better the mechanisms involved
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in the concept of immunonutrition. A pronounced leukocytosis, including a high count
of neutrophils, results after harsh exercise. In addition, immunosuppression induced
by a prolonged or exhaustive exercise triggers dysfunction of the immune system and
inflammatory responses. These disorders eventually lead to a pronounced decrease in the
resistance to pathogens and to an overall increased risk of infections and diseases. Some
biomarkers of immune function, such as the number and activity of immune cells, the
expression of the major histocompatibility complex II, the delayed-type hypersensitivity
response, salivary IgA, etc., are altered after intense exercise [7,14,115].

Glucose, amino acids, and lipids are nutrients that have a clear function in immunonu-
trition, contributing to energy production in immune cells and to their correct proliferation.
Micronutrients, such as zinc, iron, magnesium, and vitamins, are essential for proper and
competent immune function. It is noteworthy that some nutrients or micronutrients must
be obtained from the diet since they cannot be directly synthesized in human cells or cannot
be sufficiently produced. Novel immunonutrition supplements such as β-glucan, quercetin,
or curcumin hold promise for improving immune function and reducing infections after
vigorous exercise [7,13,14,115]. Recently published work has identified a specialized bone
marrow cell progenitor that contributes to lymphocyte production in response to exercise,
suggesting that mechanosensitive osteogenic progenitors are involved in immune system
responses and in the clearance of bacterial infections [116]. Regarding NOD1, even if this
PRR and exercise training have not yet been directly related, it is clear that NOD1 activation
contributes to insulin resistance, cardiac dysfunction, and muscle contraction [62,68].

As mentioned above, critically ill patients are an important population that will
potentially benefit from immunonutrition strategies [2,5,6,12,14,15,18]. Evidence on the
host immune system and gut microbiome interactions in critically ill patients highlights
key research areas for the design and use of specific and individualized treatments [16].
Furthermore, NOD1 mRNA is suppressed in monocytes of septic patients, increasing the
risk of infections [117]. Accordingly, the expression of genes involved in the innate immune
response, including NOD1, changes in critically ill patients suffering sepsis and related
malnutrition [17].

Nutritional interventions are considered promising ways to improve impaired im-
mune function and predisposition to infection with aging [118,119]. The elderly, similar
to overweight and obese individuals, present an increased inflammatory condition. They
generally have a high prevalence of nutrient deficiencies that affect their immune response,
defense against infection, and cognitive function. Adapted physical activity training pro-
grams are beneficial for this population. Immunosenescence, a cell-mediated reduction
in immune function, favors the highest rates of morbidity and mortality in the elderly.
However, age appears to be related to an enhanced inflammatory response. Therefore,
regular moderate exercise improves immune function in this population. For example,
calisthenics exercise stimulates the activities of T lymphocytes and natural killers in older
women. Micronutrient deficiency, inflammation, muscle damage, and oxidative stress
increased in the elderly, while glucose tolerance and insulin sensitivity decreased with
aging. These alterations highlight the need for immunonutritional strategies for them, and
if they consider the role of NOD1 in aging, they will be more complete and effective [7,8].

The influence of microRNAs (miRNAs) as key regulatory elements in physiological
processes, inflammation, the activity of the immune system, and various human disorders,
such as cancer or infectious diseases, has long been known. miRNAs are short, noncoding
RNAs that bind to specific mRNA sequences and lead to the suppression or degradation of
translation of the respective target mRNAs. They are important posttranscriptional modu-
lators of hematopoietic cell fate decisions, for example, or are involved in the regulation of
gene expression associated with the immune response. However, the precise mechanisms
involved in these biological and pathological processes are poorly defined in this still de-
veloping field [79,120–122]. An example of miRNAs in immune-related metabolic diseases
is presented in a study in which miRNA-495 inhibited the inflammation caused by high
glucose, the extracellular matrix accumulation, and the differentiation of cardiac fibroblasts
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by NOD1 downregulation [123]. Knowing that NOD1, as we mentioned above, is closely
related to atherosclerosis and CVDs, a combined immunonutrition–microRNA strategy
would be expected to be effective.

Inhibitors of the immune system and immune checkpoint inhibitors are novel molecules
with immunoregulatory effects in different pathologies among which several cancers stand
out [124,125]. Some examples to mention that are related to diseases in which NOD1
contributes in some way would be the following referenced works: [48], [126], and [51].
Hence, a double immunonutrition–inhibitor(s) strategy (and even more, targeting NOD1)
will be helpful in combating certain diseases.

The process of elucidating antigen receptor heterogeneity and cellular, antibody, and
cytokine responses involved in health and disease is called immunoprofiling. This field
allows the identification of new biomarkers aimed at determining the severity, course, and
outcome of the disease, as well as the patient’s response to a specific treatment. Poten-
tial translational applications are immunotherapy of cancer, inflammatory dysfunctions,
autoimmune disorders, and infectious diseases. However, with respect to all types of
diseases, since immune cells are almost as diverse as people, promising and innovative meth-
ods of single-cell analysis, combined with immunoprofiling techniques, are being used.
Immunoprofiling approaches used in the service of immunonutrition may be of great use
in the future [127–129].

It is known that immunonutrition studies use vaccination responses to obtain data on
immunomodulatory mechanisms. These responses are influenced by factors as wide as
environmental, infectious, and related to lifestyle or nutrition. Additionally, peptides with
DAP, therefore NOD1 ligands, have adjuvant activity. Of note, Freund’s adjuvant activity
requires monomeric PGN subunits as minimal structures to be functional. These NOD1
agonists with adjuvant capacity showed antibacterial and antiviral activities while having
antitumor roles. Therefore, there is an obvious link between the immune system, nutrition,
vaccination, NOD1, and infection that needs to be investigated in depth. [3,130].

Interestingly, there are different current clinical trials on immunonutrition. Many
of them use different nutrient combinations and strategies, such as a mix of arginine,
n-3 fatty acids, and nucleotides with/without glutamine in critically ill and surgical pa-
tients. Normally, they show higher total nitrogen content, antioxidant vitamins (e.g., A
and E), and minerals (such as selenium) levels. Here, is a reduced selection of some of
these promising clinical trials: “Immunonutrition Supplementation for Improved Burn
Wound Healing in Older Adults” (NCT04725071), “Effect of Preoperative Immunonutrition
in Upper Digestive Tract” (NCT04027088), “Preoperative Immunonutrition and Cardiac
Patients” (NCT03445221), “Effect of Perioperative Immunonutrition on Recurrence and
Infections in Crohn’s Disease Patients (EPIRIC)” (NCT04014517), “Immunonutrition and
Carbohydrate Loading Strategies in Breast Reconstruction” (NCT03764943), “Periopera-
tive Immunonutrition, Phagocytic, and Bactericidal Activity of Blood Platelets in Gastric
Cancer Patients” (NCT01704664); and others than have been completed: “Changes in
Inflammatory Response after Immunonutrition Compared to Standard Nutrition in Col-
orectal Cancer Tissue” (NCT04732442), “Effect of Enteral Immunonutrition on Immune,
Inflammatory Markers, and Nutritional Status in Patients Undergoing Gastrectomy for
Gastric Cancer” (NCT03730545), “Preoperative Immunonutrition in Normo-Nourished
Patients Undergoing Fast-Track Laparoscopic Colorectal Surgery” (NCT04692545), “Effect
of Immunonutrition on Inflammatory Markers after Bariatric Surgery” (NCT03010280),
“Effects of Immunonutrition on Biomarkers in Traumatic Brain Injury” (NCT03166449),
and “Immunonutrition in Cardiac Surgery” (NCT00247793). All of them prevent or treat
highly prevalent human diseases, demonstrating the importance of such novel interven-
tions and the need for more studies. However, none of these trials appear to address a
NOD1-related/targeted intervention, which would be of interest (Figure 4).
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interventions targeting NOD1. Metabolic and immunological disorders (such as obesity or diabetes), content and function of
the intestinal microbiota, athletes or professional athletes (suffering from respiratory diseases, infections or gastrointestinal
disorders), critically ill patients, the elderly, mechanisms of aging/senescence, microRNAs, inhibitors immune system
and immune checkpoint inhibitors, immunoprofiling, biological or nonbiological study models (highlighting cell and
animal models), vaccination flow diagram and ongoing clinical trials on immunonutrition (using various combinations of
immunonutrients) are discussed here. NOD1 has almost undiscovered potential as a therapeutic target that should be used
against human disorders. New treatments can complement or improve existing therapeutic and nutritional approaches.

Thus, NOD1 has great therapeutic potential as a target in several human disorders.
The development of new treatments is essential, complementing existing therapeutic and
nutritional approaches or even favoring patients who do not respond adequately to existing
drugs [130].

5. Conclusions

In recent years, immunonutrition has become a broad and hopeful field with promis-
ing applications in many diseases. This is the art of modulating the immune system by
employing specific nutrient-based interventions. Imbalances in normal metabolism or
deficiencies in immunity can contribute to disease development and even to mortality.
Since NOD1, an immunity-related receptor, has been shown to be involved in several
different disorders and pathologies, research on the combination of immunonutrition,
NOD1-targeting, and other translational biomedical fields could benefit low-grade inflam-
mation chronic patients. However, despite the direct relationship of NOD1 with different
immunometabolic chronic diseases and cancer, it is still almost completely unknown to-
day in relation to its potential modulation through immunonutritional strategies as aids
to biomedical interventions. Further efforts should aim to better understand immunity-
mediated diseases while focusing on defining the most effective immunity-modulating
nutrition approaches (both individual and approaches in which different immunonutrients
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are combined) and even their use in conjunction with other types of treatments, surgeries,
or lifestyle factors. Given the breadth of the areas covered in this field, what is clear is that
deeper interdisciplinary research and collaboration between trained experts are essential.
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Abstract: Cardiovascular diseases (CVDs) incidence is becoming higher. This fact is 

promoted by metabolic disorders such as obesity, and aging. Atherosclerosis is the 

underlying cause of most of these pathologies. It is a chronic inflammatory disease 

that begins with the progressive accumulation of lipids and fibrotic materials in 

the blood-vessel wall, which leads to massive leukocyte recruitment. Rupture of 

the fibrous cap of the atherogenic cusps is responsible for tissue ischemic events, 

among them myocardial infarction. Extramedullary hematopoiesis (EMH), or 

blood cell production outside the bone marrow (BM), occurs when the normal 

production of these cells is impaired (chronic hematological and genetic disorders, 

leukemia, etc.) or is altered by metabolic disorders, such as hypercholesterolemia, 

or after myocardial infarction. Recent studies indicate that the main EMH tissues 

(spleen, liver, adipose and lymph nodes) complement the hematopoietic function 

of the BM, producing circulating inflammatory cells that infiltrate into the 

atheroma. Indeed, the spleen, which is a secondary lymphopoietic organ with high 

metabolic activity, contains a reservoir of myeloid progenitors and monocytes, 

constituting an important source of inflammatory cells for the atherosclerotic 

lesion. Furthermore, the spleen also plays an important role in lipid homeostasis 

and immune-cell selection. Interestingly, clinical evidence from splenectomized 

subjects shows that they are more susceptible to developing pathologies, such as 

dyslipidemia and atherosclerosis due to the loss of immune selection. Although 

CVDs represent the leading cause of death worldwide, the mechanisms involving 

the spleen-atherosclerosis-heart axis cross-talk remain poorly characterized [18]. 
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Cardiovascular diseases (CVDs) incidence is becoming higher. This fact is promoted by
metabolic disorders such as obesity, and aging. Atherosclerosis is the underlying cause of
most of these pathologies. It is a chronic inflammatory disease that begins with the
progressive accumulation of lipids and fibrotic materials in the blood-vessel wall, which
leads to massive leukocyte recruitment. Rupture of the fibrous cap of the atherogenic
cusps is responsible for tissue ischemic events, among them myocardial infarction.
Extramedullary hematopoiesis (EMH), or blood cell production outside the bone marrow
(BM), occurs when the normal production of these cells is impaired (chronic hematological
and genetic disorders, leukemia, etc.) or is altered by metabolic disorders, such as
hypercholesterolemia, or after myocardial infarction. Recent studies indicate that the main
EMH tissues (spleen, liver, adipose and lymph nodes) complement the hematopoietic
function of the BM, producing circulating inflammatory cells that infiltrate into the
atheroma. Indeed, the spleen, which is a secondary lymphopoietic organ with high
metabolic activity, contains a reservoir of myeloid progenitors and monocytes,
constituting an important source of inflammatory cells to the atherosclerotic lesion.
Furthermore, the spleen also plays an important role in lipid homeostasis and immune-
cell selection. Interestingly, clinical evidence from splenectomized subjects shows that
they are more susceptible to developing pathologies, such as dyslipidemia and
atherosclerosis due to the loss of immune selection. Although CVDs represent the
leading cause of death worldwide, the mechanisms involving the spleen-
atherosclerosis-heart axis cross-talk remain poorly characterized.
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INTRODUCTION: CLASSICAL VS.
EXTRAMEDULLARY HEMATOPOIESIS

Hematopoiesis is the process by which blood cellular components
are formed. It occurs from embryonic development to adulthood in
order to produce and replenish the blood system. Hematopoietic
stem and progenitor cells (HSPCs), with self-renewal and
differentiation properties, can be employed as a model system to
understand tissue stem cells´ fate and their role in aging,
inflammation, atherogenesis and cancer (1–7).

Blood contains more than 10 different lineages: leukocytes
represent specialized cells that participate in innate and adaptive
immunity; erythrocytes are responsible for the transport of O2

and CO2, while megakaryocytes generate platelets for blood
clotting and wound healing. In fact, blood is one of the most
regenerative and plastic tissues (8–11). Every minute millions of
senescent blood cells are eliminated and the replaced cells are
submitted to ‘physiological’ scanning to avoid adverse actions.
The life span of the different cell types varies from hours to years
(3, 12, 13). The composition of blood cells in vertebrates involves
three waves of hematopoiesis: the primitive, the transient and the
definitive. The primitive step involves non-pluripotent erythroid
progenitors without renewal capacity, and erythrocytes and
macrophages originating from the yolk sac. The main role of
this wave is to provide red blood cells (RBCs) to facilitate
embryonic tissue oxygenation. The intermediate wave involves
transient hematopoiesis and it takes place in the blood islands to
produce erythroid-myelo id progeni tors . Definit ive
hematopoiesis occurs later in development and at different
times, depending on the species. It is associated with
pluripotent HSPCs that can give rise to all blood adult lineages
(14–16). The definitive HSPCs of vertebrates are generated in the
aorta-gonad-mesonephros (AGM) region of the embryo, and
primarily migrate to the fetal liver, and finally to the bone
marrow (BM), which is the location of HSPCs in adults (3,
12). Recently, the placenta has been recognized as an additional
site that participates in the transition from the AGM to the
fetal liver.

The properties of HSPCs differ at each site, reflecting the
existence of niches that support their expansion and/or
differentiation. As an example of this, HSPCs present in fetal
liver have mitotic activity, while the adult BM HSPCs are largely
inactive (14, 17). In humans, hematopoiesis begins in the yolk sac
and this function is transferred to the liver before finally settling
in the BM and the thymus (3). HSPCs are reported to move and
establish in the BM as well as in peripheral tissues through
binding of CXCR4 to CXCL12 (18). In addition to this CXCR4/
CXCL12 axis, other molecules and metabolites have been
associated with the mobilization and nesting of HSPCs in
other organs, such as CSF/Kit, CCL2/CCR2 and the
sphingosine-1-phosphate (S1P) and its receptor (S1PR) among
others (1, 2, 19). The specific roles of these different axes of EMH
have been identified using animal models targeting for these
molecules (2, 20) and it has been proposed that they may
contribute to specific diseases, such as the splenic CCL2/
CCR2-dependent EMH in supporting tumor growth (19).
Frontiers in Immunology | www.frontiersin.org 2
Anatomical Sites of EMH
The soft tissue outside the BM that produces blood cells is called
extramedullary hematopoietic tissue and the process is defined as
extramedullary hematopoiesis (EMH). It occurs when there is an
insufficient or irregular production of blood cells from the BM (1,
18, 21–23). The most common triggers of EMH are certain
chronic hematological disorders, such as chronic hemolytic
anemias, thalassemias, myelofibrosis, atherogenesis, diffuse
bone metastatic disease, lymphoma and leukemia (11, 24–30).
Other pathological conditions, like infection or metabolic stress,
can also promote EMH. Further research on the cellular and
molecular mechanisms involved in EMH are important to
prevent its pathological activation (31–33). Mobilized
peripheral HSPCs are considered key players for inducing
EMH (18).

The anatomical sites commonly involved in EMH include the
spleen, liver, lymph nodes and paravertebral regions, although
other organs and tissues may participate (heart, thymus, kidney,
adrenal gland, prostate, pleura, skin, adipose tissue and nerves,
among others) (18, 34, 35). There are several imaging studies of
EMH, both in common and unusual anatomical locations (18,
21). Heterogeneous, soft-tissue masses poorly irrigated and
usually interspersed with fat areas, display positive signals for
EMH using computed tomography (22). Ultrasound techniques
show that these areas are non-calcified and vascularized solid
masses. Using magnetic resonance imaging, EMH appear as
heterogeneous, lipid-loaded domains. Techniques such as
technetium-99m colloidal imaging can be helpful in diagnosing
EMH in a suspicious area by confirming the presence of BM
components in it. Abdominal EMH usually appears as
hepatosplenomegaly with or without focal soft tissue areas in
the liver, spleen, peritoneum, and perirenal space (22). The
ability of HSPCs to move from the BM to accommodate and
function in extramedullary tissues is quite complex and is
currently far from their complete understanding (19). This is
an important issue, for example in oncologic patients requiring
hematopoietic stem cell transplant to treat myeloproliferative
neoplasm-associated myelofibrosis. These patients exhibit
splenomegaly and an intense EMH (1, 36, 37).

Establishment of HSPCs in Hematopoietic
Sites
The establishment of HSPCs in hematopoietic locations is
mediated by the expression of CXCL12 and vascular cell
adhesion molecule-1 (VCAM-1), which bind to CXCR4 and to
very late antigen-4 (VLA-4), respectively (29, 38–41). It is well
known that, after infection, in both classical BM and EMH
hematopoiesis, HSPCs are activated to produce mature lineage
cells to fight pathogens. This process is of pathophysiological
relevance since the immune cells have a short life and are
eliminated during infection. Several studies confirm HSPCs
activation not only after bacterial infection, but also in
polymicrobial, viral, and fungal challenges. Immune cells are
known to detect pathogen-associated molecular patterns
(PAMPs) by their Toll-like receptors (TLRs), leading to an
increased proinflammatory response. HSPCs that express TLRs
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can respond directly to infection or inflammation, and
differentiate into specific cell lineages. This HSPCs activation
also promotes the recruitment of these cells to EMH sites, where
they are capable of generating neutrophils and monocytes. EMH
can also be enhanced by a wide range of proinflammatory
cytokines and other molecules that mediate these responses,
such as IFN-g, IFN-a, IL-6, IL-5, IL-1, G-CSF, and M-CSF
(18). Moreover, psychosocial stress has been reported to
increase blood cell progenitors production in the BM and its
mobilization to the spleen, where they establish persistent
myelopoiesis (33, 42). Therefore, increased production of
monocytes and neutrophils occurs in a wide range of diseases,
from anxiety to atherosclerosis (25–27, 33, 42–46). In fact,
ectopic erythropoiesis in the spleen tends to improve anemia
caused by stress (11, 33, 42). In addition, administration of
isoprenaline promotes the mobilization of HSPCs to the spleen,
which reveals a participation of the b-adrenergic pathways in this
process and a crosstalk between the nervous and the immune
systems (47, 48). It has been shown that extramedullary
production of CD11b+ cells continues for at least 24 days after
challenge (33). Conversely, therapeutic stimulation of the
nicotinic acetylcholine receptor alpha 7 reduces splenic
monocyte mobilization and antagonizes atherogenesis (49).
SPLENIC HEMATOPOIESIS

The Spleen: Structure/Function Interplay
and Its Impact on Leukocyte Action
The spleen, the body’s largest secondary immune organ, is a
highly vascularized lymphopoietic tissue. Dysfunction or injury
in the spleen causes significant loss of blood cells, either from the
parenchyma or from arteries and veins that supply it (50–52). In
human adults, spleen size is up to 250 g and ca. 13 cm long (21,
52). The spleen displays several essential functions:
hematological (maturation of RBCs, efficient removal of
abnormal cells by phagocytosis, iron recycling and removal of
particles, such as opsonized microorganisms or cells coated with
antibodies), immunological (humoral and cell-mediated
immunity) and metabolic homeostasis (23, 53, 54). It is
integrated in the regulation of local immune responses but also
in systemic immunity, thus participating in the development of
certain inflammatory and chronic disorders that will be
discussed (51, 54–56). The spleen has two compartments that
are very different in their architecture, vascular organization,
morphology, cell composition and physiological functions: the
red pulp (RP) and the white pulp (WP), separated by the
marginal zone (MZ). The organ is surrounded by a capsule of
dense fibrous tissue, elastic fibers and smooth muscle cells. The
outermost layer of the splenic capsule is composed of mesothelial
cells. Irregularly spaced trabeculae of smooth muscle and
fibroblastic tissue emanate from the capsule in the splenic
parenchyma and contain blood and lymphatic vessels, and
nerves. Lymphatic vessels are efferent vessels through which
lymphocytes migrate to splenic lymph nodes (57–60).
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The RP constitutes a blood filter that removes foreign
material, damaged erythrocytes (for iron recycling), and
platelets. In rodents, it is a place of EMH (1, 23, 61). It is
composed of a three-dimensional mesh of splenic cords and
venous sinuses. The highly active RP macrophages are
phagocytic cells that remove old and damaged RBCs and
particles that flow through the blood (51, 55, 62). EMH is
common in the RP of rodents, especially in fetal and neonatal
animals (1).

The spleen contains almost a quarter of the body’s
lymphocytes and initiates immune responses to blood antigens,
especially in the WP, which surrounds the central arterioles and
is subdivided into the periarteriolar lymphoid sheath (PALS), the
follicles and the MZ (15, 58). It consists of lymphocytes,
macrophages, dendritic cells (DCs), plasma cells, arterioles and
capillaries in a reticular framework similar to that found in the
RP. The PALS is composed of lymphocytes and concentric layers
of reticular fibers and flattened reticular cells (63). The internal
PALS cells are mainly CD4+ T cells, although small amounts of
CD8+ T cells are also present, as well as interdigital DCs and
migrating B cells. The external PALS is formed by B and T
lymphocytes, macrophages and, after antigenic stimulation,
newly formed plasma cells. The follicles are continuous in the
PALS and are mainly composed of B cells with a smaller number
of follicular DCs and CD4+ T cells, but usually do not contain
CD8+ T cells. They contain germinal centers, which are formed
after antigenic stimulation and contain macrophages and
apoptotic B cells.

The MZ of the spleen is composed of a wide variety of cell
types, some of which have a fixed position therein, such as
macrophages in the MZ, metallophilic macrophages on the edge
and, to a lesser extent, B cells in the MZ (52, 58, 59, 64). T
lymphocytes, small B cells and DCs, reside only temporarily in
the MZ. Therefore, continuous flow of blood-borne
immunocompetent cells together with the sessile cell
populations, make the MZ a dynamic area suited for antigens
recognition and processing. There is no other lymphoid organ in
which such a unique combination of cells and functions can be
found. Metallophilic macrophages of the MZ and the marginal
sinus separate the MZ from the PALS and the follicles.
Metallophilic macrophages in the MZ are a single subset of
macrophages in the inner border of the MZ adjacent to the PALS
and follicles (58, 65). They can be visualized by staining with
silver and with the MOMA-1 monoclonal antibody (that
recognizes CD169, also known as Siglec-1). The vessels that
feed the PALS capillary bed and follicles are delineated by
MADCAM1+, the sinus-coated endothelial cells. Peripheral to
the marginal sinus, is the thick outer ring of the MZ, with
reticular fibroblasts, macrophages, DCs and B cells. Macrophages
of the MZ are another population of splenic macrophages that
are selectively characterized by the expression of scavenger
receptor MARCO and by SIGN-R1 lectin (a member related to
the DC-SIGN family and positive for ERTR-9 monoclonal
antibody) (59, 64, 66–69). Although not all the potential
functions of the metallophilic macrophages of the MZ are
known, they are important for the removal of foreign particles,
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bacteria and viruses. They express a series of pattern recognition
receptors (PRRs) such as TLRs and CD169 that bind sialic acid
motifs present in microbes. These receptors are essential to
detect pathogens and to lead to efficient phagocytosis. The
antigenic fragments that are produced can be absorbed by
DCs, which enter the spleen through the blood as part of a
mobile immune surveillance system and present them to T cells,
promoting the clustering and enrichment of antigen-specific T
cells. Antigens in the MZ can also be directly associated with
memory B cells that migrate into the PALS and present the
antigen to T cells. Therefore, the MZ also acts as a lymphocyte
trafficking site (52, 58).

Splenic Extramedullary Hematopoiesis
and Atherosclerosis: The Missing Links
Cardiovascular diseases (CVDs) are the main cause of mortality
worldwide, being atherosclerosis one of the underlying agents of
these pathologies. The deposition of cholesterol-rich lipoproteins
in the arterial wall initiates the atherosclerotic process, triggering
leukocyte recruitment and chronic inflammation. Aforetime,
atherosclerosis was thought to be only the consequence of the
progressive lipid accumulation in the blood vessels. The current
view is that it is a much more complex process involving both
lipids and immune cells (Figure 1) (29, 70–72). Recently, a
Frontiers in Immunology | www.frontiersin.org 4
strong association between leukocytosis and CVDs has been
demonstrated, thus highlighting innate immunity as a hallmark
in the onset and progression of these pathologies (29, 71, 73).
While inflammation associated with atherosclerosis may
contribute to this relationship, there is also evidence that
leukocytosis directly increases atherosclerosis and thrombosis
(26, 27, 70, 74, 75). The numerous risk factors for CVDs,
including obesity, smoking, sedentary lifestyles and metabolic
syndrome (which in turn includes individual components, such
as dyslipemia and low HDL), are associated with leukocytosis
(42, 76).

HSPCs can produce monocytes outside the BM (18, 22). In
addition, the mechanisms of proliferation and differentiation of
HSPCs remain partly unknown, but epigenetic modifications on
the HSPCs appear to be important in the memory of trained
innate immunity (77, 78). Several findings indicate that
extramedullary anatomical sites complement the hematopoietic
function of the BM producing circulating inflammatory cells that
infiltrate atherosclerotic lesions (2, 72, 74, 79, 80). Preclinical
studies of atherosclerosis in mice determined that the spleen
contains a reservoir of monocytes, which further yield Ly-6Chigh

monocytes to the growing atheroma layer. These monocytes
express pro-inflammatory interleukins (such as pro-IL1) and
have proteolytic capacity, contributing to the remodeling of the
FIGURE 1 | Conditioning factors in extramedullary hematopoiesis (EMH) -especially in the spleen- leading to atherosclerotic disease. Different mechanisms lead to
EMH, the generation of new leukocyte progenitors and their role in the progression of the atherosclerotic disease. EMH is caused by truncated normal hematopoiesis
or inadequate bone marrow (BM) function. Several risk factors, the activation of the sympathetic nervous system and/or the b-adrenergic activation are involved in
the turn-on of EMH mechanisms. The concurrence of EMH with alterations in lipid metabolism and cholesterol-efflux pathways synergize in the aggravation of the
proatherogenic pathways. LDL, low-density lipoprotein; oxLDL, oxidized low-density lipoprotein; HDL, high-density lipoprotein; ABCA1 and ABCG1, cholesterol
cassette transporters; E2, 17b-estradiol; 27HC, 27-hydroxycholesterol; ERa, estrogen receptor a; LPL, lipoprotein lipase; ROS, reactive oxygen species; PAMPs,
pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; PRRs, pattern recognition receptors.
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atheroma and favoring plaque instability. In addition to this, they
exhibit increased production of reactive oxygen species,
promoting the oxidation of LDL, which results in macrophages
loaded with lipids (foam cells) (55, 80). Regarding the ability of
HSPCs to produce different cell lineages, it has been shown the
existence of specific signals that rule the selection processes, but
also memory epigenetic modifications that accelerate and
condition innate immune function responses (29, 45, 77, 78,
81). Interestingly, several studies demonstrate that HSPCs, not
only from BM but also cells produced via EMH (73, 74, 80, 82,
83) are associated with CVD (i.e., coronary heart disease and
stenosis) and give rise to inflammatory cells (82).

Contribution of Splenic Neutrophilia and
Monocytosis to Atherosclerosis
Neutrophilia andmonocytosis have been specifically associated with
CVDs and with atherosclerotic plaque burden in both prospective
and cross-sectional studies. In animal models, monocytosis has been
associated to atherosclerosis (6, 29, 42, 44, 45, 72, 73, 84). More than
30 years ago a relationship between dietary hypercholesterolemia,
monocytosis and atherosclerosis was observed in pig and rabbit
models (85, 86). In hypercholesterolemic pigs, an increased colony
forming units in the BMwas observed, which was also corroborated
lately in other experimental models (45). Increased HSPCs elevate
monocyte production in the BM and other extramedullary tissues,
resulting in the accumulation of cells that worsen the atherosclerotic
disease due to lipid accumulation. Additional work has highlighted
that the disturbance of cholesterol pathways may set this HSPC-
dependent monocytosis (29, 44, 82, 87). Furthermore, differential
macrophage polarization (55, 84, 88) (proinflammatory orM1; anti-
inflammatory/pro-resolution or M2a/M2b), could drive the
outcome of the inflammation and the pathology (89–92). Dietary
hypercholesterolemia in theApoe−/−mousemodel of atherosclerosis
is associated with progressive monocytosis and an increase in the
subgroup of Ly-6Chi monocytes (CCR2+), which is more common
in lesions than Ly-6Clo monocytes. Ly-6Chi monocyte subset is
thought to differentiate into an inflammatory phenotype (55, 80). In
advanced atheromata, in contrast to previous views on macrophage
proliferation, macrophages can proliferate inside the lesions,
through an Scavenger Receptor Class A (SRA)-dependent
pathway (71, 93, 94). Cytokines related to leukopoiesis and
monocyte mobilization from BM, like M-CSF, G-CSF, and MCP-
1, are produced in an enhanced manner by macrophages carrying
Abca1/Abcg1 deletion, supporting the role of the dyslipemia in these
processes (25, 27, 44, 95). Mouse models that were deficient in these
genes had hematopoietic progenitors and/or monocyte-derived cells
more prone to accumulate cholesterol and consequently, to
transport cholesterol to atherosclerotic lesions (83, 95, 96).
Furthermore, cholesterol homeostasis appears to support
hematopoietic stillness and quiescence of HSPCs. These cells
show enhanced expression of Abca1, Abcg1 and Apoe, all of them
essential cholesterol-efflux genes. Mice with defects in cholesterol
flow pathways (deficiencies of ABCA1 and ABCG1 cassette
transporters) show a dramatic increase in HSPCs and EMH (25,
27, 32, 83, 96). This favors the tendency of hematopoietic lineages’
differentiation towards granulocytes, instead to macrophages in the
Frontiers in Immunology | www.frontiersin.org 5
BM, leading to the deterioration of osteoblasts and to the decrease in
the production of CXCL12 (SDF-1) by mesenchymal progenitors.
Hypercholesterolemic primedHSPCs have been suggested to lead to
atherogenic macrophages that release higher amounts of TNF-a,
IL-6, and MCP-1. These hypercholesterolemic-primed progenitors
also produce myeloid cells that enter the atheroma and increase the
lesion size (79, 84). Not only is the quantity of circulatingmonocytes
important to these processes, but also the physiological sites of
generation as well, because spleen-produced monocytes appear to
have a pro-atherogenic phenotype (29, 83).

Hypercholesterolemia and Splenic EMH in
Atherosclerosis
Not only has systemic hypercholesterolemia been associated with
monocytosis, but also with severe neutrophilia as well (27, 97).
Current evidence also suggests that neutrophilia may promote
early lesion development. Monocytosis in Apoe−/− mice suggests
a simultaneous increase in production and a decrease in cell
clearance; with the underlying mechanism due in part to an
increase in granulocyte colony stimulating factor (G-CSF)
coupled with cholesterol dysregulation which increases HSPC
proliferation and skewing of leukocyte production towards
monocytes and neutrophils (5, 44, 45, 97, 98). In addition to
this, cholesterol-related pathways control the proliferation of
progenitor hematopoietic stem cells (25, 81, 82, 99). Therefore,
there is a particular link between metabolism and inflammation
whose study could contribute to the development of different
strategies for the treatment of CVDs (79). Monocytes circulate in
the blood and patrol the vascular endothelium. Under
inflammatory conditions, they accumulate at the target sites
and mature to macrophages or DCs. In the arteries, they
differentiate into macrophages, which accumulate oxidized
lipoproteins in the atheroma layer and give rise to foam cells,
contributing to the necrotic nucleus of the lesions. Although
monocytes are thought to arise exclusively in the BM, HSPCs
easily move from their niches in the BM, accumulating in the
periphery where they differentiate. This EMH phenomenon gives
rise to erythrocytes, platelets, granulocytes and DCs, but its
regulation is a controversial issue (4, 55, 100).

Hypercholesterolemia and Splenic
Proliferation of HSPCs
The spleen also contains proliferating myeloid cell progenitor cells
that give rise to its progeny in vivo. Using murine models of
atherosclerosis and fate-mapping approaches, progenitor and
hematopoietic cells have been shown to progressively move from
BM to splenic RP. In the presence of GM-CSF and IL-3, cells
expand clonally and differentiate into Ly-6Chigh monocytes (7, 80).
In addition, plasma lipids are closely related to monocytosis,
exhibiting a direct correlation with total cholesterol and an
inverse correlation with high-density lipoprotein (HDL) in plasma
(26, 45, 97). Recently, the role of HDL in promoting the outflow
from cholesterol-loaded foam cells, has been identified as a better
marker of prognostic atherosclerosis than others (101).
Reconstituted HDL (rHDL) infusions or ApoA-I transgenic
models protected the athero-prone mice from the disease by
October 2020 | Volume 11 | Article 586527
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preventing the formation of cholesterol-loaded cells, the adhesion of
inflammatory cells and the activation of the endothelium (25, 75).
Moreover, the scavenger receptor type BI (SR-BI), which is a high
density lipoprotein (HDL) receptor, is expressed on HSPCs and is
necessary for the antiproliferative effects of HDL on HSPCs (32, 44,
75, 96). However, there are contrasting studies that show that HDL
facilitate the removal of cholesterol from cells, which in turn
regulates HSPCs and the ontogeny of leukocytes, especially
monocytes (44, 75). Deletion of the cholesterol efflux genes also
resulted in an increase in monocytosis and neutrophilia, leading to
an exacerbated progression of atherosclerotic lesions. Moreover, it
also promoted leukocyte infiltration in other tissues (spleen, liver
and intestine) and enhanced EMH. When HSPCs reach EM sites
like the spleen, this immune secondary organ becomes an active
hematopoietic site; hence, it constitutes a huge provider of myeloid
cells that might eventually interact with the atheroma lesion. Thus,
there is a connection between hypercholesterolemia, impaired
cholesterol-flow pathways, monocytosis and atherosclerotic
disease. Greater mobilization of HSPCs and EMH was reversed
by increasing HDL levels in Abca1−/−,Abcg1−/− andApoe−/−mice or
in a mouse model of myeloproliferative neoplasia mediated by the
Flt3-ITD mutation. These results identify an emerging role of
cholesterol-efflux in the control of HSPCs (32, 45). Beyond lipids
and cholesterol impact on EMH and atherosclerosis, the influence
of lipid rafts on hematopoiesis homeostasis and CVD has been
studied. Highly ordered cholesterol and sphingolipid-rich regions of
the plasma membrane (lipid rafts), contain receptors involved in
HSPCs hematopoiesis (e.g. TGF-b1, GM-CSF, and IL-3 receptors).
Many mechanisms modulate the distribution and composition of
lipid rafts, but efficient cholesterol efflux is the most important one
and, consistently, cholesterol pathways contribute to hematopoiesis
homeostasis (88). Changes in the cholesterol-efflux in the cell
membrane, as can happen in various pathologies, augment lipid
raft content, leading to distend receptor occupancy and increasing
downstream signaling. Stimulated lipid rafts contribute to protein
dimerization, phosphorylation, or crosslinking, activating
intracellular signaling pathways. Furthermore, in certain diseases,
such as diabetes and obesity, exogenous fatty acid production causes
an increase in lipid rafts and in inflammation (46).

Role of ABC Transporters and Cholesterol
Efflux on Splenic Myeloid Proliferation
ABC transporters are found in lipid rafts and their deficiency
improves the formation of lipid rafts in HSPCs and
myeloproliferation (32, 36). In addition to the well-known
ABCA1, ABCG1, and ABCG4 transporters, other ABC
transporters, such as AIBP (non-cellular autonomously acting
protein binding protein apoA-I), have emerged as novel and
relevant secreted proteins that regulate cholesterol-flow in
hematopoiesis and they are potential new therapeutic targets.
AIBP binds apoA-I and HDL, and therefore, increases cholesterol
outflow, it disrupts lipid rafts in macrophages and DCs, and
attenuates hyperlipidemia and atherosclerosis (102, 103). It can
also bind to activated TLR4 in lipid rafts, recruiting HDL/ApoA-I,
removing cholesterol from lipid rafts and dissociating the active
TLR4 dimer. This mechanism reduces inflammatory signaling
Frontiers in Immunology | www.frontiersin.org 6
downstream of TLR4 (46). Oxysterols, molecules derived from
oxygenated cholesterol, participate in the synthesis of bile acids
and are important mediators in hematopoietic and immune
pathways (99). Interestingly, hormones like 17b-estradiol promote
HSPCs division and its receptor, estrogen receptor a (ERa) triggers
sexual dimorphism of the hematopoietic stem cells division rate (81,
99). HSPCs express ERa and the binding of this receptor to estrogen
promotes the self-renewal and proliferation of CD150+CD48-LSK
cells, which further induce EMH. This situation is common during
pregnancy, in which cholesterol plasma levels are increased (99). 27-
hydroxycholesterol, another cholesterol metabolite, in combination
of ERa, triggers the transposition of HSPCs from the BM and
enhances EMH, thus being able to initiate or worsen atherosclerosis.
During pregnancy, HSPCs proliferation and EMH are induced in
order to maintain the rapid increase in the maternal blood volume
(81, 104).

Splenectomy, Splenomegaly, and
Hypersplenism in CVDs
The spleen plays an important role in lipid metabolism: elevated
LDL, altered lipid values, and atherosclerosis are common
consequences of surgical removal of the organ in animal
models and in humans (105–108). These values become
normal when a splenic transplant is performed (109).
Conversely, partial splenectomy and conservative procedures
reduce these changes in lipid metabolism (105). Therefore, it is
proposed that the spleen is an essential regulator of lipid
metabolism and the immune-cell function (Figure 2) and this
gives rise to propose what is called `the splenic factor´ (29, 105).
Different studies support this view: higher cholesterol,
triglycerides and phospholipid levels, and diminished HDL
have been reported after splenectomy in rabbits and other
animals; however, some researchers reported conflicting results
(105, 110). In humans, splenectomy was related to increased LDL
levels and alterations in serological lipid profiles (105, 107, 111,
112). Moreover, individuals with hypersplenism and
splenomegaly (i.e.; Tangier disease patients) displayed
hypocholesterolemia (30, 113–115), associated to an elevated
activity of the mononuclear phagocytic system in diseases, such
as malaria (116). However, as there are contradictory
conclusions in these studies (117), the contribution of the
spleen to the pathophysiology of inflammation and
atherogenesis remains an open issue. This is due to the fact
that the synthesis of lipoproteins and their excretion occurs
mainly in the liver, and LDLR activity is modulated by many
factors, including circulating PCSK9 levels (118, 119).
Furthermore, splenectomy inhibits the pro-inflammatory
activity of Kupffer cells in the liver, which are responsible of
bacterial and lipoproteins clearance (120, 121). Moreover,
neutralizing the proinflammatory activity of Th1 cells by
activation of spleen memory B cells, as well as by the splenic
reservoir of Treg cells, has been shown in several pro-atherogenic
animal models to be effective against atherosclerosis (54, 122–
127). Finally, the spleen is an essential immune tissue that filters
the blood and responds to non-self-antigens and to oxLDL by
generating anti-oxLDL antibodies, conferring protection against
October 2020 | Volume 11 | Article 586527
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atherosclerosis (128–130). Indeed, immunization of ApoE−/−

mice with anti-oxLDL antibodies has been shown to protect
them against atherogenic challenges (131).

There are other connections between spleen and atherosclerosis,
related to hematopoietic homeostasis. Hypertension-derived-
mechanisms driven by the sympathetic nervous system regulate
hematopoiesis and aggravate atherosclerosis and CVDs (43).
Sympathetic activation in Apoe−/− mice compared to athero-prone
and hypertensive mice models (BHP/Apoe−/−) led to the
degradation of the BM niche and the subsequent mobilization of
HSPCs to other tissues, such as the spleen. In addition, this nervous
system activation induces the release of proteases by neutrophils
which cleave the CXCR4 receptor on HSPCs (43, 74). Moreover,
myocardial infarction induces EMH and, in turn, this myelopoiesis
increases the severity of the atherosclerotic disease (18, 55, 72,
73, 132).

Pros and Cons of Splenectomy: Clinical
Impact in Atherogenesis and CVDs
Circulating HSPCs significantly contribute to inflammatory diseases
(4, 19, 26, 32, 74, 82). Accumulation of leukocytes in the arterial wall
is one of the main characteristics of the chronic atherosclerosis.
Lymphocytes, monocytes and neutrophils are essential for the
development and progression of the disease. This change in the
Frontiers in Immunology | www.frontiersin.org 7
hematopoietic topographic hierarchy during inflammation entails
important biological, diagnostic and therapeutic implications.
Monocytes from extramedullary tissues, such as the spleen,
belong to the inflammatory subset (Ly-6Chigh) and express
proinflammatory factors, including reactive oxygen species and
proteases (80, 133, 134). They accumulate in developing lesions,
favoring an enhanced lipid intake and hypercholesterolemia that
lead to atheroma progression. The spleen contribution to the disease
has received some attention due to its clinical, social and health
implications. The organ may be expendable, but this generally has
important consequences, as explained in Figure 2. Splenectomy
increases the risk of infection, with overwhelming post-splenectomy
infection (OPSI) being one of the most worrisome complications.
(135–138). OPSI consists of fulminant sepsis caused by encapsulated
bacteria and can occur even long after surgery. Splenectomy also
increases the risk of ischemic heart disease (136, 138, 139). During
the past decades, splenectomy has been widely used as a remedy for
those patients suffering spleen injuries or trauma (105, 140). Several
studies attempted to clarify the link between higher mortality rates,
infections, and other fatal conditions (such as pneumonia or
myocardial ischemia) and trauma-induced splenectomies (105,
117, 128, 140, 141). These studies show that asplenia or partial
splenic excision decreases the supply of immune cells, the
elimination of particulate antigens and humoral immunity, and
FIGURE 2 | Different outcomes in splenectomized patients. Orange boxes: benefits of a fully functional spleen. Red boxes: summary of the changes that
splenectomy exerts on the lipid profile and metabolism. Therapeutic/traumatic (total or partial) splenectomy provokes or aggravates specific pathophysiological
processes. Blue boxes: risks associated to splenectomy. Overall, splenectomy leads to an increased susceptibility to infectious processes, with OPSI (overwhelming
postsplenectomy infection) and sepsis being the fatal consequences. Increased EMH leads to an enhanced number of circulating leukocytes, mainly monocytes and
neutrophils, which migrate to the atheroma plaque and trigger atherogenesis. EMH contributes to an increase in platelets, disseminated intravascular coagulation
(DIC), thrombi, endothelial damage and hypertension, favoring the development of cardiovascular (CV) diseases, such as thromboembolism and ischemic heart
disease. LDL, low-density lipoprotein; LDLR, low-density lipoprotein receptor; HDL, high-density lipoprotein; anti-oxLDL, antibodies against oxidized LDL; TG,
triglycerides; PL, phospholipids.
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thus increasing the risk of infections (141–144). Additionally, the
elevated platelet counts results in thromboembolism-prone subjects
with a hypercoagulable condition and an increased risk of ischemic
heart disease and mortality, again indicating another link between
the spleen and the heart. In line with these abnormalities, reactive
thrombocytosis has been shown to contribute to disseminated
intravascular coagulation, endothelial damage, and pulmonary
hypertension (105); however, there other studies that consider the
benefits of splenectomy after experimental stroke (110).
GENERAL DISCUSSION

Nowadays, even if clinicians actively try to avoid splenectomy,
there are several cases in which this surgical procedure
is considered:

• Spleen rupture or severe trauma.
• Hypersplenism.
• Blood di sorders (hemoly t i c anemia , id iopa th ic

thrombocytopenic purpura, polycythemia vera, thalassemia,
hereditary spherocytosis, sickle cell anemia Tangier disease,
etc.).

• Acute infections or a large accumulation of pus with abscess
in the spleen.

• Thrombosis in the blood vessels of the spleen or cirrhosis in
the liver.

• Certain types of cancers (e.g. chronic lymphocytic leukemia,
Hodgk in l ymphoma , non-Hodgk in l ymphoma ,
myeloproliferative dysplasia and hairy cell leukemia).

• Non-cancerous cysts or tumors inside the spleen when they
enlarge or are difficult to remove completely.

Moreover, splenectomy is only performed after the failure of
other therapeutic treatments (139, 145). Vascular occlusions,
splenorrhaphies and partial splenectomies are some examples of
current spleen-preserving procedures (105).
Frontiers in Immunology | www.frontiersin.org 8
CONCLUSIONS

Beyond the classic studies of cardiovascular risk factors and
atherosclerosis disease, the spleen has been discovered as a key
regulator of lipid metabolism and as an important source of
inflammatory leukocytes for the progression of the atheroma
layer. However, its complexity and intricate regulation are far
from our complete understanding. Unraveling the interplay
between metabolism (mainly cholesterol fluxes) and EMH
appears to be a key issue in the development of new therapeutic
strategies against atherosclerosis by focusing on specific targets.
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High-fat diet activates splenic NOD1 and enhances neutrophil 
recruitment and neutrophil extracellular traps release in the 
spleen of ApoE-deficient mice 
 
Abstract: In the course of atherogenesis, the spleen plays an important role in the 

regulation of extramedullary hematopoiesis, and in the control of circulating 

immune cells, which contributes to plaque progression. Here, we have 

investigated the role of splenic nucleotide-binding oligomerization domain 1 

(NOD1) in the recruitment of circulating immune cells, as well as the involvement 

of this immune organ in extramedullary hematopoiesis in mice fed high fat high-

cholesterol diet (HFD). Under HFD conditions, the absence of NOD1 enhances the 

mobilization of immune cells, mainly neutrophils, from the bone marrow to the 

blood. To determine the effect of NOD1-dependent mobilization of immune cells 

under pro-atherogenic conditions, Apoe-/- and Apoe-/-Nod1-/- mice fed HFD for 4 

weeks were used. Splenic NOD1 from Apoe-/- mice was activated after feeding HFD 

as inferred by the phosphorylation of the NOD1 downstream targets RIPK2 and 

TAK1. Moreover, this activation was accompanied by the release of neutrophil 

extracellular traps (NETs), as determined by the increase in the expression of 

peptidyl arginine deiminase 4, and the identification of citrullinated histone H3 in 

this organ. This formation of NETs was significantly reduced in Apoe-/-Nod1-/- mice. 

Indeed, the presence of Ly6G+ cells and the lipidic content in the spleen of mice 

deficient in Apoe and Nod1 was reduced when compared to the Apoe-/- 

counterparts, which suggests that the mobilization and activation of circulating 

immune cells are altered in the absence of NOD1. Furthermore, confirming 

previous studies, Apoe-/-Nod1-/- mice showed a reduced atherogenic disease, and 

diminished recruitment of neutrophils in the spleen, compared to Apoe-/- mice. 

However, splenic artery-ligation reduced the atherogenic burden in Apoe-/- mice, 

an effect that, unexpectedly, was lost in Apoe-/-Nod1-/- mice. Together, these 

results suggest that neutrophil accumulation and activity in the spleen are driven 

in part by NOD1 activation in mice fed HFD, contributing in this way to regulating 

atherogenic progression [20]. 
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Abstract
In the course of atherogenesis, the spleen plays an important role in the regulation of extramedullary hematopoiesis, and 
in the control of circulating immune cells, which contributes to plaque progression. Here, we have investigated the role of 
splenic nucleotide-binding oligomerization domain 1 (NOD1) in the recruitment of circulating immune cells, as well as the 
involvement of this immune organ in extramedullary hematopoiesis in mice fed on a high-fat high-cholesterol diet (HFD). 
Under HFD conditions, the absence of NOD1 enhances the mobilization of immune cells, mainly neutrophils, from the 
bone marrow to the blood. To determine the effect of NOD1-dependent mobilization of immune cells under pro-atherogenic 
conditions, Apoe−/− and Apoe−/−Nod1−/− mice fed on HFD for 4 weeks were used. Splenic NOD1 from Apoe−/− mice was 
activated after feeding HFD as inferred by the phosphorylation of the NOD1 downstream targets RIPK2 and TAK1. Moreover, 
this activation was accompanied by the release of neutrophil extracellular traps (NETs), as determined by the increase in the 
expression of peptidyl arginine deiminase 4, and the identification of citrullinated histone H3 in this organ. This formation 
of NETs was significantly reduced in Apoe−/−Nod1−/− mice. Indeed, the presence of  Ly6G+ cells and the lipidic content in 
the spleen of mice deficient in Apoe and Nod1 was reduced when compared to the Apoe−/− counterparts, which suggests that 
the mobilization and activation of circulating immune cells are altered in the absence of NOD1. Furthermore, confirming 
previous studies, Apoe−/−Nod1−/− mice showed a reduced atherogenic disease, and diminished recruitment of neutrophils 
in the spleen, compared to Apoe−/− mice. However, splenic artery ligation reduced the atherogenic burden in Apoe−/− mice 
an effect that, unexpectedly was lost in Apoe−/−Nod1−/− mice. Together, these results suggest that neutrophil accumulation 
and activity in the spleen are driven in part by NOD1 activation in mice fed on HFD, contributing in this way to regulating 
atherogenic progression.
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Introduction

The classical physiological roles of the spleen involve, 
among others, blood filtration and the regulation, selec-
tion and storage of different immune cell populations. 
Nevertheless, the most important task of this organ under 
pathological conditions is its hematopoietic activation 
[1–5]. This is because the spleen harbors numerous highly 
differentiated anatomical structures and cells that allow 
specific functions due to its direct connection to the sys-
temic circulation and further links with the nervous and 
immune systems [6]. Anatomically, the spleen architecture 
includes heterogeneous populations of stromal, immune, 
and endothelial cells, organized in domains with specific 
microcirculation [7–11]. This organ is divided into two 
main compartments, the red pulp (RP) and the white pulp 
(WP), which are significantly different in terms of their 
structure, morphology, vascular organization, cell compo-
sition, and physiological functions. The RP is a highly effi-
cient blood filter responsible for removing non-self-mate-
rial, platelets, and damaged red blood cells and has large 
amounts of macrophages that are very active for these pur-
poses. In contrast, the main immune responses to blood 
antigens occur in the WP, where approximately a quar-
ter of the body's lymphocytes reside. This WP surrounds 
the central arterioles and has different zones: the periar-
teriolar lymphoid sheath, the follicles, and the marginal 
zone. WP also has macrophages but is enriched in other 
immune cells, such as CD4 and CD8 T cells and B cells, 
dendritic cells and plasma cells. In addition, some particu-
lar immune functions have been ascribed to this versatile 
organ, such as removal of non-opsonized bacteria, blood 
cells clearance, and sensing the presence of circulating 
pathogen-associated molecular patterns (PAMPS). In this 
regard, splenic nucleotide-binding oligomerization domain 
1 (NOD1) and NOD2, synergizing with TLR4 activation, 
have been involved in the mobilization of hematopoietic 
stem cells from the bone marrow to the spleen, contribut-
ing to the host defense against several pathogens [4, 7, 
12–14]. Moreover, leukocyte lineages derived from hemat-
opoietic cells, mainly neutrophils releasing neutrophil 
extracellular traps (NETs) and macrophages, cells that in 
turn express NOD molecules, exert key roles in the mobili-
zation of hematopoietic cells under pro-inflammatory con-
ditions. These NETs have been shown to play an essential 
role in the development of atherosclerosis [15]. In this 
sense, NETs are capable of triggering the activation of 
antigen-presenting cells, endothelial cells and platelets, 
favoring a pro-inflammatory immune scenario. Because 
both NETs and NET-related cell death or NETosis are con-
sidered a fundamental connection between innate immu-
nity, inflammation, oxidative stress and cardiovascular 

diseases, this work aimed to study these mechanisms under 
the onset of NOD1 signaling. In fact, NOD1 is related to 
NET induction [16].

Furthermore, the spleen participates in the modulation 
of lipid metabolism and plasma lipids content, mechanisms 
relevant to the onset of atherosclerotic complications and 
cardiovascular diseases [10, 17–20]. Elevated plasma LDL-
cholesterol levels have been observed both in humans and 
animal models after splenectomy, suggesting a preeminent 
role for the spleen in LDL catabolism [21–23]. Despite these 
roles of the spleen in essential immune and metabolic pro-
cesses, controversies exist regarding the consequences of 
splenic loss of function. This can occur after a partial or total 
spleen intervention (i.e.; after ligation of splenic arteries in 
animal models, traumatic splenectomy, or surgical removal 
in some splenic pathologies) [8, 22–28]. In contrast, the gain 
of splenic function has been evidenced in splenomegaly 
patients [17, 24, 29, 30].

Materials and methods

Animal procedures

C57BL/6 (WT) and Apoe−/− mice were obtained from 
Charles River (JAX mice stock #000664 and #002052, 
respectively. Barcelona, Spain). Double-knockout 
Apoe−/−Nod1−/− mice were generated by crossing 
Apoe−/− mice with Nod1−/− mice as previously described 
[31, 32]. Only male mice were used for the experiments 
because these animals are more prone to develop athero-
genesis than other genotypes, as previously described [32, 
33]. For the spleen surgeries, 8-week-old mice were ran-
domly assigned to either splenic artery ligation or the con-
trol group (sham). Mice were intubated and anesthetized 
with 2% isoflurane. The fur over the left side of the abdo-
men was carefully shaved, mice were accommodated on a 
heating pad (37 °C) to avoid temperature loss during the 
operation and skin was disinfected with betadine and alcohol 
before the intervention. The spleen was identified and it was 
ligated with a 7–0 nylon suture around the splenic arter-
ies to mimic a partial splenic loss of function (splenic hilar 
ligation group). The small incision in the abdomen and the 
skin was closed by employing absorbable 5–0 sutures and 
special glue specific for animal tissue (3 M™ Vetbond™ 
Tissue Adhesive, Saint Paul, MN, USA). Ibuprofen (Dalsy, 
Mylan, Dublin, Ireland) as analgesic was supplied in drink-
ing water (3 ml of Dalsy per 250 ml of water) and continued 
for three days after the procedure. The wound healing was 
monitored daily and adequate recovery after the surgical 
process was ensured. Three days after sham operation or 
ligation of splenic arteries, mice were kept on chow or a 
high-fat diet (HFD, 10.2% hydrogenated coconut oil, 0.75% 
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cholesterol; Ssniff, Soest, Germany) for 4 weeks. After this 
feeding period, mice were anesthetized intraperitoneally 
under general anesthesia (ketamine/xylazine combination at 
80 mg/kg and 10 mg/kg body weight, respectively) before 
euthanasia by  CO2 inhalation. Whole blood was extracted 
postmortem by cardiac puncture and plasma was obtained 
by centrifugation at 2,000 g for 10 min at 4ºC.

Murine neutrophils isolation

Mouse bone marrow-derived neutrophils were isolated from 
tibias and femurs from Apoe−/−, iE-DAP-treated Apoe−/− and 
Apoe−/− Nod1−/− mice by negative selection using the Neu-
trophil Isolation Kit (Miltenyi; ref. 130-097-658) and follow-
ing the manufacturer’s instructions, as previously described 
[34]. iE-DAP-treated Apoe−/− mice were challenged intra-
peritoneally with 1 mg/kg body weight of iE-DAP 24 h 
before they were sacrificed and after the 4 weeks of HFD to 
which all the animals were subjected.

NETs release assays

After murine neutrophil isolation from the bone marrow 
(femur and tibia), the cells underwent neutrophil extracel-
lular traps (NETs) quantification experiments, following a 
previous isolation and assay protocol [34]. To this aim, neu-
trophils (2 ×  106) were incubated for 4 h in HBSS (Thermo 
Fisher) supplemented with 5 mM HEPES; pH 7.4 (Merck). 
After washing, the cells were resuspended and incubated 
for 30 min in DMEM containing 10 U/ml of AluI (New 
England BioLabs, Ipswich, MA. USA). Supernatants with 
NETs fragments were collected and centrifuged (5 min, 
300 g) to remove the remaining cell debris. Quant-iT Pico-
Green dsDNA Assay Kit (Thermo Fisher) was used to meas-
ure DNA concentrations according to the manufacturer’s 
instructions.

Flow cytometry assays

Mice blood, bone marrow (BM) and spleen samples were 
used for the flow cytometry assays after keeping the differ-
ent mice groups under chow or HFD for 4 weeks, as previ-
ously described [31, 32]. Briefly, to analyze myeloid cell 
populations in these tissues, cell suspensions were obtained 
after centrifugation and lysis (blood) or flushing (BM and 
spleen) and they were prepared by passing the resulting 
solutions through a 70 mm cell strainer. After 400 g cen-
trifugation for 5 min at 4 °C, the pellet was resuspended in 
HBSS (Thermo Fisher) supplemented with 10 mM HEPES 
and 0.5% bovine serum albumin (pH 7.4) and incubated for 
30 min at 4 °C with: rat APC-Cy7-conjugated mAb against 
CD45 (1:200; BioLegend, San Diego, CA, USA), rat PE-
conjugated mAb against CD115 (1:100; Thermo Fisher), 

rat PerCpCy5.5- conjugated mAb against Ly6G (1:100; Bio-
Legend), rat FITC-conjugated mAb against Ly6C (1:100; 
BioLegend), rat APC-conjugated mAb against F4/80 
(1:100; BioLegend), rat PECy7-conjugated mAb against 
Cd11b (1:100; eBioscience), rat PECy7-conjugated mAb 
against Ly6C (1:100; eBioscience), rat FITC-conjugated 
mAb against CD4 (1:100; BioLegend), rat APC-conjugated 
mAb against CD8 (1:100; BioLegend), rat PerCp-conjugated 
mAb against B220 (1:100; BioLegend). For cell counting, 
DAPI and absolute counting beads were used (Count-Bright; 
Thermo Fisher). Flow cytometry was conducted in a FAC-
SCanto II (Becton Dickinson), and leukocyte subsets were 
defined using FlowJo software (Treestar, Ashland, OR, 
USA): leukocytes  (CD45+), neutrophils  (CD45+  CD11b+ 
 Ly6G+), inflammatory monocytes  (CD45+  CD115+  CD11b+ 
 Ly6C+), tissue macrophages  (CD45+ F4/80+), CD4 lympho-
cytes  (CD45+  CD4+), CD8 lymphocytes  (CD45+  CD8+) and 
B lymphocytes  (CD45+  B220+).

Plasma chemoattractants measurement

Eight-week-old mice were fed for 4 weeks with HFD and 
inflammatory mediators and chemo-attractants (CCL2, 
CCL5, CXCL1, CXCL2) were quantified in plasma using 
the Milliplex Map Mouse Cytokine/Chemokine Magnetic 
Bead Panel (Merck Millipore) in a Luminex (Austin, TX, 
USA) 100 IS system as per the manufacturer’s specifications.

Plasma lipidic profile

Four-week HFD-fed mice plasma TAG (triacylglycerides), 
LDL (low-density lipoprotein cholesterol), HDL (high-
density lipoprotein cholesterol), FCHO (free cholesterol), 
TCHO (total cholesterol), pancreatic lipase and NEFA 
(non-esterified fatty acids) were determined enzymatically 
using kinetic colorimetric kits (Spinreact, St Esteve de Bas, 
Girona, Spain) according to manufacturer’s instructions.

Histological analysis and lesion quantification

Cryocut cross Sects. (5 µm) of aortic roots were evaluated 
for conventional hematoxylin–eosin and Oil Red O stain-
ing as previously described [31, 32]. Images were captured 
with a Zeiss Axiophot microscope with a Plan-NEOFLUAR 
10x/0.3 objective (Zeiss, Oberkochen, Germany) and a DP70 
camera (Olympus, Southend-on-Sea, UK). Atherosclerotic 
lesion areas in mice hearts and valves, expressed in per-
centage and mice splenic lipid content in the red pulps and 
white pulps were obtained as previously described [31, 
32]. Briefly, after mouse cardiac perfusion with PBS sup-
plemented with 5 mM of EDTA, mouse hearts were har-
vested and fixed in 4% paraformaldehyde for 24 h at 4 °C, 
passed through sucrose gradients at 10% and 20% (PBS 
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supplemented with the respective concentration of sucrose), 
incubated 24 h in 30% sucrose, embedded in optimal cutting 
temperature and cryopreserved at − 80 °C. Cryocut cross 
sections (8 μm) were evaluated for conventional hematoxy-
lin–eosin (HE) staining. Images were captured with a Zeiss 
Axiophot microscope with a Plan-Neofluar 310/0.3 objec-
tive (Carl Zeiss, Oberkochen, Germany) and a DP70 cam-
era (Olympus, Tokyo, Japan). To avoid specific biases due 
to potential differences in lesion shape, cross sections of 
the entire lesion were analyzed and averaged. For splenic 
samples, the same fixation and cryopreservation were 
performed. After being cut, tissues underwent Oil Red O 
(Sigma) staining to detect neutral lipids. Both the planimet-
ric area of atherosclerotic plaques (hearts) and the lipids 
area (spleens) were measured in pixels using ImageJ (NIH) 
and quantified.

Immunostaining

Immunofluorescence assays were performed as described 
before [31, 32]. In brief, mice spleens and hearts were fixed 
overnight for 24 h at 4 °C, passed through sucrose gradients 
at 10% and 20% (PBS supplemented with the respective 
concentration of sucrose), incubated 24 h in 30% sucrose, 
embedded in optimal cutting temperature and cryopreserved 
at -80 °C. Afterward, they were sectioned into 5 μm sec-
tions with a microtome (Jung RM2055; Leica Microsys-
tems, Wetzlar, Germany). Cryo-section samples slides were 
rehydrated, subjected to antigen retrieval in 10 mM citrate 
buffer (pH 6.0), blocked and stained with antibodies spe-
cific for mouse Ly6G (1:100; Becton Dickinson), histone 
3 citrullinated (1:200; Abcam), CXCL12 (1:100; Abcam), 
followed by secondary staining using standard procedures. 
Secondary antibodies for immunofluorescence were Alexa 
Fluor 647-conjugated anti-rabbit (Thermo Fisher), Alexa 
Fluor 594-conjugated anti-rat (Thermo Fisher) and FITC-
conjugated anti-rat (Sigma). Nuclei were counterstained 
with DAPI (Thermo Fisher). Immunofluorescence staining 
of cryo-sections was evaluated in Prolong Gold Antifade 
mounting medium (Thermo Fisher). Primary control panel 
was performed with an appropriate isotype control IgG, 
and secondary controls incubations were performed in the 
absence of the primary antibody. For the TUNEL assays, the 
cryo-sections were processed following the manufacturer’s 
specifications (In Situ Cell Death Detection Kit, Fluores-
cein; Roche). An LSM710 confocal microscope with a Plan-
Apochromat 325/0.8 oil immersion objective (Carl Zeiss) 
was used to capture images from immunofluorescence stain-
ing. Additionally, the white pulp (WP) in these experiments 
was identified by microscopic observation after hematoxylin/
eosin staining and was delimitated within the white lines in 
the figures, which contained the WP and the marginal zone. 
The red pulp (RP) was located outside the white lines in the 

figures. Images were analyzed using ImageJ [National Insti-
tutes of Health (NIH), Bethesda, MD, USA] and were pro-
cessed for presentation with Zen2009 (Carl Zeiss) software.

Western blot analysis

Mouse splenic samples were snap-frozen in liquid nitrogen 
and stored at − 80 °C. Subsequent processing was carried 
out according to previous protocols [31, 32]. In summary, 
protein extracts from mouse tissues were obtained using 
ice-cold proprietary detergent in 25 mM Bicine, 150 mM 
NaCl (pH 7.6) (T-PER: Tissue Protein Extraction Reagent; 
Thermo Fisher) supplemented with phosphatase cocktail 
and protease inhibitors (Sigma). Proteins were resolved 
on SDS-PAGE gels and then transferred to nitrocellulose 
membranes. Proteins were detected using rabbit pAb against 
NOD1 (1:500; Abcam), rabbit mAb against phospho-RIPK2 
(1:1000; Cell Signaling, Danvers, MA, USA), rabbit pAb 
against phospho-RIPK2 (1:1000; Cell Signaling), rabbit 
pAb against LOX1 (1:1000; Abcam), rabbit mAb against 
phospho-p65 (1:1000; Cell Signaling), mouse mAb anti-
ABCA1 (1:1000; Abcam), rabbit mAb against p65 (1:1000; 
Cell Signaling), rabbit pAb against histone 3 citrullinated 
(1:1000; Abcam), rabbit mAb against phospho-ERK 
(1:1000; Cell Signaling), rabbit mAb against ERK (1:1000; 
Cell Signaling), rabbit mAb against phospho-p38 (1:1000; 
Cell Signaling), rabbit mAb against p38 (1:1000; Cell Sign-
aling), rabbit mAb against phospho-TAK1 (1:1000; Cell 
Signaling), rabbit mAb against TAK1 (1:1000; Cell Sign-
aling), rabbit mAb against NOS3 1:1000; Abcam), mouse 
mAb against α-tubulin (1:4000; Sigma) and horseradish 
peroxidase–conjugated secondary antibodies (Bio-Rad, 
Hercules, CA, USA). Protein bands were visualized using a 
Luminata chemiluminescence detection system (Merck Mil-
lipore) and an Image-Quant LAS 500 imager (GE Health-
care Life Sciences, Freiburg, Germany) and were quantified 
using ImageJ. Intensities of protein bands were expressed as 
a percentage of those of the tubulin.

qRT‑PCR

Total RNA was isolated by homogenization in a TissueLyser 
LT with QUIAZOL and eluted using MinElute columns 
(Qiagen; Madrid, Spain). RNA integrity was assessed by 
RNA Nano Chip (Agilent Technologies; Madrid, Spain). 
250 ng of RNA were retro-transcribed using the High-
Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems; Madrid, Spain). SYBR Green assay was conducted 
in 7900HT Fast Real-Time PCR System equipment for 
qRT-PCR detection of the indicated genes (Supplemental 
Table S1). Calculations were obtained from the measure-
ment of technical triplicates of each sample. The relative 
amount of mRNA was calculated with the comparative 
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 2−ΔΔCt method using mouse Hprt1 or human GAPDH, 
respectively, as endogenous control transcripts.

Quantification and statistical analysis

All the values are expressed as means ± SD. GraphPad 
Prism 6 (GraphPad Software Inc.; San Diego, CA, USA) 
was employed to perform the statistical analysis. After calcu-
lating for normality by D’Agostino–Pearson omnibus test, a 
non-parametric test (Mann–Whitney U test), or a parametric 
test (unpaired Student’s t test with Welch’s correction) was 
used as the most appropriate in each case. One-way ANOVA 
followed by Bonferroni’s post hoc tests was used for multi-
ple comparisons. Statistical significance was considered at 
P values < 0.05. Removal of outliers was performed by the 
ROUT method. Statistical tests and P values are indicated 
for each panel in the corresponding figure legends. The num-
ber of individual animals (n) for in vivo and ex vivo experi-
ments is provided in each figure. 

Results

Deletion of Nod1 enhances leukocyte 
blood accumulation under high‑fat 
and hypercholesterolemic diet (HFD), but activation 
of NOD1 favors increased levels of splenic myeloid 
cells

First, we determined the effect of genetic deletion of Nod1 
in mice fed on chow or HFD for 4 weeks on the mobilization 
of immune cells from the bone marrow to the circulation 
and the spleen (Fig. 1A–C). Representative flow cytometry 
plots of these populations are provided in Supplementary 
Figures S1–S3. While there are no significant changes in 
leukocyte population counts in these three tissues under a 
chow diet, HFD establishes significant variations between 
mouse genotypes. These data support the importance of 
the simultaneous conditions of HFD and NOD1 deficiency 
to the alterations of the leukocyte populations observed in 
these three hematopoietic niches: Nod1−/− HFD-fed mice 
showed a decrease in bone marrow  CD45+ cells and an 
increase in both circulating and splenic levels of these cells, 
as it is also determined in specific subsets of  CD45+ cells 
 (Ly6C+,  Ly6G+ and splenic F4/80+ cells).

To better assess the role of splenic NOD1 on leuko-
cyte mobilization under HFD, one of the best models 

Fig. 1  The absence of NOD1 
alters bone marrow and circulat-
ing immune cells profile in mice 
fed on a high-fat diet (HFD) for 
four weeks. Wild type (WT) and 
Nod1−/− male mice were fed on 
a chow or HFD for four weeks 
and the amount and distribution 
of  CD45+ cells were determined 
in the bone marrow (A), blood 
(B) and in the spleen (C). The 
content of  CD45+ cells and the 
 CD11b+Ly6C+,  CD11b+Ly6G+ 
populations were determined. 
The  CD115+F4/80+ population 
was quantified in the bone mar-
row and spleen. Results show 
the mean ± SD from 8 animals 
of each condition. Statistical 
significance was estimated as p 
value calculated by un-paired 
t test; *P < 0.05; **P < 0.01; 
***P < 0.005 vs. the same nutri-
tional condition in WT mice
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is to study this molecule under an Apoe−/− background 
[31, 32], a condition that favors atherogenesis. In this 
regard, Apoe−/−Nod1−/− mice fed on a chow diet did not 
show significant changes in the mobilization of cells 
from the bone marrow to the blood and spleen (Supple-
mental Figure S4). However, this situation was changed 
in Apoe−/−Nod1−/− mice fed on HFD for 4  weeks. As 
Fig.  2A shows, serum levels of the chemo-attractants 
CCL2, CXCL1 (neutrophils) and CXCL2 (monocytes and 
macrophages) were significantly increased, due to HFD 
and the fact that, in the absence of NOD1, the cell infil-
tration in the atheromatous plaque is reduced as previ-
ously described [31, 32, 35]. Other chemokines like the 
chemoattractant CCL5 (mainly a chemotactic factor for 
T cell recruitment to inflammatory sites) did not exhibit 
significant changes. These changes agreed with a decrease 
in the bone marrow  CD45+ population and an increase 
in circulating  CD45+,  CD11b+Ly6C+ and  CD11b+Ly6G+ 
cells (Fig. 2B and Supplemental Figure S5). Interestingly, 
Apoe−/− mice fed on HFD exhibit an increase in  CD45+ 
and  CD11b+Ly6G+ cells in the spleen when compared to 
Apoe−/−Nod1−/− mice, which suggests that in the absence 
of NOD1, the infiltration of circulating immune cells is 
attenuated (Fig. 2C). Moreover, pharmacological activa-
tion of NOD1, with the NOD1-agonist iE-DAP, enhances 
the recruitment of inflammatory cells in the spleen 
(Fig. 2C and Supplemental Figure S6). This situation has 
been previously described [32].

In addition to these data, Apoe−/−Nod1−/− mice exhibited 
an increase in their circulating leukocytes, mainly due to 
higher levels of neutrophils and inflammatory monocytes 
(Supplemental Figure S7A). However, no statistically sig-
nificant differences were observed between the main circu-
lating cell populations in Apoe−/− vs. Apoe−/−Nod1−/− HFD-
fed mice after splenic artery ligation (Supplemental Figure 
S7B). Moreover, as Supplemental Figure S8A shows, spleen 
ligation in Apoe−/− mice resulted in enhanced bone marrow 
mRNA levels of Nod1 and in the chemokine Cxcl12, which 
is involved in the chemotaxis of lymphocytes and consid-
ered a coronary artery risk factor [3, 36–38]. In addition, 
Apoe−/−Nod1−/− sham-operated animals exhibited specific 
changes in some genes committed to the function of the 
bone marrow and the differentiation and fate of hematopoi-
etic cells, such as Spi1, Gcsfr, Kit and Cd47 (Supplemental 
Figure S8B-C). Spleen ligation in Apoe−/−Nod1−/− mice 
increased or involved additional specific genes in the 
bone marrow, such as Spi1, Gata1, Csfr1, Dngr1 and Irf8, 
but decreased the levels of others, such as Kit, Gcsfr and 
Cd47. These data suggest that decreased splenic func-
tion alters the normal performance of the bone marrow in 
Apoe−/−Nod1−/− mice under HFD (Supplemental Figure 
S8B). However, Apoe−/−Nod1−/− mice have minimal dif-
ferences vs. Apoe−/− counterparts in terms of expression of 

cell adhesion molecules in the spleen (Supplemental Figure 
S8C).

Splenic NOD1 modulates plasma lipid levels 
and atheroma plaque progression

Since the spleen is a key component in extramedullary 
hematopoiesis we evaluated the role of NOD1 under 
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Fig. 2  The absence of NOD1 under an Apoe−/− background enhances 
the mobilization of  CD45+ cells from the bone marrow to the blood 
and their accumulation, while NOD1 activation favors leukocyte 
ontogeny in the bone marrow and splenic infiltration in mice fed 
on a high-fat diet (HFD) for four weeks. A Circulating of selected 
chemokines levels in Apoe−/− and Apoe−/−Nod1−/− mice after four 
weeks of HFD. B Quantification of bone marrow (BM) and circu-
lating immune cells from mice described in panel A. C Analysis of 
the distribution of  CD45+ cells and  CD11b+Ly6G+ in the spleen of 
these mice. To ensure maximal activation of NOD1, Apoe−/− mice 
were challenged intraperitoneally with the NOD1-agonist iE-DAP 
(1  mg/kg body weight) 24  h before sacrifice, and the  CD45+ and 
 CD11b+Ly6G+ cells were quantified. Results show the mean ± SD 
from 9 animals of each condition (Apoe−/− and Apoe−/−Nod1−/−). Sta-
tistical significance was estimated as P value calculated by un-paired 
t-test (panels A, B) or by one-way ANOVA followed by Bonferronis’s 
post hoc multi-comparisons analysis (panel C); *P < 0.05; **P < 0.01; 
***P < 0.005 vs. the corresponding Apoe−/− condition; ###P < 0.005 
vs. the corresponding Apoe−/−Nod1−/−
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pro-atherogenic conditions [1, 4, 18]. As Supplemental 
Figure S9A-B shows, splenic Nod1 mRNA levels remained 
unchanged in mice fed on a chow diet, but were increased 
in Apoe−/− mice fed on HFD. Nod2 mRNA levels did not 
present important changes under both chow or HFD. More-
over, NOD1 protein levels and activity were increased as 
deduced by the phosphorylation of the downstream tar-
get RIPK2. Furthermore, as previously described [39], 
the absence of NOD1 in Apoe-deficient mice fed on HFD 
resulted in increased body weight. However, this effect 
was attenuated after spleen artery ligation, suggesting a 
role for this organ in the enhancement of body weight. 
These conditions (sham-operated vs. spleen artery liga-
tion) did not alter the spleen mass in mice fed on HFD 
(Supplemental Figure S9C).

To determine the level of activation of the NOD1-depend-
ent-pathway in the spleen from mice fed on HFD, splenic 
extracts were prepared from Apoe−/−, Apoe−/−Nod1−/− and 
Apoe−/− mice receiving intraperitoneally the NOD1-agonist 
iE-DAP (24 h before sacrifice) after 4 weeks of HFD. As 
Supplemental Figure S9D shows, in addition to RIPK2 phos-
phorylation, P-TAK1, a downstream target from P-RIPK2 
also exhibited a minimal although statistically significant 
increase, which suggests that maximal NOD1 activa-
tion is not achieved only by feeding HFD. As expected, 
Apoe−/−Nod1−/− mice failed to show this signaling. To 
evaluate the role of splenic NOD1 on atheroma dynamics, 
Apoe−/− and Apoe−/−Nod1−/− mice were submitted to sham 
operation or splenic artery ligation and fed on HFD for 
4 weeks. As Fig. 3A shows, deletion of NOD1 reduced the 
atheromatous lesion in sham-operated mice, as previously 
described [31, 32, 35]. Interestingly, a significant reduc-
tion in the progression of the atheromatous lesion was also 
observed in Apoe−/− animals that underwent spleen artery 
ligation, even lesser than that observed in sham-operated 
Apoe−/−Nod1−/− mice. Importantly, Nod1−/− mice fed 
on HFD for 4 weeks did not develop atherogenic lesions. 
However, and unexpectedly, splenic artery ligation in 
Apoe−/−Nod1−/− mice abolished the decreased atheromatous 
lesion observed in the absence of NOD1 (Fig. 3A). These 
data indicate that the presence of the splenic remnant in the 
body provides signals that modulate atherogenesis, in addi-
tion to the effects dependent on NOD1 activation. Figure 3A 
(right panel) shows representative images of the lesion size.

Analysis of neutrophil infiltration and NETosis in the 
atheroma lesion was assessed in these histological sections, 
by quantifying the staining of Ly6G and citrullinated his-
tone H3 (Fig. 3B). Additionally, the levels of CXCL12 in 
the lesion area were also quantified showing a significant 
decrease in the absence of NOD1 (Supplemental Figure 
S10). Moreover, splenic artery ligation reduced the levels 
of CXCL12 independently of the absence of NOD1 (Sup-
plemental Fig. S10).

This protective role of NOD1 after splenic artery liga-
tion was not associated with changes in the serum levels of 
triglycerides (TAG) or LDL; in fact, Apoe−/−Nod1−/− mice 
exhibited higher levels of LDL regardless of spleen sham 
or artery ligation. Interestingly, ligation enhanced HDL and 
NEFA levels, which can be associated with the protective 
role of NOD1 under these conditions (Fig. 3C). Additionally, 
other humoral and cellular factors associated with spleen 
ligation need to be considered.

The absence of NOD1 improves splenic lipid 
homeostasis and enhances neutrophil mobilization 
from the bone marrow

The absence of Nod1 in HFD-fed Apoe−/−mice does not 
alter Nod2 levels in the spleen but increases the expression 
of genes involved in the efflux of cholesterol (i.e., Abca1 
and Abcg1) at the time that decreases the expression of 
the oxLDL receptor Lox1 (Fig. 4A). LOX1 protein levels 
decreased in splenic Apoe−/−Nod1−/− mice, whereas those 
of the ABC transporter ABCA1, involved in the efflux of 
cholesterol, were increased (Fig. 4B). Accordingly, the lipid 
content, especially in the red pulp of the spleen, decreased 
in Apoe−/−Nod1−/− mice vs. Apoe−/− counterparts (Fig. 4C). 
Interestingly, the bone marrow from Apoe−/− mice exhib-
ited lesser content vs. Apoe−/−Nod1−/− counterparts of cells 
expressing Ly6g, Mpo and Padi4, genes associated with 
neutrophil content and function [31, 32, 40–45]; however, 
this profile was completely reversed after spleen ligation, 
suggesting that splenic NOD1 has a significant role in bone 
marrow retention of neutrophils (Fig. 4D). Interestingly, 
the level of Cd68, encoding for a receptor associated with 
macrophage capture of LDL particles, was elevated in the 
absence of NOD1, regardless of the splenic function (sham 
or splenic artery ligation).

Deletion of NOD1 alters the splenic composition 
and reduces the release of neutrophil extracellular 
traps (NETs)

One interesting feature of the spleen composition from 
Apoe−/−Nod1−/− mice fed on HFD is the reduced presence 
of neutrophils as deduced by the decreased expression levels 
of the neutrophil markers Ly6g and Mpo (Fig. 5A). This is 
despite the increase in the serum levels of chemo-attract-
ants (Fig. 2A). Indeed, other changes in gene transcrip-
tion in the spleen related to NETs formation (Fig. 5A) and 
splenic trans-endothelial migration, such as Cxcl12, Cxcl10, 
Cd177 and Cd99 (Fig. 5B) were analyzed in Apoe−/− and 
Apoe−/−Nod1−/− mice after 4 weeks on HFD. Moreover, 
neutrophils isolated from Apoe−/− mice fed on HFD exhib-
ited a higher capacity to display the formation of NETs than 
those from the corresponding Apoe−/−Nod1−/− mice. This 
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capacity to release NETs by Apoe−/−− mice was enhanced 
after NOD1 activation with iE-DAP (Fig. 5C). In addition, 
we quantified the levels of  Ly6G+ splenic cells (Fig. 5D) 
that were significantly decreased in Apoe−/−Nod1−/− mice. 
Since neutrophils produce NETs, leading to NETosis, the 
amounts of H3Cit. (marker of NETs [46, 47]) and the 
chemotactic CXCL12 were quantified in splenic sections 
from Apoe−/− and Apoe−/−Nod1−/− mice. As Fig. 5E shows, 
NETosis, determined by the H3Cit. content, was decreased 
in sham-operated Apoe−/−Nod1−/− vs. Apoe−/− mice, whereas 

an increase in CXCL12 was observed in these sections, in 
agreement with the mRNA levels (Fig. 5A). Similar results 
were observed after spleen ligation (Fig. 5F).

Analysis of  TUNEL+ cells in the splenic  Ly6G+ pop-
ulation showed higher percentages in the white pulp of 
Apoe−/− vs. Apoe−/−Nod1−/− mice regardless of splenic 
function (sham or after artery ligation; Fig. 6A). These dif-
ferences were significantly enhanced in the red pulp of the 
spleens after artery ligation (Fig. 6A). To assess the extent 
of NETs formation under these conditions, Apoe−/− and 

Fig. 3  Splenic artery ligation 
reduces atherogenesis progres-
sion in Apoe−/− mice fed on 
HFD for four weeks. Apoe−/− 
and Apoe−/−Nod1−/− mice were 
submitted to sham or splenic 
artery ligation before starting 
a 4 weeks HFD. The extent 
of the atherogenic lesion was 
determined by histochemis-
try. A Quantification of the 
atherogenic lesion in Apoe−/− 
and Apoe−/−Nod1−/− mice after 
different spleen interventions 
and representative images of the 
atherogenic lesion in the heart 
from mice. Arrows indicate 
the presence of atherogenic 
lesions. B Quantification of 
 Ly6G+ and citrullinated histone 
H3 in the atherogenic lesion. 
C Since splenic artery ligation 
in Apoe−/− mice delayed the 
atherogenic progression, blood 
lipids and pancreatic lipase 
activity were measured in serum 
from these animals fed on HFD 
for four weeks. Values were 
expressed as percentage vs. the 
sham Apoe−/− condition. Results 
show the mean ± SD from 8 
animals of each condition (sham 
and splenic artery ligation of 
Apoe−/− and Apoe−/−Nod1−/− 
mice). Statistical significance 
was estimated as P value calcu-
lated by un-paired t test (panel 
A) or by one-way ANOVA 
followed by Bonferronis’s 
post hoc multi-comparisons 
analysis (panel B); *P < 0.05; 
**P < 0.01; ***P < 0.005 vs. 
the corresponding splenic 
intervention condition (Apoe−/− 
or Apoe−/−Nod1−/−); #P < 0.05; 
##P < 0.01 vs. the correspond-
ing sham condition. Bar size is 
100 μm (panels A, B)
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Apoe−/− mice challenged with iE-DAP were compared 
to Apoe−/−Nod1−/− mice. As Fig. 6B shows, endothelial 
nitric oxide synthase (NOS3) levels were increased in 
Apoe−/− mice treated with iE-DAP, in agreement with the 
effect of NO on the regulation of atherogenesis and NETo-
sis [48, 49]; however, the interplay of all of these issues 
with NOD1 activation has not been investigated before. 
Moreover, an increase in P-p65, P-ERK and P-p38 and 
mainly in H3Cit. content was evidenced in Apoe−/− and 
Apoe−/− treated with iE-DAP. These results suggest that, 
in the absence of NOD1, the citrullination of histone H3, 
as a marker of NETs formation was significantly unde-
tected in the spleen. Also, the enhanced response observed 
after iE-DAP treatment suggests that NOD1 from splenic 
Apoe−/− mice retained the capacity to fully express the 
maximal activity of this NOD1-dependent NETosis.

Discussion

The role of the spleen in the aftermath of several diseases 
remains a conflictive issue due to its complexity in cell 
composition and cell-to-cell interactions [11, 38, 50], the 
presence of highly specialized microcompartments, and 
the continuous blood flow through this tissue [11, 51, 
52]. Most of the physio-pathological performances of 
the spleen have been deduced after traumatic or thera-
peutic total or partial surgical removal of the organ. This 
is important since, in the USA for example, more than 
20,000 surgical splenectomies per year are performed, and 
the side effects of these interventions are poorly studied 
[53]. Indeed, partial splenectomy remains a surgical option 
versus complete spleen removal to preserve organ function 

Fig. 4  Apoe−/−Nod1−/− mice 
fed on HFD have reduced 
lipid content in the spleen 
and diminished neutrophil-
associated biomarkers in the 
bone marrow. A Splenic mRNA 
levels of Nod1 and Nod2 genes 
and the cholesterol and lipid 
efflux genes Abca1 and Abcg1, 
and the oxLDL receptor Lox1 
in Apoe−/− and Apoe−/−Nod1−/− 
mice after 4 weeks of HFD. 
B Western blot analysis of the 
oxLDL receptor (LOX1) and 
the ABC transporter ABCA1 
in samples from panel A. 
C Splenic lipid content in 
Apoe−/− and Apoe−/−Nod1−/− 
mice fed on HFD. D mRNA 
levels of genes associated 
with neutrophil content in the 
bone marrow from sham and 
spleen-ligated mice. Results 
show the mean ± SD from 
7 animals of each condition 
(sham and ligation of Apoe−/− 
and Apoe−/−Nod1−/− mice). 
Statistical significance was 
estimated as p value calculated 
by un-paired t test; *P < 0.05; 
**P < 0.01; ***P < 0.005 vs. the 
corresponding Apoe−/− condi-
tion. Bar size is 100 μm (panel 
C)
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Fig. 5  Deletion of NOD1 reduces neutrophil content and NETs 
release in the spleen from mice fed on HFD. A, B Splenic mRNA 
levels of genes related to neutrophil content in Apoe−/− and 
Apoe−/−Nod1−/− mice fed on HFD for 4  weeks. C DNA release 
(NETs) from neutrophils isolated from Apoe−/− and Apoe−/−Nod1−/− 
and Apoe−/− mice challenged intraperitoneally with iE-DAP (1  mg/
kg body weight) 24  h before sacrifice mice after 4  weeks of HFD. 
D Immunofluorescence analysis of  Ly6G+ cells and DAPI stain-
ing in splenic sections from Apoe−/− and Apoe−/−Nod1−/− mice after 
4 weeks of HFD. The white pulp (WP) is located within the indicated 
white line regions. The specific fluorescence signal located in the red 
pulp (RP) and the stromal tissue was quantified in the external region 

of the WP. E, F Quantification of citrullinated histone H3 associ-
ated with  Ly6G+ cells (H3Cit.+  Ly6G+) and CXCL12 in spleen sec-
tions from Apoe−/− and Apoe−/−Nod1−/− mice (sham or after spleen 
artery ligation) fed 4 weeks HFD. Results show the mean ± SD from 
8 animals of each condition (sham and artery ligation of Apoe−/− and 
Apoe−/−Nod1−/− mice). Statistical significance was estimated as P 
value calculated by un-paired t-test, or by one-way ANOVA followed 
by Bonferronis´s post hoc multi-comparisons analysis (panel C); 
*P < 0.05; **P < 0.01; ***P < 0.005 vs. the corresponding Apoe−/− 
condition. ###P < 0.005 vs. the corresponding Apoe−/− condition. Bar 
size is 50 μm (panels D–F)
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and avoid severe consequences resulting from the impair-
ment of its normal metabolism [22, 54–57].

Here, we have investigated the role of the splenic NOD-
like receptor NOD1 in both leukocyte trafficking and the 
subsequent progress of atherogenesis in mice fed on HFD, 
as previously observed [31, 32, 35]. First, we observed that 
splenic NOD1 was increased and was active in the spleen 
of Apoe−/− mice fed on HFD, as reflected by the presence 
of downstream targets, such as phospho-RIPK2, phospho-
TAK1 or phospho-p65 from the NF-κB pathway. This was 
probably due to the presence of oxidized LDL particles 

coming from the HFD/hypercholesterolemic diet and mol-
ecules derived from the microbiota (peptidoglycans) that are 
agonists of NOD1 [31, 32, 39, 58, 59]. This activation of the 
NOD1 pathway was near the range of the activity achieved 
after administration of the NOD1-agonist iE-DAP. Inter-
estingly, NOD2 mRNA levels remained unchanged under 
these conditions. Moreover, even in the absence of NOD1, 
NOD2 levels did not change, pointing to a specific key role 
for NOD1 in the response of the spleen to HFD. However, 
this role of NOD1 seems to be paradoxical in terms of leu-
kocytes mobilization from the bone marrow. Our data show 

Fig. 6  Spleen ligation reduces 
apoptosis and neutrophil splenic 
content in NOD1-deficient mice 
fed on HFD. Quantification of 
(A)  TUNEL+  Ly6G+ cells in 
the splenic red pulp and white 
pulp from sham and spleen 
artery-ligated Apoe−/− and 
Apoe−/−Nod1−/− mice fed on 
HFD for 4 weeks. (B) West-
ern blot analysis of proteins 
related to NETs and NETosis 
from Apoe−/−, Apoe−/−Nod1−/− 
and Apoe−/− mice challenged 
intraperitoneally with iE-
DAP (1 mg/kg body weight) 
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that Apoe−/−Nod1−/−, compared to Apoe−/− mice, exhibit an 
enhanced presence of chemoattractant chemokines in the 
serum of animals fed on HFD, in particular CCL2, CXCL1 
[60] and CXCL2 [61, 62]. Under this context, a flow of 
 CD45+ cells from the bone marrow to the systemic circula-
tion, but not to the spleen, occurs. Among them, immature 
myeloid cells  (Ly6C+CD11b+) appear to exit the bone mar-
row and have been previously characterized [63, 64]. We 
hypothesized that part of these cells is mobilized toward 
the spleen due to the enhanced presence of CXCL12 in this 
organ [38]. In addition, this seems to be a direct effect of 
the HFD since the same type of mobilizations was observed 
in Apoe−/− mice. These data fit with previous work using 
an alternative model of mice atherogenesis (Ldlr−/−) fed on 
HFD [60]. These mice also exhibit enhanced levels of circu-
lating chemo-attractants and accumulation of neutrophils in 
the spleen with citrullinated histone H3. Furthermore, diets 
rich in saturated fatty acids enhance the depletion of cells 
from the bone marrow, whereas diets rich in polyunsaturated 
fatty acids contribute to the retention of neutrophils in the 
bone marrow, in line with our data [65].

HFD-fed Apoe−/− mice are a classical model for induc-
tion of atherogenesis [66]. Here, we show that the fine-
tuning of atherogenesis progression was also modulated 
by the spleen itself since splenic artery ligation leads to 
a significant reduction in the atherogenic lesion extent. 

One possibility to explain these results is the increase of 
NETs and  TUNEL+/Ly6G+ cells in Apoe−/− mice after 
spleen ligation. However, whereas we confirmed that 
Apoe−/−Nod1−/− mice exhibit a reduced atheromatous 
lesion due to reduced recruitment of circulating inflam-
matory cells [32, 35], splenic artery ligation failed to sup-
port this protection, reflecting the involvement of differ-
ent mechanisms in atherogenesis progression. Moreover, 
analysis of the lipidic profile in these animals showed 
minimal, but statistically significant, differences between 
Apoe−/− and Apoe−/−Nod1−/− mice in LDL levels and 
increased HDL levels after splenic artery ligation. Overall, 
Apoe−/−Nod1−/− mice showed a decreased lipid content in 
the spleen, which implies that splenic NOD1 activation 
was involved in lipid regulation and accumulation in this 
organ. In this regard, the contribution of the spleen to ath-
erosclerotic disease has been stressed by various groups 
[4, 5, 18, 67, 68]. A summary of the role of the spleen in 
the context of Nod1 and Apoe deficiency and the signaling 
involved in the atherogenic progression is shown in Fig. 7.

Finally, our results support the view that both the spleen 
and the activation of NOD1 in splenic cells have a signifi-
cant impact on the progress of atherogenesis under HFD. 
Furthermore, these results open the way for the design 
of novel therapeutic strategies based on NOD1 inhibi-
tion under conditions of plaque progression and potential 
atherothrombotic events.

Fig. 7  Schematic representation of the contribution of the splenic 
activity of NOD1 and HFD to the mobilization of immune cells. 
Under HFD conditions, NOD1 is activated in different cell types, 
including bone marrow and splenic cells. This activation pro-
motes the ontogeny of hematopoietic precursors in the bone mar-
row. Under HFD, deficiency in Nod1 reduces the pool of cells in the 

bone-marrow, promoting their accumulation in the blood. However, 
Apoe−/−Nod1−/− mice fed on HFD fail to accumulate leukocytes in 
the spleen, especially neutrophils. In addition, activation of NOD1 in 
splenic neutrophils from Apoe−/− mice exhibit citrullination of his-
tone H3 and NETosis upon HFD feeding
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Concluding remarks

The involvement of the NLRs, and in particular of NOD1, 
in many inflammatory diseases is a growing field that links 
and stresses the importance of the diet and the metabolic 
changes derived from it in both the host microbiota and the 
immune system. This is because NOD1 agonists from the 
gut microbiota can access systemic circulation, playing a 
relevant function in gastrointestinal immune-metabolic 
adaptations. Here, we describe the role of splenic NOD1 
activation in the outcome of the diet-induced atherogenesis 
and mobilization of different leukocyte populations from the 
bone marrow to vascular lesions. In addition, our data show 
that NOD1 deletion in mice fed on a chow diet did not alter 
the hematopoietic flow from the bone marrow to the blood 
and the spleen. However, Nod1−/− mice fed on a high-fat diet 
(HFD) exhibit a significant mobilization of immune cells 
from the bone marrow into the circulation, accumulating in 
the spleen. Furthermore, under pro-atherogenic conditions 
due to HFD in Apoe−/− mice, deletion of NOD1 has a signifi-
cant impact on the accumulation of splenic myeloid cell sub-
populations, an effect that is associated with changes in the 
circulating levels of chemoattractant factors. This increase 
in circulating immune cells in Apoe−/−Nod1−/− mice, but 
its restricted infiltration in tissues with an inflammatory 
tendency (due to Nod1 deficiency), contributes to reducing 
the atherogenic lesion. Interestingly, splenic artery ligation 
in Apoe−/− mice-fed HFD reduces atherosclerotic disease 
progression, an effect that is lost in Apoe−/−Nod1−/− mice. 
Finally, NOD1 activation under HFD conditions contributes 
to NETs formation and NETosis in the spleen, playing a 
role in splenic cells homeostasis and in the atheroma layer, 
further contributing to the development of cardiovascular 
diseases. The exact role of these NETs formation is unclear, 
but it can help to provide additional clues to understanding 
the mechanisms that contribute to the regulation of innate 
immunity and the potential adverse effects in the progression 
of low-grade pro-inflammatory diseases.
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A B S T R A C T   

The bioavailability and regulation of iron is essential for central biological functions in mammals. The role of this 
element in ferroptosis and the dysregulation of its metabolism contribute to diseases, ranging from anemia to 
infections, alterations in the immune system, inflammation and atherosclerosis. In this sense, monocytes and 
macrophages modulate iron metabolism and splenic function, while at the same time they can worsen the 
atherosclerotic process in pathological conditions. Since the nucleotide-binding oligomerization domain 1 
(NOD1) has been linked to numerous disorders, including inflammatory and cardiovascular diseases, we 
investigated its role in iron homeostasis. The iron content was measured in various tissues of Apoe-/- and 
Apoe-/-Nod1-/- mice fed a high-fat diet (HFD) for 4 weeks, under normal or reduced splenic function after ligation 
of the splenic artery. In the absence of NOD1 the iron levels decreased in spleen, heart and liver regardless the 
splenic function. This iron decrease was accompanied by an increase in the recruitment of F4/80+-macrophages 
in the spleen through a CXCR2-dependent signaling, as deduced by the reduced recruitment after administration 
of a CXCR2 inhibitor. CXCR2 mediates monocyte/macrophage chemotaxis to areas of inflammation and accu-
mulation of leukocytes in the atherosclerotic plaque. Moreover, in the absence of NOD1, inhibition of CXCR2 
enhanced atheroma progression. NOD1 activation increased the levels of GPX4 and other iron and ferroptosis 
regulatory proteins in macrophages. Our findings highlight the preeminent role of NOD1 in iron homeostasis and 
ferroptosis. These results suggest promising avenues of investigation for the diagnosis and treatment of iron- 
related diseases directed by NOD1.   

1. Introduction 

Iron is fundamental for the maintenance of life due to its contribution 
to essential metabolic and cellular processes (such as oxygen transport, 
energy production, detoxification or host defense); however, its dysre-
gulation can lead to adverse effects, such as oxidative damage and fer-
roptosis. These processes are implicated in several chronic diseases such 
as inflammatory disorders and cardiovascular dysfunctions [1–3]. 
Indeed, iron homeostasis has also been related to immunometabolic and 
immune-related diseases, since iron dysregulation triggers alterations in 
immune cells and in the immune response [2]. 

Macrophages are essential for proper iron metabolism. They play 
important roles in erythropoiesis (by supplying iron), bacteriostasis (by 
sequestering this metal), erythrophagocytosis (especially by splenic 
macrophages, highlighting the importance of this organ) and modula-
tion of tissue local iron bioavailability and function. To these aims, re-
ceptors such as CD163 (which is exclusively expressed in monocytes and 
macrophages and is related to the clearance of hemoglobin/haptoglobin 
complexes or to the detection of bacteria and the induction of local 
inflammation), and transporters like ferroportin 1 (FPN1; involved in 
iron export from cells) are indispensable [4–7]. 

Macrophages express pattern recognition receptors (PRRs), which 
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1 These authors contributed equally to the work 

Contents lists available at ScienceDirect 

Biomedicine & Pharmacotherapy 

journal homepage: www.elsevier.com/locate/biopha 

https://doi.org/10.1016/j.biopha.2022.112769 
Received 21 December 2021; Received in revised form 15 February 2022; Accepted 27 February 2022   

mailto:barbarav.fernandez@estudiante.uam.es
mailto:lbosca@iib.uam.es
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2022.112769
https://doi.org/10.1016/j.biopha.2022.112769
https://doi.org/10.1016/j.biopha.2022.112769
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopha.2022.112769&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Biomedicine & Pharmacotherapy 148 (2022) 112769

2

exert key functions in the innate immune response [8]; among them, 
nucleotide-binding oligomerization domain 1 (NOD1) plays essential 
roles in pathogen and damage recognition in macrophages and in the 
activation of critical immune responses [9–11]. The contribution of 
NOD1 to leukocyte mobilization, inflammation, metabolism and extra-
medullary hematopoiesis has been profusely characterized [12–15]. 
However, connections between iron metabolism, ferroptosis, specific 
leukocyte subset mobilizations and clinical data remain poorly defined. 
In addition, there are strong connections between iron homeostasis and 
cardiovascular diseases such as atherosclerosis [3,16–19]. Inflammation 
and oxidation are prominent mechanisms contributing to the complex 
process of atherogenesis, and iron leads to enhanced free radical pro-
duction and ferroptosis [16,20]. These properties of iron mishandling 
added to hypercholesterolemia driven lipid mediated-oxidative stress 
can probably create synergies and potentiate atheroma development 
[21]. Indeed, iron affects all cell populations that actively participate in 
the atherosclerotic process (endothelial cells, vascular smooth muscle 
cells, platelets and monocytes/macrophages [17]). In this sense, it has 
been shown that the accumulation of iron in macrophages promotes the 
formation of foam cells and the development of atherosclerosis [22]. 
Furthermore, CXCR2 entails important roles in peripheral blood stem 
cell mobilization and recruitment of atherogenic and inflammatory 
monocytes. This receptor is expressed on neutrophils, but also on 
circulating endothelial progenitor cells (EPCs), fibroblasts, monocytes, 
macrophages and foam cells [23–25]. Indeed, it has been observed the 
binding of activated CXCR2 molecules to cholesterol, demonstrating the 
potential allosteric modulation function of cholesterol in chemokine 
receptors recognition [26]. However, beyond hypercholesterolemia, cell 
death is important in the atherosclerotic onset [27,28]. The cell death 
driven by loss of activity of the lipid repair enzyme glutathione perox-
idase 4 (GPX4), which leads to the accumulation of reactive oxygen 
species (ROS) derived from fatty acids, mainly lipid hydroperoxides, has 
been termed ferroptosis. This iron-dependent cell death is markedly 
different from other forms of cell death, including regulated apoptosis, 
necrosis or necroptosis [1,20,29–32]. Ferroptosis has been investigated 
in depth in recent years due to its impact on degenerative disease, 
immunometabolic disorders and cancer. Small molecules can modulate 
the complex mechanisms involved in ferroptosis, thus offering novel 
opportunities for therapeutic interventions [1,33–35]. The aim of this 
work was to determine the role of NOD1 in iron metabolism and fer-
roptosis, especially its contribution to monocyte/macrophage function, 
as cells involved in the homeostasis of this metallic element. 

2. Materials and methods 

2.1. Human samples 

Human peripheral blood mononuclear cells (PBMCs) were prepared 
from blood of healthy donors after information and written consent. The 
studies were approved by the Ethics Committee of La Paz hospital and 
were conducted in accordance with the Helsinki Declaration (project 
HULP PI-4100; approved April 2020). . 

2.2. Animal procedures 

All animal studies were firstly approved by the local ethics com-
mittee, and according to EU Directive 2010/63 and Recommendation 
2007/526/EC in regard the protection of animals employed for experi-
mental and other scientific purposes, enforced in Spanish law under Real 
Decreto 53/2013. Apoe-/- mice, bearing the C57BL/6 background, were 
obtained from Charles River (JAX mice stock #002052, Barcelona, 
Spain). Double-knockout Apoe-/-Nod1-/- mice were generated by crossing 
Apoe-/- mice with Nod1-/- mice as previously described [14,15]. Briefly, 
Apoe-/-Nod1-/- mice were generated by crossing Apoe-/- with Nod1-/- 

mice. Heterozygous mice were at the expected Mendelian ratios. Mice 
were genotyped by RT-PCR from ear samples. All assays compared male 

Apoe-/-Nod1-/- mice vs. male Apoe-/- littermates. 
For the spleen-involving surgeries, aiming to analyze the conse-

quences of splenic loss of function, 3–4 mice per group were randomly 
assigned to either splenic hilar ligation or to control (sham). In short, 
animals were intubated and anesthetized with 2% isoflurane. The fur 
over the left side of the abdomen was shaved, mice were accommodated 
on a heating pad (37 ◦C) and skin was disinfected with alcohol and 
betadine before the intervention. The spleen was identified and it was 
ligated with a monofilament 7–0 nylon suture around the splenic ar-
teries. The abdominal incision was carefully closed by using absorbable 
5–0 sutures and specific glue for animal tissue (3 M™ Vetbond Tissue 
Adhesive). Ibuprofen (Dalsy) was supplied in drinking water (3 ml of 
medicine for every 250 ml of water) during 3 days after the procedure. 
Wound healing and adequate recovery after the surgical process were 
monitored daily. To accelerate the progression of atherosclerotic lesions 
and to establish a hypercholesterolemic onset, at 8 weeks of age and 
after sham operation or ligation of splenic arteries, mice males were kept 
on high-fat diet (HFD, 10.2% hydrogenated coconut oil, 0.75% choles-
terol; Ssniff, Soest, Germany) for 4 weeks. Then, mice were anaes-
thetized intraperitoneally under general anesthesia (ketamine/xylazine 
combination at 80 mg/kg and 10 mg/kg body weight, respectively) 
before euthanasia by CO2 inhalation. Whole blood was extracted post-
mortem by cardiac puncture and serum was obtained by initial blood 
coagulation and afterwards samples centrifugation at 1600g for 10 min 
at 4 ◦C. Total plasma cholesterol levels were determined to ensure the 
effect of the HFD (283 + 46 and 292 + 59 under chow diet, and 979 + 75 
and 842 + 59 under HFD for Apoe-/– and Apoe-/-Nod1-/- mice, 
respectively). 

To conduct the CXCR2-blocking experiments, the CXCR2 inhibitor 
SB225002 (ref. SML0716; Sigma, Madrid, Spain) was administered 
intraperitoneally at 3 mg/kg, twice a week during the 4 weeks on HFD. 

2.3. Iron and other basic elements content 

Tissues (spleen, heart, liver) from mice on HFD were submitted to 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements 
to determine the content in iron and other elements of interest. In brief, 
fresh tissues were firstly preserved at − 80 ◦C, then subjected to 
lyophilization and properly sealed and stored at 4ºC in a desiccator prior 
to submitting to the ICP protocol. ICP-MS equipment (ICP-MS NexION 
300XX Perkin Elmer; Madrid, Spain) was used according to the manu-
facturer’s instructions and specific treatments for these biological sam-
ples. Lyophilized tissues were submitted to acid digestion in a 
microwave oven adding 4 ml of HNO3. Dissolved samples were gradu-
ated to a final volume of 25 ml in 1% HNO3 (v/v). Samples were diluted 
1:10 in 1% HNO3 (v/v) and multi-element quantitative analysis were 
carried out. 

2.4. Human cell procedures: monocytes 

Human PBMCs were obtained from healthy donorś freshly collected 
blood following previous protocols [36,37]. Monocytes were subjected 
to different stimuli in order to study NOD1 implication in iron meta-
bolism. Cells were incubated for 1 h in medium supplemented with 400 
μM FeCl3 (Sigma) and then 1 h with 1 μg/ml of the FPN1 inhibitor ref. 
NBP1–21502PEP (Bionova, Madrid, Spain) or medium, plus 1 h with 1 
μg/ml of the NOD1 agonist iEDAP (C12-iE-DAP, Invivogen, ref. 
tlrl-c12dap, San Diego, CA, USA). Afterwards, cells were washed with 
PBS and analyzed. 

2.5. Mice cell procedures: peritoneal macrophages 

Mice peritoneal macrophages were obtained from Apoe-/- and 
Apoe-/-Nod1-/- mice peritoneal suspensions in the presence of DMEM 
(Sigma) plus 20% fetal bovine serum (FBS, Lonza; Basel, CH) and anti-
biotics (100 units/ml penicillin and 100 μg/ml streptomycin) as 
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previously described [38]. After seeding and washing with PBS to 
remove non-adherent cells, the culture was maintained for 24 h prior to 
use. The percentage of F4/80+ cells was between 85% and 90%. Cells 
were treated with the NOD1 agonist iEDAP (1 μg/ml) or vehicle for 1 h. 
After removing the stimuli, macrophages were stimulated again with 
iron (FeCl3; Sigma; used at 400 μM) for 24 h. 

2.6. Flow cytometry assays 

Mice blood and disaggregated spleen and bone marrow tissue were 
used for flow cytometry experiments. These assays were performed as 
previously described [14,15]. In summary, to analyze leukocyte pop-
ulations, single cell suspensions were obtained after centrifugation and 
lysis (blood case) or flushing (spleen or femur and tibias) and they were 
prepared by processing the corresponding solutions through a 70 mm 
cell strainer. After 400g centrifugation for 5 min at 4 ◦C, the cell pellet 
was resuspended in HBSS (ThermoFisher, Waltham, MA, USA) supple-
mented with 10 mM Hepes and 0.5% bovine serum albumin (pH 7.4) 
and incubated for 30 min at 4 ◦C with: rat APC-Cy7-conjugated mAb 
against CD45 (1:200; BioLegend, ref. 47–0451; San Diego, CA, USA), rat 
PE-conjugated mAb against CD115 (1:100; BioLegend, ref. 135505), rat 
PerCpCy5.5- conjugated mAb against Ly6G (1:100; BioLegend, ref. 
127616), rat FITC-conjugated mAb against Ly6C (1:100; BioLegend, ref. 
128006), rat APC-conjugated mAb against F4/80 (1:100; BioLegend, ref. 
123116), rat PECy7-conjugated mAb against Cd11b (1:100; Thermo-
Fisher, ref. 25–0112), rat FITC-conjugated mAb against MHCII (1:100; 
BioLegend, ref. 205305), rat PE-conjugated mAb against MHCII (1:100; 
BD Biosciences, ref. 562010; Madrid, Spain), rat FITC-conjugated mAb 
against CD68 (1:100; BioLegend, ref. 137006), rat PE-conjugated mAb 
against CD169 (1:100; BioLegend, ref. 142402), rat FITC-conjugated 
mAb against CXCR2 (1:100; BioLegend, ref. 149608), rat 
PE-conjugated mAb against CCL2 (1:100; BioLegend, ref. 505904), rat 
PE-conjugated mAb against FPN1 (1:100; Novus Biologicals, ref. 
NBP1–21502PE), rat FITC-conjugated mAb against CD163 (1:100; 
ThermoFisher, ref. 11–1631), rabbit PE-conjugated pAb against GPX4 
(1:100; Mybiosource, ref. MBS2069337). For cell counting, DAPI and 
absolute counting beads were used (Count-Bright; ThermoFisher; ref. 
C36950). Flow cytometry was conducted in a FACSCanto II (BD Bio-
sciences), and cell subsets were defined using FlowJo software (Treestar, 
Ashland, OR, USA): leukocytes (CD45+), neutrophils (CD45+ CD11b+

Ly6G+), inflammatory monocytes (CD45+ CD115+ CD11b+ Ly6C+), 
patrolling monocytes (CD45+ CD115+ CD11b+ Ly6C-), tissue macro-
phages (CD45+ F4/80+), red pulp macrophages (RP) (CD45+ F4/80+

CD11blow MHCIIlow), white pulp macrophages (WP) (CD45+ F4/80- 

CD68+ CD11b-), marginal zone macrophages (MZs) (CD45+ F4/80- 

CD68-) and metallophilic macrophages (Metallo.) (CD45+ F4/80- 

CD68+ CD169+). The expression of CXCR2, CCL2, FPN1, CD163 and 
GPX4 was quantified in the main leukocyte subsets. 

2.7. Serum iron measurement 

Iron profile in serum was analyzed in the mice groups after 4 weeks 
of HFD. Serum iron levels, including ferrous iron (Fe2+), ferric iron 
(Fe3+) and total iron were quantified using the Abcam Iron Colorimetric 
Assay Kit (ab83366) as per the manufacturer’s specifications. 

2.8. Histological analysis and lesion quantification 

Mice tissues for Prussian Blue (spleen, liver, heart), Massońs tri-
chrome (spleen) or hematoxylin/eosin (H/E) staining were obtained as 
previously described [14,15]. Briefly, to confirm the differences in iron 
content in Apoe-/- and Apoe-/-Nod1-/- mice (sham or splenic artery liga-
tion animals), as shown by the ICP-MS technique, tissues were fixed in 
4% paraformaldehyde in PBS and embedded in paraffin. The 5 µm 
(spleens and livers) and 8 µm (hearts) sections of tissues (Jung RM2055; 
Leica Microsystems), were deparaffinized and samples were then stained 

with Prussian Blue (Sigma Iron Stain kit; ref. HT20–1KT), using standard 
procedures. To analyze splenic collagen levels, mouse spleens were fixed 
in 4% paraformaldehyde for 24 h at 4 ◦C, passed through sucrose gra-
dients at 10% and 20% (PBS supplemented with the sucrose), incubated 
24 h in 30% sucrose, embedded in optimal cutting temperature, and 
cryopreserved at − 70 ◦C. Cryocut cross sections (5 µm) were evaluated 
for Massońs trichrome staining (Masson-Goldner staining kit, Sigma, ref. 
1004850001) as per manufactureŕs instructions. For the evaluation of 
the atherosclerotic lesion mice groups underwent CXCR2 inhibition plus 
4 weeks on HFD, murine hearts were fixed and cryopreserved as spleens 
in the previous Massońs trichrome assays. Images of these histological 
techniques were captured in a Zeiss Axiophot microscope with a 
Plan-Neofluar 310/0.3 objective (Carl Zeiss, Oberkochen, Germany) and 
a DP70 camera (Olympus, Tokyo, Japan). To avoid specific biases due to 
potential differences in tissue shape, cross sections of the entire fragment 
of tissue were analyzed and averaged. Both the collagen content 
(spleens) and the planimetric area of atherosclerotic plaques (hearts) 
with or without CXCR2 inhibition were measured in pixels using ImageJ 
(NIH) and quantified. 

2.9. Immunostaining 

Immunofluorescence analysis was done as previously described [14, 
15]. Briefly, mice spleens and hearts were fixed overnight for 24 h at 
4 ◦C, underwent sucrose gradients at 10% and 20% (PBS supplemented 
with the sucrose), incubated 24 h in 30% sucrose, embedded in optimal 
cutting temperature, and cryopreserved at − 80 ◦C. Then, they were 
sectioned into 5 µm (spleens) and 8 µm (hearts) sections with a micro-
tome (Jung RM2055; Leica Microsystems). Cryo-Section samples slides 
were rehydrated, subjected to antigen retrieval in 10 mM citrate buffer 
(pH 6.0), blocked, and stained with antibodies specific for mouse CD68 
(1:200; Bio-Rad, ref. MCA1957GA), CD169 (1:20; BioLegend, ref. 
142404), CXCR2-AF647 (1:20; BioLegend, ref. 149306), Ly6G (1:100; 
Pharmingen, ref. 551459), CD163-FITC (1:20; ThermoFisher, ref. 
11–1631), CD36-PE (1:20; Santa Cruz, ref. sc-13572), followed by sec-
ondary staining using standard procedures [39,40]. Secondary anti-
bodies for immunofluorescence were Alexa Fluor 594–conjugated 
anti-rat (ThermoFisher), FITC-conjugated anti-rabbit (Sigma), Alexa 
Fluor 647–conjugated anti-rat (ThermoFisher). Afterwards, nuclei were 
counterstained with DAPI (ThermoFisher). Immunofluorescence stain-
ing of cryo-sections were then mounted in Prolong Gold Antifade 
mounting medium (ThermoFisher, ref. D1306). Primary control panel 
was performed with an appropriate isotype control IgG, and secondary 
controls incubations were performed in the absence of primary anti-
body. To perform TUNEL technology assays, same methodology was 
used added to TUNEL kit (In Situ Cell Death Detection Kit, Fluorescein, 
ref. 11684795910; Roche) manufacturer’s specifications. A LSM710 
confocal microscope with a Plan-Apochromat 325/0.8 oil immersion 
objective (Carl Zeiss, Oberkochen, Germany) was employed to capture 
images from the immunofluorescence stainings. Images were analyzed 
using ImageJ and were further processed for presentation with Zen2009 
(Carl Zeiss) software. 

2.10. Western blot analysis 

Mice splenic samples for Western blotting were snap-frozen in liquid 
nitrogen and stored at − 80 ◦C. Subsequent processing was carried out 
according to previous works of this group [14,15]. In summary, protein 
extracts from mouse tissues were obtained using ice-cold 25 mM bicine, 
150 mM sodium chloride (pH 7.6) (T-PER Tissue Protein Extraction 
Reagent; ThermoFisher) supplemented with phosphatase cocktail and 
protease inhibitors (Sigma). Afterwards, proteins were resolved on 
SDS-PAGE gels and were transferred to nitrocellulose membranes. Pro-
teins were detected using rabbit pAb against TNF-α (1:1000; Abcam, ref. 
ab8348), rabbit pAb against CXCR2 (1:1000; Abcam, ref. ab14935), 
mouse mAb against α-tubulin (1:4000; Sigma, ref. T9026) and 
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horseradish peroxidase–conjugated secondary antibodies (Bio-Rad). 
Protein bands were visualized using a Luminata chemiluminescence 
detection system (Merck) and an Image-Quant LAS 500 imager (GE 
Healthcare Life Sciences, Freiburg, Germany) and were quantified using 
ImageJ [National Institutes of Health (NIH), Bethesda, MD, USA]. In-
tensities of each protein bands were expressed as a percentage of those 
of the tubulin bands as indicated. 

2.11. qRT-PCR 

Total RNA was isolated by homogenization in QUIAZOL® by a Tis-
sueLyser LT and eluted using MinElute columns (Qiagen; Madrid, 
Spain). RNA integrity was assessed by RNA Nano Chip (Agilent Tech-
nologies; Madrid, Spain). 250 ng of RNA were retro-transcribed by using 
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems; 
Madrid, Spain). SYBR Green assay was conducted in a 7900HT Fast Real- 
Time PCR System equipment for qRT-PCR detection [14,15]. After 
performing the assays, calculations were obtained from measurement of 
technical triplicates of each sample. The relative amount of mRNA was 
calculated with the comparative 2-ΔΔCt method using mouse or human 
Hprt1 or GAPDH, respectively, as endogenous control transcripts. Mu-
rine and human sequences are given in Supplementary table S1. 

2.12. Quantification and statistical analysis 

To obtain the statistical analysis, GraphPad Prism 6 (GraphPad 
Software Inc.; San Diego, CA, USA) was used. All the values are 
expressed as means + s.e.m. Normality was calculated by 
D′Agostino–Pearson omnibus test, and afterwards a non-parametric test 
(Mann–Whitney U-test), or a normality test (unpaired Student’s t test 
with Welch’s correction, ordinary 1-wayANOVA) was used as appro-
priate in each case. Statistical significance was considered at P values <
0.05. Removal of outliers was carried out by ROUT method. Statistical 
tests and p values are showed for each panel in the corresponding figure 
legends. The number of individual animals for in vivo and ex vivo ex-
periments is indicated in the figure legend. 

3. Results 

3.1. NOD1 activation affects iron homeostasis and macrophage 
recruitment in a splenic-dependent manner 

The bioavailability of iron exerts adaptations in immune cells and the 
dysregulation of its metabolism favors significant alterations in the 
immune response, with the spleen being one of the relevant organs in its 
recycling. Quantification of iron content in the spleen of male Apoe-/- vs. 
Apoe-/-Nod1-/- mice fed HFD for 4 weeks showed a significant decrease in 
splenic iron in NOD1 deficient animals (Fig. 1A-B). This decrease per-
sisted after ligation of the splenic artery. Moreover, in addition to the 
spleen, a significant decrease in iron was also observed in the heart and 
in liver of Apoe-/-Nod1-/- mice after accurate determination by ICP-MS 
(Fig. 1B). However, serum iron levels, including Fe2+, Fe3+ did not 
show significant differences between mice genotypes (Suppl. Fig. S1A). 
Other key metal elements were determined in the same three tissues by 
ICP-MS; Na, Cu, Mg, K, Ca and Mn exhibited organ-specific changes 
depending on splenic artery ligation and the absence of NOD1. The most 

relevant result was the reduction of hepatic Cu levels in sham Apoe-/--

Nod1-/- mice (Suppl. Fig. S1B). As collagen levels and fibrosis have been 
related to iron metabolism in the spleen [41], we determined its content 
within this organ. Col1a1 mRNA expression levels and splenic collagen 
content in white and red pulps were significantly increased under NOD1 
deficiency (Fig. 1C). 

Because splenic iron metabolism is regulated by different subsets of 
leukocytes, we analyzed the total and zonal distribution of inflammatory 
and patrolling monocytes under HFD; however, except for a modest 
increase in white pulp macrophages in Apoe-/-Nod1-/- mice, no statisti-
cally significant differences were observed between other populations 
(Suppl. Fig. S2A). Furthermore, the splenic distribution of leukocytes 
was not significantly affected by NOD1 deficiency after splenic artery 
ligation (Suppl. Fig. S2B). Nevertheless, highlighting the involvement of 
monocytes/macrophages in these metabolic processes, Cd68 expression 
was enhanced in the spleen of the sham Apoe-/-Nod1-/- mice group. 
Immunofluorescence quantification of CD68 showed an increase in 
white and red pulps from Apoe-/-Nod1-/- mice vs. Apoe-/-. Ligation of the 
splenic artery showed an opposite trend (Fig. 1D). Splenic macrophages 
and marginal metallophilic macrophages were labelled with anti-Mac-3 
or anti-CD169 antibodies, respectively, to visualize their distribution 
and confirm the white pulp organization (Suppl. Fig. S2C). 

3.2. The NOD1/CXCR2 axis regulates macrophage mobilization and 
development of atherogenesis 

Apoe-/-Nod1-/- mice exhibited a significant increase in patrolling 
monocytes in the blood vs. Apoe-/- (Fig. 2A). In addition to this, circu-
lating CD45+ myeloid cells (monocytes and neutrophils) were increased 
in Apoe-/-Nod1-/- mice, whereas pharmacological activation of NOD1 
with the agonist iEDAP in Apoe-/- mice significantly decreased these 
populations (Suppl. Fig. S3). Bone marrow assays indicated that the 
expression of the monocyte/macrophage biomarker Cd68 was increased 
in Apoe-/-Nod1-/- mice, independently of splenic artery ligation (Fig. 2B). 
These data suggested a different leukocyte mobilization that could 
contribute to modulate splenic iron metabolism. Firstly, we observed 
that the bone marrow mRNA levels of the transendothelial chemokine 
receptors Cxcr2 and Cxcr4 were decreased in sham Apoe-/-Nod1-/- mice 
but upregulated after splenic artery ligation (Fig. 2C). In addition, 
CXCR2 exhibited the same trend in the spleen of sham Apoe-/- mice, in 
which TNF-α, accordingly to macrophage profile counts, was increased 
in Apoe-/-Nod1-/- mice (Suppl. Fig. S4). Therefore, monocytes/macro-
phages recruitment appears to be associated with NOD1 activation 
under these conditions. Furthermore, flow cytometry assays of splenic 
cells showed differences between CD45+ subsets regarding the expres-
sion of CXCR2, especially in macrophages that exhibited enhanced 
CXCR2 expression in Apoe-/-Nod1-/- mice, opposite to other splenic 
myeloid cells populations (Fig. 2D). 

This role of CXCR2 in macrophage recruitment in the spleen of 
Apoe-/-Nod1-/- mice was confirmed after in vivo pharmacological inhi-
bition of this chemokine receptor (Fig. 2E). Interestingly enough, and 
because CXCR2 is known to be strongly expressed on macrophages 
within atherosclerotic lesions, inhibition of CXCR2 significantly 
increased atheroma formation in Apoe-/-Nod1-/- mice (Fig. 2F). More-
over, immunofluorescence quantification of CD68 and Ly6G levels in the 
atherosclerotic lesion was similar (CD68) or even lower (Ly6G) in 

Fig. 1. NOD1 deficiency modifies iron homeostasis and splenic macrophage profile in Apoe-/- mice fed high-fat diet (HFD) for 4 weeks. (A) Representative images of 
spleens from sham and splenic artery ligation in male Apoe-/- and Apoe-/-Nod1-/- mice for iron quantification (Prussian Blue). (B) Quantitative determination of iron 
content by ICP-MS in the spleen, liver and heart of sham and spleen artery ligation in Apoe-/- and Apoe-/-Nod1-/- mice. (C) Quantification of splenic Col1a1 mRNA, 
total collagen content (RP and WP) and representative images of Massońs trichrome staining from mice described in panel A. (D) Cd68 mRNA levels in the spleen of 
sham Apoe-/- and Apoe-/-Nod1-/- mice and immunofluorescence analysis of CD68+ cells and DAPI staining in splenic sections from Apoe-/- and Apoe-/-Nod1-/- mice after 
sham or splenic artery ligation. Results show the mean + s.e.m. from 9 animals of each condition (Apoe-/- and Apoe-/-Nod1-/-, sham or splenic hilar ligation surgery). 
* P < 0.05; ** P < 0.01; *** P < 0.005 vs. the corresponding Apoe-/- or sham condition, or by 1-way ANOVA # P < 0.05; ## P < 0.01; ### P < 0.005 when comparing 
splenic artery ligation with the corresponding sham condition in Apoe-/- or Apoe-/-Nod1-/- mice. Bars: 100 µm (A, C); 100 µm (E). (A) Inset 4x magnification.(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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Apoe-/-Nod1-/- vs. Apoe-/- mice (Fig. 2G). These data demonstrate a link 
between NOD1 and CXCR2 modulation in macrophage recruitment in 
the athero-prone vascular context. 

3.3. NOD1 contributes to the regulation of iron metabolism in 
macrophages 

The above data prompted us to investigate the link between 
macrophage NOD1 activation under HFD and the regulation of iron 
homeostasis. Quantification in the bone marrow and spleen of Ccl2 
mRNA levels, one of the main chemokines that modulate the migration 
and infiltration of monocytes/macrophages, showed a significant in-
crease in both tissue from Apoe-/-Nod1-/- (Fig. 3A). However, splenic 
artery ligation reversed this upregulation of Ccl2 in the bone marrow 
(Fig. 3A). 

Relevant genes associated with iron metabolism were quantified in 
the spleen of sham mice: Slc40a1 (encoding for FPN1, the main iron 
export transporter in macrophages), Spic (encoding for Spi-C, the tran-
scription factor that regulates the development of red pulp macrophages 
needed for red blood cells recycling and iron metabolism) and Slc7a11 
(which exerts a critical role in the negative regulation of ferroptosis) 
were elevated in Apoe-/-Nod1-/- mice. However, Gpx4, which represses 
ferroptosis, was downregulated in Apoe-/-Nod1-/- mice (Fig. 3B). Iron- 
homeostasis related genes were analyzed in the liver of both sham and 
splenic artery ligation mice, as this organ is also highly involved in iron 
regulation. Slc40a1, Hmox1, Col3a1 and Prom2 showed the most 
remarkable changes. Slc7a1 and Prom2 levels were decreased after 
splenic artery ligation (Suppl. Fig. S5). Since FPN1 and CD163 are 
preeminent biomarkers in iron metabolism, they were determined in 
myeloid cells populations in spleen and blood. Splenic FPN1+ and 
CD163+ myeloid populations showed the greatest differences between 
mice groups (Fig. 3C). Interestingly, the only subsets with changes be-
tween mice genotypes in blood were that of FPN1+ and CD163+

monocytes, which were increased in the Apoe-/-Nod1-/- group (Fig. 3D). 
Further analysis in sham mice spleens showed that CD68, CD163 and 
CD36 populations were highly increased in the red and white pulps of 
Apoe-/-Nod1-/- mice (Fig. 3E). 

3.4. NOD1 signaling affects ferroptosis in macrophages and spleen 

Several proteins act as negative regulators of ferroptosis, including 
GPX4 and the cystine-glutamate antiporter (encoded by the Slc7a11 
gene). Having shown that Gpx4 mRNA levels were decreased in 
Apoe-/-Nod1-/- mice (Fig. 3B), analysis of GPX4 protein levels in splenic 
cells from Apoe-/- mice were higher than in Apoe-/-Nod1-/- in almost all 
cell populations (Fig. 4A). Furthermore, CD68+ TUNEL+ cells were 
increased in the red pulp of Apoe-/-Nod1-/- mice (Fig. 4B). 

The role of NOD1 in macrophage ferroptosis was validated in peri-
toneal macrophages from Apoe-/- and Apoe-/-Nod1-/- mice treated with 
iEDAP and iron enriched medium. As Fig. 4C shows, maximal activation 
of NOD1 significantly upregulated the expression of genes involved in 
protection against ferroptosis in Apoe-/- (Slc40a1, Gpx4, Spic, Hmox1 and 
Col1a1). These genes were significantly decreased in peritoneal mac-
rophages from Apoe-/-Nod1-/- mice. In addition, these results were vali-
dated in human macrophages using the NOD1 agonist iEDAP and in the 
presence and absence of the FPN1 inhibitor NBP1–21502PEP. As Suppl. 

Fig. S6 shows, NOD1, SLC40AA1 and the gene encoding for the ferritin 
light chain (FTL) mRNA levels were not affected under these conditions. 
However, SPIC, CD163, and CD36 were repressed after FPN1 inhibition 
in cells treated with iEDAP. Other genes, such as MCSF, LDLR, NFE2L2 
(encoding for the transcription factor NRF2 involved in the defense 
against oxidative stress) and HMOX1 were upregulated after iEDAP 
treatment, an effect that was not prevented by FPN1 inhibition. 

4. Discussion 

Iron metabolism and ferroptosis are involved in multiple biological 
processes [2,42,43] and macrophages play a role in the homeostatic 
handling and recycling of iron from senescent erythrocytes [2,4–7]. The 
present work aimed to study the role of NOD1 from splenic macrophage 
in these key processes. Our findings unveil a specific implication of 
NOD1 in iron dynamics through the regulation of FPN1, CD163 (the 
high-affinity receptor of haptoglobin-hemoglobin complexes) and GPX4 
(protecting from ferroptosis) in the context of HFD. The connections 
between iron homeostasis and immune responses are well known 
[44–46] and here we demonstrate that NOD1 deletion causes a signifi-
cant reduction in the iron content of essential organs (e.g., spleen, liver 
and heart), and independent of partial loss of splenic function. It is worth 
mentioning that splenic artery ligation is a well-tolerated surgical 
intervention because, due to the vascular structure of the spleen, there is 
an extensive collateral blood supply to the organ [47]. 

Moreover, deficient iron bioavailability in these organs can lead to 
previously described severe chronic disorders [48–50]. 

The role of the spleen in iron storage and metabolism is well docu-
mented [51–53]. In this regard, collagen biosynthesis, for example, re-
quires iron-dependent activities for the hydroxylation of the prolyl and 
lysyl residues that promote intermonomeric crosslinking leading to the 
formation of the classic triple helix collagen. Accordingly, reduced iron 
content in several organs (as occurs in the absence of NOD1) results in 
enhanced splenic transcription of the Col1a1 gene and collagen accu-
mulation, probably because of the reduced functional crosslinking 
required to maintain the correct structure of collagen fibrils, enhancing 
fibrosis and tissue damage [54]. In addition to this, increased levels of 
CCL2 in the bone marrow and spleen of NOD1-deficient animals under 
HFD conditions contribute to the pro-fibrotic role of this chemokine due 
to its ability to induce collagen production [55]. Moreover, Ccl2 
expression is crucial for monocyte mobilization and transmigration into 
the subendothelial space [1,56] and, precisely, they are remarkably 
enhanced in both the spleen and the bone marrow of Apoe-/-Nod1-/- 

mice, the group with the highest splenic macrophage counts. 
Macrophages play fundamental functions in wound healing mecha-

nisms and collagen synthesis in several experimental models [57–61]. 
Our data show that, under HFD, splenic inflammatory and patrolling 
monocytes, precursors of tissue macrophages, exhibit changes between 
the mice genotypes. In addition, hilar splenic vessel ligation reverses the 
trend with respect to the content of patrolling monocytes and CD68+

macrophages in the red and white pulp. Moreover, the splenic levels of 
Spic, a transcription factor that controls the development of red pulp 
macrophages, which are in charge of iron homeostasis and red blood 
cells recycling, were enhanced in NOD1-deficient mice. Therefore, 
NOD1 activation by HFD is contributing to iron content, correct regu-
lation of collagen synthesis (avoiding fibrosis), and splenic 

Fig. 2. NOD1 activation and CXCR2 modulation orchestrate monocyte and macrophage mobilization and influence atherogenesis under hypercholesterolemic 
conditions. (A) Quantification of circulating inflammatory and patrolling monocytes from spleen of sham Apoe-/- and Apoe-/-Nod1-/- mice. (B) Cd68 mRNA levels in 
the bone marrow of sham and splenic artery ligation of animals fed HFD. (C) Cxcr2 and Cxcr4 bone marrow mRNA levels from the same animals as in panel B. (D) 
Splenic CXCR2 expression in the main subsets of leukocytes from 4 weeks-fed HFD Apoe-/- and Apoe-/-Nod1-/- mice. (E) Circulating and splenic leukocytes after CXCR2 
inhibition (administered at 3 mg/kg twice a week during 4 weeks; HFD-fed). (F) Quantification and representative images of the atherogenic lesion in Apoe-/- and 
Apoe-/-Nod1-/- mice from panel E. Analysis was performed after quantification of 6 consecutive sections of the lesion. (G) Quantification and representative images of 
immunofluorescences of LY6G, CD68 and nuclei (DAPI) in heart sections from panel E mice. Values were expressed as percentage vs. the sham Apoe-/- condition. 
Results show the mean + s.e.m. from 9 animals of each condition. * P < 0.05; ** P < 0.01; *** P < 0.005 vs. the corresponding intervention condition, or by 1-way 
ANOVA ### P < 0.01 when comparing splenic artery ligation with the corresponding sham condition in Apoe-/- or Apoe-/-Nod1-/- mice. Bars: 0.5 mm (F); 200 µm (G). 
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Fig. 3. NOD1 impairs iron metabolism in murine splenic macrophages and affects iron homeostasis in human monocytes. (A) Bone marrow and splenic mRNA levels 
of Ccl2 in Apoe-/- and Apoe-/-Nod1-/- mice (sham or after splenic artery ligation; left panel). Splenic CXCR2 expression in the main leukocyte populations (right panel). 
(B) Splenic mRNA levels of iron-related genes (Gpx4, Slc40a1 (encoding for ferroportin 1, FPN1), Spic and Slc7a11. (C,D) Distribution of FPN1 and CD163 in the main 
myeloid cells populations in the spleen (C) and blood (D). (E) Immunofluorescence quantification of CD68, CD163 and CD36 staining in splenic sections from panel C. 
Results show the mean + s.e.m. from 9 animals of each condition. * P < 0.05; ** P < 0.01; *** P < 0.005 vs. the corresponding Apoe-/- condition, or by 1-way 
ANOVA. ### P < 0.005 when comparing splenic artery ligation with the corresponding sham condition in Apoe-/- or Apoe-/-Nod1-/- mice. 
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monocyte/macrophage homeostasis. 
Previous studies showed that splenic monocytes and macrophages 

contribute to atherosclerosis development [49], as well as to iron 
accumulation in atherosclerotic plaques [62]. Accordingly, our data 
show a higher iron content in the heart of Apoe-/- vs. Apoe-/-Nod1-/- mice. 
In addition to this, the CXCL1/CXCR2 axis is key in classical 
HDF-induced monocytosis and neutralization of CXCL1 avoids the 
expansion of circulating monocytes [23]. Now, we show that CXCR2 
inhibition reduces the splenic levels of macrophages in Apoe-/-Nod1-/- 

mice, but favors the presence of circulating inflammatory cells that 
infiltrate the atherosclerotic lesion and promote its progression. These 
results agree with those by Dyer et al. [63], which demonstrated that 
exacerbated inflammation in the CXCR2-deficient mice was a conse-
quence of altered myeloid cells recruitment. 

Previous studies had shown a preeminent role for apoptotic neu-
trophils in triggering anti-inflammatory responses when interacting 

with macrophages [64]. In addition to this, our data show that TNF-α 
levels were notably increased in the spleens of Apoe-/-Nod1-/- mice, in 
which CXCR2 was diminished. These results fit with previous studies 
describing that TNF-α down-regulates CXCR2 expression in human 
polymorphonuclear leukocytes and triggers its intravascular retention 
with an increased production of reactive oxygen species [65]. Moreover, 
a similar situation has been described after systemic infection by 
S. aureus [66]. 

Regarding CD163, it is expressed at high levels on splenic macro-
phages [6] and mediates the recovery of iron and iron-containing mol-
ecules [4]. This is consistent with the enhanced splenic levels of CD163+

cells in Apoe-/-Nod1-/- mice. Moreover, these data agree with the 
observed increase in the mRNA levels of genes involved in iron handling, 
such as Slc40a1, Spic and Slc7a11 in NOD1-deficient mice. Indeed, 
NOD1 activation by iEDAP entails the polarization of macrophages to a 
pro-inflammatory phenotype, a condition that suppresses Slc40a1 

Fig. 4. NOD1 confers ferroptosis protection in mice fed HFD. (A) Quantification of splenic GPX4 levels in the main leukocyte populations. (B) CD68+ and TUNEL+

splenic cells from Apoe-/- and Apoe-/-Nod1-/- mice. (C) mRNA levels of genes involved in iron homeostasis in murine peritoneal macrophages treated for 1 h with the 
NOD1 agonist iEDAP and 24 h with FeCl3 (400 μM). Results show the mean + s.e.m. from 9 animals of each condition (sham and ligation of Apoe-/- and Apoe-/-Nod1-/- 

mice). * P < 0.05; ** P < 0.01; *** P < 0.005 vs. the corresponding Apoe-/- condition; # P < 0.05 vs. the condition in the absence of iEDAP. 
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transcription. Additionally, our results also agree with the fact that red 
pulp macrophages present high expression levels of Spi-C, the scavenger 
receptor CD163, heme oxygenase 1 (HO-1) and FPN1 [39,67,68]. All 
these molecules controlling iron bioavailability and preventing adverse 
oxidative effects. 

As we have mentioned above, an excess of lipids leads to oxidative 
stress, lipid peroxidation and tissue damage; mechanisms that can be 
counteracted by antioxidant and anti-inflammatory proteins and en-
zymes such as HO-1 [69]. Interestingly, in iron-treated human mono-
cytes stimulated with different agonists, it is worth mentioning that 
iEDAP-induced NOD1 stimulation leads to reduced expression of 
HMOX1, encoding for HO-1, a protein that has been associated with 
atheroprotection [55,70]. Moreover, NFE2L2 is slightly overexpressed 
under iEDAP stimulation, in agreement with its known activation by 
cellular oxidative stress and noxious conditions [70,71]. However, it 
seems that the NFE2L2-dependent antioxidant-response is not capable of 
inducing sufficient HO-1 activity to alleviate the cellular stress and 
inflammation derived from the activation of NOD1 and the excess of 
iron. These results are in line with those previously published indicating 
that NOD1 deletion plays an atheroprotective role in early and advanced 
disease [14,15]. In fact, NOD1 activation in these iron-stimulated 
monocytes showed an increase in the expression of lipid responsive 
genes (OLR1 and LDLR), while colony stimulating factor 1 (CSF1) was 
notably enhanced under the same conditions and especially when FPN1 
was inhibited. 

Finally, because GPX4 is at the crossroads of protection against 
peroxidation of membrane lipids, ferroptosis and antioxidant damage 
[32,72], we analyzed the role of this protein in the Apoe-/-/Nod1-/- 

context. Not surprisingly, Gpx4 levels were enhanced in the spleen of the 
Apoe-/- mice group, as it were also in the splenic main leukocyte subsets 
and in iron-stimulated peritoneal macrophages. These results, added to 
Hmox1 enhanced expression in Apoe-/- peritoneal macrophages and as-
says showing that CD68+-TUNEL+ cells were increased in the red pulp of 
NOD1-deficient mice, suggest that splenic cell death in Apoe-/-Nod1-/- 

mice occurs via ferroptotic mechanisms. Indeed, NOD1 deficiency 
notably reduced apoptosis in peritoneal macrophages after iron sup-
plementation. Therefore, we hypothesize that splenic NOD1 confers 
protection against ferroptosis in this organ to maintain leukocyte cells, 
mainly macrophages, in sufficient levels to mobilize them to inflam-
matory sites through systemic circulation and even recruit them to the 
atheroma layer. In this regard, extramedullary hematopoiesis plays a 
key role [73]. This idea is similar to that proposed for Gpx4 activity 
preventing lipid peroxidation and ferroptosis to sustain Treg cell acti-
vation and subsequent suppression of antitumor immunity [74]. 

5. Conclusion 

Iron contributes to vital cellular and metabolic processes for the 
maintenance of health. This fact supposes that changes in its normal 
regulation can favor the development of severe pathophysiological 
processes. In this work we have demonstrated for the first time a clear 
link between immune player NOD1 and iron metabolism both in human 
and murine models. Moreover, the connections between ferroptosis, 
splenic activity modulation, atherosclerosis and leukocyte mobilization 
open novel multidisciplinary fields to explore, leading to identify po-
tential pharmacological targets against different immune-metabolic 
diseases. 
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A B S T R A C T   

Iron participates in myriad processes necessary to sustain life. During the past decades, great efforts have been 
made to understand iron regulation and function in health and disease. Indeed, iron is associated with both 
physiological (e.g., immune cell biology and function and hematopoiesis) and pathological (e.g., inflammatory 
and infectious diseases, ferroptosis and ferritinophagy) processes, yet few studies have addressed the potential 
functional link between iron, the aforementioned processes and extramedullary hematopoiesis, despite the 
obvious benefits that this could bring to clinical practice. Further investigation in this direction will shape the 
future development of individualized treatments for iron-linked diseases and chronic inflammatory disorders, 
including extramedullary hematopoiesis, metabolic syndrome, cardiovascular diseases and cancer.   

1. An overview of iron and ferroptosis: it all starts from ferrum 

1.1. Some historical milestones in the study and understanding of iron 

For biological entities, the precise regulation of iron homeostasis is 
critical for the proper functioning of the cellular machinery and for 
preventing the toxicity derived from an overload of this trace element. 
Iron deficiency is a unique condition within a group of disorders of 
similar etiology. It is the depletion of absolute body iron content, 
especially of hepatocyte and macrophage iron stores, and its diagnosis is 
straightforward unless the setting is masked by an inflammatory milieu. 

Iron deficiency often resembles iron-deficiency anemia, as anemia is its 
more evident sign; however, it is a broader concept [1–3]. Iron overload 
or excess storage, an opposite condition to iron deficiency, can be 
classified based on different criteria such as the access route within the 
body, the predominant site of storage, or the cause of its overload. 
Regarding the latter classification, iron overload can be primary (often 
inherited) or secondary to other pre-existing factors/conditions such as 
hemolysis, transfusion, or excessive parenteral and/or dietary con-
sumption of iron [4–6]. Iron has many crucial functions in mammalian 
cells, including the catalysis of metabolic redox reactions and oxidative 
phosphorylation, DNA synthesis, heme formation, oxygen transport and 
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Contents lists available at ScienceDirect 

Pharmacological Research 

journal homepage: www.elsevier.com/locate/yphrs 

https://doi.org/10.1016/j.phrs.2022.106386 
Received 30 June 2022; Received in revised form 25 July 2022; Accepted 2 August 2022   

mailto:barbarav.fernandez@estudiante.uam.es
mailto:lbosca@iib.uam.es
www.sciencedirect.com/science/journal/10436618
https://www.elsevier.com/locate/yphrs
https://doi.org/10.1016/j.phrs.2022.106386
https://doi.org/10.1016/j.phrs.2022.106386
https://doi.org/10.1016/j.phrs.2022.106386
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phrs.2022.106386&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Pharmacological Research 183 (2022) 106386

2

storage, and erythrocyte fate. By enhancing the release of reactive ox-
ygen species (ROS), it is also a major contributor to tissue damage 
through its effects on lipids, proteins and even DNA [7,8]. 

While the importance of iron has been recognized since ancient times 
(and from its knowledge by the ancient Egyptian, Hindu, Greek and 
Roman cultures) [7], we have to fast-forward to the 1990 s when the 
study of its biology began to flourish through seminal studies by Finch 
and Feder. Finch was the first to describe the role of erythropoiesis and 
iron stores in the regulation of systemic iron metabolism, hypothesizing 
the existence of erythroid and iron store regulators [9]. Feder and col-
leagues identified the mutation in the HFE (homeostatic iron regulator) 
gene related to classical hereditary hemochromatosis, which results in 
excess iron deposition and consequent multi-organ damage [10]. These 
findings, added to earlier research on ferrokinetics and subsequent 
studies using molecular and genetic approaches, led to a better under-
standing of iron regulation disorders, which can lead to the development 
of serious diseases that are among the most common in humans [7, 
1112]. 

1.2. Iron regulation 

Iron modulates itself through regulatory proteins (and the genes that 
encode them), which regulate its uptake, recycling and storage. Among 
them, the acute-phase peptide hepcidin, which is synthesized in the 
liver, is an important modulator of iron homeostasis owing to its control 
by mediators dependent on the iron stores present in macrophages [13], 
erythropoiesis and inflammation [14,15]. Hepcidin expression in he-
patocytes is controlled mainly by the bone morphogenetic 
protein-SMAD (BMP-SMAD) pathway [16]. Functionally, hepcidin pro-
motes the degradation of the iron exporter ferroportin (FPN) in gut 
enterocytes and in macrophages, which reduces iron uptake [3,8,12]. 
Other important molecules involved in the cellular regulation of iron 
include the iron storage and release protein ferritin and the iron trans-
porter glycoprotein transferrin. Ferritin is present in the cytoplasm in 
almost every cell, whereas transferrin is synthesized and secreted by the 
liver. Interestingly, similar to transferrin, ferritin can also be released 
into circulation, albeit at moderate levels [17,18]. Both proteins 
contribute to iron redistribution, maintaining it in a nonreactive form 
that prevents the release of oxygen radicals; ferritin stores most of the 
iron in the body. The process by which iron is released from ferritin has 
recently attracted attention for its association with human diseases. This 
process has been defined as ferritinophagy [19–21], a selective auto-
phagy pathway. It is triggered by nuclear receptor coactivator 4 
(NCOA4) on the surface of autophagosomes, which targets ferritin for 
lysosomal destruction [22,23]. Levels of iron inversely modulate the 
levels of NCOA4 and, therefore, the number of ferritin molecules to be 
processed and the released iron. This is a key process in the regulation of 
erythropoiesis, in which hepcidin plays a significant role by regulating 
the cellular iron levels (6). The aforementioned mechanisms are 
important for the global flow of iron inside the body through the 
participation of the small intestine, the bone marrow, the liver, the 
spleen and the circulatory system, among others [12,19,22,24]. Fasci-
natingly, the microbiota (now considered as a human organ [25,26]) has 
been recently related to iron homeostasis and bioavailability [27,28]. 
The gut microbiota depends on iron, and its deficiency negatively in-
fluences the microbial ecosystem and can harm the health of the host. 
Iron is also essential for pathogenic bacteria, but there are different re-
quirements for this metal owing to the considerable variability of mi-
croorganisms [27,29]. Iron accumulation and lipid peroxidation in the 
brain has been linked to cryptococcal meningitis [28], and both pro-
cesses are the main characteristics of iron-programmed cell death, or 
ferroptosis. 

2. Iron-dependent cell death 

Recent studies have defined ferroptosis as a new type of non- 

apoptotic cell death characterized by high levels of iron accumulation 
and lipid peroxidation [5,30–33]. The term was first coined in a land-
mark paper by Brent R. Stockwell and colleagues in 2012 [34], where 
they described a type of oxidative cell death that results from a pro-
nounced decrease in the antioxidant capacity of cells and an increase in 
lipid-related ROS due to the sum of factors that affect the activity of 
glutathione (GSH) peroxidases. In this regard, lipoxygenases (LOXs) and 
their products, lipid hydroperoxides, are thought to be key participants 
in the initiation and progression of ferroptosis through the induction of 
lipid autoxidation. Pharmacological inhibition of LOX isoforms (5-LOX, 
p12-LOX and 15-LOX-1) is protective against ferroptosis [35]. 

Cell morphology and function differentiate ferroptosis from other 
types of cell death (apoptosis, necrosis, autophagy, necroptosis, pyrop-
tosis, oxidative glutamate toxicity or parthanatos) [33,36–39]. More-
over, ferroptosis has unique morphological characteristics including 
shrunken mitochondria with increased membrane density and loss or 
reduction of mitochondrial cristae, and ruptured outer membrane, 
normal-sized nuclei and non-condensation of chromatin. From a 
biochemical perspective, ferroptosis is defined by the depletion of 
intracellular GSH and reduced activity of glutathione peroxidase 4 
(GPX4), which hinders the reduction of lipid peroxides and leads to ROS 
generation through the Fenton reaction-dependent oxidation of lipids by 
Fe2+ [40]. The basic mechanisms regulating ferroptosis and phospho-
lipid peroxidation have been studied in depth in recent years [33]. 
Ferroptosis is considered as an important downstream pathway of 
oxidative stress [32,41]. In addition to this, oxidative and metabolic 
stress are connected to human diseases [42,43] and this includes altered 
bone marrow hematopoiesis and extramedullary hematopoiesis (EMH) 
[44,45]. 

3. Iron, ferroptosis and EMH: an undefined link possibly 
connected to severe clinical outcomes 

Iron biology and ferroptosis likely have a relevant impact on 
inflammation, chemotherapy, photodynamic therapy and neuro-
degeneration. Yet, few studies have examined the relationship between 
iron, ferroptosis (reviewed in [46]) and EMH, which is the topic dis-
cussed in the present review (see graphical abstract). 

EMH is defined as the development and growth of hematopoietic 
cells outside the medullary spaces of the bone marrow [45,47–49], with 
the most common sites being the spleen and liver [47]. This manifes-
tation of compensatory hematopoiesis typically occurs under adverse 
conditions, such as the insufficient or inappropriate formation of blood 
cell components by the bone marrow (i.e., chronic hemolytic anemias, 
thalassemias, atherogenesis, and lymphomas or leukemias) [45], but 
excessive EMH can trigger inflammatory diseases [45]. EMH can also 
occur when the bone marrow becomes an inhabitable niche for stem and 
progenitor cells due to the replacement of the niche by collagenous fi-
bers (such as in myelofibrosis) [48]. 

Interestingly, enhanced erythroid EMH in the spleen (mainly 
occurring in the red pulp) contributes to decrease the synthesis and 
release of hepcidin [50] and lowers iron availability [49]. All blood cell 
lineages are generated and replenished during hematopoiesis by he-
matopoietic stem cells (HSCs) [51]. As an example of the potential link 
between iron, ferroptosis and EMH, we recently described the contri-
bution of the immune receptor nucleotide-binding oligomerization 
domain 1 (NOD1), which is associated with leukocyte ontogeny and 
recruitment, to iron metabolism and ferroptosis regulation in the spleen, 
a relevant organ in EMH [52,53]. The potential interplay between iron, 
EMH and ferroptosis is discussed in the following subsections. 

3.1. Iron and hematopoietic cells 

3.1.1. Erythrocytes 
Mature red blood cells (RBCs) are highly specialized cells that are the 

result of a complex maturation process from HSCs. Given that 200 
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billion of these mature cells are generated daily, requiring 25 mg of iron, 
it is not surprising that iron physiology is important for the regulation of 
the erythroid lineage. 

Erythroid precursors contain molecules, such as transferrin receptors 
(TFR), whose main functions are the transport, use and storage of iron 
[54,55]. They are characterized by their enormous requirements for iron 
to maintain hemoglobin synthesis, and the recycling of iron from se-
nescent RBCs by macrophages is crucially important for internal iron 
flux. Iron homeostasis is also controlled by the absorption of iron from 
the diet, which can balance iron requirements when levels are low (i.e., 
during childhood, hypoxia, or pregnancy) or iron is lost (as in bleeding) 
[56,57]. These finely regulated molecular and cellular mechanisms are 
essential to support the supply of oxygen (and iron) to cells and all body 
tissues, and have motivated the study of the mechanisms involved. As an 
example, the erythroid hormone erythroferrone suppresses hepcidin, 
which enhances the bioavailability of iron for hemoglobin synthesis in 
times of erythropoietic stress [3,58]. In addition, iron deficiency impairs 
erythropoietin production through the iron regulatory protein 1-hypox-
ia inducible factor 2α (IRP1-HIF2α) pathway, which prevents the 
wasteful use of iron for erythropoiesis during iron restriction conditions 
[56]. 

3.1.2. Other hematopoietic cells 
In addition to its well-recognized roles in erythropoiesis and eryth-

rocyte homeostasis, iron also contributes to the development of other 
hematopoietic cell lineages. Accordingly, changes in iron levels (either 
due to deficiency or over-abundance) can negatively influence he-
matopoietic flow, affecting the normal biology of different hematopoi-
etic cell lineages and leading to several diseases [4,11,59–65]. 

3.1.3. Iron: from its deficiency to its excess 
Iron deficiency impairs embryonic hematopoiesis by inhibiting pro-

liferation, clonogenic capacity and survival of progenitor cells. It does 
not, however, affect the endothelial-to-hematopoietic transition, which 
is the first stage of hematopoiesis [58]. Erythroid-myeloid progenitors 
appear to be more influenced by iron deficiency than primitive erythroid 
cells [64]. 

In contrast to iron deficiency, more studies have been carried out on 
iron overload, both primary and genetically determined or secondary to 

other conditions, [31–38]. It is widely known that iron can be very toxic 
to the bone marrow, leading to ROS accumulation, changes in the 
expression of hematopoiesis-regulatory genes and the deterioration of 
the hematopoietic microenvironment (Fig. 1). 

3.1.3.1. Promising strategies for iron overload at a glance. Iron chelation 
therapies, such as deferasirox, have been developed to mitigate the 
deleterious effects of iron overload [4,65]. NADPH oxidase 4 and 
p38-MAPK (p38 mitogen-activated protein kinase) signaling pathways 
have been identified as being responsible for the ROS-dependent dam-
age in bone marrow hematopoietic cells under iron overload [59]. Other 
studies demonstrated that both p38-MAPK and JNK (Jun N-terminal 
kinase) pathways are involved in disturbances in hematopoietic stem/-
progenitor cells and natural killer cells during iron overload in myelo-
dysplastic syndromes [61]. The impact of iron excess in myelodysplastic 
disorders has been studied in depth [6,61,62]. Other approaches for the 
treatment of iron overload, some in the preclinical phase, include anti-
oxidants (flavonoid compounds such as quercetin), calcium channel 
blockers (nifedipine or amlodipine acting on divalent metal 
transporter-1 [DMT1]) [66], ebselen (DMT1 inhibitor; [67]), erythro-
poiesis modulation inhibitors (such as luspatercept, ACE-536; and 
sotatercept, ACE-011) [68], phytochemicals and phytochelants [69], 
minihepcidin peptides (alone or in combination) or other strategies, 
such as targeting TMPRSS6, a type II transmembrane serine protease 
that is primarily expressed in the liver and downregulates hepcidin 
expression through the BMP-SMAD pathway [3,70]. 

3.1.3.2. Iron deficiency/overload: the importance of iron regulation in 
cardiovascular diseases. Cardiovascular diseases, which are responsible 
for ~30% of all global deaths, are known to be affected by hematopoi-
esis and leukocyte accumulation [52,53,71]. Interestingly, both the 
deficiency or the excess of iron are frequently observed in a many of 
these diseases, favoring their onset and determining their development 
and fate [72]. Cellular uptake of iron occurs by the binding of iron-laden 
transferrin, containing two ferric iron molecules, to transferrin receptor 
protein 1 (TFR 1). This triggers the endocytosis of the protein complex 
dependent on clathrin. Acidification of the endosome by vacuolar 
ATPase leads to reduction to ferrous iron, which is then released into the 

Fig. 1. Iron dependence and regulation of hematopoietic cells and derived lineages. Virtually all organisms require iron to carry out their functions. Subtle changes in 
the body’s iron concentrations, including its deficiency or overabundance, have consequences for physiological processes, such as hematopoiesis. Iron dysregulation 
affects hematopoietic cell lineages and can cause different diseases. 
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cytoplasm by the DMT1 transporter. This underscores the potential for 
DMT1-targeted approaches in iron-overload cardiovascular diseases. 
There is some controversy about whether non-transferrin-bound iron is 
transported into cardiomyocytes by voltage-dependent calcium chan-
nels [73]. As an example of this process, it has been described that L-type 
Ca2+ channels have a role in iron transport and iron-overload cardio-
myopathy. These channels can take-up ferrous iron in cardiomyocytes in 
a highly effective manner and especially under iron excess conditions. 
Indeed, L-type Ca2+ channels may also contribute to iron uptake in other 
excitable cells including pancreatic β-cells and neurons. Accordingly, 
inhibitors of these types of channels represent a promising new therapy 
to diminish the adverse effects of iron overload [74]. Curiously, calcium 
has been demonstrated to inhibit iron absorption. Firstly, CaCO3 was 
demonstrated to inhibit Fe absorption in experimental models, and later 
studies showed that several sources of Ca (including CaCO3, CaCl2, 
calcium phosphate and calcium lactate) reduced the retention of Fe and 
the rate of hemoglobin regeneration in animals [75]. Among the 
mechanisms responsible for these inhibitory effects of calcium, the 
presence of one-site competitive binding at a receptor has been sug-
gested, making it an interesting target in iron-related diseases and 
especially in those involving iron overload [75]. 

3.1.4. Iron regulation and immune cells 
Several receptors for iron-regulation proteins are expressed by he-

matopoietic immune cells. For example, lymphocytes express ferritin 
receptors [76], whereas activated lymphocytes, erythroid precursors 
and most rapidly dividing cells express the classical transferrin receptor 
(TFR1) [5,12,77]. Megakaryocytes, which generate thrombocytes/pla-
telets, and the myeloid lineage, particularly phagocytic cells (macro-
phages and neutrophils), have been tightly linked to iron homeostasis. In 
the case of neutrophils, their link to iron includes the control of cellular 
apoptosis (the intrinsic pathway) and oxidative responses. However, 
because macrophages are the main players in iron homeostasis and 
erythroid cell proliferation and differentiation, most of the research has 
focused on these populations [60,77]. As a recent example, the role of 
iron and heme metabolism has been studied in inflammatory responses 
mediated by TLR4/NF-κB (Toll-like receptor 4/ nuclear factor κB) 
signaling in human monocytes [78]. 

3.2. Hematopoiesis, iron and inflammation 

Hematopoiesis has long been associated with inflammation and 
infection [79–81]. Given the breadth of studies in these fields, we will 
only briefly touch upon the relationship between iron and these 
processes. 

3.2.1. Hematopoietic cells and inflammatory milieu in EMH: a role for 
damage signals, cytokines and growth factors 

HSCs are exposed to inflammatory or damaging signals that allow 
them to replenish mature immune cells under conditions of infection or 
tissue injury. HSC proliferation and differentiation are essential during 
these inflammatory processes, but they need to be tightly regulated to 
avoid immunopathology. Indeed, prolonged exposure to inflammatory 
signals triggers HSC aging and the selection of malignant-prone HSC 
clones [80,82]. As an example of stem cell exposure to inflammatory 
signals, HSCs are the main target of the IL-23 (inter-
leukin-23)-dependent inflammatory pathway in colitis, a disease that 
presents with an abnormal intestinal accumulation of inflammatory 
monocytes and neutrophils. This indicates that inflammatory cytokines 
mediate hematopoiesis dysregulation. Also, interferon-γ (IFN-γ) partic-
ipates in the medullar and splenic accumulation of proliferating HSCs, 
which promotes EMH [47]. More recently, it has been shown that 
granulocyte-macrophage-colony stimulating factor (GM-CSF) causes 
HSC dysregulation and pathogenic EMH in experimental models of 
spondyloarthritis. This disease is characterized by systemic inflamma-
tion and comprises different inflammatory arthropathies, such as 

psoriatic or enteropathic arthritis. In this regard, HSCs and both bone 
marrow and EMH play important roles [83]. 

3.2.2. Inflammatory-derived EMH sites 
EMH sites can be established in areas of local inflammation, injury, 

ischemia or tissue repair. This is made possible by the molecular, cellular 
or stromal factors and/or the changes associated with these complex 
processes, which mimic those contributing to hematopoiesis. Along this 
line, a large number of inflammatory mediators and cytokines can 
enhance the number of peripheral HSCs, leading to their establishment 
in damaged tissues and their participation in local inflammatory or 
regenerative processes [49]. 

3.2.3. Oxidative stress and HSCs 
HSC function is not only affected by acute and chronic lesions or 

infectious processes, but also by auto-inflammatory pathologies, irra-
diation, and physiological or pathological states such as aging, obesity or 
cardiovascular diseases [82,84]. Oxidative stress is a principal under-
lying mechanism in these settings. Indeed, both experimental and clin-
ical research have identified ROS and Nrf2 (nuclear factor erythroid 
2-related factor 2) as important participants in the functional and 
transcriptional regulation of HSC biology and hematopoiesis [85]. HSCs 
are mainly located in the hypoxic niche of the bone marrow and their 
function is modulated by both intrinsic (signaling pathways) and 
extrinsic (multiple, with the most influential derived from the 
micro-environmental niche) factors. ROS can behave as either intrinsic 
(endogenous ROS, mainly derived from oxidative metabolism in mito-
chondria, inflammatory pathways or metabolic processes) or extrinsic 
(external sources) mediators. ROS levels in HSCs contribute to their 
mobilization, migration, proliferation, repopulation potential and dif-
ferentiation, and ROS overload damages DNA and triggers cell cycle 
arrest. In this regard, Nrf2 acts as a master modulator of cellular anti-
oxidant responses, being key in the metabolism of ROS and redox 
modulation of HSCs [85]. Nrf2 is now considered as a master tran-
scription factor in ameliorating lipid peroxidation and ferroptosis 
through its regulation of downstream targets, such as several redox 
enzymes (e.g., glutathione-S-transferases pi-1 and α-1, GSTP1 and 
GSTA1, thioredoxin reductase, TXNRD1, and even GPX4) or, perhaps 
more importantly, by regulating ferritin and FPN. It is also an essential 
transcriptional modulator of anti-ferroptotic genes that play roles in 
mitigating lipid peroxidation and ferroptosis [86,87]. These data pro-
vide a link between iron and ferroptosis with the modulation of oxida-
tive stress and subsequent tissue damage. Notably, inflammation is also 
considered a hallmark of tissue injury. 

3.2.4. Anemia of inflammation 
Among the many debilitating disorders related to iron deficiency, 

anemia of inflammation (AI) (or anemia of chronic disease) is arguably 
the most studied link between iron and inflammation [14,18,57,88–90]. 
AI is an acquired, multifactorial disorder of iron regulation associated 
with prolonged immune activation such as infections, inflammatory 
diseases or malignancies. It is a typically normocytic normochromic 
anemia characterized by macrophage-mediated iron retention due to 
diminished iron export. During inflammation, enhanced levels of serum 
hepcidin are induced through the IL-6/STAT3 (interleukin-6/signal 
transducer and activator of transcription 3) axis, which triggers FPN 
degradation. Cytokines such as IL-1β also participate in this process. 
Inflammation similarly promotes iron-binding proteins including 
haptoglobin, lactoferrin, hemopexin and lipocalin 2, which limit iron 
availability for erythropoiesis, [57,89]. AI is the most common anemia 
in chronically ill and hospitalized patients [14]; however, at the onset of 
inflammation, AI and iron-deficiency anemia can be difficult to differ-
entiate, and the two can also coexist [89]. 
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3.2.5. Anemia, inflammatory diseases, iron levels and hepcidin, and heme 
regulation 

Anemia has also been linked to other inflammatory diseases such as 
inflammatory bowel disease [91–93] (wherein the gut microbiota seems 
to have an important role in the regulation of the hepcidin-FPN axis 
[57]), rheumatic disorders [94], or splenomegaly linked to EMH [95]. In 
addition, inflammatory cytokines and hepcidin, as a master regulator of 
iron homeostasis, block the intestinal absorption of iron and its retention 
by reticuloendothelial cells, leading to iron-restricted erythropoiesis and 
further contributing to AI [14]. Interestingly, hepcidin expression is not 
only regulated by anemia, serum iron levels and erythropoiesis, but also 
by hypoxia, infection and inflammation [90,96]. Hepcidin is closely 
related to inflammatory diseases [15]. Furthermore, heme catabolism is 
also associated with inflammation and its immunomodulation, and ap-
pears to have a leading regulatory function in various physio- and 
pathological processes, particularly cell protection and apoptosis. 
Among these intricate mechanisms, heme oxygenase 1 (HO-1) is 
prominent, as it can catabolize free heme into Fe2+, CO and bili-
verdin/bilirubin [97]. 

3.3. Iron, ferroptosis and EMH 

3.3.1. Ferritinophagy 
Several recent reviews have updated the molecular mechanisms 

associated with ferroptosis and their potential therapeutic control [19, 
31,98,99]. As an example of these pathways, ferritinophagy is known to 
induce ferroptosis by triggering iron overload following ferritin degra-
dation. Excess Fe2+ promotes the peroxidation of lipids, favoring plasma 
membrane damage and further ferroptotic cell death. Indeed, it is 
thought that ferritinophagy may directly impact the activity and func-
tion of metabolic enzymes that contain Fe2+, such as phenylalanine 
hydroxylase, by delivering Fe2+ to the cytoplasm. Accordingly, the in-
hibition of this specific type of autophagy may help to mitigate meta-
bolic and inflammatory diseases whose underlying cause is ferroptosis 
[19,100,101]. 

3.3.2. Iron and EMH 
Despite their obvious connection and the many pieces of evidence 

outlined in previous sections, there are scarcely any studies that link iron 
with EMH. For example, it is known that the absence of cardiac iron 
correlates with EMH in patients with thalassemia who have been poly-
transfused [47]. In this study, patients with EMH were all splenectom-
ized and presented higher concentrations of the soluble form of the 
transferrin receptor and a higher nucleated RBC count. In addition, the 
patients had a lower transfusional iron intake and an elevated hemo-
globin level after transfusion [44]. Most of them were highly predis-
posed to thrombotic events. With regard to the improved red blood cell 
counts mentioned above, it has been shown that GPX4 and vitamin E 
indirectly regulate stress erythropoiesis, iron biology, and reticulocyte 
maturation. Indeed, deficiency of Gpx4 in murine hematopoietic cells 
triggers iron excess in the bloodstream [58]. 

3.3.2.1. Iron-EMH-macrophage axis: a ferroptosis perspective. As we 
briefly mentioned earlier, macrophages perform essential immune- 
metabolic functions and also regulate iron flow, and so their involve-
ment in ferroptosis (and EMH) is fundamental. Macrophages are known 
to maintain a very close relationship with erythroid cells from their 
origin until their death. Erythrocyte development is favored by a 
specialized subclass of macrophages (the nurse macrophages), mainly 
under stressful settings, and they are also responsible for their own 
destruction when senescent and for iron recycling to maintain erythro-
poiesis [102]. Indeed, heme per se can stimulate the differentiation of 
monocytes into iron-recycling macrophages by activating the 
heme-binding transcriptional repressor BACH1 (Btb and Cnc homology 
1). This, in turn, induces a specific cell differentiation program through 

the transcription factor SPI-C [57,103]. As an example of the role of 
macrophages in iron-related cell death, recent evidence has indicated 
that differential activation signals in macrophages establish sensitivity 
to lipid peroxidation process and ferroptosis [104]. We also recently 
described an important link between iron, ferroptosis and macrophage 
regulation dependent on NOD1 activation [52,53,105,106]. In this work 
it is shown that under hypercholesterolemic and athero-prone condi-
tions in mice, the spleen shows elevated counts of macrophages in the 
absence of NOD1, while iron levels in this tissue are decreased [49]. In 
addition, in these mice, splenic mRNA levels of iron-related genes such 
as Slc40a1 (which encodes for ferroportin 1, FPN1), Spic and Slc7a11 are 
enhanced [52,53]. Interestingly, Gpx4 levels increase upon NOD1 acti-
vation, pointing to a protective role of this immune receptor against 
ferroptosis in the spleen [52]. These findings allow us to suggest that 
ferroptosis is closely related to EMH despite the paucity of studies 
directly linking the two concepts. As we will discuss in the next section, 
more research in this field would add clarity and might inform new 
clinical practice treatments. 

4. Ferroptosis and inflammation: benefits from their association 
with EMH and novel strategies to combat important diseases 

Ferroptosis is pro-inflammatory due to its immunogenicity, as it 
triggers the release of different damage-associated molecular patterns, 
such as high-mobility group box 1 and lipid metabolites, which function 
to modulate immune response but ultimately induce a type of immu-
nogenic cell death. As an example, ferroptosis-derived immunogenicity 
plays an important role in inflammation following ischemia-reperfusion 
injury [107,108]. Not surprisingly, agents that inhibit ferroptosis have 
been shown to have anti-inflammatory activity in several diseases [108]. 

The new field of ferroptosis and inflammation has been studied in 
depth in recent years [26,32,38]. Ferroptotic cell death has been 
described at sites of inflammation in different severe disorders, 
including inflammatory bowel disease and acute pancreatitis. This is 
based on the concurrence of lipid peroxidation metabolites (e.g., 
malondialdehyde) and gene expression profiles associated with ferrop-
tosis [26]. Both deficient or excessive ferroptotic cell death contributes 
to a wide range of physio- and pathological mechanisms and are linked 
to impaired immune responses [26]. Ferroptosis-specific necrotic 
signaling pathways produce harmful factors that dysregulate the im-
mune system by activating immune cells. Subcellular structures such as 
destructive peroxisomes or ruptured mitochondria are also upregulated 
under these conditions [38]. 

Ferroptosis is directly and closely associated with the biological 
processes of relevant diseases as varied as kidney injury, cancer, nervous 
system dysfunctions, or blood-related pathologies [40]. In the latter 
case, ferroptosis is considered a novel key regulator of blood cells and 
their differential functions, including neutrophils, T-cells, B-cells, or 
platelets [109]. 

Of note, most of the aforementioned diseases are also related to in-
flammatory processes involving the recruitment of myeloid cells and the 
release of chemoattractants and inflammatory cytokines. Because of 
this, specific approaches that focus on regulating ferroptotic cell death 
might be promising tools in many areas of precision medicine, as 
described below. 

4.1. Ferroptosis, metabolic syndrome and diabetes 

Of all the metabolic diseases, patients with diabetes might derive the 
most benefit from the study of ferroptosis regulation [110–115]. Hy-
perglycemia and insufficient endogenous insulin (or its misuse) are the 
main characteristics of diabetes, and several mechanisms linked to fer-
roptosis have been studied in the development of diabetic disease. For 
example, ferroptotic cell death contributes to impaired 
glucose-stimulated insulin secretion and pancreatic damage induced by 
arsenic [116]. 
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Diabetic complications like myocardial ischemia or diabetic cardio-
myopathy are also worsened with ferroptosis [111,114]. Indeed, recent 
evidence correlates poor wound healing, involving oxidative stress and 
inflammation at the wound site, with ferroptosis. Specifically, fibro-
blasts and vascular endothelial cells exhibited altered survival and 
migration under these conditions of diabetic ferroptosis [110]. 

Other studies again link oxidative stress, Nrf2 and HO-1 in the setting 
of hyperglycemia with ferroptosis [113,115], and a mitochondrial 
regulation of ferroptosis has also been proposed [117]. Ferroptosis is 
also considered an important player in other metabolic diseases [118]. 
Ferroptosis-regulating molecules participate in complex metabolic net-
works that modulate, for instance, cysteine use, GSH status, nicotin-
amide adenine dinucleotide phosphate function, lipid peroxidation, or 
iron homeostasis, which all of contribute to human health or disease 
when impaired [119]. As an example, enhanced levels of hepcidin, iron 
and ferroptosis are all well-known markers of obesity, in addition to 
chronic and systemic low-grade inflammation [7]. 

4.2. Ferroptosis, cardiovascular diseases and atherosclerosis 

Cardiovascular diseases, including ischemic heart disease, stroke and 
atherosclerosis, are the leading cause of mortality and morbidity 
worldwide [120,121]. The relationship between cardiovascular diseases 
and ferroptosis has been extensively studied in recent years because of 
its potential therapeutic applications [32,46,122–128]. Myocardial 
infarction, heart failure, cardiomyopathy, ischemia/reperfusion injury 
and atherosclerosis are all tightly related to iron-dependent cell death. 
As an example, cardiac mTOR inhibits ferroptosis and ROS release in the 
setting of myocardial infarction, whereas its deficiency triggers 
iron-induced cell death. Indeed, ferroptosis was found in the infarcted 
myocardium and cardiomyocytes after hypoxic injury. However, both 
iron overload and iron deficiency are related to heart failure and car-
diomyocyte function [124,126,127,129]. Another recent study found a 
direct relationship between ferritinophagy-derived iron and car-
diomyocyte death and heart failure induction [130]. 

In the setting of atherosclerosis, which is profoundly influenced by 
lipid homeostasis and peroxidation, GPX4 overexpression was shown to 
alleviate aortic atheroma lesions in an Apoe-/- mouse model [131]. Other 
studies have examined the link between atherosclerosis and ferroptosis, 
involving oxLDL, NOD1 and enzymes such as cyclooxygenase 2 and or 
ACSL4 (acyl-CoA synthetase long-chain family member 4), among 
others [52,132]. Ferroptosis also affects other atherosclerosis-related 
cells such as vascular endothelial cells, macrophages and vascular 
smooth muscle cells [122,124,128,133]. Accordingly, targeting ferrop-
tosis emerges as promising approach to treat or prevent cardiovascular 
diseases. 

Accumulating evidence suggests that iron chelators, ferroptosis in-
hibitors, genetic manipulations and antioxidant molecules can be used 
to block ferroptosis and alleviate vascular and myocardial injury. For 
instance, deferoxamine is an approved very high-affinity iron chelator 
with cardioprotective properties that can protect against ferroptotic cell 
death. In addition, dexrazoxane is the only FDA-approved iron-chelator 
drug, and it also shows cardioprotective benefits and ferroptosis inhi-
bition characteristics in animal models of doxorubicin-induced cardio-
myopathy [32,123,125]. 

4.3. Ferroptosis and other inflammatory diseases 

Inflammatory diseases can occur in almost all human tissues and 
organs including the liver, lungs and heart [134], and ferroptotic cell 
death has been reported in these different anatomical sites (Fig. 2). 

Ferroptosis has been studied in severe liver inflammatory diseases 
[20,135,136], including nonalcoholic steatohepatitis [137–139] and 
fibrosis [140,141]. These important discoveries have opened up new 
research fields on potential pharmacological strategies, such as studies 
using the anti-malarial drug artesunate to ameliorate liver fibrosis 

through its modulation of ferroptosis [21,30]. 
Beyond the liver, ferroptosis is also being studied in kidney disorders 

(mainly involving ROS-dependent mechanisms, lipid accumulation and 
subsequent ferroptotic cell death leading to kidney injury [142–144]), 
lung dysfunction, where oxidative stress and uncontrolled inflammatory 
responses can occur after sepsis, injury, smoking or toxic gas inhalation, 
among others [145–147]), and blood cell-related diseases, as ferroptosis 
influences the function of blood cells and ferroptosis impairment affects 
erythropoiesis and the development of erythrocytes, causing anemia. 

Ferroptosis also contributes to neutrophil recruitment, formation of 
neutrophil extracellular traps, B-cell differentiation and antibody re-
sponses, T-cell polarization and function [109]), and nervous system 
and neurological diseases. Indeed, ferroptosis has been studied as a key 
mechanism of cell death in intracerebral hemorrhage, stroke, acute 
brain injuries and degenerative brain dysfunctions [148,149]. In the 
latter case, several features of Parkinson’s disease are similar to fer-
roptosis processes, including iron accumulation, lipid peroxidation, 
oxidative stress and damage [150,151]. 

In addition, it should be noted that both hematopoiesis (classical or 
extramedullary), and the functions exerted by hematopoietic cells and 
derived leukocytes are essential regarding the generation, regulation, 
protection and regeneration of these organs (liver, kidney, brain, etc.) 
[152–154], reinforcing the suggested ferroptosis-hematopoiesis 
interplay. 

4.4. Ferroptosis and cancer 

Cancers present with a high inflammatory component, but beyond 
inflammation, ferroptosis mechanisms play crucial roles in their biology 
[136]. A new compound, erastin, was discovered in 2003, presenting a 
lethal and selective effect on RAS-expressing cancer cells [40]. Addi-
tionally, later studies showed that iron-chelating molecules inhibited 
this new type of cell death, thus linking it to iron regulation, and to 
cancer biology [155]. In this line, a new compound called RSL3 
(RAS-selective lethal 3) was further found to trigger iron-dependent cell 
death [40]. Cancer cells need significantly more iron to survive than 
normal cells and, accordingly, they are more susceptible to 
iron-dependent cell death. This holds promise for new therapies, as 
targeting ferroptosis arises as a valuable molecular strategy to fight 
therapy-resistant cancers [37,156]. 

Ferroptosis is garnering more attention in oncological research and it 
has been investigated in many types of cancer, including colorectal, 
breast, lung, and pancreatic cancer, and also metastasis [37,157–161]. 
Given the breadth of recent studies in this field and the different 
metabolic pathways involved, such as PI3K-AKT-mTOR signaling [162, 

Fig. 2. Inflammation, tissue dysfunction and ferroptosis. Relationship be-
tween ferroptosis, inflammatory processes and tissue damage. Interestingly, the 
same organs are also studied (but independently) in the context of cancer and 
ferroptosis. 
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163], we will only cite some examples of interest (Fig. 3). 
For lung tumors, ferroptosis has become a novel target with prom-

ising clinical potential. Lung cancer patient samples (serum, bron-
choalveolar lavage fluid and exhaled air condensate) show elevated 
ferritin levels, and TFR1 is highly expressed in most non-small-cell lung 
cancers, suggesting enhanced iron intake by lung cancer cells. Indeed, 
ferroptosis and lung cancer cells are connected by signaling pathways 
and molecules as varied as lymphoid-specific helicase (LSH), NFS1 
(mitochondrial cysteine desulfurase) enzyme, long noncoding RNAs, 
Nrf2/HO-1, serine/threonine tyrosine kinase 1/novel oncogene with 
kinase domain (STYK1/NOK), ferroptosis suppressor protein 1 (FSP1) or 
p53 [77,156,164–167]. 

As a key protein in stress and cancer regulation, p53 has been studied 
in the context of ferroptosis. Protein polymorphisms in p53 are known to 
affect the response to cell fate [148]. The so-called cancer-related p53 
has been further investigated in other tissues where ferroptosis has been 
demonstrated to have preeminent roles, such as the liver [168]. These 
findings contribute to the establishment of novel tumor prognostic or 
therapeutic modalities and different strategies [37,169]. For instance, 
manipulation of tumor-associated macrophages to a 
ferroptosis-enhanced state endows potent tumoricidal activity [170]. 
Novel combination therapies along these lines include the use of both 
ferroptosis and immune-based strategies, such as myeloid-derived sup-
pressor cells, again pointing to the importance of studying the links 
between ferroptosis and hematopoiesis [37,169]. Table 1 summarizes 
ferroptotic processes linking cancer and hematopoiesis. It is known that 
molecules such as erastin, and the more recently discovered RSL3, 
trigger RAS activation, which has been widely studied in cancer 
research. Interestingly, the oncogenic RAS pathway, which is involved 
in iron metabolism, and the activation of ferroptotic responses remains 
an open issue depending on the involvement of other molecules such as 
TFR1, ROS synthesis, and activation of the MAPK and PI3K/Rac1 
signaling [171], as shown in Table I. Notably, the indicated pathways 
are also closely related to the hematopoietic process. For instance, TFRC 
is a relevant protein in hematopoiesis by binding diferric transferrin and 
providing iron to cells. Moreover, the MAPK, PI3K/AKT and RAS/-
Raf/MEK/ERK signal transduction pathways are imperative for the 
transmission of signals from plasma membrane receptors to downstream 
targets, leading to the modulation of essential cellular processes such as 
cell growth, differentiation, gene expression and apoptosis. This also 
occurs in hematopoietic cells, in which MAPK signaling cascades are key 
for their regulation. Additionally, cysteine depletion, considered as a 

potential therapeutic approach in cancer, has also been associated with 
MAPK pathways, heme biosynthesis, iron-sulfur cluster generation, 
regulation of central carbon metabolism, and in the increase of intra-
cellular metabolites such as taurine and coenzyme A. 

Interestingly, ferroptosis is also dependent on cell density and 
confluence through the tumor suppressor Hippo-YAP/TAZ pathway 
(controlled by TAZ activity), a process linked to the progression of 
several cancer types [172]. This pathway also promotes ferroptosis, via 
the E3 Ligase SKP2 in a YAP-dependent manner [173]. Both pathways 
are required for the normal division and fate of hematopoietic cells, 
connecting ferroptosis with Hippo signaling and basic physiological 
processes such as cell proliferation, survival and differentiation. 

It is well known that elevated GSH levels suppress ferroptosis; 
however, the regulation of the intracellular content of GSH and how it 
modifies ferroptosis sensitivity remains an open issue [41,174–176]. 
Inhibition of the multidrug resistance-associated protein 1 (MRP1), 
encoded by the ABCC1 gene in humans and important in the establish-
ment of therapeutic resistance mechanisms in tumor cells, prevents GSH 
efflux, thereby, protecting against ferroptosis. In this context, other 
GSH-dependent enzymes are important in the control of hematopoiesis. 
A good example is the microsomal glutathione-transferase 1 (MGST1) 
which inhibits ferroptosis via the Nrf2 pathway and is required for he-
matopoiesis [177]. In the same category of ferroptosis-regulating mol-
ecules, inhibitors of GPX4 or SLC7A11 cystine-glutamate 
antiporter/system Xc- promote ferroptosis and play a role in cancer 
through enhanced lipid peroxidation [162]. They trigger ferroptosis 
induction but also contribute to the fate of hematopoietic stem and 
progenitor cells [87,178]. 

Conditions associated with DNA damage, such as ionizing radiation 
or the pathways regulated by the ATM (ataxia-telangiectasia mutated)/ 

Fig. 3. Ferroptosis: at the forefront of cancer research. Impairment in 
programmed cell death pathways, such as apoptosis, necroptosis, autophagy- 
dependent cell death or pyroptosis, can trigger physiological dysfunction. 
This fact can be translated into the biology and regulationof cancer cells, which 
require high levels of iron to survive and, therefore, are susceptible to ferrop-
totic cell death. This involves several mechanisms (described in Table 1). The 
tendency for ferroptosis in tumor cells can be used to develop targeted treat-
ments to combat resistant cancers. 

Table 1 
Proposed models for ferroptotic responses associated with cancer and linked to 
hematopoiesis.  

Cause/triggering stimuli Mechanisms References 

RAS signaling induced by 
molecules such as erastin or 
RSL3 (RAS-selective lethal 
3) 

↑TFR1 (transferrin receptor 1) 
↑Intracellular iron 

[55,60, 
189] 

ROS and p38-MAPK-dependent 
oxidative response 
NOXs (NADPH oxidases) 
PI3K/Rac1 (phosphoinositide 3- 
kinase/ RAS-related C3 botulinum 
toxin substrate 1) 
RAS-Raf-MEK-ERK pathway 

[190–193] 

Cystine/cysteine deprivation MAPK pathways, 
iron sulfur cluster generation, 
heme biosynthesis, 
central carbon metabolism, 
production of several 
intracellular metabolites (i.e., 
taurine and CoA) 

[190, 
194–196] 

Hippo signaling pathway YAP/TAZ (yes-associated protein 
1/ transcription adaptor putative 
zinc finger) 

[197–199] 

Multidrug resistance- 
associated protein 1 
(MRP1) 

Disturbance in glutathione efflux [58,177, 
200] 

Ionizing radiation (IR), ATM 
(ataxia-telangiectasia 
mutated)/ATR (ATM and 
Rad3-related), and tumor 
suppressor p53 

DNA damage response [179–181] 

Ferroptosis-inducing 
molecules (e.g., artesunate) 

Such as GPX4 (glutathione 
peroxidase 4) and/or the amino 
acid antiporter SLC7A11/System 
Xc- (cystine-glutamate solute 
carrier family 7 member 11/ 
System Xc-) inhibitors 
Ferroptosis and iron- and ROS- 
dependent manner 

[162,175, 
182] 
[21,59,63, 
183] 

bold terms are also linked to hematopoiesis 
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ATR (ATM and Rad3-related), or the tumor suppressor p53, in addition 
to regulating ferroptosis in cancer are associated with DNA-damage 
responses in hematopoietic stem cells, being involved in normal hema-
topoiesis but also in the development of different malignancies 
[179–181]. Finally, alterations in intracellular ROS have been identified 
in hematopoietic progenitors of patients with myelodysplastic syn-
drome, establishing an association with iron overload and blast count 
[21,59,63,162,175,182,183]. 

5. Conclusions, facts and open questions 

5.1. Conclusions 

The above evidence points to ferroptosis regulation as an unexplored 
therapeutic avenue. Not only may iron chelators, ferroptosis inhibitors, 
or antioxidant molecules [32,37,123,125,156,169] help to fight human 
diseases such as cardiovascular diseases or cancer, but also other 
ferroptosis-related responses. With this aim, it is essential to understand 
the links between iron-related cell death and the target disease [184, 
185]. As an example, a recent study demonstrated that the regulation of 
heat stress combined with the use of iron oxide nanoparticles destroy 
tumor homeostasis, determining the cell fate to ferroptosis in cancer 
therapy [186]. In addition, inhibition of ferroptosis-dependent genes 
may promote iron-dependent cell death in other clinical interventions 
[174]. Undoubtedly, the modulation of iron and ferroptosis-regulatory 
proteins represents an interesting milestone in many biomedical 
research fields [187,188]. Additional focus on iron-related inflamma-
tory and hematopoietic processes promises further successful thera-
peutic strategies [47,126]. Research into these complex connections will 
be needed to establish the role of iron and the subsequent iron-derived 
metabolism (including ferroptotic pathways) under clinical contexts. 
We suggest that the hematopoietic-inflammation-iron metabolism axis 
is a promising hub for future ferroptosis research. A better under-
standing of these biological and metabolic scenarios should lead to 
effective preventive and therapeutic opportunities for human diseases. 

5.2. Facts  

• Iron homeostasis is tightly regulated to prevent harmful effects on 
organs due to iron overdose or deficiency.  

• While iron deficiency can be controlled via oral supplements to 
prevent anemia, the deleterious effects of excess iron remain an open 
field of research.  

• Ferroptosis, a form of non-apoptotic cell death, occurs after iron 
accumulation and induction of lipid peroxidation.  

• Extramedullary hematopoiesis depends on the bioavailability of iron 
and is involved in the outcome of several inflammatory diseases. 

5.3. Open questions 

• What are the molecular links involved in the control of extra-
medullary hematopoiesis associated with altered iron 
bioavailability?  

• Is there a connection between iron homeostasis and extramedullary 
hematopoiesis?  

• Is it possible to identify biomarkers associated with the prevention of 
ferroptosis in patients with metabolic syndrome, diabetes or iron- 
overload cardiomyopathy?  

• Is it possible to introduce ferroptosis-specific cell death strategies to 
eradicate cancer cells? 
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Contribution of extramedullary hematopoiesis to atherosclerosis, spleen a Negl. 
Hub. Inflamm. Cells Front. Immunol. 11 (2020), 586527, https://doi.org/ 
10.3389/fimmu.2020.586527. 

[46] H. Wu, Y. Wang, L. Tong, H. Yan, Z. Sun, Global research trends of ferroptosis: a 
rapidly evolving field with enormous potential, Front Cell Dev. Biol. 9 (2021), 
646311, https://doi.org/10.3389/fcell.2021.646311. 

[47] P. Ricchi, M. Ammirabile, A. Spasiano, S. Costantini, T. Di Matola, A. Pepe, 
P. Cinque, L. Pagano, M. Casale, A. Filosa, L. Prossomariti, Extramedullary 
haematopoiesis correlates with genotype and absence of cardiac iron overload in 
polytransfused adults with thalassaemia, Blood Transfus. 12 (Suppl 1) (2014) 
s124–s130, https://doi.org/10.2450/2013.0287-12. 

[48] C.H. Kim, Homeostatic and pathogenic extramedullary hematopoiesis, J. Blood 
Med. 1 (2010) 13–19, https://doi.org/10.2147/JBM.S7224. 

[49] J.L. Johns, M.M. Christopher, Extramedullary hematopoiesis: a new look at the 
underlying stem cell niche, theories of development, and occurrence in animals, 
Vet. Pathol. 49 (2012) 508–523, https://doi.org/10.1177/0300985811432344. 

[50] K.V. Kowdley, E.M. Gochanour, V. Sundaram, R.A. Shah, P. Handa, Hepcidin 
signaling in health and disease: ironing out the details, Hepatol. Commun. 5 
(2021) 723–735, https://doi.org/10.1002/hep4.1717. 

[51] X. Yang, D. Chen, H. Long, B. Zhu, The mechanisms of pathological 
extramedullary hematopoiesis in diseases, Cell. Mol. Life Sci. 77 (2020) 
2723–2738, https://doi.org/10.1007/s00018-020-03450-w. 
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Abstract: Imaging techniques are essential in the evaluation of atherogenic 

lesions. Adverse continuous remodeling of the plaque, including proinflammatory 

leukocytes recruitment, leads to unstable lesions and further fatal 

atherothrombotic events. Molecular imaging has emerged to study the pattern of 

atherogenic nucleus cells. Stable plaques are enriched in necrotic lipid-laden cells 

able to alter the blood flow. Nevertheless, the mobilization of immune cells 

contributes to active inflammatory response. Monocytes and macrophages 

remodelate the atheromata, which can become destabilized. The remodeling 

capacity depends on their pro-inflammatory signature. The discrimination 

between pro-inflammatory (M1 macrophages) or anti-inflammatory/pro-

resolving macrophages (M2) is of relevance. Demirdelen et al. used 11C-acetate-

PET based imaging to discern the profile of the atherogenic cells. M2 

macrophages, rather than pro-inflammatory M1, efficiently incorporate acetate 

(11C-acetate and 14C-acetate) due to they retain a significant activity in the TCA 

(tricarboxylic acid) cycle and use less acetate for other purposes. They fuel acetate 

through the lipogenic pathway and present increased mitochondrial biogenesis. 

Hence, determination of acetate in the serum, interventions on the colonic 

microbiota and combination with additional tracers can be additional strategies to 

improve the quality of the 11C-acetate PET/CT imaging of atherogenic lesions [27]. 
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and revised the manuscript. 
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The use of 11C-acetate as a PET/CT tracer for atherosclerotic lesions preferentially labels anti-
inflammatory/pro-resolution intra-plaque macrophages. An overview of the mechanisms
involved in the selective uptake.

See related article, https://doi.org/10.10
07/s12350-020-02479-5.

One of the areas of current interest in the field of

evaluation of atherogenic lesions is the use of imaging

techniques, in an attempt to determine both the size of

the atheromatous plaque and the information related to

its stability.1-3 Indeed, unstable atheromatous lesions are

the result of continuous adverse remodeling of the pla-

que, generally associated with a recruitment of pro-

inflammatory immune cells. These complex mecha-

nisms ends up generating serious atherothrombotic

events, such as stroke or transient ischemic attacks. In

fact, the serum biomarkers commonly used to determine

atherogenic plaques at risk are quite limited and their

predictive capacity is modest. Many of the severe

atherothrombotic accidents are due to non-culprit major

adverse cardiovascular events.4,5 For this reason,

molecular imaging approaches are of the outmost

importance to establish the characteristics of the cells

that make up the atherogenic nucleus: On the one hand,

stable plaques constitute a relatively low-risk situation

facing atheroma rupture. These plaques usually have a

nucleus with a high content of necrotic cells, loaded with

lipids, whose main adverse consequence is to alter the

laminar regimen in the blood flow circulation. However,

there are recurrent events that involve the entry of

immunocompetent cells into the cap, which contribute to

the generation of an active intraplaque inflammatory

response. These cells, including mono-

cytes/macrophages, can express extracellular matrix

metalloproteinases, leading to remodeling of the

atherosclerotic lesion. In some cases, the consequence of

this remodeling is that the plaque becomes destabilized,

anticipating the appearance of atherothrombotic events,

the severity of which will depend on the size of the

atheroma released and its location. Since this proteolytic

remodeling capacity depends mainly on the pro-inflam-

matory nature of macrophages, the discrimination

between pro-inflammatory (generally simplified as M1

macrophages) vs. anti-inflammatory/pro-resolving mac-

rophages (M2 subtypes macrophages) within the

atheromatous plaque is of relevance.6-8 Interestingly,

heterogeneity between these different macrophage phe-

notypes coexists in the atherogenic lesion.9,10 Here, in

the work by Demirdelen et al. 11 the authors have used
11C-acetate-PET based imaging to assess the nature and

profile of the cells present in atherosclerotic lesions. The

group used an ApoE-deficient mice model of advanced

atherogenesis, after feeding a western-type diet for 33

weeks. Under these conditions, the main active athero-

matous lesions are located in the brachiocephalic

arteries, an anatomical region reminiscent of the

advanced human atherogenesis. In this model, the

authors demonstrate, using both in vivo and ex vivo
experiments that M2 polarized macrophages, rather than

pro-inflammatory M1 macrophages, efficiently incorpo-

rate acetate (both 11C-acetate in PET imaging, and 14C-

acetate in metabolic studies). Other cells present in the
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atheroma, such as vascular smooth muscle cells, con-

tribute minimally to acetate uptake. According to their

data, this is because M2 macrophages retain a significant

activity in the TCA cycle, fueling acetate through the

lipogenic pathway, as well as showing an enhanced

mitochondrial biogenesis (favored by acetate itself). The

use of acetate as a tracer in PET and MRI studies has

been previously described.2,12 In addition, as mentioned

by the authors, 11C-acetate PET/CT imaging offers

significant advantages over the poor resolution of FDG

techniques when imaging atherogenesis. For this reason,

other alternatives have been envisaged, including more

efficient substrates to be used by macrophages, such as
18F-2-deoxy-manose,13 or increasing the glycolytic flux

of the atherogenic macrophages after priming with

various cytokines, like GM-CSF or G-CSF.14,15

The uptake, biosynthesis and metabolism of acetate

by mammalian cells is a topic of current interest.

Recently, a de novo pathway of acetate biosynthesis

from pyruvate has been described, in addition to the

classic origin from ethanol or from the colonic fer-

mentation by the microbiota.16,17 Indeed, acetate has

been identified as an appetite suppressant in the central

nervous system.17 In macrophages, acetate is metabo-

lized mainly by Acetyl-CoA synthetase (ACS), an

enzyme highly expressed in M1 macrophages and less in

M2 cells. This enzyme is required for the synthesis of

acetyl-CoA in the cytoplasm (Figure 1). Moreover,

acetate is used as a precursor for several post-

translational modifications, such as histone acetylation,

which is associated in macrophages to the transcriptional

control under pro-inflammatory conditions.16,18,19 This

is probably the reason why ACS is very active on M1

macrophages. Another question of interest, but not

addressed in this work, is related to the potential

mechanism of acetate import into the mitochondria. This

is a matter of debate, as anions cannot cross the mito-

chondrial membrane unless they are associated with

counter ions that reduce the charge of the molecule. It is

supposed that acetate follows the classical way of

importing carboxylic acids into the mitochondria.

However, due to the kinetics in acetate uptake observed

by the authors in M2 macrophages cultured ex vivo, it is

suggested that the enhanced mitochondrial biogenesis is

involved in this increased incorporation of acetate.

Now, the question is why do atherogenic M2 mac-

rophages incorporate 11C-acetate more significantly than

M1? As mentioned above, acetate is widely used by M1

macrophages, probably coming from the de novo path-

way from pyruvate. These M1 cells are highly glycolytic

and have a reduced capacity to use pyruvate via the

mitochondrial TCA cycle and the oxidative phosphory-

lation in order to produce ATP (OXPHOS pathway).

This is due to the low activity of pyruvate dehydroge-

nase.6,20 Since LDH is a very abundant enzyme, the

catalyzed reaction will be in chemical equilibrium. This

means that both the NAD/NADH and lactate/pyruvate

ratios are in equilibrium, forcing lactate to be exported

to the extracellular environment via the MCT4 trans-

porter (monocarboxylate transporter 4; encoded by the

Slc16a gene). This protein is also highly expressed in

M1 macrophages.7 Indeed, the use of inhibitors for this

transporter in oncology is under clinical trials. Under

these conditions, exogenous labeled acetate (for PET/CT

or MRI detection) competes with the transport of other

monocaboxylates (i.e., lactate and pyruvate that accu-

mulate in the extracellular medium), but also with the

flow of pyruvate to acetate, thus reducing the specific

activity of the label of acetate. Therefore, M2 macro-

phages, despite producing and consuming less acetate,

are more efficient in incorporating the labeled acetate.

However, since acetate can be produced by variable

sources (Figure 1), in addition to the pyruvate-dependent

pathway, there is the possibility that the intensity of the

labeling of atheromatous lesions varies according to the

isotopic dilution. Hence, determination of acetate in the

serum, interventions on the colonic microbiota to reduce

acetate production, and/or the possible combination with

additional tracers (i.e., FDG) cannot be disregarded as

additional strategies to improve the quality of the 11C-

acetate PET/CT imaging of atherogenic lesions.

Figure 1. Acetate uptake, biosynthesis and metabolism in
macrophages. Acetate can be incorporated in macrophages
through specific monocarboxylate transporters. In addition to
this, acetate can be produced de novo, from pyruvate. The
main enzyme involved in acetate metabolism is Acetyl-CoA
synthetase, whose transcription is enhanced in pro-inflamma-
tory M1 macrophages. Intracellular acetate levels are essential
for post-translational modifications of proteins, in particular
for histone acetylation. PDH: pyruvate dehydrogenase; MCT4:
monocarboxylate transporter 4; M1 (red symbols): pro-inflam-
matory macrophages; M2 (blue symbols): anti-inflammatory/
pro-resolution macrophages.
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Deletion or inhibition of NOD1 favors plaque stability and 
attenuates atherothrombosis in advanced atherogenesis 
 
Abstract: Atherothrombosis, the main cause of acute coronary syndromes (ACS), 

is characterized by the rupture of the atherosclerotic plaque followed by the 

formation of thrombi. Fatal plaque rupture sites show large necrotic cores 

combined with high levels of inflammation and thin layers of collagen. Plaque 

necrosis due to the death of macrophages and smooth muscle cells (SMC) remains 

critical in the process. To determine the contribution of the innate immunity 

receptor NOD1 to the stability of atherosclerotic plaque, Apoe-/- and Apoe-/- Nod1 

-/- atherosclerosis-prone mice were placed on a high-fat diet for 16 weeks to assess 

post-mortem advanced atherosclerosis in the aortic sinus. The proliferation and 

apoptosis activity were analyzed, as well as the foam cell formation capacity in 

these lesions and primary cultures of macrophages and vascular SMCs obtained 

from both groups of mice. Here we reinforce the preeminent role of NOD1 in 

human atherosclerosis. Advanced plaque analysis in the Apoe-/- atherosclerosis 

model suggests that NOD1 deficiency may decrease the risk of atherothrombosis 

by decreasing leukocyte infiltration and reducing macrophage apoptosis. 

Furthermore, Nod1-/- SMCs exhibit higher proliferation rates and decreased 

apoptotic activity, contributing to thicker fibrous caps with reduced content of 

pro-thrombotic collagen. These findings demonstrate a direct link between NOD1 

and plaque vulnerability through effects on both macrophages and SMCs, 

suggesting promising insights for early detection of biomarkers for treating 

patients before ACS occurs [28]. 

 

Original contribution from the doctoral student: V.F.-G. performed experiments, 

analyzed data, designed the graphical abstract and revised the manuscript. 
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Abstract: Atherothrombosis, the main cause of acute coronary syndromes (ACS), is characterized
by the rupture of the atherosclerotic plaque followed by the formation of thrombi. Fatal plaque
rupture sites show large necrotic cores combined with high levels of inflammation and thin layers
of collagen. Plaque necrosis due to the death of macrophages and smooth muscle cells (SMCs)
remains critical in the process. To determine the contribution of the innate immunity receptor NOD1
to the stability of atherosclerotic plaque, Apoe−/− and Apoe−/− Nod1−/− atherosclerosis prone mice
were placed on a high-fat diet for 16 weeks to assess post-mortem advanced atherosclerosis in
the aortic sinus. The proliferation and apoptosis activity were analyzed, as well as the foam cell
formation capacity in these lesions and in primary cultures of macrophages and vascular SMCs
obtained from both groups of mice. Our results reinforce the preeminent role for NOD1 in human
atherosclerosis. Advanced plaque analysis in the Apoe−/− atherosclerosis model suggests that NOD1
deficiency may decrease the risk of atherothrombosis by decreasing leukocyte infiltration and reducing
macrophage apoptosis. Furthermore, Nod1−/− SMCs exhibit higher proliferation rates and decreased
apoptotic activity, contributing to thicker fibrous caps with reduced content of pro-thrombotic collagen.
These findings demonstrate a direct link between NOD1 and plaque vulnerability through effects on
both macrophages and SMCs, suggesting promising insights for early detection of biomarkers for
treating patients before ACS occurs.

Keywords: coronary disease; atherothrombosis; vulnerable plaque; innate immunity; pattern
recognition receptors
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1. Introduction

According to the World Health Organization, acute coronary syndromes (ACS) are the leading
cause of morbidity and mortality in Western society. Rupture of the atheroma underlies most of the
thrombotic events that manifest clinically as coronary artery disease, stroke, transient ischemic attack,
and peripheral arterial disease [1–3]. Acute coronary events mediated by thrombi depend mainly on the
composition and vulnerability of the plaque. The trapping of cholesterol-loaded foam cells [4] causes
thinning of the fibrous cap (FC) and expansion of the necrotic core (NC), as a result of the combination
of vascular smooth muscle cells (SMC) and macrophages proliferation and excessive cell death [5,6].
In combination with degradation of the extracellular matrix by proteases released from apoptotic
foam cells, the FC is destabilized, leading to its breakdown or erosion, and subsequent exposure
to the bloodstream of NC content. As a result, platelets and fibrin aggregate to form a thrombus
resulting in partial or total ischemic blockage of the artery [7,8]. Therefore, the clinical atherosclerotic
lesion is essentially an unresolved inflammatory condition leading to a vulnerable plaque [9,10].
Notably, atherosclerosis is strongly associated with systemic risk factors (e.g., high LDL, infections,
diabetes) where the cellular components of the innate immune system are relevant. In this regard,
the nucleotide-binding oligomerization domain (NOD)-1 receptor of the innate immune system appears
to play a key role. Our group has recently identified endothelial NOD1 as proatherogenic in response to
oxLDL and a conserved region of bacterial peptidoglycan iE-DAP (γ-D-glutamyl-meso-diaminopimelic
acid) [9]. The downstream interaction of NOD1 with receptor-interacting protein-2 (RIP2 or RICK)
activates the canonical nuclear factor kappa B (NF-κB) signaling pathway [11] that upregulates the
expression of adhesion molecules of endothelial cells and the concomitant recruitment of monocytes
and neutrophils to the vasculature.

Although interest in the study of NOD1 in cardiovascular diseases has increased lately, [12–15] its
role in destabilizing atherosclerotic plaque is still lacking. In this study, our aim is to investigate the
contribution of NOD1 to key characteristics of plaque vulnerability. We show that NOD1 is induced
in SMC and macrophages in human atherosclerotic tissues. Furthermore, the inactivation of Nod1
in the Apoe−/− mouse model of atherosclerosis may contribute to plaque stability by modulating the
pathophysiological functions of macrophages and SMCs.

2. Materials and Methods

2.1. Human Samples

Human coronary arteries were collected from patients undergoing heart transplant at the Hospital
de la Santa Creu i Sant Pau (Barcelona, Spain). Atherosclerotic and non-atherosclerotic coronary
arteries were taken from coronary artery disease (CAD) and non-CAD patients, respectively. Written
consent was obtained from all participating subjects. The studies were approved by the Ethics
Committee of the hospital and were conducted in accordance with the Helsinki Declaration (project
RTI2018-094727-B-100; approved October 2018).

2.2. Animal Procedures

Animal studies were approved by the local ethics committee, and all animal procedures conformed
to EU Directive 2010/63 and Recommendation 2007/526/EC regarding the protection of animals used
for experimental and other scientific purposes, enforced in Spanish law under Real Decreto 53/2013.
C57BL/6 (Wt) and Apoe−/− mice were obtained from Charles River (JAX mice stock #000664 and #002052,
respectively. Barcelona, Spain). Double-knockout Apoe−/−Nod1−/− mice were generated by crossing
Apoe−/− mice with Nod1−/− mice as previously described [9]. All experiments compared male Apoe−/−

mice vs. male Apoe−/−Nod1−/− littermates. In order to accelerate the development of atherosclerotic
lesions, at 8 weeks of age, males were placed on high-fat diet (HFD, 10.2% hydrogenated coconut oil,
0.75% cholesterol; Ssniff, Soest, Germany) for 16 weeks. Mice were anaesthetized intraperitoneally
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under general anesthesia (ketamine/xylazine combination at 80 mg/kg and 10 mg/kg body weight,
respectively) before euthanasia by CO2 inhalation.

Whole blood was extracted post-mortem by cardiac puncture and plasma was obtained by
centrifugation at 2000× g for 10 min at 4 ◦C. Plasma concentrations of total cholesterol, free cholesterol,
LDL-cholesterol, HDL-cholesterol, and triglycerides were measured enzymatically using kinetic
colorimetric kits (Spinreact, St Esteve de Bas, Girona, Spain) according to manufacturer’s instructions.

2.3. Cell Procedures

Smooth muscle cells (SMC) were harvested from abdominal and thoracic aortas from 2-month-old
animals as previously described [16] and cultured in Dulbecco’s modified Eagle medium (DMEM,
GIBCO, Madrid, Spain) containing 20% fetal bovine serum (FBS, Lonza, Barcelona, Spain), L-glutamine
and antibiotics (100 units/mL penicillin and 100 µg/mL streptomycin). Bone marrow-derived
macrophages (BMDM) were obtained from femoral bone marrow suspensions [9] differentiated
for 7 days in the presence of DMEM plus 10% FBS and 20 ng/mL macrophage colony-stimulating factor
(M-CSF, PeproTech, London, UK).

For in vitro apoptosis studies, cells were either irradiated with ultraviolet (UV) light (BMDM:
80 J/m2, SMC: 120 J/m2) and cultured an additional 24 h (BMDM) or 48 h (SMC) period, or incubated with
the nitric oxide donor S-nitrosoglutathione (GSNO, 1 mM, Sigma, Madrid, Spain); with oxidized LDL
(oxLDL, 50 µg/mL, Biochemistry-Research Unit at Instituto Ramón y Cajal de Investigación Sanitaria,
Madrid, Spain); with the NOD1 agonist c12-iE-DAP (1 µg/mL, Invivogen, San Diego, CA, USA) or with
inactive analogue iE-Lys, for 24 h in BMDM cultures or 48 h in SMC cultures. For apoptosis analysis by
flow cytometry, control and treated cells were collected and labelled with propidium iodide as per
manufacturer’s instructions (ThermoFischer Sci., Madrid, Spain) or processed for cleaved caspase-3
staining as follows: cells were fixed with 1% paraformaldehyde, permeabilized with 0.1% Triton-X100,
and stained with a rabbit polyclonal anti-cleaved caspase 3 antibody (1/600, Cell Signaling Technology,
Danvers, MA, USA), followed by Alexa Fluor 647-conjugated goat anti-rabbit IgG secondary antibody
(1/500, Invitrogen, Carlsbad, CA, USA). Nuclei were counterstained with DAPI (Life Technologies).
Flow cytometry was conducted in a FACSCanto II and DNA histograms were fitted into cell-cycle
distributions using the BD FACSDiva software (Beckton Dickinson, Madrid, Spain). Apoptotic cells
were identified as the sub-G0 peak subpopulation after propidium iodide staining or as cleaved
caspase-3-positive cells.

For SMC, FACS-based cell-cycle analysis, cells were synchronized in G0/G1 by 72 h serum
deprivation (DMEM plus 0.1% FBS) and then restimulated with DMEM supplemented with 20% FBS
for 12 h and 24 h. Cells were labelled with propidium iodide as described earlier, and processed to fit
into same cell-cycle distributions as for FACS-based apoptosis analysis.

For NOD1 signaling cascade analysis in SMC or BMDM, cells were pre-incubated when indicated
with the NOD1 antagonist Nodinitib-1 (1 µM, Cayman, Madrid, Spain) for one hour and then treated
with LDL (50 or 30 µg/mL), oxidized LDL (20 or 50 µg/mL), iE-Lys (a structural analogue of c12-iE-DAP
that does not activate NOD1) or the NOD1 activator c12-iE-DAP (1 µg/mL, Invivogen) for 24 h.

To detect foam cell formation, BMDM and SMC were incubated with 50 µg/mL LDL or oxLDL
for 24 h and 48 h, respectively, fixed in 1% paraformaldehyde and stained with 0.5% Oil red O (ORO,
Sigma) in isopropanol and counterstained with hematoxylin.

2.4. Histological Analysis and Lesion Quantification

After mouse cardiac perfusion with PBS supplemented with 5 mM of EDTA, mouse hearts were
harvested and fixed in 4% paraformaldehyde (PFA) for 24 h at 4 ◦C, incubated 24 h in PBS supplemented
with 30% sucrose, embedded in OCT and cryopreserved at −70 ◦C.

Cryocut cross-sections (5 µm) of aortic roots were evaluated for conventional hematoxylin-eosin
(HE) staining, 0.1% sirius red to detect collagen or 0.5% ORO to detect neutral lipids. Images
were captured with a Zeiss Axiophot microscope with a Plan-NEOFLUAR 10x/0.3 objective (Zeiss,
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Oberkochen, Germany) and a DP70 camera (Olympus, Madrid, Spain). Polarized images were obtained
using a Mirax digital slide scanner (3DHistech, Budapest, Hungary). To avoid specific biases due to
potential differences in lesion shape, cross sections of the entire lesion were analyzed and averaged [17].

To obtain the aortas for the analysis, after fixing in PFA overnight at 4 ◦C, the aortas were
whole-mount stained with 0.2% ORO in methanol, opened longitudinally and pinned to black wax to
expose the entire luminal surface. Images were acquired using a Leica MZ6 SZX10 stereomicroscope
(Leica Microsystems, Wetzlar, Germany) coupled to a Leica DFC300 digital color camera (Leica
Microsystems). The planimetric area of atherosclerotic plaques was measured in pixels using ImageJ.

2.5. Immunostaining

Human arteries were fixed overnight in 4% PFA/0.1 M PBS (pH 7.4), embedded in paraffin and
sectioned into 5 µm sections with a microtome (Jung RM2055, Leica). Consecutive deparaffinized
sections were rehydrated, subjected to antigen retrieval in 10 mM citrate buffer (pH 6.0), blocked and
incubated with a rabbit polyclonal antibody against NOD1 (1:40, Abcam, Cambridge, UK), with a
mouse monoclonal anti-smooth muscle α-actin (SMA) alkaline phosphatase-conjugated antibody
(1:200, Sigma) or with a rat monoclonal antibody against anti-Mac3 (1:100, Santa Cruz, Santa Cruz,
CA, USA). After extensive washes, sections were incubated with correspondingly biotinylated goat
anti-rabbit or goat anti-rat secondary antibodies (Vector). Immunocomplexes were detected after
incubation with Vectastain Elite ABC reagent (PK6100, Vector, Barcelona, Spain) and DAB substrate
(Roche). Images were acquired with an Olympus Vanox AHBT3 microscope and digitalized by a Sony
camera (DXC-S500).

For immunostaining of cryo-section samples, slides were stained with antibodies specific for
mouse Mac3 (1:200, Becton Dickinson), Ly6g (1:100, Becton Dickinson), cleaved caspase 3 (1/600, Cell
Signaling Technology) and Ki-67 (1:200, Abcam), followed by secondary staining using standard
procedures. Secondary antibodies for immunofluorescence were Alexa Fluor 647-conjugated anti-rabbit
(Invitrogen) and Alexa Fluor 594-conjugated anti-rat (Invitrogen). SMC were identified with mouse
anti-smooth muscle α-actin FITC-conjugated antibody (1:1000, Sigma). Nuclei were counterstained
with DAPI (Life Technologies, Madrid, Spain). Immunofluorescence staining of cryo-sections were
mounted in Prolong Gold Antifade mounting medium (Life Technologies). Primary control panel
was performed with an appropriate isotype control IgG and secondary controls incubations were
performed in the absence of primary antibody.

A LSM710 confocal microscope with a Plan-APOCHROMAT 25x/0.8 oil immersion objective
(Zeiss) was used to capture images from immunofluorescence staining. Images were analyzed using
ImageJ and were processed for presentation with Zen2009 software.

2.6. Western Blot Analysis

After stimulation of primary cultures, cells were washed twice with ice-cold PBS. Whole protein
extracts were obtained using ice-cold proprietary detergent in 25 mM bicine, 150 mM NaCl; pH 7.6
(T-PER® Tissue Protein Extraction Reagent, Thermo Fisher Sci.) supplemented with phosphatase
cocktail and protease inhibitors (Sigma) [5,18].

Proteins were resolved on SDS-PAGE gels and then transferred to nitrocellulose membranes.
Proteins were detected using rabbit polyclonal antibody against NOD1 (1:500, Abcam), rabbit polyclonal
antibody against phospho-RIP2 (1:1000, Cell Signaling), rabbit polyclonal antibody against RIP2 (1:1000,
Cell Signaling), rabbit polyclonal antibody against phospho-NF-κB p65 (1:3000, Santa Cruz), mouse
monoclonal antibody against NF-κB p65 (1:1000, Santa Cruz), mouse monoclonal antibody against
β-actin (1: 40,000, Sigma), and HRP-conjugated secondary antibodies (BioRad, Hercules, CA, USA).

Protein bands were visualized using a Luminata chemiluminescence detection system (Merck
Millipore, Madrid, Spain) and a ImageQuant LAS 500 imager (GE Healthcare Life Sci., Madrid, Spain)
and were quantified using ImageJ (National Institutes of Health). Protein band intensities of interest
were expressed as a percentage of those of the β-actin bands as indicated.
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2.7. qRT-PCR

Total RNA was isolated by homogenization in QUIAZOL® by a TissueLyser LT and eluted
using MinElute columns (Qiagen; Madrid, Spain). RNA integrity was assessed by RNA Nano
Chip (Agilent Technologies; Madrid, Spain). 250 ng of RNA were retro-transcribed by using
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems; Madrid, Spain). SYBR Green
assay was conducted in 7900HT Fast Real-Time PCR System equipment for qRT-PCR detection
of Cd36 (5′-AGATGACGTGGCAAAGAACAG-3′ and 5′-CCTTGGCTAGATAACGAACTCTG-3′),
Sr-a (5′-GAGCCTCGTTCACAGGAGTC-3′ and 5′-CACCAGCTCTAGCATGTCCTC-3′) and Rplp0
(5′-ACTGGTCTAGGACCCGAGAAG-3′ and 5′-TCCCACCTTGTCTCCAGTCT-3′).

Calculations were made from measurement of technical triplicates of each sample. The relative
amount of mRNA was calculated with the comparative 2-∆∆Ct method using mouse 18S or 36b4 as
endogenous control transcripts.

2.8. Quantification and Statistical Analysis

All values are expressed as means ± s.e.m. Statistical calculations were performed using
GraphPad Prism 6 (GraphPad Software Inc.; San Diego, CA, USA). After calculating for normality by
D’Agostino–Pearson omnibus test, either a non-parametric test (Mann–Whitney U-test), or a normality
test (unpaired Student’s t test with Welch’s correction) was used as appropriate. Statistical significance
was deemed at p values < 0.05. Removal of outliers was assessed by ROUT method. Statistical tests
and p values are specified for each panel in the respective figure legends. n indicated in the figure
legends refers to the number of individual animals for in vivo and ex vivo assays.

3. Results

3.1. NOD1 in Vascular Smooth Muscle Cells and Macrophages Plays a Key Role in Murine and Human
Atherosclerosis Plaque Formation

To investigate the role of NOD1 in the advanced stages of atherosclerosis, Apoe−/−Nod1−/− mice
and Apoe−/− controls were placed in a HFD for 16 weeks. Although no significant differences were
found between the groups in the lesion area of the aortic valve (Figure 1a), the planimetric analysis of
the aorta stained with ORO showed an approximate reduction of 15% in the atheroma of the aortic
arch in Apoe−/−Nod1−/− mice compared to controls (Figure 1b), thus confirming our previous results
on the preventive role of Nod1 deletion in early atherosclerosis [9]. Notably, the body weights of
Apoe−/−Nod1−/− and Apoe−/− mice remained similar after 16 weeks with HFD (Figure S1a). Likewise,
the plasma lipid concentrations after the HFD regimen did not show statistical differences when
comparing Apoe−/−Nod1−/− and Apoe−/− groups (Figure S1b).

When we evaluated the expression of SMA, NOD1, and MAC3 in consecutive sections of
human atherosclerotic coronary arteries, we observed a marked NOD1 staining in cells near the lipid
deposition areas, while the staining was much weaker in the non-atherosclerotic coronary controls.
In fact, immunohistochemical analysis of human plaques of SMC and macrophages markers revealed
elevated expression of NOD1 in both cell types (Figure 1c and Figure S2). These results, together with
our previous studies [9] suggest a critical role for NOD1 in the key cell players of human and mice
atherosclerosis. The accumulation of oxLDLs in the intima is crucial in the plaque lifetime. Given the
fact that these oxidized lipids tightly regulate Nod1 expression, we next determined whether they could
also regulate its expression in the two main cell components of the plaque. Treatment of BMDM and
SMC with oxLDL, but not with LDL (used as controls for lipid composition of the culture medium),
activated the NOD1 signaling cascade in both cell types, an effect suppressed after NOD1 inhibition by
Nodinitib-1 (Figure 1d and Figure S3 for quantification of the blots). Moreover, NOD1 activation with
the agonist iE-DAP, but not the inactive analogue iE-Lys, promoted RIP-2 and p65 phosphorylation,
an effect suppressed when macrophages were treated with Nodinitib-1 (Figure 1d). The effects on
SMC were less intense, but inhibition of NOD1 by Nodinitib-1 confirmed the relevance of this innate
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immune receptor in RIP-2 signaling in these cells (Figure 1d). SMC proliferation and macrophage
foam cell formation are especially important hallmarks in advanced atherosclerosis lesions [4,19].
Therefore, we analyzed in vitro foam cell development in both cell types in response to oxLDL. ORO
staining of intracellular lipids indicated that while macrophages and SMC isolated from Apoe−/−Nod1−/−

and Apoe−/− mice engulfed similarly unmodified LDL, fewer Apoe−/−Nod1−/− macrophages and SMC
engulfed oxLDL (Figure 1e). Analysis of the scavenger receptor CD36, Olr1 (Lox1, oxidized low-density
lipoprotein receptor 1) and Cd68 (LDL scavenger receptor) mRNA in the aortic arch of HFD fed Apoe−/−

and Apoe−/−Nod1−/− did not show differences between both groups; however, a modest increase in
Msr1 (Sr-a; macrophage scavenger receptor 1) mRNA, but statistically significant, was measured,
indicating that lipid uptake via these receptors was not reduced by Nod1 deficiency [20–22] (Figure S4).
The analysis of total lipid in the aortic valve of the same mice (Figure S5) did not reveal a biological
significance for NOD1 in foam-cell formation in advanced atherosclerosis.

3.2. NOD1 Deficiency Modulates Structural and Compositional Features of Vulnerable Plaques

We also examined the consequences of inactivating Nod1 on plaque composition. Human
vulnerable plaques are typically associated with the presence of a highly inflammatory cell content
and a large NC covered by a thin FC, the latter being characterized by decreased content of SMC
and collagen [23]. The extent of the NC in relation to the size of the plaque was greater in Apoe−/−

than in Apoe−/−Nod1−/− mice, while the FC was thicker in Apoe−/−Nod1−/− mice (Figure 2a). Consistent
with these results, collagen evaluation by picosirius red staining showed a higher percentage of total
positive area within the intima in Apoe−/−Nod1−/− than in Apoe−/− mice. Further analysis of collagen
composition revealed a significant difference between type I and type III collagen, demonstrating
a higher proportion of thick fibers in Apoe−/−Nod1−/− mice than in Apoe−/− mice (Figure 2a, inset).
Therefore, although Apoe−/− mice are not particularly prone to develop unstable plaques [24], our
analysis points towards the idea that Nod1 deficiency might favor plaque-stabilizing factors.

To further assess the progression of atheromas in Apoe−/−Nod1−/− and Apoe−/− mice, we determined
the inflammatory and the SMC content in the aortic cusps, the region containing the most advanced
lesions in the Apoe-deficient model [25]. Analysis of the aortic root revealed a lower content of intimal
neutrophils and macrophages in Apoe−/−Nod1−/− lesions compared to Apoe−/− mice. Not only this,
but the intimal positive area for smooth-muscle actin was significantly higher in Apoe−/−Nod1−/− than
in Apoe−/− mice, compatible with a lower overall vulnerability in Apoe−/−Nod1−/− atherosclerotic lesions
(Figure 2b). These results are consistent with those obtained when analyzing the leukocyte content in
the blood and in the spleen (Figures S6 and S7).

3.3. Nod1 Inactivation Increases SMC Proliferation and Reduces Macrophage Apoptosis

We next seek to investigate the mechanisms underlying the atheroprotective action of the Nod1
deletion in both SMC and macrophages. Cell proliferation and apoptosis play equally important roles in
atherosclerosis [26]. Interestingly, Apoe−/−Nod1−/− SMC entered earlier into the S phase of the cell cycle
compared to Apoe−/− controls, as determined by flow cytometry analysis of starvation-synchronized
cultures (Figure S8). These studies demonstrated a significantly higher percentage of cells in G1/G0 and
S-phases in Apoe−/− vs. Apoe−/−Nod1−/− SMC at all-time points analyzed (0, 12, and 24 h). Moreover,
the differences in the percentages of Apoe−/− cell cultures in S-phase reached statistical significance after
24 h of serum restimulation compared to 0 h (p-value < 0.01), while in Apoe−/−Nod1−/−, differences in
S-phase reached statistical significance 12 h after serum restimulation (p-value < 0.05). Taken together,
these findings suggest that serum-restimulated Apoe−/−Nod1−/− SMC re-enter the cell cycle faster than
Apoe−/− controls. Despite the increased proliferative capacity of cultured SMC lacking Nod1, cell
proliferation was similar in cross-sections of the aortic root from Apoe−/−Nod1−/− and Apoe−/− mice fed
HFD for 16 weeks (Figure 3a), as estimated by the neointimal content of vascular smooth muscle and
macrophages positives for Ki67.
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Figure 1. Activation of nucleotide-binding oligomerization domain (NOD)-1 signaling pathway in 
macrophages and smooth muscle cells (SMC) in advanced atherosclerosis. (a) Quantification of lesion 
area in the semilunar valve cusps of Apoe−/− (n = 14) and Apoe−/−Nod1−/− (n = 12) mice fed high-fat diet 
(HFD) for 16 weeks. (b) Quantification of positive Oil Red O (ORO) lesion area in the indicated aortic 
regions in the same cohort. Panels show representative en face ORO staining of aortas from these 
animals. (c) Representative images for co-localization of smooth muscle α-actin (SMA), NOD1 and 
Mac3 immunohistochemistry in the arterial intimal thickening of non-atherosclerotic (non-athero.) 
and atherosclerotic (athero.) human coronary arteries. Arrows point out NOD1+ cells of macrophages 
(blue) and smooth muscle cells (black) in the lesion area. Red arrows delimit internal elastic lamina. 
(d) Immunoblot analysis and representative panel of NOD1, pRIP2, RIP2, pP65, and P65 in Wt BMDM 
and SMC pre-treated with the NOD1 inhibitor Nodinitib-1 and/or stimulated with native LDL (as 
control for lipid load in the medium), oxLDL, iE-Lys (an inactive NOD1 activator) and c12-iE-DAP 
(an agonist for NOD1) for 24 h or 48 h, respectively. Protein levels were normalized to tubulin. (e) 
Apoe−/− and Apoe−/−Nod1−/− macrophages (Mφ) and SMC were exposed to native LDL or oxLDL for 24 
h or 48 h respectively, and then ORO stained. Representative images for oxLDL treatment and 

Figure 1. Activation of nucleotide-binding oligomerization domain (NOD)-1 signaling pathway in
macrophages and smooth muscle cells (SMC) in advanced atherosclerosis. (a) Quantification of lesion
area in the semilunar valve cusps of Apoe−/− (n = 14) and Apoe−/−Nod1−/− (n = 12) mice fed high-fat
diet (HFD) for 16 weeks. (b) Quantification of positive Oil Red O (ORO) lesion area in the indicated
aortic regions in the same cohort. Panels show representative en face ORO staining of aortas from these
animals. (c) Representative images for co-localization of smooth muscle α-actin (SMA), NOD1 and
Mac3 immunohistochemistry in the arterial intimal thickening of non-atherosclerotic (non-athero.) and
atherosclerotic (athero.) human coronary arteries. Arrows point out NOD1+ cells of macrophages
(blue) and smooth muscle cells (black) in the lesion area. Red arrows delimit internal elastic lamina.
(d) Immunoblot analysis and representative panel of NOD1, pRIP2, RIP2, pP65, and P65 in Wt BMDM
and SMC pre-treated with the NOD1 inhibitor Nodinitib-1 and/or stimulated with native LDL (as
control for lipid load in the medium), oxLDL, iE-Lys (an inactive NOD1 activator) and c12-iE-DAP (an
agonist for NOD1) for 24 h or 48 h, respectively. Protein levels were normalized to tubulin. (e) Apoe−/−

and Apoe−/−Nod1−/− macrophages (Mϕ) and SMC were exposed to native LDL or oxLDL for 24 h or 48 h
respectively, and then ORO stained. Representative images for oxLDL treatment and quantification are
shown of stained cells in three independent experiments. Data are represented as mean ± s.e.m. of the
indicated number (n) of repeats. * p < 0.05, *** p < 0.001 **** p < 0.0001 vs. Apoe−/− by Student’s t test.
Bars, 100 µm (a), 1 mm (b), 50 µm (c,e).
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and fibrous cap (FC) thickness was analyzed using brightfield microscopy. Hughe birefringence 
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birefringence) or type III (‘immature-collagen’; green yellow birefringence and green image in the 
inset) collagen as percent of total collagen. Representative images in bright field and polarized light 
illumination in lesions of the aortic sinus are shown. (b) Quantification of macrophage, neutrophil 
and SMC neointimal content in the semilunar valve cusps of the same cohort of mice. Vulnerability 
plaque index was determined as the NC and MAC3+ areas divided by the collagen and smooth muscle 
α-actin (α-SMA)+ staining areas of the same lesions [24]. Representative immunofluorescence images 
of anti-MAC3, anti-Ly6G and anti-α-SMA staining in lesions of the aortic sinus are shown. Data are 
represented as mean ± s.e.m. of the indicated number (n) of repeats. **p < 0.01, ***p < 0.001 vs. Apoe−/− 
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the inflammatory and the SMC content in the aortic cusps, the region containing the most advanced 
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Figure 2. Nod1 deficiency in Apoe−/− mice results in decreased vulnerable plaques. (a) The collagen
content of aortic sinus plaques in Apoe−/− (n = 13) and Apoe−/−Nod1−/− (n = 11) mice fed HFD for 16
weeks was evaluated by Sirius red staining. Quantification of total collagen content, necrotic core (NC)
area and fibrous cap (FC) thickness was analyzed using brightfield microscopy. Hughe birefringence
under polarized light illumination allowed quantification of type I (‘mature-collagen’; orange red
birefringence) or type III (‘immature-collagen’; green yellow birefringence and green image in the
inset) collagen as percent of total collagen. Representative images in bright field and polarized light
illumination in lesions of the aortic sinus are shown. (b) Quantification of macrophage, neutrophil
and SMC neointimal content in the semilunar valve cusps of the same cohort of mice. Vulnerability
plaque index was determined as the NC and MAC3+ areas divided by the collagen and smooth muscle
α-actin (α-SMA)+ staining areas of the same lesions [24]. Representative immunofluorescence images
of anti-MAC3, anti-Ly6G and anti-α-SMA staining in lesions of the aortic sinus are shown. Data are
represented as mean ± s.e.m. of the indicated number (n) of repeats. ** p < 0.01, *** p < 0.001 vs. Apoe−/−

by Student’s t test. Bars, 50 µm.
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Figure 3. Lack of Nod1 reduces apoptotic activity of SMC and macrophages. (a) Cross-sections from
the aortic sinus of Apoe−/− (n = 6) and Apoe−/−Nod1−/− (n = 6) mice fed HFD for 16 weeks were doubly
stained with Ki-67/MAC-3, cleaved caspase-3/MAC-3 (top) or Ki-67/smooth muscle α-actin (α-SMA),
cleaved caspase-3/α-SMA (bottom) to appropriately identify not only proliferative macrophages or in
apoptosis (top), but also SMC (bottom) in proliferative or apoptotic state. The results for proliferation are
presented as percentage of cells doubly positive for Ki-67 and MAC-3 or α-SMA relative to total number
of Ki-67+ cells within the atheroma. The results for apoptosis are presented as percentage of cells doubly
positive for cleaved caspase-3 and MAC-3 or α-SMA relative to total number of cleaved-caspase-3+ cells
within the atheroma. SMC (b) and macrophage (Mϕ) (c) apoptotic cells were identified as the sub-G0
population after propidium iodide staining by flow cytometry (upper panels) or as cleaved caspase-3
immunoreactive cells by confocal microscopy (lower panels). Cells were either untreated, irradiated
with ultraviolet (UV) light (80 J/m2 and harvested after 24 h for BMDM; 120 J/m2 and harvested after 48
h for SMC), or incubated with 1 mM S-nitrosoglutathione (GSNO), 50 µg/mL oxidized LDL (oxLDL)
or 1 µg/mL c12-iE-DAP for 24 h (BMDM) or 48 h (SMC). Results using both methods represent the
average of three independent experiments. Data are represented as mean ± s.e.m. of the indicated
number (n) of repeats. *p < 0.05, **p < 0.01, ****p < 0.0001 vs. Apoe−/− by Mann–Whitney U test (a) or by
Student’s t test (b,c). Bars, 20 µm.
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To assess the role for NOD1 in plaque’s apoptosis, aortic root cross-sections were examined using
double-staining experiments to identify apoptotic neointimal macrophages (cleaved caspase-3/Mac3)
and SMC (cleaved caspase-3/SMA). We found a significant reduction of both apoptotic cell types in
Apoe−/−Nod1−/− atheromas vs. the corresponding Apoe−/− lesions (Figure 3a; the results are expressed as
percentage of cells doubly positive for cleaved caspase-3 and Mac3, or SMA relative to the total number
of cleaved caspase-3-positive cells within the atheroma). Not only this, but while in Apoe−/−Nod1−/−

intima the number of apoptotic macrophages and SMC was strictly similar, its content in Apoe−/− mice
was 3-fold in favor of apoptotic macrophages vs. SMC, highlighting that the Nod1 deletion has a strong
impact on macrophage apoptosis.

To further investigate the role of NOD1 in controlling macrophage and SMC apoptosis, we prepared
primary cultures of BMDM and SMC from Apoe−/−Nod1−/− and Apoe−/− mice and exposed them to
several proapoptotic stimuli, including UV, the nitric oxide donor GSNO, oxLDL, and the NOD1 ligand,
c12-iE-DAP. As shown in Figure 3b, Nod1 deficiency significantly reduced apoptosis in SMC treated
with all four stimuli, as measured by using two different approaches (propidium iodide staining to
identify sub-G0 cells by flow cytometry and imaging of cleaved caspase-3 immunostaining by confocal
microscopy). Similarly, the inactivation of Nod1 in Apoe−/− BMDM significantly limited apoptosis
induced by UV, GSNO and oxLDL (Figure 3c). c12-iE-DAP, which was able to induce apoptosis
in SMC (Figure 3b), failed causing apoptotic cell death in Apoe−/−Nod1−/− and Apoe−/− BMDM vs.
untreated controls.

4. Discussion

Atherosclerosis is a complex disease involving lipid accumulation and the central participation of
endothelial cells, SMC and monocyte-derived macrophages. The main finding of the present study
coincides with our previous observations in human atherosclerosis [9] suggesting a preeminent role
for NOD1, a member of the so-called pattern recognition receptors of the innate immunity, not only
in endothelial cells, but now also in SMC and macrophages. Although discrete changes in foam-cell
formation were found with respect to Nod1 deficiency in Apoe−/− mice [27], our results point towards a
critical role for NOD1 in features of atherosclerotic plaque stabilization, such as in the intimal collagen
content, NC area, FC thickness, leukocyte infiltration and SMC content. Notably, apoptosis of SMC
and macrophages lacking Nod1 is reduced in the lesion area. In addition to this, primary cell cultures
of macrophages and SMC from Apoe−/−Nod1−/− mice exposed to different pro-apoptotic stimuli show
decreased apoptosis activity. Therefore, our findings demonstrating a direct link between NOD1 and
plaque vulnerability in Apoe−/− mice may be helpful to the clinical practice in terms of the events that
precede plaque rupture during atherothrombosis, such as NC formation, the cell-death in the lesion area
or the composition of the fibrotic tissue. Moreover, a recent work combining Nod1 and Nod2 deficiency
under the Ldlr−/− background shows similar results to those reported in this work [28]; however, in our
animal model, whereas NOD1 was highly upregulated under HFD regime, NOD2 levels remained
unchanged (Figure S9) stressing the relevance of NOD1 in the context of atherosclerosis.

Although we found higher proliferative capacity of cultured Apoe−/−Nod1−/− SMC, this response
did not correlate with significant changes in cell proliferation within the atheroma, suggesting that the
balance of cell proliferation vs. cell death concerning NOD1 in SMC tilts the balance to reduce cell
death and to increase matrix synthesis to stabilize the lesion. Although all cell types within the vessel
wall can undergo apoptosis, it is predominantly restricted to macrophages and SMC [29]. In agreement
with the well-established proapoptotic function of NOD1 through caspase activity [30,31], our in vivo
and in vitro studies reveal a marked reduction in the NC content of apoptotic macrophages and SMC
in Apoe−/−Nod1−/− compared to their Apoe−/− counterparts. It is noteworthy that we found higher
anti-apoptotic protection in Nod1-deficient neointimal macrophages (3-fold) than in SMC (1.5-fold),
which not surprisingly correlates with the greater protection of Apoe−/−Nod1−/− BMDM to foam-cell
formation and lipid uptake. Likewise, our in vitro experiments demonstrate that both SMC and
macrophages can undergo NOD1-dependent apoptosis not only in response to endoplasmic reticulum
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stressors (e.g., GSNO, UV) [32,33], but also in response to the novel NOD1 activator, oxLDL [9,34].
Remarkably, although our observations are preliminary, if it is true that SMC respond to the NOD1
classical ligand iE-DAP in terms of cell death, future research on systemic bacterial infection and the
dysregulation of the microbioma during vascular remodeling and/or plaque stabilization [35] would
be of great interest.

Plaque rupture due to reduced tensile strength of the collagen layer that surrounds the plaque,
as well as to endothelial erosion after metabolic or immune insults, are the two possible causes of
atherothrombosis. While our previous work already shed light on NOD1 and plaque erosion [9],
here we introduce the critical role this receptor may play in plaque rupture. In this sense, the reduced
content of mature cross-linked collagen, the large NC, the high inflammation and the thin layer of
collagen are synonymous of vulnerable plaques [10]. Apoe−/− lesions show increased macrophage
and neutrophil infiltration followed by a decrease in SMC and collagen content compared to those
on Apoe−/−Nod1−/− mice, highlighting important features of plaque vulnerability. Likewise, Apoe−/−

atheromas show, compared to Apoe−/−Nod1−/− lesions, expanded NCs and thin FCs as a consequence of
loss of SMC activity, consistent with additional archetypical signs of plaque instability that predict
plaque rupture. Remarkably, detailed analysis of the collagen content in both mice models shows
a significant difference between thin type III (Apoe−/−: 6%; Apoe−/−Nod1−/−: 1%) and thick type I
(Apoe−/−: 90%; Apoe−/−Nod1−/−: 95%) fibers. While collagen types I and III are identified in human
atherosclerotic plaques, type III collagen has been suggested to be the major platelet activator after
plaque rupture evoking ACS [36], further reinforcing the importance of our conclusions in NOD1
on the pathophysiology of atherothrombosis. Nevertheless, uncontrolled collagen accumulation can
cause arterial stenosis and changes in fiber composition contribute to the development of arterial
stiffness [37,38]. Therefore, future assessment of the dynamic balance between degradation and
synthesis of collagen might be required to investigate differential affections by Nod1 ablation.

Collectively, we dare to suggest that while low leukocyte infiltration in Nod1−/− endothelium
plus reduced apoptosis in Nod1−/− macrophages may decrease the risk of atherothrombosis, Nod1−/−

SMC balance between higher proliferation rates and decreased apoptotic activity may contribute to
thicker FCs with reduced content in pro-thrombotic type III collagen. Despite the limitations in the
study of thrombotic events in the classical Apoe−/− mice model, NOD1 blockade appears to be not only
a promising therapeutic strategy to prevent atherothrombosis without compromising host defense,
but also a useful biomarker for earlier detection and subsequent treatment of patients with subclinical
silent vulnerable lesions before resulting in ACS. Additionally, the beneficial effects of this treatment
might be extended to other forms of arterial remodeling, such as aneurysm formation and restenosis
after angioplasty, as well as chronic inflammatory diseases associated with defective macrophage
apoptosis including Crohn’s disease and chronic obstructive pulmonary disease.
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Abbreviations Acronyms
ACS Acute coronary syndrome
BMDM Bone-marrow derived macrophage
FC Fibrous cap
HE Haematoxylin-eosin
HFD High-fat diet
iE-DAP γ-D-glutamyl-meso-diaminopimelic acid
NC Necrotic core
ORO Oil Red O
oxLDL Oxidized low-density lipoprotein
SMC Smooth muscle cell
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DISCUSSION 
 
NOD1 is a multifunctional immune receptor that participates in a broad spectrum of 

metabolic signaling cascades. Therefore, it is considered a preeminent molecular target 

in the prevention and treatment of diverse human disorders, including those related to 

inflammation [32].  

 

In the present dissertation, we demonstrate: 

 the polyvalent role of NOD1 in its interplay with the host microbiota,  

 in a wide range of immunometabolic and endocrine pathways,  

 in immunonutrition combined strategies,  

 in the regulation of leukocyte recruitment and activity under 

hypercholesterolemic conditions,  

 in the early and advanced atherosclerosis onset  

 and the regulation of iron metabolism and ferroptosis.  

 

The main findings of this work agree with our previous results in early atherosclerosis 

[5] and thyroid homeostasis [9], pointing toward a key role for NOD1, not only in 

endothelial cells, but now also in neutrophils, SMC and macrophages. Overall, our 

experimental results probe that NOD1 expression is induced both in murine and human 

tissues with high metabolic activity, in atherosclerotic tissues as well as in those related 

to hematopoietic homeostasis. Beyond its early discovery regarding bacterial 

peptidoglycan recognition, it is clear that the integrated study of this immune receptor 

uncovers more complex and interconnected molecular and cellular routes.   

 

Even if NOD1-microbiota crosstalk has been an up-to-date topic of debate over the past 

years [33] [7], the versatility of this PRR shows a research field practically unexplored. 

As an example, not only does NOD1 detect bacterial fragments, but it also has been 

related more recently to the pathogenesis of viral infections (such as those caused by 

hepatitis C virus (HCV) and cytomegalovirus) [34] [35], fungi like Aspergillus fumigatus 

[36] [37] or parasites such as Plasmodium berghei, Trypanosoma cruzi or Trichuris muris 

[36] [38].  

In addition, this innate immune receptor has been lately associated with functions at 

the intersection with adaptive immunity [39] [40], suggesting that NOD1 impairments 

or mutations would affect human health more than expected. Given the importance of 

its structure concerning its biological functions, it is not surprising that alterations or 

variants such as polymorphisms confer a predisposition to infections and certain 



   Doctoral Thesis of B. Victoria Fernández-García 

39 
 

diseases such as different types of cancer or autoimmune and inflammatory disorders 

[41] [42] [43].  

On the contrary, pathogens have generated ingenious evasion mechanisms to avoid 

their perception and clearance by the immune system, which includes NOD1 

recognition. To this aim, microorganisms, both pathogens and commensals, are able, for 

example, to modify their peptidoglycan in several ways [44] [45]. Moreover, bacteria 

such as Leptospira interrogans employ other strategies to escape from NOD1 activation 

pathways such as self-generated proteins to bind to peptidoglycan and make it difficult 

for the immune system to sense it [46].  

What it is clear is that, under effective NOD1 recognition and activation, microorganisms 

contribute to maintaining an inflammatory milieu which can trigger subsequent 

pathologies [3] [33], and that can be also related sometimes to type III (e.g.; Shigella 

flexneri) or type IV (e.g.; H. pylori) secretion systems (T3SS/T4SS) that release NOD1 

ligands into the cell [33]. Undoubtedly, the interaction between the gut microbiota and 

the PRR NOD1, entails complex immunometabolic adaptations that can determine the 

host state of health or disease. In addition, both NOD1 and the microbiota have been 

extensively associated with diet, nutrients metabolism as well as with energy 

expenditure and hormones biology [47] [48].  

 

Modifications in gut microbiota content and diversity, thyroid hormones homeostasis 

and bile acid have been recently determined as a result of NOD1 inactivation. A role for 

thyroid hormones, preeminent players in Resting Energy Expenditure (REE), was 

suggested as there was a notable decrease in REE during darkness and a lesser motion 

in HFD NOD1 KO animals, opposite to that observed under CHD.  

Altered thyroid function in NOD1-lacking mice was confirmed by assessing the serum 

levels of T4 (3,3´,5,5´tetraiodo-L-thyronine) and T3 (3,3´,5-triiodo-L-thyronine), both of 

them significantly higher in these mice under CHD, and free thyroidal T4 and T3 (thyroid 

FT4 and FT3 ready to be released to serum) strongly decreased. These results indicate 

enhanced requirements of thyroid hormones in this group of mice and damage in the 

secretion of T4 and T3 in NOD1 KO mice. Nevertheless, the differences were suppressed 

under HFD and the FT4 was higher in the thyroid of the Nod1-/- mice.  

BAT and liver are considered to be key players in regulating thermogenesis and energy 

balance and, interestingly, T4 concentrations were increased in both tissues in the case 

of the NOD1 KO animals fed CHD. On the contrary, HFD also suppressed this T4 rise. 

NOD1 modulated the activities of the deiodinases in the BAT, especially D2 activity, 

suggesting a role of this PRR in maintaining thyroid hormones levels in these tissues.  

The absence of NOD1 does not modify lipid homeostasis nor trigger obesity under CHD, 

however, NOD1 deficiency enhances white adipocyte lipid content and favors liver 
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steatosis in HFD‑treated mice. Not only does the histological examination of adipose 

tissue point toward this first affirmation, but also the RNA expression levels of essential 

adipocyte lipases and lipid metabolism genes reinforce it. In addition, Ucp1 mRNA was 

decreased to 60% in NOD1 KO mice on HFD, which agrees with the observed obesity. 

Accelerated obesity and enhanced lipogenesis occurred under these experimental 

conditions, linking NOD1 again with the frame of the metabolic syndrome [9]. This is not 

surprising since the innate immune system has been strongly linked to insulin resistance, 

diabetes, obesity and metabolic dysfunction. Recent studies propose that the intestinal 

barrier becomes compromised during a lipid-enriched diet, such as the so-called HFD 

feeding, resulting in translocation of gut bacterial components into systemic circulation 

[49] [50].  

Interestingly, thyroid metabolism, in turn, modulates lipid-related pathways, energy 

expenditure and tissue homeostasis. The interplay between thyroid hormone 

metabolism and the immune system has been studied in depth due to its contribution 

to inflammation, autoimmunity, or cancer progression [51] [52]. Despite both topics are 

closely related to the host microbiota [53] [54] and its integrated dysfunction can lead 

to severe pathophysiological consequences, the three issues remain practically unlinked 

yet.  

In this regard, the T3 and T4 hormones, and their receptors, have been correlated to 

several powerful tools employed by the immune system, such as leukocytes or PRRs.  Of 

note that the PRR NOD1 is also expressed in the thyroid gland. Thyroid disorders occur 

in a wide range of endocrine dysfunctions and are important since this organ controls 

proper human metabolism and development. Hypothyroidism, hyperthyroidism, 

thyroid cancer, euthyroid sick syndrome, Graves´ orbitopathy, severe infections or even 

sepsis are among the most common thyroid gland associated diseases and, interestingly, 

all of them have been related to altered gut microbiota and immune responses.  

In addition, a microbiota-nervous system-endocrine system-thyroid gland axis has 

recently been established, pointing toward the complex regulation of these cellular, 

molecular and hormonal mechanisms [8] [55]. As an example, intestinal microbiota 

regulates the endocannabinoid system, which in turn controls food intake, energy 

homeostasis, thyroid biology and immune responses [8] [56] [57]. 

 

Therefore, modulating the diet, both the intake of certain types of nutrients and the 

amount (energy balance and homeostasis) or combination of them, represents a 

focused strategy in the prevention, treatment or even improvement of certain chronic 

disorders such as inflammatory or immune-related diseases.  

Because the integration of several complementary approaches to address a given 

disease in a personalized/precision-manner is increasing, combined immunonutrition 
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strategies become promising. As we have previously mentioned before, nutrients play 

important roles in the regulation of both the human microbiome and its immune 

response, including NOD1 activity.  

Given the contribution of NOD1 to a wide range of inflammatory and pathological 

mechanisms, we have proposed this versatile PRR as a likely target to focus on 

immunonutrition approaches [11]. This emerging field is based on the nutritional status 

of each individual as well as on immunological biomarkers (such as immunoglobulins in 

human fluids or cytokines levels), metabolism, genetics, underlying pathologies or 

lifestyles, among others. It supposes a promising avenue, for instance, for the treatment 

of subjects at risk of malnutrition, suffering immune-related disorders, or even for those 

who are critically ill, undergoing surgical operations or who practice intense exercise 

[12] [58].  

Immune system-nutrients interactions are generating a growing research interest due 

to their impact on human health and disease. For instance, infection triggers innate and 

adaptive immune responses and the subsequent metabolic adaptations to release 

nutrients from muscle and adipose tissue. Immune cells can use those nutrients at this 

point and contribute to repairing tissues or protecting them as well as modulating the 

cytokine pattern [59].  

However, beyond the potential use of the biochemical functions of the nutrients in 

favoring the activity of the immune system, today they are also considered in a 

molecular-specific-targeted way. Immunonutrients, or molecular compounds acting as 

diet components while influencing the immune system, including antioxidants, vitamin 

D, carbohydrates, fatty acids, probiotics, prebiotics, proteins, minerals or supplements. 

They can be employed both in an individual way or in combined preparations, which 

broadens the tactics that can be used [60] [61]. 

Furthermore, the complexity of the immune system added to its variability among 

individuals, need an integrated depth study of all the determinants involved and an 

individualized strategy [62]. Regarding NOD1 innate immune receptor, mainly 

associated with Gram-negative bacteria sensing, but also activated by other 

microorganisms and danger signals, as mentioned above, acquired immune responses 

have been linked too. This further makes NOD1 a suitable candidate for 

immunonutrition strategies [63].  

The at least 196 reported pathologies related to NOD1, ranging from different cancers 

to inflammatory, immune, metabolic or infectious diseases [32] may benefit from NOD1-

targeted immunonutrition approaches and combined therapies. This includes promising 

future therapeutic practices which may use personalized diet (based on nutrients, 

micronutrients, immunonutrition supplements), gut-microbiome modulating strategies, 
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adapted physical activity, microRNAs, inhibitors of the immune system and immune 

checkpoint inhibitors, immunoprofiling and single-cell analysis, studies on vaccination 

responses, clinical trials and cellular and new models data. For instance, fatty acids-

enriched diets as HFD, as we have discussed before, resulting in the upregulation of 

NOD1 signaling. This leads to weight gain, increased adiposity, enhanced 

proinflammatory onset, metabolic dysfunction, insulin resistance, diabetes and 

cardiovascular diseases, in which the accumulation of myeloid cells within the blood 

vessels and the lesions supposes a paramount event [11]. 

The process by which blood cells are generated to establish and replenish the systemic 

system is called hematopoiesis. This further leads to the different types of leukocyte 

subsets, including macrophages and neutrophils, the main actors in atherosclerotic 

disease development. Under insufficient or irregular production of blood cells (chronic 

hematologic disorders, inadequate BM function, anemias, thalassemias, myelofibrosis, 

leukemia, infection, metabolic stress, etc.), or other conditioning factors such as stress 

or drug use, extramedullary hematopoiesis occurs [18] [64] [65].  

The CXCR4-CXCL12 axis, which we have previously mentioned in the articles and about 

which we will discuss later as it is related to the metabolism regulation directed by NOD1 

under hypercholesterolemic conditions, is closely related to the movement and 

establishment of hematopoietic cells [66]. Interestingly, after infection and both in 

classical or extramedullary hematopoiesis, the stem and progenitor cells are induced to 

give rise to mature lineage cells to fight pathogens.  

Since myeloid cells are known to detect PAMPs by their PRRs, such as NOD1, triggering 

an effective pro-inflammatory response, HSPCs that express this immune receptor may 

react directly to inflammation or infection, and further differentiate into determined cell 

lineages. This activation also triggers the recruitment of these cells to EMH niches, 

where they generate neutrophils and monocytes. In this line, the spleen, one of the main 

EMH tissues, produces and modulates circulating inflammatory cells (mainly monocytes, 

macrophages and neutrophils) that are able of mobilizing to the atheroma layer and 

influencing its outcome [18] [65]. Furthermore, it also contributes significantly to lipid 

metabolism and immune response and, interestingly, these two aspects are intimately 

connected. As an example of this, cholesterol efflux pathways modulate hematopoietic 

progenitor and stem cell mobilization and myeloid proliferation [18] [67].  

In addition, the accumulation of both lipids and inflammatory immune cells, including 

foam cells, in the blood vessels initiates and aggravates the atherosclerotic process. A 

leukocytosis-CVDs-atherosclerosis axis has been widely established as also an EMH-

CVDs-atherosclerosis feedback has been demonstrated. Indeed, both axes are 
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interconnected and participate in complex and not fully understood networks [68] [69] 

[70].  

In this regard, the spleen is a preeminent immune tissue that has demonstrated several 

connections with hematopoietic homeostasis and atherosclerosis. Furthermore, its 

surgical removal (partial or total splenectomy) and other splenic transplant assays have 

determined its essential contribution to lipid regulation, with the pathophysiological and 

metabolic consequences that this implies (from infections to oncological diseases or 

atherogenesis development) [20] [18] [71] [72].  

For instance, splenectomy associated mortality and morbidity have been studied in 

depth in American veterans of the 1939-45 war, paving the way for further related 

studies [73] [74]. This is of importance since, for example, only in USA, more than 20,000 

splenectomies per year are performed giving rise to the derived side effects. Here is 

where partial splenectomy becomes a valuable alternative surgical option aiming to 

preserve splenic function [20]. Moreover, splenectomy also enhances EMH, the 

trafficking of circulating cells and worsens the atherosclerotic burden due to the 

impairment in the splenic selection of active specific leukocytes. As an example, both 

splenic memory B cells and regulatory T cells repress the atherosclerotic process (thus 

their absence has the opposite effect), while Th1 lymphocytes and macrophages, 

recruited following splenectomy, aggravate this process [71].  

Therefore, we have investigated the function of splenic NOD1 in both leukocyte 

trafficking and the so-related progression of atherogenesis in HFD-fed mice. In 

particular, we have observed that this PRR was overexpressed and active in the spleen 

of Apoe-/- mice, where it mediates neutrophil recruitment and NETosis. This NOD1 

activation was probably due to oxidized LDL particles coming from the 

hypercholesterolemic regimen and to other molecules derived from the microbiota. 

Accordingly, Nod2 mRNA expression levels remained unchanged, pointing toward a 

preeminent role for NOD1 in the response of the spleen to HFD. Our results show that 

Apoe-/- Nod1-/- mice presented enhanced levels of serum chemoattractant chemokines, 

particularly CCL2, CXCL1 and CXCL2 [75] [76]; while CD45+ cells were mobilized from the 

bone marrow to systemic circulation. These chemokines have been extensively linked 

to inflammation and atherosclerosis [77].  

In addition, NOD-like receptors have been reported to regulate stem cells previously 

[78]. We hypothesized that the increased presence of CXCL12 in the spleen is the cause 

of the mobilization of part of these cells toward this organ [79]. Since the same type of 

mobilizations occurred in the Apoe-/- mice, this seems to be also a direct effect of the 

HFD. Interestingly, our work shows that the fine-regulated atherosclerotic process was 

modulated by the spleen itself too: spleen ligation supposes a significant reduction in 
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the atheroma lesion size. This may be explained by the enhanced release of NETs and 

the Ly6G+/TUNEL+ cells in Apoe-/- mice bearing spleen ligation.  

Nevertheless, whereas Apoe-/- Nod1-/- mice present a diminished atheroma due to 

reduced recruitment of circulating inflammatory leukocytes, splenic artery-ligation 

failed to support this protection, reflecting the contribution of different mechanisms in 

atherogenesis development. Overall, it is suggested that NOD1 activity in the spleen is 

responsible for the differential responses in the course of atherogenesis observed in 

Apoe-/- mice, which confirms previous works of the group [28] [5]. In this line, the lipidic 

profile in these animals showed significant differences between mice genotypes in LDL 

levels and elevated HDL levels after spleen ligation. Apoe-/- Nod1-/- mice tended to a 

decreased splenic lipid content, suggesting that NOD1 activation was involved in lipid 

modulation and storage in this organ. This agrees with the aforementioned links among 

lipids, spleen and atherosclerosis [19] [15].   Furthermore, after spleen ligation, but more 

interestingly, in the absence of NOD1, the cardiac content of CXCL12 significantly 

diminished. It points toward the importance of both the spleen and NOD1 on myeloid 

recruitment to other organs. Furthermore, enhanced CXCL12 levels have been 

associated with coronary artery diseases [80] [81]. In addition, we have identified the 

presence of NETs releasing active neutrophils in the heart (positive for citrullinated 

histone H3) [82] [83], significantly decreased in sham Apoe-/- Nod1-/- mice [20]. Overall, 

our results in this work demonstrate that both the spleen and NOD1 activation by splenic 

cells significantly worsen the atherosclerotic process under hypercholesterolemic 

conditions.  

 
In this line, atherogenesis has been associated with iron metabolism and ferroptosis 

too. Splenic macrophages, key immune cells contributing to all these mechanisms, and 

which express PRRs such as NOD1, actively participate in the clearance of erythrocytes 

and the subsequent iron recycling and handling while at the same time they worsen the 

atherosclerotic disease [23] [84]. Therefore, we aimed to study the role of both splenic 

NOD1 and macrophages in this context.  

We here establish that NOD1 splenic activation provides protection against ferroptosis 

and reduces macrophage recruitment under pro-atherogenic conditions.  Our findings 

indicate a specific contribution of NOD1 in iron metabolism through the regulation of 

GPX4, FPN1 and CD163. Indeed, a significant reduction in the iron content of target 

organs (e.g., spleen, heart and liver) occurs in absence of NOD1 and independently of 

partial loss of splenic function after splenic artery ligation.  

Since collagen biosynthesis, requires iron and macrophage activities [85] [86] [87], here 

we demonstrate that NOD1 deficiency results in enhanced splenic levels of Col1a1 and 

collagen accumulation and this is probably due to the reduced functional crosslinking 
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required to maintain the structure of collagen fibrils. Indeed, the bone marrow and 

spleen of HFD-fed-NOD1-deficient mice displayed increased levels of CCL2, contributing 

to the pro-fibrotic role of this chemokine. Interestingly, monocyte recruitment depends 

on Ccl2 expression [88] and these cells are noticeably enhanced in the bone marrow and 

spleen of Apoe-/-Nod1-/- mice, the group with the highest splenic macrophage counts.  

In addition to this, splenic ligation surgery reverses the trend regarding the content of 

splenic patrolling monocytes and CD68+ macrophages and the levels of related 

transcription factors (Spic). The inhibition of CXCR2, a cytokine that mediates 

monocyte/macrophage chemotaxis to areas of inflammation such as the atherosclerotic 

plaque, reduces the count of splenic macrophages in Apoe-/-Nod1-/- mice, but triggers an 

increase in circulating inflammatory cells that infiltrate the atheroma. Furthermore, data 

show that splenic TNF-α levels were markedly increased in these NOD1-deficient 

animals, in which CXCR2 was diminished. These results are in line with those in previous 

studies describing that TNF-α down-modulates CXCR2 expression in human 

polymorphonuclear leukocytes and leads to its intravascular retention [89].  

Enhanced levels of splenic CD163+ cells in Apoe-/- Nod1-/- mice were found, which fits 

with its known functions in macrophages and iron turnover [84]. Indeed, mRNA levels 

of genes involved in iron handling (i.e. Slc40a1, Spic and Slc7a11) were increased in these 

mice. This also agrees with the fact that red pulp macrophages present high expression 

of Spic, Cd163, Ho-1 and Fpn1 [90]. NOD1 activation in iron-stimulated monocytes 

triggered an increase in the expression of lipid related genes (OLR1 and LDLR) and 

others, such as colony stimulating factor 1 (CSF1). In this regard, GPX4 is essential in the 

protection against peroxidation, ferroptosis and antioxidant damage [91] and its levels 

were augmented in the spleen of the Apoe-/- mice group and also in the splenic main 

myeloid cells subsets and in iron-stimulated peritoneal macrophages.  

Since in addition CD68+-TUNEL+ cells were increased in the red pulp of Apoe-/- Nod1-/- 

mice and NOD1 deficiency notably reduced apoptosis in peritoneal macrophages after 

iron supplementation, it is suggested that splenic cell death in NOD1-deficient mice 

occurs via ferroptotic mechanisms. Taken together, these data lead us to hypothesize 

that splenic NOD1 provides ferroptosis protection to maintain leukocyte cells, especially 

macrophages, at sufficient levels to mobilize them to inflammatory niches through the 

bloodstream and even recruit them to the atheroma. In this process, extramedullary 

hematopoiesis plays a fundamental role [18] [30]. 

However, despite the obvious connections between iron, extramedullary hematopoiesis 

and ferroptosis and the clear benefit that its integrated study would mean for 

Biomedicine, investigations focused on the conjunction of these fields are practically 

non-existent. Therefore, here we present a review where it is suggested for the first time 
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that the hematopoiesis-inflammation-iron metabolism axis is a hallmark in promising 

ferroptosis investigations [23] [18] [30].  

Adverse conditions such as inappropriate or insufficient generation of blood cell 

components by the bone marrow lead to compensatory EMH, giving rise to different 

lineages, including iron requiring and regulating erythrocytes and myeloid cells. The 

spleen is the most common extramedullary niche and paradoxically, excessive EMH 

leads to inflammatory diseases [18] [65] [92]. 

Indeed, hematopoiesis (and particularly erythropoiesis) is closely related to iron, since, 

as a major example, erythroid cells require high amounts of iron to synthesize 

hemoglobin while also they modulate the transport, use and storage of iron. In this 

regard, the role of macrophages in recycling iron from senescent red blood cells is 

essential [93] [94]. Not only this but, on the contrary, iron itself or its deficiency or even 

iron-related molecules such as GPX4, regulate the erythropoietic process [95] [94]. 

Furthermore, iron is involved in the development and differentiation of other 

hematopoietic cell lineages, like macrophages and neutrophils, which means that its 

deficiency or overabundance may lead to human disease [96] [97] [98] [99]. 

Hematopoiesis-derived immune cells express receptors of iron-regulatory proteins such 

as ferritin receptors or transferrin receptor (TFR1) at the same time that they are 

involved in inflammatory and metabolic processes [100] [101]. The most studied 

connection between immunity, iron and inflammation is anemia of inflammation (AI), 

since it is associated with prolonged immune activation (as produced during infections, 

inflammatory disorders or malignancies), macrophages-mediated iron retention and 

limited erythropoiesis [102] [103]. Interestingly, absence of cardiac iron correlated with 

EMH in polytransfused thalassemic patients which were all splenectomized. They 

presented higher concentrations of transferrin receptor and higher nucleated red blood 

cell count [92]. 

Returning to the macrophages, their role in iron metabolism goes beyond their link with 

erythrocytes, since they are also connected with lipid peroxidation and iron-related cell 

death or ferroptosis [104]. Indeed, as previously described in this dissertation, our group 

has recently demonstrated more key relationships between iron, ferroptosis, 

macrophage regulation and NOD1 [23]. 

Ferroptosis induces a pro-inflammatory response due to its immunogenicity and its 

relation with inflammation-associated enzymes. On the contrary, molecules aimed to 

inhibit ferroptosis have demonstrated anti-inflammatory properties and benefits in 

certain diseases. Of note that deficient or excessive ferroptotic cell death may lead to a 

wide range of pathological processes implicating an impaired immune response 

including sometimes the activation of immune cells [105] [106] [31]. Metabolic 

syndrome, diabetes [107], cardiovascular diseases such as atherosclerosis [108] [109], 
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cancer [110] [111], or even severe liver inflammatory diseases [112] [113] such as 

nonalcoholic steatohepatitis [114] [115] or fibrosis [116] [117] are the main human 

disorders which are known to be connected to ferroptosis and most of them also with 

oxidative stress.  

Hence, since both iron and ferroptosis are related to many human severe pathological 

processes (such as infections, dysfunctional hematopoiesis or atherosclerosis), they are 

considered an unexplored therapeutic mine. Therefore, future research aiming to 

develop personalized targeted approaches for iron-linked diseases is still needed [30] 

[23]. 

It is well-known that imaging techniques are crucial for the detection, diagnosis and 

follow-up of early atherogenic lesions and advanced disease. These kinds of approaches, 

which are being nurtured by the great advances in the field of molecular biology and 

other scientific disciplines, can provide essential data highly useful to guide the clinic of 

very complex diseases, such as CVD. 

 In addition, their use in atherosclerosis suffering patients reports great benefits because 

they are non-invasive diagnostic techniques able to improve the stratification of patients 

and to identify and characterize at-risk plaque phenotypes [27] [118] [119]. In this 

regard, positron emission tomography/computed tomography (PET/CT), can discern 

between proinflammatory and antiinflammatory/pro-resolution intra-plaque 

macrophages, due to their divergence in the acetate uptake. Furthermore, information 

related to plaque stability is provided, which is important to prevent CVDs [26] [27].  

Other imaging technologies are able, for instance, to investigate the lipid uptake 

dynamics of macrophages. This is the case of surface-enhanced Raman Spectroscopy, in 

which isotope labeling can be performed as well and enables to study the dynamics of 

fatty acid storage in these phagocytic cells [120]. All these facts open new interesting 

therapeutic perspectives and even more if we take into account that atherosclerosis is 

a chronic dysfunction that may develop in critical advanced stages. 

 

Since PRRs have been widely demonstrated to contribute to atherogenesis, added to 

the fact that acute coronary syndromes (ACS) and thrombotic events are the principal 

cause of morbidity and mortality in western societies, we aimed to unveil the role of 

NOD1 in these processes. Our findings coincide with our previous observations in human 

atherosclerosis and suggest a key role for NOD1 in SMC and macrophages [28] [5].  

The results of this study demonstrate the contribution of NOD1 in atherosclerotic plaque 

destabilization, and especially regarding intimal collagen content, NC area, FC thickness, 

leukocyte infiltration and SMC content. NOD1 deficiency in SMC and macrophages 

supposes reduced apoptosis of these cells in the lesion area and in primary cell cultures 
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subjected to different pro-apoptotic stimuli [28]. This corresponds with the data of 

another recent article, except that in our work, NOD2 levels remained unchanged, 

therefore giving all the prominence to NOD1 [121].  

Furthermore, our results, both in vivo and in vitro, show a pronounced reduction in the 

NC content of apoptotic macrophages and SMC in the double knockout mice, which 

agrees with the well-known pro-apoptotic role of NOD1 through caspase activity [28] 

[122]. There was a notably higher anti-apoptotic protection in Nod1 KO macrophages 

(3-fold) than in SMC (1.5-fold), which effectively correlates with the enhanced 

protection of double knockout BMDM to foam-cell formation and lipid uptake. 

In addition, both SMC and macrophages underwent NOD1-dependent apoptosis in 

response to known stressors (e.g., GSNO, UV) and to NOD1 activators, iEDAP and oxLDL. 

This data paves the way for future research on bacterial infection and the dysbiosis of 

the microbioma during vascular remodeling and/or plaque stabilization [28] [123]. Here 

we also shed light on NOD1 key role in plaque rupture, which is produced by the 

diminished tensile strength of the collagen layer that surrounds the plaque added to 

endothelial erosion after metabolic or immune dysregulation. This leads to 

atherothrombosis, in which it is well-established that an enlarged NC, a reduced content 

of mature cross-linked collagen, a high inflammatory onset and a thin collagen layer lead 

to vulnerable plaques [28] [124] [125].  

In this sense, enhanced macrophage and neutrophil infiltration, expanded NCs and a 

decrease in SMC, collagen content and thin FCs in Apoe-/- lesions reveal plaque 

vulnerability. Indeed, collagen content varies between both mice models, showing 

differences between thin type III and thick type I fibers. Apoe-/- mice presented a higher 

content in thin type III collagen, which has been suggested to be the principal platelet 

activator after plaque rupture conducting ACS in humans [28] [126]. However, excessive 

and uncontrolled collagen accumulation can lead to arterial stenosis [127]. Therefore, 

our findings suggest that NOD1 inhibition suppose a promising therapeutic strategy for 

early detection and prevention of atherothrombosis without compromising host 

defense. Furthermore, this treatment may be used to fight other kinds of arterial 

remodeling, like aneurysm, restenosis after angioplasty or chronic inflammatory 

diseases associated with defective macrophage apoptosis.  

 

To conclude, even though extensive research on the interplay between NOD1 and 

human metabolism and disease is required, it is clear that this PRR constitutes a key 

potential therapeutic target not only for atherosclerosis but also for other chronic 

disorders. We dare to suggest that selective NOD1 inhibition may decrease the risk of 

several inflammatory, immunometabolic and hormonal diseases such as early and 

advanced atherogenesis, atherothrombosis, certain thyroid dysfunctions, diabetes or 
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cancer. Therefore, new personalized combined biomedical approaches are of the 

utmost importance for the prevention and treatment of highly prevalent diseases. 

 
 
CONCLUSIONS 

 

 NOD1 participates in essential immune-metabolic adaptations and its 

interaction with the gut microbiome has consequences for human health.  

 

 The thyroid-immune system-host microbiota triad is involved in complex 

cellular and molecular processes, playing a role in the activation of NOD1. 

NOD1 activation controls thyroid hormones and bile acids metabolism as well 

as the diversity and pattern of the host microbiota. 

 

• NOD1 regulation of molecular and cellular processes in the spleen contributes 

to the atherosclerotic disease progression. To this extent, its impact on 

extramedullary hematopoiesis, the ontogeny and mobilization of myeloid 

progenitor cells and the release of neutrophil extracellular traps (NETs), triggers 

the vascular recruitment of leukocytes and subsequent worsening of the 

disease.  

 

 NOD1 modulates macrophage homeostasis, iron metabolism and confers 

ferroptosis protection in response to hypercholesterolemia. Indeed, this 

immune receptor contributes to the CXCR2-dependent macrophage 

recruitment involved in the development of atherosclerosis. 

 

• NOD1 deficiency diminishes the risk of atherothrombosis by decreasing 

leukocyte infiltration and reducing macrophage apoptosis. In addition, it also 

favors the presence of plaque-stabilizing factors. 

 

 

 

 

 

 

 

 



   Doctoral Thesis of B. Victoria Fernández-García 

50 
 

CONCLUSIONES 
 
 NOD1 participa en adaptaciones inmuno-metabólicas esenciales y su 

interacción con la microbiota intestinal conlleva consecuencias para la salud 

humana.  

 

 La triada tiroides-sistema immune-microbiota intestinal se encuentra 

involucrada en procesos celulares y moleculares complejos, jugando un papel 

en la activación de NOD1. La activación de NOD1 controla el metabolism de las 

hormonas tiroideas y los ácidos biliares así como la diversidad y el patrón de la 

microbiota del huésped. 

 

• La regulación por parte de NOD1 de los procesos moleculares y celulares del 

bazo contribuye al progreso de la aterosclerosis. De esta forma, su impacto en 

la hematopoyesis extramedular, la ontogenia y movilización de células 

progenitoras mieloides y la liberación de las trampas extracelulares de 

neutrófilos, desencadena el reclutamiento vascular de leucocitos y el 

subsiguiente empeoramiento de la enfermedad.  

 

 NOD1 modula la homeostasis de los macrófagos, el metabolismo del hierro y 

confiere protección frente a la ferroptosis en respuesta a la 

hipercolesterolemia. De hecho, este receptor inmune contribuye al 

reclutamiento de macrófagos dependiente de CXCR2 e involucrado en el 

desarrollo de la aterogénesis. 

 

• La deficiencia de NOD1 disminuye el riesgo de aterotrombosis al disminuir la 

infiltración de leucocitos y reducir la apoptosis de macrófagos. Además, 

también favorece factores la presencia de factores estabilizadores de placa. 
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ANNEXES 
Supplemental material 

 Links to supplementary material of published articles  

 

 NOD1 deficiency promotes an imbalance of thyroid hormones and 

microbiota homeostasis in mice fed high fat diet 

https://www.nature.com/articles/s41598-020-69295-2#Sec28  

 

 High-fat diet activates splenic NOD1 and enhances neutrophil recruitment 

and neutrophil extracellular traps release in the spleen of ApoE-deficient 

mice 

https://link.springer.com/article/10.1007/s00018-022-04415-x#Sec21  

 

 NOD1 splenic activation confers ferroptosis protection and reduces 

macrophage recruitment under pro-atherogenic conditions 

https://www.sciencedirect.com/science/article/pii/S0753332222001573#sec0130  

 

 Deletion or inhibition of NOD1 favors plaque stability and attenuates 

atherothrombosis in advanced atherogenesis 

https://www.mdpi.com/2073-4409/9/9/2067#supplementary  
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