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Inflammation is a defensive response of the organism upon a potential damaging agent with 

the main purpose of restoring tissue homeostasis. Numerous studies have demonstrated that 

dysregulation of this process underpins multiple prevalent pathologies including arthritis, cancer 

or cardiovascular diseases (CVDs). Once the danger signal is eliminated, a resolutive process 

ensues inflammation aiming to promote tissue repair by modulating several protective responses. 

With this purpose, a series of specific mediators known as specialized pro-resolving mediators 

(SPMs), are endogenously produced during resolution. Among SPMs, lipoxins (LXs) have been 

extensively proven to exert beneficial effects in different animal models of asthma, arthritis and 

periodontitis, with preliminary results in clinical trials. Nonetheless, their role in other 

pathologies like CVDs, which represent the main global cause of mortality and morbidity in the 

present, is still under research. In this work, our main objective is to evaluate the cardioprotective 

potential of LXs in the context of myocarditis and its progression to dilated cardiomyopathy 

(DCM), which are CVDs characterized by a profound inflammatory background. In the first 

place, we developed an animal model of experimental autoimmune myocarditis (EAM) that 

reliable reproduces human myocarditis in mice, and treated these with BML-111, a LX analog 

with enhanced efficacy and stability in vivo. Thus, we demonstrated that BML-treated EAM mice 

exhibited reduced immune cell infiltration and diminished levels of pro-inflammatory mediators 

in the heart in contrast to vehicle-treated EAM animals. In addition, we determined that this SPM 

managed to reduce significantly cardiac dysfunction observed in EAM mice by echocardiography. 

BML-111 administration leads to this improvement on cardiac function by modulating different 

responses at into the heart. First, BML-111 treatment decreased cardiomyocyte apoptosis and 

consequently, attenuated maladaptive hypertrophy and fibrosis in EAM mice. Furthermore, we 

observed that cardiomyocytes from EAM group presented defective cell contractility associated 

with Ca2+ mishandling, which was restored with BML-111. Analysis of molecular signaling 

revealed that BML-111 treatment protected from cardiac alterations by blunting cardiac oxidative 

stress in EAM mice, which was mainly mediated by the activation of the NRF2 antioxidant 

response via CaMKK2/AMPKα. In the last part of this work, we focused on a translational 

approach and analyzed LXA4 levels in sera from DCM patients. In accordance with our animal 

model, we observed that LXA4 levels negatively correlated with cardiac damage and inflammation 

markers in DCM patients. Altogether, in this work we deciphered novel pro-resolutive pathways 

modulated by LXs in CVD, providing new insights for the future evaluation of the 

cardioprotective potential of LXs in translational and clinical research. In conclusion, these data 

suggest that LXs may represent new promising therapeutic targets for the design of treatments 

toward CVDs with an inflammatory background. 
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La inflamación es una respuesta defensiva del organismo ante un agente dañino con el fin de 

restaurar la homeostasis del tejido afectado. Numerosos estudios han demostrado que 

alteraciones en este proceso son la base de muchas patologías de alta prevalencia en la actualidad 

como la artritis, el cáncer o las enfermedades cardiovasculares (ECV). Una vez que la señal de 

alarma se ha eliminado, el proceso inflamatorio avanza hacia una etapa de resolución donde se 

activan una serie de procesos fisiológicos destinados a permitir la recuperación del órgano. 

Durante esta etapa se sintetizan endógenamente distintos mediadores pro-resolutivos 

especializados (SPMs), entre los que destacan las lipoxinas (LXs). En los últimos años se ha 

demostrado que las LXs ejercen efectos beneficiosos en distintos modelos fisiopatológicos, y 

actualmente su estudio en la clínica se encuentra en fase preliminar. Sin embargo, su papel en 

otras patologías como las ECV, que suponen la principal causa global de muerte y morbilidad en 

la actualidad, aún se está investigando. El objetivo principal de este trabajo es evaluar el potencial 

cardioprotector de las LXs concretamente en la miocarditis y su evolución a cardiomiopatía 

dilatada (CMD) como modelo de ECV con un trasfondo inflamatorio severo. En primer lugar, 

desarrollamos un modelo murino de miocarditis autoinmune experimental (EAM) que reproduce 

los principales aspectos de la miocarditis humana, y tratamos a los animales con BML-111, un 

análogo de las LXs con mayor eficacia y estabilidad in vivo. De este modo, demostramos que el 

grupo tratado con BML-111 presentaba niveles reducidos de marcadores de inflamación en el 

corazón con respecto al grupo EAM sin tratar. Además, determinamos que este SPM era capaz de 

disminuir significativamente la disfunción cardiaca observada por ecocardiografía en los animales 

con miocarditis. Esta mejora se debe a la capacidad del BML-111 de modular de distintos 

procesos. Por un lado, detectamos menor grado de apoptosis de cardiomiocitos y 

consecuentemente, una menor hipertrofia y fibrosis en los animales tratados con BML-111. Por 

otro lado, comprobamos que los cardiomiocitos del grupo EAM mostraban defectos en la 

contracción celular asociados a un mal manejo del Ca2+ que se revirtieron con este SPM. Cuando 

analizamos la señalización a nivel molecular, observamos que el tratamiento con BML-111 

reducía los elevados niveles de estrés oxidativo en el corazón de los animales EAM principalmente 

mediante la activación de la respuesta antioxidante de NRF2 a través de la vía de señalización 

CaMKK2/AMPKα. Finalmente, realizamos una aproximación traslacional analizando los niveles 

de LXA4 en el suero de pacientes con CMD en la que observamos una correlación inversa de éstos 

con marcadores de daño cardiaco e inflamación. Por tanto, en este trabajo hemos descifrado las 

distintas vías pro-resolutivas que son moduladas por las LXs en las ECV, aportando nuevos 

indicios para la evaluación futura de su potencial cardioprotector en la investigación traslacional 

y clínica. En conjunto, nuestros datos indican que las LXs pueden ser consideradas como 

prometedoras futuras dianas terapéuticas en las ECV con trasfondo inflamatorio.
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1. THE INFLAMMATORY REACTION 

Inflammation is a physiological process where the organism initiates an immune response to 

protect against damaging agents1. A typical inflammatory response entails two stages: the onset 

phase, where acute inflammation peaks and immune cells attempt to eradicate the harmful agent, 

and the resolution phase, which aims to cease the inflammatory process once the danger signal 

has been eliminated allowing for tissue repair and the return to homeostasis1, 2 (FIGURE 1). 

Multiple responses are prompted during inflammation, requiring a coordinated action of 

molecular signals, cells and tissues. Dysregulation of these may delay the appropriate termination 

of the response, establishing a persisting condition known as chronic inflammation that 

consistently brings about tissue damage and severely affects organ performance1. Importantly, 

chronic inflammation has been widely described to be the underlying cause of most prevalent 

pathologies like Alzheimer’s or Parkinson’s disease3, 4, arthritis5, asthma6 and even cancer7. For 

that reason, an important part of biomedical research focuses on understanding the mechanisms 

responsible for both the onset and end of inflammation in order to develop future therapies 

aiming to ameliorate the outcome of these diseases. 

Although exogenous agents such as pathogens or allergens were originally thought to be the 

primary and only source of inflammation, research later revealed that endogenous mediators 

released upon tissue damage can also act as a danger signal and trigger an inflammatory reaction 

per se, named sterile inflammation8. 

                              

 

FIGURE 1. Stages of the inflammatory reaction. Inflammation is initiated in the organism to protect against a potential 

damaging agent. During the onset phase, detection of danger signal induces the recruitment of immune cells which efficiently 

remove the hazardous factor. Once eliminated, resolution phase ensues with the purpose of actively halting inflammation and 

preventing excessive tissue damage, allowing for recovery and the return to homeostasis. Exacerbated inflammation and/or 

insufficient resolution may cause dysregulation of this process causing chronic inflammation, a condition where tissue is 

constantly damaged, leading to impaired organ performance and the development of severe pathologies. 
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Hence, depending on the source of the injurious stimulus, these agents can be classified as 

pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns 

(DAMPs)8, 9. PAMPs are molecular components derived from invading pathogens like bacterial 

lipopolysaccharide (LPS) or viral DNA, whereas DAMPs are commonly released by cells of the 

organism after being injured and include molecules like inflammatory mediators (cytokines and 

chemokines), extracellular matrix (ECM) fragments and even intracellular components leaked 

upon cell death like cytochrome c10. 

Thus, when specific cells detect PAMPs or DAMPs via pattern recognition receptors (PRRs), 

they activate the production of inflammatory mediators that control the onset and progression of 

the response10. PRRs conform a large family of receptors that can be classified into two groups 

depending on their primary cellular location: transmembrane PRRs include toll-like receptors 

(TLRs) and C-type lectin receptors (CLRs) families; and cytoplasmic PRRs comprise retinoic acid-

inducible gene-like receptors (RLRs), absent in melanoma 2-like receptors (AIRs), cytosolic DNA 

sensors (CDSs) and nucleotide-binding oligomerization domain-like receptors (NLRs) families9. 

Each family is constituted by multiple types of receptors that sense specific ligands and modulate 

distinct cellular responses9. Importantly, PRRs are expressed in both immune cells and other 

specialized cell types such as fibroblasts, endothelial cells or cardiomyocytes, indicating that 

inflammation can affect and be triggered by nearly every cell type9, 10. 

Upon activation, PRRs first upregulate the production of chemokines, chemoattractant 

proteins that help immune cells migrate to the site of injury10. During the course of inflammation, 

the first recruited cells are neutrophils, which exert potent anti-microbial actions mainly by 

releasing proteolytic enzymes and reactive oxygen species (ROS) to cause severe damage in their 

targets and by activating inflammatory signaling cascades in neighboring cells10. Neutrophils can 

also eliminate necrotic material and promote angiogenesis, thus contributing to tissue healing11. 

Due to their harmful properties, they rapidly undergo apoptosis and must be cleared from the 

inflammatory site once they accomplish their functions to prevent tissue damage10. 

Monocytes are the following cell type to infiltrate into damaged tissue, subsequently 

differentiating into macrophages11. Macrophages are a specialized immune cell type with the 

ability to exhibit either a pro-inflammatory or anti-inflammatory phenotype when exposed to 

different stimuli12. Thus, classic pro-inflammatory or “M1” macrophages participate at earlier 

stages of inflammation by releasing ROS, killing pathogens and attacking infected and tumor cells. 

In contrast, anti-inflammatory or “M2” macrophages play a role in tissue healing by 

phagocytosing apoptotic cells like neutrophils in a process called efferocytosis, by producing anti-

inflammatory and pro-resolving mediators and by promoting appropriate ECM remodeling12. 
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Other subsets of macrophages have been identified like regulatory and tumor-associated 

macrophages12, which highlights their plasticity to adapt to different circumstances depending on 

the physiological context. 

Last cells to be recruited are lymphocytes, which coordinate the establishment of 

immunological memory and mediate the adaptive immune response. Lymphocytes are typically 

classified into B cells, which are responsible for immunomodulation and antibody production, 

and T cells, which differentiate into various subtypes with distinct functions13. Main relevant 

subsets are cytotoxic T cells (Tc), which target virus-infected and tumor cells, and helper T cells 

(Th), which support B cells maturation, induce Tc and macrophage activation and participate in 

certain defense mechanisms14. For example, Th17 cells are important mediators of pathogen 

infection and autoimmunity15. Other subsets include memory T cells, regulatory T cells and 

invariant natural killer (NK) T cells10, 16. 

Additional key cell types involved in the immune response are dendritic cells, which help 

establish adaptive immunity10; mast cells, basophils and eosinophils, leukocytes that regulate 

allergic reactions and parasitic infections17; and NK cells, which are specialized in destroying 

tumor and virus-infected cells10. 

 Coordination of this complex response orchestrated by a broad range of specialized cell types 

is possible thanks to a series of inflammatory mediators known as cytokines. Cytokines represent 

a group of low molecular weight proteins released by almost every cell with the ability to modulate 

specific responses on their targets18. They are produced primarily upon PRR activation and may 

exert their effects in an autocrine, paracrine or endocrine manner18, 19. Cells express different 

cytokine receptors on their membranes and upon binding, cytokines initiate distinct signaling 

cascades involved in the activation or inhibition of inflammation, proliferation, apoptosis or 

fibrosis, among other processes19. Notably, their effects are time- and cell-specific, hence they are 

considered to be pleiotropic, and in some cases their functions may result in redundant or 

synergistic responses. Typical pro-inflammatory cytokines include interleukin 1 beta (IL-1β), IL-

6 and tumor necrosis factor alpha (TNFα), whereas IL-4, IL-13 and IL-10 are commonly 

considered as anti-inflammatory18. Certain cytokines are specific to some cell types like IL-17A, 

which is primarily produced by Th17 cells15. A list of cytokines relevant for this work, the signaling 

pathways they modulate, and examples of their functions are included in TABLE 1. 
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Cytokine expression must be tightly controlled in order to avoid the development of an 

excessive local response that can drive to chronic inflammation. In fact, altered cytokine levels 

have been found in patients with pathologies like atherosclerosis, multiple sclerosis or stroke, 

serving as inflammatory biomarkers of the disease38. More recently, the role of cytokines in disease 

has gained attention since the cytokine storm was identified as a hallmark of COVID-19 

associated with a poor prognosis39. 

Current treatments toward uncontrolled inflammation include cytokine inhibitors, non-

steroidal anti-inflammatory drugs (NSAIDs) or corticosteroids, all of which exhibit potent effects 

at blunting inflammation in different diseases. Nonetheless, they also entail various side effects 

including immune system suppression, undesired alterations including gastrointestinal ulcers or 

renal failure and the activation of compensatory mechanisms40–42. For these reasons, instead of 

directly inhibiting inflammation, promoting its resolution has emerged as a therapeutic option to 

treat pathologies with an inflammatory background.  

2. RESOLUTION OF INFLAMMATION 

Resolution of inflammation ensues acute inflammation with the purpose of halting the 

inflammatory reaction and preventing excessive tissue damage and chronic inflammation once 

the initial danger signal is suppressed1. An efficient resolution mechanism is crucial to allow for 

tissue healing and to preserve appropriate organ functioning1. Resolution was initially thought to 

be a passive process until Serhan et al. first discovered in 1984 a series of molecules that inhibited 

CYTOKINE 
SIGNALING 
PATHWAY 

KEY FUNCTIONS REFERENCE 

IL-1β 
p38 
AP-1 
NF-κB 

↑ Pro-inflammatory cytokine production 
↑ Leukocyte recruitment 

↑ Angiogenesis 
↑ Apoptosis and tissue damage 

20–23 

IL-6 JAK/STAT 
↑  Acute phase proteins 

↑ Collagen expression and fibrosis 
↑ Tissue regeneration 

24–26 

IL-10 JAK/STAT 
Suppresses pro-inflammatory cytokines 

Promotes M2 polarization 
↓ Fibroblast activation and fibrosis 

27–29 

IL-17A 
AP-1 
NF-κB 

↑ Pro-inflammatory cytokine and 
chemokine production 

↑ Autoimmunity development 
Mucosal barrier protection 

30, 31 

TNFα 
Caspase-8 
p38 
NF-κB 

↑ Oxidative stress 
↑ Vasodilation 

Regulates apoptosis/proliferation balance 

32–34 

TGFβ 
Smad 
Akt 
p38 
NF-κB 

↑ Inflammation (mediated by IL-6) 
↑ Fibrosis 

Regulates immunotolerance 
Inhibits Th1 and Th2 differentiation  

35–37 

TABLE 1. List of relevant cytokines for this work, their downstream signaling pathways and main functions. 



INTRODUCTION 

 23 

leukocyte recruitment named lipoxins (lipoxygenase interaction products, LXs)43, 44. This shifted 

the paradigm and proved that resolution is indeed an active process where specific mediators are 

deliberately produced to control the clearance of the inflammatory signal by multiple 

complementary mechanisms. Since then, a wide array of molecules has been identified to 

participate in this process including protein and peptides (annexin A1, galectin-1), nucleosides 

(adenosine) and bioactive lipids45. These molecules have been observed to prevent uncontrolled 

inflammation and their consequences by modulating other processes besides inflammatory 

signaling like tissue remodeling and regeneration or the antioxidant response46. Among these 

mediators, pro-resolving bioactive lipids conform the largest family of this group named 

specialized pro-resolving mediators (SPMs). 

2.1.  SPECIALIZED PRO-RESOLVING MEDIATORS 

SPMs derive from essential omega-3 and omega-6 fatty acid oxidation and are produced 

mainly by the action of 5-, 12- and/or 15-lipoxygenases (LO)47. Depending on the biosynthetic 

route, which is defined by the precursor molecule and the lipoxygenase isoform involved, SPMs 

are classified into four types: LXs, resolvins (Rvs), protectins (PDs) and maresins (Mars). 

Alternatively, acetylated cyclooxygenase-2 (COX-2) is capable of generating epimeric forms of 

SPMs that exhibit more potent effects48, 49. Since COX-2 acetylation is primarily mediated by 

aspirin, these epimers are also known as aspirin-triggered SPMs49. Each type of SPM exerts 

complementary pro-resolving effects and interact with distinct receptors, thus modulating 

different cell types and signaling pathways50. A simplified schematic of the different biosynthetic 

routes of SPMs is depicted in FIGURE 2.  

Generation of SPMs is critical to initiate resolution and occurs by transcellular biosynthesis, 

requiring the cooperation of multiple cell types including neutrophils, macrophages, platelets, 

eosinophils and epithelial cells47, 51, 52. During transcellular biosynthesis, different cell types 

coordinately drive lipid mediators synthesis by executing each sequential step of their metabolism 

and transferring the intermediates through cell-cell interactions53. For example, in epithelial cells, 

15-LO transforms arachidonic acid into 15(S)-hydroxyeicosatetraenoic acid (15[S]-HETE), 

which is then transferred to neutrophils and converted into LXA4 by 5-LO46. Similarly, 

neutrophils produce leukotriene A4 from arachidonic acid through 5-LO, which can be then 

transformed into lipoxin A4 (LXA4) by 12-LO in platelets54. Since LOs are shared enzymes for the 

synthesis of both inflammatory (i.e. leukotrienes) and pro-resolving molecules, transcellular 

biosynthesis provides a mechanism to rapidly shift the production of pro-inflammatory lipid 

mediators to SPMs based on the inflammatory context and neighboring cells55. 
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LXs were the first SPM described and, to date, most studies have focused predominantly on 

their beneficial role promoting the resolution of inflammation in multiple pathological models. 

However, research has also started to evaluate the therapeutic use of other SPMs over the last 

years, obtaining positive results in relation to limiting inflammation and promoting tissue healing 

in both in vitro and in vivo studies50. Despite these promising data, the specific molecular of LXs 

and other SPMs signaling behind these protective effects has not been completely elucidated. 

2.2.  LIPOXINS  

LXs are the only SPM synthesized from arachidonic acid (an omega-6 fatty acid) and exist in 

four forms: LXA4 and LXB4, named native LXs, and the epimers 15-epi-LXA4 and 15-epi-LXB4, 

also called aspirin-triggered LXs (ATLs) (FIGURE 3A). Native LXs are produced by oxidation of 

arachidonic acid by 5-, 12- and/or 15-LO, whereas ATLs generation requires a preceding step 

mediated by acetylated COX-249. Some studies suggested that S-nitrosylated COX-2 –prompted 

by statins– or even cytochrome P450 can also execute this initial step and produce ATLs, 

indicating that these enzymes may also contribute to resolution56, 57. 

FIGURE 2. Biosynthesis of specialized pro-resolving mediators (SPMs). SPMs are potent mediators that drive resolution by 

modulating different pathways involved in inflammation. Depending on the precursor molecule and the enzymes involved in 

their synthesis, four types of SPMs have been described to date: lipoxins (LXs), resolvins (Rvs), protectins (PDs) and maresins 

(Mars). Main enzymes involved in SPM synthesis are 5-, 12- and 15-lipoxygenases (LOs). Cyclooxygenase-2 (COX-2) 

acetylation (AcCOX-2), which is induced by aspirin, is also involved in their synthesis, producing in some cases epimeric 

forms of SPMs known as aspirin-triggered SPMs (AT-SPMs). Additional mechanisms of SPM synthesis have been recently 

described, like those mediated by statins or soluble epoxide hydrolase (sEH). ATLs: aspirin-triggered LXs. 
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As bioactive autacoids, LXs effects are intended to be local and transitory, therefore they 

undergo rapid inactivation via C15 oxidation and C13-C14 reduction mainly by 15-prostaglandin 

dehydrogenase (15-PGDH)58, 59. As 15-PGDH action is stereospecific, ATLs are degraded at 

approximately 50% of the conversion rate of native LXs, hence exhibiting an increased half-life 59. 

However, LXs can also be inactivated by cytochrome P450 ω-hydroxylases60, and are pH- and 

light-sensitive61. For these reasons, synthetic LX analogs have been designed by chemical 

modification to further boost their action and prevent rapid decomposition62. These molecules 

are capable of withstanding degradation while exerting equipotent or more potent effects than 

native LXs, overall resulting in an improved and extended bioactivity62. For example, BML-111 

(5[S],6[R]-7-trihydroxymethyl heptanoate) is a LX analog designed in the early 90s that has been 

extensively used in multiple disease models exhibiting enhanced pro-resolving functions when 

compared to native LXs (FIGURE 3B)58, 62, 63. More recently, research groups have identified certain 

chemical modifications as fundamental to upgrade both activity and stability of LXs64. For 

instance, imidazolo-LXs like AT-01-KG exhibit a double increase in activity at lower 

concentrations than LXA4 (FIGURE 3B)65. 

                           

 

A.

B.

FIGURE 3. Structure of endogenous and synthetic lipoxins (LXs). A. Endogenous LXs are synthesized from arachidonic 

acid (an omega-6 fatty acid). Metabolization via 5-, 12- and 15-lipoxygenases generate LXA4 and LXB4, known as native LXs. 

Acetylated cyclooxygenase-2 (AcCOX-2) may also mediate their synthesis leading to the formation of epimeric forms named 

15-epi-LXA4 and 15-epi-LXB4. Since AcCOX-2 is typically prompted by aspirin, these epimers are also called aspirin-

triggered lipoxins (ATLs). B. Due to their rapid physiological inactivation by certain conditions and enzymes, research 

groups have chemically modified LX structure to improve their bioavailability and functions leading to the synthesis of LX 

analogs. BML-111 was one of the first LX analog to be designed, and its enhanced properties versus LXs have been extensively 

proved in vivo and in vitro. Recently, specific modifications on LX structure have been described to significantly boost their 

potency and efficacy. For example, AT-01-KG was recently designed from LXA4 by incorporation of imidazole groups into 

their structure resulting in a double increase in its activity when compared to native LXA4. 
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2.2.1. ALX RECEPTOR 

LXs and their analogs elicit their actions mainly by binding to ALX receptor, also known as 

formyl peptide receptor 2 (FPR2) or formyl peptide receptor-like 1 (FPRL1). ALX is a G protein-

coupled receptor (GPCR) that is expressed in the surface of a wide array of cell types like immune 

cells (neutrophils, monocytes, macrophages…) and other specialized cells like enterocytes, 

endothelial cells and fibroblasts66, 67. Its sequence is highly conserved in mouse, rat and human, 

which facilitates LX research in animal models67 

Importantly, ALX is a promiscuous receptor with a broad range of ligands, including other 

pro-resolving mediators (annexin A1, RvD1) as well as pro-inflammatory peptides (serum 

amyloid A, LL-37 peptide, humanin), which suggests that ALX may coordinate the switch from 

inflammation to resolution by gathering both responses in one receptor68, 69. Of these ligands, 

LXA4 and ATL represent the most potent and selective ALX agonists67. This dynamic suggests 

that LXs do not only mitigate inflammation per se but also by preventing binding of pro-

inflammatory peptides to ALX70, 71. In addition, LXs can also bind to other receptors, acting as 

antagonists of cysteinyl leukotriene receptor 1 (CysLT1)72 and as agonists of Rv receptor G-protein 

coupled receptor 32 (GPR32)73 or the aryl hydrocarbon nuclear receptor (AhR)74. Interaction with 

these receptors is thought to be complementary to ALX functions with regards to blocking 

inflammation and inducing protective responses, however their specific signaling remains 

unknown. 

LX-mediated ALX response is capable of promoting resolution through different signaling 

pathways that are specific for every cell and tissue75. Understanding each of these mechanisms is 

essential to fully exploit the potential of resolution therapies for pathologies with underlying 

inflammation. Over the past years, biomedical research has underscored the potential of LXs to 

exert multiple protective functions like inhibiting inflammatory signaling and fibrosis, 

modulating cell survival and apoptosis and activating antioxidant mechanisms, all of which allow 

to halt persistent inflammation and drive tissue recovery. 

2.2.2. PRO-RESOLVING EFFECTS OF LIPOXINS 

2.2.2.1. INHIBITION OF INFLAMMATORY SIGNALING 

One of the main transcription factors implied in the activation and modulation of the immune 

response is NF-κB, which in fact is considered the master regulator of inflammation76. In basal 

state, NF-κB is sequestered and suppressed by IκBα in the cytoplasm. Inflammatory stimuli 

activate a signaling cascade that drives IκBα phosphorylation and subsequent proteasomal 

degradation76. As a result, NF-κB is released and translocated into the nucleus, where it activates 
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over 100 genes involved primarily in inflammation76, including classical pro-inflammatory 

cytokines and other mediators like galectin-3, which is known to promote the progression of 

inflammation and fibrosis in multiple pathologies77–79. 

Inhibition of NF-κB pathway represents the most broadly described pro-resolving action of 

LXs and the first to be identified80, 81. Numerous studies have reported that LXs strongly inhibit 

NF-κB signaling46, 80 in different contexts like brain82, cardiac83 or even periodontal damage84. As 

a result, LX administration manages to downregulate the expression of NF-κB targets including 

pro-inflammatory cytokines (e.g. IL-1β, IL-6 and TNFα)85, 86 as well as chemokines87 and adhesion 

molecules implicated in leukocyte recruitment88, 89. Altogether, by reducing the activation of this 

master regulator, LXs manage to halt the progression of inflammation and switch to a pro-

resolutive scenario by promoting clearance of immune cells and averting the production of pro-

inflammatory stimuli. 

2.2.2.2. INHIBITION OF FIBROSIS 

Fibrosis is the process of adverse tissue repair due to excessive ECM deposition, which impairs 

organ contractility and hinders oxygen and nutrients diffusion, severely affecting its structure and 

performance90. After tissue assault or wounding, a reparative process is initiated by the immune 

system that involves the activation and proliferation of myofibroblasts90. Myofibroblasts 

comprise a heterogeneous population of cells that derive from resident fibroblasts as well as 

neighboring cells like smooth muscle cells, endothelial cells and pericytes, among others90. These 

cells express contractile proteins like alpha smooth muscle actin (α-SMA) which provide 

resistance to mechanical stress91, and drive tissue remodeling by secreting matrix 

metalloproteinases (MMPs), tissue inhibitor of metalloproteinases (TIMPs) and ECM 

components like collagen92. Under normal circumstances, myofibroblasts undergo apoptosis 

when the reparative process is completed, but persistent tissue damage causes pathological and 

uncontrolled activation and proliferation of myofibroblasts, eventually leading to fibrosis92. 

Chronic inflammation is an important fibrotic precursor, which explains why most chronic 

inflammatory diseases (e.g. asthma, atherosclerosis, chronic obstructive pulmonary disease) 

exhibit a certain degree of fibrotic tissue and fibrosis-associated consequences90. 

The master regulator of fibrosis and myofibroblast activation is transforming growth factor 

beta (TGFβ), which is produced by various cell types including M2 macrophages, fibroblasts and 

epithelial cells90. Upon binding to its receptor, TGFβ initiates a signaling cascade mainly mediated 

by Smad proteins, which ultimately upregulate the expression of a myriad of profibrotic genes90. 

Numerous anti-fibrotic strategies focus on inactivating TGFβ93–95, however this approach may not 

be fully effective since TGFβ is crucial for many other physiological processes like 
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immunotolerance36. LXs have shown potent anti-fibrotic effects by inhibiting TGFβ-induced 

activation of fibroblasts96–98 and by suppressing fibrotic markers in animal models of hepatic99, 

renal 100 and pulmonary fibrosis101. Altogether, LXs appear to attenuate fibrosis establishment by 

promoting termination of inflammation and preventing chronification of reparation process, 

inhibiting tissue remodeling and excessive deposition of ECM. 

2.2.2.3. MODULATION OF APOPTOSIS 

Cell death occurs under physiologic or pathologic circumstances and requires a tight 

regulation that depends on the type of death signaling102. Certain mechanisms of cell death (e.g. 

necrosis) are triggered upon acute cell damage and cause the release of cytosolic, mitochondrial 

or nuclear material to the extracellular space, which may act as DAMPs and initiate 

inflammation103. 

Apoptosis or “programmed cell death” provides a controlled process that maintains cell 

membrane integrity to avoid leakage of intracellular material and prepare cells to be cleared by 

phagocytes in an innocuous manner102. Apoptotic signaling is primarily modulated by B-cell 

lymphoma 2 (Bcl-2) family of cytosolic proteins, which comprises a series of pro-apoptotic and 

anti-apoptotic molecules that establish a balance determining cell fate102. In brief, stress or damage 

signals including pro-inflammatory cytokines like TNF⍺ as well as ROS cause upregulation and 

activation of pro-apoptotic mediators, which subsequently induce the activation of intermediaries 

like caspase-3 and endonuclease G (EndoG)102. Concretely, caspases represent the main effector 

molecules that prompt apoptosis by destroying cell components102. Alongside them, EndoG also 

participates in cell disintegration by driving DNA fragmentation104. 

Apoptosis is a fundamental part of many physiological processes like embryogenesis and 

development, renewal of immune cells or hepatocyte detoxification102. However, aberrant 

apoptosis may occur during persistent inflammation, impairing appropriate tissue regeneration 

and severely contributing to organ damage102. To counter exacerbated apoptosis, anti-

inflammatory molecules upregulate the expression of anti-apoptotic mediators like Bcl-2 and 

blunt the action of pro-apoptotic molecules like caspases105, 106. In this sense, there exists evidence 

that LXs are able to finely modulate cell survival and death depending on the cell type to preserve 

tissue integrity82, 107, 108 and diminish infiltration of inflammatory cells109. Thus, LXs induce 

apoptosis in neutrophils to prevent the progression of inflammation109, but also promote survival 

in macrophages107, which are important resolution mediators. By modulating cell fate, LXs are 

capable of tightly regulate resolution in a cell- and tissue-specific manner to preserve tissue 

integrity.  
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2.2.2.4. ACTIVATION OF THE ANTIOXIDANT RESPONSE 

ROS are highly reactive molecules that derive from O2 metabolism like hydroxyl radical (·OH), 

superoxide anion (O2
-) and hydrogen peroxide (H2O2)110. They are capable of oxidizing cellular 

components including enzymes, membrane lipids and DNA, ultimately causing cell death111. ROS 

are primarily produced as a byproduct of mitochondrial respiration and during inflammation, 

their synthesis is increased as a defense mechanism against pathogens111, 112. However, exacerbated 

ROS production can cause self-damage on cells and tissues known as oxidative stress, which 

severely affects tissue integrity and compromises organ function112. 

To counter these effects, cells count with many antioxidant mechanisms. One of the central 

antioxidant responses present in all cell types is the nuclear factor erythroid 2-related factor 2 

(NRF2) pathway. NRF2 pathway is a transcription factor that upon nuclear translocation is 

capable of upregulating a series of genes coding for antioxidant enzymes like heme-oxygenase 1 

(HO-1) which prevents ·OH production by releasing Fe2+ from heme molecules112, 113; NAD(P)H 

quinone dehydrogenase 1 (NQO-1) which reduces reactive quinones to less toxic 

hydroquinones114 and peroxiredoxin (PRDX) and catalase, both which metabolize and 

neutralize H2O2
112, 113. In basal state, NRF2 forms a complex with Kelch-like ECH-associated 

protein 1 (KEAP1) and cullin 3 (Cul3), which catalyze the polyubiquitination and subsequent 

proteasomal degradation of NRF2 (FIGURE 4). Under oxidative stress conditions, ROS and 

electrophiles induce NRF2 dissociation from KEAP1-Cul3 complex, thus enabling NRF2 nuclear 

translocation and upregulating the antioxidant response115. Activation of this pathway can be 

further enhanced by specific post-translational modifications on NRF2, like phosphorylation at 

different sites by AMP-activated protein kinase α (AMPKα), which has been observed to 

promote NRF2 accumulation in the nucleus116. As a result, targeting AMPK phosphorylation via 

its two main upstream kinases, Ca2+/calmodulin kinase kinase 2 (CaMKK2, also known as 

CaMKKβ) and liver kinase B1 (LKB1), represents an interesting mechanisms to modulate NRF2-

mediated antioxidant response117, 118.  

Upregulation of NRF2 pathway is known to ameliorate hepatic inflammation, cardiovascular 

damage or neurodegenerative disease119. In this sense, LXs have been shown to be efficient 

activators of this response in different cell types like cardiomyocytes120, macrophages107 or 

astrocytes121, proving that LX-mediated pro-resolutive response involves mitigating oxidative 

stress, which is essential to diminish inflammation and promote tissue regeneration. 
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2.2.3. LIPOXIN AND DISEASE 

Research has extensively observed that defective resolution or insufficient LX production can 

enhance uncontrolled inflammation as well as tissue damage and lead to chronic inflammation 

and organ fibrosis 122, 123 (FIGURE 5). Since LXs are produced upon inflammation and released into 

biological fluids, analysis of LX levels in serum, plasma, urine or bronchoalveolar lavage helps 

evaluate pathological unresolved inflammation124–127. In fact, reduced LX levels have been 

correlated with disease severity in patients with asthma128, Alzheimer’s disease129 and heart 

failure130, manifesting that an impaired resolution process promotes disease development. This 

illustrates the potential of LXs to serve not only as a treatment but also as a predictive biomarker 

for the early diagnosis and progression of certain inflammatory disorders. 

Currently, the main strategy of resolution therapies focuses on treating with LXs or their 

analogs to alleviate or prevent inflammation. Numerous studies in animal models have 

demonstrated that their administration ameliorates a wide range of pathologies46. In fact, current 

research is paying special attention to the potential of LX analogs, since their enhanced properties 

FIGURE 4. Activation of the antioxidant response via nuclear factor erythroid 2-related factor 2 (NRF2) pathway. NRF2 

is a transcription factor considered the master regulator of the antioxidant response in most cell types. In basal conditions, 

NRF2 is sequestered by Kelch-like ECH-associated protein 1 (KEAP1)-cullin 3 (Cul3) complex, which promotes NRF2 

ubiquitination and proteasomal degradation. Upon oxidative stress, certain stimuli like reactive oxygen species (ROS) or 

electrophilic molecules are capable of destabilizing NRF2-KEAP1-Cul3 complex and promote its dissociation. As a result, 

NRF2 is released and translocated into the nucleus, where it heterodimerizes with DNA-binding proteins like small 

musculoaponeurotic fibrosarcoma (sMaf) to upregulate a series of genes primarily implicated in the antioxidant response, 

like heme oxygenase-1 (HO-1), NAD(P)H quinone dehydrogenase 1 (NQO-1), catalase and peroxiredoxins (PRDXs). 
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have been proven to exert more potent effects than native LXs. For instance, BML-111 treatment 

has been shown to protect and ameliorate renal ischemia/reperfusion131, ischemic stroke132, 

arthritis133 or pulmonary fibrosis134, among other models. In addition, recent inclusion of LXs in 

a clinical trial for gingivitis135 as well as in the design of a pilot application to treat asthmatic 

children136 indicate that they are achieving clinical interest. 

Altogether, LXs and their analogs represent an attractive therapeutic alternative for many 

pathologies as pro-resolving mediators that are capable of inhibiting deleterious processes and 

activating protective responses during the course of inflammation, ultimately preventing 

progression of the disease and preserving adequate organ performance. Due to their endogenous 

nature, they may exhibit reduced side effects in contrast to current medication, which results 

particularly valuable for inflammatory pathologies with unsafe or inefficient treatments. For these 

reasons, there is a growing body of evidence demonstrating the potential of LXs to ameliorate 

multiple pathologies including pulmonary and renal disease, and importantly in relation to the 

aim of this work, cardiovascular disease (CVD). 

     

 

FIGURE 5. Appropriate lipoxin (LX) synthesis is crucial to mitigate inflammation and prevent tissue fibrosis in multiple 

pathologies. During inflammation, the release of pathogen and damage-associated molecular patterns (PAMPs and 

DAMPs, respectively) from injured tissue promotes the recruitment of neutrophils followed by monocytes. These immune 

cells mitigate the source of damage by exerting different functions like degranulation to release toxic substances, 

phagocytosis, release of pro-inflammatory cytokines and initiating antigen recognition. At the end of this phase, immune 

cells shift to a resolutive phenotype, generating LXs and other specialized pro-resolving mediators that support the end of 

the inflammatory response. During resolution, these compounds prevent neutrophil recruitment and induce their 

apoptosis, polarize macrophages toward an anti-inflammatory phenotype, promote efferocytosis and inhibit fibroblast 

proliferation, among other functions. As a result, tissue is appropriately repaired. Defective or insufficient production of 

these mediators may cause pro-inflammatory stimuli to persist, leading to chronic inflammation and constant tissue 

damage, ultimately developing fibrosis and organ dysfunction. 
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3. CARDIOVASCULAR DISEASES 

CVDs represent the leading cause of mortality and morbidity worldwide, being responsible for 

32% of all global deaths in 2019137. Current studies anticipate this incidence to gradually augment 

within the next years due to the increase on risk factors in the population of middle- and low-

income countries (e.g. unhealthy diet, dyslipidemia, tobacco and alcohol consumption, physical 

inactivity…)137, 138. Although medical advances have allowed to reduce CVD mortality within the 

last years, there is still a lack of effective strategies helping to prevent their progression thus 

compromising the quality of life of patients139, 140. Therefore, understanding the mechanisms of 

CVD pathogenesis is crucial to achieve competent prognosis, perform longitudinal studies and 

research on effective therapies, all of which would allow to prevent poor evolution and fatal 

consequences occurring in late stages of CVDs, minimizing their impact on patient’s well-being 

and reducing healthcare burden138. 

3.1.  DELETERIOUS PROCESSES IN CARDIOVASCULAR PATHOGENESIS 

3.1.1. INFLAMMATION AND OXIDATIVE STRESS 

Inflammation is a pivotal phenomenon known to participate in the onset, progression and 

manifestation of many CVDs138, 141. The source of this inflammation is variable and unique to each 

pathology: it may be elicited upon bacterial or viral infections, by damaging agents like drugs or 

certain medications, or even by pathological processes like blood flow obstruction141, 142. Extensive 

evidence has demonstrated that there exists a profound crosstalk between inflammation and 

oxidative stress in CVD pathogenesis143, 144. During cardiac inflammation, immune cells are 

recruited into the heart and produce ROS as a defense mechanism144. Cardiomyocytes also release 

ROS upon injury, which in turn promote leukocyte recruitment and enhances the inflammatory 

reaction141. In fact, pro-inflammatory cytokines have been demonstrated to upregulate ROS 

production and vice versa, creating a vicious cycle145. Commonly, failing at resolving this scenario 

in a cardiac context leads to chronic inflammation and continuous cardiovascular assault146, 147. As 

a result, exacerbated inflammation and oxidative stress profoundly affect cardiomyocyte integrity, 

impairing their contractile capacity and inducing their apoptosis143, 148. Due to the limited 

regenerative capacity of the heart, loss of cardiac architecture initiates an adverse remodeling 

program aiming to preserve tissue structure by promoting fibroblast proliferation, which results 

in the establishment of a fibrotic scar that severely compromises cardiac performance146, 149. 

Concomitantly, maladaptive cardiac hypertrophy is developed, a process by which cardiomyocyte 

increase in size to compensate for the decrease of cardiac output150, 151. Together, these deleterious 

mechanisms eventually prompt cardiac dysfunction, which increases the risk of cardiovascular 

events, arrhythmias, heart failure or even sudden death150. 
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Data from recent studies have revealed that targeting inflammation and oxidative stress may 

provide an effective therapy to mitigate CVD onset and progression143, 152, 153. In fact, clinical trials 

evaluating anti-inflammatory compounds in CVDs have shown promising effects by decreasing 

biomarkers of inflammation like C-reactive protein (CRP)154, 155, which is an important predictor 

of cardiovascular risk, as well as indicators of cardiac damage and hypertrophy like atrial and 

brain natriuretic peptides (ANP and BNP, respectively)156–158. However, these treatments entail 

particular risks concerning safety and appear to be inefficient to prevent other CVD 

complications that still represent a therapeutic challenge, especially with regard to impaired 

cardiomyocyte contraction and cardiac dysfunction152, 159, 160. 

3.1.2. IMPAIRED CARDIOMYOCYTE CONTRACTION AND CA2+ MISHANDLING  

Cardiac function is determined by the contraction-relaxation cycle of the heart, which is 

fundamentally modulated by Ca2+ release in cardiomyocytes161. Ca2+ mishandling is closely related 

to increased pro-arrhythmogenic events and defective cardiomyocyte contractility, ultimately 

affecting cardiac performance and leading to cardiac dysfunction162. 

Excitation-contraction (EC) coupling refers to the process by which electrical stimuli induce 

cell contraction by eliciting an immense increase in Ca2+ concentration in the cardiomyocyte162 

(FIGURE 6). In brief, this electrical signal activates a series of voltage-dependent L-type Ca2+ 

channels (LTCCs) located in T-tubules, which are invaginations from the sarcolemma that 

transverse the cardiomyocyte. Opening of LTCCs induce a small Ca2+ influx into the sarcoplasm 

known as inward Ca2+ current (ICaL). Consequently, ICaL prompts the opening of type 2 ryanodine 

receptors (RyR2s) located in the sarcoplasmic reticulum (SR) membrane, eliciting a massive 

release of Ca2+ from the SR into the cytoplasm162. Increased intracellular Ca2+ levels are then 

sufficient to bind to troponin C and drive actin-myosin myofilament contraction162. To allow for 

cardiomyocyte relaxation, intracellular Ca2+ concentration is restored to diastolic levels mainly by 

SR recapture via the Sarcoplasmic/Endoplasmic Reticulum Ca2+ ATPase 2a pump (SERCA2a) and 

by extrusion through Na+/Ca2+ exchanger (NCX)162. 

During CVD pathogenesis, inflammation and oxidative stress can profoundly affect any of the 

elements involved in EC coupling and lead to Ca2+ mishandling163–166. Biomedical research has 

paid special attention to alterations in SERCA2a function due to their association with cardiac 

dysfunction and heart failure progression162, 167, 168. 

 



INTRODUCTION 

 34 

 

Concretely, SERCA2a expression has been observed decrease upon TNF⍺ treatment169, and its 

activity and stability may be reduced by redox modifications like sulfonation170, nitration171 or 

oxidation172. This evidence suggests that mitigating inflammation and oxidative stress may help 

restore the appropriate SERCA2a activity and ameliorate Ca2+ handling, possibly contributing to 

prevent adverse hypertrophy and fibrosis and ultimately cardiac dysfunction.  

Currently, a complete characterization of the interplay between inflammation, oxidative stress 

and cardiac function in cardiovascular pathogenesis remains elusive. Using models of CVDs 

manifesting these phenomena would help discern their role and improve the development of 

novel cardiovascular therapies. In this sense, dilated cardiomyopathy (DCM) and its precursor, 

myocarditis, stand out as CVDs characterized by an important inflammatory background with 

elevated oxidative stress that present cardiac dysfunction and fibrosis in their late stages149, 173, 174. 

3.2.  MYOCARDITIS AND DILATED CARDIOMYOPATHY 

Myocarditis is defined as the inflammation of the cardiac muscle175. If persisting, this 

inflammatory reaction may compromise cardiac function, increasing the risk of life-threatening 

arrhythmias and heart failure173. Notably, myocarditis is considered the major cause of sudden 

cardiac death in young adults173 and a major precursor of DCM176. DCM is a frequent and 

FIGURE 6. Mechanism of excitation-contraction coupling in the heart. To drive cardiac contraction during systole, electrical 

signals reaching the ventricle induce a small influx of extracellular Ca2+ into the cardiomyocyte via L-type Ca2+ channels 

(LTCCs) located in T-tubules named inward Ca2+ current (ICaL). This current prompts the opening of type 2 ryanodine 

receptors (RyR2) located in the sarcoplasmic reticulum (SR) that drive a massive release of Ca2+ from the SR into the 

cytoplasm. As a result, intracellular Ca2+ concentration increases and Ca2+ ions bind to myofilaments and prompt 

cardiomyocyte contraction. During diastole, Ca2+ dissociate from myofilaments, which undergo relaxation. To allow for a 

consecutive contraction, Ca2+ concentration is restored to diastolic levels by SR reuptake via Sarcoplasmic/Endoplasmic 

Reticulum Ca2+ ATPase 2a pump (SERCA2a) and by extrusion via Na+/Ca2+ exchanger (NCX). 
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irreversible CVD diagnosed as left ventricular dilation associated with systolic dysfunction in the 

absence of coronary artery disease that affects 1:2500 individuals177. It appears at later stages of 

myocarditis, where intensification of cardiac inflammation elicits the generation of scar tissue and 

adverse remodeling of cardiac architecture176. DCM hearts display enlarged and spherically 

shaped left ventricles, impaired ventricular filling and decreased stroke volume176. As a result, 

advanced DCM represents the third most common cause of heart failure, and DCM patients 

exhibit significantly increased risk of mitral regurgitation and arrhythmias, which considerably 

augments their morbidity and mortality177, 178. 

Multiple causes can lead to myocarditis like viral or nonviral infections, autoimmune disease, 

hypersensitivity to medication, systemic diseases or cardiotoxic agents175. In developed countries, 

the most frequent source is infection by cardiotropic viruses like Coxsackie B or parvovirus B19173. 

Despite not being fully understood, research agrees that myocarditis progresses to DCM through 

three distinct stages (FIGURE 7). During the acute stage, the aforementioned agents induce a 

cardiac insult that activates a potent immune response in the heart which lasts up to 7 days175, 179. 

Next, during the subacute stage, which may progress for about two weeks, infiltration of immune 

cells drives an autoimmune reaction toward the myocardium characterized by uncontrolled 

inflammation and elevated ROS and pro-inflammatory mediators production175,
 

179,
 

180. 

Consequently, cardiomyocyte undergo apoptosis due to exacerbated cardiac damage181, bringing 

about the chronic stage that may last from weeks to months, where fibrosis and deleterious 

cardiac remodeling cause heart chamber walls to stiffen, impairing cardiac contractility and 

increasing the risk of serious cardiovascular events175. 

In most patients, the initial inflammation is overcome spontaneously, and the injury is silently 

healed176. However, in approximately one third of patients the disease proceeds and is then 

detected at later stages when the first cardiovascular complications are manifested176. In fact, due 

to its imperceptible onset, myocarditis incidence remains unknown182, 183. Prospective data 

indicate that 9-16% of adults with idiopathic DCM display myocardial inflammation182, and 

follow-up studies report that 21% of patients with acute myocarditis develop DCM in a 3-year 

period184. 

Current treatments for myocarditis and DCM are extended from heart failure therapies like 

beta blockers, angiotensin-converting enzyme (ACE) inhibitors, diuretics and 

immunosuppressants173. However, these medications are in some cases insufficient and 

nonspecific, and may present toxic side-effects173. 
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In addition, advanced forms of the disease may require invasive surgery like implantation of 

cardiac defibrillator or ventricular assist devices, long-term mechanical circulatory support or 

even heart transplantation, all of which entail high cost and safety risks173, 177. 

Due to their difficult diagnosis, poor prognosis and lack of specific therapies, ongoing research 

on myocarditis and DCM aims to find mechanisms to detect and treat the disease early in its 

course, preventing the progression to an aggravated and irreversible phenotype183, 185, 186. Ideal 

therapies should be capable of preventing the appearance of depressed cardiac contraction and 

cardiac dysfunction, which represent central components of myocarditis and DCM pathogenesis 

that result from inflammatory insult and adverse cardiac remodeling162, 167, 187. 

In this sense, LXs emerge as a potential therapeutic alternative thanks to their ability to blunt 

inflammation and fibrosis, prevent apoptosis and induce the antioxidant response. Currently, 

research on the effects of LXs in CVDs remains limited, hence evaluating the therapeutic potential 

of LXs in myocarditis and DCM may help gain insight into the role that LXs and other SPMs play 

in CVD pathogenesis. For these reasons, in this work we aimed to assess the cardioprotective 

effects of LXs by focusing on myocarditis and DCM as CVDs with a severe inflammatory 

condition. Our results may provide new insights into the modulation of cardiac responses by LXs 

as well as their beneficial effects in CVDs, which may help the future design of resolution therapies 

targeting these pathologies. 

FIGURE 7. Myocarditis progression toward dilated cardiomyopathy (DCM). Myocarditis is defined as the inflammation of 

cardiac muscle and is an important precursor of DCM, a serious cardiac disorder that remarkably increases morbidity and 

mortality in patients. Myocarditis can be initiated by multiple factors, mainly cardiotropic viruses. During the acute stage, 

these agents cause a cardiac insult that prompts an intense inflammatory reaction in the myocardium that can last up to 7 

days post-exposition (d.p.e.). Whereas this response is appropriately resolved in most patients, in about one third of them 

inflammation is exacerbated and progresses to the subacute stage. During this stage, an autoimmune reaction toward the 

heart is generated, producing elevated inflammatory and oxidative damage and ultimately inducing cardiomyocyte 

apoptosis and cardiac fibrosis. During the chronic stage, DCM is developed over the course of several months. DCM is 

characterized by the establishment of a fibrotic scar that cause ventricles to become enlarged and stiff, affecting cardiac 

contractility and eventually impairing cardiac performance. As a result, DCM patients exhibit heart failure conditions and 

increased risk of cardiovascular events like arrhythmias and mitral regurgitation. 
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LXs are endogenous pro-resolutive compounds with an important role at halting exacerbated 

inflammation and supporting tissue healing in different disease models188. However, evidence 

proving their protective role in CVDs, which represent the first cause of morbidity and mortality 

worldwide, remains limited. Due to the therapeutic potential of LXs to ameliorate inflammation 

in multiple pathologies, ascertaining their cardioprotective properties may help design new 

treatments for inflammatory CVDs with high efficiency and reduced toxicity. 

For that purpose, the main aim of this work is to determine the potential beneficial effects of 

LXs and LX analogs like BML-111 in CVDs, concretely in the context of myocarditis and its 

progression to DCM, which are initiated by an intense inflammation within the cardiac tissue. 

For that purpose, our specific objectives are the following: 

1. To evaluate the cardioprotective potential of BML-111 in a murine model of 

autoimmune myocarditis. 

 

1.1. To analyze the effects of BML-111 on myocarditis pathogenesis, including 

inflammation, fibrosis, cardiomyocyte apoptosis, oxidative stress and cardiac 

function. 

 

1.2. To elucidate the molecular signaling induced after BML-treatment in 

cardiomyocytes. 

 

1.3. To ascertain whether these effects are BML-specific or are prompted by other types 

of LXs. 

 

2. To evaluate the effects of BML-111 on cardiomyocyte contraction dynamics in 

experimental myocarditis. 

 

2.1 To determine the effects of BML-111 on the regulation of Ca2+ handling. 

 

2.2 To study the molecular mechanisms behind this potential BML-mediated 

modulation of Ca2+ handling in cardiomyocytes. 

 

3. To analyze the role of LXs in human DCM pathogenesis. 
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1. BIOLOGICAL MATERIALS 

1.1.  CELL LINES 

All cells were maintained at 37°C in a humidified atmosphere containing 95% air/5% CO2 in 

flasks or cell plates provided by Falcon. For seeding, cells were trypsinized with TrypLE (Gibco 

#12604039), neutralized with corresponding complete media and centrifuged at 1100 g for 5 min. 

The pellet was resuspended in the corresponding complete media and seeded into plates for 

experiments, which were performed at a cell confluence of 90-95% unless otherwise indicated. 

HL-1 mouse atrial muscle cell line was purchased from Sigma-Aldrich (#SCC065). Cells were 

maintained in flasks precoated with 0.02% gelatin (Sigma-Aldrich #G9391) + 5 µg/mL fibronectin 

(Sigma-Aldrich #F1141) using Claycomb medium (Sigma-Aldrich #51800C) supplemented with 

10% heat-inactivated fetal bovine serum (FBS, Gibco #26140079), 2 mM L-glutamine (Gibco 

#25030081), 0.1 mM norepinephrine (Sigma-Aldrich #A0937) and 100 U/mL penicillin-

streptomycin (Gibco #15140-122).  

AC16 human adult ventricular cardiomyocyte cell line was purchased from Sigma-Aldrich 

(#SCC109). Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM)/F-12 (Sigma-

Aldrich #D6434) supplemented with 12.5% FBS, 2 mM L-glutamine and 100 U/mL penicillin-

streptomycin.  

Human cardiac fibroblast (HCF) cell line was purchased from Caltag Medsystems (#SC-

6310). Cells were maintained in DMEM (Gibco #41966052) supplemented with 10% FBS and 100 

U/mL penicillin-streptomycin. For experiments, cells were grown to 70-80% confluence in 6-well 

plates and starved with DMEM supplemented with 1% FBS and 100 U/mL penicillin-

streptomycin for 18 h.  

Concentration of treatments used for in vitro experiments are indicated as follows: BML-111 

(Enzo Life Sciences #BML-RA108) was administered at 250 nM; TNFα (Peprotech #315-01A) at 

20 ng/mL; TGFβ (Promocell #C-63503) at 10 ng/mL; Compound C (Sigma-Aldrich (#P5499) at 

10  µM; ATL (Cayman Chemical #90415) at 250 nM; AT-01-KG was kindly provided by Dr. Eoin 

Brennan’s and Dr. Catherine Godson’s group (University College Dublin) and administered at 1 

nM.  Cells were treated with BML-111 or Compound C 30 min prior to treatment with TNFα and 

TGFβ or BML-111, respectively. 

1.2.  ANIMALS 

All animal procedures were approved by the Ethical Committee of our institution and of the 

Comunidad Autónoma de Madrid (PROEX 144/17) following directive 2010/63/EU of the 
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European Parliament and Recommendation 2007/526/EC regarding care of experimental 

animals, enforced in Spanish law under Real Decreto 53/2013.  

Animals used in this study were 8- to 10-week-old BALB/c female mice purchased from 

Charles River Laboratories, housed in the Animal Care Facility from the Instituto de 

Investigaciones Biomédicas “Alberto Sols” (IIBM, UAM-CSIC) and provided with food and water 

ad libitum in an environment with a maintained temperature and relative humidity and a 

light/dark cycle (12 h light/12 h dark). 

1.3.  HUMAN SAMPLES 

All studies performed with human samples were conducted according to Spanish Law for 

Biomedical Research (Law 14/2007-3 of July) and were compliant with the Helsinki Declaration 

(2013). Written informed consent was obtained from all patients prior to biopsy or blood 

extraction. 

Endomyocardial biopsies from healthy donors and patients who developed myocarditis 

(defined according to the American College of Cardiology and American Heart Association 

clinical standards) were provided by Biobanco A Coruña (Code 0000796). All samples were 

obtained from excess tissue initially obtained for clinical diagnosis. Study and use of samples were 

approved by the Research Ethics Committee of Galicia (Ref. 2017/541). Myocarditis patients (6 

males and 2 females) had a median age of 31. Healthy individuals (4 males and 1 female) had a 

median age of 56 years. 

Serum samples from DCM patients and healthy donors were provided by Biobanco La Fe 

(Code BB29-2018). All individuals included were male with a median age of 48 for healthy 

individuals and of 58 in the case of DCM patients. Additional clinical parameters from all DCM 

patients are included in TABLE 2. 

 
Parameters N (%)   Parameters N (%) 

Total N (Gender) 29 (All male)   

Mitral  
insufficiency 

Severe 6 (20) 

Median age (years) 58 (19-73)   Moderate 5 (17) 

Mean Pro-BNP (pg/mL) 7374,76 ± 6965,82   Mild 3 (10) 

LVEF (%) 

≤20% 13 (45) 
  None 5 (17) 

  Not available 10 (34) 

20-44% 7 (24)   
Atrial  

dilatation 

Left atrium 
only 

7 (24) 

  Both atria 1 (3) 

Not available 9 (31) 
  None 11 (38) 

  Not available 10 (34) 

TABLE 2. List of clinical parameters of DCM patients. Data are presented as median (range) in the case of the age of patients, 

mean ± SD in the case of Pro-BNP or frequencies for the rest of clinical parameters (percentages).  
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2. ANIMAL PROCEDURES 

2.1.  EXPERIMENTAL AUTOIMMUNE MYOCARDITIS MODEL 

To perform the experimental autoimmune myocarditis (EAM) mouse model, we first purified 

cardiac myosin heavy chains from BALB/c mice hearts according to the method of Shiverick et 

al.189. Disease was induced in isoflurane-anesthetized (2%) mice at 2 L/min oxygen flow rate by 

subcutaneous immunization in both dorsal flanks at days 0 and 7 with 350 μg of murine cardiac 

myosin in a 1:1 emulsion with Complete Freund´s Adjuvant containing Mycobacterium 

tuberculosis H37RA (5 mg/mL, Sigma-Aldrich #FF506). Control groups were administered 

physiological saline solution instead of myosin. BML-111 or its vehicle (ethanol) were 

intraperitoneally (i.p.) injected at 1 mg/kg from day 7 to day 21 in the corresponding groups. 

Thus, four experimental groups were established: Control + Vehicle (Control + Veh), Control + 

BML-111 (Control + BML), Myosin + Vehicle (EAM + Veh), and Myosin + BML-111 (EAM + 

BML). At day 21, all mice were anesthetized with 2% of isoflurane and 2 L/min oxygen flow rate 

to perform echocardiographic study. Then, blood was collected and centrifuged (1500 g for 10 

min at 4°C) for plasma isolation. Mice were either sacrificed by cervical dislocation or destined to 

cardiomyocyte isolation. Body weight (BW) and tibial length (TL) were recorded. Finally, hearts 

from sacrificed animals were carefully removed from the chest, cleaned, weighed, and processed. 

Outline of the experimental model is depicted in FIGURE 8. 

 

FIGURE 8. Outline of experimental autoimmune myocarditis (EAM) model induction and BML-111 treatment. Four main 

groups were established: Control + Vehicle; Control + BML-111; EAM + Vehicle; EAM + BML-111. Veh, vehicle. 
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2.2.  ECHOCARDIOGRAPHY 

To evaluate cardiac function, we performed M-mode echocardiographic analysis with a high-

frequency micro-ultrasound system (Vivid Q, GE Healthcare). In brief, mice were anesthetized 

with 2% of isoflurane and 2 L/min oxygen flow rate; the chest of the mouse was shaved, and warm 

ultrasound transmission gel was used to obtain an optimal image quality. Parasternal short-axis-

view images of the heart were recorded using a 30-MHz RMV scan head in B-mode to allow M-

mode recordings by positioning the cursor in the parasternal short-axis view perpendicular to the 

interventricular septum and posterior wall of the left ventricle. Echocardiographic parameters 

were determined using the on-site software cardiac package (GE Healthcare). 

2.3.  CARDIOMYOCYTE ISOLATION 

To isolate primary cardiomyocytes from mice, animals were anesthetized with sodium 

pentobarbital (100 mg/kg i.p.) and heparinized (4 IU/g i.p.). Hearts were rapidly removed and 

cannulated via the ascending aorta under a dissecting microscope. Cardiomyocyte isolation was 

performed by Langendorff retrograde perfusion as described by Shioya T.190, at 37°C with 

standard Tyrode’s solution containing 140 mM NaCl, 4 mM KCl, 1.1 mM MgCl2, 10 mM HEPES 

and 10 mM glucose at pH 7.4. Hearts were perfused in the Langendorff apparatus for 2–3 min 

with this Tyrode’s buffer containing 0.2 mM of EGTA and then for 8–10 min with the same buffer 

plus collagenase type 2 (251 IU/ml, Worthington Biochemical #LS004176) and 0.1 mM CaCl2. 

Once the heart exhibited the appropriate color and consistency, ventricles were removed for 

mechanical dissociation, which was carried out by agitating ventricles in Tyrode’s solution 

containing 0.1 mM CaCl2 for 3 min at 37°C. Cells were obtained by filtering the solution through 

a nylon mesh (250 μm) and centrifuging for 3 min at 1200 g. The pellet was then suspended in 

Tyrode’s solution containing 0.5 mM CaCl2 and the centrifugation step was repeated. Finally, the 

pellet was suspended in Tyrode’s solution containing 1 mM of CaCl2. 

2.4.  PATCH CLAMP RECORDINGS 

L-type Ca2+ currents (ICaL) were obtained in the whole cell patch configuration using an 

Axopatch 200B patch clamp amplifier (Molecular Devices) and elicited by applying 300 ms 

depolarizing voltage pulses from a holding potential of -50 mV, between -40 to +60 mV (with 10 

mV steps) at a frequency of 0.2 Hz. ICaL was normalized to cell capacitance to obtain current 

density. The external Tyrode’s solution for ICaL recordings contained 140 mM NaCl, 1.1 mM 

MgCl2, 5.4 mM CsCl, 10 mM glucose, 5 mM HEPES and 1.8 mM CaCl2 at pH 7.4. The intracellular 

recording pipette solution contained 100 mM CsCl, 20 mM TEAC, 5 mM EGTA, 10 HEPES mM, 

5 mM Na2ATP, 0.4 mM Na2GTP, 5 mM Na2-creatine phosphate and 0.06 mM CaCl2 at pH 7.2. 
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Membrane capacitance (Cm) was elicited by applying ± 10 mV voltage steps from -60 mV and Cm 

was calculated according to the following equation: 

Cm = τc I0/ Vm [1-(I∞/I0)] 

where τc is the time constant of the membrane capacitance, I0 the maximum capacitance current 

value, Vm the amplitude of the voltage step, and I∞ the amplitude of the steady-state current. 

2.5.  CALCIUM TRANSIENT ANALYSIS 

Cells were loaded with 5 µM of calcium indicator Fluo-3AM (Invitrogen #F1241) and analyzed 

on a Meta Zeiss LSM 710 confocal microscope (Carl Zeiss) with 40X oil immersion objective. 

Calcium transients were measured in Fluo-3AM-loaded cells that were field stimulated at 2 Hz 

delivered by two parallel platinum electrodes; spontaneous sparks and cardiac arrhythmias were 

recorded with no stimulation. Total Ca2+ stores in the sarcoplasmic reticulum were estimated by 

the rapid application of 10 mM caffeine to cells after stimulation at 2 Hz. During the analysis, cells 

were suspended in the recording solution containing 1.4 M NaCl, 11 mM MgCl2, 18 mM CaCl2, 

40 mM KCl, 100 mM HEPES and 10 mM glucose, at pH 7.4. Data were analyzed with the IDL 

program (Research System Inc.). Cardiomyocyte surface area was quantified with LSM Zeiss 

Image Browser 4.2 software (Carl Zeiss). 

3. MOLECULAR BIOLOGY TECHNIQUES 

3.1 RNA ISOLATION AND qPCR 

RNA was isolated from both cells and cardiac tissues by homogenizing in TRI Reagent solution 

(Invitrogen #9738) following manufacturer’s instructions. Hearts required an initial dissection 

step with a high-performance dispersing instrument (ULTRA-TURRAX®, IKA). RNA from 

paraffin-embedded human myocardial samples was extracted using RNeasy FFPE kit (Qiagen 

#73504). 250 ng were reverse-transcribed into cDNA using the High-capacity cDNA reverse 

transcription kit (Applied Biosystems #4368813). Then, PCR reaction was performed with this 

template cDNA at 2.5 ng/μL adding Power SYBR Green PCR Master Mix (Applied Biosystems 

#4367659) and the specifics primers (Thermo Fisher Scientific) in a 7900HT Fast real time PCR 

system (Applied Biosystems). Primers used throughout this work are listed in TABLE 3. qPCR 

parameters were as follows: denaturation at 95°C for 5 min, followed by amplification with 40 

cycles of 95°C for 15 s and 60°C for 1 min. Results were analyzed following the 2-ΔΔCt method using 

Rplp0 or RPLP0 as reference gene for mouse and human samples, respectively. 
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3.2 IMMUNOHISTOCHEMISTRY 

Sections were fixed in fresh 4% of paraformaldehyde and embedded in paraffin, cut in a 

microtome, and stained with hematoxylin/eosin or Masson's Trichrome staining. Histological 

examination was performed with a Zeiss Axiophot microscope connected to a digital camera. 

Sections were examined blindly by two different investigators. For hematoxylin/eosin staining, 

the severity of disease was qualitatively scored according to Dallas classification with grades from 

0 to 4 (0 = no inflammatory infiltrates; 1 = small foci of inflammatory cells between myocytes; 2 

= larger foci of 100 inflammatory cells; 3 = more than 10% of cross-section involved; and 4 = more 

than 30% of cross-section involved)191. For Masson's Trichrome staining, aniline blue area 

(collagen deposition) was quantified and normalized to total section area to obtain the percentage 

of fibrotic area. 

3.3 IMMUNOFLUORESCENCE 

For immunofluorescence staining of cardiac tissue, hearts were exhaustively washed to 

eliminate blood, fixed in 4% paraformaldehyde (Sigma-Aldrich #158127) for 24 h and dehydrated 

in a 15-30% sucrose gradient. Then, hearts were frozen in O.C.T (Optimum Cutting Temperature 

compound, Sakura Finetek #4583)) and cut in a cryostat. Sections were picked up on a glass slide 

and maintained at −80°C. Tissue slides were blocked with 5% BSA (Sigma-Aldrich #A9418) + 

GENE PRODUCT FORWARD PRIMER (5'-3') REVERSE PRIMER (5'-3') 

ACTA2 ACTGGGACGACATGGAAAAG CACCTTCTACAATGAGCTGCGTGTG 

Alx CCAGCCGTCCTTTGCGGGTT ACCGTTCACGGACTTGGATTGTGG 

ALX AGTCTGCTGGCTACACTGTTC TGGTAATGTGGCCGTGAAAGA 

Atp2a2 TAAATGCCCGCTGTTTTGCT GTTGTAGGAAGACCTCCTGGC 

ATP2A2 CATCAAGCACACTGATCCCGT CCACTCCCATAGCTTTCCCAG 

Col1a1 AATGGCACGGCTGTGTGCGA AGCACTCGCCCTCCCGTCTT 

COL1A1 AACGCGTGTCAATCCCTTG AACAGAACAGTCTCTCCCGCC 

Col3a1 CTGTAACATGGAAACTGGGGAAA CCATAGCTGAACTGAAAACCACC 

COL3A1 GGAGCTGGCTACTTCTCGC GGGAACATCCTCCTTCAACAG 

Il10 AGCCTTATCGGAAATGATCCAGT GGCCTTGTAGACACCTTGGT 

Il1b AGAAGCTGTGGCAGCTACCTG GGAAAAGAAGGTGCTCATGTCC 

Il6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA 

NFE2L2 TCCAGTCAGAAACCAGTGGAT GAATGTCTGCGCCAAAAGCTG 

Nppa ATTGACAGGATTGGAGCCCAGAGT TGACACACCACAAGGGCTTAGGAT 

Rplp0 AGATGCAGCAGATCCGCAT GTTCTTGCCCATCAGCACC 

RPLP0 GGATTACACCTTCCCACTTGC GCCACAAAGGCAGATGGATCA 

Tgfb1 CCACCTGCAAGACCATCCAC CTGGCGAGCCTTAGTTTGGAC 

Tnf CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC 

TABLE 3. Primer sequence list for each gene analyzed in qPCR assays. 
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10% normal goat serum (Abcam #7481) + 0.3% Triton X-100 (Sigma-Aldrich #T8787) for 1 h at 

room temperature and then incubated with the corresponding primary antibodies at 4°C 

overnight (TABLE 4). Samples were incubated with anti-rabbit or anti-mouse secondary antibodies 

combined with Alexa Fluor 488, 546, 647 (Molecular Probes #A11034, #A11035, #A21245, 

#A11029, #A11030 and #A21236, respectively) for 2 h 1:500, and then DAPI (Molecular Probes 

#D1306) 1:500 for 10 min at room temperature, gently washing with PBS 1X between incubations. 

Finally, heart sections were mounted in ProLong Gold Antifade reagent (Thermo Fisher Scientific 

#P36934) and examined using a confocal microscope Leica PCS SP5) with 20X, 40X and 63X oil 

immersion objectives. Values of intensity fluorescence were determined with Image J software 

(National Institutes of Health). 

3.4 TUNEL ASSAY 

To perform Terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL) assay, 

heart sections were stained using the In Situ Cell Death Detection Kit, Fluorescein #11684795910) 

following the manufacturer's instructions. 

3.5 PROTEIN EXTRACTION 

Hearts were homogenized with a high-performance disperser ULTRA-TURRAX® in a buffer 

containing 320 mM sucrose; 50 mM Tris-HCl pH 7.5, 1 mM DTT and 0.1% Nonidet with protease 

and phosphatase inhibitor cocktails (Sigma-Aldrich #P0044, #5726 and #P8340) at pH 7. Cells 

were homogenized in a buffer containing 10 mM Tris-HCl pH 7.5; 1 mM MgCl2, 1 mM EGTA, 

10% glycerol, and 0.5% CHAPS with the aforementioned inhibitors. Both homogenates were 

vortexed for 45 min and centrifuged (13000 g for 15 min at 4°C) and supernatants were frozen 

and stored at −20°C for western blot analysis. Protein concentration was determined with 

Bradford colorimetric assay (Bio-Rad #500-0006). 

3.6 NUCLEAR AND CYTOSOLIC PROTEIN EXTRACTION 

Cardiac tissue or cells were homogenized in 250 mM sucrose with protease and phosphatase 

inhibitor cocktails (Sigma-Aldrich) using a Dounce tissue grinder and maintained 30 min on ice. 

Solution was centrifuged (800 g for 15 min at 4°C) to separate cytosolic extract (supernatant) and 

nuclear extract (pellet). Cytosolic extract was serially centrifuged at 800 g 10 min and then at 11000 

g for 10 min, both at 4°C. Supernatant was then precipitated by treating with cold acetone for 1 h 

at −20°C and centrifuging at 12000 g for 5 min at 4°C. Pellet obtained was resuspended in 150 μL 

(cells) or 500 μL (tissue) of sucrose buffer. Nuclear extract was washed with sucrose buffer and 

centrifuged first at 500 g for 15 min and then at 1000 g for 15 min, both at 4°C. Pellet obtained 
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was resuspended in 200-500 μL of a buffer containing 20% glycerol and 1% Triton X-100, lysed 

by passing through a 20G needle, and then centrifuged at 9000 g for 30 min at 4°C. Supernatant 

obtained represented nuclear fraction. Both cytosolic and nuclear extracts were maintained at 

−20°C for western blot analysis. Protein concentration was determined by Bradford assay. Lamin 

B was used as a nuclear marker to ensure an appropriate purification of each fraction. 

 

 

 

 

ANTIBODY DISTRIBUTOR CATALOG NUMBER DILUTION 

8-OHdG Abcam 62623 1:1000 

AMPKα Cell Signaling 5832 1:500 

Bcl2 Cell Signaling 2870 1:500 

CaMKK2 Cell Signaling 16810 1:500 

Catalase Millipore 219010 1:10000 

CD68 Novus Biologicals 100-683 1:100 

Cleaved caspase-3 Cell Signaling 9664 1:50 

EndoG Santa Cruz Biotech sc-365359 1:1000 

Galectin-3 Santa Cruz Biotech sc-32790 1:1000 

GAPDH 
Thermo Fisher 
 Scientific 

AM4300 1:10000 

HO-1 Millipore AB1284 1:1000 

KEAP1 
Thermo Fisher  
Scientific 

1F10B6 
1:1000 (WB) 
1:50 (IF) 

Lamin B Cell Signaling 12586 1:10000 

LKB1 Santa Cruz Biotech sc-32245 1:1000 

Ly6G Novus Biologicals 600-1387 1:50 

Malondialdehyde Abcam 6463 1:500 

NQO-1 Cell Signaling 3187 1:500 

NRF2 
Provided by  

Dr. Antonio Cuadrado's group 
- 1:4000 

P-ACC (Ser79) Cell Signaling 3661 1:1000 

P-AMPKα	(Thr172) Cell Signaling 2535 1:1000 

PRDX-1 Santa Cruz Biotech 137222 1:1000 

RORγT Thermo Fisher 14-6988-80 1:100 

SERCA2a Abcam ab62623 1:1000 

TNFα Abcam ab8348 1:500 

Vinculin Cell Signaling 13901 1:40000 

α-Actinin Sigma-Aldrich A7811 1:200 

α-SMA Sigma-Aldrich A2547 1:100 

TABLE 4. List of primary antibodies used in immunofluorescence (IF) and Western blot (WB). 
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3.7 WESTERN BLOT 

Equal amounts of protein (20-60 µg) from each fraction obtained were loaded into 8, 10 or 

12% SDS-PAGE. Proteins were size fractionated, transferred to a PVDF membrane (Bio-Rad 

#1704157) and, after blocking with 5% of nonfat dry milk or BSA, incubated with the 

corresponding antibodies (TABLE 4) at 4°C overnight. Blots were then incubated with 

corresponding anti-goat 1:50000 (Sigma-Aldrich #AP106P), anti-mouse 1:5000 (Sigma-Aldrich 

#A9044) or anti-rabbit 1:5000 (Bio-Rad #1706515) secondary antibody, washed with PBS1X 

between incubations, and developed by enhanced chemiluminescence (ECL) protocol. Different 

exposition times were performed for each blot to ensure the linearity of the band intensities. 

Values of densitometry were determined using Image J software. 

4. ANALYSIS OF CIRCULATING FLUIDS 

4.1.  LXA4  DETERMINATION 

LXA4 levels were evaluated in murine plasma o human serum by using the Lipoxin A4 ELISA 

kit (Neogen (Lansing, MI, USA) #407010) following the manufacturer’s instructions. Prior to 

ELISA analysis, lipidic fraction from samples was enriched in C18 Sep-Pak® cartridges (Waters 

Corporation #WAT023501) following manufacturer’s protocol. 

4.2.  BNP DETERMINATION 

BNP levels were determined in murine plasma using the BNP RayBio Immunoassay 

(Raybiotech #EIA-BNP-1) following the manufacturer's instructions. 

4.3. CRP DETERMINATION 

CRP levels were determined in human serum using the CRP ELISA kit (Enzo Life Sciences 

#ENZ-KIT102) following the manufacturer's instructions. 

5. GENE SILENCING AND OVEREXPRESSION 

5.1.  LENTIVIRAL INFECTION FOR NRF2 SILENCING 

Lentiviral stocks were kindly provided by Dr. Antonio Cuadrado’s group (Madrid, Spain). 

They were produced in HEK293T/17 cells transfected with pLKO.1-puro shNRF2 (human), 

which contains the sequence ‘AGTTTGGGAGGAGCTATTATC’ transcribed into a short hairpin 

RNA (shRNA) sequence against human NFE2L2 gene (MISSION shRNA, Sigma-Aldrich). For 

viral infection, cells were incubated with the lentivirus in the presence of 4 μg/ml polybrene during 
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24 h and cell extracts were collected 4 days after lentiviral transduction. Selection of infected cells 

was performed with 1 μg/ml puromycin (Sigma-Aldrich #A1113802). 

5.2.  TRANSIENT TRANSFECTION FOR NRF2 OVEREXPRESSION 

Transient transfections were performed with GenJetTM In Vitro DNA Transfection Reagent 

(SignaGen Laboratories (Frederick, MD, USA) #SL100499) following the manufacturer’s 

instructions. Plasmid used was pcDNA3.1-hNrf2-ΔETGE-V5/HisB, which contains the KEAP1-

insensitive version of human NRF2 with a V5 tag in the C-terminus. This construct lacks residues 

79-ETGE-82, responsible for the high affinity binding to KEAP1. This plasmid was kindly 

provided by Dr. Antonio Cuadrado’s group. 

6. STATISTICAL ANALYSIS 

Values in graphs correspond to the mean ± standard deviation (SD). In box and whiskers 

diagram, boxes represent median and interquartile range and whiskers represent maximum and 

minimum values. Statistical significance was estimated with two-tailed Student’s t test for 

unpaired observations or one-way ANOVA followed by Tukey's range test or Dunnett’s test for 

multiple comparisons as indicated under each figure. A p-value ≤ 0.05 was considered as 

statistically significant. All analyses were performed using GraphPad Prism Software (San Diego, 

CA, USA). 

7. FIGURES 

All figures were designed in Biorender.com website or Microsoft PowerPoint. 
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OBJECTIVE 1. TO EVALUATE THE CARDIOPROTECTIVE POTENTIAL OF BML-111 

IN A MURINE MODEL OF AUTOIMMUNE MYOCARDITIS 

Considering the broadly described pro-resolving nature of LXs, we decide to use an animal 

model of myocarditis, which is characterized by an aggressive inflammatory background in the 

heart muscle175, to evaluate the therapeutic potential of LXs in CVDs. Hence, the first objective of 

this work aimed to assess whether BML-111, a synthetic and more stable LXA4 analog, could 

ameliorate myocarditis development by controlling the inflammatory reaction and promoting its 

resolution. To evaluate this, we performed an EAM model in mice that reliably reproduces the 

main components of human myocarditis, treated them with BML-111 and analyzed multiple 

aspects of myocarditis pathogenesis (FIGURE 8, Page 41). 

1.1. BML-111 TREATMENT PREVENTS IMMUNE CELL INFILTRATION AND CARDIAC 

INFLAMMATION IN EAM MICE                                                                                                                                     

In order to evaluate the cardioprotective effects of BML-111, we first assessed whether ALX, 

the main receptor implicated in LXs and BML-111 signaling67, 175, is expressed in mouse cardiac 

tissue. We also evaluated its expression in the two major cardiac populations, i.e. mouse 

cardiomyocytes and cardiac fibroblasts, and in the different cell lines of murine (HL-1) and 

human (AC16) cardiomyocytes as well as human cardiac fibroblasts (HCF) that will be used in 

this work. Despite displaying lower threshold cycles than macrophages, which are well-known to 

be modulated by LXs, qPCR analyses confirmed that mouse heart tissue, both isolated murine 

cardiomyocytes and cardiac fibroblasts as well as all cell lines express ALX receptor and could 

therefore be potentially modulated by LXs and BML-111 (FIGURE 9). 
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FIGURE 9. Mouse hearts, isolated cardiac cells and cell lines of cardiomyocytes and cardiac fibroblasts express LX receptor 

ALX. Alx and ALX mRNA expression in mouse heart as well as in different cell populations, including isolated murine 

cardiomyocytes, cardiomyocyte cell lines from mouse (HL-1) and human (AC16), isolated murine cardiac fibroblast, human 

cardiac fibroblast cell line (HCF) and peritoneal macrophages. Graphs represent mean threshold cycles (Ct) ± SD and 

individual data points. n≥3. 
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Once confirmed, we carried out EAM model in mice and evaluated whether BML-111 

administration exerts a beneficial effect in this pathological scenario. As explained in the Material 

and Methods section, our experimental outline divided animals in four experimental groups: 

Control + Vehicle, Control + BML, EAM + Vehicle and EAM + BML. We first analyzed immune 

cell infiltration in the heart by histological staining to determine the magnitude of inflammation 

at day 21 similarly to the clinical diagnosis of myocarditis192.  

Histopathological categorization according to Dallas criteria192 assigned EAM + Vehicle group 

(henceforward referred to as EAM) a higher infiltration score than Control + Vehicle and Control 

+ BML groups, whereas EAM + BML group obtained a significantly lower mean score than EAM 

group, indicating reduced cardiac infiltration (FIGURE 10A). We then performed 

immunofluorescence staining with specific markers to the main immune cell subsets involved in 

inflammation in order to identify the distinct cell types present in the infiltrated area193. Compared 

to both controls, EAM group showed significantly increased count of CD68+ macrophages (14.6% 

of total cell count) and Ly6G+ neutrophils (6.4%) (FIGURE 10B). Importantly, RORγT+ Th17 

lymphocytes count, which are a hallmark of the acute phase of myocarditis183, 194 was also greater 

in EAM group (9.8%), supporting our EAM model. In all three cases, BML-111 administration 

managed to reduce cell count by more than half in EAM mice (FIGURE 10B). 

We next evaluated whether the reduction of cardiac infiltration induced by BML-111 

treatment could be altering the expression of different inflammatory mediators in mouse hearts. 

Thus, we analyzed cardiac mRNA levels of classic pro-inflammatory cytokines IL-1β, IL-6 and 

TNFα by qPCR and observed a significant upregulation in EAM hearts compared to controls that 

was diminished upon BML-111 administration particularly for Il1b and Tnf genes (FIGURE 11A). 

Il6 expression in EAM + BML group displayed a decreasing trend that did not reach statistical 

significance. Accordingly, BML-111 treatment induced the expression of Il10 anti-inflammatory 

cytokine in EAM mice (FIGURE 11A). To further confirm these findings, we performed western 

blot analysis of cardiac tissue, detecting increased levels of the inflammatory markers TNFα and 

galectin-3 in EAM mice that were significantly reduced in the EAM+BML group (FIGURE 11B) 
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Since this decrease on pro-inflammatory cytokine production could be solely derived from the 

reduced infiltration of immune cells in the heart, we next questioned whether BML-111 could also 

be reducing the production of pro-inflammatory cytokines specifically in cardiomyocytes. 

Therefore, we treated HL-1 murine cardiomyocyte cell line with TNFα as a classic pro-

inflammatory stimulus that was found to be significantly upregulated in our EAM model.  

FIGURE 10. BML-111 treatment reduced infiltration of different immune cell subsets in EAM hearts. A. Representative 

histological images of cell infiltration in cardiac tissue from each experimental group (left panels) and the corresponding 

quantification according to Dallas criteria (right panel). Boxes represent median and interquartile range; whiskers represent 

maximum and minimum values. n ≥ 7. Objective lens 20X. Scale bar: 200 µm. B. Representative immunofluorescence images 

of cardiac tissue from all experimental groups (left panels) stained with CD68 marker for macrophage detection (red, upper 

panel), Ly6G for neutrophils (green, central panel) and RORγT for Th17 lymphocytes (magenta, lower panel). Nuclei are 

stained with DAPI (blue). Graphs (right panels) represent the corresponding quantification of mean positive cells (%) ± SD 

and individual data points. n ≥ 7 (CD68, RORγT), n ≥ 6 (Ly6G). Objective lens 40X. Scale bar: 100 µm. In every graph, 

statistical significance was determined using one-way ANOVA followed by Tukey´s test for multiple comparisons. ***p ≤ 0.001 

vs. Control + Veh, ###p ≤ 0.001 vs. EAM + Veh. 
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As we expected, TNFα treatment significantly upregulated Il6 and Tnf expression in HL-1 cells 

and BML-111 pre-treatment prevented this activation (FIGURE 11C), confirming that BML-111 is 

also capable of blunting the pro-inflammatory response specifically in cardiomyocytes. 

Lastly, we wanted to evaluate whether a resolution process was initiated in EAM mice to 

counter this cardiac inflammation. Hence, we determined the plasma levels of LXA4 in mice from 

all experimental groups and found that these levels were significantly augmented in EAM + Veh 

and EAM + BML mice in contrast to both controls (FIGURE 12). 

FIGURE 11. BML-111 treatment reduced inflammation levels in EAM mice and in TNFα-treated HL-1 cells. A. Cardiac 

mRNA expression of different pro-inflammatory (Il1b, Il6 and Tnf) and anti-inflammatory cytokines (Il10) in all experimental 

groups. Graphs represent mean fold induction (FI) ± SD and individual data points using Rplp0 as reference gene. n = 11. B. 

Representative Western blot images (left panels) and their corresponding quantification (right panels) of cardiac TNFα and 

galectin-3 protein levels in all experimental groups. Graphs represent mean ± SD and individual data points normalized to 

GAPDH as loading reference. n ≥ 6 (TNFα), n ≥ 7 (galectin-3). C. Il6 and Tnf mRNA levels in HL-1 cells treated with vehicle 

or co-treated with TNFα and either vehicle or BML-111. Graphs represent mean FI ± SD and individual data points using 

Rplp0 as reference gene. n ≥ 7. In every graph, statistical significance was determined using one-way ANOVA followed by 

Tukey´s test for multiple comparisons. **p ≤ 0.01 and ***p ≤ 0.001 vs. Control + Veh; #p ≤ 0.05 and ##p ≤ 0.01 vs. EAM + Veh 

or TNFα + Veh. 
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Altogether, these results suggest that EAM induction drives immune cell infiltration into the 

heart accompanied by an increment in cardiac expression of pro-inflammatory mediators. 

However, despite this cardiac inflammation prompted the increase of endogenous LXA4 levels in 

EAM + Veh group, exogenous BML-111 administration was required to appropriately avert 

cardiac infiltration and inflammation in EAM mice as observed in EAM + BML group. 

1.2. BML-111 TREATMENT PREVENTS THE DEVELOPMENT OF CARDIAC DYSFUNCTION 

AND HYPERTROPHY IN EAM MICE 

Previous results indicated that our EAM model manifests an underlying inflammatory 

condition that may damage the heart and affect its architecture and performance. Hence, we next 

evaluated cardiac function parameters by echocardiography in these animals and observed the 

effect of BML-111 treatment at day 21. 

Echocardiography data revealed that EAM mice exhibited significantly decreased left 

ventricular ejection fraction (LVEF) and fractional shortening (FS) and augmented levels of left 

ventricular end-systolic diameter (LVEDs) in contrast to control mice, revealing the presence of 

predominant ventricular dysfunction (FIGURE 13A, TABLE 5). Interestingly, EAM group also 

presented a significant increment in interventricular septum thickness at end-diastole (IVSd), left 

ventricular posterior wall thickness at end-diastole (LVPWd) and left ventricular mass (LV Mass), 

indicating the development of severe cardiac hypertrophy which may be contributing to cardiac 

dysfunction detected in EAM animals. BML-111 administration significantly prevented the 

increase of these parameters (TABLE 5). Other echocardiographic variables like left ventricular 

end-diastolic diameter (LVEDd) or heart rate (HR) remained unaltered between groups. A 

representative M-mode echocardiogram for each experimental group is displayed in FIGURE 13A. 

 

FIGURE 12. EAM induction activates the production of LXA4. Plasma levels of LXA4 in all experimental groups determined with 

ELISA. Graphs represent mean ± SD and individual data points. n = 4. In every graph, statistical significance was determined 

using one-way ANOVA followed by Tukey´s test for multiple comparisons. *p ≤ 0.05 vs. Control + Veh. 
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EXPERIMENTAL 
GROUPS 

LVEDs 
(mm) 

LVEDd 
(mm) 

IVSd 
(mm) 

LVPWd 
(mm) 

LV Mass 
(mg) 

HR 
(bpm) 

N 

Control + Veh 1.5 ± 0.1  2.6 ± 0.6  0.9 ± 0.1  0.7 ± 0.1  80.6 ± 20.3  333.7 ± 43.8  17 

Control + BML 1.6 ± 0.2  2.9 ± 0.6  0.8 ± 0.1  0.7 ± 0.02  77.2 ± 24.1  308.7 ± 31.7  17 

EAM + Veh 2.1 ± 0.1**  2.6 ± 0.4  1.2 ± 0.03**  0.95 ± 0.03**  106.9 ± 22.7*  304.1 ± 44.7  17 

EAM + BML 1.6 ± 0.1#  2.7 ± 0.7  0.9 ± 0.01#  0.77 ± 0.04#  86.03 ± 21.4#  306.3 ± 36.1  17 

FIGURE 13. BML-111 treatment prevented cardiac dysfunction and hypertrophy in EAM mice. A. Representative images of 

M-mode echocardiographic analysis (left panels) and data representation of left ventricular ejection fraction (LVEF) and 

fractional shortening (FS) as main echocardiographic parameters (right panels). Additional echocardiographic data are 

included in TABLE 5. Graphs represent mean ± SD and individual data points. n = 17. B. Heart weight/body weight (HW/BW) 

and heart weight/tibial length (HW/TL) determination in all experimental groups. Graphs represent mean ± SD and 

individual data points. n = 17. C. Cell surface measurements of isolated cardiomyocytes from hearts of every experimental 

group. Graph represents mean ± SD and individual data points. n ≥ 15. D. Analysis of plasma BNP concentration and cardiac 

expression of Nppa mRNA in all experimental groups. Graphs represent mean ± SD (BNP) or mean FI ± SD using Rplp0 as 

reference gene (Nppa) and individual data points. n = 17 (BNP), n ≥ 9 (Nppa). In every graph, statistical significance was 

determined using one-way ANOVA followed by Tukey´s test for multiple comparisons. *p ≤ 0.05 and ***p ≤ 0.001 vs. Control 

+ Veh; #p ≤ 0.05, ##p ≤ 0.01 and ###p ≤ 0.001 vs. EAM + Veh or TNFα + Veh. 

 

TABLE 5. BML-111 prevents cardiac dysfunction and hypertrophy in EAM mice. Analysis of echocardiographic parameters 

obtained at day 21 in all experimental groups. Data are mean ± SD. Statistical significance was determined using one-way 

ANOVA followed by Tukey´s test for multiple comparisons. *p ≤ 0.05 and **p ≤ 0.01  vs. Control + Veh; #p ≤ 0.05  vs. EAM + 

Veh. LVEDs: left ventricular end-systolic diameter; LVEDd: left ventricular end-diastolic diameter; IVSd: interventricular 

septum thickness at end-diastole; LVPWd: left ventricular posterior wall thickness at end-diastole; LV mass: left ventricular mass; 

HR: heart rate. 
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To confirm the presence of cardiac hypertrophy observed by echocardiography, we estimated 

HW to BW or TL ratios195, 196.  In the same line as previous results, EAM mice displayed 

significantly augmented HW/BW and HW/TL ratios in contrast to controls, which is associated 

to cardiac hypertrophy development, whereas BML-treated EAM mice displayed significantly 

reduced ratios, similar to controls (FIGURE 13B). Since hypertrophy entails a growth of 

cardiomyocyte size151, we next measured the cell surface of cardiomyocytes isolated from each 

experimental group by confocal microscopy. We observed that cardiomyocytes isolated from 

EAM mice were significantly larger than those from control groups, whereas those obtained from 

EAM + BML mice presented a regular size (FIGURE 13C). Finally, we measured the levels of BNP 

and ANP, as indicators of cardiac damage and hypertrophy197, 198. Plasma BNP levels as well as 

cardiac Nppa expression were significantly upregulated in EAM group, whereas their levels in 

BML-treated EAM mice were reduced to baseline (FIGURE 13D), confirming that EAM animals 

present exacerbated cardiac dysfunction associated to cardiac inflammation and hypertrophy, all 

of which were prevented upon BML-111 administration. 

1.3. BML-111 TREATMENT PREVENTS THE ESTABLISHMENT OF CARDIAC FIBROSIS IN 

EAM MICE 

Adverse cardiac repair is the precursor of cardiac fibrosis, which may contribute to the 

appearance of cardiac dysfunction and hypertrophy in most CVDs175. Previous studies with EAM 

model reported that a fibrotic process may start at day 21 from immunization, leading to severe 

cardiac fibrosis in later stages of the disease199, 200. 

In our model, Masson’s trichrome staining revealed a significant increase in the deposition of 

collagen fibers at the myocardial periphery of EAM hearts at day 21 that was diminished in BML-

treated EAM mice (FIGURE 14A). Analysis of collagen expression in the heart agreed with 

histological data, with EAM animals exhibiting significantly higher Col1a1 and Col3a1 levels that 

were significantly reduced with BML treatment in the case of Col1a1 (FIGURE 14B). To gain insight 

into the fibrotic process, we evaluated different fibrotic markers associated to fibroblast activation 

and proliferation in the heart. Concretely, we determined cardiac expression of Tgfb1 by qPCR as 

well as the levels of α-SMA in heart sections by immunofluorescence staining. Both analyses 

displayed similar trends, with EAM mice presenting increased Tgfb1 expression (FIGURE 14B) and 

higher α-SMA stained area (FIGURE 14C) that were significantly reduced in EAM + BML group 

in both cases. These results suggest the presence of emerging fibrotic process at day 21 in EAM 

mice driven by the activation of pro-fibrotic pathways that are prevented with BML-111 

treatment. 
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FIGURE 14. BML-111 treatment prevents activation of fibrosis in EAM mice and HCFs. A. Representative images of heart 

sections from all experimental groups stained with Masson’s trichrome displaying collagen fibers deposition in aniline blue 

(left panels) and the corresponding quantification (right panel). Graps represents mean ± SD and individual data points. n = 

4. Objective lens 20X. Scale bar: 200 µm. B. Representative immunofluorescence images of cardiac tissue from all 

experimental groups stained with α-SMA (left panels, red) and the corresponding quantification (right panel). Nuclei are 

stained with DAPI (blue). Graph represents mean positive area (r.f.u.) ± SD and individual data points. n = 4. Objective lens 

40X. Scale bar: 100 µm. C. Cardiac mRNA expression of different pro-fibrotic mediators (Tgfb1, Col1a1 and Col3a1) in all 

experimental groups. Graphs represent mean FI ± SD gene and individual data points using Rplp0 as reference. n = 11. D. 

Analysis of ACTA2, COL1A1 and COL3A1 levels in HCFs treated with vehicle or co-treated with TGFβ and either vehicle or 

BML-111. Graphs represent mean FI ± SD and individual data points using Rplp0 as reference gene. n ≥ 5. In every graph, 

statistical significance was determined using one-way ANOVA followed by Tukey´s test for multiple comparisons. *p ≤ 0.05, 
**p ≤ 0.01 and ***p ≤ 0.001 vs. Control + Veh; #p ≤ 0.05, ###p ≤ 0.001 vs. EAM + Veh or TGFβ + Veh. 



RESULTS 

 59 

To confirm the anti-fibrotic potential of BML-111 on cardiac fibroblasts, we treated HCF cell 

line with TGFβ as a potent activator of the fibrotic response in vitro. TGFβ-treated HCFs exhibited 

increased expression of ACTA2 (coding for α-SMA), COL1A1 and COL3A1 pro-fibrotic markers 

(FIGURE 14D). Expression of these genes were significantly reduced upon BML-111 treatment, 

suggesting that this LX analog is capable of specifically regulating cardiac fibroblast activation to 

prevent fibrosis establishment.  

1.4. BML-111 TREATMENT ATTENUATES CELL DEATH IN EAM HEARTS BY DIMINISHING 

APOPTOSIS 

Cardiac dysfunction detected in our EAM model may be derived from both cardiac 

inflammation and fibrosis. Since fibrosis is established as a mechanism to support cardiac 

architecture after the loss of cardiomyocytes, we next decided to evaluate apoptosis in our 

model201. Thus, to explore the degree of cell death in our model, we performed TUNEL labeling 

by immunofluorescence in heart sections. We detected an increased percentage of TUNEL+ cells 

in EAM hearts, which translates into greater levels of cardiac cell death, that was significantly 

lower in BML-treated EAM group (FIGURE 15A). To ascertain whether these apoptotic cells were 

specifically contractile cardiomyocytes, we performed a double immunofluorescence staining 

with cleaved caspase-3 as an indicator of apoptosis and α-actinin as a marker of this cell type. 

Indeed, we observed that α-actinin+ cells presented elevated cleaved caspase-3 labeling in hearts 

from EAM group, whereas these levels were restored in EAM + BML group (FIGURE 15B). These 

results confirmed that cardiac dysfunction detected in EAM mice can be associated to increased 

cardiomyocyte apoptosis, which reduced the contractile capacity of the heart. 

To gain more insight into the molecular mechanism of cell death detected in EAM hearts, we 

evaluated the levels of Bcl-2 anti-apoptotic protein and EndoG pro-apoptotic mediators in 

isolated cardiomyocytes from each experimental group. In accordance with previous 

observations, cardiomyocytes from EAM mice exhibited decreased levels of Bcl-2 and augmented 

levels of EndoG, suggesting an upregulated pro-apoptotic response (FIGURE 15C). In BML-treated 

EAM mice, Bcl-2 expression showed a mild increase that did not reach statistical significance 

compared with EAM + Veh group, whereas EndoG levels exhibit a significant reduction. 

Altogether, BML-111 appears to exert an anti-apoptotic effect on cardiomyocytes that may be 

protecting EAM mice from severe cardiac damage and dysfunction. 
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FIGURE 15. Cardiac apoptosis is prevented by BML-111 treatment in EAM mice. A. Representative immunofluorescence 

images of cardiac tissue from all experimental groups (left panels) stained with TUNEL (green) and the corresponding 

quantification (right panel). Nuclei are stained with DAPI (blue). Graph represents mean TUNEL+ nuclei (%) ± SD and 

individual data points. n ≥ 4. Objective lens 20X. Scale bar: 200 µm. B. Representative immunofluorescence images of cardiac 

tissue from all experimental groups stained with cleaved caspase-3 (red, left panels) and α-actinin (green) and the 

corresponding quantification (right panel). Nuclei are stained with DAPI (blue). Graph represents mean cleaved caspase-3 + 

area (r.f.u.) ± SD and individual data points. n ≥ 7. Objective lens 63X. Scale bar: 50 µm. C. Representative Western blot images 

(left panels) and their corresponding quantification (right panels) of cardiac Bcl-2 and EndoG protein levels in isolated 

cardiomyocytes from experimental groups. Graphs represent mean ± SD and individual data points normalized to GAPDH 

as loading reference. n ≥ 8 (Bcl-2), n ≥ 5 (EndoG). In every graph, statistical significance was determined using one-way 

ANOVA followed by Tukey´s test for multiple comparisons. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001 vs. Control + Veh; #p ≤ 0.05, 
###p ≤ 0.001 vs. EAM + Veh. 
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1.5. BML-111 TREATMENT REDUCES OXIDATIVE STRESS IN EAM MICE BY INITIATING 

THE ANTIOXIDANT RESPONSE 

Together with the inflammatory background, oxidative damage can be among the principal 

causes of cardiomyocyte death explaining the cardiac dysfunction detected in our model202. 

Hence, we analyzed whether EAM hearts presented higher levels of oxidative stress as well as the 

potential effects of BML-111 treatment on the antioxidant response. For that purpose, we first 

evaluated the levels of 8-hydroxy-2'-deoxyguanosine (8-OHdG) and malondialdehyde (MDA) in 

heart sections, which indicate the presence of DNA and lipid oxidation, respectively. 

Immunofluorescence labeling revealed that EAM hearts had significantly increased 8-OHdG and 

MDA staining, evidencing increased oxidative DNA and lipidic damage (FIGURE 16A). BML 

treatment managed to significantly reduce 8-OHdG levels, however MDA levels did not exhibit a 

statistically significant decrease due to their great variance. 

Considering the apparent oxidative stress in EAM hearts, we next evaluated the activation of 

NRF2 pathway as a crucial antioxidant response known to be activated by SPMs121, 203. To 

determine whether BML-111 promotes NRF2 nuclear translocation and the upregulation of its 

targets, we isolated nuclear extracts from cardiac tissue from all experimental groups and 

determined NRF2 nuclear levels. We observed that BML treatment induced nuclear translocation 

of NRF2 in both control and EAM mice, whereas in EAM + Veh hearts NRF2 nuclear levels were 

similar to control (FIGURE 16B). Cardiac expression of HO-1, one of the main targets downstream 

of NRF2, was also upregulated from EAM + BML mice in contrast to EAM + Veh group (FIGURE 

16B).  

We complemented this data by examining the levels of the main NRF2 inhibitor, KEAP1. 

Cardiac KEAP1 levels, were significantly increased in EAM mice indicating downregulation of 

NRF2 pathway, whereas BML administration managed to reduce these (FIGURE 16B). We further 

confirmed this trend by immunofluorescence, where EAM + Veh hearts exhibited elevated 

KEAP1 stained area in contrast to EAM + BML mice (FIGURE 16C). These data illustrate that BML 

treatment is capable of activating NRF2 response and mitigating oxidative stress in EAM mice, 

which may give potential evidence for the cardioprotective effects observed with BML-111 

administration. 
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FIGURE 16. BML-111 treatment protects against cardiac oxidative stress in EAM mice by upregulating NRF2 pathway. A. 

Representative immunofluorescence images of cardiac tissue from all experimental groups (left panels) stained with 8-OHdG 

(green, upper panels) or MDA (red, lower panels) and their corresponding quantification (right panels). Nuclei are stained 

with DAPI (blue). Graphs represent mean positive area (r.f.u.) ± SD and individual data points. n = 9 (8-OHdG), n ≥ 10 

(MDA). Objective lens 20X. Scale bar: 200 µm. B. Representative Western blot images (left panels) and their corresponding 

quantification (right panels) of nuclear NRF2, HO-1 and KEAP1 in cardiac tissue. Graphs represent mean ± SD and individual 

data points normalized to Lamin B (NRF2) or GAPDH (HO-1, KEAP1) as loading references. n ≥ 4. C. Representative 

immunofluorescence images of cardiac tissue from all experimental groups (left panels) stained with KEAP1 (red) and the 

corresponding quantification (right panels). Nuclei are stained with DAPI (blue). Graphs represent mean positive area (r.f.u.) 

± SD and individual data points. n ≥ 4. Objective lens 63X. Scale bar: 50 µm. In every graph, statistical significance was 

determined using one-way ANOVA followed by Tukey´s test for multiple comparisons. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001 

vs. Control + Veh; #p ≤ 0.05, ##p ≤ 0.01 and ###p ≤ 0.001 vs. EAM + Veh. 

 



RESULTS 

 63 

1.6. BML-111 PROMOTES NRF2 NUCLEAR TRANSLOCATION BY ACTIVATING 

CAMKK2/AMPKα	PATHWAY IN HL-1 CELLS 

Our previous data suggest that BML-111 exerts cardioprotective effects in part by promoting 

NRF2 response, thus preventing exacerbated oxidative damage and mitigating cardiac injury. 

Despite LX-mediated activation of NRF2 pathway has been previously reported in other disease 

models131, 204, 205, the molecular mechanism behind this response remains unclear. Hence, we next 

aimed to decipher the underlying signaling implicated in NRF2 activation by BML-111 on the 

cardiac level by performing in vitro experiments on cardiac cells. Since fibroblast regulation by 

LXs has been extensively reported97, 98, 206, 207, we decided to focus on the molecular signaling 

occurring specifically in the cardiomyocyte by using HL-1 cells. 

To ascertain the signaling cascade upstream to NRF2 we decided to examine the AMPK 

pathway, a central serine/threonine kinase that coordinates multiple cellular processes in the 

heart208, 209. Thus, we evaluated activation of AMPKα pathway by performing Western blot of HL-

1 cells treated with BML-111 at different time points. Two main upstream kinases may drive 

AMPKα phosphorylation: CaMKK2 and LKB1112, 210. Analysis of both kinases revealed that BML-

111 prompted a rapid activation of CaMKK2 after 5 min treatment, whereas LKB1 expression 

increased thereafter at 2 h (FIGURE 17A). We also found a significant increase of P-AMPKα from 

30 min to 2 h (FIGURE 17A), suggesting that early activation of AMPKα by BML-111 may occur 

primarily via CaMKK2. Coherent with this time course we confirmed that BML-111 treatment 

promoted nuclear translocation of NRF2 from 30 min to 4 h (FIGURE 17B). 

Next, in order to confirm whether BML-induced NRF2 activation was P-AMPKα-dependent, 

we treated HL-1 cells with compound C, a potent and selective inhibitor of AMPK activity211, 

together with BML-111. Indeed, compound C treatment abolished nuclear translocation of NRF2 

induced by BML-111 at every time point (FIGURE 17B). We further confirmed that compound C 

efficiently inhibits AMPKα activity by evaluating the inhibition of Acetyl-CoA carboxylase (ACC) 

phosphorylation, one of the main targets of AMPKα (FIGURE 17B). Together, these data indicate 

that BML-111 is capable of upregulating NRF2 pathway in cardiomyocytes and mitigating cardiac 

oxidative stress at least in part by activation of CaMKK2/AMPKα axis. 
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Lastly, we sought to corroborate whether this signaling pathway was unique to BML-111 or 

shared mechanism among different types of LXs. For that purpose, we performed similar 

experiments by treating HL-1 with ATL (15-epi-LXA4) as an endogenous LX and AT-01-KG as a 

recently designed LX analog with enhanced potency. Both compounds prompted an analogous 

signaling cascade to BML-111 characterized by early activation of CaMKK2/AMPKα kinases 

(FIGURE 18A) and resulting in an increased NRF2 nuclear translocation (FIGURE 18B), suggesting 

that this response may be canonical for LXs and analogs in cardiomyocytes. 

Importantly, whereas the required concentration of ATL to observe this effect was equivalent 

to BML-111 (250 nM), AT-01-KG concentration was considerably inferior (1 nM), indicating that 

AT-01-KG exerts a more effective response and may represent a more potent LX alternative to be 

considered for future studies. 

 

 

FIGURE 17. BML-induced upregulation of NRF2 pathway in cardiomyocytes is mediated by sequential activation of 

CaMKK2/AMPKα kinases. A. Representative Western blot images (left panels) and their corresponding quantification (right 

panels) of CaMKK2, LKB1, P-AMPKα and total AMPKα protein levels in HL-1 cells treated with BML-111 at the indicated 

times. Graphs represent mean ± SD and individual data points normalized to vinculin as loading reference. n ≥ 4. B. 

Representative Western blot images (left panels) of nuclear NRF2 and cytosolic P-ACC protein levels in HL-1 cells treated with 

BML-111 or co-treated with BML-111 and Compound C at the indicated times. Graph (right panel) represents mean nuclear 

NRF2 protein levels ± SD and individual data points normalized to Lamin B as loading reference. n ≥ 4. In every graph, 

statistical significance was determined using one-way ANOVA followed by Dunnett´s test for multiple comparisons. *p ≤ 0.05, 
**p ≤ 0.01 and ***p ≤ 0.001 vs. control group. 
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Altogether, our results demonstrated that BML-111 administration in EAM-induced mice 

attenuated cardiac inflammation and cardiomyocyte apoptosis, ultimately preventing cardiac 

fibrosis and hypertrophy and ameliorating cardiac dysfunction associated to EAM development 

in part by upregulating the antioxidant response modulated by NRF2 pathway. 

 

 

FIGURE 18. Other types of lipoxin, ATL and AT-01-KG, also induce of NRF2 nuclear translocation in cardiomyocytes by 

CaMKK2/AMPKα pathway. A. Representative Western blot images (left panels) and their corresponding quantification (right 

panels) of CaMKK2, P-AMPKα and total AMPKα protein levels in HL-1 cells treated with ATL or AT-01-KG at the indicated 

times. Graphs represent mean ± SD and individual data points normalized to vinculin as loading reference. n ≥ 4. B. 

Representative Western blot images (left panels) and their corresponding quantification (right panels) of nuclear NRF2 protein 

levels in HL-1 cells treated with ATL or AT-01-KG at the indicated times. Graphs represent mean ± SD and individual data 

points normalized to Lamin B as loading reference. n ≥ 3. In every graph, statistical significance was determined using one-

way ANOVA followed by Dunnett´s test for multiple comparisons. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001 vs. control group. 
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OBJECTIVE 2. TO EVALUATE THE EFFECTS OF BML-111 ON CARDIOMYOCYTE 

CONTRACTION DYNAMICS IN EXPERIMENTAL MYOCARDITIS  

EC-coupling though Ca2+ handling represents the central mechanism controlling 

cardiomyocyte contraction-relaxation cycle. Alterations on its dynamics may lead to cardiac 

dysfunction and promote CVD development. Little is known about the effect of LXs and other 

SPMs in Ca2+ dynamics within the cardiomyocyte. Since we previously observed that BML-111 

protects against cardiac injury in EAM mice ultimately preventing cardiac dysfunction, our next 

objective aimed to determine whether BML-111 administration could also be ameliorating 

cardiac performance in EAM mice by preventing Ca2+ mishandling in cardiomyocytes. 

2.1. BML-111 treatment ameliorates impaired systolic and diastolic Ca2+ release 

and SR-Ca2+ load induced by EAM 

To evaluate Ca2+ mechanics in our EAM model, we isolated cardiomyocytes from each 

experimental group and analyzed EC-coupling. First, we estimated ICaL by the patch clamp 

technique as a measure of Ca2+ influx into the cardiomyocyte via LTCCs, which mediate initial 

Ca2+ entry in EC-coupling upon electrical stimuli. We observed that mean values of current-

voltage (I-V) density curves remained unaltered across all experimental groups (FIGURE 19A). 

Next, by using confocal microscopy, we determined systolic Ca2+ release and reuptake from SR in 

2 Hz electrically paced cardiomyocytes previously loaded with Fluo-3AM, which is a fluorescent 

intracellular Ca2+ indicator. Particularly, we analyzed Ca2+ transient amplitude and decay time, 

which illustrate the amount of Ca2+ released in each contraction and the time for its reuptake, 

respectively, as well as the percentage of cell shortening. Our results revealed that cells from EAM 

group exhibited depressed Ca2+ transient amplitude, longer Ca2+ transient decay time and reduced 

cell shortening, indicating a dysregulation of intracellular Ca2+ dynamics and depressed 

contraction that can be associated to an impairment on systolic Ca2+ release and reuptake 

handling (FIGURE 19B). BML-111 treatment significantly prevented these alterations in EAM 

mice, with cardiomyocytes showing similar amplitude, decay time and cell shortening to control 

groups (FIGURE 19B). Representative images from recordings of Ca2+ transients and the 

corresponding profile for each experimental group are depicted in FIGURE 19C. 
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Due to the changes in the kinetics of Ca2+ transients occurring in EAM cardiomyocytes, we 

next evaluated whether these functional changes could be caused by alterations in SERCA2a 

expression, which is crucial for the appropriate reuptake of Ca2+ during contraction-relaxation 

cycle. Indeed, we found that Atp2a2 mRNA expression in EAM hearts was significantly decreased 

in contrast to control mice, and BML-treatment restored its levels in EAM mice (FIGURE 20A). 

Since alterations in SERCA2a could affect SR-Ca2+ load and the contractile capacity of the 

cardiomyocyte, we next estimated total SR-Ca2+ load released as caffeine-evoked Ca2+ transients. 

Caffeine prompts a complete release of Ca2+ from SR, and a reduction in this total SR-Ca2+ load 

may evidence defective Ca2+ reuptake by SERCA2a. Results displayed a significant reduction on 

the amplitude of caffeine-evoked Ca2+ transients in EAM cardiomyocytes that was restored upon 

BML-111 administration (FIGURE 20B). Representative images from recordings of Ca2+ transients 

are depicted in FIGURE 20C. This diminished SR-Ca2+ load in EAM cardiomyocytes could be 

associated to abnormal Ca2+ release during diastole. For that reason, we analyzed the frequency of 

small Ca2+ leakage in non-stimulated cardiomyocytes in the form of Ca2+ sparks as well as 

FIGURE 19. BML-111 treatment prevents alteration of systolic Ca2+ release and reuptake dynamics in EAM mice. A. Mean 

density values of Ca2+ influx through ICaL recorded at the indicated voltages in cardiomyocytes from all experimental groups. n 

≥ 12. B. Fluorescence quantification of Ca2+ transient amplitude (left panel), decay time constant (Tau, central panel) and cell 

shortening (right panel) obtained in cardiomyocytes from all experimental groups. Graphs represent mean peak fluorescence 

± SD and individual data points. n ≥ 21. C. Representative line-scan confocal images and the corresponding profiles of Ca2+ 

transients from each experimental group. In every graph, statistical significance was determined using one-way ANOVA 

followed by Tukey´s test for multiple comparisons. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001 vs. Control + Veh; ##p ≤ 0.01 and ###p ≤ 

0.001 vs. EAM + Veh. 
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spontaneous diastolic Ca2+ release (SCR) events, such as Ca2+ waves and spontaneous Ca2+ 

transients.  

While the average number of sparks was uniform in all experimental groups, the percentage 

of cells exhibiting SCR events was significantly greater in EAM mice than in control or EAM + 

BML mice (FIGURE 20D), indicating that BML-111 administration prevents pro-arrhythmogenic 

spontaneous Ca2+ release in EAM mice. 

Altogether, these results suggest that BML-111 is capable of improving Ca2+ mishandling in 

EAM mice by decreasing spontaneous Ca2+ leakage, preventing SR-Ca2+ load depression and 

preserving SERCA2a expression in the cardiomyocyte. 

 

FIGURE 20. BML-111 treatment prevents SERCA2a downregulation, abnormal SR-Ca2+ load and aberrant diastolic Ca2+ 

release in EAM mice. A. Cardiac Atp2a2 mRNA expression in all experimental groups. Graph represents mean FI ± SD and 

individual data points using Rplp0 as reference gene. n ≥ 7. B. Caffeine-induced Ca2+ transient amplitude obtained in 

cardiomyocytes from all experimental groups. Graph represents mean peak fluorescence ± SD and individual data points. n ≥ 

13. C. Representative line-scan confocal images of caffeine-induced Ca2+ transients from each experimental group. D. 

Representative 3D line-scan confocal images of SCR recordings occurring in EAM + Veh cardiomyocytes (left panels) and the 

corresponding quantification of Ca2+ sparks frequency and SCR occurrence in each experimental group (right panels). Graphs 

represent mean spark frequency ± SD and individual data points or SCR (%). n ≥ 14. In every graph, statistical significance 

was determined using one-way ANOVA followed by Tukey´s test for multiple comparisons (A, B and spark frequency) or chi-

squared test (SCR). *p ≤ 0.05 and ***p ≤ 0.001 vs. Control + Veh; #p ≤ 0.05 and ##p ≤ 0.01 vs. EAM + Veh. 
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2.2. SERCA2a and NRF2 expression are connected in human myocardium and 

AC16 cells 

Our previous results in the EAM model proved that BML-111 protects from cardiac 

dysfunction and damage by inducing NRF2 antioxidant pathway. Considering that oxidative 

stress can profoundly impair EC-coupling and their components thus leading to cardiac 

dysfunction166, 212, we next examined whether BML-111 could be ameliorating Ca2+ handling in 

EAM mice also by activating NRF2 pathway. Particularly, we focused on the effects of BML-111 

on SERCA2a expression as a key factor in the regulation of intracellular Ca2+ handling with 

reduced levels in our model that could be derived from elevated oxidative stress170, 213. 

To ensure that BML-111 is able to modulate SERCA2a cardiac levels, we first evaluated its 

expression in mice treated with BML-111. Indeed, Western blot analysis showed that 6 h 

treatment significantly increased SERCA2a cardiac levels (FIGURE 21A).  

 

FIGURE 21. NRF2 and SERCA2a expression are interrelated in mouse hearts and in human myocardial samples A. 

Representative Western blot images (left panels) and their corresponding quantification (right panels) of cytosolic SERCA2a 

and nuclear NRF2 levels in mouse hearts treated with BML-111 at 6 h. Graphs represent mean ± SD and individual data points 

normalized to vinculin (SERCA2a) or Lamin B (NRF2) as loading references. n ≥ 5. B. Representative Western blot images 

(left panels) and their corresponding quantification (right panels) of HO-1, NQO-1, catalase and PRDX-1 in mouse hearts 

treated with BML-111 at 24 h. Graphs represent mean ± SD and individual data points normalized to vinculin as loading 

reference. n ≥ 3. C. ATP2A2 and NFE2L2 mRNA expression in cardiac samples from healthy (n = 5) and myocarditis (n = 9) 

patients. Graphs represent mean FI ± SD and individual data points using RPLP0 as reference gene. D. Pearson correlation 

analysis of ATP2A2 and NFE2L2 mRNA expression in cardiac samples from myocarditis patients. In every graph, statistical 

significance was determined using unpaired two-tailed Student’s t-test. *p ≤ 0.05 and **p ≤ 0.01 vs. control or healthy group. 
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Consistently, we observed that BML-111 administration also increased nuclear NRF2 nuclear 

levels in these animals (FIGURE 21A). We further confirmed activation of the antioxidant response 

by evaluating the expression of NRF2 targets at longer time. BML-111 treatment significantly 

upregulated cardiac levels of HO-1, NQO-1, catalase and PRDX-1 at 24 h (FIGURE 21B). To gain 

insight into this link between NRF2 and SERCA2a in human pathophysiology, we evaluated their 

expression in human myocardial samples from myocarditis patients and healthy individuals. 

Interestingly, cardiac mRNA expression of both ATP2A2 and NFE2L2 was significantly 

downregulated myocarditis patients (FIGURE 21C). Furthermore, Pearson analysis of these 

expression levels determined a strong positive correlation between both genes (FIGURE 21D). 

Since both mice and human studies suggested that there exists a close interplay between 

SERCA2a and NRF2 expression, we next aimed to analyze whether SERCA2a levels could be 

modulated by NRF2. For that purpose, we performed in vitro experiments in the AC16 human 

ventricular cell line by altering NRF2 transcriptional expression and examining SERCA2a levels. 

Silencing NRF2 expression with shRNA efficiently diminished the expression of its targets HO-1 

and NQO-1, and more importantly, it significantly reduced SERCA2a expression (FIGURE 22A). 

 

FIGURE 22. Alterations on NRF2 expression affects SERCA2a expression in AC16 cells. A. Representative Western blot 

images (left panels) of NRF2, HO-1, NQO-1 and SERCA2a protein levels in AC16 cells transfected with shNRF2 or shControl. 

Graph (right panels) represents mean SERCA2a protein levels ± SD and individual data points normalized to vinculin as 

loading reference. n ≥ 4. B. Representative Western blot images (left panel) and their corresponding quantification (right 

panel) of NRF2, HO-1, NQO-1 and SERCA2a protein levels in AC16 cells transfected with shNRF2 or shControl and treated 

with BML-111 at 6 h. Graph (right panel) represents mean SERCA2a protein levels ± SD and individual data points normalized 

to vinculin as loading reference. n ≥ 6. C. Representative Western blot images (left panel) of NRF2, HO-1, NQO-1 and 

SERCA2a protein levels in AC16 cells transfected with NRF2ΔETGE or GFP as control. Graph (right panel) represents mean 

SERCA2a protein levels ± SD and individual data points normalized to vinculin as loading reference. n = 4. In every graph, 

statistical significance was determined using unpaired two-tailed Student’s t-test (A and C) or one-way ANOVA followed by 

Tukey´s test for multiple comparisons (B). *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001 vs. control or GFP group. 
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In fact, whereas shControl cells treated with BML-111 displayed augmented levels of SERCA2a 

similar to previous results in mouse hearts, silencing NRF2 prevented this increase, with BML-

treated shNRF2 cells presenting similar SERCA2a expression to untreated shNRF2 group (FIGURE 

22B). To further confirm this, we transfected AC16 cells with mutant NRF2 plasmid (NRF2ΔETGE) 

that is resistant to KEAP1 degradation, resulting in a constitutive upregulation of NRF2 pathway. 

As a result, NRF2 overexpression caused a significant increment of SERCA2a protein levels 

(FIGURE 22C). These data strongly suggest that there exists an interplay between NRF2 and 

SERCA2a, revealing that appropriate Ca2+ dynamics and cardiomyocyte contraction are 

dependent on the antioxidant response. Consequently, BML-111 could be ameliorating Ca2+ 

handling in EAM mice, at least in part, by promoting NRF2 protective response and restoring 

depressed SERCA2a levels. 
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OBJECTIVE 3. TO ANALYZE THE ROLE OF LIPOXINS IN THE PATHOGENESIS                

OF HUMAN DILATED CARDIOMYOPATHY 

Persisting myocarditis represents one of the primary precursors of DCM, which is 

characterized by a profound depression of cardiac function and adverse cardiac remodeling176. 

Since inflammation is well-known to underpin myocarditis and DCM, resolution stage plays a 

pivotal part in its pathogenesis and therefore evaluation of SPMs is crucial to understand its 

development and to design new therapies130. Our previous data illustrated that, although 

myocarditis induction in mice prompted an increase in SPMs levels in response to the exacerbated 

inflammatory reaction (FIGURE 12, Page 54), exogenous administration of LX analog BML-111 

was required to appropriately mitigate cardiac inflammation and fibrosis and improve EAM-

induced cardiac dysfunction. Thus, increased endogenous LX levels may not be sufficient to halt 

disease progression toward a more severe phenotype in myocarditis context. In this line, our last 

objective was to characterize plasma LXs levels in the context of human DCM to determine the 

role they play in inflammation and cardiac damage. 

For that purpose, we collected serum samples from DCM patients and healthy individuals and 

evaluated the levels of LXA4. Interestingly, we observed that DCM patients exhibited increased 

LXA4 concentration in serum in contrast to healthy individuals (FIGURE 23A), probably indicating 

that LXA4 is synthesized in response to cardiac inflammation. To gain more insight into the 

inflammatory background of these patients, we measured CRP as a reliable clinical marker of low-

grade inflammation in CVD152. We detected that DCM patients showed significantly higher 

serum CRP levels that were superior to 2 mg/L (FIGURE 23B), indicating inflammation and high 

risk of cardiovascular events according to clinical interpretations. 

We then analyzed the correlation of LXA4 levels with clinical parameters to examine whether 

LXA4 could represent an additional predictive biomarker of DCM development. Interestingly, 

Pearson analysis in data from DCM patients revealed a significant negative correlation between 

LXA4 and CRP or BNP levels (FIGURE 23C). These data suggest that reduced LXA4 levels may be 

associated to enhanced inflammation and cardiac damage associated to DCM patients. In 

contrast, EF and serum LXA4 levels were found to be uncorrelated, which may indicate that LX 

production does not directly affect cardiac function per se (FIGURE 23C).  

Altogether, these results highlight the potential of LXs to modulate other clinical indicators of 

cardiac inflammation and damage, supporting the hypothesis that promoting resolution may be 

key to mitigate the underlying inflammatory condition occurring in DCM and other CVDs.  
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FIGURE 23. LXA4 levels are increased in DCM patients and negatively correlate with clinical parameters of cardiac damage. 

A. Serum LXA4 levels in healthy (n = 30) and DCM (n = 29) patients determined with ELISA. Graphs represent mean 

concentration ± SD. B. Serum levels of CRP in healthy (n = 20) and DCM (n = 19) patients determined with ELISA. Graph 

represents mean concentration ± SD. (C) Pearson correlation analysis of serum LXA4 levels with serum CRP, plasma BNP and 

EF from DCM patients. In every graph, statistical significance was determined using unpaired two-tailed Student’s t-test. ***p ≤ 

0.001 vs. healthy group. 
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Around 18 millions of people die each year from CVDs, which remain the first cause of global 

death and an important contributor to increased healthcare burden in the present137. Despite great 

medical advances have achieved to reduce mortality and morbidity of CVD patients in recent 

years, current therapeutic approaches fail to reach their complete recovery214. Thus, persisting 

symptoms lead to the development of chronic conditions like cardiomyopathies, arrhythmias and 

even heart failure, that severely reduce the quality of life of patients214, 215. Furthermore, most 

CVDs present a complex etiology and pathogenesis and frequently course with concomitant 

pathologies like diabetes or hypertension214. For these reasons, research and design of more 

specific and effective therapies is needed in order to improve CVD diagnostic and treatment, on 

the track of precision medicine152, 214. 

Inflammation has been widely described to play a major role in CVD and therefore, multiple 

therapeutic strategies aim to mitigate this response and ameliorate their outcome152. Resolution 

therapies have recently emerged as potential alternatives for CVD treatment thanks to their ability 

to blunt exacerbated inflammation and promote tissue repair46. During resolution, specific 

mediators like SPMs are endogenously produced to allow for the adequate termination of the 

inflammatory process46, 75. Among these, LXs are the most studied SPMs to date, and extensive 

evidence has proven their effectiveness at preventing excessive damage in multiple physiological 

systems47, 75. Concretely, their pro-resolving effects have been already demonstrated in pathologies 

like asthma, arthritis or periodontal disease, even reaching clinical trials46. Regarding CVDs, 

recent research in animal models has demonstrated that LX treatment ameliorates myocardial 

infarction83, 188, 216 and atherosclerosis217, 218, evidencing their potential as an alternative treatment 

for CVD with an enhanced inflammatory background. However, the specific mechanisms of LX-

mediated cardioprotection in CVD pathogenesis remains unexplored. In this work, we aimed to 

decipher the pro-resolving effects of LXs in the heart in order to evaluate their cardioprotective 

potential and underscore them as therapeutic options to ameliorate CVD onset and progression. 

1. LIPOXINS INDUCE A PRO-RESOLVING RESPONSE IN MAIN CARDIAC CELL 

POPULATIONS 

Upon their discovery, LXs and other SPMs were primarily thought to mediate resolution solely 

by modulating immune cells, especially considering that ALX receptor is mostly expressed in 

granulocytes, lymphocytes and monocytes219–221. Hence, numerous studies over the years have 

allowed to identify and describe SPM-driven pro-resolving responses particularly in these cells 107, 

109, 222. Research later revealed that certain non-immune cell types can also be regulated by SPMs 

like neurons223, fibroblasts97, epithelial cells224 or hepatocytes225. Nonetheless, current knowledge 

on the underlying molecular mechanisms in them remains limited, and further investigation is 
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required to fully understand the role of these SPMs in resolution in different pathologies as well 

as its therapeutic potential. 

This also applies to cardiac cell populations: most studies demonstrating the cardioprotective 

properties of LXs and other SPMs in CVDs predominantly focus on their ability to halt leukocyte 

infiltration and diminish pro-inflammatory cytokine production in the heart83, 226, 227, without 

considering their effects on other cell types pertinent to the pathology. Only a few studies have 

proved that LXs can induce particular responses in cardiac cells120, 188, but specific data on ALX 

expression or LX/ALX signaling were still missing. Previous research showed that certain ALX 

agonists different to LXs regulate specific responses in these cell types, indicating that this receptor 

is functional and active in them despite not confirming its presence228–230. In this work, we detected 

for the first time that the two main cardiac cell populations, i.e. cardiomyocytes and cardiac 

fibroblasts, express ALX. Supporting these data, we observed that BML-111, a synthetic LXA4 

analog that acts as a specific ALX agonist133, 231, efficiently prevented activation of inflammatory 

and fibrotic markers in cell lines of cardiomyocyte and cardiac fibroblasts, respectively. Taken 

together, our results demonstrate for the first time that cardiomyocytes and cardiac fibroblasts 

are indeed susceptible to LX modulation through ALX activation, and therefore actively 

participate in the resolution process. In fact, ALX deletion in mice was demonstrated to aggravate 

inflammation in abdominal aortic aneurysm and heart failure66, 232. In conclusion, we can confirm 

that LXs mediate resolution in the heart by coordinating protective responses in cardiac cells and 

inhibitory mechanisms in immune cells via ALX receptor, ultimately allowing for tissue repair 

after a cardiovascular insult. 

2. CARDIOPROTECTIVE EFFECTS OF BML-111 TREATMENT IN AN 

EXPERIMENTAL MYOCARDITIS MICE MODEL 

To evaluate the pro-resolving properties of LX in CVD, we decided to focus on myocarditis 

and DCM as models of CVDs characterized by an exacerbated inflammatory background. 

Interestingly, myocarditis has gained attention in the last two years as a major cardiovascular 

complication of COVID-19 disease derived from its enhanced inflammatory burden, associated 

with the development of the “cytokine storm” frequently triggered in severe patients233, 234. 

Understanding the molecular mechanisms responsible for the therapeutic potential of LXs in this 

context may provide valuable evidence for the design of novel resolution-based CVD treatments. 

For these purposes, we first performed and validated EAM model in mice by immunizing 

animals with cardiac myosin, detecting a massive infiltration of immune cells into the heart and 

reproducing the autoimmune reaction that occurs in myocarditis patients235, 236. Although viruses 
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are the primary cause of myocarditis in patients, this experimental model has been exhaustively 

described and offers a reliable method to evaluate cardiac inflammation as well as the progression 

of myocarditis to DCM independently of viral infection236. Accordingly, to evaluate the 

cardioprotective potential of LXs in this model, we treated EAM mice daily with BML-111. 

Among LXs and their analogs, we selected BML-111 due to its increased potency and 

bioavailability when compared to native LXs63, 134. Furthermore, considerable data have 

demonstrated its pro-resolving properties in multiple in vivo models including hepatic 

dysfunction237, arthritis238, renal ischemia/reperfusion131 or acute lung injury239. We considered 

that starting BML-111 administration at day 7 post-immunization would allow us to evaluate the 

capacity of this analog to revert cardiac inflammation, which represents an interesting approach 

closer to clinical reality in contrast to treating prior to disease induction. Also, there exists 

contradictory evidence with relation to in vivo pre-treatment with LXs, with some studies 

confirming a protective role237, 240, 241, while others reporting that beneficial effects can only be 

achieved at later stages of the disease242. This may indicate that early treatment with LXs may 

debilitate inflammation as a defense mechanism and worsen tissue damage, and therefore 

appropriate timing is crucial to ensure that LXs exert protective effects. Next, we analyzed BML-

111 effects at day 21 from immunization, which corresponds to the peak of cardiac inflammation 

according to previous reports 235, 236. Concretely, we focused on evaluating how BML-111 

contributed to ameliorate EAM pathologic processes as well as its effects on cardiac dysfunction, 

which represents the ultimate consequence of cardiac injury in myocarditis. 

2.1.  ROLE OF BML-111 IN THE PATHOGENIC PROCESSES OF EAM 

During the course of myocarditis, deleterious events appear progressively, causing myocardial 

damage as well as disrupting organ architecture and ultimately impairing cardiac performance. 

Inflammation is the primary source triggering these processes and predominantly derives from 

immune cell intrusion into the myocardium176. Identification of these immune cells in EAM 

hearts revealed an elevated number of macrophages and neutrophils responsible for myocardial 

inflammation as other groups suggested243. Importantly, we also detected augmented levels of 

Th17 lymphocytes, which are considered a hallmark of autoimmune myocarditis183 and play a 

pivotal role in its progression toward DCM in part by exacerbating inflammation and fibrosis244. 

Consistently with this immune infiltration observed in EAM hearts, we detected increased cardiac 

expression of pro-inflammatory mediators previously linked to myocarditis, specifically IL-1β, 

IL-6, TNFα and galectin-3245–248. These are considered important contributors to the onset and 

progression of many CVDs including DCM and heart failure249–253. BML-111 treatment 

significantly prevented immune cell infiltration as well as increased expression of these pro-
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inflammatory mediators on the cardiac level, excluding IL-6, whose reduction did not reach 

statistical significance. However, we deciphered that BML-111 was in fact able to significantly 

reduce IL-6  expression specifically in cardiomyocytes, demonstrating that part of BML-111 pro-

resolving effects in the heart involve blunting pro-inflammatory cytokine production in cardiac 

cells. In the context of cardiac inflammation, IL-6 is considered to be a pleiotropic cytokine 

playing a dual role in a time- and cell-specific manner26. Therefore, whereas blunting IL-6 

production by cardiomyocytes may contribute to maintain cardiac integrity in BML-treated EAM 

mice, its expression may be compensated in other cell types to promote pro-resolving processes 

like inhibiting neutrophil trafficking254, which may explain the modest reduction we observe in its 

overall expression. In addition to these responses, we hypothesize that upregulation of IL-10 by 

BML-111 in EAM mice may also be contributing to attenuating cardiac inflammation, since this 

anti-inflammatory cytokine is known to inhibit the production of pro-inflammatory cytokines 

and leukocyte infiltration27, 255, 256. In fact, IL-10 treatment or upregulation was observed to 

ameliorate viral myocarditis in mice257, 258. Recently, Wei et al. (2019) described that IL-10 

production in viral myocarditis helps reduce Th17 infiltration259, suggesting that in our model, 

BML-111 may be diminishing Th17 recruitment not only by blunting pro-inflammatory pathways 

but also by promoting IL-10 expression. 

An important component derived from this exacerbated inflammation is oxidative stress144, 

which is generated by both immune and cardiac cells141, 144 and represents a detrimental process 

contributing to myocardial damage in myocarditis180. Concretely, oxidative damage is considered 

one of the main causes of cardiomyocyte apoptosis and cardiac fibrosis in the pathogenesis of 

certain CVDs143, 260. SPMs, including LXs, have been widely demonstrated to exert antioxidant 

effects by reducing oxidation of cell components107, 261, 262, by inhibiting ROS-producing 

enzymes263–265 and by upregulating the expression of antioxidant mediators231, 265. However, little 

is known about their antioxidant properties in the context of CVD. In our model, we hypothesized 

that BML-111 could be ameliorating disease progression in EAM mice in part by promoting the 

antioxidant response. Indeed, analysis of oxidative stress markers indicated that EAM mice 

presented elevated levels of oxidative DNA and lipid damage. While we observed that BML-111 

treatment managed to reduce DNA oxidation, lipid peroxidation (analyzed in terms of MDA 

staining) was not significantly diminished mainly due to individual data variability. In this sense, 

MDA is known to form highly stable adducts with other molecules that may be challenging to 

revert266. As a result, BML-111 treatment could result effective only in animals with moderate 

MDA levels, resulting in the heterogeneous response we observed. Analysis of lipid peroxidation 

at later stages of EAM or with alternative methods may clarify the ability of BML-111 to reduce 

MDA generation. 
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We found that one of the chief mechanisms behind these BML-induced antioxidant effects 

was the activation of NRF2 pathway in the heart, which is considered a pivotal mediator of the 

antioxidant response113. Particularly, maintenance of cardiac redox homeostasis via upregulation 

of NRF2 pathway has been observed to ameliorate multiple CVDs including atherosclerosis, 

hypertension, ischemic heart diseases and heart failure267, 268. In this sense, we observed that BML-

111 promoted NRF2 activation in the heart from different perspectives: by promoting its nuclear 

translocation, by upregulating its downstream targets like HO-1, and by diminishing the levels of 

KEAP1, its main inhibitor. Our data underscore the importance of NRF2 response in the context 

of myocarditis and the potential of BML-111 to mitigate cardiac oxidative stress through this 

antioxidant pathway. 

Together, elevated inflammation and oxidative stress in the myocardium are known to prompt 

cardiomyocytes cell death leading to the loss of cardiac architecture269, 270. Indeed, EAM hearts 

exhibited an elevated number of cell death foci in contrast to controls that can be associated with 

previously observed cardiac inflammation and oxidative stress. Apoptotic markers corroborated 

these data as observed by increased cleaved caspase-3 and EndoG levels as well as decreased Bcl-

2 expression in this group, which are important contributors to cardiac dysfunction and CVD 

pathogenesis271, 272. BML-111 treatment managed to inhibit the activation of these mediators 

resulting in reduced cardiac cell death in EAM mice, revealing the anti-apoptotic potential of this 

analog in a cardiac context. Modulation of apoptosis and survival by LXs have been extensively 

described in multiple cell types including neutrophils, macrophages107, 109 or even neurons85, but 

their effects on cardiac cell death are first described here. Due to the limited regenerative potential 

of the adult heart, preventing cell death is crucial to preserve cardiac architecture and function 

and reduce the risk of subsequent maladaptive remodeling273. In fact, cardiac regenerative 

therapies like stem cell engineering or heart reprogramming represent the most ambitious goals 

for cardiovascular medicine in recent years274, 275, however they currently are in their preliminary 

stages. Our data suggest that BML-111 is capable of regulating death and survival in the context 

of cardiac inflammation to promote its resolution and preserve cardiac integrity. As promising 

anti-apoptotic molecules, these LX-mediated effects particularly in cardiomyocytes should be 

further investigated to ascertain their potential to act as protective compounds that prevent 

serious consequences derived from cardiac cell death like fibrosis. 

In fact, adverse cardiac remodeling resulting from a cardiac insult remains a challenge for CVD 

therapies to date due to its irreversible nature270. Clinical scans have determined that up to 40% of 

DCM patients manifest profound cardiac remodeling, and in approximately half of these, fibrosis 

aggravates in a median time of 1.5 years, causing heart failure and increasing the risk of 
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mortality269, 270. For these reasons, finding therapies to revert fibrosis early in its course is also 

fundamental to prevent the establishment of an irreversible scar with limited treatment and its 

associated consequences. Concerning EAM model, cardiac remodeling remains controversial 

since some groups have reported the presence of fibrosis at day 21 from immunization199, 276, 

whereas others detected this process at later stages277, 278. In our case, analysis of fibrotic markers 

in the heart evidenced activation of myofibroblasts as observed by the increased expression of 

TGFβ, which is the chief mediator driving the fibrotic response, and α-SMA, the main stress fiber 

implicated in myofibroblast contractility279. Interestingly, elevated alectin-3 levels have also been 

related to deleterious remodeling and fibrosis in DCM and heart failure patients280, 281, 

corroborating our observations. Besides myofibroblast activation, the most important indicator 

of myocardial fibrosis is exacerbated ECM deposition, which manifests active cardiac remodeling 

and is predominantly established by increasing collagen synthesis146, 279. In this sense, we observed 

that collagen staining was augmented in EAM hearts but limited to peripheral areas, whereas 

interstitial fibrosis was not detected contrarily to other reports199, 276, 282. Molecular analysis 

confirmed that both collagen I and collagen III expression, the main components of cardiac 

ECM146, were upregulated in EAM mice. These data suggest that fibrosis is activated primarily on 

the transcriptional level at this stage of the disease, whereas proper collagen deposition is minimal. 

As a result, we deduce that myocardial fibrosis is still emerging at day 21 from immunization and 

may be intensified at later stages of EAM. Nonetheless, this incipient fibrosis may also be 

contributing to cardiac dysfunction and hypertrophy. In fact, pathological cardiac hypertrophy is 

usually accompanied by fibrosis development and cardiomyocyte death, with increased levels of 

type I collagen and myofibroblast activation, in accordance with our model283. 

Importantly, we observed that BML-111 treatment efficiently prevented peripheral collagen 

deposition as well as upregulation of myofibroblast markers in EAM mice and further 

corroborated these anti-fibrotic properties in HCFs. Our results agree with previous research 

evidencing the anti-fibrotic potential of LXs in other pathological models like diabetic kidney 

disease284 and pulmonary fibrosis101. Nevertheless, despite BML-111 treatment was able to 

significantly reduce levels of collagen I in both cells and cardiac tissue, type III collagen expression 

remained unaltered in EAM mice. In DCM pathogenesis, collagen III production has been 

associated with improved elasticity and ventricular dilation in contrast to collagen I, which 

provides rigidity285, 286. In fact, collagen I/III ratio increases as myocardial remodeling progresses 

and aggravates285. This may indicate that BML-111 may be blunting collagen I expression in vivo 

to prevent deleterious remodeling of cardiac architecture and sustaining collagen III levels to 

preserve contractility of the heart in a pathophysiological context. Altogether, we first 

demonstrate that LXs may also represent a potential treatment to inhibit cardiac fibrosis 
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activation and progression by blunting molecular activation of pro-fibrotic pathways in their 

preliminary phase. 

These results demonstrate that BML-111 treatment is capable of preventing EAM 

development by inhibiting cardiac inflammation, oxidative stress, cardiomyocyte apoptosis and 

pro-fibrotic pathways. Furthermore, we deciphered that activation of NRF2 protective response 

specifically in cardiomyocytes is a crucial mechanism behind this BML-mediated 

cardioprotection. In fact, reducing oxidative stress not only helps mitigate redox imbalance in 

cardiomyocytes, but also prevents ROS-mediated activation of other detrimental pathways 

including apoptosis287–289 and NF-κB activation290. Numerous studies have previously showed that 

SPMs mediate the activation of NRF2 response121, 262, 291; however, the specific signaling pathway 

behind this process remained elusive, especially in the cardiac context120. In the present work, we 

shed light on these questions by demonstrating that BML-111 promotes of NRF2 signaling by 

activating CaMKK2/AMPKα pathway, which is known to prompt NRF2 phosphorylation and 

nuclear sequestration112, 116 (FIGURE 24). 

 

 

 

 

FIGURE 24. Illustrative representation of the proposed signaling pathway elicited by BML-111 in cardiomyocytes. Our data 

demonstrate that upon binding to lipoxin receptor ALX, BML-111 early activates CaMKK2 signaling, which subsequently 

phosphorylates AMPKα. We identified that phosphorylated AMPKα in turn promotes NRF2 phosphorylation and nuclear 

translocation. In fact, AMPK-mediated NRF2 phosphorylation has been described to favor NRF2 nuclear sequestration. Once in 

the nucleus, NRF2 is capable of upregulating the expression of a series of genes implicated in the antioxidant response. 
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Recently, McArthur et al. (2020) demonstrated that annexin A1, a well-described pro-

resolving molecule, also triggers CaMKK2/AMPK pathway to promote muscle regeneration via 

ALX receptor292, suggesting that activation of this response may be one of the chief pro-resolving 

pathways modulated by LXs upon binding to ALX receptor. Indeed, we confirmed that treatment 

with other types of LX known to be ALX ligands like ATL293, an endogenously produced LX, and 

AT-01-KG, a recently designed LX analog with improved properties65, also upregulated CaMKK2 

expression and AMPKα phosphorylation, resulting in elevated levels of nuclear NRF2. Thus, we 

demonstrated that ALX/CaMKK2/AMPKα/NRF2 signaling appears to be a shared mechanism 

among LXs, their analogs and possibly other pro-resolving mediators. Importantly, we 

determined that AT-01-KG managed to activate this pathway at significantly lower concentration, 

which may explain its improved functions. These data underscore the potential of newly described 

chemical modifications, like incorporation of imidazole groups into LX structure, to design novel 

pro-resolving mediators with enhanced effects and reduced toxicity64, 225, 294. 

Interestingly, AMPK is known to modulate various beneficial mechanisms that reduce cardiac 

damage295 and preserve cardiomyocyte integrity and function208, 296. Indeed, besides its antioxidant 

effects, AMPK has been described to participate in anti-inflammatory processes typically 

associated to LXs like M2 macrophage differentiation297, efferocytosis298 or NF-κB inhibition299, 300. 

Furthermore, despite the cardiac role of CaMKK2 as an AMPK activator is still not fully 

documented, increasing evidence suggests that its upregulation is crucial for AMPK-mediated 

protective responses in the heart301, 302. 

Taken together, we here describe a novel canonical pathway activated by LXs in 

cardiomyocytes that may explain its cardioprotective properties and underscores their 

therapeutic potential to mitigate cardiac inflammation in part by promoting the antioxidant 

response. Nonetheless, several questions remain unanswered in relation to the role of 

CaMKK2/AMPK/NRF2 axis in BML-mediated cardioprotection. For instance, treating HL-1 cells 

with BML-111 at longer times increased the expression of LKB1, which is also considered an 

important AMPK mediator in the heart303. Thus, we should not exclude its contribution to 

AMPK-mediated protective effects in cardiomyocytes. In addition, while we were unable to 

evaluate KEAP1 expression upon LX treatment in these cells due to lack of antibody specificity, 

our in vivo data indicated that BML-111 may also activate NRF2 response by promoting KEAP1 

dissociation. In this sense, previous work from our group demonstrated that ATL promotes 

KEAP1 degradation by activating autophagic machinery in macrophages304, which is known to be 

modulated by the AMPK pathway305. These data indicate that LX-mediated AMPK activation may 

upregulate NRF2 pathway through different complementary mechanisms. We propose that 
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AMPK represents a central mediator of LX-mediated responses in the heart and thus it emerges 

as an interesting target for future research in relation to resolution therapies. 

2.2.  ROLE OF BML-111 IN CARDIAC DYSFUNCTION AND HYPERTROPHY IN EAM 

Cardiac dysfunction represents the culmination of myocardial inflammation during 

myocarditis and its progression toward DCM243. Indeed, analysis of cardiac function parameters 

by echocardiography is one of the primary sources of diagnosis, risk assessment and treatment 

prescription for these pathologies306. Myocarditis and DCM patients frequently exhibit reduced 

LVEF and FS as well as systolic dysfunction307, 308, in accordance with our observations in EAM 

mice. In the same line, reduced cardiac performance present in myocarditis and DCM patients 

may lead to maladaptive ventricular hypertrophy as observed by increased septal and ventricular 

wall thickness307, 309 and the presence of enlarged cardiomyocytes in an irregular disposition269. 

Adverse hypertrophy is an important contributor to myocardial stiffness, cardiomyocyte loss and 

to the development of heart failure condition in the long term310. In EAM group, cardiac 

hypertrophy was mainly associated with a significant increase in cardiomyocyte surface311, in line 

with previous reports in animal models of DCM312 and other CVDs like ischemia reperfusion 

injury or transverse aortic constriction279, 312. We determined that this cardiac hypertrophy 

emerged from maladaptation to cardiac dysfunction due to the pathological increase in cardiac 

mass (up to 40%)283 as well as the elevated levels of BNP and ANP, which are important cardiac 

damage markers particularly upregulated in this condition283, 311, 313. 

We demonstrated that BML-111 administration considerably limits cardiac dysfunction and 

subsequent compensatory hypertrophy in EAM mice, underscoring its potential to appropriately 

restore heart performance and prevent organ damage upon an inflammatory insult. Nonetheless, 

whether BML-111 could also be directly inhibiting hypertrophic molecular pathways in 

cardiomyocytes requires further examination. There exists evidence that LXs are capable of 

inhibiting hypertrophic mediators like p3888 and calcineurin314. Ascertaining the involvement of 

LXs in hypertrophic pathways may provide supplementary evidence to support their 

cardioprotective properties and to develop specific therapies toward the maladaptive hypertrophy 

occurring in CVDs. 

Interestingly, EAM mice already exhibited profound cardiac dysfunction and hypertrophy at 

day 21 despite the fibrotic process is yet emerging. This suggests that an alternative deleterious 

process is contributing to decreased heart performance at this stage of the disease. Since extensive 

evidence has demonstrated the critical role that Ca2+ mechanics play in cardiac contraction161, 162, 

we consider that cardiac dysfunction in EAM mice could be mainly derived from Ca2+ 
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mishandling in cardiomyocytes. Hence, a fundamental part of this work aimed to study the role 

of LXs in the modulation of EC coupling and Ca2+ dynamics in myocarditis.  

As expected, cardiomyocytes from EAM hearts presented prolonged Ca2+ kinetics and reduced 

SR-Ca2+ load, evidencing Ca2+ mishandling and contractile dysfunction and confirming our 

hypothesis that during EAM progression, alteration of Ca2+ handling can severely compromise 

cardiac contraction and lead to cardiac dysfunction as observed in other CVD models172, 315. 

Furthermore, defective Ca2+ handling machinery has been described to prompt cardiac 

hypertrophy316, 317, consistent with our data. Notably, exploration of the molecular mechanism 

behind these alterations revealed that impaired Ca2+ dynamics were associated, at least in part, 

with defects on SERCA2a expression. Adequate SERCA2a function is essential to mediate 

diastolic Ca2+ reuptake and maintain normal SR-Ca2+ levels, thus driving appropriate systolic 

contraction and diastolic relaxation315, 318, 319. Indeed, the failing heart frequently exhibits decreased 

SERCA2a activity and expression319. Our results showed that BML-111 treatment prevented 

SERCA2a downregulation in EAM mice, which may explain the ameliorated systolic Ca2+ release 

and reuptake dynamics and improved cardiomyocyte contractility that we observed in EAM + 

BML-111 group. This lipid mediator was also able to significantly reduce the elevated number of 

pro-arrhythmogenic events detected in EAM mice320. From these data, we can conclude that 

BML-111 can profoundly modulate contractility and Ca2+ handling in cardiomyocytes, which is 

supported by previous reports suggesting that LXs may have anti-arrhythmic properties321 and 

revealing that Alx-deficient mice spontaneously develop diastolic dysfunction232. 

Oxidative stress is considered a detrimental factor that severely affects cardiac performance 

and EC coupling machinery166, 202. Concretely, SERCA2a function and stability have been 

described to be diminished by certain oxidative modifications162, 172. In our model, we deciphered 

that SERCA2a expression was intimately related to NRF2, suggesting that the decreased SERCA2a 

levels we observed in EAM mice could be derived from elevated oxidative stress. Accordingly, our 

experiments in AC16 human cardiomyocytes confirmed that NRF2 directly modulates SERCA2a 

levels and appears to mediate BML-induced SERCA2a expression. NRF2 and SERCA2a have been 

previously linked in the context of cardiac function and myocardial injury322–324, but the specific 

molecular mechanism behind this relationship was unclear. Here we demonstrate that NRF2 is 

capable of directly regulating SERCA2a expression in cardiomyocytes and that this interaction 

can be modulated by pro-resolving molecules. Nonetheless, whether NRF2-induced SERCA2a 

expression occurs via transcriptional regulation or is mediated by certain signaling pathways 

remains unclear and demands additional investigation. Altogether, our data first demonstrate that 

SPMs can directly modulate the elements responsible for appropriate Ca2+ handling and cardiac 
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contraction, suggesting that promoting resolution may help preserve cardiac function and 

prevent subsequent deleterious processes that contribute to CVD progression. 

To summarize our results in the experimental model, we observed that induction of EAM in 

mice causes an intense inflammatory reaction in the cardiac tissue accompanied by an 

exaggerated oxidative stress. These harmful responses prompt apoptotic death of cardiomyocytes, 

which initiates a fibrotic process to preserve cardiac architecture. Elevated oxidative environment 

also alters SERCA2a pump expression, hindering its appropriate functioning and resulting in 

impaired Ca2+ dynamics. As a result, cardiac function is impaired and cardiomyocytes undergo 

maladaptive hypertrophy to compensate for the reduced cardiac performance. Altogether, these 

events severely aggravate cardiac architecture, function and contractility. Importantly, BML-111 

treatment averted all these alterations through modulation of multiple pro-resolving mechanisms 

that prevented cardiomyocyte apoptosis and subsequent fibrosis as well as improved Ca2+ 

handling and cardiac contractility, ultimately ameliorating cardiac dysfunction. We determined 

that a crucial mechanism behind this protective effect is the upregulation of the antioxidant 

response via activation of NRF2 pathway, which helped mitigate oxidative damage, sustain 

cardiac contraction and preserve integrity of the heart (FIGURE 25). 

 

 

FIGURE 25. Schematic overview of the 

results obtained in our experimental 

model. Mice immunized with cardiac 

myosin presented profound cardiac 

dysfunction at day 21 derived from the 

development of inflammation and 

oxidative stress in the heart, which 

subsequently prompted cardiomyocyte 

death, maladaptive hypertrophy, adverse 

fibrosis and impaired Ca2+ handling. BML-

111 administration prevented these 

alterations in the EAM group, ultimately 

ameliorating cardiac function in EAM 

mice. We observed that part of these 

beneficial effects were mediated by the 

activation of NRF2 antioxidant response in 

the heart and particularly in 

cardiomyocytes (CM). These results 

evidence the cardioprotective properties of 

BML-111 and possibly other specialized 

pro-resolving mediators (SPMs) and 

underscore their therapeutic potential in 

the context of CVD. 
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3. LIPOXINS IN CARDIOVASCULAR TRANSLATIONAL RESEARCH: THEIR ROLE 

IN THE DIAGNOSIS AND DEVELOPMENT OF HUMAN DCM 

Due to the favorable results obtained in our murine model of myocarditis, our last objective in 

this work aimed to address the role of LXs in human DCM with the purpose of initiating 

translational research toward CVD therapy. Evaluation of LXA4 concentration in serum from 

DCM and healthy individuals revealed that DCM patients presented augmented LXA4 levels in 

contrast to controls, similarly to our previous observations in plasma from EAM mice. In this 

sense, previous studies had revealed that patients with coronary artery disease, which is also 

characterized by an inflammatory background, presented increased circulating LXA4 levels in 

contrast to controls217. We hypothesize that increased LXA4 production evidences the induction 

of a resolving process that aims to cope with the exacerbated inflammation occurring in these 

pathologies. However, an insufficient activation of this response may cause inflammation to 

persist leading to cardiovascular complications. In this sense, there exist multiple reports 

illustrating that reduced circulating LXA4 levels correlate with increased disease severity in 

patients with heart failure as well as other non-cardiovascular pathologies128–130. Indeed, when we 

evaluated the relation between LXA4 and other parameters of cardiac damage in DCM patients, 

we observed that serum LXA4 concentration negatively correlated with CRP and BNP levels, 

which are important markers of cardiovascular risk154, 157. Therefore, LXA4 levels are reduced in 

patients with elevated markers of CVD severity. These results underscore the importance of the 

synthesis of LXA4 and possibly other SPMs to attenuate the pathogenesis of CVD and other 

inflammatory diseases. Unfortunately, lack of patient data availability limited our study in relation 

to additional clinical parameters. Nonetheless, these promising results will support future 

longitudinal studies in DCM patients with the purpose of dissecting the evolution of resolution 

process alongside disease progression and determining the potential of LXs and other SPMs to 

serve as predictive biomarkers of disease severity. 

4. CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

Current clinical practice guidelines on CVD treatment focus on the prescription of 

medications with associated anti-inflammatory properties like statins, which are considered the 

gold standard treatment for atherosclerosis, myocardial infarction or heart failure152, 249, ACE 

inhibitors325, beta-blockers326 or the recently discovered sodium-glucose co-transporter-2 

(SGLT2) inhibitors327–329. However, patients with these treatments still exhibit residual 

inflammatory risks indicating that these types of medication are not sufficient to appropriately 

resolve its deleterious consequences152, 330–334. For that reason, new treatments for CVDs have 

emerged that focus on preventing inflammation directly by blocking cytokines154, 335 or their 
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receptors336. Of these, canakinumab, a therapeutic monoclonal antibody targeting IL-1β, was the 

first to exhibit beneficial effects in the Canakinumab Anti-inflammatory Thrombosis Outcome 

Study (CANTOS) clinical trial in 2017154. This group of new therapies still represent a challenge 

since they suppress the immune response and impair host defense, increasing the risk of adverse 

infections152, 154, 337. Furthermore, translational research on their potential to mitigate oxidative 

stress and fibrosis, which are considered important contributors to CVD progression, has 

provided negative results338, 339. As a result, there exists an urge for alternative CVD treatments 

capable of addressing cardiac inflammation, oxidative stress and fibrosis with enhanced safety 

and effectiveness.  

Regarding our present work, we propose SPMs, and particularly LXs, as promising alternative 

treatments for CVDs thanks to their cardioprotective properties at different levels, especially anti-

inflammatory, anti-fibrotic and antioxidant.  Interestingly, statins have been demonstrated to be 

directly implicated in ATL production340, 341, which may partially explain their anti-inflammatory 

and beneficial effects on CVDs. Therefore, combining LX treatment with current cardiovascular 

medications may represent an effective therapeutic approach with potent results in CVD patients. 

Furthermore, as endogenous compounds, LXs and their analogs may present reduced safety 

concerns with regard to adverse effects and immunosuppressive risks46, as already confirmed in 

phase I clinical trials135, 342. 

In addition, we provide new insights into the molecular mechanisms behind this response, which 

is crucial for the design of effective LX-based treatments for CVDs. A pivotal mediator behind LX 

effects is the ALX receptor. Other research groups have proved that treatment with ALX agonists 

ameliorates myocardial infarction343 and heart failure230. Our work complemented these results by 

demonstrating that ATL and two distinct analogs, BML-111 and AT-01-KG, upregulate the 

protective NRF2 pathway by activating CaMKK2/AMPKα signaling, which appears to occur via 

ALX292. Importantly, BML-mediated NRF2 activation not only protected from cardiac alterations 

derived from oxidative stress, but also managed to upregulate SERCA2a expression as a central 

component of cardiac contraction dynamics and improve cardiac function. Whereas restoring 

SERCA2a functioning is considered an interesting therapeutic approach to ameliorate heart 

failure and other CVDs, current progress is not favorable316, 344. SPMs may represent an effective 

alternative to promote SERCA2a activity and improve cardiac function as well as other 

cardiovascular complications like arrhythmias, which severely compromise the quality of life of 

patients345. Altogether, we here demonstrated novel protective mechanisms behind LX/ALX 

signaling which underscores their potential to modulate distinct cellular processes and prevent 

deleterious consequences derived from inflammation. 
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In conclusion, in this work we illustrate that a correct resolution process is fundamental to 

adequately terminate the inflammatory response and prevent deleterious processes that severely 

damage cardiac function and architecture in the development of myocarditis and its progression 

to DCM. Administration of LXs contributes to ameliorate the initial stages of these pathologies 

and to limit the progression to a more harmful and irreversible phenotype. Hence, LXs and other 

SPMs may represent an attractive therapeutic alternative for CVDs with current inefficient and 

unsafe treatments. Altogether, our encouraging results provide new insights into the resolution 

research and may support future translational and clinical research evaluating the 

pharmacological potential of resolution therapies. 
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1. EAM induction for 21 days in mice prompted an increase of inflammation and oxidative 

stress in cardiac tissue leading to cardiomyocyte apoptosis and initiating a process of 

deleterious remodeling, ultimately leading to cardiac dysfunction. 

 

2. EAM induction impaired contractility and Ca2+ handling in cardiomyocytes. 

 

3. BML-111 treatment managed to diminish inflammation and oxidative stress in EAM hearts 

thus mitigating cardiac damage, and to improve Ca2+ dynamics in cardiomyocytes, overall 

restoring appropriate cardiac function. 

 

4. On the molecular level, the cardioprotective effect of BML-111 is mainly associated to: 

- Activation of the NRF2-mediated antioxidant response in the heart and particularly 

in cardiomyocytes via CaMKK2/AMPKα pathway. 

- Restoring SERCA2a expression and function through its potent antioxidant role. 

 

5. Reduced serum LXA4 levels are associated with increased clinical markers of cardiac 

damage and inflammation in DCM patients. 

 

6. LXs and their analogs represent a promising therapeutic alternative for the treatment and 

amelioration of CVD onset and progression thanks to their pleiotropic effects in 

cardiovascular pathogenesis. 
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1. La inducción de EAM en ratones durante 21 días aumentó tanto la inflamación como el 

estrés oxidativo en el corazón, provocando la apoptosis de los cardiomiocitos e iniciando 

un proceso de remodelado adverso que dio como resultado una disfunción cardiaca. 

 

2. La EAM alteró considerablemente la contractilidad y el manejo del Ca2+ en los 

cardiomiocitos. 

 

3. El tratamiento con BML-111 logró disminuir la inflamación y el estrés oxidativo a nivel 

cardiaco en el grupo EAM, atenuando el consiguiente daño en el tejido y mejorando las 

dinámicas de Ca2+ en los cardiomiocitos, consiguiendo restablecer una correcta función 

cardiaca. 

 

4. A nivel molecular, el efecto cardioprotector del BML-111 está asociado principalmente a: 

- La activación de la respuesta antioxidante a través de la vía NRF2 a nivel cardiaco y 

específicamente en los cardiomiocitos mediante la ruta CaMKK2/AMPKα. 

- El restablecimiento de la expresión y la función de la bomba SERCA2a a través de su 

papel antioxidante. 

 

5. Los niveles disminuidos de LXA4 en Suero se asociaron a un aumento en marcadores de 

inflamación y daño cardiacos en pacientes con CMD. 

 

6. Gracias a sus efectos pleiotrópicos en la patogénesis cardiovascular, las LXs y sus análogos 

representan alternativas terapéuticas prometedoras para el tratamiento y mejora tanto del 

inicio como de la progresión de las ECV. 

 

 

 

 

  



 

  

 

 

 

 

 
 

 

 

 

 

 

 

                                                                  

          REFERENCES



REFERENCES 

 94 

1.  Serhan, C. N., Brain, S. D., Buckley, C. D., Gilroy, D. W., Haslett, C., O’Neill, L. A. J., 

Perretti, M., Rossi, A. G., and Wallace, J. L. (2007) Resolution of in flammation: state of 

the art, definitions and terms. FASEB J. 21, 325–332. 

2.  Bouchery, T. and Harris, N. (2019) Neutrophil–macrophage cooperation and its impact 

on tissue repair. Immunol. Cell Biol. 97, 289–298. 

3.  Kinney, J. W., Bemiller, S. M., Murtishaw, A. S., Leisgang, A. M., Salazar, A. M., and Lamb, 

B. T. (2018) Inflammation as a central mechanism in Alzheimer’s disease. Alzheimer’s 

Dement. Transl. Res. Clin. Interv. 4, 575–590. 

4.  Adams, B., Nunes, J. M., Page, M. J., Roberts, T., Carr, J., Nell, T. A., Kell, D. B., and 

Pretorius, E. (2019) Parkinson’s Disease: A Systemic Inflammatory Disease Accompanied 

by Bacterial Inflammagens. Front. Aging Neurosci. 11, 210. 

5.  Sokolove, J. and Lepus, C. M. (2013) Role of inflammation in the pathogenesis of 

osteoarthritis: latest findings and interpretations. Ther. Adv. Musculoskelet. Dis. 5, 77–94. 

6.  Murdoch, J. R. and Lloyd, C. M. (2010) Chronic inflammation and asthma. Mutat. Res. 

Mol. Mech. Mutagen. 690, 24–39. 

7.  Janakiram, N. B., Mohammed, A., and Rao, C. V. (2011) Role of lipoxins, resolvins, and 

other bioactive lipids in colon and pancreatic cancer. Cancer Metastasis Rev. 30, 507–523. 

8.  Zindel, J. and Kubes, P. (2020) DAMPs, PAMPs, and LAMPs in Immunity and Sterile 

Inflammation. Annu. Rev. Pathol. 15, 493–518. 

9.  Jaén, R. I., Val-Blasco, A., Prieto, P., Gil-Fernández, M., Smani, T., López-Sendón, J. L., 

Delgado, C., Boscá, L., and Fernández-Velasco, M. (2020) Innate Immune Receptors, Key 

Actors in Cardiovascular Diseases. JACC. Basic to Transl. Sci. 5, 735–749. 

10.  Zindel, J. and Kubes, P. (2020) DAMPs, PAMPs, and LAMPs in Immunity and Sterile 

Inflammation. Annu. Rev. Pathol. Mech. Dis. 15, 493–518. 

11.  McDonald, B., Pittman, K., Menezes, G. B., Hirota, S. A., Slaba, I., Waterhouse, C. C. M., 

Beck, P. L., Muruve, D. A., and Kubes, P. (2010) Intravascular Danger Signals Guide 

Neutrophils to Sites of Sterile Inflammation. Science 330, 362–366. 

12.  Atri, C., Guerfali, F., and Laouini, D. (2018) Role of Human Macrophage Polarization in 

Inflammation during Infectious Diseases. Int. J. Mol. Sci. 19, 1801-1816. 

13.  Petersone, L., Edner, N. M., Ovcinnikovs, V., Heuts, F., Ross, E. M., Ntavli, E., Wang, C. 



REFERENCES 

 95 

J., and Walker, L. S. K. (2018) T Cell/B Cell Collaboration and Autoimmunity: An Intimate 

Relationship. Front. Immunol. 9, 1941. 

14.  Kumar, B. V., Connors, T. J., and Farber, D. L. (2018) Human T Cell Development, 

Localization, and Function throughout Life. Immunity 48, 202–213. 

15.  Sandquist, I. and Kolls, J. (2018) Update on regulation and effector functions of Th17 cells. 

F1000Research 7, 205. 

16.  Golubovskaya, V. and Wu, L. (2016) Different Subsets of T Cells, Memory, Effector 

Functions, and CAR-T Immunotherapy. Cancers (Basel) 8, 36. 

17.  Stone, K. D., Prussin, C., and Metcalfe, D. D. (2010) IgE, mast cells, basophils, and 

eosinophils. J. Allergy Clin. Immunol. 125, S73–S80. 

18.  Kany, S., Vollrath, J. T., and Relja, B. (2019) Cytokines in Inflammatory Disease. Int. J. 

Mol. Sci. 20, 6008. 

19.  Dinarello, C. A. (2007) Historical insights into cytokines. Eur. J. Immunol. 37, S34–S45. 

20.  Weber, A., Wasiliew, P., and Kracht, M. (2010) Interleukin-1 (IL-1) Pathway. Sci. Signal. 

3, cm2. 

21.  Garlanda, C., Dinarello, C. A., and Mantovani, A. (2013) The Interleukin-1 Family: Back 

to the Future. Immunity 39, 1003–1018. 

22.  Lukens, J. R., Gross, J. M., and Kanneganti, T.-D. (2012) IL-1 family cytokines trigger 

sterile inflammatory disease. Front. Immunol. 3, 315. 

23.  Shen, Y., Qin, J., and Bu, P. (2015) Pathways Involved in Interleukin-1β–Mediated Murine 

Cardiomyocyte Apoptosis. Texas Hear. Inst. J. 42, 109–116. 

24.  Tanaka, T., Narazaki, M., and Kishimoto, T. (2014) IL-6 in Inflammation, Immunity, and 

Disease. Cold Spring Harb. Perspect. Biol. 6, a016295–a016295. 

25.  Fahey, E. and Doyle, S. L. (2019) IL-1 Family Cytokine Regulation of Vascular 

Permeability and Angiogenesis. Front. Immunol. 10, 1426. 

26.  Fontes, J. A., Rose, N. R., and Čiháková, D. (2015) The varying faces of IL-6: From cardiac 

protection to cardiac failure. Cytokine 74, 62–68. 

27.  Ouyang, W., Rutz, S., Crellin, N. K., Valdez, P. A., and Hymowitz, S. G. (2011) Regulation 

and Functions of the IL-10 Family of Cytokines in Inflammation and Disease. Annu. Rev. 

Immunol. 29, 71–109. 



REFERENCES 

 96 

28.  Hsu, P., Santner-Nanan, B., Hu, M., Skarratt, K., Lee, C. H., Stormon, M., Wong, M., 

Fuller, S. J., and Nanan, R. (2015) IL-10 Potentiates Differentiation of Human Induced 

Regulatory T Cells via STAT3 and Foxo1. J. Immunol. 195, 3665–3674. 

29.  Sziksz, E., Pap, D., Lippai, R., Béres, N. J., Fekete, A., Szabó, A. J., and Vannay, Á. (2015) 

Fibrosis Related Inflammatory Mediators: Role of the IL-10 Cytokine Family. Mediators 

Inflamm. 2015, 1–15. 

30.  Onishi, R. M. and Gaffen, S. L. (2010) Interleukin-17 and its target genes: mechanisms of 

interleukin-17 function in disease. Immunology 129, 311–321. 

31.  McGeachy, M. J., Cua, D. J., and Gaffen, S. L. (2019) The IL-17 Family of Cytokines in 

Health and Disease. Immunity 50, 892–906. 

32.  Holbrook, J., Lara-Reyna, S., Jarosz-Griffiths, H., and McDermott, M. F. (2019) Tumour 

necrosis factor signalling in health and disease. F1000Research 8, 111. 

33.  Gough, P. and Myles, I. A. (2020) Tumor Necrosis Factor Receptors: Pleiotropic Signaling 

Complexes and Their Differential Effects. Front. Immunol. 11, 585880. 

34.  Zelová, H. and Hošek, J. (2013) TNF-α signalling and inflammation: interactions between 

old acquaintances. Inflamm. Res. 62, 641–651. 

35.  Derynck, R. and Budi, E. H. (2019) Specificity, versatility, and control of TGF-β family 

signaling. Sci. Signal. 12, 570. 

36.  Meng, X., Nikolic-Paterson, D. J., and Lan, H. Y. (2016) TGF-β: the master regulator of 

fibrosis. Nat. Rev. Nephrol. 12, 325–338. 

37.  Veldhoen, M. and Stockinger, B. (2006) TGFβ1, a ‘Jack of all trades’: the link with pro-

inflammatory IL-17-producing T cells. Trends Immunol. 27, 358–361. 

38.  Gulati K., Guhathakurta S., Joshi J., Rai N. and Ray, A. (2016) Cytokines and their Role in 

Health and Disease: A Brief Overview. MOJ Immunol. 4, 1-9. 

39.  Yang, L., Xie, X., Tu, Z., Fu, J., Xu, D., and Zhou, Y. (2021) The signal pathways and 

treatment of cytokine storm in COVID-19. Signal Transduct. Target. Ther. 6, 255. 

40.  Rider, P., Carmi, Y., and Cohen, I. (2016) Biologics for Targeting Inflammatory Cytokines, 

Clinical Uses, and Limitations. Int. J. Cell Biol. 2016, 1–11. 

41.  Vonkeman, H. E. and van de Laar, M. A. F. J. (2010) Nonsteroidal Anti-Inflammatory 

Drugs: Adverse Effects and Their Prevention. Semin. Arthritis Rheum. 39, 294–312. 



REFERENCES 

 97 

42.  Swartz, S. L. and Dluhy, R. G. (1978) Corticosteroids. Drugs 16, 238–255. 

43.  Serhan, C. N., Hamberg, M., and Samuelsson, B. (1984) Lipoxins: novel series of 

biologically active compounds formed from arachidonic acid in human leukocytes. Proc. 

Natl. Acad. Sci. 81, 5335–5339. 

44.  Serhan, C. N., Fahlstadius, P., Dahlén, S. E., Hamberg, M., and Samuelsson, B. (1985) 

Biosynthesis and biological activities of lipoxins. Adv. Prostaglandin. Thromboxane. 

Leukot. Res. 15, 163–166. 

45.  Perretti, M., Leroy, X., Bland, E. J., and Montero-Melendez, T. (2015) Resolution 

Pharmacology: Opportunities for Therapeutic Innovation in Inflammation. Trends 

Pharmacol. Sci. 36, 737–755. 

46.  Jaén, R. I., Sánchez-García, S., Fernández-Velasco, M., Boscá, L., and Prieto, P. (2021) 

Resolution-Based Therapies: The Potential of Lipoxins to Treat Human Diseases. Front. 

Immunol. 12, 1396. 

47.  Libreros, S., Shay, A. E., Nshimiyimana, R., Fichtner, D., Martin, M. J., Wourms, N., and 

Serhan, C. N. (2021) A New E-Series Resolvin: RvE4 Stereochemistry and Function in 

Efferocytosis of Inflammation-Resolution. Front. Immunol. 11, 3840. 

48.  Claria, J. and Serhan, C. N. (1995) Aspirin triggers previously undescribed bioactive 

eicosanoids by human endothelial cell-leukocyte interactions. Proc. Natl. Acad. Sci. 92, 

9475–9479. 

49.  Gilligan, M. M., Gartung, A., Sulciner, M. L., Norris, P. C., Sukhatme, V. P., Bielenberg, D. 

R., Huang, S., Kieran, M. W., Serhan, C. N., and Panigrahy, D. (2019) Aspirin-triggered 

proresolving mediators stimulate resolution in cancer. Proc. Natl. Acad. Sci. 116, 6292–

6297. 

50.  Basil, M. C. and Levy, B. D. (2016) Specialized pro-resolving mediators: endogenous 

regulators of infection and inflammation. Nat. Rev. Immunol. 16, 51–67. 

51.  Romano, M. (2010) Lipoxin and Aspirin-Triggered Lipoxins. Sci. World J. 10, 1048–1064. 

52.  Chiang, N. and Serhan, C. N. (2006) Cell-Cell Interaction in the Transcellular Biosynthesis 

of Novel ω-3-Derived Lipid Mediators. Cell-Cell Interactions Methods and Protocols, 227–

250. 

53.  Samuelsson, B., Dahlén, S.-E., Lindgren, J. Å., Rouzer, C. A., and Serhan, C. N. (1987) 

Leukotrienes and Lipoxins: Structures, Biosynthesis, and Biological Effects. Science 237, 



REFERENCES 

 98 

1171–1176. 

54.  Serhan, C. N. and Sheppard, K. A. (1990) Lipoxin formation during human neutrophil-

platelet interactions. Evidence for the transformation of leukotriene A4 by platelet 12-

lipoxygenase in vitro. J. Clin. Invest. 85, 772–780. 

55.  Sala, A., Folco, G., and Murphy, R. C. (2010) Transcellular biosynthesis of eicosanoids. 

Pharmacol. Reports 62, 503–510. 

56.  Levy, B. D. (2006) Myocardial 15-Epi-lipoxin A 4 Generation Provides a New Mechanism 

for the Immunomodulatory Effects of Statins and Thiazolidinediones. Circulation 114, 

873–875. 

57.  Clària, J., Lee, M. H., and Serhan, C. N. (1996) Aspirin-triggered lipoxins (15-epi-LX) are 

generated by the human lung adenocarcinoma cell line (A549)-neutrophil interactions 

and are potent inhibitors of cell proliferation. Mol. Med. 2, 583–596. 

58.  Parkinson, J. (2006) Lipoxin and Synthetic Lipoxin Analogs: An Overview of Anti- 

Inflammatory Functions and New Concepts in Immunomodulation. Inflamm. Allergy-

Drug Targets 5, 91–106. 

59.  Clish, C. B., Levy, B. D., Chiang, N., Tai, H.-H., and Serhan, C. N. (2000) Oxidoreductases 

in Lipoxin A4 Metabolic Inactivation. J. Biol. Chem. 275, 25372–25380. 

60.  Sumimoto, H., Isobe, R., Mizukami, Y., and Minakami, S. (1993) Formation of a novel 20-

hydroxylated metabolite of lipoxin A 4 by human neutrophil microsomes. FEBS Lett. 315, 

205–210. 

61.  Guilford, W. J., Bauman, J. G., Skuballa, W., Bauer, S., Wei, G. P., Davey, D., Schaefer, C., 

Mallari, C., Terkelsen, J., Tseng, J.-L., Shen, J., Subramanyam, B., Schottelius, A. J., and 

Parkinson, J. F. (2004) Novel 3-Oxa Lipoxin A 4 Analogues with Enhanced Chemical and 

Metabolic Stability Have Anti-inflammatory Activity in Vivo. J. Med. Chem. 47, 2157–

2165. 

62.  Serhan, C. N., Maddox, J. F., Petasis, N. A., Akritopoulou-Zanze, I., Papayianni, A., Brady, 

H. R., Colgan, S. P., and Madara, J. L. (1995) Design of Lipoxin A4 Stable Analogs That 

Block Transmigration and Adhesion of Human Neutrophils. Biochemistry 34, 14609–

14615. 

63.  Lee, T. H., Lympany, P., Crea, A. E. G., and Spur, B. W. (1991) Inhibition of leukotriene 

B4-induced neutrophil migration by lipoxin A4: Structure-function relationships. 



REFERENCES 

 99 

Biochem. Biophys. Res. Commun. 180, 1416–1421. 

64.  de Gaetano, M., Tighe, C., Gahan, K., Zanetti, A., Chen, J., Newson, J., Cacace, A., Marai, 

M., Gaffney, A., Brennan, E., Kantharidis, P., Cooper, M. E., Leroy, X., Perretti, M., Gilroy, 

D., Godson, C., and Guiry, P. J. (2021) Asymmetric Synthesis and Biological Screening of 

Quinoxaline-Containing Synthetic Lipoxin A 4 Mimetics (QNX-sLXms). J. Med. Chem. 

64, 9193–9216. 

65.  de Gaetano, M., Butler, E., Gahan, K., Zanetti, A., Marai, M., Chen, J., Cacace, A., Hams, 

E., Maingot, C., McLoughlin, A., Brennan, E., Leroy, X., Loscher, C. E., Fallon, P., Perretti, 

M., Godson, C., and Guiry, P. J. (2019) Asymmetric synthesis and biological evaluation of 

imidazole- and oxazole-containing synthetic lipoxin A4 mimetics (sLXms). Eur. J. Med. 

Chem. 162, 80–108. 

66.  Petri, M. H., Thul, S., Andonova, T., Lindquist-Liljeqvist, M., Jin, H., Skenteris, N.-T., 

Arnardottir, H., Maegdefessel, L., Caidahl, K., Perretti, M., Roy, J., and Bäck, M. (2018) 

Resolution of Inflammation Through the Lipoxin and ALX/FPR2 Receptor Pathway 

Protects Against Abdominal Aortic Aneurysms. JACC Basic to Transl. Sci. 3, 719–727. 

67.  Chiang, N., Serhan, C. N., Dahlén, S.-E., Drazen, J. M., Hay, D. W. P., Rovati, G. E., 

Shimizu, T., Yokomizo, T., and Brink, C. (2006) The Lipoxin Receptor ALX: Potent 

Ligand-Specific and Stereoselective Actions in Vivo. Pharmacol. Rev. 58, 463–487. 

68.  Liu, G.-J., Tao, T., Wang, H., Zhou, Y., Gao, X., Gao, Y.-Y., Hang, C.-H., and Li, W. (2020) 

Functions of resolvin D1-ALX/FPR2 receptor interaction in the hemoglobin-induced 

microglial inflammatory response and neuronal injury. J. Neuroinflammation 17, 239. 

69.  Brennan, E., Kantharidis, P., Cooper, M. E., and Godson, C. (2021) Pro-resolving lipid 

mediators: regulators of inflammation, metabolism and kidney function. Nat. Rev. 

Nephrol. 17, 725–739. 

70.  Filep, J. G. (2013) Biasing the lipoxin A4/formyl peptide receptor 2 pushes inflammatory 

resolution. Proc. Natl. Acad. Sci. 110, 18033–18034. 

71.  Zhang, S., Gong, H., Ge, Y., and Ye, R. D. (2020) Biased allosteric modulation of formyl 

peptide receptor 2 leads to distinct receptor conformational states for pro- and anti-

inflammatory signaling. Pharmacol. Res. 161, 105117. 

72.  Gronert, K., Martinsson-Niskanen, T., Ravasi, S., Chiang, N., and Serhan, C. N. (2001) 

Selectivity of Recombinant Human Leukotriene D4, Leukotriene B4, and Lipoxin A4 

Receptors with Aspirin-Triggered 15-epi-LXA4 and Regulation of Vascular and 



REFERENCES 

 100 

Inflammatory Responses. Am. J. Pathol. 158, 3–9. 

73.  Serhan, C. N. and Chiang, N. (2013) Resolution phase lipid mediators of inflammation: 

agonists of resolution. Curr. Opin. Pharmacol. 13, 632–640. 

74.  Schaldach, C. M., Riby, J., and Bjeldanes, L. F. (1999) Lipoxin A 4 : A New Class of Ligand 

for the Ah Receptor. Biochemistry 38, 7594–7600. 

75.  Perretti, M. and Godson, C. (2020) Formyl peptide receptor type 2 agonists to kick‐start 

resolution pharmacology. Br. J. Pharmacol. 177, 4595–4600. 

76.  Liu, T., Zhang, L., Joo, D., and Sun, S.-C. (2017) NF-κB signaling in inflammation. Signal 

Transduct. Target. Ther. 2, 17023. 

77.  Amin, H. Z., Amin, L. Z., and Wijaya, I. P. (2017) GALECTIN-3: A NOVEL BIOMARKER 

FOR THE PROGNOSIS OF HEART FAILURE. Med. Pharm. Reports 90, 129–132. 

78.  Wang, L., Li, Y.-S., Yu, L.-G., Zhang, X.-K., Zhao, L., Gong, F.-L., Yang, X.-X., and Guo, 

X.-L. (2020) Galectin-3 expression and secretion by tumor-associated macrophages in 

hypoxia promotes breast cancer progression. Biochem. Pharmacol. 178, 114113. 

79.  Chen, S.-C. and Kuo, P.-L. (2016) The Role of Galectin-3 in the Kidneys. Int. J. Mol. Sci. 

17, 565. 

80.  Jozsef, L., Zouki, C., Petasis, N. A., Serhan, C. N., and Filep, J. G. (2002) Lipoxin A4 and 

aspirin-triggered 15-epi-lipoxin A4 inhibit peroxynitrite formation, NF- B and AP-1 

activation, and IL-8 gene expression in human leukocytes. Proc. Natl. Acad. Sci. 99, 13266–

13271. 

81.  Sodin-Semrl, S., Spagnolo, A., Mikus, R., Barbaro, B., Varga, J., and Fiore, S. (2004) 

Opposing Regulation of Interleukin-8 and NF-kB Responses by Lipoxin A4 and Serum 

Amyloid a via the Common Lipoxin a Receptor. Int. J. Immunopathol. Pharmacol. 17, 

145–155. 

82.  Song, Y., Yang, Y., Cui, Y., Gao, J., Wang, K., and Cui, J. (2019) Lipoxin A4 Methyl Ester 

Reduces Early Brain Injury by Inhibition of the Nuclear Factor Kappa B (NF-κB)-

Dependent Matrix Metallopeptidase 9 (MMP-9) Pathway in a Rat Model of Intracerebral 

Hemorrhage. Med. Sci. Monit. 25, 1838–1847. 

83.  Chen, Z., Wu, Z., Huang, C., Zhao, Y., Zhou, Y., Zhou, X., Lu, X., Mao, L., and Li, S. (2013) 

Effect of Lipoxin A4 on Myocardial Ischemia Reperfusion Injury Following Cardiac Arrest 

in a Rabbit Model. Inflammation 36, 468–475. 



REFERENCES 

 101 

84.  Ali, M., Yang, F., Jansen, J. A., and Walboomers, X. F. (2020) Lipoxin suppresses 

inflammation via the TLR4/MyD88/NF‐κB pathway in periodontal ligament cells. Oral 

Dis. 26, 429–438. 

85.  Tułowiecka, N., Kotlęga, D., Bohatyrewicz, A., and Szczuko, M. (2021) Could Lipoxins 

Represent a New Standard in Ischemic Stroke Treatment? Int. J. Mol. Sci. 22, 4207. 

86.  Liu, J., Peng, L., and Li, J. (2020) The Lipoxin A4 Receptor Agonist BML-111 Alleviates 

Inflammatory Injury and Oxidative Stress in Spinal Cord Injury. Med. Sci. Monit. 26. 

87.  Wu, S.-H., Wu, X.-H., Lu, C., Dong, L., Zhou, G.-P., and Chen, Z.-Q. (2006) Lipoxin A4 

inhibits connective tissue growth factor-induced production of chemokines in rat 

mesangial cells. Kidney Int. 69, 248–256. 

88.  Lv, W., Lv, C., Yu, S., Yang, Y., Kong, H., Xie, J., Sun, H., Andersson, R., Xu, D., Chen, B., 

and Zhou, M. (2013) Lipoxin A4 attenuation of endothelial inflammation response 

mimicking pancreatitis-induced lung injury. Exp. Biol. Med. 238, 1388–1395. 

89.  Chinthamani, S., Odusanwo, O., Mondal, N., Nelson, J., Neelamegham, S., and Baker, O. 

J. (2012) Lipoxin A 4 inhibits immune cell binding to salivary epithelium and vascular 

endothelium. Am. J. Physiol. Physiol. 302, C968–C978. 

90.  Distler, J. H. W., Györfi, A.-H., Ramanujam, M., Whitfield, M. L., Königshoff, M., and 

Lafyatis, R. (2019) Shared and distinct mechanisms of fibrosis. Nat. Rev. Rheumatol. 15, 

705–730. 

91.  Ehrlich, H. P., Allison, G. M., and Leggett, M. (2006) The myofibroblast, cadherin, α 

smooth muscle actin and the collagen effect. Cell Biochem. Funct. 24, 63–70. 

92.  Freitas-Rodríguez, S., Folgueras, A. R., and López-Otín, C. (2017) The role of matrix 

metalloproteinases in aging: Tissue remodeling and beyond. Biochim. Biophys. Acta - Mol. 

Cell Res. 1864, 2015–2025. 

93.  Trachtman, H., Fervenza, F. C., Gipson, D. S., Heering, P., Jayne, D. R. W., Peters, H., Rota, 

S., Remuzzi, G., Rump, L. C., Sellin, L. K., Heaton, J. P. W., Streisand, J. B., Hard, M. L., 

Ledbetter, S. R., and Vincenti, F. (2011) A phase 1, single-dose study of fresolimumab, an 

anti-TGF-β antibody, in treatment-resistant primary focal segmental glomerulosclerosis. 

Kidney Int. 79, 1236–1243. 

94.  Rice, L. M., Padilla, C. M., McLaughlin, S. R., Mathes, A., Ziemek, J., Goummih, S., 

Nakerakanti, S., York, M., Farina, G., Whitfield, M. L., Spiera, R. F., Christmann, R. B., 



REFERENCES 

 102 

Gordon, J. K., Weinberg, J., Simms, R. W., and Lafyatis, R. (2015) Fresolimumab treatment 

decreases biomarkers and improves clinical symptoms in systemic sclerosis patients. J. 

Clin. Invest. 125, 2795–2807. 

95.  Rodon, J., Carducci, M. A., Sepulveda-Sánchez, J. M., Azaro, A., Calvo, E., Seoane, J., 

Braña, I., Sicart, E., Gueorguieva, I., Cleverly, A. L., Pillay, N. S., Desaiah, D., Estrem, S. T., 

Paz-Ares, L., Holdhoff, M., Blakeley, J., Lahn, M. M., and Baselga, J. (2015) First-in-

Human Dose Study of the Novel Transforming Growth Factor-β Receptor I Kinase 

Inhibitor LY2157299 Monohydrate in Patients with Advanced Cancer and Glioma. Clin. 

Cancer Res. 21, 553–560. 

96.  Roach, K. M., Feghali-Bostwick, C. A., Amrani, Y., and Bradding, P. (2015) Lipoxin A 4 

Attenuates Constitutive and TGF-β1–Dependent Profibrotic Activity in Human Lung 

Myofibroblasts. J. Immunol. 195, 2852–2860. 

97.  Zheng, S., D’Souza, V. K., Bartis, D., Dancer, R. C. A., Parekh, D., Naidu, B., Gao-Smith, 

F., Wang, Q., Jin, S., Lian, Q., and Thickett, D. R. (2016) Lipoxin A 4 promotes lung 

epithelial repair whilst inhibiting fibroblast proliferation. ERJ Open Res. 2, 00079–02015. 

98.  Wu, S.-H., Wu, X.-H., Lu, C., Dong, L., and Chen, Z.-Q. (2006) Lipoxin A 4 Inhibits 

Proliferation of Human Lung Fibroblasts Induced by Connective TissueGrowth Factor. 

Am. J. Respir. Cell Mol. Biol. 34, 65–72. 

99.  Kurtoglu, E. L., Kayhan, B., Gul, M., Kayhan, B., Akdogan Kayhan, M., Karaca, Z. M., 

Yesilada, E., and Yilmaz, S. (2019) A bioactive product lipoxin A4 attenuates liver fibrosis 

in an experimental model by regulating immune response and modulating the expression 

of regeneration genes. Turkish J. Gastroenterol. 30, 745–757. 

100.  Brennan, E. P., Nolan, K. A., Börgeson, E., Gough, O. S., McEvoy, C. M., Docherty, N. G., 

Higgins, D. F., Murphy, M., Sadlier, D. M., Ali-Shah, S. T., Guiry, P. J., Savage, D. A., 

Maxwell, A. P., Martin, F., and Godson, C. (2013) Lipoxins Attenuate Renal Fibrosis by 

Inducing let-7c and Suppressing TGF β R1. J. Am. Soc. Nephrol. 24, 627–637. 

101.  Kim, H., Park, S.-H., Han, S. Y., Lee, Y.-S., Cho, J., and Kim, J.-M. (2020) LXA4-FPR2 

signaling regulates radiation-induced pulmonary fibrosis via crosstalk with TGF-β/Smad 

signaling. Cell Death Dis. 11, 653. 

102.  Singh, R., Letai, A., and Sarosiek, K. (2019) Regulation of apoptosis in health and disease: 

the balancing act of BCL-2 family proteins. Nat. Rev. Mol. Cell Biol. 20, 175–193. 

103.  Yang, Y., Jiang, G., Zhang, P., and Fan, J. (2015) Programmed cell death and its role in 



REFERENCES 

 103 

inflammation. Mil. Med. Res. 2, 12. 

104.  Zhdanov, D. D., Fahmi, T., Wang, X., Apostolov, E. O., Sokolov, N. N., Javadov, S., and 

Basnakian, A. G. (2015) Regulation of Apoptotic Endonucleases by EndoG. DNA Cell Biol. 

34, 316–326. 

105.  Weber-Nordt, R. M., Henschler, R., Schott, E., Wehinger, J., Behringer, D., Mertelsmann, 

R., and Finke, J. (1996) Interleukin-10 increases Bcl-2 expression and survival in primary 

human CD34+ hematopoietic progenitor cells. Blood 88, 2549–2558. 

106.  Smith, C. E., Soti, S., Jones, T. A., Nakagawa, A., Xue, D., and Yin, H. (2017) Non-steroidal 

Anti-inflammatory Drugs Are Caspase Inhibitors. Cell Chem. Biol. 24, 281–292. 

107.  Prieto, P., Cuenca, J., Través, P. G., Fernández-Velasco, M., Martín-Sanz, P., and Boscá, L. 

(2010) Lipoxin A4 impairment of apoptotic signaling in macrophages: implication of the 

PI3K/Akt and the ERK/Nrf-2 defense pathways. Cell Death Differ. 17, 1179–1188. 

108.  Yang, J., Li, M., Chen, X., Lian, Q., Wang, Q., Gao, F., Jin, S., and Zheng, S. (2019) Lipoxin 

A4 ameliorates lipopolysaccharide-induced lung injury through stimulating epithelial 

proliferation, reducing epithelial cell apoptosis and inhibits epithelial–mesenchymal 

transition. Respir. Res. 20, 192. 

109.  El Kebir, D., József, L., and Filep, J. G. (2008) Opposing regulation of neutrophil apoptosis 

through the formyl peptide receptor-like 1/lipoxin A 4 receptor: implications for 

resolution of inflammation. J. Leukoc. Biol. 84, 600–606. 

110.  Auten, R. L. and Davis, J. M. (2009) Oxygen Toxicity and Reactive Oxygen Species: The 

Devil Is in the Details. Pediatr. Res. 66, 121–127. 

111.  Pizzino, G., Irrera, N., Cucinotta, M., Pallio, G., Mannino, F., Arcoraci, V., Squadrito, F., 

Altavilla, D., and Bitto, A. (2017) Oxidative Stress: Harms and Benefits for Human Health. 

Oxid. Med. Cell. Longev. 2017, 1–13. 

112.  Virág, L., Jaén, R. I., Regdon, Z., Boscá, L., and Prieto, P. (2019) Self-defense of 

macrophages against oxidative injury: Fighting for their own survival. Redox Biol. 26, 

101261. 

113.  Tonelli, C., Chio, I. I. C., and Tuveson, D. A. (2018) Transcriptional Regulation by Nrf2. 

Antioxid. Redox Signal. 29, 1727–1745. 

114.  Siegel, D., Gustafson, D. L., Dehn, D. L., Han, J. Y., Boonchoong, P., Berliner, L. J., and 

Ross, D. (2004) NAD(P)H:Quinone Oxidoreductase 1: Role as a Superoxide Scavenger. 



REFERENCES 

 104 

Mol. Pharmacol. 65, 1238–1247. 

115.  Ma, Q. (2013) Role of Nrf2 in Oxidative Stress and Toxicity. Annu. Rev. Pharmacol. 

Toxicol. 53, 401–426. 

116.  Joo, M. S., Kim, W. D., Lee, K. Y., Kim, J. H., Koo, J. H., and Kim, S. G. (2016) AMPK 

Facilitates Nuclear Accumulation of Nrf2 by Phosphorylating at Serine 550. Mol. Cell. Biol. 

36, 1931–1942. 

117.  Perez-Leal, O., Barrero, C. A., and Merali, S. (2017) Pharmacological stimulation of 

nuclear factor (erythroid-derived 2)-like 2 translation activates antioxidant responses. J. 

Biol. Chem. 292, 14108–14121. 

118.  Galan-Cobo, A., Sitthideatphaiboon, P., Qu, X., Poteete, A., Pisegna, M. A., Tong, P., 

Chen, P.-H., Boroughs, L. K., Rodriguez, M. L. M., Zhang, W., Parlati, F., Wang, J., Gandhi, 

V., Skoulidis, F., DeBerardinis, R. J., Minna, J. D., and Heymach, J. V. (2019) LKB1 and 

KEAP1/NRF2 Pathways Cooperatively Promote Metabolic Reprogramming with 

Enhanced Glutamine Dependence in KRAS -Mutant Lung Adenocarcinoma. Cancer Res. 

79, 3251–3267. 

119.  Ahmed, S. M. U., Luo, L., Namani, A., Wang, X. J., and Tang, X. (2017) Nrf2 signaling 

pathway: Pivotal roles in inflammation. Biochim. Biophys. Acta - Mol. Basis Dis. 1863, 585–

597. 

120.  Chen, X.-Q., Wu, S.-H., Zhou, Y., and Tang, Y.-R. (2013) Lipoxin A4-Induced Heme 

Oxygenase-1 Protects Cardiomyocytes against Hypoxia/Reoxygenation Injury via p38 

MAPK Activation and Nrf2/ARE Complex. PLoS One 8, e67120. 

121.  Wu, L., Li, H.-H., Wu, Q., Miao, S., Liu, Z.-J., Wu, P., and Ye, D.-Y. (2015) Lipoxin A4 

Activates Nrf2 Pathway and Ameliorates Cell Damage in Cultured Cortical Astrocytes 

Exposed to Oxygen-Glucose Deprivation/Reperfusion Insults. J. Mol. Neurosci. 56, 848–

857. 

122.  Aliberti, J., Serhan, C., and Sher, A. (2002) Parasite-induced Lipoxin A4 Is an Endogenous 

Regulator of IL-12 Production and Immunopathology in Toxoplasma gondii Infection. J. 

Exp. Med. 196, 1253–1262. 

123.  Kantarci, A. and Van Dyke, T. E. (2003) Lipoxins in Chronic Inflammation. Crit. Rev. Oral 

Biol. Med. 14, 4–12. 

124.  Doğan, E. S. K., Doğan, B., Fentoğlu, Ö., and Kırzıoğlu, F. Y. (2019) The role of serum 



REFERENCES 

 105 

lipoxin A4 levels in the association between periodontal disease and metabolic syndrome. 

J. Periodontal Implant Sci. 49, 105. 

125.  Tsai, W.-H., Shih, C.-H., Yu, Y.-B., and Hsu, H.-C. (2013) Plasma levels in sepsis patients 

of annexin A1, lipoxin A4, macrophage inflammatory protein-3a, and neutrophil 

gelatinase-associated lipocalin. J. Chinese Med. Assoc. 76, 486–490. 

126.  Gangemi, S., Luciotti, G., D’Urbano, E., Mallamace, A., Santoro, D., Bellinghieri, G., Davı̀, 

G., and Romano, M. (2003) Physical exercise increases urinary excretion of lipoxin A4 and 

related compounds. J. Appl. Physiol. 94, 2237–2240. 

127.  Planagumà, A., Kazani, S., Marigowda, G., Haworth, O., Mariani, T. J., Israel, E., Bleecker, 

E. R., Curran-Everett, D., Erzurum, S. C., Calhoun, W. J., Castro, M., Chung, K. F., Gaston, 

B., Jarjour, N. N., Busse, W. W., Wenzel, S. E., and Levy, B. D. (2008) Airway Lipoxin A4 

Generation and Lipoxin A 4 Receptor Expression Are Decreased in Severe Asthma. Am. J. 

Respir. Crit. Care Med. 178, 574–582. 

128.  Vachier, I., Bonnans, C., Chavis, C., Farce, M., Godard, P., Bousquet, J., and Chanez, P. 

(2005) Severe asthma is associated with a loss of LXA4, an endogenous anti-inflammatory 

compound. J. Allergy Clin. Immunol. 115, 55–60. 

129.  Wang, X., Zhu, M., Hjorth, E., Cortés‐Toro, V., Eyjolfsdottir, H., Graff, C., Nennesmo, I., 

Palmblad, J., Eriksdotter, M., Sambamurti, K., Fitzgerald, J. M., Serhan, C. N., Granholm, 

A., and Schultzberg, M. (2015) Resolution of inflammation is altered in Alzheimer’s 

disease. Alzheimer’s Dement. 11, 40. 

130.  Reina-Couto, M., Carvalho, J., Valente, M. J., Vale, L., Afonso, J., Carvalho, F., Bettencourt, 

P., Sousa, T., and Albino-Teixeira, A. (2014) Impaired resolution of inflammation in 

human chronic heart failure. Eur. J. Clin. Invest. 44, 527–538. 

131.  Wu, S.-H., Chen, X.-Q., Lü, J., and Wang, M.-J. (2016) BML-111 Attenuates Renal 

Ischemia/Reperfusion Injury Via Peroxisome Proliferator-Activated Receptor-α-

Regulated Heme Oxygenase-1. Inflammation 39, 611–624. 

132.  Hawkins, K. E., DeMars, K. M., Singh, J., Yang, C., Cho, H. S., Frankowski, J. C., Doré, S., 

and Candelario‐Jalil, E. (2014) Neurovascular protection by post‐ischemic intravenous 

injections of the lipoxin A 4 receptor agonist, BML ‐111, in a rat model of ischemic stroke. 

J. Neurochem. 129, 130–142. 

133.  Zhang, L., Zhang, X., Wu, P., Li, H., Jin, S., Zhou, X., Li, Y., Ye, D., Chen, B., and Wan, J. 

(2008) BML-111, a lipoxin receptor agonist, modulates the immune response and reduces 



REFERENCES 

 106 

the severity of collagen-induced arthritis. Inflamm. Res. 57, 157–162. 

134.  Ji, Y., Luo, Z., Chen, C., Li, B., Gong, J., Wang, Y., Chen, L., Yao, S., and Shang, Y. (2018) 

BML-111 suppresses TGF-β1-induced lung fibroblast activation in�vitro and decreases 

experimental pulmonary fibrosis in vivo. Int. J. Mol. Med. 42, 3083-3092. 

135.  Hasturk, H., Schulte, F., Martins, M., Sherzai, H., Floros, C., Cugini, M., Chiu, C.-J., Hardt, 

M., and Van Dyke, T. (2021) Safety and Preliminary Efficacy of a Novel Host-Modulatory 

Therapy for Reducing Gingival Inflammation. Front. Immunol. 12, 3640. 

136.  Kong, X., Wu, S.-H., Zhang, L., and Chen, X.-Q. (2017) Pilot application of lipoxin A4 

analog and lipoxin A4 receptor agonist in asthmatic children with acute episodes. Exp. 

Ther. Med. 14, 2284–2290 

137.  World Health Organization: Cardiovascular diseases (CVDs). 2021. Available at: 

https://www.who.int/en/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds). 

Accessed October 27, 2021.  

138.  Stewart, J., Manmathan, G., and Wilkinson, P. (2017) Primary prevention of 

cardiovascular disease: A review of contemporary guidance and literature. JRSM 

Cardiovasc. Dis. 6, 204800401668721. 

139.  Sidney, S., Quesenberry, C. P., Jaffe, M. G., Sorel, M., Nguyen-Huynh, M. N., Kushi, L. H., 

Go, A. S., and Rana, J. S. (2016) Recent Trends in Cardiovascular Mortality in the United 

States and Public Health Goals. JAMA Cardiol. 1, 594. 

140.  Nieuwlaat, R., Schwalm, J.-D., Khatib, R., and Yusuf, S. (2013) Why are we failing to 

implement effective therapies in cardiovascular disease? Eur. Heart J. 34, 1262–1269. 

141.  Ruparelia, N., Chai, J. T., Fisher, E. A., and Choudhury, R. P. (2017) Inflammatory 

processes in cardiovascular disease: a route to targeted therapies. Nat. Rev. Cardiol. 14, 

133–144. 

142.  Corrado, E. and Novo, S. (2005) Role of Inflammation and Infection in Vascular Disease. 

Acta Chir. Belg. 105, 567–579. 

143.  Senoner, T. and Dichtl, W. (2019) Oxidative Stress in Cardiovascular Diseases: Still a 

Therapeutic Target? Nutrients 11, 2090. 

144.  Steven, S., Frenis, K., Oelze, M., Kalinovic, S., Kuntic, M., Bayo Jimenez, M. T., Vujacic-

Mirski, K., Helmstädter, J., Kröller-Schön, S., Münzel, T., and Daiber, A. (2019) Vascular 

Inflammation and Oxidative Stress: Major Triggers for Cardiovascular Disease. Oxid. 



REFERENCES 

 107 

Med. Cell. Longev. 2019, 1–26. 

145.  Voigt, A., Rahnefeld, A., Kloetzel, P. M., and Krüger, E. (2013) Cytokine-induced oxidative 

stress in cardiac inflammation and heart failure—how the ubiquitin proteasome system 

targets this vicious cycle. Front. Physiol. 4, 42. 

146.  Hinderer, S. and Schenke-Layland, K. (2019) Cardiac fibrosis – A short review of causes 

and therapeutic strategies. Adv. Drug Deliv. Rev. 146, 77–82. 

147.  Pirault, J. and Bäck, M. (2018) Lipoxin and Resolvin Receptors Transducing the 

Resolution of Inflammation in Cardiovascular Disease. Front. Pharmacol. 9, 1273. 

148.  D’Oria, R., Schipani, R., Leonardini, A., Natalicchio, A., Perrini, S., Cignarelli, A., Laviola, 

L., and Giorgino, F. (2020) The Role of Oxidative Stress in Cardiac Disease: From 

Physiological Response to Injury Factor. Oxid. Med. Cell. Longev. 2020, 1–29. 

149.  Kikuchi, K. and Poss, K. D. (2012) Cardiac Regenerative Capacity and Mechanisms. Annu. 

Rev. Cell Dev. Biol. 28, 719–741. 

150.  Frey, N. and Olson, E. N. (2003) Cardiac Hypertrophy: The Good, the Bad, and the Ugly. 

Annu. Rev. Physiol. 65, 45–79. 

151.  Schiattarella, G. G. and Hill, J. A. (2015) Inhibition of Hypertrophy Is a Good Therapeutic 

Strategy in Ventricular Pressure Overload. Circulation 131, 1435–1447. 

152.  Alfaddagh, A., Martin, S. S., Leucker, T. M., Michos, E. D., Blaha, M. J., Lowenstein, C. J., 

Jones, S. R., and Toth, P. P. (2020) Inflammation and cardiovascular disease: From 

mechanisms to therapeutics. Am. J. Prev. Cardiol. 4, 100130. 

153.  Ridker, P. M. and Luscher, T. F. (2014) Anti-inflammatory therapies for cardiovascular 

disease. Eur. Heart J. 35, 1782–1791. 

154.  Ridker, P. M., Everett, B. M., Thuren, T., MacFadyen, J. G., Chang, W. H., Ballantyne, C., 

Fonseca, F., Nicolau, J., Koenig, W., Anker, S. D., Kastelein, J. J. P., Cornel, J. H., Pais, P., 

Pella, D., Genest, J., Cifkova, R., Lorenzatti, A., Forster, T., Kobalava, Z., Vida-Simiti, L., 

Flather, M., Shimokawa, H., Ogawa, H., Dellborg, M., Rossi, P. R. F., Troquay, R. P. T., 

Libby, P., and Glynn, R. J. (2017) Antiinflammatory Therapy with Canakinumab for 

Atherosclerotic Disease. N. Engl. J. Med. 377, 1119–1131. 

155.  Berkley, A. and Ferro, A. (2020) Changes in C-reactive protein in response to anti-

inflammatory therapy as a predictor of cardiovascular outcomes: A systematic review and 

meta-analysis. JRSM Cardiovasc. Dis. 9, 204800402092923. 



REFERENCES 

 108 

156.  Ikonomidis, I., Papadavid, E., Makavos, G., Andreadou, I., Varoudi, M., Gravanis, K., 

Theodoropoulos, K., Pavlidis, G., Triantafyllidi, H., Moutsatsou, P., Panagiotou, C., 

Parissis, J., Iliodromitis, E., Lekakis, J., and Rigopoulos, D. (2017) Lowering Interleukin-

12 Activity Improves Myocardial and Vascular Function Compared With Tumor Necrosis 

Factor-a Antagonism or Cyclosporine in Psoriasis. Circ. Cardiovasc. Imaging 10, e006283. 

157.  Nguyen, K., Fan, W., Bertoni, A., Budoff, M. J., Defilippi, C., Lombardo, D., Maisel, A., 

Szklo, M., and Wong, N. D. (2020) N-terminal Pro B-type Natriuretic Peptide and High-

sensitivity Cardiac Troponin as Markers for Heart Failure and Cardiovascular Disease 

Risks According to Glucose Status (from the Multi-Ethnic Study of Atherosclerosis 

[MESA]). Am. J. Cardiol. 125, 1194–1201. 

158.  Cannone, V., Cabassi, A., Volpi, R., and Burnett, J. C. (2019) Atrial Natriuretic Peptide: A 

Molecular Target of Novel Therapeutic Approaches to Cardio-Metabolic Disease. Int. J. 

Mol. Sci. 20, 3265. 

159.  Thomas, T. P. and Grisanti, L. A. (2020) The Dynamic Interplay Between Cardiac 

Inflammation and Fibrosis. Front. Physiol. 11. 

160.  Njegic, A., Wilson, C., and Cartwright, E. J. (2020) Targeting Ca2 + Handling Proteins for 

the Treatment of Heart Failure and Arrhythmias. Front. Physiol. 11. 

161.  Johnson, D. M., Mugelli, A., and Cerbai, E. (2019) Editorial: The Role of Calcium Handling 

in Heart Failure and Heart Failure Associated Arrhythmias. Front. Physiol. 10, 1. 

162.  Val‐Blasco, A., Gil‐Fernández, M., Rueda, A., Pereira, L., Delgado, C., Smani, T., Ruiz 

Hurtado, G., and Fernández‐Velasco, M. (2021) Ca 2+ mishandling in heart failure: 

Potential targets. Acta Physiol. 232, e13691. 

163.  Kusakari, Y., Urashima, T., Shimura, D., Amemiya, E., Miyasaka, G., Yokota, S., Fujimoto, 

Y., Akaike, T., Inoue, T., and Minamisawa, S. (2017) Impairment of Excitation-

Contraction Coupling in Right Ventricular Hypertrophied Muscle with Fibrosis Induced 

by Pulmonary Artery Banding. PLoS One 12, e0169564. 

164.  Grandi, E., Workman, A. J., and Pandit, S. V. Altered Excitation-Contraction Coupling in 

Human Chronic Atrial Fibrillation. J. Atr. Fibrillation 4, 495. 

165.  Val-Blasco, A., Piedras, M. J. G. M., Ruiz-Hurtado, G., Suarez, N., Prieto, P., Gonzalez-

Ramos, S., Gómez-Hurtado, N., Delgado, C., Pereira, L., Benito, G., Zaragoza, C., 

Domenech, N., Crespo-Leiro, M. G., Vasquez-Echeverri, D., Nuñez, G., Lopez-Collazo, E., 

Boscá, L., and Fernández-Velasco, M. (2017) Role of NOD1 in Heart Failure Progression 



REFERENCES 

 109 

via Regulation of Ca 2+ Handling. J. Am. Coll. Cardiol. 69, 423–433. 

166.  Qaisar, R., Bhaskaran, S., Premkumar, P., Ranjit, R., Natarajan, K. S., Ahn, B., Riddle, K., 

Claflin, D. R., Richardson, A., Brooks, S. V., and Van Remmen, H. (2018) Oxidative stress-

induced dysregulation of excitation-contraction coupling contributes to muscle weakness. 

J. Cachexia. Sarcopenia Muscle 9, 1003–1017. 

167.  Chen, X., Zhang, X., Gross, S., Houser, S. R., and Soboloff, J. (2019) Acetylation of 

SERCA2a, Another Target for Heart Failure Treatment? Circ. Res. 124, 1285–1287. 

168.  Park, W. J. and Oh, J. G. (2013) SERCA2a: a prime target for modulation of cardiac 

contractility during heart failure. BMB Rep. 46, 237–243. 

169.  Tsai, C.-T., Wu, C.-K., Lee, J.-K., Chang, S.-N., Kuo, Y.-M., Wang, Y.-C., Lai, L.-P., 

Chiang, F.-T., Hwang, J.-J., and Lin, J.-L. (2015) TNF- down-regulates sarcoplasmic 

reticulum Ca2+ ATPase expression and leads to left ventricular diastolic dysfunction 

through binding of NF- B to promoter response element. Cardiovasc. Res. 105, 318–329. 

170.  Qin, F., Siwik, D. A., Lancel, S., Zhang, J., Kuster, G. M., Luptak, I., Wang, L., Tong, X., 

Kang, Y. J., Cohen, R. A., and Colucci, W. S. (2013) Hydrogen Peroxide–Mediated SERCA 

Cysteine 674 Oxidation Contributes to Impaired Cardiac Myocyte Relaxation in Senescent 

Mouse Heart. J. Am. Heart Assoc. 2, e000194. 

171.  Toya, T., Ito, K., Kagami, K., Osaki, A., Sato, A., Kimura, T., Horii, S., Yasuda, R., Namba, 

T., Ido, Y., Nagatomo, Y., Hayashi, K., Masaki, N., Yada, H., and Adachi, T. (2020) Impact 

of oxidative posttranslational modifications of SERCA2 on heart failure exacerbation in 

young patients with non-ischemic cardiomyopathy: A pilot study. IJC Hear. Vasc. 26, 

100437. 

172.  Tamayo, M., Fulgencio-Covián, A., Navarro-García, J. A., Val-Blasco, A., Ruiz-Hurtado, 

G., Gil-Fernández, M., Martín-Nunes, L., Lopez, J. A., Desviat, L. R., Delgado, C., Richard, 

E., and Fernández-Velasco, M. (2020) Intracellular calcium mishandling leads to cardiac 

dysfunction and ventricular arrhythmias in a mouse model of propionic acidemia. 

Biochim. Biophys. Acta - Mol. Basis Dis. 1866, 165586. 

173.  Kindermann, I., Barth, C., Mahfoud, F., Ukena, C., Lenski, M., Yilmaz, A., Klingel, K., 

Kandolf, R., Sechtem, U., Cooper, L. T., and Böhm, M. (2012) Update on Myocarditis. J. 

Am. Coll. Cardiol. 59, 779–792. 

174.  Lynch, T. L., Sivaguru, M., Velayutham, M., Cardounel, A. J., Michels, M., Barefield, D., 

Govindan, S., Remedios, C. dos, van der Velden, J., and Sadayappan, S. (2015) Oxidative 



REFERENCES 

 110 

Stress in Dilated Cardiomyopathy Caused by MYBPC3 Mutation. Oxid. Med. Cell. Longev. 

2015, 1–14. 

175.  Fung, G., Luo, H., Qiu, Y., Yang, D., and McManus, B. (2016) Myocarditis. Circ. Res. 118, 

496–514. 

176.  Mason, J. (2003) Myocarditis and dilated cardiomyopathy An inflammatory link. 

Cardiovasc. Res. 60, 5–10. 

177.  Schultheiss, H.-P., Fairweather, D., Caforio, A. L. P., Escher, F., Hershberger, R. E., 

Lipshultz, S. E., Liu, P. P., Matsumori, A., Mazzanti, A., McMurray, J., and Priori, S. G. 

(2019) Dilated cardiomyopathy. Nat. Rev. Dis. Prim. 5, 32. 

178.  Maron, B. J., Towbin, J. A., Thiene, G., Antzelevitch, C., Corrado, D., Arnett, D., Moss, A. 

J., Seidman, C. E., and Young, J. B. (2006) Contemporary Definitions and Classification of 

the Cardiomyopathies. Circulation 113, 1807–1816. 

179.  Feldman, A. M. and McNamara, D. (2000) Myocarditis. N. Engl. J. Med. 343, 1388–1398 

180.  Tada, Y. and Suzuki, J. (2016) Oxidative stress and myocarditis. Curr. Pharm. Des. 22, 450–

471. 

181.  Debiasi, R. L., Robinson, B. A., Leser, J. S., Brown, R. D., Long, C. S., and Clarke, P. (2010) 

Critical Role for Death-Receptor Mediated Apoptotic Signaling in Viral Myocarditis. J. 

Card. Fail. 16, 901–910. 

182.  Rubis, P. and Podolec, P. (2014) Update on myocarditis – review (RCD code: III-6A.1). J. 

Rare Cardiovasc. Dis. 1, 4-9. 

183.  Blanco-Domínguez, R., Sánchez-Díaz, R., de la Fuente, H., Jiménez-Borreguero, L. J., 

Matesanz-Marín, A., Relaño, M., Jiménez-Alejandre, R., Linillos-Pradillo, B., Tsilingiri, K., 

Martín-Mariscal, M. L., Alonso-Herranz, L., Moreno, G., Martín-Asenjo, R., García-

Guimaraes, M. M., Bruno, K. A., Dauden, E., González-Álvaro, I., Villar-Guimerans, L. 

M., Martínez-León, A., Salvador-Garicano, A. M., Michelhaugh, S. A., Ibrahim, N. E., 

Januzzi, J. L., Kottwitz, J., Iliceto, S., Plebani, M., Basso, C., Baritussio, A., Seguso, M., 

Marcolongo, R., Ricote, M., Fairweather, D., Bueno, H., Fernández-Friera, L., Alfonso, F., 

Caforio, A. L. P., Pascual-Figal, D. A., Heidecker, B., Lüscher, T. F., Das, S., Fuster, V., 

Ibáñez, B., Sánchez-Madrid, F., and Martín, P. (2021) A Novel Circulating MicroRNA for 

the Detection of Acute Myocarditis. N. Engl. J. Med. 384, 2014–2027. 

184.  D’Ambrosio, A. (2001) The fate of acute myocarditis between spontaneous improvement 



REFERENCES 

 111 

and evolution to dilated cardiomyopathy: a review. Heart 85, 499–504. 

185.  Jaén, R. I., Fernández‐Velasco, M., Terrón, V., Sánchez‐García, S., Zaragoza, C., Canales‐

Bueno, N., Val‐Blasco, A., Vallejo‐Cremades, M. T., Boscá, L., and Prieto, P. (2020) BML‐

111 treatment prevents cardiac apoptosis and oxidative stress in a mouse model of 

autoimmune myocarditis. FASEB J. 34, 10531–10546. 

186.  Tripathi, A., Khan, M. S., Khan, A. R., Vaughn, V. M., and Bolli, R. (2021) Cell therapy for 

nonischemic dilated cardiomyopathy: A systematic review and meta‐analysis of 

randomized controlled trials. Stem Cells Transl. Med. 10, 1394–1405. 

187.  Wasala, N. B., Yue, Y., Lostal, W., Wasala, L. P., Niranjan, N., Hajjar, R. J., Babu, G. J., and 

Duan, D. (2020) Single SERCA2a Therapy Ameliorated Dilated Cardiomyopathy for 18 

Months in a Mouse Model of Duchenne Muscular Dystrophy. Mol. Ther. 28, 845–854. 

188.  Kain, V., Liu, F., Kozlovskaya, V., Ingle, K. A., Bolisetty, S., Agarwal, A., Khedkar, S., 

Prabhu, S. D., Kharlampieva, E., and Halade, G. V. (2017) Resolution Agonist 15-epi-

Lipoxin A4 Programs Early Activation of Resolving Phase in Post-Myocardial Infarction 

Healing. Sci. Rep. 7, 9999. 

189.  Shiverick, K. T., Thomas, L. L., and Alpert, N. R. (1975) Purification of cardiac myosin. 

Biochim. Biophys. Acta - Protein Struct. 393, 124–133. 

190.  Shioya, T. (2007) A Simple Technique for Isolating Healthy Heart Cells from Mouse 

Models. J. Physiol. Sci. 57, 327–335. 

191.  Thomas Aretz, H. (1987) Myocarditis: The Dallas criteria. Hum. Pathol. 18, 619–624. 

192.  Baughman, K. L. (2006) Diagnosis of Myocarditis. Circulation 113, 593–595. 

193.  Khawaja, A. and Bromage, D. I. (2021) The innate immune response in myocarditis. Int. 

J. Biochem. Cell Biol. 134, 105973. 

194.  Myers, J. M., Cooper, L. T., Kem, D. C., Stavrakis, S., Kosanke, S. D., Shevach, E. M., 

Fairweather, D., Stoner, J. A., Cox, C. J., and Cunningham, M. W. (2016) Cardiac myosin-

Th17 responses promote heart failure in human myocarditis. JCI Insight 1, 9. 

195.  Yin, F. C., Spurgeon, H. A., Rakusan, K., Weisfeldt, M. L., and Lakatta, E. G. (1982) Use of 

tibial length to quantify cardiac hypertrophy: application in the aging rat. Am. J. Physiol. 

Circ. Physiol. 243, H941–H947. 

196.  Abassi, Z., Goltsman, I., Karram, T., Winaver, J., and Hoffman, A. (2011) Aortocaval 



REFERENCES 

 112 

Fistula in Rat: A Unique Model of Volume-Overload Congestive Heart Failure and 

Cardiac Hypertrophy. J. Biomed. Biotechnol. 2011, 1–13. 

197.  Yoshimura, M., Yasue, H., and Ogawa, H. (2001) Pathophysiological significance and 

clinical application of ANP and BNP in patients with heart failure. Can. J. Physiol. 

Pharmacol. 79, 730–735. 

198.  Kerkelä, R., Ulvila, J., and Magga, J. (2015) Natriuretic Peptides in the Regulation of 

Cardiovascular Physiology and Metabolic Events. J. Am. Heart Assoc. 4, e002423. 

199.  Hirakawa, H., Zempo, H., Ogawa, M., Watanabe, R., Suzuki, J., Akazawa, H., Komuro, I., 

and Isobe, M. (2015) A DPP-4 Inhibitor Suppresses Fibrosis and Inflammation on 

Experimental Autoimmune Myocarditis in Mice. PLoS One 10, e0119360. 

200.  Liu, Y., Zhu, H., Su, Z., Sun, C., Yin, J., Yuan, H., Sandoghchian, S., Jiao, Z., Wang, S., and 

Xu, H. (2012) IL-17 contributes to cardiac fibrosis following experimental autoimmune 

myocarditis by a PKC /Erk1/2/NF- B-dependent signaling pathway. Int. Immunol. 24, 

605–612. 

201.  Chiong, M., Wang, Z. V, Pedrozo, Z., Cao, D. J., Troncoso, R., Ibacache, M., Criollo, A., 

Nemchenko, A., Hill, J. A., and Lavandero, S. (2011) Cardiomyocyte death: mechanisms 

and translational implications. Cell Death Dis. 2, e244–e244. 

202.  Tsutsui, H., Kinugawa, S., and Matsushima, S. (2011) Oxidative stress and heart failure. 

Am. J. Physiol. Circ. Physiol. 301, H2181–H2190. 

203.  Saito, P., Melo, C. P. B., Martinez, R. M., Fattori, V., Cezar, T. L. C., Pinto, I. C., Bussmann, 

A. J. C., Vignoli, J. A., Georgetti, S. R., Baracat, M. M., Verri, W. A., and Casagrande, R. 

(2018) The Lipid Mediator Resolvin D1 Reduces the Skin Inflammation and Oxidative 

Stress Induced by UV Irradiation in Hairless Mice. Front. Pharmacol. 9, 1242. 

204.  Wu, L., Liu, Z. J., Miao, S., Zou, L. B., Cai, L., Wu, P., Ye, D. Y., Wu, Q., and Li, H. H. 

(2013) Lipoxin A 4 ameliorates cerebral ischaemia/reperfusion injury through 

upregulation of nuclear factor erythroid 2-related factor 2. Neurol. Res. 35, 968–975. 

205.  Han, X., Yao, W., Liu, Z., Li, H., Zhang, Z., Hei, Z., and Xia, Z. (2016) Lipoxin A4 

Preconditioning Attenuates Intestinal Ischemia Reperfusion Injury through Keap1/Nrf2 

Pathway in a Lipoxin A4 Receptor Independent Manner. Oxid. Med. Cell. Longev. 2016, 

1–12. 

206.  Sodin-Semrl, S., Taddeo, B., Tseng, D., Varga, J., and Fiore, S. (2000) Lipoxin A 4 Inhibits 



REFERENCES 

 113 

IL-1β-Induced IL-6, IL-8, and Matrix Metalloproteinase-3 Production in Human Synovial 

Fibroblasts and Enhances Synthesis of Tissue Inhibitors of Metalloproteinases. J. 

Immunol. 164, 2660–2666. 

207.  Sodin-Semrl, S., Spagnolo, A., Barbaro, B., Varga, J., and Fiore, S. (2004) Lipoxin A 4 

Counteracts Synergistic Activation of Human Fibroblast-like Synoviocytes. Int. J. 

Immunopathol. Pharmacol. 17, 15–25. 

208.  Bairwa, S. C., Parajuli, N., and Dyck, J. R. B. (2016) The role of AMPK in cardiomyocyte 

health and survival. Biochim. Biophys. Acta - Mol. Basis Dis. 1862, 2199–2210. 

209.  Shirwany, N. A. and Zou, M.-H. (2010) AMPK in cardiovascular health and disease. Acta 

Pharmacol. Sin. 31, 1075–1084. 

210.  Willows, R., Sanders, M. J., Xiao, B., Patel, B. R., Martin, S. R., Read, J., Wilson, J. R., 

Hubbard, J., Gamblin, S. J., and Carling, D. (2017) Phosphorylation of AMPK by upstream 

kinases is required for activity in mammalian cells. Biochem. J. 474, 3059–3073. 

211.  Liu, X., Chhipa, R. R., Nakano, I., and Dasgupta, B. (2014) The AMPK Inhibitor 

Compound C Is a Potent AMPK-Independent Antiglioma Agent. Mol. Cancer Ther. 13, 

596–605. 

212.  Kohlhaas, M. and Maack, C. (2011) Interplay of Defective Excitation-Contraction 

Coupling, Energy Starvation, and Oxidative Stress in Heart Failure. Trends Cardiovasc. 

Med. 21, 69–73. 

213.  Balderas-Villalobos, J., Molina-Muñoz, T., Mailloux-Salinas, P., Bravo, G., Carvajal, K., 

and Gómez-Viquez, N. L. (2013) Oxidative stress in cardiomyocytes contributes to 

decreased SERCA2a activity in rats with metabolic syndrome. Am. J. Physiol. Circ. Physiol. 

305, H1344–H1353. 

214.  Frangogiannis, N. G. (2012) Regulation of the Inflammatory Response in Cardiac Repair. 

Circ. Res. 110, 159–173. 

215.  Gao, Y., Qian, N., Xu, J., and Wang, Y. (2021) The Roles of Macrophages in Heart 

Regeneration and Repair After Injury. Front. Cardiovasc. Med. 8, 1349. 

216.  Zhao, Q., Hu, X., Shao, L., Wu, G., Du, J., and Xia, J. (2014) LipoxinA4 attenuates 

myocardial ischemia reperfusion injury via a mechanism related to downregulation of 

GRP-78 and caspase-12 in rats. Heart Vessels 29, 667–678. 

217.  Mai, J., Liu, W., Fang, Y., Zhang, S., Qiu, Q., Yang, Y., Wang, X., Huang, T., Zhang, H., 



REFERENCES 

 114 

Xie, Y., Lin, M., Chen, Y., and Wang, J. (2018) The atheroprotective role of lipoxin A4 

prevents oxLDL-induced apoptotic signaling in macrophages via JNK pathway. 

Atherosclerosis 278, 259–268. 

218.  Petri, M. H., Laguna-Fernandez, A., Arnardottir, H., Wheelock, C. E., Perretti, M., 

Hansson, G. K., and Bäck, M. (2017) Aspirin-triggered lipoxin A4 inhibits atherosclerosis 

progression in apolipoprotein E −/− mice. Br. J. Pharmacol. 174, 4043–4054. 

219.  Durstin, M., Gao, J. L., Tiffany, H. L., Mcdermott, D., and Murphy, P. M. (1994) 

Differential Expression of Members of the N-Formylpeptide Receptor Gene Cluster in 

Human Phagocytes. Biochem. Biophys. Res. Commun. 201, 174–179. 

220.  Yang, D., Chen, Q., Schmidt, A. P., Anderson, G. M., Wang, J. M., Wooters, J., 

Oppenheim, J. J., and Chertov, O. (2000) Ll-37, the Neutrophil Granule–And Epithelial 

Cell–Derived Cathelicidin, Utilizes Formyl Peptide Receptor–Like 1 (Fprl1) as a Receptor 

to Chemoattract Human Peripheral Blood Neutrophils, Monocytes, and T Cells. J. Exp. 

Med. 192, 1069–1074. 

221.  Davies, P. (1987) Lipoxygenase Products in Immunity. Immunol. Invest. 16, 623–647. 

222.  Derada Troletti, C., Enzmann, G., Chiurchiù, V., Kamermans, A., Tietz, S. M., Norris, P. 

C., Jahromi, N. H., Leuti, A., van der Pol, S. M. A., Schouten, M., Serhan, C. N., de Vries, 

H. E., Engelhardt, B., and Kooij, G. (2021) Pro-resolving lipid mediator lipoxin A4 

attenuates neuro-inflammation by modulating T cell responses and modifies the spinal 

cord lipidome. Cell Rep. 35, 109201. 

223.  Wei, N., Lu, T., Yang, L., Dong, Y., and Liu, X. (2021) Lipoxin A4 protects primary spinal 

cord neurons from Erastin‐induced ferroptosis by activating the Akt / Nrf2 / HO‐1 

signaling pathway. FEBS Open Bio 11, 2118–2126. 

224.  Cheng, X., He, S., Yuan, J., Miao, S., Gao, H., Zhang, J., Li, Y., Peng, W., and Wu, P. (2016) 

Lipoxin A4 attenuates LPS-induced mouse acute lung injury via Nrf2-mediated E-

cadherin expression in airway epithelial cells. Free Radic. Biol. Med. 93, 52–66. 

225.  Zhou, X.-Y., Li, Y.-S., Wu, P., Wang, H.-M., Cai, Z.-Y., Xu, F.-Y., and Ye, D.-Y. (2009) 

Lipoxin A 4 inhibited hepatocyte growth factor-induced invasion of human hepatoma 

cells. Hepatol. Res. 39, 921–930. 

226.  Kain, V., Ingle, K. A., Colas, R. A., Dalli, J., Prabhu, S. D., Serhan, C. N., Joshi, M., and 

Halade, G. V. (2015) Resolvin D1 activates the inflammation resolving response at splenic 

and ventricular site following myocardial infarction leading to improved ventricular 



REFERENCES 

 115 

function. J. Mol. Cell. Cardiol. 84, 24–35. 

227.  Brennan, E. P., Mohan, M., McClelland, A., de Gaetano, M., Tikellis, C., Marai, M., Crean, 

D., Dai, A., Beuscart, O., Derouiche, S., Gray, S. P., Pickering, R., Tan, S. M., Godson-

Treacy, M., Sheehan, S., Dowdall, J. F., Barry, M., Belton, O., Ali-Shah, S. T., Guiry, P. J., 

Jandeleit-Dahm, K., Cooper, M. E., Godson, C., and Kantharidis, P. (2018) Lipoxins 

Protect Against Inflammation in Diabetes-Associated Atherosclerosis. Diabetes 67, 2657–

2667. 

228.  Qin, C. X., Rosli, S., Deo, M., Cao, N., Walsh, J., Tate, M., Alexander, A. E., Donner, D., 

Horlock, D., Li, R., Kiriazis, H., Lee, M. K. S., Bourke, J. E., Yang, Y., Murphy, A. J., Du, 

X.-J., Gao, X. M., and Ritchie, R. H. (2019) Cardioprotective Actions of the Annexin-A1 

N-Terminal Peptide, Ac2-26, Against Myocardial Infarction. Front. Pharmacol. 10, 269. 

229.  Qin, C. X., May, L. T., Li, R., Cao, N., Rosli, S., Deo, M., Alexander, A. E., Horlock, D., 

Bourke, J. E., Yang, Y. H., Stewart, A. G., Kaye, D. M., Du, X.-J., Sexton, P. M., 

Christopoulos, A., Gao, X.-M., and Ritchie, R. H. (2017) Small-molecule-biased formyl 

peptide receptor agonist compound 17b protects against myocardial ischaemia-

reperfusion injury in mice. Nat. Commun. 8, 14232. 

230.  Asahina, Y., Wurtz, N. R., Arakawa, K., Carson, N., Fujii, K., Fukuchi, K., Garcia, R., Hsu, 

M.-Y., Ishiyama, J., Ito, B., Kick, E., Lupisella, J., Matsushima, S., Ohata, K., Ostrowski, J., 

Saito, Y., Tsuda, K., Villarreal, F., Yamada, H., Yamaoka, T., Wexler, R., Gordon, D., and 

Kohno, Y. (2020) Discovery of BMS-986235/LAR-1219: A Potent Formyl Peptide 

Receptor 2 (FPR2) Selective Agonist for the Prevention of Heart Failure. J. Med. Chem. 63, 

9003–9019. 

231.  Martinez, R. M., Fattori, V., Saito, P., Pinto, I. C., Rodrigues, C. C. A., Melo, C. P. B., 

Bussmann, A. J. C., Staurengo-Ferrari, L., Bezerra, J. R., Vignoli, J. A., Baracat, M. M., 

Georgetti, S. R., Verri Jr., W. A., and Casagrande, R. (2020) The Lipoxin Receptor/FPR2 

Agonist BML-111 Protects Mouse Skin Against Ultraviolet B Radiation. Molecules 25, 

2953. 

232.  Tourki, B., Kain, V., Pullen, A. B., Norris, P. C., Patel, N., Arora, P., Leroy, X., Serhan, C. 

N., and Halade, G. V. (2020) Lack of resolution sensor drives age-related cardiometabolic 

and cardiorenal defects and impedes inflammation-resolution in heart failure. Mol. Metab. 

31, 138–149. 

233.  Madjid, M., Safavi-Naeini, P., Solomon, S. D., and Vardeny, O. (2020) Potential Effects of 



REFERENCES 

 116 

Coronaviruses on the Cardiovascular System. JAMA Cardiol. 5, 831. 

234.  Libby, P. (2020) The Heart in COVID-19. JACC Basic to Transl. Sci. 5, 537–542. 

235.  Cossio, P. M., Bustuoabad, O., Paternó, E., Iotti, R., Casanova, M. B., Podestá, M. R., 

Bolomo, N., Arana, R. M., and de Pasqualini, C. D. (1984) Experimental myocarditis 

induced in Swiss mice by homologous heart immunization resembles chronic 

experimental Chagas’ heart disease. Clin. Immunol. Immunopathol. 33, 165–175. 

236.  Błyszczuk, P. (2019) Myocarditis in Humans and in Experimental Animal Models. Front. 

Cardiovasc. Med. 6, 64. 

237.  El-Tanbouly, G. S., El-Awady, M. S., Megahed, N. A., El-Kashef, H. A., and Salem, H. A. 

(2017) The lipoxin A4 agonist BML-111 attenuates acute hepatic dysfunction induced by 

cecal ligation and puncture in rats. Naunyn. Schmiedebergs. Arch. Pharmacol. 390, 361–

368. 

238.  Zhang, L., Wan, J., Li, H., Wu, P., Jin, S., Zhou, X., Yuan, P., Xiong, W., Li, Y., and Ye, D. 

(2007) Protective effects of BML-111, a lipoxin A 4 receptor agonist, on carbon 

tetrachloride-induced liver injury in mice. Hepatol. Res. 37, 948–956. 

239.  Li, H., Shi, H., Ma, N., Zi, P., Liu, Q., and Sun, R. (2018) BML-111 alleviates acute lung 

injury through regulating the expression of lncRNA MALAT1. Arch. Biochem. Biophys. 

649, 15–21. 

240.  Chen, C., Qiu, R., Yang, J., Zhang, Q., Sun, G., Gao, X., Hei, Z., and Ji, H. (2021) Lipoxin 

A4 Restores Septic Renal Function via Blocking Crosstalk Between Inflammation and 

Premature Senescence. Front. Immunol. 12. 

241.  Shryock, N., McBerry, C., Salazar Gonzalez, R. M., Janes, S., Costa, F. T. M., and Aliberti, 

J. (2013) Lipoxin A4 and 15-Epi-Lipoxin A4 Protect against Experimental Cerebral 

Malaria by Inhibiting IL-12/IFN-γ in the Brain. PLoS One 8, e61882. 

242.  Sordi, R., Menezes-de-Lima, O., Horewicz, V., Scheschowitsch, K., Santos, L. F., and 

Assreuy, J. (2013) Dual role of lipoxin A4 in pneumosepsis pathogenesis. Int. 

Immunopharmacol. 17, 283–292. 

243.  Tschöpe, C., Ammirati, E., Bozkurt, B., Caforio, A. L. P., Cooper, L. T., Felix, S. B., Hare, 

J. M., Heidecker, B., Heymans, S., Hübner, N., Kelle, S., Klingel, K., Maatz, H., Parwani, A. 

S., Spillmann, F., Starling, R. C., Tsutsui, H., Seferovic, P., and Van Linthout, S. (2021) 

Myocarditis and inflammatory cardiomyopathy: current evidence and future directions. 



REFERENCES 

 117 

Nat. Rev. Cardiol. 18, 169–193. 

244.  Baldeviano, G. C., Barin, J. G., Talor, M. V., Srinivasan, S., Bedja, D., Zheng, D., 

Gabrielson, K., Iwakura, Y., Rose, N. R., and Cihakova, D. (2010) Interleukin-17A Is 

Dispensable for Myocarditis but Essential for the Progression to Dilated Cardiomyopathy. 

Circ. Res. 106, 1646–1655. 

245.  De Luca, G., Cavalli, G., Campochiaro, C., Tresoldi, M., and Dagna, L. (2018) Myocarditis: 

An Interleukin-1-Mediated Disease? Front. Immunol. 9, 1335. 

246.  Eriksson, U., Kurrer, M. O., Schmitz, N., Marsch, S. C., Fontana, A., Eugster, H.-P., and 

Kopf, M. (2003) Interleukin-6–Deficient Mice Resist Development of Autoimmune 

Myocarditis Associated With Impaired Upregulation of Complement C3. Circulation 107, 

320–325. 

247.  Huber, S. (2010) Tumor Necrosis Factor-α Promotes Myocarditis in Female Mice Infected 

with Coxsackievirus B3 Through Upregulation of CD1d on Hematopoietic Cells. Viral 

Immunol. 23, 79–86. 

248.  Noguchi, K., Tomita, H., Kanayama, T., Niwa, A., Hatano, Y., Hoshi, M., Sugie, S., Okada, 

H., Niwa, M., and Hara, A. (2019) Time-course analysis of cardiac and serum galectin-3 

in viral myocarditis after an encephalomyocarditis virus inoculation. PLoS One 14, 

e0210971. 

249.  Williams, J. W., Huang, L., and Randolph, G. J. (2019) Cytokine Circuits in Cardiovascular 

Disease. Immunity 50, 941–954. 

250.  Rolski, F. and Błyszczuk, P. (2020) Complexity of TNF-α Signaling in Heart Disease. J. 

Clin. Med. 9, 3267. 

251.  Högye, M., Mándi, Y., Csanády, M., Sepp, R., and Buzás, K. (2004) Comparison of 

circulating levels of interleukin-6 and tumor necrosis factor-alpha in hypertrophic 

cardiomyopathy and in idiopathic dilated cardiomyopathy. Am. J. Cardiol. 94, 249–251. 

252.  Ridker, P. M. and Rane, M. (2021) Interleukin-6 Signaling and Anti-Interleukin-6 

Therapeutics in Cardiovascular Disease. Circ. Res. 128, 1728–1746. 

253.  Zhong, X., Qian, X., Chen, G., and Song, X. (2019) The role of galectin-3 in heart failure 

and cardiovascular disease. Clin. Exp. Pharmacol. Physiol. 46, 197–203. 

254.  Hurst, S. M., Wilkinson, T. S., McLoughlin, R. M., Jones, S., Horiuchi, S., Yamamoto, N., 

Rose-John, S., Fuller, G. M., Topley, N., and Jones, S. A. (2001) IL-6 and Its Soluble 



REFERENCES 

 118 

Receptor Orchestrate a Temporal Switch in the Pattern of Leukocyte Recruitment Seen 

during Acute Inflammation. Immunity 14, 705–714. 

255.  Yang, Z., Zingarelli, B., and Szabó, C. (2000) Crucial Role of Endogenous Interleukin-10 

Production in Myocardial Ischemia/Reperfusion Injury. Circulation 101, 1019–1026. 

256.  Liao, C., Rosas, M., Davies, L. C., Giles, P. J., Tyrrell, V. J., O’Donnell, V. B., Topley, N., 

Humphreys, I. R., Fraser, D. J., Jones, S. A., and Taylor, P. R. (2016) IL‐10 differentially 

controls the infiltration of inflammatory macrophages and antigen‐presenting cells during 

inflammation. Eur. J. Immunol. 46, 2222–2232. 

257.  Nishio, R., Matsumori, A., Shioi, T., Ishida, H., and Sasayama, S. (1999) Treatment of 

Experimental Viral Myocarditis With Interleukin-10. Circulation 100, 1102–1108. 

258.  Wang, H., Ding, Y., Zhou, J., Sun, X., and Wang, S. (2009) The in vitro and in vivo antiviral 

effects of salidroside from Rhodiola rosea L. against coxsackievirus B3. Phytomedicine 16, 

146–155. 

259.  Wei, B., Deng, Y., Huang, Y., Gao, X., and Wu, W. (2019) IL-10-producing B cells 

attenuate cardiac inflammation by regulating Th1 and Th17 cells in acute viral myocarditis 

induced by coxsackie virus B3. Life Sci. 235, 116838. 

260.  Aragno, M., Mastrocola, R., Alloatti, G., Vercellinatto, I., Bardini, P., Geuna, S., Catalano, 

M. G., Danni, O., and Boccuzzi, G. (2008) Oxidative Stress Triggers Cardiac Fibrosis in 

the Heart of Diabetic Rats. Endocrinology 149, 380–388. 
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