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Abbreviations Meaning 
AAR Area-at-risk 

ACh Acetylcholine 

ADRB1 Beta-1-adrenergic-receptor 
Adrb1 Beta-1-adrenergic-receptor gene 

ADRB2 Beta-2-adrenergic-receptor 

ADRB3 Beta-3-adrenergic-receptor 

AMI Acute Myocardial Infarction 
ANS Autonomic Nervous System 

ALI Acute Lung Injury 
ARDS Acute Respiratory Distress Syndrome 

BAL Bronchoalveolar Lavage 
BBB Blood-Brain-Barrier 

Cit-H3 Citrullinated Histone-3 

CK Creatine Kinase 

CNS Central Nervous System 

COVID-19 Coronavirus Disease-19 
CSPG Chondroitin Sulfate Proteoglycan 

CVD Cardiovascular Disease 

ECG Electrocardiogram 

FiO2 Fraction of Inspired Oxygen 
GDP Guanosine Diphosphate 

GRK G-protein-coupled receptor kinase 

GTP Guanosine Triphosphate 

HF Heart Failure 

HT Hemorrhagic Transformation 

ICU Intensive Care Unit 

IHC Immunohistochemistry 
IMV Invasive Mechanical Ventilation 
IL-8 Interleukin-8 

IRI Ischemia Reperfusion Injury 



 
 

IS Infarct Size 
IV Intravenous 

MCAO/R Middle Cerebral Artery Occlusion/Reperfusion 
MCP1 Monocyte Chemoattractant Protein-1 

MI Myocardial Infarction 

MPO Myeloperoxidase 
MRI Magnetic Resonance Imaging 
MVI Intravital Microscopy 
NE Neutrophil Elastase 

NETs Neutrophil Extracellular Traps 
LPS Lipopolysaccharide 
LV Left Ventricle 

LVEF Left Ventricular Ejection Fraction 

PaO2 Partial Pressure of Oxygen 
PKA Protein Kinase A 

PNS Peripheral Nervous System 

PCI Percutaneous Coronary Intervention 

ROS Reactive Oxygen Species 
rt-PA Tissue Plasminogen Activator 

SARS-CoV-2 Severe Acute Respiratory Syndrome-Coronavirus-2 
SNS Somatic Nervous System 

STEMI ST-Segment Elevation Myocardial Infarction 

TNFα Tumor Necrosis Factor alpha 
YM1 Chitinase 3-like 3 

 

 

  



 
 

 

 

 

 

 

 

 

 

 

SUMMARY 
 
 

 

 

 

 

 

 

 



 
 

Acute myocardial infarction and ischemic stroke are the two most frequent life-

threatening presentations of atherosclerosis. These two conditions are the leading 

causes of morbidity and mortality worldwide. In both cases, the main determinant 

of poor outcome is the extent of irreversible injury. The mainstay treatment of acute 

myocardial infarction and ischemic stroke is timely reperfusion of the occluded 

artery to restore blood flow. However, despite being essential for tissue salvage, 

evidence shows that reperfusion itself triggers a set of potentially deleterious 

events that paradoxically contribute to final infarct size. From the different 

mechanisms involved in reperfusion-related injury, microvascular obstruction and 

acute inflammatory response play a central role. The beta-1-selective blocker 

metoprolol has been demonstrated to reduce myocardial infarct size through its 

inhibitory effect on neutrophils.  

Based on the cardioprotective effect of metoprolol injection, among other effects 

(e.g. antiarrhythmic effect); current clinical practice guidelines recommend early 

intravenous administration of beta-blockers to patients with an ongoing acute 

myocardial infarction. While different beta-blockers exist (with clear 

pharmacological differences among them), given the lack of comparative studies, 

clinical practice guidelines do not recommend on over another. While the adjuvant 

pharmacological treatment to reperfusion is well developed for acute myocardial 

infarction, treatment of stroke is currently restricted to reperfusion without 

coadjuvant therapies. 

Within this thesis, the biological effects of the different clinically available 

intravenous beta-blockers on different acute conditions have been tested. This 

work presents evidence that metoprolol has a particular action on neutrophils 

during exacerbated inflammation (acute myocardial infarction, peritonitis and acute 

lung injury) that affords a cardioprotection not provided by other beta-blockers, 

such as atenolol or propranolol. Besides, herein it is shown how these effects 

attributed to metoprolol are translated into protection in other different and complex 

pathological scenarios, in which neutrophils are shown to play a key role, such as 

ischemic stroke or acute respiratory distress syndrome.  



 
 

Although larger clinical studies are needed to confirm these results, the 

identification of metoprolol’s mechanism of action through neutrophil stunning has 

broadened the potential of an old drug as a therapeutic strategy against prevalent 

diseases for which adjuvant strategies are thoroughly limited (e.g. ischemic stroke 

and acute respiratory distress syndrome). Likewise, this work contributes to 

highlight the relevance of drug repurposing, as a highly efficient, time saving, low-

cost and minimum risk of failure strategy, so as to speed up the slow development 

of a molecule from bench to market.  

Noteworthy, this thesis includes the execution of a clinical study in patients with 

severe COVID-19 (a condition characterized by acute respiratory distress 

syndrome with massive lung inflammatory response). The contribution of basic and 

translational research to the fight against this terrible pandemic is a role model of 

how science is vital in our society. 
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El infarto agudo de miocardio y el ictus isquémico son dos de las presentaciones 

de mayor frecuencia y potencialmente fatales de aterosclerosis. Estas dos 

condiciones son consideradas dos de las mayores causas de morbimortalidad a 

nivel mundial. En ambos casos, el principal determinante de un mal pronóstico es 

la extensión de la lesión irreversible. El principal tratamiento del infarto agudo de 

miocardio y el accidente cerebrovascular isquémico es la reperfusión de la arteria 

ocluida con el fin de restablecer el flujo sanguíneo. A pesar de ser esencial para la 

recuperación del tejido, la evidencia muestra que la reperfusión en sí desencadena 

una serie de eventos potencialmente nocivos que, paradójicamente, contribuyen al 

tamaño final del infarto. De los diferentes mecanismos implicados en la lesión por 

reperfusión, la obstrucción microvascular y la respuesta inflamatoria aguda juegan 

un papel central. La administración intravenosa previa a la reperfusión del 

antagonista beta-1-adrenérgico metoprolol ha demostrado ser capaz de reducir el 

tamaño del infarto de miocardio a través de su efecto inhibidor sobre los 

neutrófilos.  

Basándose en parte en el efecto cardioprotector de la inyección intravenosa de 

metoprolol, entre otros efectos (por ejemplo, su efecto antiarrítmico), las guías de 

práctica clínica actuales recomiendan la administración intravenosa temprana de 

beta-bloqueantes (como clase farmacoterapéutica) en pacientes con un infarto 

agudo de miocardio. Si bien existen diferentes beta-bloqueantes (con claras 

diferencias farmacológicas entre ellos), dada la falta de estudios comparativos, las 

guías de práctica clínica no recomiendan uno sobre otro. El tratamiento 

farmacológico adyuvante a la reperfusión está bien desarrollado para el infarto 

agudo de miocardio; sin embargo, el tratamiento actual del ictus isquémico se 

restringe a la reperfusión sin terapias coadyuvantes. 

En la presente tesis doctoral se han probado los efectos biológicos de los 

diferentes beta-bloqueantes intravenosos clínicamente disponibles en diferentes 

condiciones agudas. Este trabajo presenta evidencias de que el metoprolol 

intravenoso ejerce una acción única sobre los neutrófilos durante la inflamación 

exacerbada (infarto agudo de miocardio, peritonitis y lesión pulmonar aguda) que 



 
 

proporciona una cardioprotección no asociada al uso de otros beta-bloqueantes, 

como el atenolol o el propranolol. Además, en la presente tesis se muestra cómo 

estos efectos atribuidos al metoprolol se traducen en protección en otros 

escenarios patológicos diferentes y complejos, en los que los neutrófilos muestran 

un papel clave, como el ictus isquémico o el síndrome de distrés respiratorio 

agudo. 

Aunque se necesitan estudios clínicos más amplios para confirmar estos 

resultados, la identificación del mecanismo de acción de metoprolol a través del 

aturdimiento de neutrófilos ha ampliado el potencial de un fármaco antiguo como 

estrategia terapéutica frente a enfermedades prevalentes para las que las 

estrategias adyuvantes son limitadas (por ejemplo, accidente cerebrovascular 

isquémico y enfermedades respiratorias agudas). Asimismo, este trabajo 

contribuye a resaltar la relevancia del reposicionamiento de fármacos, como una 

estrategia de alta eficiencia, ahorro de tiempo, bajo coste y mínimo riesgo de 

fracaso, con el objetivo de acelerar el lento desarrollo de una molécula desde el 

laboratorio hasta el mercado. 

Por último, cabe destacar que esta tesis doctoral incluye la ejecución de un 

estudio clínico en pacientes con COVID-19 grave (una condición caracterizada por 

síndrome de dificultad respiratoria aguda con respuesta inflamatoria pulmonar 

masiva). La contribución de la investigación básica y traslacional a la lucha contra 

esta terrible pandemia es un modelo a seguir de cómo la ciencia es vital en 

nuestra sociedad. 
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Acute Myocardial Infarction: STEMI 
 

Acute Myocardial Infarction (AMI) is a leading cause of morbidity and mortality 

worldwide. AMI defines cardiac tissue irreversible injury (mainly cardiomyocyte 

necrosis) in a clinical setting consistent with acute coronary occlusion (1, 2). A 

combination of criteria is required to meet diagnosis of AMI, namely the detection 

of an increase and/or decrease of a cardiac biomarker (preferably high-sensitive 

cardiac troponin T or I) and at least one of the following: symptoms of myocardial 

ischaemia, new ischemic electrocardiogram (EGC) changes, development of 

pathological Q waves on ECG, imaging evidence of loss of viable myocardium or 

new regional wall motion abnormality, and intracoronary thrombus detected on 

angiography or autopsy (3). For the sake of immediate treatment strategies such 

as reperfusion therapy, it is usual practice to designate patients with persistent 

chest discomfort or other symptoms suggestive of ischaemia, and ST-segment 

elevation in at least two contiguous leads as STEMI (ST-elevation myocardial 

infarction) (4). 

Myocardial Infarction (MI) is classified into various types, based on pathological, 

clinical and prognostic differences, along with different treatment strategies. MI is 

mainly caused by atherosclerotic plaque rupture or erosion with resulting 

intraluminal thrombus in one or more coronary arteries, leading to decreased 

myocardial blood flow and/or distal embolization and subsequent myocardial 

necrosis (type 1). Apart from plaque instability, other conditions have been 

described to cause an imbalance between myocardial oxygen supply and demand 

(type 2 MI) (2), such as: hypotension, hypertension, tachyarrhythmias, 

bradyarrhythmias, anemia, hypoxemia, but also coronary artery spasm, 

spontaneous coronary artery dissection, coronary embolism, and coronary 

microvascular dysfunction (5-7). Despite the facts that most STEMI patients are 

classified as type 1 MI, some STEMIs fall into other AMI types (8).  

Primary percutaneous coronary intervention (PCI) is the preferred reperfusion 

strategy in patients with STEMI within 12 h of symptom onset, provided it can be 
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performed immediately (e.g. 120 min from STEMI diagnosis). Randomized clinical 

trials in high volume experienced centers have shown that, if delay to treatment is 

similar, primary PCI is superior to fibrinolysis in reducing mortality, reinfarction, or 

stroke (9-13). 

Despite the advent of reperfusion technologies having dramatically reduced acute 

mortality associated with AMI, it remains still one of the major clinical 

manifestations of cardiovascular disease (CVD) (14) and a chief contributor to 

mortality and morbidity worldwide.  

 

Ischemic Stroke 
 

Stroke is the second largest cause of mortality worldwide, only surpassed by 

ischemic heart disease (15). Ischemic stroke is primarily a consequence of carotid 

and cerebrovascular disease, the latter of which includes both large vessel and 

small-vessel disease. In addition to larger ischemic strokes produced by 

thrombosis in carotid or cerebral arteries (≈85%), hemorrhagic stroke can also 

occur (≈15%). Microvascular changes during small-vessel disease result in small 

regions of ischaemia (lacunar infarcts) and microbleeds (16).  

The most common stroke symptoms that people present with are facial numbness 

and weakness, visual impairment, weakness of the upper and lower limbs on one 

side of the body, impaired balance, nausea, abrupt severe headache and speech 

impairment. Symptoms mainly depend on the cerebral territory irrigated by the 

occluded artery (17). 

Occlusions of internal carotid artery, M1 and M2 segments of the middle cerebral 

artery or vertebro-basilar arteries represent 11-29% of acute ischemic stroke (18, 

19). Brain hypoperfusion caused by a large vessel occlusion usually results in 

irreversible death of brain tissue, due to a lack of blood supply, leading to the core 

infarction. Even so, the core is surrounded by the penumbra (brain tissue that is 

hypoperfused), but can be salvaged by prompt restoration of blood flow (15, 17). 
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Reperfusion therapy, either with intravenous (i.v.) recombinant tissue plasminogen 

activator (rt-PA), endovascular thrombectomy treatment or both, is the only 

clinically available interventions (20). Endovascular thrombectomy has been 

recently shown to be successfully used for recanalization in large vessel occlusions 

(21-23). The exact time of onset of symptoms is critical for determining eligibility for 

reperfusion therapy (24). 

Fast and accurate diagnosis of stroke is vital for selection of the appropriate acute 

treatment. For this purpose, various field triage stroke scales have been developed 

(17). However, reliably distinguishing between intracerebral hemorrhage and 

ischemic stroke can only be done by neuroimaging (24). The primary purpose of 

neuroimaging is to rule out the presence of other types of central nervous system 

(CNS) lesions and to distinguish between ischemic and hemorrhagic stroke. 

Computerized tomography (CT) scans are considered sufficiently sensitive for 

detecting mass lesions, as well as acute hemorrhage. By contrast, CT scans may 

not be sensitive enough to detect an ischemic stroke, whereas multimodal 

magnetic resonance imaging (MRI) has better resolution than CT and greater 

sensitivity for detecting it, and it is therefore considered the gold-standard (25, 26).  

 

The adrenergic system: beta-adrenergic receptors 
 

The adrenergic (or sympathetic) nervous system constitutes a part of the 

autonomic nervous system (ANS). The nervous system contains both the somatic 

system and the ANS, each with portions within the central and peripheral nervous 

systems. The somatic nervous system mediates information between the CNS and 

the skin, skeletal muscles (voluntary movements), bones, and joints. By contrast, 

the ANS mediates information between the CNS and visceral organs, and it is 

concerned with involuntary body functions (27). 

The ANS consists of a chain of two efferent neurons to innervate organs. Fibers of 

first-order sympathetic and parasympathetic neurons (preganglionic) arising from 
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the intermediolateral grey column, and midbrain, medulla oblongata and sacral 

segments of the spinal cord, respectively, travels peripherally to synapse with 

second-order neurons (postganglionic) in autonomic ganglia, which subsequently 

synapses on effector organs (e.g. heart, blood vessels, sweat glands). The ANS is 

anatomically and functionally subdivided into the sympathetic (SNS) and 

parasympathetic (PNS) nervous systems. Sympathetic ganglia are located in the 

paravertebral chain close to the thoracolumbar spine (T1-L3) and coordinate an 

efferent mass action response through signal amplification (one preganglionic fiber 

can activate 20 to 30 postganglionic neurons), while parasympathetic ones are 

near or inside the innervated and effector organs, and affects only one to three 

postganglionic neurons (28).  

Preganglionic neurons of both SNS and PNS are cholinergic. Consequently, 

synapses in the autonomic ganglia are mediated by the interaction of the 

acetylcholine (ACh) with nicotinic receptors (NN) located on the second-order 

neurons. Sympathetic effector neurons are adrenergic and release norepinephrine, 

which interacts with alpha (α1 and α2) and beta (β1, β2 and β3)-adrenergic receptors 

(ADRBs). Parasympathetic effector neurons are cholinergic and release ACh, 

which interacts with muscarinic receptors (M1-M5) to have the corresponding effect 

on the specific organ (Figure 1) (28). 

The paired adrenal medullae are specialized portions of the sympathetic nervous 

system. Preganglionic fibers synapse directly on chromaffin cells in the gland, 

which are homologous to the sympathetic ganglion neurons and similarly derived 

from the neural crest. Therefore, stimulation of the sympathetic nervous system 

results in the release of epinephrine (80%) and norepinephrine (20%) into the 

bloodstream, eliciting a systemic non-targeted sympathetic response (28). 

The sympathetic or adrenergic nervous system supplies visceral structures 

throughout the entire body. This neuro-hormonal axis is a main regulator of the 

cardiovascular system, particularly of the heart function. Beta-adrenergic system 

activation results in an increase in heart rate (positive chronotropism) and cardiac 

contractility (positive inotropism), relaxation of vascular, urogenital, and bronchial 
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smooth muscle, stimulation of renin secretion from the juxtaglomerular apparatus, 

stimulation of insulin and glucagon secretion from the endocrine pancreas, 

stimulation of glycogenolysis in liver and skeletal muscle, and stimulation of 

lipolysis in the adipocyte (29).  

 

 

 

 

 

 

 

 

 

 

 

 

 

ADRBs belong to the G-protein-coupled receptors (GPCRs) family of the seven 

trans-membrane domain superfamily. GPCRs are the largest family of cell surface 

receptor proteins in eukaryotes. Because they are widely expressed in various 

tissues, they control a broad range of physiological processes and are vital targets 

from a pharmacological perspective (30). GPCRs contain seven transmembrane 

helices, three extracellular loops and an amino terminus, and three intracellular 

loops and a carboxyl terminus (31). GPCRs can be classified as those that show a 

 

Differences between the location of the ganglia in 
the sympathetic and parasympathetic branches of 
the ANS. Sympathetic ganglia are located close to 
the vertebral column in the sympathetic chain. The 
exception is the adrenal gland. By contrast, the 
parasympathetic preganglionic fibers synapse with 
postganglionic neurons near or inside the 
innervated effector organs. Figure from Jonhson 
J.O. (2013). 

Figure 1: Autonomic Nervous System 
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highly conserved sequence homology of an Asp-Arg-Tyr motif on the intracellular 

side of the C-III loop (class A), the secre-tin-receptor family (class B, and those 

related to metabotropic glutamate receptors (class C) (32). The ability of a GPCR 

to transmit a signal through the cell membrane depends on its ability to change 

shape. Ligand binding to the extracellular side favors structural changes that allow 

G proteins, arrestins, and other signaling proteins to bind to a GPCR’s intracellular 

surface (31).  

ADRBs are non-sensory GPCRs (class A), which signal through heterotrimeric G-

proteins once in contact with adrenergic neurohormones norepinephrine and 

epinephrine (catecholamines) (33, 34), and play a critical role in the regulation of 

the function and processes of the cardiovascular system (35). Presently, three 

different ADRBs subtypes have been described: beta-1 (ADRB1), beta-2 (ADRB2) 

and beta-3 (ADRB3)-adrenergic-receptors (35), which differ in structure, function, 

affinity states and pharmacological properties (34, 36-41). ADRB1s are 

predominantly located in the heart (approximately a 4:1 ratio of ADRB1 to ADRB2), 

while ADRB2s and ADRB3 are frequently less prominent in cardiomyocytes but are 

abundant in non-myocyte cells (35), with ADRB2 being found in vascular and 

bronchial smooth muscle (42) and ADRB3s in the adipocytes where they are 

involved in fatty acid metabolism (43, 44). 

The identity of the downstream effectors is determined by the subtype of β-AR that 

is activated. ADRBs couples to Gsα-proteins (and also Gi/0α in ADRB2 and ADRB3), 

whose activation is caused by its dissociation from Gβγ induced by the exchange of 

guanosine diphosphate (GDP) for guanosine triphosphate (GTP), due to 

conformational changes in the receptor after ligand binding. Gsα dissociation drives 

to an increase in cyclic AMP concentration and activation of the protein kinase A 

(PKA), which further initiates the phosphorylation of effector molecules and 

subsequently a functional response (35, 45). Termination of the signal is 

accomplished through the actions of GPCR kinases (GRKs; serine/threonine 

protein kinases) as an essential balance of activation and deactivation for normal 

cellular functioning. GRKs are a family of seven (GRK1-7), which canonically 
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recognize and phosphorylate agonist-activated GPCR’s in order to terminate 

signaling. Afterwards, this recruits β-arrestins, which eventually uncouple the 

receptor from G-proteins and promote internalization and down regulation of the 

receptor via a clathrin-mediated process (35, 46). 

 

Beta-blockers 
 

The beta-blocker class of drugs consists of a heterogeneous group of agents with 

marked variations in their pharmacodynamics and pharmacokinetics, which may 

translate into potential differences in tolerability, and in hemodynamic and other 

vascular and metabolic properties. Also known as beta-adrenergic antagonists, 

beta-blockers lower blood pressure by slowing heart rate with a decrease in 

cardiac output (47). Although their full mechanism of action is not completely 

understood, beta-blockers are regulators of cardiovascular homeostasis and, 

therefore, comprise an essential class of drugs designed to reduce morbidity and 

mortality in patients with cardiovascular disease (45, 47, 48). These 

pharmacological agents are widely recommended as important parts of 

antihypertensive regimens as well as preferred therapies for patients at high risk 

for coronary heart disease, including those with angina, ischemic cardiomyopathy, 

or congestive HF, and some arrhythmias (47).   

Beta-blockers cause competitive blockage of ADRBs avoiding the effects of 

catecholamines. They are differentiated regarding the greater affinity the drug has 

for ADRB1 over ADRB2 at usual therapeutic levels (pharmacological selectivity), 

intrinsic sympathomimetic activity, α-adrenergic receptors-blockade capacity, ability 

to induce vasodilation, liposolubility and pharmacokinetic profile (48, 49). There 

have been several beta-blockers developed which may be divided into three 

distinct generations according to differences in the pharmacological properties 

(Table 1).  
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First-generation beta-blockers, such as propranolol, exert equal blockade of 

ADRB1 and ADRB2 and, as a consequence, are described as nonselective beta-

blockers. The second-generation of these agents exhibit higher affinity binding to 

ADRB1 than to ADRB2 and are thus termed selective beta-blockers. The extent of 

selectivity of these agents, which include metoprolol, atenolol or bisoprolol, is not 

absolute and ranges widely among the agents, as they could exert some inhibitory 

effect on ADRB2 especially at higher doses. Beta-1-selective blockers are 

preferred over non-selective ones as beta-blockade-based therapies are focused 

on cardiac tissue blockade (where beta-1-receptors are abundant), and present 

limited side effects due to beta-2-blockade in lungs. The third-generation beta-

blockers are distinguished from the earliest two classes by their vasodilating 

capacities. Apart from their ability to block non-selectively ADRBs, labetalol, 

carvedilol or bucindolol, also inhibits alpha-1-receptors. By contrast, nebivolol is 

another third-generation beta-blocker which has high beta-1 selectivity and 

provides endothelium-dependent vasodilation associated with the activation of the 

L-arginine/nitric oxide pathway (47, 49, 50). 

 

 

    
1st-generation 2nd-generation 3rd-generation 3rd-generation 

Non-selective Beta-1-selective Non-selective +  
Additional properties 

Beta-1-selective +  
Additional properties 

Nadolol Acebutolol Carteolol Betaxolol 
Penbutolol Atenolol Carvedilol Celiprolol 

Pindolol Bisoprolol Labetalol Nebivolol 
Propranolol Esmolol Bucindolol  

Timolol Metoprolol   
 

Beta-blockers are classified into three different generations according to the pharmacological 
properties. Figure from Brunton L.L., et al. (2006). 

 

Table 1: Classification of beta-blocker agents 
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New concepts in pharmacology: biased and inverse agonism in 
GPCR receptors 
 

Two fundamental properties of a drug determine its effect on a receptor: affinity 

and efficacy (intrinsic activity) (51). Affinity is the property of a drug that describes 

its ability to bind to a receptor and form a reversible complex with it. Although it 

gets a drug to the receptor, it does not determine what functional consequences 

result from the interaction. Intrinsic activity is the ability of a drug to produce a 

functional response. Both affinity and intrinsic activity are constants that are 

dependent on both the structures of a drug and the receptor, and thus are unique 

for each drug-receptor pair (52). 

For a given receptor, a drug can produce a maximal response (full agonist), or 

have no functional effect (full antagonist) but antagonize that of the agonist by 

displacing them from the receptors. Agonists have both affinities for the receptor as 

well as efficacy, while antagonists have only affinity and no efficacy (53). Partial 

agonists have lower intrinsic activity than full agonists and, therefore, can elicit 

different receptor responses depending on their environment. For instance, in the 

presence of an agonist with higher intrinsic activity, partial agonists can 

demonstrate antagonist properties by blocking access to the receptor, but on their 

own they will act as agonists (51) (Figure 2). 

 

 

 

 

Simulated concentration-response curves to competitors with different intrinsic activities on the 
response to a full agonist (A) or full inverse agonists (B). Figure from Berg K.A. and Clarke 
W.P. (2018). 

Figure 2: Inverse Agonism 
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Traditional receptor theory states that receptors are quiescent unless acted on by a 

ligand. Conversely, it was described that receptor proteins can be constitutively 

active or spontaneously adopt an active conformation in the absence of an agonist. 

The two-state model of receptor activation proposes that receptor exists in two 

conformations, R (inactive state) and R* (active state), and both states exist in 

equilibrium. This two-state model allows the classification of ligands as agonists, 

antagonists, partial and inverse agonists, on the basis of their relative affinities for 

the R and R* receptor conformations, which will determine the effect of the drug. 

An agonist has more affinity for the active state, it binds to the R* conformation 

forming AR* and shifts the equilibrium towards R* (54) (Figure 2 and 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(A) Classical model of GPCR activation. Receptor (R) 
when activated by a ligand (L) forms a complex (LR), 
which has high affinity for signaling molecules. (B) 
Two-state model of receptor theory. Both the inactive 
(R) and the active conformation (R*) exist in the 
equilibrium (I) in a system until a stimulus disturbs it 
(II, III). In the presence of an antagonist (IV) with 
similar affinities for both to form ANT R and ANT R* 
complexes, the equilibrium is maintained. Figure from 
Thanawala VJ, et al. (2014). 

Figure 3: Models of receptor theory 
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By contrast, an inverse agonist has more affinity for R, and forms IAR shifting the 

equilibrium towards R. It results in a reduction in the constitutive activity of the 

system by reducing the number of active receptors. An antagonist has relatively 

equal affinity for both conformations. A partial agonist has higher affinity for R*, but 

the differential affinity for R* relative to R is lower than that of a full agonist (54) 

(Figure 3).  

However, although many examples of this pharmacological phenomenon have 

been documented (55-57), this issue has been largely ignored clinically, as neutral 

antagonists are considered better because they do not change the resting state of 

the receptor and inhibit only agonist-dependent signals (58). 

Besides, not only a drug can have receptor selectivity, but drugs can act at a single 

receptor subtype can have selectivity for the cellular signaling pathways the 

receptor regulates (52). This led to another novel pharmacological concept that is 

biased agonism, which refers to the ability of a ligand to activate a subset of a 

receptor’s signaling cascade (59). This is in line with recent evidence supporting a 

multi-state model for GPCRs, in which receptors could adopt many active or 

inactive conformational states (60-62) that could be stabilized by a specific ligand 

and trigger a set of unique and characteristic biological effects (58). In this context, 

biased agonists could act as smarter drugs by specifically targeting signaling 

pathways while avoiding others that could lead to side effects (63) (Figure 4). 

Although functional selectivity of ligands for different G proteins subtypes has been 

demonstrated, GPCRs regulate cell function via a variety of different transducing 

molecules, in addition to G proteins, with beta-arrestins-related signaling pathway 

being the best studied (52).  

The ADRB1 is recognized as a classical Gαs-coupled receptor. Agonist binding not 

only initiates G-protein-mediated signaling but also signaling through the 

multifunctional adapter protein β-arrestin. Classical antagonists abolishes ADRB1 

and ADRB2-mediated cyclic adenosine monophosphate (cAMP) generation in 

response to agonists; however, with the novel concepts of biased agonism, a 

classification based on cAMP production alone is not enough to dismiss a ligand 
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having agonistic properties at these receptors. Therefore, some beta-blocker 

agents, such as carvedilol or nebivolol, have been shown to exhibit properties as 

biased agonists, and stimulate ADRB1 independently of Gαs through GRK/β-

arrestin signaling (64-66). This again calls into question the current system of 

classifying these drugs.   

 

 

 

 

 

 

 

 

 

 

Beta-blockers in AMI and stroke 
 

The reperfusion era started more than four decades ago when thrombolytic therapy 

with fibrin-selective fibrinolytic agents gained wide acceptance in STEMI, after 

several randomized controlled trials showed reduced mortality and better 

preservation of left ventricular ejection fraction (LVEF) in patients receiving 

thrombolysis (67). However, the superiority of primary PCI over thrombolysis in 

STEMI was described afterwards, when available in a maximum delay of 120 min 

after a first medical contact (68, 69). Currently, PCI is considered the treatment of 

choice, as it overcomes several of the limitations of the standard fibrinolytic 

regimens (e.g. slow recanalization, complete patency achieved in only 55-60% of 

patients or bleeding complications, among others) (9, 11, 70). Timely reperfusion 

 

Functional selectivity or biased agonism is based on differential efficacy of a drug to regulate 
the activity of various signaling pathways coupled to a singled receptor subtype. Signaling 
selectivity is illustrated as thickness of the arrows between the drug-activated receptor and the 
cellular signaling pathway. Figure adapted from Berg KA and Clarke WP (2018). 

Figure 4: Biased Agonism 
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has therefore changed the landscape, not only because of a reduction in early 

mortality and mechanical complications, but also because of a more favorable 

myocardial healing and remodeling, translating into improved LVEF, less HF, and a 

myocardium less vulnerable to arrhythmias (67).  

In patients suffering from AMI, a sympathetic systemic overactivation occurs and 

leads to a tenfold increase of circulating catecholamines, which results in malignant 

arrhythmias and potentiates cell damage in the injured myocardium (71). Beta-

blockers slow heart rate and have a negative inotropic effect, leading to a reduction 

in myocardial oxygen consumption and increasing threshold to myocardial 

ischaemia (67). Because of the anti-ischemic, anti-arrhythmic and anti-adrenergic 

properties (72), current major guidelines recommend that beta-blockers should be 

continued during and after hospitalization for all patients with STEMI and no 

contraindications to their use (4, 73).  

Conversely, the ability of beta-blockers to reduce IS has been a matter of debate, 

since several randomized clinical trials using early beta-blockers as a 

cardioprotective therapy against AMI, as well as retrospective studies including i.v. 

or oral beta-blockade treated patients prior reperfusion, have led together to 

uncertain outcomes (74-80).  

These controversial results could be attributed to the use of beta-blockers with 

distinct pharmacodynamic and pharmacokinetic profiles (e.g. atenolol, metoprolol 

or landiolol), the route (oral or i.v.) and timing (prior reperfusion, early or within the 

first hours) of administration, and the different contexts of AMI therapy under 

evaluation (pharmacological thrombolysis or PCI). 

Oppositely, the use of beta-blockers in ischemic stroke is far from being 

established. Human observational and interventional studies regarding the effects 

of beta-blockers in the acute face of stroke have been inconclusive and conflicting 

(81). While some have reported beneficial effects (82, 83), other studies have 

demonstrated the opposite (84, 85) or been negative (86, 87). 
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Cardioprotective effect of metoprolol on AMI 
 

Metoprolol is an (aryloxy)propanolamine-based chemical structure beta-1-selective 

blocker with no intrinsic sympathomimetic or membrane stabilizer activity, 

moderate hydrophilic:lipophilic balance and hepatic-dependent metabolism by 

cytochrome P450 (CYP2D6). The half-life of metoprolol is about 3 to 4 hours in 

most patients. Orally, there is significant hepatic first-pass elimination, which 

results in around 50% of the oral dose reaching the systemic circulation, and its 

moderate lipophilia and reduced polar superficial area (PSA) allows it to pass 

through the Blood Brain Barrier (BBB). Historically, metoprolol has been a long-

used beta-blocker in the treatment of hypertension, chronic HF and AMI (49). 

In experimental models of AMI, it was shown that i.v. metoprolol exhibited a 

significant reduction in IS only when administrated before reperfusion (88, 89). 

Based on these promising results, the METOCARD-CNIC trial was conducted to 

confirm whether i.v. metoprolol prior reperfusion was cardioprotective in 270 

STEMI patients undergoing PCI revascularization within the 6 hours of symptoms 

onset. Patients randomly allocated to receive i.v. metoprolol treatment presented a 

significant IS reduction measured by cardiac magnetic resonance (CMR) at 5-7 

days and improved long-term cardiac function by a follow-up CMR at 6 months (90, 

91).  

Additionally, post hoc analyses of the METOCARD-CNIC trial revealed that i.v. 

metoprolol before reperfusion was able to ameliorate ECG markers of myocardial 

ischaemia (92), and that the sooner its administration the smaller the IS and the 

higher the LVEF (93). Animal studies confirmed these results (93) and proposed 

i.v. metoprolol as an intervention ideally suited to the treatment of STEMI patients 

(94).  
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Neutrophils and Ischaemia/Reperfusion Injury 
 

The main determinant of poor outcome after an AMI or ischemic stroke is the 

extent of irreversible injury (IS). The mainstay of acute myocardial and brain 

infarction is rapid reperfusion of the occluded artery to restore blood flow mainly by 

PCI in the case of AMI (95), or pharmacological and/or endovascular therapy in the 

case of ischemic stroke (20, 96). However, despite being essential for tissue 

salvage, evidence shows that reperfusion itself triggers a set of potentially 

deleterious events that contribute to final IS, which is known as reperfusion injury 

(Figure 5). Its actual contribution has not been fully determined as it relies on 

many contributor factors: ischaemia duration, episodes of spontaneous 

reperfusion, tissue temperature and hemodynamic state, area-at-risk (AAR), 

collateral artery irrigation, and the extent of microvascular dysfunction (97).  

 

 

 

 

 

 

 

 

 

 

 

 

 

In the absence of reperfusion, the entire tissue irrigated by 
the occluded artery (AAR) will become infarcted (striped line). 
If reperfusion occurs, ischaemia injury is reduced. However, 
reperfusion itself induces an additional damage (red line). 
Final IS is dependent on ischaemia and reperfusion. Figure 
adapted from Sanz-Rosa D., et al. (2012). 

Figure 5: I/R Injury 
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Overall, the damage inflicted to the tissue is the result of both ischaemia- and 

reperfusion-related phenomena, and it is known ischaemia-reperfusion injury (IRI) 

(98-102). Indeed, the development of effective coadjuvant therapies to reduce it is 

therefore an unmet clinical need (103). 

Paradoxically, blood flow restoration in large arteries is not accompanied in many 

times by efficient tissue perfusion due to the obstruction of the microvasculature. 

Endothelial swelling, external compression of small vessels secondary to oedema 

formation, and cellular aggregates (neutrophils, platelets and erythrocytes) 

generating plugs that restrict tissue perfusion at the capillary level contribute to the 

phenomenon known as microvascular obstruction (MVO) (104-106). Besides, 

tissue reperfusion has been shown to accelerate and exacerbate a massive 

leukocyte infiltration, which is mainly driven by neutrophils that infiltrate the 

damage tissue through interactions with other cells (e.g. platelets) and contribute to 

final IS (101, 107-111). Altogether, these phenomena are the major contributors to 

IRI and final IS. 

Inflammation consists of a physiological process of self-protection in response to 

harmful stimuli, endogenous tissue damage, irritants or pathogen infections. 

Neutrophils are polymorphonuclear leukocytes able to migrate and patrol within the 

blood vessels and tissues (112). They act as the primary effectors of the immune 

response against invading pathogens and the first cellular mediators to acute 

injury. In the context of infarction, ischaemia-derived cytokine burst induces 

neutrophil activation and rapid recruitment to the injured tissue. Neutrophil 

mediators cause deleterious effects in the tissues and induce more recruitment, 

through the unfolding of a wide variety of cell effectors: Reactive Oxygen Species 

(ROS), Neutrophil Extracellular Traps (NETs), proteases (e.g. Neutrophil Elastase), 

cytokines and lipids. All these effectors have harmful consequences on endothelial 

cells and cardiomyocytes, and exert a negative effect on IS and prognostic in AMI 

(107, 113-115). In the context of ischemic stroke, neutrophil proinflammatory 

activation and infiltration into brain tissue has been associated with increased IS, 
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BBB disruption, hemorrhagic transformation (HT) and worse neurological 

outcomes (110, 111, 116-118). 

Conversely, inflammation also promotes healing processes. In the extensive 

repertoire of biological functions, neutrophils have been shown to display essential 

functions for the resolution of inflammation and tissue repair (119, 120). Cell 

plasticity allows neutrophils to take on different features (121-123) under certain 

tissue environments or stimuli (124-127). Distinct neutrophil populations have been 

described in myocardium and brain after infarction, with a population of alternate 

neutrophils (N2, YM1 or CD206+) exhibiting anti-inflammatory properties and 

favoring pro-resolving responses (128-130). 

In conclusion, neutrophil involvement in IRI constitutes an attractive therapeutic 

target for the prevention of reperfusion-associated damage. 

 

Neutrophil stunning by metoprolol 
 

The mechanism underlying the cardioprotective effect of i.v. metoprolol was deeply 

unveiled by our group five years ago (131). First, the evaluation of MVO in the 

cohort of patients of the METOCARD-CNIC trial revealed a significant less 

incidence and extent in patients receiving i.v. metoprolol before reperfusion. 

Moreover, the positive association between neutrophil counts and the 

incidence/extent of MVO in AMI patients was also blunted (Figure 6A and 

6B)Further studies in animal models showed that i.v. metoprolol exerted its infarct-

limiting properties through neutrophil stunning and, therefore reperfusion-

associated injury: neutrophil infiltration into myocardium was prevented, and no 

additional cardioprotective effects with i.v. metoprolol were found in neutrophil-

depleted mice or when neutrophils were incapable of interacting with platelets. In 

line with these findings, i.v. metoprolol abrogated neutrophil infiltration and 

disrupted intravascular cell behavior in mice models of sterile inflammation, thus 

abrogating deleterious neutrophil-driven responses (131) (Figure 6C and 6D). 
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Acute Respiratory Distress Syndrome and COVID-19 
 

Acute Respiratory Distress Syndrome (ARDS) is a form of non-cardiogenic 

pulmonary oedema, due to alveolar injury secondary to an intense inflammatory 

process of the lungs (132, 133). ARDS is characterized by acute hypoxemia with 

 

 
(A) Representative CMR images, showing differences in 1-week MVO between a control patient 
(left) and a metoprolol-treated patient (right). Quantification of MVO in grams of LV (B) and 
relative to the infarcted area (%) (C). (D) Representative confocal images of LV sections taken 
from injured mice after 6 and 24 hours reperfusion onset. Myeloid infiltration (LysM-GFP+, 
green), most of which are neutrophils (Ly6G+, red), was attenuated in metoprolol-treated mice. 
(E) 3D reconstructions of neutrophils within live vessels of vehicle- and metoprolol-treated mice 
(red, uropod; green, neutrophil cell body), which represent reduced elongation (prolate ellipticity) 
and enhanced projection of recruited neutrophils into the luminal space (height-to-length ratio). 
Figure adapted from García-Prieto J., et al. (2017). 

Figure 6: Metoprolol exerts cardioprotective properties against IRI 
 through neutrophil stunning 
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bilateral pulmonary infiltrates on chest imaging, which are not secondary to HF. 

ARDS might be classified as: mild (ratio of partial pressure of arterial oxygen to the 

fraction of inspired oxygen (PaO2:FiO2): 200-300 mmHg), moderate (PaO2:FiO2: 

100-200 mmHg), or severe (PaO2:FiO2 ≤ 100 mmHg) (134).  

ARDS is a frequent entity (135, 136) and despite advances in the treatment (mainly 

lung-protective ventilation), mortality is still very high (40% at one month (137-139), 

and above 50% at one year) with survivors having a high prevalence of chronic 

disability (139, 140) (cognitive dysfunction, muscle weakness, depression, etc.), 

and incidence of hospital readmissions.  

Coronavirus disease-2019 (COVID-19), caused by severe acute respiratory 

syndrome-coronavirus-2 (SARS-CoV-2) infection is an ongoing pandemic affecting 

more than 600 million of people worldwide and responsible for more than 6.5 

million deaths to date. Although vaccination against COVID-19 is highly effective 

for preventing severe symptoms, hospitalizations and development of ARDS (141, 

142), there still remain severe cases requiring intensive care unit (ICU) admission 

and invasive mechanical ventilation (IMV) (143-145). Concretely, among 

hospitalized patients, 1 in 5 still requires intensive care (146). However, despite 

many efforts being made, limited therapies for COVID-19-associated ARDS are 

currently available. 

 

Role of neutrophils in ARDS pathogenesis 
 

ARDS can be the result of direct or indirect lung damage. Direct lung injury is 

caused by bacterial/viral pneumonia, aspiration, chest trauma, or inhalation injury, 

whereas indirect causes are sepsis, multiple trauma, acute pancreatitis, or blood 

transfusion, among others (132). The initial phase is characterized by innate 

immune cell mediate damage of the alveolar endothelial and epithelial barriers, and 

the accumulation of protein-rich oedema. Excessive neutrophil accumulation is a 

major contributor to lung injury in ARDS of different etiologies. Neutrophils release 
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pre-stored inflammatory mediators (e.g. ROS, myeloperoxidase (MPO) and 

proteases) and NETs which lead to the activation of the inflammasome and boost 

pro-inflammatory cytokine production that consequently induces more inflammatory 

cell recruitment and damage (147, 148). The resultant damage leads to loss of 

basement membrane integrity, epithelial-endothelial barrier disruption, and 

interstitial and intra-alveolar flooding which compromise gas diffusion and 

hypoxemia. Besides, activated neutrophils deregulate intravascular and intra-

alveolar coagulation, platelet aggregation and microthrombi formation, as well as 

hyaline membrane formation. 

 

Beta-blockers in Intensive Care Medicine: ARDS 
 

Critically ill patients usually have an increased sympathetic drive due to their 

illness, which may result in myocardial depression, acute lung injury, increase in 

pulmonary arterial pressures, immune-modulation, and increase metabolic rate and 

hyperglycemia. Although associated with worse prognosis, consequences of 

sympathetic overshoot are rarely treated (149, 150). During acute lung injury, it is 

hypothesized that increased blood flow through pulmonary vasculature plays a 

pivotal role and may aggravate acute lung injury (ALI) or even ARDS (151). 

A limited amount of studies in animal models and humans have shown beta-1 

blockers to be safe in sepsis (152, 153) and even lung-protective (154, 155). 

Likewise, a retrospective study demonstrated that ARDS patients admitted to the 

ICU with preadmission oral beta-1 blocker seem to have lower mortality (156). 

These positive effects have been mainly attributed to the reduction of pulmonary 

vascular flow by beta-1 blockade. However, randomized controlled trials are 

needed before the use of beta-1-blockade in ARDS patients can be routinely 

advocated (151).  



 

 

 

 

 

 

 

 

 

 

 

OBJECTIVES 
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Pre-reperfusion administration of i.v. ADRB1-blocker metoprolol is a safe strategy 

that reduces IS through neutrophil stunning and improves long-term cardiac 

function. Based on this previous evidence generated in our laboratory, and on the 

relevance of neutrophils in conditions in which exacerbated neutrophil-mediated 

inflammation plays a central role (e.g. myocardial and cerebral 

ischemia/reperfusion injury (infarction) and acute respiratory distress syndrome), 

the main hypotheses tested on this work are that i.v. metoprolol exerts a unique 

effect in these conditions not shared by other clinically available i.v. beta-1 

blockers. Here we further hypothesize that this unique effect will make metoprolol a 

pharmacological intervention with beneficial effects in the clinical conditions 

characterized by exacerbated neutrophil-mediated inflammation named above. 

The objectives set to test this working hypothesis are: 

Objective 1: To assess whether the cardioprotection exerted by i.v. metoprolol 

through neutrophil stunning is a drug-class effect shared by other beta-1 blockers 

clinically available for i.v. administration (atenolol or propranolol) or, by contrast, it 

is unique.  

Objective 2: To study the beneficial effect of the beta-1 selective blockade by 

metoprolol in the context of reperfused ischemic stroke (e.g. cerebral IRI). 

Furthermore, we will study the cellular mechanisms involved in metoprolol´s 

neuroprotection in this context (e.g. whether only neutrophils are implicated in this 

protection or if other brain cells are also involved). 

Objective 3: To study the potential clinical benefits of i.v. metoprolol in ARDS 

through its inflammatory-disruptive capacities. For this objective, a pilot 

mechanistic randomized clinical trial in patients with severe COVID19-related 

ARDS is executed.  
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CHAPTER I: Metoprolol exerts a non-class effect against 
ischaemia-reperfusion injury by abrogating exacerbated 
inflammation 
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AMI is a leading cause of morbidity and mortality worldwide. Reperfusion, despite 

being essential for myocardial salvage, triggers a neutrophil-driven exacerbated 

sterile inflammatory response that contributes to final IS (98, 107, 108). Our 

research group has shown in several species (including humans, swine and mice) 

that the pre-reperfusion i.v. injection of the beta-1-selective blocker metoprolol is 

able to reduce myocardial IS, with this cardioprotective effect being due to 

neutrophil stunning (88, 90, 91, 93, 94, 131). Based partly on these previous 

studies, current clinical practice guidelines recommend early i.v. administration of 

beta-blockers (as a general drug class) to patients with an ongoing AMI (4). 

Nonetheless, it was unknown whether the different beta-blockers exerted the same 

cardioprotective effect.  

For this purpose, this study aimed to explore the cardioprotective effect of three 

beta-blockers approved for clinical i.v. administration (metoprolol, atenolol and 

propranolol) by using a mouse model of IRI and a variety of in vitro and in vivo 

models of sterile (e.g. thioglycolate-induced peritonitis, TNFα injection in the 

cremaster muscle for neutrophil visualization by MIV) and microbial 

(lipopolysaccharide (LPS)-induced ALI) inflammation. An in silico modeling of the 

ADRB1 and comparative ligand docking were carried out to study drug-receptor 

interaction differences among beta-blockers in terms of stability, as well as 

conformational changes in the receptor when drugs upon drug binding. 

The outcomes included in the study demonstrated that, from all tested beta-

blockers, only the i.v. administration metoprolol ten minutes before reperfusion 

(12.5 mg/kg) significantly reduced IS, as well as neutrophil infiltration into LV and 

neutrophil-platelet aggregates in peripheral blood after 24 h of infarct onset. Both in 

in vitro and in vivo sterile and microbial inflammation models, neutrophil infiltration 

was strikingly attenuated (by more than 50%) by metoprolol. By contrast, nor 

atenolol or propranolol exhibited an effect on neutrophil dynamics. In addition, at a 

cellular level, metoprolol was the only beta-blocker able to alter neutrophil-platelet 

interactions, neutrophil kinetics and the morphological changes required for them 

to infiltrate into tissues. In silico analysis revealed distinct intracellular ADRB1 
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conformational changes upon metoprolol binding than to the other two beta-

blockers. 

These results led us to conclude that i.v. metoprolol exerts a unique disruptive 

action on neutrophil dynamics during exacerbated inflammation, thus resulting in 

an infarct-limiting effect not observed with atenolol or propranolol. Altogether the 

outcomes here presented proposed metoprolol as the beta-blocker of choice for 

STEMI patients undergoing reperfusion. 

Contribution: the doctoral student is the main author of the study, contributed to the 

entire experimental design, collaborated to evaluate neutrophil infiltration and 

aggregates formed with platelets in the myocardial IRI model, and performed the in 

vivo and in vitro models of sterile and microbial inflammation, together with the 

assessment of neutrophil migratory capacities and 2D and 3D MIV studies. 

Moreover, the doctoral student took part in the in silico docking analysis in 

collaboration with CNIC Bioinformatics Unit, perform statistical analyses, 

interpretation of results and manuscript drafting. 
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Aims Clinical guidelines recommend early intravenous b-blockers during ongoing myocardial infarction; however, it is un-
known whether all b-blockers exert a similar cardioprotective effect. We experimentally compared three clinically
approved intravenous b-blockers.

...................................................................................................................................................................................................
Methods
and results

Mice undergoing 45 min/24 h ischaemia–reperfusion (I/R) received vehicle, metoprolol, atenolol, or propranolol at
min 35. The effect on neutrophil infiltration was tested in three models of exacerbated inflammation. Neutrophil
migration was evaluated in vitro and in vivo by intravital microscopy. The effect of b-blockers on the conformation
of the b1 adrenergic receptor was studied in silico. Of the tested b-blockers, only metoprolol ameliorated I/R injury
[infarct size (IS) = 18.0% ± 0.03% for metoprolol vs. 35.9% ± 0.03% for vehicle; P< 0.01]. Atenolol and propranolol
had no effect on IS. In the three exacerbated inflammation models, neutrophil infiltration was significantly attenu-
ated only in the presence of metoprolol (60%, 50%, and 70% reductions vs. vehicle in myocardial I/R injury,
thioglycolate-induced peritonitis, and lipopolysaccharide-induced acute lung injury, respectively). Migration studies
confirmed the particular ability of metoprolol to disrupt neutrophil dynamics. In silico analysis indicated different
intracellular b1 adrenergic receptor conformational changes when bound to metoprolol than to the other two
b-blockers.

...................................................................................................................................................................................................
Conclusions Metoprolol exerts a disruptive action on neutrophil dynamics during exacerbated inflammation, resulting in an

infarct-limiting effect not observed with atenolol or propranolol. The differential effect of b-blockers may be
related to distinct conformational changes in the b1 adrenergic receptor upon metoprolol binding. If these data are
confirmed in a clinical trial, metoprolol should become the intravenous b-blocker of choice for patients with on-
going infarction.
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Graphical Abstract

...................................................................................................................................................................................................

Translational perspective
Early administration of intravenous (i.v.) b-blockers is recommended for patients with an ongoing myocardial infarction; however, it is un-
known whether all approved drugs exert the same cardioprotective effect. Here, we show that metoprolol, but not atenolol or propranolol,
has an ameliorative effect on neutrophil-induced tissue damage during exacerbated inflammation, including myocardial ischaemia–reperfusion
injury. Metoprolol disrupts deleterious neutrophil dynamics during reperfusion, and this translates into a significant infarct-limiting effect not
shared by the other tested b-blockers. Modelling shows that metoprolol binding triggers a unique conformational change in the b1 adrenergic
receptor intracellular domain. If confirmed at the clinical level, early intravenous metoprolol, but not other b-blockers, should be used to treat
patients with ongoing infarction before reperfusion.
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Introduction

Acute myocardial infarction (AMI) is a leading cause of morbidity
and mortality worldwide. The advent of reperfusion technologies
has dramatically reduced acute mortality associated with AMI.
However, the size of the infarct often leaves survivors with severe
heart damage, and these patients are at high risk of future heart
failure and readmission.1,2 Reperfusion, despite being essential for
myocardial salvage, triggers an exacerbated sterile inflammatory
process that contributes to final infarct size (IS). This inflammation
is driven by neutrophils, which infiltrate the damaged myocardium
through interactions with platelets contribute to ischaemia–reper-
fusion (I/R) injury (IRI).3–5 Paradoxically, blood flow restoration in
the large epicardial coronary artery many times is not accompa-
nied by efficient tissue perfusion due to the obstruction of the
microvasculature. Endothelial swelling, external compression of
small vessels secondary to oedema formation, and cellular aggre-
gates (neutrophils, platelets, and erythrocytes) generating plugs
that restrict tissue perfusion at the capillary level contribute to
the phenomenon known as microvascular obstruction (MVO).6–8

The latter is a main contributor to IRI and final IS.1,2The b1-se-
lective blocker metoprolol has been demonstrated to reduce
myocardial IS in several species, including humans.9–11 Metoprolol
appears to limit IS largely through its inhibitory effect on neutro-
phils.9 Based partly on the cardioprotective effect of metoprolol
injection,10,12 current clinical practice guidelines recommend early
intravenous administration of b-blockers (as a drug class) to
patients with an ongoing AMI.13 However, it is unknown whether
different b-blockers exert the same cardioprotective effect, and a
trial in patients with ongoing AMI undergoing reperfusion showed no
infarct-limiting effect of the b1-selective blocker atenolol.14 In this
study, we explored the cardioprotective effect of three b-blockers
approved for clinical i.v. administration (metoprolol, atenolol, and
propranolol) in a mouse model of IRI. We further explored the ef-
fect of these b-blockers on neutrophil migration and infiltration in
three models of exacerbated inflammation: myocardial I/R,
thioglycolate-induced peritonitis, and lipopolysaccharide (LPS)-induced
acute lung injury (ALI). In silico studies were conducted to evaluate
conformational changes in the b1 adrenergic receptor upon binding
the different b-blockers. Our results show that metoprolol has a
particular action on neutrophils during exacerbated inflammation that
affords a cardioprotection not provided by other b-blockers.

Methods

Full section of material and methods can be found in the Supplementary
material online.

Results

Metoprolol, but not atenolol or
propranolol, limits myocardial infarct
size
The cardioprotective activity of three clinically approved intravenous
b-blocker agents was assessed in an established in vivo model of IRI

(Figure 1A).9 In brief, mice were anaesthetized by i.p. administration of
ketamine, xylazine, and atropine, and were placed on mechanical ven-
tilation. The left anterior descending coronary artery was accessed
by a small thoracotomy and then fully occluded by tying a silk knot
around the proximal segment of the artery. After 45 min of coronary
artery occlusion, the knot was released to allow reperfusion. Before
reperfusion, mice were randomly allocated to i.v. metoprolol, aten-
olol, propranolol (all 12.5 mg/kg) or vehicle (0.9% NaCl). Operators
were blinded to treatment allocation. Drug or vehicle was injected as
a single bolus through the retro-orbital sinus 10 min before reperfu-
sion (35 min after ischaemia onset). The metoprolol, atenolol, and
propranolol dose was based on a dose–response study, in which
12.5 mg/kg was identified as the highest dose with moderate haemo-
dynamic effect (<20%) for the three b-blockers (Supplementary ma-
terial online, Figure S1). At 24 h post-reperfusion, mice were
euthanized, and area at risk (AAR)-normalized IS was calculated.9

Confirming previous studies, i.v. metoprolol resulted in smaller
IS (% AAR) than in vehicle-treated mice (metoprolol,
18.0% ± 8.11%; vehicle, 35.9% ± 10.7%; P= 0.0142). In contrast,
atenolol and propranolol had no effect on IS (atenolol, 38.0% ±
20.9%; propranolol, 36.0% ± 10.3%; vehicle, 35.9% ± 8.11%)
(Figure 1B–D).

Metoprolol is the only tested b-blocker
that attenuates post-acute myocardial
infarction neutrophil infiltration
In previous studies in pigs and mice, we showed that pre-reperfusion
metoprolol injection results in reduced myocardial neutrophil infiltra-
tion,9,15 accounting for its cardioprotective effect. Here, assessment
of myocardial Ly6G protein levels at 24 h post-reperfusion revealed
significantly lower neutrophil density in metoprolol-injected mice
than in vehicle-treated mice, whereas atenolol and propranolol had
no effect (Figure 1A, E, and F). Ly6G protein levels in metoprolol-
treated mice were almost 60% lower in left ventricles of metoprolol-
treated mice than those of controls.

Metoprolol, but not atenolol or
propranolol, inhibits neutrophil–platelet
interactions during myocardial
ischaemia–reperfusion
Neutrophil–platelet interactions are crucial for neutrophil tissue infil-
tration during sterile inflammation.3–5 Because the cardioprotective
effect not shared by the other b-blockers was expected to be driven
by altered neutrophil dynamics, we next explored neutrophil interac-
tions with platelets in peripheral blood 24 h after reperfusion. The
percentage of circulating neutrophils interacting with platelets was
significantly reduced only in the case of metoprolol (metoprolol,
37.5% ± 20.9%; vehicle, 80.2% ± 10.1%; P= 0.0166), whereas atenolol
(67.6% ± 17.5%) and propranolol (67.3% ± 28.1%) had no statistically
significant effect (Figure 1G and H). The percentage and number of
circulating neutrophil population were not affected by any of the
treatment conditions (Supplementary material online, Figure S2).
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Figure 1 The infarct-limiting effect of metoprolol is not shared by atenolol or propranolol. (A) Mouse model of myocardial ischaemia–reperfusion
for the estimation of area at risk (AAR) and infarct size (IS) by Evans Blue and triphenyl tetrazolium chloride (TTC) staining and the collection of left
ventricle tissue and blood for immunoblotting and flow cytometry analysis. Mice were randomized to receive the indicated i.v. treatments 10 min be-
fore reperfusion. (B) Representative images of 1-mm-thick transverse left ventricle slices showing area at risk (negative for Evans Blue, white) and the
extent of necrosis (triphenyl tetrazolium chloride-negative area). (C, D) Histological analysis of AAR (% left ventricle) and IS (% area at risk) in mice
subjected to ischaemia–reperfusion and randomized to receive vehicle (white), metoprolol (blue), atenolol (orange), or propranolol (green). n = 10
for each condition. (E, F) Immunoblot analysis of Ly6G (25 kDa) and vinculin (124 kDa) protein expression at 24 h post-reperfusion in myocardium
of mice subjected to ischaemia–reperfusion and randomized to pre-reperfusion treatments as above: vehicle, n = 10; metoprolol, n = 10; atenolol, n
= 6; propranolol, n = 8. Quantified Ly6G levels in (F) are normalized to vinculin and expressed as the fold change relative to vehicle-treated mice. (G,
H) Flow cytometry analysis of neutrophil–platelet interaction in peripheral citrated blood of mice subjected to ischaemia–reperfusion and random-
ized to receive one of the four indicated treatments. Data are presented as the percentage of neutrophils (Ly6Gþ) staining doubly positive for Ly6G
and the platelet marker CD41. The representative flow cytometry plots in (H) illustrate the reduction in neutrophil–platelet interactions (boxed
areas) in metoprolol-treated mice: n = 4 for all treatments except vehicle, n = 5. Data are presented as mean ± SD.

4428 A. Clemente-Moragón et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/41/46/4425/5918833 by guest on 10 O
ctober 2022



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
Metoprolol has a particular inhibitory
effect on neutrophil migration in vitro
and in vivo
We previously showed that metoprolol exerts its cardioprotective
effect during I/R by targeting neutrophils.9 Here, we wanted to ex-
plore whether the action on neutrophils was a drug class effect, and
thus shared by other b-blockers, or was particular to metoprolol.
The effect of the tested b-blockers on neutrophil migration was
assessed in a chemokine-induced transwell migration assay
(Figure 2A). Mouse neutrophils were exposed across the transwell fil-
ter to the chemoattractant CXCL1 in the presence or absence of
metoprolol, atenolol, or propranolol (10mM for every condition),
and the number of cells migrating across the transwell membrane
was quantified by flow cytometry after 90 min. Metoprolol inhibited
baseline neutrophil migration along the CXCL1 gradient (0.73 ± 0.31
vs. vehicle; P= 0.0095), whereas no effect on chemokine-induced mi-
gration was seen with either atenolol (1.04± 0.27) or propranolol
(1.01± 0.19) (Figure 2B and C).

To confirm these results, we investigated whether atenolol or pro-
pranolol could mimic the ability of metoprolol to inhibit neutrophil
tissue infiltration in vivo in a validated mouse model of thioglycolate-
induced peritonitis9 (Figure 2D). Thioglycolate induces massive leuco-
cyte migration into the peritoneal cavity within the first 6 h, with
most infiltrating cells being neutrophils. The i.v. metoprolol bolus
(12.5 mg/kg) steeply inhibited thioglycolate-induced neutrophil infil-
tration into the mouse peritoneal cavity (4.03 ± 4.70 � 105 vs.
7.84± 5.01 � 105 neutrophils/mL for metoprolol and vehicle, re-
spectively; P= 0.0336) and reduced neutrophils as a percentage of vi-
able cells (55.2% ± 23.3% vs. 78.5% ± 17.1% for metoprolol and
vehicle, respectively; P= 0.0053). In contrast, atenolol and propran-
olol (12.5 mg/kg each) had no anti-migratory effect on neutrophil infil-
tration (10.8± 5.06 � 105, 7.26 ± 4.14 � 105, and 7.84± 5.01 � 105

neutrophils/mL for atenolol, propranolol, and vehicle, respectively)
or neutrophils as a percentage of viable cells (82.9% ± 5.76%,
77.9% ± 11.23%, and 78.5% ± 17.1% for atenolol, propranolol, and ve-
hicle, respectively) (Figure 2E–G).

To exclude potential dose-dependent effects and differential po-
tency of the three tested b-blockers, we halved and doubled the b-
blocker dose in the thioglycolate-induced peritonitis model to a sin-
gle 6.25 or 25 mg/kg i.v. bolus, respectively. At these b-blocker doses,
the same pattern was maintained, with neutrophil migration inhibited
only by metoprolol, and atenolol and propranolol having no effect
(Supplementary material online, Figure S3).

Metoprolol attenuates neutrophil
infiltration during lipopolysaccharide-
induced acute lung injury
We next tested the differential effects of i.v. b-blockers on neutrophil
migration and infiltration in a mouse model of infection-induced in-
flammation: LPS-induced ALI (Figure 3A). At 24 h after LPS instillation,
Broncho-alveolar lavage fluid (BALF) from metoprolol-treated mice
contained significantly fewer neutrophils than BALF from vehicle-
treated mice (1.03± 0.81 � 105 vs. 3.44 ± 2.71 � 105 neutrophils/mL
for metoprolol and vehicle, respectively; P= 0.0060). Neither aten-
olol nor propranolol had any effect on the BALF neutrophil count
(3.78± 1.36 � 105, 4.06 ± 1.05 � 105, and 3.44± 2.71 � 105

neutrophils/mL for atenolol, propranolol, and vehicle, respectively)
(Figure 3B and C). Tissue damage in response to an acute inflamma-
tory response is known to involve neutrophil release of nuclear chro-
matin, known as neutrophil extracellular traps (NETs).16 Given that
the LPS challenge increases citH3,16 which is strongly implicated in
NET formation,17 we assessed whether b-blocker treatment affects
this process. Immunoblot analysis showed that mice receiving i.v.
metoprolol exhibited a 65% attenuation of H3 citrullination (on
R2þR8 þ R17) compared with those receiving vehicle, whereas
atenolol and propranolol had no effect (Figure 3D and E). Confocal
microscopy analysis of lung tissue revealed that metoprolol signifi-
cantly reduced the area of lung tissue covered by citH3 and the area
of co-localization between citH3 and neutrophils (Ly6Gþ cells)
(Figure 3F and G). Moreover, reduced H3 citrullination in the lungs of
metoprolol-treated mice was accompanied by reductions in neutro-
phil–elastase and myeloperoxidase (Supplementary material online,
Figure S4A and B), neutrophil granule proteins involved in NET gener-
ation.17 These changes were accompanied by a protection against
lung tissue damage in metoprolol-treated mice (Supplementary ma-
terial online, Figure S4C and D). These results confirm attenuation of
NET production and the amelioration of ALI in mice receiving
metoprolol.

Metoprolol has a disruptive effect on
neutrophil dynamics in vivo not shared
by the other b-blockers tested
Myocardial I/R is a paradigm of acute sterile inflammation, in which
chemotactic recruitment of inflammatory cells is predominantly
mediated by neutrophils. To initiate an acute inflammatory response,
neutrophils adhering to the activated endothelium undergo morpho-
logical rearrangements that allow them to interact with and recruit
other cell types to infiltrate the tissue.4 Having observed that, unlike
metoprolol, atenolol and propranolol showed no effect on neutro-
phil recruitment, we next explored the effect of these drugs on neu-
trophil dynamics. For this, we used 2D intravital microscopy (IVM) to
image migration in the cremaster muscle vessels of mice injected
with tumour necrosis factor a (TNFa), which triggers massive neu-
trophil recruitment4 (Figure 4A). Of the tested b-blockers, only meto-
prolol reduced neutrophil migratory velocity (0.16 ± 0.07mm/s vs.
0.29 ± 0.15mm/s for metoprolol and vehicle, respectively;
P< 0.0001), accumulated distance (9.75 ± 4.33mm vs. 17.7 ± 8.82mm
for metoprolol and vehicle, respectively; P< 0.0001), and euclidean
crawling distance (5.90 ± 3.66mm vs. 10.2 ± 8.18mm for metoprolol
and vehicle, respectively; P< 0.0010). Moreover, metoprolol reduced
the percentage of neutrophils interacting with platelets through the
uropod (42.5% ± 17.6% vs. 59.4% ± 12.3% for metoprolol and ve-
hicle, respectively; P< 0.0014). Neither atenolol nor propranolol had
any effect on any of the in vivo neutrophil dynamics parameters eval-
uated (Figure 4B–F and Supplementary material online, Videos S1A–D).

3D IVM studies were performed (Figure 5A) to test whether meto-
prolol specifically altered neutrophil shape or polarization during the
acute inflammatory response. Consistent with the disrupted crawling
dynamics observed in the 2D analysis, 3D reconstructions revealed
that metoprolol impaired neutrophil polarization in TNFa-inflamed
cremaster vessels, reducing neutrophil length and preventing the
adoption of the typical cigar-like prolate spheroid cell shape
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Figure 2 Metoprolol has a particular ability to inhibit neutrophil migration. (A) Experimental scheme for CXCL1-induced transwell migration ana-
lysis. (B) Flow cytometry plots illustrating reduced migration of neutrophils (Ly6Gþ cells) upon treatment with metoprolol. To allow comparison be-
tween experiments, neutrophil migration for all treatments was normalized to the mean positive control (vehicle) value in each independent
experiment. (C) Particular limiting effect of metoprolol on chemokine-induced neutrophil migration. Each independent experiment was conducted
with leucocytes pooled from 8 to 12 animals, and each condition was run with three to four technical replicates: n = 12 for all conditions except for
atenolol and propranolol, n = 5 each. (D) Experimental scheme for thioglycolate-induced peritonitis. Mice received a 12.5 mg/kg i.v. b-blocker dose
immediately after i.p. thioglycolate administration. (E) Flow cytometry plots illustrating reduced peritoneal infiltration of neutrophils (Ly6Gþ cells) in
metoprolol-treated mice. (F, G) Specific limiting effect of metoprolol on thioglycolate-induced peritoneal infiltration in wild-type mice. (F) Absolute
number of neutrophils/mL of infiltrate 6 h after thioglycolate injection in wild-type mice. (G) Neutrophils in intraperitoneal exudate calculated as a
percentage of total viable cells. Vehicle, n = 16; metoprolol, n = 18; atenolol, n = 10; propranolol, n = 12. Data are presented as mean ± SD.
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Figure 3 Metoprolol attenuates broncho-alveolar lavage fluid (BALF) neutrophil counts and H3 citrullination in lipopolysaccharide (LPS)-treated
lungs. (A) Model of LPS-induced acute lung injury (ALI). Mice received an intratracheal instillation of LPS immediately after i.v. injection with the indi-
cated treatments. (B, C) Flow cytometry analysis of neutrophil counts in BALF at 24 h after LPS instillation. The flow cytometry plots illustrate the
reduced presence of neutrophils (Ly6Gþ cells) in BALF of metoprolol-treated mice. (D, E) Immunoblot analysis of Histone 3 hypercitrullination
(citH3) (17 kDa) and GAPDH (37 kDa) protein expression in the lungs of mice with acute lung injury and receiving the indicated treatments.
Quantified citH3 levels in (D) are normalized to GAPDH and expressed as the fold change relative to vehicle-treated mice. Data in (B) and (D) are
means ± SD. Sham (no LPS), n = 6; vehicle, n = 11; metoprolol, n = 12; atenolol, n = 5; propranolol, n = 3. (F, G) Confocal microscopy analysis of his-
tone 3 citrullination in acute lung injury. (F) Total area of lung tissue covered by citH3 and neutrophils (Ly6Gþ cells) and the area of neutrophil–citH3
co-localization 24 h after lipopolysaccharide instillation. (G) Representative confocal images of lung sections from sham-treated mice (Control, no
lipopolysaccharide), and lipopolysaccharide-instilled mice receiving i.v. vehicle (saline) or metoprolol. Areas of co-localization (arrowheads) between
histone 3 citrullination (citH3, green) and neutrophils (Ly6Gþ cells, red) indicate generation of neutrophil extracellular traps (NETs). The neutrophil
granule protein neutrophil–elastase (NE, purple) is a marker of neutrophil activation. n = 10–12 mice per condition. Data are presented as mean ±
SD.
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Figure 4 Metoprolol has a particular disruptive effect on neutrophil dynamics in vivo. (A) Experimental scheme for 2D intravital microscopy (IVM)
of neutrophil motility in inflamed cremaster muscle. (B) Representative tracks of crawling neutrophils within inflamed vessels of mice treated with ve-
hicle, metoprolol, atenolol, or propranolol. (C–E) Two-dimensional intravascular motility parameters: velocity (mm/s), accumulated distance (mm),
and euclidean distance (mm); n = 52–89 cells from 5 to 6 mice per condition. (F) Representative time-lapse images of platelets (CD41þ cells, red)
with the polarized neutrophil uropod (CD62Lþ domain, yellow) or leading edge (Ly6Gþ domain, green) in the different conditions. Arrowheads in-
dicate interactions with the uropod domain, and dotted lines indicate displacement of the neutrophil over 60s. (G) Percentage of platelet interactions
with the neutrophil uropod or leading edge; n = 24–37 cells from three mice per condition. Data are presented as means ± SD.
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Figure 5 Metoprolol alters neutrophil polarized morphology. (A) Experimental scheme for 3D intravital microscopy (IVM) of neutrophil
morphology in inflamed cremaster muscle. (B–D) Three-dimensional intravascular cell morphology parameters: ellipticity prolate, height: length
ratio, and volume. n = 75–118 cells from 3 to 4 mice per condition. Data are presented as mean ± SD. (E) Representative 3D reconstructions of
polarized neutrophils (uropod, red) within live cremaster vessels of mice treated with vehicle (grey), metoprolol (blue), atenolol (orange), or pro-
pranolol (green).
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(Figure 5B–D). These effects were not observed with atenolol and
propranolol, indicating that the neutrophil morphological changes
needed to initiate intercellular interactions and subsequent tissue in-
filtration remain intact in mice treated with these drugs. This result
might explain the lack of a cardioprotective effect with these drugs
during I/R. Conversely, metoprolol blocks neutrophil infiltration and
migration through an effect on neutrophil dynamics, and this
neutrophil-stunning effect confers a cardioprotective effect during
myocardial I/R.

Metoprolol-binding triggers b1
adrenergic receptor intracellular
conformational change exposing
phosphorylation targets involved in
b-arrestin signalling cascade
The interaction of the three b-blockers with the b1 adrenergic re-
ceptor (b1AR) was investigated by in silico approaches. All three
selected b-blockers belong to the same pharmaceutical class, signal
through G-protein coupled receptors (GPCRs), have high affinity for
the b1AR, and are currently authorized for intravenous administra-
tion to patients. Simulated ligand binding did not substantially alter
the overall topology of the human b1AR, which showed only minor
differences upon binding the different b-blockers. As expected for
drugs belonging to the same class, the extracellular drug-binding
pocket has a small solvent accessible surface, and this pocket was
moved slightly and to a similar extent with respect to the unbound
protein upon binding of all tested ligands.

The model was refined by submitting it to the positioning of pro-
teins in membranes(PPM) server, which positioned the receptor–
drug complex more precisely in the membrane. The energy and sta-
bility of the ligand–b1AR complex was similar for all drugs; however,
metoprolol binding induced an affinity-independent increase in the
size of the internal cavity significantly greater than seen with the other
tested drugs (63 759.34 Å2 for metoprolol, 37 571.32 Å2 for epineph-
rine, 50069.59 Å2 for atenolol, and 44 371.77Å2 for propranolol)
(Figure 6A and B and Supplementary material online, Tables S1 and
S2). Modelling of the mouse b1AR yielded proportionally similar dif-
ferences in internal cavity size (Supplementary material online, Figure
S6, Tables S3 and S4). These results strongly suggest that metoprolol
binding induces a bigger conformational change in the receptor that
opens the intracellular cavity, likely modifying its interactions with
intracellular effectors.

To elucidate whether the opening of the intracellular cavity of the
receptor when bound to metoprolol translates into differences in Gs

protein signalling, we modelled the binding of the Gsa subunit to the
complexes established upon docking of the different ligands to the
human b1AR. Although large differences in the energy of interface
were not documented, the Gsa subunit penetrates more in the cavity
of metoprolol-b1AR than in the rest of the ligand–b1AR complexes
(Figure 7), possibly making it more difficult for the Gsa subunit to
interact with other effectors to perpetuate the classical adenylate
cyclase-AMPc signalling cascade.

We further explored the impact of the b1AR–Gsa interaction
(upon binding to different b-blockers) on biased agonism signalling
pathways. We focused our computational analyses on the study of
two conserved sites (regions) of the intracellular region of the b1AR

experimentally described as containing putative phosphoryl-Ser that
initiate the receptor signalling and deactivation cascade [Ser461 and
Ser462, which are susceptible to being phosphorylated by G-protein-
coupled receptor kinases (GRKs); and Ser312 that is susceptible to
being phosphorylated by protein kinase A].

Qualitatively, it is noticeable that the Ser 461-462 positions are
more exposed when the Gsa subunit binds the metoprolol–b1AR
complex (Figure 7), potentially being more prone to be phosphory-
lated by GRKs, triggering a b-arrestin-mediated signalling cascade.

Discussion

In this study, we have evaluated the cardioprotective effect of differ-
ent clinically approved i.v. b-blockers to reduce IS in a mouse model
of myocardial IRI. We have explored the effect of these drugs on the
hyperactive immune response during exacerbated inflammation in
models of acute injury in the heart, peritoneum and lung, and neutro-
phil migration in vitro. Finally, we have studied in silico structural
changes occurring in the b1AR when bound to the different b-
blockers.

Our results show that while metoprolol significantly ameliorates
myocardial IRI, atenolol and propranolol have no cardioprotective ef-
fect. Our in vitro and in vivo studies show that metoprolol is the only
studied b-blocker that impairs neutrophil migration and infiltration
during exacerbated inflammation, and 2D and 3D IVM studies show
that metoprolol exerts a particular disruptive effect on neutrophil dy-
namics. The in silico analysis reveals that, upon binding to the b1AR,
metoprolol provokes a significant conformational change in the intra-
cellular domain that is not observed with atenolol or propranolol.
Taken together, these results show that metoprolol has a unique abil-
ity among the b-blockers tested to target neutrophils and stun the
neutrophil immune response during exacerbated inflammation (Take
home figure). These findings have important clinical implications, given
that since clinical practice guidelines on the use of b-blockers during
AMI assume that the cardioprotective effect of metoprolol is shared
by other drugs of this class.13

The METOCARD-CNIC clinical trial demonstrated that pre-
reperfusion injection of metoprolol in AMI patients significantly
reduces IS and the incidence of long-term heart failure.10,12 In an-
other trial in AMI patients undergoing reperfusion, atenolol adminis-
tration showed no association with reduced IS.14 While these starkly
different outcomes could reflect differences in trial design, they also
point to possible differences in the ability of these b-blocker agents
to counter injurious mechanisms. The leading mechanism of tissue in-
jury during sterile inflammation is exaggerated neutrophil activation
and tissue infiltration,18–20 and myocardial I/R serves as a paradigm of
this process. A recent study showed that metoprolol ameliorates
myocardial IRI through a direct action on neutrophils that prevents
intercellular interactions and the cell morphological changes needed
to initiate tissue infiltration.9 This prompted us to explore the poten-
tial cardioprotective effect of three clinically approved b-blockers, as
well as their effect on neutrophil biology during exacerbated
inflammation.

We previously showed that metoprolol-induced cardioprotection
involves a ‘stunning’ effect on neutrophils. This effect is b1AR-medi-
ated, since metoprolol did not reduce migration in neutrophils from
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Figure 6 Metoprolol induces a conformational change in the human b1AR that increases the size of the intracellular cavity. (A) Modelling of the
human b1AR modelling alone (grey) and bound to epinephrine (purple), metoprolol (blue), atenolol (orange), or propranolol (green). Each ligand-
bound b1AR conformation was compared to the unbound b1AR conformation. Images were obtained with the PyMOL molecular visualization sys-
tem. In silico analysis indicates that b1AR conformational changes induced by metoprolol binding differ from those induced by the other ligands, pro-
ducing an enlarged intracellular receptor cavity that is more open than that of the epinephrine-, atenolol-, or propranolol-bound receptor. (B)
Superposition of all b-blocker-induced b1AR conformations. The energies of the complex and interface are shown in Rosetta Energy Internal Units,
whereas cavity sizes are shown in square Ångström Units (Å2).
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Figure 7 Ligand-human b1AR-Gs protein a subunit conformational changes. Modelling of the binding of the Gsa subunit to the complexes estab-
lished upon docking of the different ligands (epinephrine, purple; metoprolol, blue; atenolol, orange; and propranolol, green) to the human b1AR.The
binding of the Gsa subunit to the metoprolol–b1AR complex exposes phosphorylation sites in the receptor potentially triggering GRK/b-arrestin sig-
nalling cascade (see text). Red areas indicate Ser phosphorylation sites.
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..b1KO mice.9 In the present study, we show that other b1AR-select-
ive b-blockers do not inhibit neutrophil migration in vitro or in vivo.
This result is in line with a previous in vitro study, in which metoprolol
but not atenolol reduced neutrophil migration.21 The lack of an in-
hibitory effect with another b1AR-selective blocker prompted the
authors to conclude that the metoprolol effect was independent of
the b1AR. However, the lack of an anti-migratory effect of metopro-
lol in b1KO neutrophils suggests that the discrepancy between the
effects of metoprolol and atenolol might be due to differences in the
outcome of b-blocker–b1AR interaction. Our in silico studies confirm

that the b1AR undergoes different conformational changes upon
binding to these different b-blockers.

The lack of an IS-reducing effect with propranolol appears to
contradict a classical analysis showing smaller IS upon propranolol in-
jection in a dog model of chronic coronary occlusion.22,23 However,
there are important differences between that study and ours, the
most important being that the canine model did not include reperfu-
sion and thus did not examine IRI.22,23 Our work shows that meto-
prolol achieves its protective effect by targeting neutrophils, which
are prominent mediators of reperfusion injury. In the absence of

Take home figure Metoprolol exerts a particular protective effect against neutrophil-mediated ischaemia–reperfusion injury. The cardiopro-
tective properties of metoprolol derive from its particular ability to target neutrophils and reduce ischaemia–reperfusion injury, whereas atenolol
and propranolol have no effect on this cell population or on IS. Conformational changes induced in the b1AR upon binding to metoprolol differ sig-
nificantly from those induced by atenolol and propranolol, and this difference may underlie the neutrophil-stunning action of metoprolol. These data
have important implications because clinical practice guidelines currently recommend the use of b-blockers during acute myocardial infarction as a
drug class, making no distinction among them.
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..reperfusion, the leading mechanism of death is ischaemic damage, in
which neutrophils do not play such significant role.

The drugs used in this study were selected on the basis of their
availability in i.v. formulations and their shared affinity for the b1AR,
with no other direct vasodilatory effect and with metoprolol and
atenolol being more selective than propranolol.24 This selectivity was
particularly important to avoid interference from non-specific effects.
Our results with the mouse IRI model unexpectedly establish that
cardioprotection is not a b-blocker class effect and that metoprolol
has a differential ability to limit IS by reducing neutrophil migration to
cardiac tissue and impeding neutrophil–platelet interactions
(Figure 1). The inhibitory effect of metoprolol on neutrophil–platelet
interactions has been previously shown to be associated with less
MVO9 (a major contributor to IS). The fact that atenolol and pro-
pranolol did not show any effect on these cell-to-cell interactions
probably resulted in no effect on MVO. Unfortunately, in the present
study we have not performed thioflavin-based MVO measurements
to definitely demonstrate that only metoprolol breaks the axis neu-
trophil–platelet interactions-MVO-IS. This non-class effect was con-
firmed in the other in vitro and in vivo models of exacerbated
inflammation examined. The transwell and acute peritonitis results
show a characteristically strong blocking effect of metoprolol on neu-
trophil migration and infiltration that was not observed with atenolol
or propranolol even at double the i.v. dose (Figure 2and
Supplementary material online, Figure S2). The ability of metoprolol
to reduce neutrophil counts in BALF from mice with LPS-induced
ALI (Figure 3) confirms that the protective effect is exportable to any
inflammation setting. It is also significant that metoprolol attenuated
histone three hypercitrullination in the ALI model (Figure 3 and
Supplementary material online, Figure S4). Histone 3 hypercitrullina-
tion is a hallmark of the generation of NETs, extracellular fibrillary
networks primarily composed of neutrophil chromatin. Neutrophil
extracellular trap generation is a key feature of the acute inflamma-
tory response in a variety of settings, such as atherothrombosis.25

The ability to form NETs has recently been implicated in the organ
damage and mortality associated with COVID-19.26 Impaired NET
formation in the ALI model appears to be due to the scarcity of neu-
trophils in the inflamed lung resulting from the disruptive effect of
metoprolol on neutrophil recruitment.

The single-cell in vivo 2D and 3D IVM analyses confirm that meto-
prolol directly targets neutrophils. Metoprolol specifically induced er-
ratic behaviour in neutrophils and altered morphological features
required for tissue infiltration. The lack of any effect on these proper-
ties in the presence of atenolol or propranolol excludes any effect of
atenolol and propranolol on this immune cell type (Figures 4 and 5).

Our previous results showed that the cardioprotective effect of
metoprolol is mediated by the b1AR, with no involvement of the
b2AR.9 We therefore focused the in silico analysis exclusively on the
b1AR. b-blockers are believed to act by occupying the bAR extracel-
lular domain, thereby blocking ligand-dependent downstream cas-
cade activation. Nevertheless, b-blockers with similar receptor
affinities have been suggested to trigger different downstream effects.
Our finding that neutrophil migration and infiltration are inhibited
only with metoprolol suggests that its protective effect might involve
more than simply blocking catecholamine interaction with the recep-
tor. Indeed, the ability of metoprolol to inhibit neutrophil migration

in the in vitro transwell assays shows that this metoprolol action is not
dependent on the presence of catecholamines.

Our in silico analysis clearly shows that metoprolol is the tested b-
blocker able to induce a more significant change in b1AR conform-
ation, increasing the size of the intracellular cavity (Figure 6 and
Supplementary material online, Tables S1 and S2). Large-scale re-
arrangement of GPCR residue side-chains can produce different re-
ceptor conformations that influence G-protein selectivity and
generate differential effects on downstream signalling proteins.27,28

Our in silico analysis suggests that when metoprolol-b1AR complex
binds to Gsa protein induces a specific conformational change in
b1AR that affects its intracellular coupling interface, exposing Ser 461
and 462 phosphorylation sites and potentially modifying its inter-
action with diverse intracellular-binding partners, such as GRKs. A
greater exposition of this site could boost the phosphorylation of
these Serines by GRK2 (complex GRK2-Gbc) and mediate the re-
cruitment of b-arrestins to the receptor, which uncouples the recep-
tor from its G protein and initiates receptor internalization and
desensitization. We speculate that activated b-arrestin through these
conformational changes at the receptor level might initiate a biased
agonism signalling pathway.

This conformational change may deactivate constitutive b1AR
function29 or activate a specific signalling profile that eventually pro-
duces cardioprotection by neutrophil stunning. These in silico out-
comes suggest recent pharmacological concepts, such as inverse or
biased agonism30–32 as possible mechanisms underlying metoprolol-
induced neutrophil stunning through b1AR.

To date, no intervention aimed at reducing IS has demonstrated a
solid clinical benefit in terms of hard endpoints reduction.33 For the
case of i.v. b-blockers in the acute phase of STEMI, the acute benefits
in terms of cardioprotection and primary ventricular fibrillation re-
duction10 have not been translated into long-term clinical benefits, as
shown in a recent meta-analysis including 1150 patients.34 Several
reasons might explain the lack of translation of cardioprotection into
improved clinical benefits.35,36 The most obvious reason is the small
sample size of all trials on the topic performed in the primary angio-
plasty era.34 In addition, key aspects, such as type, dose, and timing of
b-blocker administration varied significantly between trials included
in the meta-analysis.34 According to experimental data,11 the trial
using the ideal dose and timing of i.v. metoprolol administration was
the METOCARD-CNIC study.10 While in this trial, acute infarct-
limiting effect was associated with a reduction in long-term heart fail-
ure, the small sample size (N= 270) precludes a definite conclusion.
Based on these clinical data, and supported by the results provided in
the present study, a definite trial with adequate dose and timing of i.v.
metoprolol administration (not other b-blocker) powered to detect
clinical benefits is needed to determine the clinical benefits (hard end-
points) of this strategy in haemodynamically stable STEMI patients.

In summary, the present study indicates that b-blockers should not
be considered a single drug class in the treatment of myocardial IRI.
The cardioprotective effect of metoprolol is mediated by a targeting
of neutrophils that is not shared by other b-blockers. These findings
refine cardiovascular pharmacotherapy and have major implications
for clinical cardiology.

4438 A. Clemente-Moragón et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/41/46/4425/5918833 by guest on 10 O
ctober 2022

https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehaa733#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehaa733#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehaa733#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehaa733#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehaa733#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..Limitations

Extrapolation of our data to the clinical scenario is limited by the fact
that we have used mouse models only. Validation of these data in a
more translational animal model such as the pig would have been de-
sirable, but beyond the scope of the present mechanistic study. The
in silico studies performed have intrinsic limitations, such as the lack of
modelling of all molecular dynamics occurring in the in vivo setting or
the lack of consideration for dose–response effects. In addition, in sil-
ico findings were not biochemically validated. Future biological studies
(e.g. study of GRK2-mediated Ser 461/462 phosphorylation) should
confirm the proposed mechanism responsible for the differential ef-
fect of b-blockers on IS and other exacerbated inflammation out-
comes observed here. In our study, we focused on the effect of b-
blockers on neutrophils, but other cell types such as macrophages
play a role in final IS. Dynamics of different macrophage subtypes, and
the crosstalk between these and neutrophils,37 impact post-MI heal-
ing, and it is plausible that metoprolol can affect these as well.

Supplementary material

Supplementary material is available at European Heart Journal online.
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CHAPTER II: Neutrophil β1 adrenergic receptor blockade blunts 
stroke-associated neuroinflammation 
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Ischemic stroke treatment is currently restricted to reperfusion with i.v. 

administration of rt-PA and, more recently, endovascular thrombectomy, alone or in 

combination with this pharmacological agent (20). Nevertheless, increasing 

evidence supports the notion that reperfusion of an ischemic arterial bed induces a 

secondary form of brain damage, known as reperfusion injury, with few 

interventions able to limit the damage (101, 104). Tissue reperfusion was recently 

shown to exacerbate the inflammatory response, resulting in massive leukocyte 

infiltration (predominantly neutrophils) (101, 110, 111). In the context of AMI, our 

group had extensively shown that acute blockade of neutrophil ADRB1 by 

metoprolol ameliorated myocardial IRI through neutrophil stunning (131). These 

data prompted us to transfer our experience modulating ADRB1 on neutrophils in 

the cardiovascular field to the neurological one and test this pharmacological 

strategy in ischemic stroke. 

To address the neuroprotective role of ADRB1 modulation on neutrophils against 

cerebral IRI, a murine model of middle cerebral artery occlusion/reperfusion 

(MCAO/R) was employed in which i.v. metoprolol was injected ten minutes before 

reperfusion (12.5 mg/kg). IS and brain edema were evaluated by MRI at 24 hours 

and 7 days post-reperfusion and by histopathology at 7 days post-reperfusion. 

Neutrophil infiltration and phenotype (N1- or N2-like) were assessed by 

immunohistochemistry (IHC) at 24 hours post-reperfusion, and the effect of 

metoprolol was also evaluated at 24 hours and 7 days in rats depleted of 

circulating neutrophils. Long-term effects of brain injury on sensory-motor 

behaviors were also studied in a longitudinal study. Mice with neutrophils lacking 

from ADRB1 (Mrp8-Cre-/+ Adrb1FLOX/FLOX) were used for mechanistic experiments 

exploring the effect of metoprolol on neutrophil biology. WT and Adrb1 KO 

microglia and astrocytes-based co-cultures were also employed to rule out a direct 

effect of metoprolol on the brain compartment. The effect of metoprolol reducing 

neutrophil-platelet co-aggregates in the context of ischemic stroke was assessed in 

blood from patients undergoing brain infarction. 
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Our results indicated that metoprolol exerts a neuroprotective role when 

administrated intravenously before reperfusion against ischemic stroke, as rats 

receiving metoprolol showed a significant reduction in IS at 24 hours and also at 7 

days post-reperfusion, and exhibited better long-term neurological outcomes. Both 

cytotoxic and vasogenic edema were attenuated, together with a reduction in 

neutrophil infiltration into brain parenchyma (by ≈ 50%) and neuroinflammation, 

and better BBB preservation. This neuroprotection was achieved by impairing pro-

inflammatory neutrophils (N1; YM1-) to migrate into the brain, as no additional 

effect of metoprolol was observed in the lack of circulating neutrophils.  

Consequently, the lower the number of YM1- neutrophils, the higher the 

percentage of alternative neutrophils in brain (N2; YM1+), and the more prone the 

tissue to be recovered.  

Besides, these results were attributed to ADRB1 modulation on neutrophils, as we 

did not appreciate any synergic effect of metoprolol on neutrophil capacities in the 

absence of receptor, and glia-neutrophil crosstalk was not abolished when brain 

cells were exclusively exposed to the drug. Co-aggregates formed by neutrophils 

and platelets were blocked by metoprolol in blood from patients undergoing 

ischemic stroke, which made this approach to reduce brain IS a highly transferable 

treatment to the clinical scenario. 

In conclusion, our findings describe that ADRB1 blockade ameliorates cerebral 

irreversible damage by targeting neutrophils, identifying a novel therapeutic 

strategy to improve outcomes in patients with ischemic stroke. 

Contribution: the doctoral student contributed to the entire experimental design of 

the study. The doctoral student was in charge of the quantification of the IS and 

brain edema by MRI. He was also responsible of tissue processing, 

immunostaining and immunohistochemical analyses, and neutrophil depletion and 

evaluation. The inflammatory in vitro and in vivo studies using transgenic mice and 

cells were carried out by the doctoral student as well. Additionally, the doctoral 

student took part in the statistical analyses, interpretation of results and manuscript 

drafting.
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neutrophils in cerebral damage during stroke, we hypothesize that β1AR blockade will

improve stroke outcomes.

Experimental Approach: Rats were subjected to middle cerebral artery occlusion–

reperfusion to evaluate the effect on stroke of the selective β1AR blocker metoprolol

(12.5 mg�kg�1) when injected i.v. 10 min before reperfusion.

Key Results: Magnetic resonance imaging and histopathology analysis showed that

pre-reperfusion i.v. metoprolol reduced infarct size. This effect was accompanied by

reduced cytotoxic oedema at 24 h and vasogenic oedema at 7 days. Metoprolol-

treated rats showed reduced brain neutrophil infiltration and those which infiltrated

displayed a high proportion of anti-inflammatory phenotype (N2, YM1+). Additional

inflammatory models demonstrated that metoprolol specifically blocked neutrophil

migration via β1AR and excluded a significant effect on the glia compartment. Consis-

tently, metoprolol did not protect the brain in neutrophil-depleted rats upon stroke.

In patients suffering an ischaemic stroke, β1AR blockade by metoprolol reduced cir-

culating neutrophil–platelet co-aggregates.

Conclusions and Implications: Our findings describe that β1AR blockade ameliorates

cerebral damage by targeting neutrophils, identifying a novel therapeutic target to

improve outcomes in patients with stroke. This therapeutic strategy is in the earliest

stages of the translational pathway and should be further explored.

K E YWORD S

Ischemic Stroke, Neutrophils, I/R, β1AR, Neuroinflammation

1 | INTRODUCTION

Despite improved diagnostic imaging techniques and numerous

attempts to establish neuroprotective strategies, stroke treatment is

currently restricted to reperfusion without coadjuvant therapy

(Powers et al., 2019). The only clinically available interventions are

intravenous (i.v.) administration of the fibrinolytic agent recombinant

tissue-plasminogen activator (rt-PA) and, more recently, endovascular

thrombectomy, alone or in combination with rt-PA (Powers

et al., 2019).

Experimental evidence shows that reperfusion after prolonged

brain ischaemia can trigger a set of potentially deleterious events,

known as reperfusion injury. Tissue reperfusion was recently shown

to exacerbate the inflammatory response, resulting in massive leuko-

cyte infiltration (Lin et al., 2016). Among the first cells infiltrating the

brain are neutrophils (Jickling et al., 2015; Strecker et al., 2017), and

neutrophil pro-inflammatory activation after stroke has been linked to

increased infarct size (IS), blood–brain barrier (BBB) disruption, hae-

morrhagic transformation (HT), and worse neurological outcomes

(Jickling et al., 2015; Strecker et al., 2017). Moreover, neutrophils

form aggregates with erythrocytes and platelets, and after reperfu-

sion, these aggregates form embolisms that impair tissue perfusion,

despite the restoration of blood flow in the large cerebral arteries.

This phenomenon is known as microvascular obstruction (MVO) and

What is already known

• Cerebral ischaemia/reperfusion injury is a clinical

challenge because few therapeutic interventions are

available.

What does this study adds

• β1AR blockade during ongoing stroke reduces brain injury

and neuroinflammation, and improves neurological

outcomes.

• β1AR blockade decreases neutrophil migration and

boosts pro-resolving circuits which favour tissue

homeostasis.

What is the clinical significance

• Pharmacological β1AR blockade may represent a poten-

tial candidate in clinical trials for ischaemic stroke.

2 CLEMENTE-MORAGÓN ET AL.
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is a major contributor to ischaemia–reperfusion (I/R) injury and final IS

(Ibanez et al., 2015).

Neutrophils have an extensive repertoire of biological functions

and remain essential contributors for the resolution of inflammation

and tissue repair (Horckmans et al., 2017; Yang et al., 2019). Cell plas-

ticity allows neutrophils to take on different characteristics

(Ballesteros et al., 2020; Mantovani et al., 2011; Silvestre-Roig

et al., 2016) under certain tissue environments or stimuli (Chakravarti

et al., 2009; Fridlender et al., 2009; Ohms et al., 2020; Puellmann

et al., 2006). Different neutrophil populations with disparate effects

have been recently described in brain after stroke (Cuartero

et al., 2013; Garcia-Culebras et al., 2019), and thus it is vital to evalu-

ate their phenotype in the context of therapies.

We recently showed that in the context of myocardial infarction,

acute blockade of neutrophil β1-adrenoceptors (β1AR) by

metoprolol—but not by other β-blockers—ameliorates myocardial I/R

injury (Clemente-Moragon et al., 2020; Garcia-Prieto et al., 2017).

These experimental studies were followed by a successful randomized

clinical trial showing that injection of the selective β1AR blocker

metoprolol before reperfusion resulted in clinical benefits in patients

suffering an acute myocardial infarction (AMI) (Garcia-Ruiz

et al., 2016; Pizarro et al., 2014). These data prompted us to test this

pharmacological strategy in ischaemic stroke. In the present study, we

tested the effects of pre-reperfusion intravenous (i.v.) administration

of metoprolol in a rat model of brain I/R. We show that a single injec-

tion of metoprolol before reperfusion dampened oedema formation

and reduced neuronal loss. This protective effect was associated with

significantly reduced neuroinflammation, better preservation of BBB

(blood-brain barrier) integrity and lessened glial scar formation. More-

over, by attenuating the inflammatory environment, metoprolol

reduced circulating neutrophil activation and boosted pro-resolving

circuits which favour the re-establishment of tissue homeostasis.

Consistent with this, the benefits of metoprolol were lost when the

ischaemic stroke was induced in rats previously depleted of

neutrophils.

2 | METHODS

Full details of materials and experimental procedures are available in

Supporting Information. The data that support the findings of this

study are available from the corresponding author on reasonable

request.

All experimental and other scientific procedures with animals con-

formed to EU Directive 2010/63EU and Recommendation 2007/526/

EC, enforced in Spanish law under Real Decreto 53/2013. Animal pro-

tocols were approved by the local ethics committees and the Animal

Protection Area of the Comunidad Aut�onoma de Madrid (PROEX

056_17 and PROEX 176.3/20). Animal studies are reported in compli-

ance with the ARRIVE guidelines (Percie du Sert et al., 2020) and with

the recommendations made by the British Journal of Pharmacology

(Lilley et al., 2020).

In summary, 8- to 10-week-old young male Wistar rats (200–

250 g) were subjected to middle cerebral artery occlusion–reperfusion

(MCAO/R) for 35 min and randomized to receive either a

12.5 mg�kg�1 i.v. bolus of metoprolol-tartrate or vehicle 10 min

before reperfusion. IS and brain oedema were evaluated by MRI at

24 h and 7 days post-reperfusion and by histopathology at 7 days

post-reperfusion. Neutrophil infiltration and phenotype were assessed

by immunohistochemistry (IHC) at 24 h post-reperfusion, and the

effect of metoprolol was also evaluated at 24 h and 7 days in rats

depleted of circulating neutrophils. Specific neutrophil Adrb1 knock-

out mice were used for mechanistic experiments exploring the effect

of metoprolol on neutrophil biology.

The immuno-related procedures used comply with the recom-

mendations made by the British Journal of Pharmacology (Alexander

et al., 2018).

2.1 | Statistics

Data are presented as mean ± standard error of the mean (SEM). Dif-

ferences were deemed statistically significant at P values below 0.05.

Further details are provided in Supporting Information.

The data and statistical analysis comply with the recommenda-

tions of the British Journal of Pharmacology on experimental design

and analysis in pharmacology (Curtis et al., 2018).

2.2 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org, and are

permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander et al., 2021).

3 | RESULTS

3.1 | Selective β1AR blockade during ongoing
stroke reduces brain injury, prevents neuronal loss and
improves neurological outcomes

Rats subjected to 35 min of middle cerebral artery occlusion (MCAO)

received a single i.v. injection of the selective β1AR blocker metopro-

lol (12.5 mg�kg�1) (Garcia-Prieto et al., 2017) or saline (0.9% NaCl,

vehicle) 10 min before reperfusion (Figure 1a). The selected

i.v. metoprolol dose was based on a dose–response study showing a

moderate haemodynamic effect on arterial pressure and heart rate

(<20%) (Figure S1A). Rats underwent three MRI studies: during ongo-

ing cerebral ischaemia and 24 h and 7 days after reperfusion. The

extent of cerebral ischaemia provoked by MCAO (area at risk, AAR)

was determined from MRI dynamic susceptibility contrast (DSC)

images obtained during occlusion, and did not differ between groups

CLEMENTE-MORAGÓN ET AL. 3
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(275.0 ± 12.5 mm3 and 279.1 ± 8.85 mm3 for vehicle- and

metoprolol-injected rats, respectively, Figure 1c). Brain IS was mea-

sured as the AAR-normalized extent of oedema on T2-weighted

(T2W) MRI images at 24 h post-reperfusion (pre-specified primary

outcome) and at 7 days post-reperfusion (Figure 1b). MRI-quantified

IS was significantly smaller in metoprolol-treated rats both at 24 h

(17.0 ± 1.06% of the AAR in vehicle-treated rats vs. 11.6 ± 0.72% in

metoprolol-treated rats, P < 0.05, Figure 1c) and on day 7 (vehicle,

7.07 ± 1.42%; metoprolol, 2.46 ± 0.56%; P < 0.05, Figure 1c). A ten-

dency towards IS reduction was observed when using a lower dose of

metoprolol (6.25 mg�kg�1) (Figure S1B).

The exclusion of rats with hemispheric infarcts (IS > 40%) was an

a priori exclusion criterion defined before experimentation. To rule

out unintentional selection bias, we performed a post hoc analysis of

all rats, including those meeting the exclusion criterion, at 24 h post-

reperfusion and metoprolol maintained its association with signifi-

cantly smaller IS (Figure S2).

IS was also quantified as a percentage of perfusion-diffusion

(PDM), another validated normalization method. The results were

consistent with IS/AAR data, with metoprolol-treated rats having sig-

nificantly smaller infarcts at 24 h and 7 days post-reperfusion

(Figure S3A). Furthermore, comparison of infarct volumes on

T2-weighted (T2W) MRI without normalization also showed that

metoprolol-infused rats had significantly smaller infarcts at 24 h and

7 days post-reperfusion (Figure S3B).

Immunohistochemical analysis of the neuronal marker NeuN at

7 days post-reperfusion showed that early i.v. metoprolol administra-

tion was associated with significant smaller regions of neuronal loss

than observed in the vehicle-treated group (vehicle 1.00 ± 0.11; met-

oprolol, 0.65 ± 0.09; P < 0.05, Figure 1d).

To study whether the neuroprotective effect of metoprolol was

consistent with better neurological outcomes, a longitudinal study

was performed to evaluate long-term effects of brain injury on

sensory-motor behaviours. The results obtained with the motor and

behavioural scales (Figure S4) first showed a slow recovery of these

neurological functions over the time in the groups subjected to

ischaemia (metoprolol and vehicle groups), with no recovery in the

sham group. With both scales, despite a better neurological function

observed in the group treated with the drug in all time points, it was

not until 21 days after the surgery when significant differences were

observed, in particular, in the behavioural test. Our evaluation of the

sensorimotor functions using the adhesive removal test again revealed

an improvement in these neurological deficits in rats receiving

i.v. metoprolol, with significant differences at 24 h and 7 days

between these groups in the parameter of time for the first attempt

to remove the adhesive.

3.2 | β1AR blockade reduces brain cytotoxic and
vasogenic oedema and preserves the BBB

The extent of cytotoxic and vasogenic oedema was detected as areas

of reduced or increased diffusion, respectively, on MRI apparent diffu-

sion coefficient (ADC) maps (Birenbaum et al., 2011). MRI during

index ischaemia (before metoprolol or vehicle injection) showed no

differences in brain cytotoxic oedema (vehicle, 98.1 ± 8.8 mm3; meto-

prolol, 105.2 ± 11.7 mm3). At 24 h after reperfusion, metoprolol-

treated rats had significantly less cytotoxic oedema than their vehicle-

treated counterparts (vehicle, 31.0 ± 2.54 mm3; metoprolol, 20.6

± 1.62 mm3; P < 0.05) (Figure 2a). Besides, metoprolol-treated rats

had a significantly smaller extent of vasogenic oedema at 7 days post-

reperfusion (vehicle, 13.8 ± 1.87 mm3; metoprolol, 7.86 ± 1.97 mm3;

P < 0.05) (Figure 2a). Vasogenic oedema was further assessed by com-

paring ipsilateral and contralateral tissue water content at 7 days

post-reperfusion (Figure 2b). MRI ADC maps revealed lower water

content (ipsilateral:contralateral intensity ratio) in the brain tissue of

metoprolol-injected rats (vehicle, 1.18 ± 0.03; metoprolol, 1.07

± 0.02; P < 0.05; Figure 2c). Similar results were obtained by T2W

MRI analysis (vehicle, 1.24 ± 0.04; metoprolol, 1.08 ± 0.04; P < 0.05;

Figure 2c).

We assessed BBB integrity by immunohistochemical analysis of

aquaporin-4 (AQP4), whose expression on the end-feet of astrocytes

in the BBB prevents post-stroke neuroinflammation-related oedema

(Fukuda & Badaut, 2012). AQP4 expression at day 7 post-reperfusion

was twofold higher in metoprolol-treated rats (vehicle, 1.00 ± 0.24;

metoprolol, 2.00 ± 0.41; P < 0.05; Figure 2d,f, Video S1). These results

were consistent with an increase of IgG extravasation in the absence

of AQP4 staining (Figures 2e,f and S5).

3.3 | β1AR blockade during brain ischaemia
prevents microglia/macrophage response and reduces
subacute glial scar formation

In vehicle-injected rats, reactive and hypertrophic astrocytes,

detected by up-regulated expression of glial fibrillary acidic protein

F IGURE 1 β1AR blockade by metoprolol reduces infarct size and neuronal loss. (a) Rat model of middle cerebral artery occlusion–reperfusion
(MCAO/R), with euthanasia at 7 days post-reperfusion. WT, wild-type, MRI, magnetic resonance imaging, IF, immunofluorescence; IHC,
immunohistochemistry; MVO, microvascular obstruction. (b) Comparative coronal T2-weighted (T2W) MRI at 24 h (top rows) and 7 days (bottom
rows) post-reperfusion. Infarcted regions correspond to hyperintense areas. (c) Infarct size (IS) evaluated by coronal T2W MRI at 24 h (vehicle,
n = 16; metoprolol, n = 18) and 7 days post-reperfusion (vehicle, n = 11; metoprolol, n = 11). Final IS was calculated as the ratio of infarct
volume to the area-at-risk (AAR) and expressed as %. (d) IHC of coronal sections with anti-NeuN antibody. Higher magnifications of infarcted
areas show territories of complete neuronal loss (delineated in red). Neuronal loss analysis in the middle cerebral artery territory (MCA, delineated

in orange) of infarcted hemispheres shows neuronal preservation in metoprolol-treated rats at 7 days post-reperfusion (vehicle, n = 8;
metoprolol, n = 7). Graphs show mean ± S.E.M. *P < 0.05
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(GFAP), accumulated in a barrier pattern surrounding the core

lesion and expressed large amounts of chondroitin sulfate proteo-

glycans (CSPGs). Metoprolol injection reduced glial scar formation

by fivefold (vehicle, 1.00 ± 0.18; metoprolol, 0.19 ± 0.07; P < 0.05;

Figures 3a–c and S6A). In line with this result, proteoglycan pro-

duction in the core lesion identified by CSPG deposition was

reduced by 10-fold in rats receiving i.v. metoprolol (vehicle, 1.00

± 0.33; metoprolol, 0.09 ± 0.04; P < 0.05; Figures 3b,d and S6A,B),

as well as microglia/macrophage response (vehicle, 1.00 ± 0.17;

metoprolol, 0.52 ± 0.09; P < 0.05; Figure 3a,b,e). Confirming these

results, double-immunohistochemistry (IHC) and immunofluores-

cence (IF) for CSPG and GFAP in the vehicle group revealed astro-

cytes surrounding a scar containing a matrix of proteoglycans,

whereas this phenomenon was not seen in metoprolol-treated

rats (Figure S6D). Moreover, quadruple IF showed that the absence

of a glial scar and proteoglycan matrix in the core lesion of

metoprolol-treated rats was accompanied by a reduced microglia/

macrophage response in the same area (Figure 3a), as observed

with Iba1 immunohistochemistry (Figure 3b,e). IHC results at 24 h

post-reperfusion indicated that glial scarring was not present in

any of the treatment groups. The latter suggests that metoprolol

did not have a direct effect on glia (Figure S7).

Increased inflammation leads to secondary damage to other cell

populations, such as neurons and oligodendrocytes (Hackett &

Lee, 2016). Myelin basic protein (MBP) IHC, a marker of the state

of axonal myelination, showed good preservation of myelin sheaths

in metoprolol treated rats (vehicle, 1.00 ± 0.16; metoprolol, 2.02

± 0.36; P < 0.05; Figures 3a,b,f and S6C). Myelin sheaths in the

vehicle group showed evidence of damage, and there were large

amounts of debris accumulated in the core lesion, coinciding with

CSPG deposition (Figure S6E). Triple IF confirmed these results,

illustrating how metoprolol injection was associated with better pre-

served myelin sheaths that resembled those on the contralateral

side (Figure 3a). Moreover, the core lesions of vehicle-treated rats

were positive for release of repulsive guidance molecule a (RGMa),

indicating a context inhibitory to axonal and neural regeneration,

whereas RGMa was absent from the core lesions of metoprolol-

infused rats (Figure S8).

3.4 | β1AR blockade reduces brain microvascular
obstruction (MVO) and blunts neutrophil infiltration
into brain parenchyma

Upon reperfusion, MVO induced by circulating cells contributes signif-

icantly to the final extent of injury (Ibanez et al., 2015). We quantified

trapped erythrocytes as a surrogate for MVO by treating brain tissues

from rats killed 24 h post-reperfusion (Figure 4a) with NaBH4, which

renders haemoglobin fluorescent. Pre-reperfusion metoprolol injec-

tion was associated with a twofold reduction in the density of eryth-

rocytes trapped in capillary networks in penumbra areas (vehicle,

1.00 ± 0.16; metoprolol, 0.50 ± 0.11; P < 0.05) (Figure 4b). Neutrophil

pro-inflammatory activation after stroke is associated with increased

IS and BBB breakdown (Strecker et al., 2017). Brain neutrophil infiltra-

tion at 24 h (Figure 4a) was significantly twofold less in metoprolol-

treated rats 24 h after reperfusion (vehicle, 1.00 ± 0.25; metoprolol,

0.46 ± 0.10; P < 0.05, Figure 4c).

3.5 | β1AR blockade specifically blunts pro-
inflammatory neutrophils, which results in a shift
towards an anti-inflammatory environment in brain

Neutrophils have been shown to be plastic cells with distinct modifi-

able phenotypes and specific functional-derived properties

(Ballesteros et al., 2020; Mantovani et al., 2011; Silvestre-Roig

et al., 2016). Because neutrophil plasticity makes them sensitive to

changeable environmental stimuli (Chakravarti et al., 2009; Fridlender

et al., 2009; Ohms et al., 2020; Puellmann et al., 2006), a heteroge-

neous population of these cells could be found in brain after stroke

(Cuartero et al., 2013; Garcia-Culebras et al., 2019). After document-

ing that metoprolol reduced neutrophil presence in the brain 24 h

after reperfused stroke, we phenotypically characterized the infil-

trated neutrophils by IF on the basis of Chitinase 3-like 3 (YM1/Chil3)

staining, which is as a marker of alternative anti-inflammatory N2 neu-

trophils. Surprisingly, whereas the number of YM1+ neutrophils was

not significantly different between metoprolol-treated and control

rats (vehicle, 85.6 ± 8.85 neutrophils mm�2; metoprolol, 59.2 ± 18.4

F IGURE 2 β1AR blockade by metoprolol reduces cerebral oedema and preserves the blood–brain barrier (BBB). (a) Coronal parametric MRI
apparent diffusion coefficient (ADC) maps comparing rats receiving i.v. vehicle (top row) or metoprolol (bottom row) during ongoing ischaemia
and 24 h and 7 days post-reperfusion. Restricted diffusion was identified at 24 h as hypointense areas and increased diffusion at 7 days as
hyperintense areas (outlined in yellow). Metoprolol reduces cytotoxic oedema at 24 h post-reperfusion (vehicle, n = 16; metoprolol, n = 18) and
vasogenic oedema at 7 days post-reperfusion (vehicle, n = 11; metoprolol, n = 11). (b) Tissue water content analysed by comparison of ipsilateral
(with infarct) and contralateral (without infarct) intensities in similar-sized areas (yellow outlines), in a single slice per rat on ADC maps and T2W
MRI. (c) Quantification of ipsilateral-to-contralateral intensity ratios from ADC maps and T2W images, showing reduced brain water content in

metoprolol-treated rats. (d) IHC of coronal sections at 7 days post-reperfusion with anti-aquaporin 4 (AQP4) antibody. The bottom panel shows
representative triple GFAP+AQ4+Iba1+ immunofluorescence, illustrating AQP4 preservation (red) in astrocyte (GFAP; green) end-feet and
consequent preservation of BBB integrity. Microglia/macrophages (Iba1; purple) were found around vessels. Nuclei were revealed with DAPI
(blue). (e) IHC of coronal sections at 7 days post-reperfusion with anti-immunoglobulin G (IgG) antibody (left panels). The right panels shows
representative triple IgG+AQ4+Iba1+ immunofluorescence, illustrating IgG extravasation (green) in the absence of AQP4 (red). Microglia/
macrophages (Iba1; grey) were found more reactive in the core lesion of vehicle-treated rats and nuclei were revealed with DAPI (blue). (f)
Quantification of AQP4 and IgG IHC in the MCA of infarcted hemispheres shows preservation of BBB integrity at 7 days post-reperfusion in rats
receiving i.v. metoprolol (vehicle, n = 8; metoprolol, n = 7). Graphs show mean ± S.E.M. *P < 0.05. Other abbreviations as in Figure 1

CLEMENTE-MORAGÓN ET AL. 7

 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.15963 by R

eadcube (Labtiva Inc.), W
iley O

nline Library on [29/11/2022]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=932


F IGURE 3 Legend on next page.

8 CLEMENTE-MORAGÓN ET AL.

 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.15963 by R

eadcube (Labtiva Inc.), W
iley O

nline Library on [29/11/2022]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



neutrophils mm�2), there was a strong reduction in YM1- neutrophil

population (vehicle, 153 ± 8.42 neutrophils mm�2; metoprolol, 50.7

± 9.62 neutrophils mm�2; P < 0.05). Consequently, the relative den-

sity of N2 anti-inflammatory neutrophil subset was overtly higher in

metoprolol-injected rats (vehicle, 36.2 ± 2.55%; metoprolol, 53.9

± 5.13%; P < 0.05). These results suggest that metoprolol selectively

inhibit pro-inflammatory neutrophil extravasation without affecting

the dynamics of anti-inflammatory neutrophils (Figure 4d,e).

Since N2 polarization has been shown to be associated with an

increased neutrophil clearance and inflammation resolution (Cuartero

et al., 2013), we performed a TUNEL assay on brain sections that

allows us to assess neutrophil apoptosis by immunofluorescence.

The density of apoptotic neutrophils was significantly higher in

metoprolol-treated rats (vehicle, 60.7 ± 1.11%; metoprolol, 76.9

± 4.51%; P < 0.05). Apoptotic neutrophils clearance in brain is mainly

carried out by phagocytic microglia via efferocytosis, in which

therefore an immunosuppressive, pro-resolving and tissue-repair

response is activated (Doran et al., 2020; Jones et al., 2016).

We observed microglia preferential engulfment of TUNEL+ neutro-

phils (vehicle, 49.4 ± 3.06%; metoprolol, 61.7 ± 3.15%; P < 0.05)

(Figure 4f–i, Video S2).

Overall, these data show that β1AR blockade results in a selective

inhibition of pro-inflammatory N1 neutrophils infiltration and a faster

resolution of inflammation in the post-stroke brain.

3.6 | Metoprolol exerts a specific disruptive effect
on neutrophils in a β1AR-dependent manner

To evaluate whether metoprolol blunts neutrophil migratory capaci-

ties through β1AR, we exposed isolated neutrophils from WT and

Adrb1 KO mice across the transwell filter to the chemoattractant

CXCL1 in the presence or absence of metoprolol (10 μM). The number

of cells migrating across the transwell membrane was quantified by

flow cytometry after 90 min. Metoprolol inhibited baseline WT neu-

trophil migration across the CXCL1 gradient (vehicle, 1.83

± 0.41 � 103 neutrophils; metoprolol, 1.04 ± 0.23 � 103 neutrophils;

P < 0.05), whereas no effect was seen in the absence of neutrophil

β1AR expression (vehicle, 1.23 ± 0.32 � 103 neutrophils; metoprolol,

1.20 ± 0.23 � 103 neutrophils) (Figure 5a–c). Next, we explored

whether the effect of metoprolol on neutrophil crawling dynamics

was abolished in neutrophil specific Adrb1 KO mice. To this end, we

used 2D intravital microscopy (IVM) to image migration in the cremas-

ter muscle vessels of mice injected with TNFα, which triggers massive

neutrophil recruitment (Figure 5d) (Sreeramkumar et al., 2014). Con-

sistent with the in vitro results, metoprolol disrupted in vivo neutro-

phil kinetics (velocity, accumulated and Euclidean distance, and

directionality), as well as neutrophil–platelet interactions only in WT

but not in neutrophil specific Adrb1 KO mice (Figure 5e–h, Video

S3A–D). Altogether, these data demonstrate that metoprolol regulates

neutrophil dynamics through β1AR modulation.

The role of βAR in astrocytes and microglia in the context of

stroke has been a matter of controversy (Follesa &

Mocchetti, 1993; Goyagi et al., 2006; Han et al., 2009; Junker

et al., 2002; Lechtenberg et al., 2019; Monai et al., 2019; Semkova

et al., 1996). We wanted to explore whether β1AR blocked in these

cells had an impact on neutrophil recruitment. Astrocyte/microglia

neonatal co-cultures (Figure S8A) were subjected to 1 h oxygen–

glucose deprivation (OGD) followed by 24 h of reperfusion

(Figure 5i). Neutrophils isolated from WT mice were then placed on

a transwell filter having the post-OGD astrocyte/microglia as the

attractant stimuli. WT astrocyte/microglia subjected to 1 h OGD

triggered a significant increase in neutrophil migration across the

transwell compared to astrocyte/microglia not undergoing OGD

(control) (control, 0.69 ± 0.16 � 103 neutrophils; vehicle, 1.14

± 0.18 � 103 neutrophils; P < 0.05). This effect was consistent with

an increase in CXCL1 levels in the supernatants of the co-culture

(control, 2.40 ± 0.56 ng�ml�1; vehicle, 5.38 ± 0.73 ng�ml�1; P < 0.05,

Figure S6B) and disruption of neutrophil migration after CXCL1

antibody-mediated neutralization (0.86 ± 0.13 � 103 neutrophils;

P < 0.05, Figure 5j). When metoprolol (10 μM) was added on neu-

trophil (0.78 ± 0.15 � 103 neutrophils; P < 0.05) chamber migration

was significantly disrupted; however, this effect was not seen when

added on astrocyte/microglia chamber (before reperfusion). Consis-

tent with this, CXCL1 levels in supernatant of metoprolol-treated

co-cultures were not altered. Moreover, CXCL1 levels in superna-

tants of co-cultures treated with metoprolol after reperfusion indi-

cate that metoprolol does not have any effect at that point

(Figure S8B). These results were replicated in astrocyte/microglia

co-cultures from whole body Adrb1 KO littermate mice, but no addi-

tional effects were observed in the absence of astrocyte/microglia

β1AR expression (Figures 5i,k and S8C).

F IGURE 3 β1AR blockade by metoprolol prevents microglia/macrophage response and reduces subacute glial scar formation. (a) Single and
merged channels of quadruple GFAP+AQP4+Iba1+CSPG+ (top row) and triple GFAP+MBP+NeuN (bottom row) IF. The quadruple IF shows glial
scar formation (GFAP; green), proteoglycan deposition (CSPG; grey), microglia/macrophage response (Iba1; purple), and BBB disruption (AQP4;
red) in a vehicle-treated rat (left panels), contrasting the absence of glial scar in a metoprolol-treated rat (central panels). Yellow arrowheads show
a suggesting neural/glial antigen 2 expression by CSPG+ perivascular pericytes. The triple IF shows representative degeneration of neurons
(NeuN; red) and the myelin sheath (MBP; yellow) in a vehicle-treated rat (left panels) and their preservation in a metoprolol-treated rat (central
panels), where the lesion resembles the contralateral hemisphere (right panels) except for the astrocyte hypertrophy (GFAP; green). Nuclei were

revealed with DAPI (blue). (b) Representative IHC (vehicle, left panels; metoprolol, right panels) of GFAP (glial fibrillary acidic protein), CSPGs
(chondroitin sulfate proteoglycans), Iba1 (ionized calcium-binding adapter molecule 1) and myelin basic protein (MBP) on coronal sections at
7 days post-reperfusion, showing a reduction in glial scar formation (c), proteoglycans deposition (d), reactive microglia response and myelin
sheath deterioration in metoprolol-treated rats. Graphs show mean ± S.E.M. *P < 0.05. n = 6–8 rats per group. Other abbreviations as in Figure 1
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Additionally, proliferation assays based on EdU staining were per-

formed to study astrocyte behaviour in response to ischaemia, as an

indirect marker of reactivity and glial scar formation (Li et al., 2015;

Ou-Yang et al., 2018; Wang et al., 2012). EdU+/DAPI+ nuclei were

quantified and related to proliferative astrocytes due to their large

numbers in co-cultures (�85%) compared to microglia. Astrocytes

subjected to OGD prior to reperfusion exhibit a greater proliferation

compared to controls; however, metoprolol treatment did not rescue

significantly astrocytes from proliferation. Neither GFAP intensity nor

GFAP area/nuclei significantly changes among conditions

(Figure S8D,E). Immunoblot analyses of M2 markers (YM1, ARG1, and

CD243) were performed to assess whether metoprolol exerts an

effect on glia polarization; nevertheless, no differences were observed

among conditions (Figure S8F,G).

3.7 | The neuroprotective effect of β1AR blockade
by metoprolol is abolished in the absence of
circulating neutrophils

To further explore whether the benefits of metoprolol in stroke are

mediated by an effect on neutrophils, as it has been previously

described for myocardial infarction (Garcia-Prieto et al., 2017), we

evaluated the impact of β1AR blockade in the absence of circulating

neutrophils (Figure 6a). Neutrophils were selectively depleted (�75%)

by i.p. administration of anti-polymorphonuclear (PMN) cell serum

24 h and 48 h before stroke induction (Figure 6a,b). Reduction in lym-

phocytes and platelets counts was much lower in comparison (� 20%)

(Figure S7A). Metoprolol injection before reperfusion produced no

additional benefit in rats previously depleted of neutrophils at 24 h

post-reperfusion (vehicle, 12.1 ± 0.73%; metoprolol, 13.9 ± 2.87%,

Figures 6c,d and S10B). Consistent with previous literature (Frieler

et al., 2017; Herz et al., 2015; Wang et al., 2019), pre-stroke neutro-

phil depletion was associated with a significant reduction in IS in rats

subjected to MCAO/R (non-depleted vehicle, 17.0 ± 1.06%; depleted

vehicle, 12.1 ± 0.73%; P < 0.05, Figures 6e and S10C), as well as in

cytotoxic oedema (non-depleted vehicle, 31.0 ± 2.54 mm3; depleted

vehicle, 12.4 ± 1.16%; P < 0.05, Figure 6g), at 24 h post-reperfusion.

As expected, in the case of metoprolol treatment, there were not

differences in IS or cytotoxic oedema at 24 h post-reperfusion

(Figures 6f,g and S10C).

As our previous results pointed, neutrophil stunning by metopro-

lol creates thereafter a distinct tissue environment, which follows a

positive feedback in favour of resolution in which neutrophils feature

a key role. Because of that, neutrophil-depleted rats were followed-

up until 7 days in order to assess whether the absence of neutrophil

determines the final stroke outcome. At 7 days there was not any dif-

ference between treatment conditions (vehicle, 5.44 ± 0.93%; meto-

prolol, 8.88 ± 1.80%, Figures 6c,d and S10B); however, the absence of

neutrophils did not protect for long (Figures 6e and S10D–F). The

neuroprotection exerted by metoprolol at 7 days post-reperfusion

was surprisingly eradicated in the absence of neutrophils (non-

depleted metoprolol, 2.46 ± 0.56%; depleted metoprolol, 8.88

± 1.80%; P < 0.05; Figure 6f). Moreover, vasogenic oedema also was

increased compared to non-depleted rats under metoprolol treatment

(Figure 6h,i). These results highlight the relevance of neutrophil contri-

bution to counteract and balance the inflammatory response and pro-

mote tissue recovery.

3.8 | β1AR blockade by metoprolol inhibits
neutrophil–platelet interactions in stroke patients

To investigate whether β1AR blockade alters neutrophil dynamics and

inhibits neutrophil–platelet interactions in humans, whole blood

drawn from patients with reperfused acute ischaemic stroke was incu-

bated ex-vivo with metoprolol (10 μM) or vehicle. Platelet (CD61+

cells) and neutrophils (CD45+/CD66+ cells) were detected by flow

cytometry, and neutrophils positive for CD61 staining were identified

as neutrophil–platelet co-aggregates. Metoprolol significantly inhib-

ited neutrophil–platelet co-aggregates in ischaemic stroke patients

receiving reperfusion therapy (vehicle, 14.0 ± 3.90%; metoprolol,

12.3 ± 3.46%; P < 0.05), whereas it did not exert any effect in healthy

volunteers (Figure 7a,b).

F IGURE 4 Metoprolol reduces MVO and neutrophil infiltration into brain parenchyma via β1AR. (a) Rat model of MCAO/R. Rats were killed
at 24 h post-reperfusion. (b) Representative confocal imaging of NaBH4-treated tissues, showing trapped erythrocytes (red) in penumbra areas of
rats receiving pre-reperfusion vehicle (left) or metoprolol (right). Penumbra areas correspond to the orange-bordered brain cortex region in the rat
brain atlas. Nuclei were revealed with DAPI (blue). The relative numbers of trapped erythrocytes mm�2 in penumbra areas show reduced MVO in
metoprolol-treated rats. (c) Representative anti-neutrophil IHC on coronal sections at 24 h post-reperfusion. Quantification of neutrophil
infiltration shows lower numbers of neutrophils mm�2 in brain parenchyma of metoprolol-treated rats at 24 h post-reperfusion (vehicle, n = 5;
metoprolol, n = 7). (d) Evaluation of infiltrated neutrophils in brain (green) expressing YM1 (Chitinase 3-like 3 protein, red) by IF at 24 h post-

reperfusion in vehicle- (top row) and metoprolol-treated rats (bottom row). Nuclei were revealed with DAPI (blue). (e) The number of YM1�

neutrophils mm�2, but not of YM1+, is significantly reduced by metoprolol and, as a consequence, the % of alternative neutrophils (N2, YM1+)
was then higher in brain parenchyma. (f) Evaluation by IF of apoptotic (TUNEL+, red) neutrophils (green) in brain being engulfed by microglia
(Iba1, grey) at 24 h post-reperfusion in vehicle- (top row) and metoprolol-treated rats (bottom row). Nuclei were revealed with DAPI (blue). (g) 3D
reconstructions of confocal images show how neutrophils undergoing apoptosis are preferably phagocytized by microglia. (h) % of apoptotic
neutrophils was increased in brain parenchyma, as the number of TUNEL� neutrophils mm�2, but not of TUNEL+, was significantly reduced by
metoprolol. (i) Apoptotic neutrophils were preferentially engulfed by microglia. n = 3 rats per group. Graphs show mean ± S.E.M. *P < 0.05. Other
abbreviations as in Figure 1
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A sub-analysis was performed based on the reperfusion therapy.

Likewise, metoprolol limited neutrophil–platelet interactions in all

groups of reperfusion treatment: thrombectomy plus thrombolysis

(vehicle, 14.6 ± 5.41%; metoprolol, 12.5 ± 4.92; P < 0.05), thrombect-

omy (vehicle, 18.7 ± 5.57%; metoprolol, 17.2 ± 4.96%; P = 0.05) and

thrombolysis (vehicle, 22.3 ± 9.20%; metoprolol, 17.9 ± 8.64%;

P < 0.05) (Figure 7c–e).

4 | DISCUSSION

Timely reperfusion is the standard of care for ischaemic stroke; how-

ever, increasing evidence supports the notion that reperfusion of an

ischaemic arterial bed induces a secondary form of brain damage,

known as reperfusion injury, which leads to BBB dysfunction and HT

of the ischaemic tissue. Moreover, with the recent advent of endovas-

cular therapy (extending the time window for stroke treatment;

Nogueira et al., 2018), I/R injury has become an increasing clinical

challenge because there are few interventions able to limit the dam-

age. Neutrophils feature as key protagonists in the proposed mecha-

nisms of cerebral I/R injury, related to their capacity to exacerbate

local vascular and tissue injury (Jickling et al., 2015; Kolaczkowska &

Kubes, 2013; Lin et al., 2016; Strecker et al., 2017).

Recently, we have reported that selective blockade of β1AR in

neutrophils by metoprolol has a unique and pronounced effect

on their activity that results in an amelioration of I/R injury and,

consequently, smaller myocardial infarctions (Clemente-Moragon

et al., 2020; Garcia-Prieto et al., 2017). We then speculated that a sin-

gle injection of the selective β1AR blocker metoprolol might protect

the brain during stroke. Even though some studies attributed neuro-

protective properties to β-blocker drugs in stroke (Ajmo et al., 2009;

Goyagi et al., 2006; Goyagi et al., 2010, 2011; Gui et al., 2013;

Hertz et al., 2014; Iwata et al., 2010; Little et al., 1982; Savitz

et al., 2000), their role has always been controversial and raised

debatable discussion. The diversity of β-blocker profiles, routes, and

timings of drug administration, as well as the different stroke models

and methods for IS and oedema evaluation, has made it difficult to

come to a conclusion regarding the use of these agents in stroke

outcome. In addition, few mechanisms have been ascribed to this

neuroprotection.

Herein, our findings provide strong evidence that the modulating

effect of metoprolol on neutrophil dynamics (Garcia-Prieto

et al., 2017) significantly reduces brain injury and promotes inflamma-

tory resolution and tissue repair in a validated model of MCAO/R

(Cai et al., 2016) (Graphical Abstract, in Supporting Information). By

attenuating acute neutrophil infiltration, metoprolol reduced brain

injury and prevented neuronal loss and cerebral oedema progression.

This outcome resulted in better preservation of BBB integrity and

reduced subacute neuroinflammation. Owing to the initial neutrophil

blockade, metoprolol disrupted the self-amplifying pro-inflammatory

loop and created a pro-resolving environment that led to a tissue

condition favourable to recovery. Furthermore, the ability of

metoprolol to decrease IS was abolished in the absence of neutrophils,

strongly suggesting that β1AR modulation by metoprolol in these cells

is mechanistically involved in these benefits.

Since reperfusion therapy is clearly associated with clinical bene-

fits, and given that endovascular thrombectomy has recently extended

the reperfusion time window (Nogueira et al., 2018), we decided to

test a therapy with the potential to reduce reperfusion-related injury

in a rodent model of MCAO/R. The non-invasive nature of MRI

allowed us to perform a longitudinal analysis of IS at early (day 1) and

late (day 7) after reperfusion. This was important because there is

uncertainty about the optimal time for IS quantification (Neumann-

Haefelin et al., 2000). Additionally, MRI performed during brain

ischaemia allowed us to accurately estimate the size of the hypoper-

fused brain region (AAR) and exclude any influence of anatomical vari-

ation on recorded differences between groups (Figures 1 and S2).

Cerebral oedema is a severe complication of ischaemic stroke,

and medical strategies to reduce its impact are limited (Thoren

et al., 2017). Our results indicate that systemic administration of the

selective β1AR blocker metoprolol before reperfusion reduces acute

cytotoxic and subacute vasogenic oedema (Figure 2). Acute excessive

neutrophil infiltration is directly linked to neuronal damage and BBB

breakdown. Preservation of BBB integrity is associated with better

clearance of toxic cellular by-products, less subsequent permeability

and vasogenic oedema, and less secondary neuroinflammation and

F IGURE 5 β1AR blockade by metoprolol blunts pro-inflammatory neutrophils and favours an anti-inflammatory environment in brain.
(a) Experimental scheme for CXCL1-induced transwell migration analysis. (b) Limiting effect of metoprolol on chemokine-induced neutrophil
migration in WT but not in conditional Adrb1 KO mice. (c) Flow cytometry plots illustrating reduced migration of neutrophils (Ly6G+ cells) upon
treatment with metoprolol only in the presence of β1AR. Each independent experiment was conducted with leukocytes pooled from five to six
animals, and each condition was run with two technical replicates (n = 8 for WT; n = 7 for Adrb1 KO). (d) Experimental scheme for 2D intravital
microscopy. (e) Representative tracks of crawling neutrophils within inflamed vessels. (f) Representative time-lapse images of platelets (CD41+

cells, red) with the polarized neutrophil uropod (CD62L+ domain, yellow) or leading edge (Ly6G+ domain, green). Arrowheads indicate

interactions with the uropod domain, and dotted lines indicate displacement of the neutrophil over 60 s. (g) Percentage of platelet interactions
with the neutrophil uropod or leading edge; n = 22–25 cells from three mice per condition. (h) 2D intravascular motility parameters: velocity
(μm�s�1), accumulated and Euclidean distance (μm), and directionality; n = 35–54 cells from three mice per condition. WT mice: Mrp8-Cre/�

Adrb1fl/fl; neutrophil specific Adrb1 KO mice: Mrp8-Cre/+ Adrb1fl/fl. (i) Experimental schemes of neutrophil migration towards WT (n = 7 per
condition) or Adrb1 KO (n = 8 per condition) glia-based co-cultures. (j, k) The limiting effect of metoprolol on neutrophil migration was directly
exerted on these cells, as it did not alter astrocyte/microglia chemoattractant properties. Graphs show mean ± S.E.M. *P < 0.05. Other
abbreviations as in Figure 1
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neuronal death (Abdullahi et al., 2018). Our results show that early

pre-reperfusion i.v. metoprolol prevents MVO and neutrophil infiltra-

tion, stemming progression of the infarct to distant areas and preserv-

ing BBB structural integrity, evaluated by the presence of AQP4

water channels at astrocyte end feet and a suggesting neural/glial

antigen 2 expression by CSPG+ perivascular pericytes (Sharif

et al., 2018). BBB integrity preservation by metoprolol was also con-

firmed by the absence of IgG extravasation (Figures 2–4).

Neutrophils' capacities expand further from first-line defence

functions, and their plastic nature makes them able to reprogram and

adapt their functions in different inflammatory contexts (Ballesteros

et al., 2020; Mantovani et al., 2011; Silvestre-Roig et al., 2016). In the

case of stroke, an excessive neutrophil accumulation is deleterious,

while some degree of neutrophil infiltration into brain might be

needed to promote infarct resolution. In line with this, metoprolol first

protects the brain from an excessive and harmful neutrophil migration

by disrupting their dynamics via β1AR, as demonstrated by 2D IVM

when exposed to TNFα. This β1AR-mediated modulatory action

results highly specific for neutrophils as metoprolol did not show any

significant effect on astrocyte and microglia functionality (Figure 5).

Besides, the lack of benefit from β1AR blockade in the absence of

neutrophils strongly confirms that the mechanism responsible for this

protection is by modulating the deleterious effect of neutrophil accu-

mulation in brain (Figure 6).

Even though neutrophil infiltration is acutely blocked by metopro-

lol, there still remain a number of neutrophils which do infiltrate, and

could regulate the inflammatory reaction and play a key role in the

eventual outcome of brain infarct. Under pro-inflammatory stimuli

neutrophils become activated and prolong their lifespan by delaying

apoptosis, which favour their accumulation at sites of inflammation

(Brostjan & Oehler, 2020). However, by attenuating the acute neutro-

phil inflow, metoprolol completely counteracts the pro-inflammatory

state, while conserving a population mostly of anti-inflammatory neu-

trophils (N2, YM1 or CD206+), more prone to apoptosis. The latter

favours neutrophil clearance by microglia and triggers anti-

inflammatory and pro-resolving responses (Figure 4) (Doran

et al., 2020; Jones et al., 2016).

Consistent with all these data, the fact that the rats receiving

pre-reperfusion i.v. metoprolol had better long-term behavioural and

motor capacities, through a wide range of neurological tests, rein-

force and consolidate the translational potential of this therapy as a

neuroprotective strategy (Figure S4). Although there is abundant

experimental evidence that neutrophils play a central role in initiat-

ing brain I/R injury, translation to the clinic has so far not yielded

clear benefits. The ROS scavenger edaravone was found to improve

functional outcomes in several clinical trials when administrated

within 24 h of stroke onset (Enomoto et al., 2019). However, trials

testing the ability of agents to block neutrophil–endothelium adhe-

sion failed to improve outcomes (e.g., natalizumab in the ACTION

trial (Elkins et al., 2017) and the recombinant protein UK-279,276 in

the ASTIN trial (Krams et al., 2003). The strategy used in the pre-

sent study differs from those tested in these earlier trials. β1AR

blockade by metoprolol has an anti-migratory effect in neutrophils

and significantly reduces neutrophil—erythrocyte and neutrophil–

platelet (Garcia-Prieto et al., 2017) interactions, as illustrated here in

our cohort of ischaemic stroke patients undergoing reperfusion ther-

apy (Figure 7). Moreover, the anti-neutrophil–endothelium agents in

the ACTION and ASTIN trials were initiated after reperfusion,

whereas in our study metoprolol was injected during ongoing cere-

bral ischaemia. The timing of administration seems critical, since

MVO occurs immediately upon reperfusion. Intravenous administra-

tion of the selective β1AR blocker used in this study has been

shown to be safe in several clinical trials enrolling acutely ill patients

(Chatterjee et al., 2013), including a recent study showing that its

use in COVID-19 patients with acute respiratory distress results in a

massive reduction of lung neutrophil infiltration and this translates

into less days on mechanical ventilation (Clemente-Moragon

et al., 2021). In addition, metoprolol is easy to administer and inex-

pensive. Therefore, this study constitutes a largely proof of principle

which proposes metoprolol as a strong and promising candidate to

be further explored for ischaemic stroke treatment.

5 | STUDY LIMITATIONS

This study is at the very earliest stages of the translational pathway

and therefore presents some limitations that should be addressed in

order to translate the potential impact of our findings to the clinics.

One of the main limitations is that the study was carried out in young

male rats, without including females or any comorbidity such as age-

ing, hypertension, or diabetes. Moreover, although the MCAO/R

model in rodents is one of the most aggressive of ischaemic stroke,

35 min of ischaemia is known to cause mild but not severe strokes. To

better establish the therapeutic time window of metoprolol, the

F IGURE 6 The neuroprotective effect of β1AR blockade by metoprolol is abolished in neutrophil-depleted rats. (a) Rat model of neutrophil
depletion before stroke induction by MCAO/R. Rats were killed at 7 days post-reperfusion. (b) Depletion of circulating neutrophils with anti-PMN
serum assessed by flow cytometry and haemocytometry. Upper and lower dotted black lines represent peripheral blood neutrophil counting
means (baseline and after depletion). Red dotted lines represent minimal neutrophil threshold of depletion. Flow cytometry plots illustrate the
reduction in peripheral blood neutrophils after depletion. The black square outlines the anti-neutrophil+ population. (c) Comparative coronal T2W
MRI at 24 h (top rows) and 7 days (bottom rows) post-reperfusion. Infarcted regions correspond to hyperintense areas. (d) IS evaluated by coronal
T2W MRI at 24 h and 7 days post-reperfusion. Final IS was calculated as the ratio of infarct volume to the AAR and expressed as %.

(e) Neutrophil-depletion was associated with smaller IS at 24 h but not at 7 days post-reperfusion. (f) Metoprolol treatment in the absence of
neutrophils did not provide any additional benefit at 24 h (f, g); however, its effect is completely abolished at 7 days post-reperfusion, as
determined by IS and oedema quantification (h, i). Non-depleted vehicle, n = 16; non-depleted metoprolol, n = 18; depleted vehicle, n = 3;
depleted metoprolol, n = 5. Graphs show mean ± S.E.M. *P < 0.05. Abbreviations as in Figure 1.
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neuroprotective effect of its administration should be explored at dif-

ferent times of cerebral ischaemia and upon (or early after) reperfu-

sion. In addition, testing pre-reperfusion i.v. metoprolol in a stroke

model of longer time of ischaemia (≈90 min) could be also interesting

to be considered before translation to clinics.
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(CD45+/CD66+ cells) were detected by flow cytometry, and neutrophils positive for CD61 staining were identified as neutrophil–platelet co-
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Likewise, metoprolol limited co-aggregates in all groups of treatment (c–e). Graphs show mean ± S.E.M. *P < 0.05
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COVID-19 caused by SARS-CoV-2 infection is an ongoing pandemic affecting 

more than 600 million people worldwide and responsible for more than 6.5 million 

deaths to date. Thanks to mRNA vaccines and virus adaptation to humans, the 

percentage of COVID-19 cases progressing to ARDS, and requiring ICU admission 

and IMV has been largely reduced (141, 142). However, there still remain severe 

cases for which few specific therapies have been described. In cases of rapid 

replication of SARS-CoV-2 in the respiratory tract, it triggers an exacerbated 

inflammatory response and a cytokine storm (157). This situation leads to 

progression to ARDS together with other clinical complications (158). ARDS of 

different etiologies (132), including SARS-CoV-2 infection (159), is highly 

dependent on the activation of neutrophils, which contribute to alveolar injury by 

interacting with other cells (e.g. platelets) to induce microthrombi, and releasing 

pre-stored inflammatory mediators (e.g. ROS, MPO and proteases) and NETs 

(148). 

The experimental data previously generated by our group (160) demonstrating the 

beneficial role of metoprolol in a mouse model of LPS-induced ALI by abrogating 

the exacerbated inflammatory response (e.g. reduction of neutrophil infiltration and 

NETs production), prompted us to investigate whether the treatment with i.v. 

metoprolol could ameliorate lung inflammation and prognosis in patients with 

COVID-19-associated ARDS. In the MADRID-COVID pilot trial a total of 20 

patients with ARDS secondary to SARS-CoV-2 infection under IMV were enrolled 

and randomized to i.v. metoprolol (3 x 5 mg boluses daily for 3 days) or control. 

Patients were monitored invasively and by echocardiography and on every day 

after metoprolol injection/control. Although metoprolol reduced heart rate and 

systemic blood pressure, both remained within the physiological range and led us 

to conclude that metoprolol treatment in patients did not show any sign of cardiac 

deterioration. After 3 days of metoprolol treatment patients had lower total 

inflammatory content in bronchoalveolar lavage (BAL), with neutrophils being the 

most affected cell population. Furthermore, experiments in cell-free BAL samples 

showed attenuation of MCP-1 and neutrophil activation byproducts (NETosis 
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markers such as Cit-H3 and MPO-DNA complexes). IL-8 cytokine levels were also 

reduced in plasma. Apart from this better lung inflammatory state, metoprolol-

treated patients showed an improvement in PaO2 and PaO2:FiO2 ratio, while in 

control patients both parameters were deteriorated. Consistent with these results, 

patients randomized to metoprolol spent fewer days on IVM and days of ICU 

admission after enrollment. 

In conclusion, the MADRID-COVID pilot trial demonstrated that i.v. administration 

of metoprolol to critically ill patients with severe COVID-19 is safe and disrupts the 

exacerbated lung inflammation associated with the disease. These benefits were 

translated into a better oxygenation and a reduction in the number of days on IVM 

and in the ICU. 

Contribution: the doctoral student contributed to the entire experimental design of 

the study, evaluated the cell content in BAL by flow cytometry, and cytokine and 

neutrophil activation byproducts in cell-free BAL and plasma samples by using a 

wide range of ELISA kits. Additionally, the doctoral student took part in the 

statistical analyses, interpretation of results and manuscript drafting. 
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ABSTRACT

BACKGROUND Severe coronavirus disease-2019 (COVID-19) can progress to an acute respiratory distress syndrome

(ARDS), which involves alveolar infiltration by activated neutrophils. The beta-blocker metoprolol has been shown to

ameliorate exacerbated inflammation in the myocardial infarction setting.

OBJECTIVES The purpose of this study was to evaluate the effects of metoprolol on alveolar inflammation and on

respiratory function in patients with COVID-19–associated ARDS.

METHODS A total of 20 COVID-19 patients with ARDS on invasive mechanical ventilation were randomized to meto-

prolol (15 mg daily for 3 days) or control (no treatment). All patients underwent bronchoalveolar lavage (BAL) before and

after metoprolol/control. The safety of metoprolol administration was evaluated by invasive hemodynamic and elec-

trocardiogram monitoring and echocardiography.

RESULTS Metoprolol administration was without side effects. At baseline, neutrophil content in BAL did not differ

between groups. Conversely, patients randomized to metoprolol had significantly fewer neutrophils in BAL on day 4

(median: 14.3 neutrophils/ml [Q1, Q3: 4.63, 265 neutrophils/ml] vs median: 397 neutrophils/ml [Q1, Q3: 222, 1,346 neu-

trophils/ml] in the metoprolol and control groups, respectively; P ¼ 0.016). Metoprolol also reduced neutrophil extra-

cellular traps content and other markers of lung inflammation. Oxygenation (PaO2:FiO2) significantly improved after

3 days of metoprolol treatment (median: 130 [Q1, Q3: 110, 162] vs median: 267 [Q1, Q3: 199, 298] at baseline and day 4,

respectively; P ¼ 0.003), whereas it remained unchanged in control subjects. Metoprolol-treated patients spent fewer

days on invasive mechanical ventilation than those in the control group (15.5 � 7.6 vs 21.9 � 12.6 days; P ¼ 0.17).

CONCLUSIONS In this pilot trial, intravenous metoprolol administration to patients with COVID-19–associated

ARDS was safe, reduced exacerbated lung inflammation, and improved oxygenation. Repurposing metoprolol for

COVID-19–associated ARDS appears to be a safe and inexpensive strategy that can alleviate the burden of the COVID-19

pandemic. (J Am Coll Cardiol 2021;78:1001–1011) © 2021 The Authors. Published by Elsevier on behalf of the

American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

ISSN 0735-1097 https://doi.org/10.1016/j.jacc.2021.07.003

From the aCentro Nacional de Investigaciones Cardiovasculares (CNIC), Madrid, Spain; bCardiology Department, IIS-Fundación

Jiménez Díaz University Hospital, Madrid, Spain; cCIBER de Enfermedades Cardiovasculares, Madrid, Spain; dIntensive Care Unit,

IIS-Fundación Jiménez Díaz University Hospital, Madrid, Spain; eCIBER de Enfermedades Respiratorias, Madrid, Spain;
fDepartment of Pulmonary Medicine, IIS-Fundación Jiménez Díaz University Hospital, Madrid, Spain; gPathology Department, IIS-

Fundación Jiménez Díaz University Hospital, Madrid, Spain; hBiobank Patform-PT20/00141, IIS-Fundación Jiménez Díaz Hospital,

Madrid, Spain; iFlow Citometry Laboratory, IIS-Fundación Jiménez Díaz University Hospital, Madrid, Spain; and the jCardio-

vascular Institute, Icahn School of Medicine at Mount Sinai, New York, New York, USA. *Drs Clemente-Moragón and Martínez-

Milla contributed equally to this work.

Christie Ballantyne, MD, served as Guest Editor-in-Chief for this paper.

Listen to this manuscript’s

audio summary by

Editor-in-Chief

Dr. Valentin Fuster on

JACC.org.

J O U R N A L O F T H E AM E R I C A N C O L L E G E O F C A R D I O L O G Y V O L . 7 8 , N O . 1 0 , 2 0 2 1

ª 2 0 2 1 T H E A U T HO R S . P U B L I S H E D B Y E L S E V I E R O N B E H A L F O F T H E A M E R I C A N

C O L L E G E O F C A R D I O L O G Y F OU N D A T I O N . T H I S I S A N O P E N A C C E S S A R T I C L E U N D E R

T H E C C B Y - N C - N D L I C E N S E ( h t t p : / / c r e a t i v e c o mm o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 / ) .

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jacc.2021.07.003
http://www.onlinejacc.org/podcasts
http://www.onlinejacc.org/podcasts
http://www.onlinejacc.org/podcasts
http://www.onlinejacc.org/podcasts
http://www.onlinejacc.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacc.2021.07.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


C oronavirus disease-2019 (COVID-19),
caused by severe acute respiratory
syndrome-coronavirus-2 (SARS-CoV-2)

infection, is an ongoing pandemic affecting
more than 145 million people worldwide
and responsible for more than 3 million
deaths to date. An estimated 6%-18% of
COVID-19 cases progress to an acute respira-
tory distress syndrome (ARDS) requiring
intensive care unit (ICU) admission and inva-
sive mechanical ventilation (IMV) (1). There
is currently a lack of specific therapies for

COVID-19–associated ARDS.

In the early stages of SARS-CoV-2 infection, the
host immune system is activated to block disease
progression. However, in some cases rapid replication
of SARS-CoV-2 in the respiratory tract triggers an
exacerbated inflammatory response and a cytokine
storm (2). This situation leads to progression to ARDS
together with other clinical complications, such as
septic shock, microthrombi, coagulopathy, and mul-
tiple organ dysfunction (3).

ARDS of different etiologies (4), including SARS-
CoV-2 infection (5,6), is highly dependent on the ac-
tion of neutrophils. Activated neutrophils contribute
to alveolar injury by releasing prestored inflamma-
tory mediators (reactive oxygen species and myelo-
peroxidase [MPO]) and by interacting with other
cells, such as platelets, to induce microthrombi. In
addition, the formation of neutrophil extracellular
traps (NETs) and highly injurious histones activates
the inflammasome and triggers the release of pro-
inflammatory cytokines (7). NETs released from
alveolar-infiltrated activated neutrophils increase
pulmonary inflammation and serum levels of proin-
flammatory cytokines, leading to extensive lung
damage and microthrombotic events in COVID-19
patients (2,3,8,9).

Despite the massive worldwide impact of
COVID-19, there is a shortage of effective therapies to
prevent transition from moderate to severe disease
and to improve prognosis. Given the intense pressure
COVID-19 is placing on ICUs worldwide, there is an
urgent need to identify therapies to reduce the
number of days in the ICU. The most sought-after
interventions are those able to mitigate COVID-19–

associated immune dysregulation (10). An attractive
candidate approach is to use host-directed therapies,
which have emerged in recent years as an adjuvant
strategy to limit damage during infectious or sterile
exacerbated inflammation.

Beta-adrenergic receptor antagonists (b-blockers)
have been used for many decades to treat cardiovas-
cular conditions such as hypertension, arrhythmias,
and myocardial infarction (11). Observational retro-
spective studies have established a link between
b-blocker therapy and increased survival in critically
ill patients caused by different conditions, such as
sepsis (12-14), acute respiratory failure (15), severe
traumatic brain injury (16,17), and others (18,19).
Recent findings show that the b1-selective blocker
metoprolol has a direct effect on neutrophils, damp-
ening their deleterious effects during exacerbated
inflammation (20). In the context of ischemia/
reperfusion (acute myocardial infarction), metoprolol
targeting of neutrophils has been shown to have a
strong cardioprotective effect, both in animal models
and in patients (20-23). More recently, our group
demonstrated that metoprolol (but not other
clinically available intravenous b-blockers) abrogates
neutrophil-driven exacerbated inflammation,
neutrophil-platelet interaction, and NETs formation
in a mouse model of LPS-induced acute lung injury
(24). These experimental data prompted us to inves-
tigate whether treatment with intravenous (IV)
metoprolol could ameliorate lung inflammation—and
eventually improve prognosis—in patients with
COVID-19–associated ARDS.

METHODS

STUDY DESIGN AND POPULATION. The MADRID-
COVID (Intravenous Metoprolol in Respiratory
Distress Due to COVID-19) pilot trial was approved by
the Fundación Jiménez Díaz University Hospital
ethics committee (Eudract registry number 2020-
002310-41). All patients, or a close relative, gave
written consent to participate. Inclusion criteria were
age 18-80 years, rt-PCR–confirmed SARS-CoV-2
infection (in either nasal swab or bronchoalveolar
lavage), invasive mechanical ventilation #72 hours,
heart rate $60 beats/min, and invasive systolic blood
pressure $120 mm Hg. Exclusion criteria included
prolonged hospital admission (>5 days) before

SEE PAGE 1012
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enrollment, concomitant acute heart failure, left
ventricular ejection fraction <50%, right ventricular
systolic dysfunction, concomitant pulmonary embo-
lism, moderate-severe peripheral artery disease,
moderate-severe valvular heart disease, moderate-
severe COPD, or active treatment with b-blockers
before enrollment. A total of 20 patients with ARDS
secondary to SARS-CoV-2 infection under IMV were
enrolled and randomized to IV metoprolol tartrate
(Recordati) (3 � 5 mg boluses, 2 minutes apart, daily
for 3 days; n ¼ 12) or control (no treatment; n ¼ 8).
Two minutes after each bolus, blood pressure and
heart rate were measured, and if they were above the
limits set, the next bolus was injected.

Randomization was stratified by age (#59 years vs
>59 years), history of hypertension (yes/no), and
circulating neutrophil counts (<6,000 vs $6,000).
Bronchoalveolar lavage (BAL) fluid and blood samples
were obtained from patients at randomization (base-
line) and 24 hours after the third metoprolol dose/
control (day 4). The main study goal was to assess the
effect of metoprolol on inflammatory markers (mainly
neutrophil infiltration and NETs). The main secondary
goals were to assess the effect ofmetoprolol on days on
invasive mechanical ventilation and days in the ICU
after randomization, as well as pulmonary function.
The main safety outcome measure was hemodynamic
complications (cardiogenic shock, severe hypoten-
sion, or severe bradycardia/atrioventricular block).

Because this was a pilot trial, sample size was
calculated based on the capacity of identifying
changes in lung inflammation (neutrophil infiltra-
tion). Based on previous experimental studies, we
speculated that 20 patients would be enough to
detect a significant biological effect of metoprolol in
this context.

FLOW CYTOMETRY OF BAL SAMPLES. For flow
cytometry (FCM) studies, BAL samples (8 mL) were
previously inactivated with 2 mL of a cellular antigen
stabilization reagent containing formaldehyde
(TransFix, Cytomark Ltd). Samples were then centri-
fuged (5 minutes at 540g), the supernatant discarded,
and the cell pellet resuspended in 200 mL phosphate-
buffered saline. Afterwards, 100 mL of cell suspension
was stained for 15 minutes at room temperature with
the following color combination: antihuman CD15-
fluorescein isothiocyanate, CD33-phycoerythrin, and
CD3-V-450 and CD45-V-500 (Becton Dickinson Bio-
sciences). After staining, 2 mL of FACS lysing solution
(Becton/Dickinson Biosciences) was added, and after
5 minutes incubation, the sample was centrifuged
and resuspended in 100 mL phosphate-buffered sa-
line. Before acquisition, the fluorescent dye DRAQ5

(Biostatus Limited) (25,26) and Perfect-COUNT
microspheres (Cytognos SL) (27) were added for the
selection of DNA-positive cells and cell count,
respectively. Samples were run on a FACSCanto II
flow cytometer (Becton Dickinson Biosciences)
equipped with FACSDiva software (Becton Dickinson
Biosciences), and information was acquired about all
events corresponding to nucleated cells present in
the stained sample aliquot.

Data were analyzed with INFINICYT software
(Cytognos SL). FCM analysis included a first-step
identification of nucleated cells by DRAQ5 staining.
Leukocyte populations were identified with a gating
strategy based on forward scatter, side scatter, and
CD45 expression. Neutrophils and macrophages were
identified from their relatively higher light-scattering
properties, their unique pattern of CD45 expression,
and the expression of CD15 (neutrophils) and CD33
(alveolar macrophages). Lymphocytes were also
identified according to their CD45 expression and
forward and side scatter properties. Neutrophil,
macrophage, and lymphocyte populations were
quantified as the percentage of total CD45 events.

CHEMOKINE ELISA ASSAYS. Samples were inacti-
vated by incubation in a final concentration of 0.2%
SDS per 0.1% Tween-20 and heat treatment at
60�C for 15 minutes. Plasma and cell-free BAL sam-
ples were analyzed with human ELISA kits for von
Willebrand factor (RAB0556-1KT, Sigma) and the
chemokines monocyte chemoattractant protein
(MCP)-1 (orb315028, Biorbyt), interleukin (IL)-6
(orb219452, Biorbyt), and IL-8 (orb315028, Biorbyt).

NETosis MARKERS. A total of 3 NETosis biomarkers
were measured: citrullinated histone-3 (Cit-H3),
MPO-DNA complexes, and cell-free DNA. For Cit-H3
and MPO-DNA ELISA, samples were first inactivated
by suspension in 0.2% SDS per 0.1% Tween-20 and
heat treatment at 60�C for 15 minutes. For cell-free
DNA measurement, samples were inactivated by
heat treatment at 60�C for 1 hour.

Cit-H3 was measured with an ELISA kit (clone 11D3,
Cayman, 501620). Quantification of MPO-DNA com-
plexes was based on a previously described protocol
(28,29) that uses several reagents from the Cell Death
Detection ELISA Kit (Roche, 11544675001) but in-
cludes a high-binding EIA/RIA 96-well plate differ-
ently coated overnight at 4�C with antihuman MPO
antibody (Bio-Rad, 0400-0002). Cell-free DNA was
measured using the Quant-iT PicoGreen dsDNA Assay
Kit (Invitrogen, Thermo Fisher Scientific, P11496).

NEUTROPHIL AND NET VISUALIZATION IN BAL.NETs
were visualized by Giemsa staining of BAL samples
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(30,31). BAL samples were centrifuged for 10 minutes
at 2,500 revolutions/min. The pellet was resuspended
and spread for staining with Giemsa solution. Sam-
ples were then inactivated and fixed for 10 minutes at
room temperature with an alcohol-based spray fixa-
tive for cyto-diagnosis (M-Fix spray fixative). For
image analysis, fixed samples were digitalized with a
scanner (Nanozoomer-RS C110730, Hamamatsu) and
analyzed using NDP view image analysis soft-
ware (Hamamatsu).

STATISTICAL ANALYSIS. Data were analyzed with
Graphpad Prism version 8.4 and RStudio. Due to the
small sample size, all distributions were considered
non-normal, and nonparametric tests were applied
for statistical analyses. Paired comparisons between
pretreatment and post-treatment samples (basal and
4 days) were by Wilcoxon matched pairs signed rank
test. Comparisons between treatment conditions
(vehicle vs metoprolol) at baseline or after treatment
were made by unpaired Mann-Whitney U test. For
hemodynamics and functional parameters during
metoprolol administration, differences at baseline or
pre-post boluses were calculated by the nonpara-
metric chi-square Friedman test with correction by
the Durbin-Conover test for pairwise comparisons.
For categorical data, percentages were compared by
exact methods. Differences were deemed statistically
significant at P values below 0.05.

RESULTS

PATIENT CHARACTERISTICS. Between October 19,
2020, and January 19, 2021, a total of 20 patients were
enrolled; 12 were randomized to metoprolol and 8 to
control. There were no between-group differences in
baseline characteristics (Table 1). All patients were
treated during ICU admission with corticosteroids
(dexamethasone 6 mg daily), anticoagulants, mela-
tonin, and acetylcysteine. Before enrollment in the
trial, all patients (except 1 in the metoprolol group)
were treated with bolus and maintenance dose of
corticosteroids (methylprednisolone and/or dexa-
methasone) in the ward before admission to the ICU
without differences between groups.

Of the patients randomized to metoprolol, 11
received all scheduled IV doses (15 mg daily for
3 days). The remaining patient received 15 mg of
metoprolol on the first 2 days but not the third
because the heart rate was <50 beats/min caused by
intensified sedation (initiation of propofol). BAL was
conducted without complications in all patients
before and 24 hours after treatment. Clinical

laboratory analyses at baseline and after treatment
are presented in Supplemental Table 1.

CARDIOVASCULAR SAFETY OF INTRAVENOUS

METOPROLOL ADMINISTRATION TO ARDS PATIENTS

ON MECHANICAL VENTILATION. Administration of
IV b-blockers has largely been proven to be
safe except for patients with acute pump failure.
Given the cardiovascular effects of metoprolol,
patients were monitored invasively and by echocar-
diography before and on every day after metoprolol
injection/control. As expected, metoprolol signifi-
cantly reduced heart rate (P < 0.01) and invasively
measured systolic blood pressure (P < 0.05),
although both remained within the physiological
range (Supplemental Table 2). Echocardiography
showed no deterioration of cardiac function parame-
ters after metoprolol treatment (Supplemental
Table 3). Overall, metoprolol intravenous adminis-
tration was shown to be safe and without side effects
in severe COVID-19 patients with ARDS on IMV.

METOPROLOL ADMINISTRATION ATTENUATES

NEUTROPHIL-DRIVEN LUNG EXACERBATED

INFLAMMATION. To assess the ability of metoprolol
to ameliorate neutrophil-mediated exacerbated lung
inflammation, we analyzed leukocyte populations in
BAL samples by flow cytometry at baseline and on
day 4. At baseline, the metoprolol and control groups
showed no differences in BAL neutrophil content
(Supplemental Figure 1). In contrast, on day 4 (after
3 days of metoprolol/control treatment), neutrophil
content was significantly lower in BAL from patients
in the metoprolol group than in those randomized to
control (median: 14.3 neutrophils/ml [Q1, Q3: 4.63, 265
neutrophils/ml] vs median: 397 neutrophils/ml [Q1, Q3:
222, 1,346 neutrophils/ml]; P ¼ 0.016). Day 4 BAL from
metoprolol-treated patients also had lower total
inflammatory-cell content and lower monocyte/
macrophage content, whereas lymphocytes did not
differ between groups (Figure 1A). We further
explored the impact of metoprolol on MCP-1 in BAL,
because this chemokine has been shown to promote
pulmonary fibrosis in late-stage ARDS (32,33). MCP-1
in cell-free BAL was significantly attenuated after
3 days of metoprolol treatment (median: 298 pg/mL
[Q1, Q3: 236, 350 pg/mL] vs median: 203 pg/mL [Q1,
Q3: 175, 258 pg/mL] for baseline and day 4, respec-
tively; P ¼ 0.009), whereas it remained unchanged in
control patients (Figure 1B). Conversely, changes in
IL-8 and -6 in cell-free BAL did not differ between
treatment groups (Supplemental Figure 2).

Excessive neutrophil activation in the lungs is
associated with NET formation and the release of
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reactive oxygen species and proteolytic enzymes,
which can drive severe epithelial and endothelial
injury (2,34). To study whether the inflammation-
disrupting effect of metoprolol reduced the produc-
tion of these neutrophil activation byproducts,
we measured the NETosis markers Cit-H3 and
MPO-DNA complexes. Levels of both markers were
decreased in day 4 BAL from metoprolol-treated
patients (P ¼ 0.005 and P ¼ 0.086 vs baseline,
respectively), whereas no changes were observed in
BAL from control patients (Figure 1C). Lower NET
formation and inflammatory content in the meto-
prolol group was confirmed by Giemsa staining
(Figure 1D). We found no differences in cell-free DNA
content (Supplemental Figure 3), probably reflecting
its nonspecific nature as a NETosis biomarker (3).

To determine if attenuated immune-cell infiltra-
tion in the lungs was associated with a systemic
effect, we assessed changes in circulating levels of
chemokines known to be markedly elevated in severe
COVID-19 patients (34). The 3-day treatment with
metoprolol was associated with a significant reduc-
tion in the circulating concentrations of the pro-
inflammatory cytokine IL-8 (median: 94.4 pg/mL
[Q1, Q3: 72.1, 168 pg/mL] vs median: 80.1 pg/mL
[Q1, Q3: 69.5, 85.2 pg/mL] for baseline and day 4,
respectively; P ¼ 0.003), whereas no changes were
observed in controls (Supplemental Figure 4). Meto-
prolol had no significant effect on circulating levels
of IL-6 (Supplemental Figure 4) or NETosis markers
(Supplemental Figure 5).

METOPROLOL TREATMENT IMPROVES RESPIRATORY

FUNCTION. Oxygenation was measured as the ratio
between arterial oxygen partial pressure and frac-
tional inspired oxygen (PaO2:FiO2). Baseline and post-
treatment oxygenation parameters are shown in

Table 2. At baseline, oxygenation was worse in pa-
tients randomized to metoprolol than in the control
group, despite higher FiO2. After the 3-day metoprolol
treatment, PaO2 significantly improved (median:
87.5 mm Hg [Q1, Q3: 78.8, 110 mm Hg] vs median:
108 mm Hg [Q1, Q3: 98.3, 139 mm Hg] for baseline and
day 4, respectively; P ¼ 0.017). Metoprolol treatment
also significantly improved PaO2:FiO2 (median: 130
[Q1, Q3: 110, 162] vs median: 267 [Q1, Q3: 199, 298] at
baseline and day 4, respectively; P ¼ 0.007).
Conversely, in control subjects, PaO2 and PaO2:FiO2

both deteriorated, although the change did not reach
statistical significance (P ¼ 0.107 and P ¼ 0.363 vs
baseline, respectively) (Figures 2A and 2B).

Patients randomized to metoprolol spent fewer
days on mechanical ventilation, although this differ-
ence did not reach statistical significance (15.5 �
7.6 days vs 21.9 � 12.6 days in the metoprolol and
control groups, respectively; P ¼ 0.17). A similar trend
was observed for days of ICU admission after enroll-
ment (14.5 � 7.2 days vs 21.4 � 13.4 days in the
metoprolol and control groups, respectively; P ¼ 0.15)
(Figure 2C). All patients were discharged from the ICU,
and 1 patient in each group died before hospital
discharge.

DISCUSSION

The COVID-19 pandemic and associated ARDS is
placing an immense burden on health care systems.
In addition to high mortality, COVID-19–associated
ARDS results in prolonged ICU admission, contrib-
uting to morbidity among survivors and high hospital
expenditure. The current approach with these
patients is mainly based on protective IMV (35,36),
which ensures sufficient gas exchange while causing
minimal alveolar damage. With the exception of

TABLE 1 Patient Characteristics at Randomization

All Metoprolol Control P Value

Age, y 60 (53.8, 68) 60 (57.8, 68.5) 58.5 (43.3, 65.8) 0.354

Male 13 (65.0) 8 (66.7) 5 (62.5) 1.000

BMI, kg/m2 27.1 (25.3, 31.1) 26.8 (25.1, 30.4) 27.1 (26.2, 31.5) 0.422

Comorbidities

Hypertension 6 (30.0) 4 (33.3) 2 (25.0) 1.000

Diabetes 2 (10.0) 2 (16.7) 0 (0.0) 0.648

Smokers 3 (15.0) 1 (8.3) 2 (25.0) 0.701

Dyslipidemia 6 (30.0) 4 (33.3) 2 (25.0) 1.000

Previous treatment

RAS inhibitors 5 (25.0) 3 (25.0) 2 (25.0) 1.000

Anticoagulants 0 (0.0) 0 (0.0) 0 (0.0) 1.000

Values are median (Q1, Q3) or n (%).

BMI ¼ body mass index; RAS ¼ renin-angiotensin system.
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FIGURE 1 Metoprolol Disrupts COVID-19–Associated Exacerbated Lung Inflammation
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dexamethasone, which showed promising results in
an early trial (37), there are no therapies specifically
targeting exacerbated inflammation in ARDS (38).

In this study, we present the effects of 3-day
intravenous metoprolol administration on lung
inflammation in COVID-19 patients with ARDS. The
MADRID-COVID pilot trial shows the following: 1) IV
administration of the clinically approved b-blocker
metoprolol tartrate is safe in this clinical context; 2)
metoprolol treatment abrogates the exacerbated lung
inflammation associated with the disease; and 3) the
disruptive effect on exacerbated inflammation is
associated with better oxygenation and, conse-
quently, fewer days on IMV and in the ICU (Central
Illustration). These data suggest that metoprolol
repurposing for the treatment of ARDS in COVID-19
patients is a safe and inexpensive strategy with the
potential to improve outcomes.

The present study stems from our extensive
experience in the field of myocardial ischemia/
reperfusion injury. We previously demonstrated that
metoprolol protects the heart during ongoing
myocardial infarction by stunning neutrophils and
abrogating exacerbated inflammation (20,24). The
identification of this cardioprotective mechanism
created an opportunity to repurpose metoprolol for
other acute conditions in which exacerbated inflam-
mation plays a role, as is the case for COVID-19–
associated ARDS. The present study highlights the
importance of knowing the mechanism of action of
long-established drugs to identify other potential
indications.

Patients with severe COVID-19 present with bilat-
eral pneumonia that can lead to respiratory distress
requiring IMV. COVID-19–associated ARDS is charac-
terized by active neutrophil infiltration into the
alveolar space, which perpetuates exacerbated
inflammation, leading to a cytokine storm and

hypoxemia (8,34). Neutrophil infiltration is thus a
major contributing factor to the poor prognosis of
these patients. Mitigation of immune dysregulation is
therefore a major therapeutic avenue for the treat-
ment and prevention of severe COVID-19.

Several studies have tested the potential benefits of
b-blockers in sepsis/septic shock. Retrospective
observational data have suggested that patients
admitted with septic shock and previously on main-
tenance b-blocker therapy have a better vital prog-
nosis than those who were not on b-blockers before
admission (13). In addition, small prospective clinical
trials have tested the benefits of IV b-blockers in sepsis
patients (12,39-41). The conclusion of most of these
trials is that b-blockers seem to offer a clinical benefit.

In an analysis of diverse experimental models of
exacerbated inflammation, we very recently showed
that not all b1-selective blockers exert the same ef-
fects on neutrophil biology. Of all tested b-blockers,
only metoprolol significantly attenuated exacerbated
inflammation and reduced neutrophil infiltration and
interaction with other cell types (24). Those results
position metoprolol as the b-blocker of choice in the
context of exacerbated inflammation.

The present study shows that 3-day treatment with
IV metoprolol reduces exacerbated inflammation in
critically ill COVID-19 patients with associated ARDS.
This was evidenced by the attenuation of infiltration
by immune cells, especially neutrophils, and reduced
levels of their related pro-inflammatory and NETosis
byproducts (Figure 1), which are potential drivers of
severe epithelial and endothelial injury. Lower
neutrophil infiltration in metoprolol-treated patients
was accompanied by a significant reduction in circu-
lating levels of the pro-inflammatory IL8, which ex-
erts chemotactic and activating functions on
neutrophils, suggesting a systemic anti-inflammatory
effect of this treatment (Supplemental Figure 4).

TABLE 2 Baseline and Post-Treatment Ventilation Parameters

Baseline Day 4

Metoprolol Control P Value Metoprolol Control P Value

PaO2, mm Hg 87.5 (78.8, 110.0) 104.0 (93.0, 122) 0.105 108.0 (98.3, 139.0) 83.5 (77.3, 92.5) 0.004

PaCO2, mm Hg 48.5 (43.8, 52.5) 47 (41.5, 48.8) 0.562 51.0 (46.5, 53.3) 47.0 (45.3, 50.5) 0.353

PEEP, cm H2O 12.0 (10.0, 12.5) 13.0 (10.0, 14.0) 0.625 10.0 (9.00, 12.0) 11.0 (10.0, 12.0) 0.666

FiO2 0.60 (0.5, 0.75) 0.48 (0.44, 0.60) 0.241 0.40 (0.39, 0.53) 0.43 (0.40, 0.57) 0.634

PaO2/FiO2, 130 (110, 162) 223 (188, 242) 0.076 267 (199, 298) 163 (145, 209) 0.037

Lactic acid, mmol/L 1.3 (1.2, 1.8) 1.2 (0.98, 2.00) 0.785 1.4 (1.20, 1.73) 1.9 (1.50, 2.05) 0.094

pH 7.41 (7.38, 7.42) 7.42 (7.37, 7.45) 0.485 7.43 (7.40, 7.46) 7.41 (7.38, 7.44) 0.461

Values are median (Q1, Q3). Bold indicates statistical significance.

FiO2 ¼ fraction of inspired oxygen; PaCO2 ¼ partial pressure of carbon dioxide; PaO2 ¼ partial pressure of oxygen; PEEP ¼ positive end-expiratory pressure.
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Systemic markers of NETosis were unaffected at day
4; however, an effect over a longer time window after
metoprolol treatment cannot be discarded
(Supplemental Figure 5). The ameliorative effect of
metoprolol on pulmonary inflammation of COVID-19
patients with ARDS was associated with strong in-
dicators of clinical benefit, demonstrated by a sig-
nificant improvement in oxygenation (PaO2:FiO2) not
seen in control patients (Figure 2). These results are
very encouraging, but further large-scale trials are
needed to validate the clinical benefits of metoprolol
in this context. Given that neutrophils play a major

role in the pathophysiology of ARDS of many causes
(not only COVID-19 related), further large validation
studies might include a wide spectrum of patients
with this condition.

The MADRID-COVID pilot trial has demonstrated
that IV administration of the clinically approved
b-blocker metoprolol to critically ill patients with
ARDS caused by COVID-19 is safe and disrupts the
exacerbated lung inflammation associated with the
disease. The beneficial effects on exacerbated
inflammation were associated with better oxygena-
tion and a nonsignificant reduction in the number of

FIGURE 2 Metoprolol Rescues Pulmonary Function in ICU Patients With Severe COVID-19

A

C

PaO2

0

100

200

Control Metoprolol

METOPROLOL

CONTROL

Enrollment

P = 0.152

Intensive care unit admission

2.5 [1.8-4.0]

1.5 [0.0-2.3]

Data are expressed as days, median [25th-75th percentile]

3.2 [2.0-3.3]

2.5
[1.8-3.0]

11.5 [9.5-18.8]

17.0 [11.3-29.3]

pO
2 (

m
m

 H
g)

300
**

B PaO2:Fio2

0
Control Metoprolol

PA
FI

 In
de

x 
(p

O 2
:F

iO
2)

800

600

400

200

Baseline Day-4 Baseline Day-4

*

METOPROLOL

CONTROL

Invasive
mechanical
ventilation

P = 0.17512.0 [10.0-19.8]

18.5 [11.8-27.5]

Hospital admission (ward)

(A and B) Improved oxygenation (PaO2 and PaO2:FiO2) in patients receiving metoprolol, but not those in the control group. Data are presented as individuals’ (dots)

paired data between days 1 and 4. *P < 0.05, **P < 0.01 by paired Student’s t-test. (C) Days spent by severe COVID-19 patients on IMV and in the ICU according to

allocation to IV metoprolol or control (no treatment). Control, n ¼ 8; metoprolol, n ¼ 12. FiO2 ¼ fraction of inspired oxygen; ICU ¼ intensive care unit; IMV ¼ invasive

mechanical ventilation; PAFI ¼ PaO2:FiO2 ratio; other abbreviations as in Figure 1.

Clemente-Moragón et al. J A C C V O L . 7 8 , N O . 1 0 , 2 0 2 1

MADRID-COVID Pilot Trial S E P T E M B E R 7 , 2 0 2 1 : 1 0 0 1 – 1 0 1 1

1008

https://doi.org/10.1016/j.jacc.2021.07.003


CENTRAL ILLUSTRATION Metoprolol Repurposing for Treating ARDS in Critically Ill COVID-19 Patients

Clemente-Moragón, A. et al. J Am Coll Cardiol. 2021;78(10):1001–1011.

Reduced lung inflammation was associated with a significant improvement in oxygenation and fewer days on mechanical ventilation and of intensive care unit

admission. Repurposing metoprolol for the treatment of acute respiratory distress syndrome associated with coronavirus disease-2019 (COVID-19) appears to be a

safe and inexpensive strategy that can alleviate the burden of the COVID-19 pandemic.
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days on mechanical ventilation and in the ICU.
Intravenous metoprolol appears as a promising
intervention that could improve the prognosis of
critically ill COVID-19 patients. Although these data
need to be corroborated in a larger sample, meto-
prolol is a clinically available and cheap drug (daily
treatment costs <2V) that can improve outcomes in
patients with severe COVID-19.

STUDY LIMITATIONS. The main limitation of this
study is the small sample size. The study was pow-
ered to detect differences in lung inflammation and
not clinical events. Another limitation is the single-
center nature of the study. This was an open-label
study, and treating physicians were not blinded to
treatment allocation. Finally, we cannot rule out a
selection bias resulting in patients with very poor
condition according to physicians not considered
for inclusion.

CONCLUSIONS

Our results show that IV administration of metoprolol
to patients with severe COVID-19–associated ARDS is
safe and abrogates the exacerbated lung inflamma-
tion associated with the disease. Reduced lung
inflammation was associated with a significant
improvement in oxygenation and with a trend toward
fewer days on mechanical ventilation and of ICU
admission. Metoprolol repurposing for the treatment
of ARDS associated with COVID-19 is a safe and cheap
intervention that can help to alleviate the massive
personal and health care burden associated with the
pandemic.
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Metoprolol exerts a non-class cardioprotective effect 
 

AMI is a leading cause of morbidity and mortality worldwide. Thanks to the 

advance of reperfusion strategies, acute mortality associated with AMI has been 

dramatically reduced for the last two decades. However, the size of the infarct 

often leaves survivors with severe heart damage, and these patients are at high 

risk of future HF, and subsequent readmissions (98, 161) that carry high 

socioeconomic impact for the healthcare system.  

Despite reperfusion being crucial to reduce IS in STEMI patients, it has been 

largely shown that it triggers an exacerbated sterile neutrophil-driven inflammatory 

process that contributes to final IS (107, 109). Based partly on the cardioprotective 

effect of metoprolol injection (90, 91), current clinical practice guidelines 

recommend early i.v. administration of beta-blockers to patients with an ongoing 

AMI (4). 

However, beta-blockers consist of a heterogeneous group of agents with marked 

variations in their pharmacodynamics and pharmacokinetics, which make them 

different from one to another. Additionally, far from being new anymore, 

groundbreaking pharmacological discoveries based on the two-state model of the 

receptor theory have given rise to concepts, such as inverse and biased agonism 

(52), which have contributed even more to prevent beta-blocker from being 

classically classified as a whole. In fact, some of them (e.g. carvedilol or nebivolol) 

have already demonstrated properties as biased agonists (64-66). 

Besides, in spite of trials using beta-blockers as a cardioprotective therapy having 

led to inconclusive outcomes, clinical recommendations for STEMI still consider 

them as a homogeneous pharmacological drug class. To shed light on this 

controversial issue, here we investigated whether different beta-blockers exerted 

the same cardioprotective effect. The drugs used in the study were selected on the 

basis of their availability in i.v. formulations and their shared affinity for the ADRB1, 

with no other direct vasodilatory effect and with metoprolol and atenolol being more 
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selective than propranolol, which binds equally to ADRB1 and ADRB2 (50). This 

selectivity was particularly important to avoid interference from non-specific effects. 

Propranolol, atenolol and metoprolol are (aryloxy)propanolamine-based chemical 

structure beta-1 blockers with no intrinsic sympathomimetic activity, and different 

hydrophilic:lipophilic balance (atenolol>metoprolol>propranolol). These structure-

related differences in lipophilia implicate robust changes in their pharmacokinetic 

profiles (distribution, metabolism and elimination), with atenolol having a slight 

increase half-life and being mostly eliminated in urine in its unaltered form. By 

contrast, plasmatic concentrations of metoprolol and propranolol, which suffer from 

a strong hepatic metabolism, are subjected to polymorphic variations in 

cytochrome P450. Both drugs also suffer from an intense first pass effect when 

orally administrated. Metoprolol and propranolol are also capable of passing 

through the BBB, with this last agent achieving greater concentrations in brain. 

Another differential feature is plasmatic protein binding: 90% of propranolol is 

found in circulation bound to plasmatic proteins, while atenolol or metoprolol’s are 

under 10% (49, 50). 

The fact of i.v. metoprolol having unique infarct-limiting properties by altering 

neutrophil capacities resulted in a robust message in the cardiovascular field (162, 

163) and for clinical guidelines to be reconsidered. Metoprolol was therefore able 

to abolish not only sterile but also infection-based neutrophil-driven inflammation. 

Furthermore, reduction of neutrophil counts, histone-3 hypercitrullination and lung 

injury in the LPS-induced ALI model confirmed that the protective effect of 

metoprolol was exportable to any inflammation setting. Likewise, metoprolol also 

inhibited baseline neutrophil migration along a chemokine ligand-1 gradient in 

transwell. 2D and 3D MIV analyses confirmed that metoprolol directly targets 

neutrophils by disrupting their kinetics in inflamed vessels as well as the 

morphological changes required for them to infiltrate tissues.  

The results herein presented are in line with a previous in vitro study, in which 

metoprolol but not atenolol reduced neutrophil migration (75, 164). Besides, a trial 

in patients with AMI undergoing reperfusion showed no infarct-limiting effect of the 
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beta-1-selective blocker atenolol. Conversely, the lack of an IS-reducing effect with 

propranolol appears to contradict a classical analysis showing smaller IS upon 

propranolol injection in a dog model of coronary occlusion. However, the canine 

model did not include reperfusion and thus did not examine IRI (165, 166). 

To date, no intervention aimed at reducing IS has demonstrated a solid clinical 

benefit in terms of hard endpoints reduction (167). Several reasons might explain 

the lack of translation of cardioprotection into improved clinical benefits (168, 169), 

with the most obvious being the small sample size of all trials on the topic 

performed in the primary angioplasty era. In addition, key aspects, such as type, 

dose, and timing of beta-blocker administration varied significantly between trials 

included in the meta-analysis (170).  

According to experimental data (93), the trial using the ideal dose and timing of i.v. 

metoprolol administration was the METOCARD-CNIC study (90). While in this trial 

acute infarct-limiting effect was associated with a reduction in long-term heart 

failure, the small sample size (N = 270) precludes a definite conclusion. In addition, 

no difference in IS was observed at one month in the EARLY-BAMI trial (171). 

These incongruous outcomes could be explained by the following factors: IS was 

smaller in the EARLY-BAMI, making it less likely to show a reduction with early 

beta-blockade; the dose was also different (15 mg in METOCARD-CNIC vs. 10 mg 

in EARLY-BAMI trial); and timing of metoprolol administration. Given the apparent 

safety and promising properties attributed to i.v. metoprolol when administrated in 

STEMI patients, a novel larger trial comparing early high dose of metoprolol versus 

placebo on clinical outcomes is warranted (170). 

Although a larger trial will be required to further confirm the cardioprotective effect 

of metoprolol in STEMI patients, deeper studying are important to clarify whether, 

apart from the aforementioned factors, there could be others which could help to 

partly justify these incoherent results among trials. On one hand, STEMI onset in 

the dark-to-light transition period has been associated to larger myocardial IS (172) 

and whether metoprolol may exert cardioprotection in a specific time window of 

STEMI onset is still unknown and will be further studied by the group. On the other 
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hand, to set up a trial, how a race or ethnicity (173) is represented should be 

something to take into consideration, as there have been described two genetic 

polymorphisms (SNPs) of functional importance (Ser49Gly or rs1801252; and 

Arg389Gly or rs1801253) associated with the ADRB1. These SNPs have 

accounted for CVD progression (174, 175) or lack of response to beta-blockers in 

the treatment of hypertension or HF (176, 177). Whether these SNPs play a role in 

the disruptive response of metoprolol on neutrophils and thus against myocardial 

IRI will be a matter of study from now on.  

Ultra-short-acting beta-1-superselective blockers deserve special attention. 

Landiolol or esmolol are high selective beta-1 blockers with an ultra-short half-life 

(3 to 4 minutes), ultra-rapid onset of effect, and predictable effectiveness. These 

ultra-short-acting beta-1 blockers do not present either intrinsic sympathomimetic 

or membrane stabilizer activity, and decrease heart rate effectively with less 

negative effect on blood pressure or myocardial contractility. For this reason, they 

are recommended for patients when reduction of heart rate without decrease in 

blood pressure is desired. These agents are rapidly metabolized by esterases 

present in red blood cells resulting in inactive metabolites (49). Landiolol was 

developed from esmolol in order to produce a drug with even higher 

cardioselectivity and greater potency but same half-life. Regarding their 

cardioprotective role, in the BETA-AMI trial, esmolol treatment significantly 

decreased cardiac troponin, creatine kinase (CK) and CK-MB (178). These 

promising results are in agreement with a recent publication of our group in which 

esmolol exhibited some cardioprotective features in a myocardial pig model of IRI 

(179). In other trials, early i.v. landiolol was associated with an improvement in six 

month LVEF (77), and a reduction in myocardial IS (180). Even though ultra-short 

beta-1 blockers may exhibit some cardioprotection, further studies should be 

performed to confirm these promising outcomes and the underlying mechanism. 

The results here presented have major implications in clinical cardiology and 

undoubtedly refine cardiovascular pharmacotherapy. Extrapolation of our data to 

the clinical scenario is limited by the fact that we have used mouse models, 
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though. Another relevant limitation to be considered is the lack of molecular 

mechanisms explaining neutrophil stunning by metoprolol. This effect is ADRB1-

mediated, since metoprolol did not attenuate migration in neutrophils from global 

ADRB1-KO mice, and no involvement of the ADRB2 was observed (131). The 

discrepancy between the effects of metoprolol and atenolol might be due to 

differences in the outcome of beta-blocker–ADRB1 interaction.  

Large-scale rearrangement of GPCR residue side-chains can produce different 

receptor conformations that influence G-protein selectivity and generate differential 

effects on downstream signaling proteins (181, 182). Our in silico studies 

confirmed that the ADRB1 undergoes different conformational changes upon 

binding to these different beta-blockers, with no changes in drug-receptor complex 

stability, and metoprolol being the agent inducing more significant changes. 

Concretely, when metoprolol-ADRB1 complex binds to Gsα, a specific 

conformational change is induced in the receptor that affects its intracellular 

coupling interface, exposing Ser 461 and 462 phosphorylation sites, and potentially 

modifying its interaction with diverse intracellular-binding partners. This 

phenomenon led us to hypothesize that a biased agonism mechanism through 

GRK/β-arrestin signaling could be responsible of neutrophil stunning by metoprolol. 

Further in silico analyses and biochemical validations, which were beyond the 

scope of this first objective but are currently ongoing, are needed to verify the 

proposed mechanism responsible for the cardioprotective effect of metoprolol. 

Together with other projects aimed at unveiling the target population of metoprolol 

and its therapeutic time window, the final goal is to gather enough molecular and 

clinical evidences to position metoprolol in the clinical guidelines as the early i.v. 

beta-blocker of choice for STEMI patients undergoing reperfusion in order to 

reduce myocardial IRI. 
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ADRB1 blockade in neutrophils blunts stroke neuroinflammation 
 

Stroke is the second largest cause of mortality worldwide (15). Despite improved 

diagnostic imaging techniques and numerous attempts to establish neuroprotective 

strategies, stroke treatment is currently restricted to reperfusion therapy, either i.v. 

rt-PA or endovascular thrombectomy, alone or in combination with rt-PA (20). 

However, experimental evidence shows that reperfusion after prolonged brain 

ischaemia can trigger a set of potentially deleterious events, known as reperfusion 

injury (101, 104). Previous findings of the group about the unique (160) 

cardioprotective properties of i.v. metoprolol against myocardial IRI (88, 90, 91, 93, 

94) through neutrophil stunning (131), made us to speculate that it might also 

protect the brain during stroke.  

The role of beta-blockers in ischemic stroke has always been controversial and 

raised debatable discussion (183-191). Although some studies conferred 

neuroprotective properties to beta-blockers, differences in study design, stroke 

models and damage evaluation, together with the use of multiple types of beta-

blocker agents, routes and timings, have made it nearly impossible to attribute a 

conclusive beneficial effect to this therapeutic drug class. Furthermore, when 

evaluating brain injury, most of them were focused on one-single technique, aspect 

or timepoint, and few mechanisms were ascribed to this apparent neuroprotection. 

Besides, many of them dated from long before reperfusion therapy were fully 

established and did not examine cerebral IRI. 

Herein, we thoroughly studied the neuroprotective role of i.v. metoprolol against 

cerebral IRI by using a validated murine model of MCAO/R. As in previous studies 

of the group (131, 160), the selected metoprolol dose was based on a dose-

response study showing a moderate hemodynamic effect on arterial pressure and 

heart rate (<20%), so as to avoid cardiovascular-associated effects of beta-

blockade. A longitudinal analysis of IS at 24 hours and 7 days post-reperfusion was 

performed by MRI, which is the gold-standard neuroimaging technique for ischemic 

stroke detection (192). This was extremely relevant due to the uncertainty about 
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the optimal time for IS quantification and so, bias in the over- or underestimation 

was abolished. Additionally, MRI performed during ongoing brain ischemia allowed 

us to accurately estimate the size of the hypoperfused brain region (AAR) and 

exclude any influence of anatomical or surgery variation on recorded differences 

between groups. Finally, brain IS was measured as the AAR-normalized extent of 

oedema on T2-weighted (T2W) MRI images at 24 hours and at 7 days post-

reperfusion, and was significantly smaller in metoprolol-treated rats at both time 

points. Results from other validated methods of IS quantification (e.g. % of 

perfusion-diffusion mismatch or comparison of T2 volumes) were consistent with 

IS/AAR data. Moreover, i.v. metoprolol prevented neurons from death evaluated by 

histopathology at 7 days post-reperfusion, which was in agreement with the 

reduction of IS by MRI.  

The exclusion of rats with hemispheric infarcts (IS > 40%, HT and/or midline shift) 

was an a priori exclusion criterion defined before experimentation. To rule out 

unintentional selection bias, we performed a post-hoc analysis of all rats, including 

those meeting the exclusion criterion, at 24 hours post-reperfusion and metoprolol 

maintained its association with significantly smaller IS. 

MRI apparent diffusion coefficient (ADC) maps from diffusion-weighted images let 

us to study cerebral oedema, which is a severe complication of ischemic stroke, 

(193). Cytotoxic oedema, which occurs at very early stages of artery occlusion and 

involves an increase of the intracellular water content, was reduced in rats 

receiving i.v. metoprolol. At a subacute stage, cytotoxic nature of the oedema turns 

into vasogenic due to the increase of water in the extracellular milieu, which is a 

surrogate indicator of BBB permeability. Again, i.v. metoprolol prevented the 

formation of vasogenic oedema at 7 days of infarct onset. 

All these results from MRI robustly supported the idea of i.v. metoprolol being able 

to reduce brain IS when injected before reperfusion. However, further studies were 

carried out to explore whether these beneficial effects on IS were translated into 

neuroprotection and the mechanisms underlying this role. 
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Histopathological studies at 24 hours after infarct onset proved a decrease in MVO 

and neutrophil infiltration in metoprolol-treated rats. Upon reperfusion, MVO 

induced by circulating cells contributes significantly to the final extent of injury. In 

addition, excessive neutrophil infiltration into brain parenchyma has been directly 

linked to neuronal damage and BBB breakdown. Therefore, disruption of pro-

inflammatory neutrophil (N1; YM1-) ability to migrate into brain stemmed 

progression of the infarct to distant areas and preserved BBB structural integrity, 

evaluated by the presence of aquaporin-4 (AQP4) water channels at astrocyte end 

feet and a suggesting neural/glial antigen 2 expression by chondroitin sulfate 

proteoglycan (CSPG)+ perivascular pericytes. This BBB preservation was also 

confirmed by the absence of IgG extravasation and was consistent with the 

attenuation of vasogenic oedema in metoprolol-treated rats assessed by MRI ADC 

maps. 

Brain environment constitutes a much more complex scenario than hearts. 

Therefore, neuroinflammation involves cells from the peripheral immune system 

and CNS. This is partly due to microglia and astrocytes no longer being considered 

as secondary players in healthy and injured brain. Indeed, both types of glial cells 

exert essential roles in the CNS and are responsible for many functions including 

homeostasis, immune response, BBB maintenance, and synaptic support, among 

others (194). Whether neutrophil attenuation in brain modulated the afterwards 

cerebral damage was unknown. For this purpose, neuroinflammatory-based 

repairing responses were further explored at a subacute state.  

After brain injury, microglia starts to progressively react within hours by 

accumulating around the lesion site, together with recruited circulating 

macrophages (195, 196). Additionally, reactive astrocytes hypertrophy, upregulate 

expression of glial fibrillary acidic protein, and secrete matrix of CSPGs, which are 

thought to activate microglia/macrophages to induce a pro-inflammatory 

phenotype, thus inducing further astrocytic reactivity and more CSPG deposition 

(197). Scar-forming reactive astrocytes organize into a barrier-like structure, which 

separates spared tissue from a central region of inflammation and fibrosis, where 
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myelin sheaths become deteriorated, microglia is accumulated and there is loss of 

crucial cell types, such as neurons and oligodendrocytes (198).  

Acute neutrophil recruitment cascade breakdown by i.v. metoprolol reduced the 

ulterior neuroinflammatory outbreak. Except from neutrophil reduction, subacute 

changes in brain were not observed 24 hours after reperfusion. In agreement with 

our results from astrocyte and microglia co-cultures, metoprolol did not exert its 

neuroprotection but for neutrophil stunning through ADRB1, and the attenuated 

neuroinflammation and BBB preservation were consequences of an acute 

reduction of neutrophil counts in brain. This theory based on ADRB1-mediated 

neutrophil disruption was reinforced when no additional neuroprotective effects 

were observed for metoprolol in rats subjected to MCAO/R in the absence of 

circulating neutrophils.  

By attenuating the acute inflow, metoprolol completely counteract the pro-

inflammatory state of neutrophils in brain, in which neutrophils prolong their 

lifespan by delaying apoptosis that favor their accumulation at sites of inflammation 

(199). Likewise, the results here presented showed an enriched population mostly 

of anti-inflammatory neutrophils (N2, YM1 or CD206+) (129, 130) in metoprolol-

treated rats, more prone to apoptosis, which is cleared by microglia and favors 

anti-inflammatory and pro-resolving responses (200, 201).  

This pro-resolving environment that led to a tissue condition favorable to recovery 

was evident by our long-term study showing better neurological outcomes in the 

group treated with the drug. This was also consistent with the levels of repulsive 

guidance molecule A in the core lesion, which contribute to inhibit axonal and 

neuronal regeneration and were absent when pre-reperfusion therapy had been 

set up. The relevance of neutrophils to alternatively enhance tissue repair was 

clearly seen in the case of neutrophil depletion. Fivefold reduction of circulating 

neutrophils was associated with better outcomes and no additional neuroprotective 

effects were observed for metoprolol at early stages. However, the absence of 

neutrophils at later time points (7 days) led to the abolishment of metoprolol’s 

protection. 



120 
 

Although there is abundant experimental evidence that neutrophils play a central 

role in initiating brain IRI, translation to the clinic has so far not yielded clear 

benefits. The ROS scavenger edaravone was found to improve functional 

outcomes in several clinical trials when administrated within 24 h of stroke onset 

(202). However, trials testing the ability of agents to block neutrophil–endothelium 

adhesion failed to improve outcomes (e.g., natalizumab in the ACTION trial (203) 

and the recombinant protein UK-279,276 in the ASTIN trial (204)). However, the 

strategy used in the present study differs from those tested in these earlier trials. 

Indeed, the anti-neutrophil–endothelium agents in the ACTION and ASTIN trials 

were initiated after reperfusion, whereas in our study metoprolol was injected 

during ongoing cerebral ischemia. The timing of administration seems critical, since 

MVO occurs immediately upon reperfusion.  

A promising trial being currently carried out is the one evaluating the administration 

of ApTOLL, together with reperfusion therapy, which is an unmodified single-

stranded DNA aptamer (ssDNA) that has been selected to antagonize the Toll-like 

receptor 4 (TLR4) with high specificity. Phase I clinical trial, which was based on 

previous studies of acute stroke in different animal models in which inflammatory 

damage was reduced (205), showed an excellent safety and pharmacokinetic 

profile for ApTOLL administration (206), and it has been selected for a further 

phase Ib/IIa.  

Herein, the i.v. administration of the selective ADRB1 blocker used in this study 

has been shown to be safe in several clinical trials enrolling acutely ill patients 

(207), including a recent study showing that its use in COVID-19 patients with 

acute respiratory distress results in a massive reduction of lung neutrophil 

infiltration and this translates into less days on mechanical ventilation (208). 

Besides, ex vivo incubation with metoprolol decreased neutrophil-platelets co-

aggregates formation in blood from patients undergoing ischemic stroke and 

reperfusion. This breakthrough reinforces the translational potential of the 

treatment. Therefore, this study constitutes a largely proof of principle which 
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proposes metoprolol as a strong and promising candidate to be further explored for 

ischemic stroke treatment. 

 

Protective role of metoprolol in ARDS 
 

Despite its high incidence and devastating outcomes, ARDS has no specific 

treatment, with effective therapy currently limited to minimizing potentially harmful 

ventilation and avoiding a positive fluid balance. The first priority in the care of 

patients with ARDS is identification and treatment of the underlying cause. 

Supportive therapy for ARDS is focused on limiting further lung injury through a 

combination of lung-protective ventilation to prevent ventilator-associated lung 

injury, prone positioning and source control. 

Although several pharmacological therapies have been investigated, no other but 

the corticosteroid dexamethasone (137) has been shown to reduce either short-

term or long-term mortality (132, 209). Inhaled nitric oxide transiently improves 

oxygenation, but it does not reduce mortality and is associated with acute kidney 

injury (210). Surfactant replacement, anticoagulation, or antioxidants, among 

others, have all failed in clinical trials (211-213). The main drawback among these 

trials was a relatively small cohort and a low dose of the testing therapies. A 

promising novel therapeutic approach is the delivery of mesenchymal stem cells, 

which interact with the injured tissue through the release of multiple soluble 

bioactive factors, such as anti-inflammatory cytokines, antimicrobial peptides or 

even mitochondria transference through microvesicles to damaged alveolar 

epithelium to restore bioenergetics (214, 215).  

Because metoprolol selectively targets neutrophil dynamics (131, 160) and 

excessive neutrophil accumulation is one of the major contributors to lung injury in 

ARDS of different etiologies, we first hypothesized that its administration could be 

helpful to prevent disease progression. Our previous promising results testing the 

i.v. administration of metoprolol in a mouse model of LPS-induced ALI (160) 
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prompted us to investigate whether this could be also beneficial in a clinical 

context. Our preclinical studies not only showed a massive reduction of neutrophils 

in BAL, but also a robust attenuation of H3 citrullination in metoprolol-treated mice 

which is directly implicated in NETs formation. This was also accompanied by a 

decrease in NE and MPO, and lung tissue damage. Furthermore, these properties 

were attributable exclusively to metoprolol, as either atenolol or propranolol did not 

exert any observable effect.  

Moving to a clinical scenario, the MADRID-COVID pilot trial aimed to further probe 

whether i.v. metoprolol was capable of rescuing patients from COVID-19-

associated ARDS. Apart from its cardiovascular safety in ARDS patients on 

mechanical ventilation, it did attenuate neutrophil-driven lung exacerbated 

inflammation and improve respiratory function. Although significance was not 

reached due to the small cohort, patients receiving metoprolol spent fewer days on 

IVM and of ICU admission after enrollment. Therefore, the MADRID-COVID trial 

met his first primary endpoint and demonstrated that metoprolol administration 

attenuated neutrophil-driven lung exacerbated inflammation and could be 

beneficial for patients undergoing severe ARDS. 

These results are in agreement with the use of beta-blockers in critically ill patients. 

Although the use of these drugs in patients admitted with an acute condition to the 

ICU has been a matter of conflict, a special case is for patients with sepsis that is a 

frequent cause of ARDS. There is growing evidence in the literature suggesting 

that the use of beta-blockers in patients admitted with sepsis in ICUs is safe and is 

potentially associated with improved prognosis (216, 217). Indeed, vasopressor 

agents and beta-blockers in septic patients is an increasingly used combination, 

and many advantageous properties modulating cardiovascular, metabolic or 

immunologic-associated alterations have been attributed to this drug class (218). 

Our studies highlight metoprolol as a safe agent, able to disrupt neutrophil-related 

deleterious actions and improve tissue homeostasis. Although further studies are 

needed, this better prognosis could be associated with a reprogrammed neutrophil 
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alternative subpopulation by metoprolol, which could be helpful in tissue healing 

and repairing, as already demonstrated in other pathological conditions (219). 

Our preclinical and clinical data have endorsed the setup of a larger multicenter 

phase II prospective double-blinded randomized clinical trial, the Metoprolol in 

Acute Respiratory Distress Syndrome (MAIDEN) trial, which aims to deeper 

evaluate the efficacy and safety of i.v. metoprolol in ARDS patients recently 

intubated.  

 

Drug Repurposing: metoprolol, an old drug with novel and 
promising properties 
 

Drug repurposing is a strategy for identifying new uses for approved or 

investigational drugs that are outside the scope of the original medical indication. 

This strategy offers several advantages over developing an entirely new drug for a 

given indication, as it is highly efficient, time saving, low-cost and presents a 

minimum risk of failure (220). It uses the synergy of experimental and in silico-

based or computational approaches to speed up the very slow development of a 

molecule from bench to market.  

This is the case of metoprolol, a pharmacological agent developed for the 

treatment of cardiovascular diseases (e.g. hypertension, HF or malignant 

arrhythmias) thanks to its beta-1 blockade-associated beneficial properties. 

Nevertheless, it was not after the groundbreaking discoveries in animals (88) and 

humans (90, 91) of its cardioprotective actions against IRI, that investment was 

allocated to unveil a mechanism which surprisingly resulted not to be due to the 

traditional beta-1 blockade in cardiomyocytes, for which it was originally developed. 

Consequently, the identification of the relevant role of ADRB1 during acute 

myocardial injury, and the protective role upon its modulation exclusively exerted 

by metoprolol (131, 160), has offered potential for developing new therapeutic 

strategies. 
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The present work is an example of how drug repurposing could refine 

pharmacology and stand out molecules from drug classes, which had been 

historically considered composed of equal components. Besides, the potential of a 

newly attributed mechanism of action through neutrophil stunning has offered a 

wide range of therapeutic opportunities for metoprolol. In this line, this work has 

demonstrated new promising effects for an old drug on other organ-related 

pathologies apart from the heart, such as ischemic stroke or ARDS. 

In conclusion, giving old drugs new life is a promising approach for the 

development of much-needed treatments, such as acute myocardial infarction, 

ischemic stroke or ARDS, which are leading causes of morbidity and mortality 

worldwide.  
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1. The administration of intravenous metoprolol during an ongoing myocardial 

infarction (before coronary reperfusion) limits myocardial infarct size, left 

ventricle neutrophil infiltration and neutrophil-platelet co-aggregates 

formation. These effects are not observed when the other clinically available 

tested beta1-selective blockers (atenolol and propranolol) are used. 

 

2. Metoprolol has a particular inhibitory effect on neutrophil migration in vitro 

and in vivo by disrupting intravascular neutrophil dynamics. This biological 

effect is not shared by the other intravenous beta-blockers tested (atenolol 

and propranolol). 

 
3. In silico studies predict that metoprolol binding to the beta-1-adrenergic 

receptor induces a unique conformational change in the receptor that 

causes the opening of the internal cavity, likely modifying its interactions 

with intracellular effectors. 

 
4. Selective beta-1-adrenergic receptor blockade by intravenous metoprolol 

administration during ongoing ischemic stroke reduces brain injury, prevents 

neuronal loss, and neuroinflammation. Consequently, it improves long-term 

neurological outcomes through the abolishment of pro-inflammatory 

neutrophils infiltration into brain parenchyma. 

 
5. Metoprolol decreases excessive neutrophil accumulation in lungs and 

histone H3 hypercitrullination (a hallmark of NETs production) in a murine 

model of lipopolysaccharide-induced acute lung injury. 

 
6. The administration of intravenous metoprolol is safe in patients with 

COVID19-related acute respiratory distress syndrome on mechanical 

ventilation. Beta-1 blockade by metoprolol attenuates neutrophil-driven lung 

exacerbated inflammation and improves respiratory function in COVID-19-

critically ill patients with associated acute respiratory distress syndrome.
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1. La administración intravenosa de metoprolol durante un infarto agudo de 

miocardio (antes de la reperfusión coronaria) limita el tamaño del infarto, la 

infiltración de neutrófilos en el ventrículo izquierdo y la formación de co-

agregados de neutrófilos y plaquetas. Estos efectos no se observan cuando 

se utilizan los otros bloqueantes beta-1-selectivos clínicamente disponibles 

(atenolol y propranolol). 

 

2. El metoprolol presenta un efecto inhibidor particular sobre la migración de 

neutrófilos in vitro e in vivo al alterar su dinámica intravascular. Este efecto 

biológico no es compartido por los otros fármacos beta-1-bloqueantes 

testados de administración intravenosa (atenolol y propranolol). 
 

3. Los estudios in silico predicen que la unión de metoprolol al receptor beta-1-

adrenérgico induce un cambio conformacional único en el receptor que 

provoca la apertura de su cavidad interna, probablemente modificando sus 

interacciones con los efectores intracelulares. 

 

4. El bloqueo beta-1-adrenérgico selectivo mediante la administración de 

metoprolol intravenoso durante un accidente cerebrovascular isquémico 

reduce el daño cerebral, previene la muerte neuronal y la neuroinflamación. 

En consecuencia, su administración mejora los resultados neurológicos a 

largo plazo mediante la supresión de la infiltración de neutrófilos 

proinflamatorios en el parénquima cerebral.  

 

5. El metoprolol disminuye la acumulación excesiva de neutrófilos en los 

pulmones y la hipercitrulinación de la histona H3 (un sello distintivo de la 

producción de redes extracelulares de neutrófilos) en un modelo de ratón 

de daño pulmonar inducido por la administración intratraqueal de 

lipopolisacárido. 
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6. La administración intravenosa de metoprolol es segura en pacientes con 

síndrome de distrés respiratorio agudo asociado a infección severa por 

COVID-19 bajo ventilación mecánica. El bloqueo beta-1-adrenérgico por 

metoprolol atenúa la inflamación pulmonar exacerbada e impulsada por 

neutrófilos, y mejora la función respiratoria en pacientes en estado crítico 

con distrés respiratorio agudo asociado a infección por COVID-19. 
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SUPPLEMENTARY METHODS 

Mouse procedures and reagents 

All experimental and other scientific procedures with animals conformed to EU Directive 2010/63EU 

and Recommendation 2007/526/EC, enacted in Spanish law under Real Decreto 53/2013. Animal 

protocols were approved by the local ethics committees and the Animal Protection Area of the 

Comunidad Autónoma de Madrid.  

Adult mice were maintained under pathogen-free conditions in a temperature-controlled room and 

a 12-hour light-dark cycle at the CNIC animal facility. Chow diet and water were available ad libitum. 

IRI, thioglycolate-induced peritonitis, chemokine-induced migration transwell assays, and intravital 

microscopy (IVM) were performed in 8-13-week-old wild type male C57BL/6 mice. The 

cardioprotective and neutrophil-stunning effects of metoprolol-tartrate (M5391, Sigma) were 

assessed alongside the effects of two other β-blockers: atenolol (A7655, Sigma) and propranolol-

hydrochloride (P0884, Sigma). The highest i.v. dose inducing a moderate (15%) hemodynamic 

effect, determined from heart rate and left ventricular pressure, was 12.5 mg/kg for all three β-

blockers, as it was previously described for metoprolol 9 (Suppl. Fig. 1). To control for dose-

dependent effects, an i.v. dose of 25 mg/kg was used in selected experiments. Mouse body 

temperature was strictly controlled throughout experiments to prevent additional effects due to 

hypothermia.  

 

Mouse model of myocardial ischemia–reperfusion injury 

Male 8-13-week-old mice were subjected to 45 min occlusion of the left anterior descending (LAD) 

coronary artery. IS, neutrophil–platelet interactions, and neutrophil infiltration were assessed 24 h 

after reperfusion. The I/R procedure was carried out as previously described 9. Mice were 

anesthetized with an intraperitoneal (i.p.) injection of an anesthetic cocktail of atropine sulfate (1 

mg/kg; B. Braun, 1 mg/ml), xylazine hydrochloride (20 mg/kg; Rompun Bayer, 20 mg/ml), and 

ketamine (100mg/kg; Anesketin Dechra, 100mg/ml). Fully anesthetized animals were intubated 

and temperature controlled throughout the experiment at 36.5°C to prevent hypothermic 

cardioprotection. An intercostal space was opened to minimize incision size and reduce wound 

healing time. The LAD was then ligated with a nylon 8/0 monofilament suture for 45 min. Total 

coronary artery occlusion (ST-segment elevation) throughout the 45 min ischemia was confirmed 
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by electrocardiography (MP36R, Biopac Systems Inc.). Mice were randomized 10 min before 

reperfusion onset to receive a single i.v. bolus of metoprolol, atenolol, propranolol, or vehicle (0.9% 

NaCl; saline) via retro-orbital injection into the venous sinus. After 45 min, the suture was removed 

and LAD was reperfused before the intercostal space was closed. Animals were then kept with 

100% O2 and analgesized with subcutaneous buprenorphine (0.1 mg/kg).  

 

Quantification of infarct size 

At 24 h post-reperfusion, mice were re-anesthetized and re-intubated, and the LAD coronary artery 

was re-occluded by ligating the suture in the same position as for the original infarction. Animals 

were then sacrificed and 1 ml of 1% Evans Blue dye (Sigma) was infused i.v. to delineate the area 

at risk (AAR, corresponding to the myocardium lacking blood flow, i.e. negative for blue dye 

staining). The left ventricle (LV) was isolated, cut into transverse slices (5-7 1-mm slices per LV), 

and both sides were imaged. To delineate the infarcted (necrotic) myocardium, slices were 

incubated in triphenyltetrazolium chloride (TTC, Sigma) at 37°C for 15 min. Slices were then re-

photographed and weighed, and regions negative for Evans Blue staining (AAR) and TTC (infarcted 

myocardium) were quantified with ImageJ (NIH, Bethesda, MD). Percentage values for AAR and 

infarcted myocardium were independently mass corrected for each slice. % of AAR was determined 

as the percentage of mg:mg ratio of AAR to LV, and % of infarct size was determined as the 

percentage of mg:mg ratio of infarcted myocardium to AAR. 

 

Myocardial neutrophil infiltration  

A group of mice underwent the IRI protocol, including randomization to receive a single i.v. bolus 

of saline, metoprolol, atenolol, or propranolol 10 min before reperfusion onset. Mice were sacrificed 

at 24 h post-reperfusion, and the LV was stored in liquid nitrogen for subsequent protein isolation 

and quantification. The neutrophil marker Ly6G (lymphocyte antigen 6 complex locus G6D) was 

detected in heart samples by immunoblotting with anti-1A8 Ly6G antibody (BE0075-1, Bioxcell). 

 

Neutrophil–platelet interaction  

Neutrophil–platelet interactions were assessed in peripheral blood obtained at 24 h post-

reperfusion. Blood samples were citrated and immediately included in ThromboFix Platelet 
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Stabilizer (6607130, Beckman Coulter, Life Sciences), which preserves platelets in their state at 

the time of blood extraction. After a minimum of 1 h, erythrocytes were lysed with hypotonic buffer 

(Red Blood Lysis buffer). Platelets (CD41+ cells) and neutrophils (Ly6G+ cells) were detected by 

flow cytometry, and double-positive cells (CD41-Ly6G+ cells) were considered identified as 

neutrophil-platelet interactions. The number of CD41-Ly6G+ cells was calculated relative to total 

Ly6G+ cells.  

 

Transwell assay of chemokine-induced migration  

The capacity of neutrophils to migrate toward the chemokine C-X-C motif ligand 1 (CXCL1) was 

assessed using a modification of the method of Villablanca et al. 15 (Fig. 2a). Briefly, blood from 8-

12 wild type mice was collected and filtered through a 100 µm cell strainer (352360, Falcon), and 

erythrocytes were lysed with hypotonic buffer (RBL buffer). Leukocytes were pooled and 

resuspended in RPMI containing 10% FBS and the appropriate treatment: vehicle (PBS 1X), 10 

μM metoprolol-tartrate, 10 μM atenolol, or 10 μM propranolol-hydrochloride. Transwell inserts (6.5 

mm, 5.0 μm pore size; 3421, Corning Costar Corporation) were pretreated with 50 μl RPMI for 15 

min and placed in 24-well-plates before seeding cells (100 μl; ~0,5 × 104). The lower compartments 

(wells) were filled with 600 μl RPMI containing 0.02 ng/μl CXCL1 (453-KC-010, R&D Systems) to 

induce chemoattractive movement (positive control) or with medium lacking CXCL1 to assess 

spontaneous migration (negative control). After incubation at 37°C and 5% CO2 for 90 min, cells 

were collected from the lower compartment, and the number of neutrophils (Ly6G+ cells) was 

evaluated by flow cytometry. Each independent experiment was conducted with leukocytes pooled 

from 8-12 animals, and each condition was run with 3-4 technical replicates. To allow comparison 

between experiments, in each independent experiment the migration of neutrophils treated with 

metoprolol, atenolol, or propranolol was normalized to the mean positive control value. 

 

Thioglycolate-induced peritonitis 

The ability of β-blockers to inhibit neutrophil recruitment was assessed with a well-established 

model of thioglycolate-induced peritonitis 9 (Fig. 2d). Wild type mice were intraperitoneally injected 

with 1 ml sterile thioglycolate (BD211716) and immediately randomized to receive a single i.v. 12.5 

mg/kg bolus of saline, metoprolol, atenolol, or propranolol. After 6 h, animals were sacrificed, and 

2 ml PBS was intraperitoneally injected and distributed manually for 30 s to detach circulating cells 

that had infiltrated the peritoneum. Another 8 ml PBS was then injected to facilitate collection of the 
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peritoneal exudate. Exudate was collected, and 1ml samples were gently centrifuged at 200 xg 5 

min, and cells were washed with PBS and incubated for 30 min with Dylight-650-conjugated anti-

mouse Ly6G (Clone: 1A8, BE0075-1, Bioxcell). After the incubation, cell nuclei were stained with 

DAPI (D8417, Sigma). All samples were filtered through a 100 µm cell strainer (352360, Falcon) 

before flow cytometry analysis for 60 s at constant flow. Neutrophil recruitment efficiency was 

calculated for each individual animal as neutrophils/ml of exudate.  

 

LPS-induced acute lung inflammation 

Mice were anesthetized by i.p. injection of an anesthetic cocktail of atropine sulfate (1 mg/kg; B. 

Braun, 1 mg/ml), xylazine hydrochloride (20 mg/kg; Rompun® Bayer, 20 mg/ml), and ketamine 

(100 mg/kg; Anesketin Dechra, 100 mg/ml). Fully anesthetized animals were immediately 

randomized to receive a single i.v. 12.5 mg/kg bolus of vehicle, metoprolol, atenolol, or propranolol. 

The trachea was exposed, a catheter (Introcan Safety 22G, Braun) was inserted, and mice received 

an intratracheal injection of sterile lipopolysaccharide (LPS) (L2262, Sigma) at a high dose of 10 

mg/kg in 25 μl PBS 1X, followed by 200 μl air to ensure deposition throughout each lung. Control 

(sham treated) mice received an intratracheal injection of 25 μl PBS. After the intratracheal 

administration, the wounds were closed, and mice were allowed to recover with free access to food 

and water. After 24 h, the animals were sacrificed and the lungs were lavaged with 1.5 ml cold PBS 

through a tracheal catheter (Introcan Safety 22G, Braun), and a total of 1 ml bronchoalveolar lavage 

fluid (BALF) was withdrawn from each mouse for the detection of neutrophils by flow cytometry. 

The right lung was then removed and fixed in 4% paraformaldehyde (PFA) for 24 h at 4ºC, and the 

left lung was rapidly frozen in liquid nitrogen for later protein isolation and immunoblotting assays. 

 

Lung processing for histology and immunofluorescence 

PFA-fixed right lungs were placed in 70% alcohol at 4ºC and cut transversely into two portions. For 

histopathological scoring of acute lung injury (ALI), both transverse portions were dehydrated 

through an ethanol series, cleared in xylene, embedded in paraffin wax, cut into 5 µm sections, 

mounted on Superfrost Plus slides (Thermo Fisher Scientific), and stained with hematoxylin and 

eosin solution. Tissues were processed in the CNIC Histopathology Unit, and all slides were 

scanned using a NanoZoomer-2.0-RS digital slide scanner (C110730®, Hamamatsu, Japan) and 

visualized with NanoZoomer Digital Pathology software (Hamamatsu). ALI was scored with a semi-
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quantitative system, using a 0-4 scale combining assessments of inflammatory cell infiltration of 

the airspace and vessel wall, alveolar congestion, hemorrhage, alveolar wall thickness, and hyaline 

membrane formation 16, 17. A score of 0 indicates no injury, 1 indicates mild injury, 2 moderate injury, 

3 severe injury, and 4 very severe injury. 

For double immunofluorescence for citrullinated histone 3 (citH3) and Ly6G, sections were 

deparaffinized and antigens were retrieved by boiling in citrate buffer. Sections were then blocked 

for 1 h with 3% normal goat serum in PBS containing 0.25% Triton X-100 and incubated overnight 

at 4°C with anti-citH3 antibody (rabbit polyclonal anti-histone 3 [citrulline R2 + R8 + R17]; ab5103, 

Abcam) and anti-Ly6G antibody (Dylight-650-conjugated anti-mouse Ly6G monoclonal; Clone 1A8, 

BE0075-1, Bioxcell). Sections were then incubated for 1 h with anti-rabbit Alexa Fluor-488 

secondary antibody and counterstained with DAPI to visualize nuclei. For triple 

immunofluorescence, slides were first incubated as above with anti-Ly6G + anti-citH3 or with anti-

Ly6G + anti-myeloperoxidase (MPO) antibody (rabbit polyclonal; ab9535, Abcam), followed by an 

overnight incubation with anti-neutrophil–elastase (NE) antibody (Cy3-conjugated rabbit polyclonal; 

bs-6982R, Bioss). Stained sections were covered with Fluoroshield (F6182, Sigma). 

 

Flow cytometry 

Neutrophil migration in vitro in transwell assays, peritoneal infiltration in vivo, and presence in BALF 

were assessed by incubating cells with Dylight-650-conjugated anti-mouse Ly6G (Clone 1A8, 

BE0075-1, Bioxcell), with DAPI used to assess viability (D8417, Sigma). For the assessment of 

neutrophil–platelet interactions, blood was fixed with ThromboFix Platelet Stabilizer (6607130, 

Beckman Coulter Life Sciences), which can be used in conjunction with dye-conjugated anti-

platelet monoclonal antibodies for flow cytometry analysis. Neutrophil–platelet interactions were 

assessed by incubating cells with PE-conjugated anti-mouse CD41 (Clone MWReg30, 12-0411-

83, eBioscience) and Dylight-650-conjugated anti-mouse Ly6G, with DAPI used to assess viability.  

Neutrophils were gated on the basis of Ly6G+ staining and were counted with a FACS Canto-3L 

flow cytometer equipped with DIVA software (BD Biosciences). Neutrophil–platelet interactions 

were identified as CD41+Ly6G+ double-positive signals, quantified as a percentage of the total 

number of Ly6G+ cells. Data were analyzed with FlowJo (Ashland) software. All experiments were 

conducted at the CNIC Cellomics Unit. 
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Immunoblotting 

LV and lung samples were included in RIPA buffer (containing phosphatase and protease 

inhibitors, Sigma) and disrupted by high-speed shaking with steel beads in a TissueLyser LT 

(Qiagen). Isolated proteins were quantified by Pierce BCA Protein Assay (23225, ThermoFisher 

Scientific), separated by SDS-PAGE, transferred to nitrocellulose membranes (Trans-Blot Turbo 

Transfer System, Bio-Rad), and probed with different antibodies. The presence of neutrophils in 

heart samples was assessed with anti-1A8 Ly6G (BE0075-1, Bioxcell). Vinculin was detected as a 

loading control (V4505, Sigma). H3 citrullination in lungs was detected with anti-citH3 antibody 

(ab5103, Abcam). GAPDH was detected as a loading control (ab8245, Abcam). After washes and 

incubation with appropriate secondary antibodies, bound antibodies were detected by enhanced 

chemiluminescence (ImageQuant LAS 4000 series, GE Healthcare Life Sciences), and blots were 

analyzed with ImageJ software (NIH, Bethesda, MD, USA).  

 

Confocal microscopy  

To study the production of neutrophil extracellular traps (NETs), lung sections from mice with LPS-

induced ALI were assessed by double immunofluorescence for citH3 and Ly6G. Images were 

acquired at 5 anatomical locations using a Leica TCS SP8 Confocal and gSTED 3D System fitted 

with an HC PL APO 63x/1.40 Oil CS2 objective (Leica Microsystems, Mannheim, Germany). The 

same protocol and confocal settings were used for all images and conditions. To analyze NET 

production, an Image J software (NIH, Bethesda, MD) Macro was designed to determine the lung-

tissue area covered by cit-H3-positive and Ly6G-positive cells and the co-localization of these 

markers. Images from control mice (sham-treated, receiving PBS) were used to establish the 

intensity threshold for the Macro analysis. Lung-tissue area was quantified from bright-field images. 

All experiments were conducted using the confocal systems available in the CNIC Microscopy Unit.  

 

 

Intravital microscopy 

Intravital microscopy (IVM) of the cremaster muscle microcirculation was performed after 

intrascrotal injection of tumor necrosis factor-α (TNFα) (0.5μg, R&D Systems) 4 to induce local 

neutrophil recruitment, followed immediately by injection of a single i.v. bolus of saline, metoprolol, 

atenolol, or propranolol (12.5 mg/kg). Before cremaster muscle preparation, mice were 
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anesthetized by i.p. injection of an anesthetic cocktail of ketamine (72 mg/kg; Anesketin Dechra, 

100 mg/ml) and medetomidine hydrochloride (1 mg/kg; Domitor, 1 mg/ml). Body temperature was 

controlled throughout the experiment to avoid possible effects due to hypothermia. After 

microsurgical preparation, fluorescently labeled antibodies (0.5-1.25 μg/mouse) were administered 

by retro-orbital injection into the venous sinus to label surface molecules on polarized neutrophils 

(FITC-conjugated anti-CD62L and allophycocyanin [APC]-conjugated anti-Ly6G) and platelets 

(phycoerythrin [PE]-conjugated anti-CD41). Fluorescence in cremester muscle venules (6-10 per 

mouse) was acquired for 1-2 min between 210 and 300 min after TNFα injection (Cy3/561 nm 

channel for PE, FITC/488 nm channel for FITC, and Cy5/640 nm channel for APC) (Fig. 3a, 4a). 

For double staining with PE- and FITC-conjugated antibodies, acquisition was facilitated in single 

(FITC) and quad (PE) filters in order to avoid between-channel bleed-through of fluorescent signals. 

The IVM system was built by 3i (Intelligent Imaging Innovations, Denver, CO) on an Axio Examiner 

Z.1 workstation (Zeiss, Oberkochen, Germany) mounted on a 3-Dimensional (3D) Motorized Stage 

(Sutter Instrument, Novato, CA). This set-up allows precise computer-controlled lateral movement 

between XY positions and a Z focusing drive for confocal acquisition. The microscope was 

equipped with a CoolLED pE widefield fluorescence LED light source system (CoolLED Ltd. UK) 

and a quad pass filter cube with a Semrock Di01-R405/488/561/635 dichroic and a FF01-

446/523/600/677 emitter. We used a plan-Apochromat 40x W NA1.0 ∞/0 objective (Zeiss). Two-

dimensional (2D) images were collected with a CoolSnap HQ2 camera (6.45 x 6.45-μm pixels, 

1392 x 1040-pixel format; Photometrics, Tucson, AZ). For confocal highspeed IVM, we used laser 

stacks for 488 nm, 561 nm, and 640 nm beams coupled to a confocal scanner (Yokogawa CSUX-

A1; Yokogawa, Japan). 3D images were acquired at 0.55 μm Z-intervals. Image acquisition was 

coordinated and offline data analysis facilitated with SlideBook software (Intelligent Imaging 

Innovations), run on a Dell Precision T7500 computer (Dell Inc., Round Rock, TX).  

 

Tracking of crawling neutrophils 

The kinetic properties of crawling neutrophils was studied by 2D IVM. This was crucial for testing 

whether the differential effects of β-blockers on neutrophil dynamics was reflected in metoprolol-

specific disruption of neutrophil kinetics. Kinetic parameters of interest were velocity, accumulated 

and euclidean distance, and directionality. Euclidean distance is defined as the straight-line 

distance between initial and finishing points of neutrophil movement, whereas accumulated 

distance is the total length of the path followed.  
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Polarized neutrophils were identified and tracked from clearly polarized morphology and uropod 

staining (L-selectin staining). The cell adhesion molecule L-selectin (CD62L) is expressed in a 

protruding microdomain at the rear of polarized leukocytes that is essential for signal integration. 

The CD62L-negative pole is generally known as the leading edge. Around 4-10 venules per mouse 

were recorded, and time-lapse videos of crawling neutrophils were analyzed with the Manual 

Tracking and Chemotaxis and Migration Tool plugins in ImageJ (NIH, Bethesda, MD). For each 

video, channel intensities were first adjusted and then converted to RGB format. Videos were 

rotated so that the vessels were positioned horizontally and the blood flow oriented left-to-right. 

Both plugins were set up with xy calibration values, which depend on the camera and microscope 

parameters, to convert pixels into linear measures, as well as the time interval between video 

frames (3 s). Each polarized neutrophil was tracked manually 21 times (1 min) using the Manual 

Tracking Plugin, which generated a dataset with the respective xy track coordinates. We then used 

the Chemotaxis and Migration Tool to plot and to obtain neutrophil kinetic parameters for the tracks: 

velocity (μm/s), accumulated distance (μm), euclidean distance (μm), and directionality.  

 

Neutrophil–platelet interactions 

Platelets in the inflamed cremaster were visualized as CD41-labeled cells and quantified as 

described elsewhere 4. The uropod was defined as the CD62L-positive domain and the leading-

edge as the CD62L-negative pole forming multiple protrusions and showing guided movement 

(Ly6G+). Between 4 and 10 venules were recorded per mouse, and neutrophil-platelet interactions 

at the uropod and leading edge were calculated as percentages of the total interactions.  

 

3D reconstruction of polarized neutrophils 

3D IVM was used to measure 3D features of intravascular neutrophils using Imaris Software 

(Bitplane, Oxford). Morphological parameters of interest provided by the ImarisCell module were 

prolate ellipticity, sphericity, and volume. The lengths of the three semi-axes, corresponding to the 

Ellipsoid axis parameters, were also obtained and were used to calculate the height:length ratio. 

An Ellipsoid is a type of quadric that is a higher analog of an Ellipse. The lengths of the three semi-

axes are fixed positive real numbers that determine the shape of the Ellipsoid. However, if 2 of 

these sides are equal, the Ellipsoid is a Spheroid.  
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3D cell reconstructions with the ImarisCell module were used to define the cell body. Regions of 

interest were then segmented to enclose individual polarized neutrophils (L-selectin [CD62L+] 

staining), thus ensuring that the reconstruction fitted the real cell structure. For reconstruction 

analysis, we chose the Ly6G-APC channel because Ly6G is a membrane-bound protein that gives 

a strong signal and allows a good rendering of cell morphology. The ImarisCell module determines 

the cell threshold by calculating voxel (3D pixel) intensities from the enclosed cells and comparing 

them with the background intensity in the enclosed sub-regions. The threshold was subsequently 

checked for appropriateness for all enclosed cells. As mentioned, the lengths of the 3 semi-axes, 

which correspond to the Ellipsoid axis parameters, were obtained to calculate the height:length 

ratio. The ImarisCell module reorients the enclosed cells and provides semi-axes A, B, and C that 

correspond to width, height, and length measurements for each of the enclosed neutrophils. 

Therefore, the height:length ratio was calculated as the semi-axis B:semi-axis C ratio. 

 

In-silico modeling of mouse and human β1AR and comparative ligand docking  

For in-silico modeling of the mouse and human β1AR proteins, fasta sequences (Uniprot ID: 

P34971 and ID: P08588, respectively) were submitted to the G-protein coupled receptor (GPCR)-

I-TASSER server 18. The best models corresponding to the biggest cluster (human 2580 decoys, 

mouse 3245 decoys, from more than 20000 in both cases) with lower energy and correct topology 

(seven transmembrane segments and the best structural alignment with the β2AR structure (pdb 

ID 3sn6 as homology template) were selected as final templates. To minimize the global energy 

and solve some clashes in the models, the previous models were refined with the mp relax tool 

using the Rosetta script interface  19, 20 of Rosetta software suite v3.10 (www.rosettacommons.org). 

This tool recomputes the side-chain coordinates of the protein residues taking into account the 

membrane environment, the lipophilicity, the trans-membrane segment and the protein 

composition. 100 independent models were calculated for each one. As before, the models with 

lower energy and correct folding were selected as final models. To better show the protein position 

and orientation in the membrane, the refined models were submitted to the PPM server 

(http://opm.phar.umich.edu/). This server is specialized in predicting and positioning membrane 

proteins from 3D structures using a large structural database (membranome) and computational 

methods. In detail, these methods account for long-range electrostatic interactions, first-shell 

solvation energy (van der Waals, hydrophobic and hydrogen bond interactions), the gradual polarity 

changes along the bilayer normal, the preferential solvation of protein groups by water, and the 

hydrophobic mismatch for TM proteins  21.  
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We then used the Concavity tool 22 to detect cavities/pockets in the models as potential ligand 

binding sites. The complex conformed by the final refined models with membrane positioning and 

the different ligands tested (epinephrine, metoprolol, atenolol and propranolol) were modeled using 

the ligand-docking tool from the Rosetta script of the Rosetta software suite v3.10. Briefly, a 

representative conformer of the ligand was located close to the ligand pocket in the receptor. The 

protocol computes combinations of atomic coordinates for ligand conformers and rearrangement 

of the side-chain (rotamers) of the residues of the receptor in the pocket, in order to explore the 

conformational space and find ligand-protein interactions. Finally, a new cycle of relax was made. 

As before, the models were submitted to the PPM server to better show the protein position and 

orientation in the membrane, and the pockets were analyzed with the Concavity tool. In all cases, 

at least 1000 models were computed. The model with correct interface topology (ligand inside the 

pocket without clashes between ligand and protein) and best energy of interface (minor ΔG, more 

stability and interactions between protein and ligand like electrostatic, hydrophobic/hydrophilic, van 

der Waals and hydrogen bonds or salt bridges) were selected (Supplemental Fig. 5). 

 

Statistics  

Data are presented as mean ± standard deviation (SD) and were analyzed with Prism software 

(Graph pad, Inc.). Comparisons among the four treatments (vehicle, metoprolol, atenolol, and 

propranolol) were made by one-way ANOVA. P-values were adjusted with the Dunnet multiple 

comparisons method for data following a normal distribution and with the Dunn multiple 

comparisons method for data following a non-normal distribution and with the Dunn multiple 

comparisons method for data following a non-normal distribution. Data distribution was validated 

by the Shapiro-Wilk normality test. Differences were deemed statistically significant at P values 

below 0.05.  
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SUPPLEMENTAL FIGURES 

Supplemental Fig. 1. Dose response hemodynamic study in mice 

 

(a) Mice were anesthetized by intraperitoneal injection of an anesthetic cocktail of xylazine (20 

mg/kg) and ketamine (60 mg/kg). An intravenous 6.25 mg/kg, 12.5 mg/kg and 25 mg/kg dose of 

metoprolol, atenolol, propranolol, or vehicle was given as a retro-orbital injection to the venous 

sinus. Animals were intubated and maintained at 36.5°C throughout the experiment. At 5 min after 

injection, an intercostal space was opened to allow measurement of hemodynamic variables. (b, c) 

Intravenous 12.5 mg/kg β-blocker induced a moderate hemodynamic effect, as indicated by 

decrease in heart rate (bpm) and left ventricular pressure (mmHg) of less than 20% compared to 

vehicle: vehicle, n=16; metoprolol, atenolol and propranolol; n=5-8 animals per treatment condition 

and dose. Data are presented as mean±SD.  
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Supplemental Fig. 2. Pre-reperfusion intravenous metoprolol does not affect the percentage 

and number of neutrophils 24 h post-IRI 

 

(a) Mouse model of myocardial I/R. (b, c) The percentage and number of circulating neutrophil 

population was not altered 24 h post-IRI by any of the 3 β-blockers when administered pre-

reperfusion: metoprolol, atenolol or propranolol. n=4-5 mice per treatment condition. Data are 

presented as mean±SD.   
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Supplemental Fig. 3. The lack of effect on neutrophils of atenolol and propranolol is not 

dose-dependent 

 

(a) Experimental scheme for thioglycolate-induced peritonitis. Mice received a 6.25 mg/kg and 25 

mg/kg i.v. β-blocker dose immediately after i.p. thioglycolate administration. (b, c) Flow cytometry 

analysis neutrophils in peritoneal exudate. (b) Absolute numbers of neutrophils detected per ml of 

infiltrate 6 h after thioglycolate injection was represented as a fold-change compared to vehicle. (c) 
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Representative flow cytometry plots illustrating reduced peritoneal infiltration of neutrophils (Ly6G+ 

cells) in metoprolol-treated mice. n=3-5 animals/ treatment condition and dosage. Data are 

presented as mean±SD..  
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Supplemental Fig. 4. Metoprolol reduces MPO and ameliorates ALI 

 

(a) Model of LPS-induced acute lung injury (ALI). Mice received an intratracheal instillation of LPS 

immediately after i.v. injection with the indicated treatments. (b) Representative confocal 

immunofluorescence of lung sections 24 h after LPS instillation, showing reduced levels of the 

neutrophil granule proteins MPO (green) and NE (purple) in metoprolol-treated mice. Arrowheads 

mark MPO and NE co-localization, indicating NET generation. (c) Representative hematoxylin and 

eosin stained lung sections from sham-operated mice (Control; no LPS) and vehicle- and 
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metoprolol-treated mice. (d) Lung injury was scored from 0 to 4: a score of 0 indicates no injury, 1 

indicates mild injury, 2 moderate injury, 3 severe injury, and 4 very severe injury (see Methods). 

n=11-12 mice/condition. Data are presented as mean±SD. 
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Supplemental Fig. 5. Bioinformatics Pipeline for the in-silico model of the mouse and human 

β1AR proteins and for the simulation of the docking of these models with four ligands: 

epinephrine, metoprolol, atenolol or propranolol.  
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Supplemental Fig. 6. Metoprolol induces a conformational change in mouse β1AR that 

increases the size of the intracellular cavity 

 

(a) Modeling of the mouse β1AR modeling alone (gray) and bound to epinephrine (purple), 

metoprolol (blue), atenolol (orange), or propranolol (green). Each ligand-bound β1AR conformation 

was compared to the unbound β1AR conformation. Images were obtained with the PyMOL 

molecular visualization system. In silico analysis indicates that β1AR conformational changes 

induced by metoprolol binding differ from those induced by the other ligands, producing an enlarged 
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intracellular receptor cavity that is more open than that of the epinephrine-, atenolol-, or propranolol-

bound receptor. The detected changes are proportionally similar to those obtained in modeling of 

the human β1AR (see Figure 6). (b) Superposition of all ligand-induced β1AR conformations. The 

energies of the complex and interface are shown in Rosetta Energy Internal Units, whereas cavity 

sizes are shown in square Ångström Units (Å2).  
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SUPPLEMENTAL TABLES  

Suppl. Table 1. Quantification of complex and interface energies of ligand-human β1AR 

interaction 

Human β1AR Energy of complex Energy of interface 

β1AR-Epinephrine -1265.68 -13.65 

β1AR-Metoprolol -1263.64 -19.57 

β1AR-Atenolol -1268.61 -21.04 

β1AR-Propranolol -1279.98 -19.20 

 

Suppl. Table 2. Quantification of conformational change in binding pocket and intracellular 

cavity upon ligand-human β1AR interaction. 

Human β1AR Binding cavity Intracellular cavity 

β1AR 77377.13 Å2  39022.18 Å2 

β1AR-Epineprhine 65470.79 Å2  37571.32 Å2 

β1AR-Metoprolol 52117.21 Å2  63759.34 Å2 

β1AR-Atenolol 59857.18 Å2  50069.59 Å2 

β1AR-Propranolol 54413.68 Å2 44371.77 Å2 
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Metoprolol binding to human β1AR induces a conformational change that increases the size of the 

intracellular cavity more than is achieved upon binding of epinephrine, atenolol, or propranolol. As 

expected, the drug-binding cavity has a minor solvent accessible surface with ligands. β-blockers 

binding to β1AR have similar complex and interface energies, suggesting similar binding stabilities. 

Complex and interface energies are shown in Rosetta Energy Internal Units, whereas binding and 

intracellular cavity sizes are shown in square Ångström Units (Å2). 

  



23 
 

Suppl. Table 3. Quantification of complex and interface energies of ligand-mouse β1AR 

interaction 

Mouse β1AR Energy of complex Energy of interface 

β1AR-Epinephrine -940.55 -15.38 

β1AR-Metoprolol -943.45 -19.41 

β1AR-Atenolol -940.91 -17.07 

β1AR-Propranolol -939.65 -18.71 

 

Suppl. Table 4. Quantification of conformational change in binding pocket and intracellular 

cavity upon ligand-mose β1AR interaction. 

Mouse β1AR Binding cavity Intracellular cavity 

β1AR 27796.41 Å2 84536.63 Å2 

β1AR-Epinephrine 25247.28 Å2 88615.88 Å2 

β1AR-Metoprolol 23717.72 Å2 90697.13 Å2 

β1AR-Atenolol 23887.66 Å2 88282.88 Å2 

β1AR-Propranolol 28306.24 Å2 86534.63 Å2 
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Metoprolol binding to mouse β1AR induces a conformational change that increases the size of the 

intracellular cavity more than is achieved upon binding of epinephrine, atenolol, or propranolol. 

Complex and interface energies are shown in Rosetta Energy Internal Units, whereas binding and 

intracellular cavity sizes are shown in square Ångström Units (Å2). 
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SUPPLEMENTAL VIDEO LEGEND 

Supplemental videos 1 (a-d). Metoprolol has a particular disruptive effect on neutrophil 

dynamics in vivo 

2D IVM recordings showing representative crawling neutrophils (positive for Ly6G [green] and 

CD62L [yellow]) in inflamed cremester muscle vessels of mice receiving i.v. vehicle (saline), 

metoprolol, atenolol, or propranolol. Only metoprolol disrupts neutrophil behavior, significantly 

reducing motility. 
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SUPPLEMENTAL FIGURES  

Graphical abstract. β1AR blockade by metoprolol ameliorates brain I/R injury.  

 

By attenuating acute neutrophil infiltration via β1AR, metoprolol reduces brain infarct size, prevents 

neuronal loss and cerebral edema progression. As a consequence of neutrophil stunning, metoprolol 

counteracts the pro-inflammatory state while conserving a subset of alternative neutrophils in brain, 



Clemente-Moragón, A., et al: β1AR blockade blunts stroke neuroinflammation 

 
which contribute to create a pro-resolving microenvironment that favors long-term recovery. This 

results in better preservation of blood-brain barrier integrity and reduced subacute neuroinflammation 

(microglia/macrophage pro-inflammatory responses, proteoglycan deposition, glial scarring and 

myelin sheath degeneration). Therefore, metoprolol is a promising candidate for testing in clinical 

trials of patients with suspected ischemic stroke. 
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Supplemental Fig. 1.  

 

(A) Area at risk (AAR), determined by dynamic susceptibility contrast perfusion imaging, and infarct 

size assessed by coronal T2-weighted (T2W) MRI at 24 h post-reperfusion (vehicle, n=19; 

metoprolol, n=23). Infarct size was calculated as the ratio of infarct volume to the AAR and expressed 

as a percentage. After inclusion of all rats in the statistical analysis (including those with IS > 40%), 

the significant difference (p<0.05) was maintained between rats receiving pre-reperfusion vehicle or 

metoprolol. Dots correspond to individual rats, column heights to median values, and whiskers to 

interquartile range. *p<0.05; unpaired Mann-Whitney test. (B) T2W MRI at 24 h post-reperfusion (top 

row; coronal plane) and 7 d post-reperfusion (middle and bottom rows; coronal and axial planes, 

respectively) in vehicle-treated rats (left) and metoprolol-treated rats (right) with IS >40%. Infarct 
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regions correspond to hyperintense areas. Rats with IS >40% also showed a midline shift (yellow 

arrowheads) or hemorrhage (red arrowheads) at 7 d post-reperfusion.  
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Supplemental Fig. 2.  

 

(A) Infarct size (IS) normalized to at-risk-to-infarction tissue assessed as perfusion-diffusion 

mismatch (PDM). The results were similar to those obtained by normalization to area-at-risk (AAR) 

(see Fig. 1) at 24 h post-reperfusion (vehicle, 29.9 ± 3.39%; metoprolol, 21.4 ± 2.79%; p<0.05) and 7 

d post-reperfusion (vehicle, 11.5 ± 2.78%; metoprolol, 3.55 ± 0.78%; p<0.05) (b) Non-normalized T2-
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weighted MRI infarct volumes; the benefit of metoprolol is still evident at 24 h post-reperfusion 

(vehicle, 46.7 ± 3.11 mm3; metoprolol, 32.0 ± 1.77 mm3; p<0.005) and 7 d post-reperfusion (vehicle, 

19.6 ± 3.84 mm3; metoprolol, 7.29 ± 1.83 mm3; p<0.05), indicating that IS was not conditioned by 

either AAR or PDM. Data are means ± S.E.M. *p<0.05, **p<0.01, ***p<0.005; unpaired Mann-

Whitney or Student t-test. 
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Supplemental Fig. 3.  

 

(A) Representative GFAP immunohistochemistry (IHC) on coronal sections at 7 d post-reperfusion, 

showing a glial scar (red outline) in the core lesion of a vehicle-treated rat (left) and the absence of 

scarring in a metoprolol-treated rat (right). Glial scar size was measured as the area lacking 

astrocytes in the middle cerebral artery (MCA) territory (outlined in orange) at 7 d post-reperfusion, 

showing abolition of scarring in metoprolol-treated rats. (B) Representative IHC of chondroitin sulfate 
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proteoglycans (CSPGs) on coronal sections at 7 d post-reperfusion, showing CSPG deposition (red 

outline) in the core lesion of a vehicle-treated rat (left) and its absence in a metoprolol-treated rat 

(right). CSPG deposition in the basal ganglia (outlined in purple) at 7 d post-reperfusion was 

attenuated in metoprolol-treated rats. (C) Representative myelin basic protein (MBP) IHC on coronal 

sections at 7 d post-reperfusion, showing myelin sheath degeneration in the core lesion (red outline) 

of a vehicle-treated rat (left) and preserved myelination in a metoprolol-treated rat (right). 

Quantification of basal ganglia (outlined in purple) myelin sheath degeneration at 7 d post-reperfusion 

shows preserved myelination in metoprolol-treated rats. High magnification views illustrate this 

process. (D) Representative double immunostaining for CSPG (blue) and GFAP (brown), showing a 

glial scar filled with a proteoglycan matrix in a vehicle-treated rat (left) and the absence of scarring in 

a metoprolol-treated rat (right). (E) Representative double immunostaining for CSPG (blue) and MBP 

(brown), showing CSPG deposition and the accumulation of myelin sheath debris in the core lesion of 

a vehicle-treated rat, creating an inhibitory context for axonal and neuronal regeneration. In the 

metoprolol-injected rat, CSPG deposition is inhibited and myelin sheaths are preserved. 
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Supplemental Fig. 4.  
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(A) Representative IHC of NeuN, GFAP and Iba1 on coronal sections at 24 h post-reperfusion, 

showing no changes in the core lesion between vehicle (left) and metoprolol (right). Neuronal nuclei 

lost staining and microglia started to acquire a reactive morphology; however, early after reperfusion, 

there is not glial scarring yet, nor microglia/macrophages pro-inflammatory response and 

accumulation. (B) Representative IHC of aquaporin 4 (AQP4) on coronal sections at 24 h post-

reperfusion, which show no changes in the core lesion between vehicle (top row) and metoprolol 

(bottom row). Quantification of AQP4 IHC in the MCA of infarcted hemispheres shows no differences 

between both treatments. (vehicle, n=5; metoprolol, n=7). Graphs show mean ± S.E.M. Abbreviations 

as in Supplemental Fig.  3.  
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Supplemental Fig. 5. 

 

Single and merged channels of triple GFAP+CSPG+RGMa IF, showing Repulsive Guidance 

Molecule A expression (RGMa; yellow) and proteoglycan deposition (CSPG; gray) in the core lesion 

of a vehicle-treated rat (top row) and their absence in a metoprolol-treated rat (bottom row). Nuclei 

were revealed with DAPI (blue). 

  



Clemente-Moragón, A., et al: β1AR blockade blunts stroke neuroinflammation 

 
Supplemental Fig. 6.  

 

(A) Flow cytometry plots illustrating the purity of glia-based co-cultures. (B, C) CXCL1 levels in glia-

based co-culture supernatants. (D) Fluorescence images of proliferative (EdU, red) astrocytes 
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(GFAP, green) subjected or not to OGD, and treated or not with vehicle or metoprolol before or after 

reperfusion. Nuclei were revealed with DAPI (blue). (E) Graphs show quantification of % of EdU+ 

nuclei over total nuclei (DAPI+), GFAP mean intensity and GFAP area/nuclei (n=4 per condition) (F, 

G) Immunoblot analyses of Arginase-1 (37 kDa), YM1 (44 kDa), CD243 (55kDa) and vinculin (120 

kDa) protein expression in co-cultures subjected or not to OGD, and treated or not with vehicle or 

metoprolol before or after reperfusion (n=4 per condition). Graphs show mean ± S.E.M.  
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Supplemental Fig. 7.  

 

(A) White blood cells counts after treatment with anti-PMN serum assessed by hemocytometry. 

Upper and lower dotted black lines represent white blood cells counting means (baseline and after 

depletion). (B, C) Neither between distinct treatment conditions in the absence of neutrophils, nor 

between same treatment conditions in the presence or absence of neutrophils, differences were 
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observed in AAR. (D) The absence of neutrophils did not provide neuroprotection as metoprolol did in 

wild-type rats at 7 d post-reperfusion (depleted vehicle, n=3; depleted metoprolol, n=18). (E, F) The 

absence of neutrophils did not reduce vasogenic edema (non-depleted vehicle, n=16; depleted 

vehicle, n=3). Graphs show mean ± S.E.M. *p<0.05; **p<0.01. 
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VIDEO LEGENDS 

Supplemental video 1. 3D confocal reconstruction of triple GFAP+AQ4+Iba1+ immunofluorescence 

on a coronal brain section of a rat receiving a pre-reperfusion i.v. bolus of metoprolol at 7 d post-

reperfusion, illustrating preservation of aquaporin-4 expression (AQP4; red) in the end feet of 

astrocytes (GFAP; green), indicating preserved blood-brain barrier integrity. Microglia/macrophages 

(Iba1; purple) were found around vessels. Nuclei were revealed with DAPI (blue). 

Supplemental videos 2. 3D confocal reconstruction of triple Neutrophil+TUNEL+Iba1+ 

immunofluorescence on a coronal brain section of a rat receiving a pre-reperfusion i.v. bolus of 

vehicle at 7 d post-reperfusion, illustrating how apoptotic (positive for TUNEL [red]) neutrophils 

(green) are preferably engulfed by microglia (positive for Iba1 [gray]). Nuclei were revealed with 

DAPI (blue). 

Supplemental videos 3 (A-D). In vivo 2D IVM recordings, showing representative crawling 

neutrophils (positive for Ly6G [green] and CD62L [yellow]), interacting with platelets (positive for 

CD41 [red]) in inflamed cremaster muscle vessels, of WT or neutrophil conditional Adrb1 KO mice 

receiving i.v. vehicle (saline) or metoprolol. Metoprolol did not provide any further effect on neutrophil 

behavior in the absence of β1AR. 
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SUPPLEMENTAL MATERIAL AND METHODS 

 

Animals 

All experimental and other scientific procedures with animals conformed to EU Directive 2010/63EU 

and Recommendation 2007/526/EC, enforced in Spanish law under Real Decreto 53/2013. Animal 

protocols were approved by the local ethics committees and the Animal Protection Area of the 

Comunidad Autónoma de Madrid.  

 

Rat procedures 

Rats were maintained under pathogen-free conditions in a temperature-controlled room and a 12-

hour light-dark cycle in the animal facility of Hospital General Universitario Gregorio Marañón, 

Madrid, Spain (ES280790000087). Chow diet and water were available ad libitum. We subjected 76 

young male Wistar rats to middle cerebral artery occlusion and reperfusion (MCAO/R) injury. Animals 

were randomized to receive a pre-reperfusion 12.5 mg/kg i.v. bolus of metoprolol-tartrate (M5391, 

Sigma) or vehicle (saline, 0.9% NaCl). A subgroup of 55 rats was monitored by MRI during MCAO 

(baseline) and at 24 h and 7 d post-reperfusion, followed by sacrifice and removal of the brain for 

immunohistochemical analysis. The remaining 21 rats were monitored under the same MRI protocol, 

but were sacrificed after the 24 h post-reperfusion scan for analysis of neutrophil infiltration in brain 

parenchyma by immunohistochemistry. The selected i.v. metoprolol dose was based on previous 

experiments in rodents showing a moderate hemodynamic effect (1). In the MCAO/R model, mortality 

reached 30% within 24 h post-reperfusion (16% and 14% for vehicle and metoprolol, respectively).  

The study protocol stipulated the exclusion of rats with a quasi-hemispheric infarct (IS > 40%) at 24 h. 

This occurred in 9% of the rats (4% and 5% in the vehicle and metoprolol groups, respectively). MRI 

in these rats showed a midline shift or hemorrhage at 7 d post-reperfusion. Another animal was 

excluded due to a large cerebral hemorrhage at 24 h post-reperfusion. In addition, 13% of rats were 

excluded due to failure of the surgical model, as determined by absence of infarct on T2-weighted 

(T2W) MRI images at 24 h post-reperfusion. Therefore, 46% (16 and 19 in the vehicle and metoprolol 

groups, respectively) of rats subjected to MCAO/R had IS <40% and were included in the evaluation 

of the neuroprotective effect of the early i.v. metoprolol. 
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To assess whether metoprolol induces neuroprotection in the absence of circulating neutrophils, an 

additional group of 20 rats was depleted of peripheral-blood neutrophils before MCAO/R. These 

animals were also monitored by MRI during MCAO, at 24 h and 7 d post-reperfusion. 

 

Mouse procedures 

Adult mice were maintained under pathogen-free conditions in a temperature-controlled room and a 

12-hour light-dark cycle at the CNIC animal facility. Chow diet and water were available ad libitum. 

Neutrophil specific Adrb1 knock-out (KO) mice were generated from the backcross between the 

Mrp8-Cre mice driver (C57BL/6 background) and the conditional Adrb1flox/flox (C57BL/6 background). 

We then obtained wild-type (WT) mice expressing β1AR (WT, Mrp8-Cre/- Adrb1flox/flox) and neutrophil 

specific Adrb1 KO littermates (Adrb1 KO, Mrp8-Cre/+ Adrb1flox/flox).  

Chemokine-induced migration transwell and intravital microscopy (IVM) were performed in 8-13-

week-old male neutrophil specific Adrb1 KO and their WT littermates. Mice were randomized to 

receive a single 12.5 mg/kg i.v. bolus of metoprolol-tartrate (M5391, Sigma) or vehicle (saline, 0.9% 

NaCl). Whole body Adrb1 KO mice were in a mixed background. Brains from WT or constitutive 

Adrb1 KO neonatal mice (P2-P3) were removed for astrocytes and microglia purification and growth 

in vitro. For neutrophil migration evaluation towards glia-based co-cultures, leukocytes were pooled 

from 8-13-week-old WT male C57BL/6 mice. 

 

Cerebral ischemia-reperfusion injury 

The intraluminal MCAO/R model is the gold-standard for surgical modeling of ischemic stroke. In our 

protocol, rats were anesthetized with 3% sevofluorane in 100% O2 via a facemask throughout surgery 

and intraluminal occlusion. Immediately before surgery, animals received a single dose of 0.3 mg/kg 

of i.p. fentanyl. The carotid artery was then exposed, and an intraluminal 4-0 suture (Doccol, 

404134PK10) was advanced via the internal carotid artery to occlude the base of the middle cerebral 

artery (MCA). Rats were subjected to 35 min ischemia and randomized to receive a single i.v. bolus 

of vehicle or metoprolol (12.5 mg/kg) 10 min before reperfusion. After the 35 min ischemia, the suture 

was retracted to reinstate blood flow in MCA-supplied brain territories. After incision closure, rats 

received 2 ml of warm saline (0.9% NaCl) subcutaneously (s.c.) as volume replacement. After the 
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procedure, rats were placed in a warm recovery cage to prevent hypothermia, with free, easy access 

to food and water. To prevent pain, 0.1 mg/kg of buprenorphine was administered s.c. immediately 

after surgery and 24 h and 48 h post-surgery. Rats were kept under observation and monitored by 

MRI at different times post-reperfusion, as explained below.  

 

Brain magnetic resonance imaging 

Brain MRI scans were obtained with a 7 Tesla BioSpec 70/20 scanner (Bruker, Germany). Images 

were acquired using a volume coil for signal transmission and a 4-element rat-head surface coil for 

signal reception. Animals were maintained throughout the procedure under sevofluorane anesthesia 

(5% induction and 2% maintenance, in 100% O2). Axial and coronal T2-weighted images and 

diffusion-weighted images (DWI) were acquired at 24 h and 7 d post-reperfusion. To assess the 

hypoperfusion area, a dynamic susceptibility contrast (DSC) perfusion-weighted sequence was also 

acquired during MCAO.  

Parameters of each sequence were as follows. For T2W MRI images, a RARE sequence was 

acquired with TR = 6741.2 ms, TE = 30 ms, 4 averages, rare factor = 8, slice thickness = 0.4 mm, 

FOV = 35 x 35 mm2, and matrix size = 256 x 256 pixels. DWI study was based on a single shot echo-

planar imaging with TR = 3000ms, TE = 21 ms, 1 average, b values = 0 and 650 s/mm2, slice 

thickness = 1 mm, FOV = 30 x 25 mm2, and matrix size = 128 x 64 pixels. DSC perfusion-weighted 

images were dynamically acquired during an i.v. injection of 0.5mmol/kg Gd contrast agent 

(ProHance, Bracco Diagnostics) in 0.2 ml administered at 2.4ml/min with TR = 700 ms, TE = 7.715 

ms, 1 average, 100 repetitions, slice thickness = 1 mm, FOV = 30 x 25 mm2, and matrix size = 92 x 

50 pixels.  

 

Infarct size and edema quantification 

Infarct volume at 24 h and 7 d post-reperfusion was quantified from coronal T2W MRI images. Infarct 

regions were selected as hyperintense areas. Area at risk (AAR) was calculated by analyzing DSC 

perfusion-weighted MRI images obtained during MCA occlusion, before reperfusion. Ipsilateral 

hypoperfused areas were detected as notably hypointense regions compared with the perfused 
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contralateral hemisphere. Parametric apparent diffusion coefficient (ADC) maps were obtained from 

diffusion-weighted MRI images captured at baseline and 24 h and 7 d post-reperfusion. Cytotoxic 

edema (intracellular) was identified as hypointense regions, mainly observed after MCAO and at 24 h 

post-reperfusion. Regions of interest (ROI) were transformed into volumes by taking account of the 

slice thickness. Vasogenic edema (extracellular) was identified as hyperintense regions at 7 d post-

reperfusion. Since vasogenic edema was mainly restricted to basal ganglia, we quantified its 

presence by comparing the ipsilateral (infarct) and contralateral intensities of this region in one slice 

per rat in ADC maps and T2WI images (-0.36/-0.96 mm Bregma interval). 

Final IS was calculated as the ratio of infarct volume to the AAR. In an alternative approach, IS was 

calculated by considering the at-risk tissue as a perfusion-diffusion mismatch (PDM) (2); in this 

approach, IS was calculated as the ratio of infarct volume to PDM. Infarct volumes estimated from 

T2W MRI images were also compared between groups at different time-points without normalization. 

MRI analyses were carried out by a blinded trained researcher.  

 

Tissue processing 

At 24 h and 7 d post-reperfusion, rats were anesthetized by i.p. injection of a mixture of ketamine 

(100mg/kg) and xylazine (5mg/kg). Rats were then transcardially perfused first with saline-heparin 

and second with 4% paraformaldehyde. Brains were removed and fixed in 4% paraformaldehyde for 

24 h and processed for staining.  

 

Rat brain staining and quantification 

Fixed brains were cryoprotected in sucrose and frozen at -80°C. Free-floating cryostat sections (30 

μm) were cut and stored in cryoprotectant buffer solution at -80°C until use. Brain infarcts extended 

from Bregma positions 2.04 to –2.92 mm according to the rat brain in stereotaxic coordinates atlas 

(3). The 3 sections analyzed per rat corresponded approximately to 3 distinct anteroposterior 

positions within in this brain-infarct Bregma interval. All immunohistochemical analyses therefore 

covered the territory affected by the MCA occlusion (4, 5). 
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Diaminobenzidine (DAB) immunohistochemical analysis was performed as previously described (6) 

using the following primary antibodies: monoclonal rabbit anti-NeuN (ab177487; Abcam), polyclonal 

rabbit anti-aquaporin-4 (AQP4) (A5971, Sigma-Aldrich), polyclonal goat anti-ionized calcium binding 

adaptor molecule 1  (Iba1) (ab5076; Abcam), polyclonal rabbit anti-PMN (LSBio, LS-C348181-2), 

polyclonal rabbit anti-glial fibrillary acidic protein (GFAP) (Z0334, Agilent Dako, Santa Clara, CA, 

USA), monoclonal mouse anti-chondroitin sulfate proteoglycan (CSPG) (Cat-315, MAB1581, Sigma-

Aldrich, Merck Millipore), and polyclonal rabbit anti-myelin basic protein (MBP) (GTX133108; 

GeneTex). For double immunohistochemistry (IHC), sections already stained for GFAP or MBP and 

developed with DAB were then incubated with the anti-CSPG antibody. The CSPG signal was 

detected with the ImmPRESS®-alkaline phosphatase horse anti-mouse IgG polymer detection kit 

(MP-5402, Vector Laboratories) and Vector Blue substrate (SK-5300, Vector Blue Alkaline 

Phosphatase Substrate Kit). All IHC slides were scanned by the CNIC histopathology service using 

the NanoZoomer-2.0-RS digital slide scanner (C110730®, Hamamatsu, Japan) and visualized with 

NanoZoomer Digital Pathology software (Hamamatsu). Images were exported and quantified using 

ImageJ (NIH, Bethesda, MD, USA).   

To determine neuronal preservation in infarcted brain hemispheres, brains removed at 7 d post-

reperfusion were stained for neuronal nuclei with anti-NeuN antibody. ROIs were manually drawn to 

cover territories with neuronal loss. To study BBB preservation and microglia activation, images were 

thresholded, and the positive area fraction in every section was averaged per rat. Glial scar formation 

was determined in ROIs lacking astrocyte staining and surrounded by hypertrophic astrocytes. 

Double-staining for CSPG plus GFAP or MBP was used to reveal filling of glial scars with 

proteoglycan matrix and deteriorated myelin sheaths; because proteoglycan deposition and myelin 

sheath degradation are largely restricted to the basal ganglia, these variables were studied in a ROI 

drawn around these structures. Images were then thresholded, and the mean positive area fraction 

was calculated from all sections and normalized to the AAR in each rat. Values were then averaged 

per group. Data are presented as the fold-change relative to the mean value for the vehicle-treated 

group. The threshold value that best highlighted the positive area was carefully selected for each 

marker (198 for AQ4, 220 for Iba1, 188 for CSPG and 187 for MBP), and threshold values for every 

marker were maintained for image quantification in all experimental groups. 

For quadruple GFAP+AQP4+Iba1+CSPG immunofluorescence (IF), floating sections were blocked in 

PBS containing 0.25% Triton X-100 and 3% normal donkey serum and then incubated overnight at 
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4°C with anti-AQP4, anti-Iba1, and anti-CSPG antibodies. For triple immunofluorescence for 

GFAP+AQ4+Iba1, GFAP+MBP+NeuN, or GFAP+CSPG+RGMa, floating sections were blocked in 

PBS containing 0.25% Triton X-100 and 3% normal donkey serum (for anti-AQP4 and anti-Iba1) or 

goat serum and then incubated overnight at 4°C with anti-AQP4 plus anti-Iba1, anti-MBP plus anti-

NeuN, or anti-CSPG plus polyclonal rabbit anti- repulsive guidance molecule a (RGMa) (12387-1-AP, 

Proteintech). After these primary antibody incubations, sections were then incubated for 1 h with the 

corresponding Alexa Fluor (AF)-conjugated secondary antibodies, followed by overnight incubation 

with mouse monoclonal anti-GFAP AF488 antibody (53989280; clone GA5; eBioscience).  

Neutrophil infiltration was studied at 24 h post-reperfusion. Cells stained with anti- were manually 

detected and quantified by IHC. PMN cells were identified according to morphology, and because 

blood analysis detected eosinophils and basophils at a very low proportion no distinction was made. 

Capillary obstruction was studied in brains removed at 24 h post-reperfusion (Bregma position -0.12/-

0.60). Tissues were first rinsed in phosphate-buffered saline (PBS) and then treated with 0.2% 

sodium borohydride (NaBH4) in PBS for 30 min and rinsed in PBS for 10 min (7, 8) before incubation 

with DAPI to stain nuclei. The mean numbers of neutrophils and vascular segments with trapped 

erythrocytes were calculated per square millimeter and normalized to the AAR in each rat. Values 

were then averaged per group. Data are presented as the fold-change relative to the mean value for 

the vehicle-treated group. 

The number of neutrophils (positive for PMN staining) expressing YM1/Chil3 was evaluated by 

fluorescence co-localization by using a goat polyclonal antibody anti-YM1 (AF2446, R&D Systems). 

For the detection of apoptotic neutrophils, a TUNEL Apoptosis Detection Kit (Green Fluorescence, 

KTA2010, Abbkine) was performed on brain sections (Bregma position -0.12/-0.60) following 

manufacturer’s specifications. Next, floating sections were blocked and incubated overnight with anti-

PMN and anti-Iba1, and the day after with the corresponding AF-conjugated secondary antibody. 

Apoptotic neutrophils were identified as positive for TUNEL staining, and the number of them being 

engulfed by microglia as neutrophils positive for Iba1 staining. The mean numbers of neutrophils 

were calculated per square millimeter and values were then averaged per group. 

All slides for IF were DAPI counterstained to visualize nuclei, mounted on Superfrost Plus slides 

(Thermo Fisher Scientific), and covered with Fluoroshield (F6182, Sigma). Images were acquired in 

the CNIC Microscopy Unit with a Leica TCS SP5 or SP8 Confocal and gSTED 3D System (Leica 



Clemente-Moragón, A., et al: β1AR blockade blunts stroke neuroinflammation 

 
Microsystems, Mannheim, Germany) fitted with an HC PL APO 63x/1.40 Oil CS2 objective. GFAP, 

AQ4, Iba1 Z-stacks were acquired with this system according to Nyquist criteria and deconvoluted 

with Huygens Professional Software version 19.04.0p2 64b (Scientific Volume Imaging B.V., 

Hilversum, The Netherlands) using the Good's Roughness Maximum Likelihood Estimation algorithm. 

A 3D Surface element was created with Imaris 9.1.2 Software (Bitplane AG, Zurich, Switzerland). 

 

Isolation of microglia and astrocytes from neonatal mouse brain 

Mouse primary astrocyte and microglial co-cultures were prepared as previously described elsewhere 

(9) with some minor modifications. First, whole brains from WT or Adrb1 KO neonatal mice (P2-P3) 

were removed. Then, after removal of the meninges, brains were placed in sterile Hanks’ balanced 

salt solution 1X (HBSS, 14170, Invitrogen). 6-10 brains were pooled, then washed and incubated with 

Trypsin 0.25% 1 h at 37ºC. To bring the reaction to a stop, we added Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics, and then washed 

twice again. Tissue was then dissociated in Ham’s F-12/DMEM (1:1, 11320033, Invitrogen) 

containing 10% FBS and antibiotics, filtered and plated on two F-75 flasks. To promote microglia 

proliferation, cultures were exposed to 0.01μg/ml granulocyte-macrophage colony-stimulating factor 

(GM-CSF, 315-03, PreproTech). Co-cultures were then left in the incubator at 37°C and 5% CO2 for 

15 d, and media were replaced at 7 d. The purity of the astrocyte (~ 85%, GFAP+) and microglial (~ 

8%, CD45intCD11bhigh) population was determined by flow cytometry. Astrocytes were identified by 

using an AF488-conjugated anti-GFAP (Clone GA5, 53989280, eBioscience), while microglia was 

detected by using a PE-conjugated anti-CD45 (Clone 30-F11, 560501, BD Biosciences) and AF647-

conjugated anti-CD11b (Clone M1/70, 557686, BD Biosciences). 

 

 

Oxygen/glucose deprivation/recovery 

After 15 d, flasks were trypsinized and cells were seeded in 24-well-plates. After one day, media was 

replaced by glucose-free DMEM (Invitrogen, 11966025) and cells were transferred into a hypoxia 

chamber at 1% O2 for 1 h. At the end of oxygen/glucose deprivation (OGD), cells were replaced with 
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Ham’s F-12/DMEM and returned to the normal culture condition for 24 h. In each experiment, co-

cultures exposed to OGD were compared with normoxic controls supplied with DMEM containing 

glucose and maintained in standard incubation conditions. Co-cultures were treated with metoprolol 

(10μM) throughout the OGD or during the recovery process. 

 

Transwell assay for neutrophil migration evaluation 

The capacity of neutrophils to migrate toward the chemokine C-X-C motif ligand 1 (CXCL1) was 

assessed using a modification of the method of Villablanca et al. (10) Briefly, blood from 5-6 WT mice 

or their neutrophil conditional Adrb1 KO littermates was collected and filtered through a 100 µm cell 

strainer (352360, Falcon), and erythrocytes were lysed with hypotonic buffer (RBL buffer). 

Leukocytes were pooled and resuspended in RPMI containing 10% FBS and the appropriate 

treatment: vehicle (PBS) or metoprolol (10 μM). The lower compartments (wells) were filled with 600 

μl RPMI containing 0.02 ng/μl CXCL1 (453-KC-010, R&D Systems) to induce chemoattractive 

movement (positive control) or with medium lacking CXCL1 to assess spontaneous migration 

(negative control).  

To analyze the ability of neutrophils to migrate towards glia based co-cultures, the lower 

compartments were pre-seeded in 600μl Ham’s F-12/DMEM with WT or Adrb1 KO astrocytes and 

microglia, which had been previously subjected (vehicle) or not (control) to OGD conditions. Co-

cultures were treated with vehicle or metoprolol (10 μM) throughout the OGD or during the recovery 

process. Transwell assays were not performed on co-cultures treated with metoprolol during the 

recovery process to avoid the diffusion of the drug to the neutrophil chamber. A dose of 1 μg/ml of an 

antibody anti-CXCL1 (ab86436; abcam) was used for CXCL1 neutralization in lower chambers. Blood 

from 5-6 WT mice was also collected, processed as aforementioned and treated with the appropriate 

treatment: vehicle (PBS 1X) or metoprolol (10 μM).  

Transwell inserts (6.5 mm, 5.0 μm pore size; 3421, Corning Costar Corporation) were pretreated with 

50 μl RPMI for 15 min and placed in 24-well-plates before seeding cells (100 μl; ~ 0.5 × 104). After 

incubation at 37°C and 5% CO2 for 90 min, cells were collected from the lower compartment, and the 

number of neutrophils (Ly6G+ cells) was evaluated in a FACS Canto-3L flow cytometer equipped with 

DIVA software (BD Biosciences). Each independent experiment was conducted with leukocytes 

pooled from 5-6 animals, and each condition was run with 2 technical replicates. To allow comparison 
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between experiments, in each independent experiment the migration of neutrophils was normalized 

per 104 neutrophils according to the number in the original sample of every condition. 

 

Mouse CXCL1 ELISA 

Supernatants were collected from purified WT and Adrb1 KO astrocyte/microglia co-cultures, which 

had been previously subjected or not to OGD and recovery conditions, as well as metoprolol 

treatment before or after reperfusion. Supernatants were then used in sandwich ELISA for CXCL1 

quantification (Mouse CXCL1/KC Quantikine ELISA Kit, MKC00B, R&D Systems) following 

manufacturer’s specifications. 

 

EdU proliferation assay  

At the end of OGD, cells were replaced with Ham’s F-12/DMEM containing 10μM EdU and returned 

to the normal culture condition for 24 h. After one day, we proceeded immediately to fix, permeabilize 

cells and detect EdU following manufacturer’s recommendations (AF647 EdU Click Proliferation Kit, 

C10340, ThermoFisher). Additionally, astrocytes were stained with an AF488-conjugated anti-GFAP 

(Clone GA5, 53989280, eBioscience) and cell nuclei with DAPI. Fluorescent images were acquired 

with a Nikon Time-lapse microscope. Eight images per condition from 4 independent experiments 

were analyzed by a blinded observer. Images were exported and quantified using ImageJ (NIH, 

Bethesda, MD, USA). Astrocyte proliferation (EdU+ cells) was expressed as a percentage of the total 

number cell nuclei. EdU+/DAPI+ nuclei were quantified and related to proliferative astrocytes due to 

their large numbers in co-cultures (~ 85%). GFAP intensity and GFAP area/nuclei were also 

measured as markers of GFAP upregulation or astrocyte hypertrophy, respectively.  

 

Immunoblotting 

Cultured primary cells were collected in ice-cold RIPA buffer (R0278, Sigma) containing phosphatase 

and protease inhibitors. Isolated proteins were quantified by Pierce BCA Protein Assay (23225, 

ThermoFisher Scientific), separated by 10% SDS-PAGE, transferred to nitrocellulose membranes 
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(Trans-Blot Turbo Transfer System, Bio-Rad), and probed with different antibodies. The following 

antibodies were used: anti-PD-L1 (Clone: 10F.9G2, BE0101, BioXcell), anti-YM1/Chitinase 3-like 3 

(Clone: 281926, MAB2446, R&D Systems) and anti-Arginase 1 (GTX109242, GeneTex). Vinculin 

was detected as a loading control (V4505, Sigma). After washes and incubation with appropriate 

secondary antibodies, bound antibodies were detected by enhanced chemiluminescence 

(ImageQuant LAS 4000 series, GE Healthcare Life Sciences), and blots were analyzed with ImageJ 

software (NIH, Bethesda, MD, USA). 

 

Intravital microscopy 

Intravital microscopy (IVM) of the cremaster muscle microcirculation was performed after intrascrotal 

injection of tumor necrosis factor-α (TNFα) (0.5μg, R&D Systems) (11) to induce local neutrophil 

recruitment, followed immediately by injection of a single i.v. bolus of saline or metoprolol (12.5 

mg/kg). Before cremaster muscle preparation, mice were anesthetized by i.p. injection of an 

anesthetic cocktail of ketamine (72 mg/kg; Anesketin Dechra, 100 mg/ml) and medetomidine 

hydrochloride (1 mg/kg; Domitor, 1 mg/ml). Body temperature was controlled throughout the 

experiment to avoid possible effects due to hypothermia. After microsurgical preparation, 

fluorescently labeled antibodies (0.5-1.25 μg/mouse) were administered by retro-orbital injection into 

the venous sinus to label surface molecules on polarized neutrophils (FITC-conjugated anti-CD62L 

and allophycocyanin [APC]-conjugated anti-Ly6G) and platelets (phycoerythrin [PE]-conjugated anti-

CD41). Fluorescence in cremester muscle venules (6-10 per mouse) was acquired for 1-2 min 

between 210 and 300 min after TNFα injection (Cy3/561 nm channel for PE, FITC/488 nm channel 

for FITC, and Cy5/640 nm channel for APC). For double staining with PE- and FITC-conjugated 

antibodies, acquisition was facilitated in single (FITC) and quad (PE) filters in order to avoid between-

channel bleed-through of fluorescent signals. 

The IVM system was built by 3i (Intelligent Imaging Innovations, Denver, CO) on an Axio Examiner 

Z.1 workstation (Zeiss, Oberkochen, Germany) mounted on a 3-Dimensional (3D) Motorized Stage 

(Sutter Instrument, Novato, CA). This set-up allows precise computer-controlled lateral movement 

between XY positions and a Z focusing drive for confocal acquisition. The microscope was equipped 

with a CoolLED pE widefield fluorescence LED light source system (CoolLED Ltd. UK) and a quad 

pass filter cube with a Semrock Di01-R405/488/561/635 dichroic and a FF01-446/523/600/677 
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emitter. We used a plan-Apochromat 40x W NA1.0 ∞/0 objective (Zeiss). Two-dimensional (2D) 

images were collected with a CoolSnap HQ2 camera (6.45 x 6.45-μm pixels, 1392 x 1040-pixel 

format; Photometrics, Tucson, AZ). Image acquisition was coordinated and offline data analysis 

facilitated with SlideBook software (Intelligent Imaging Innovations), run on a Dell Precision T7500 

computer (Dell Inc., Round Rock, TX).  

 

Tracking of crawling neutrophils 

Kinetic properties of crawling neutrophils were studied by 2D IVM. This was crucial for testing 

whether the absence of β1AR directly influences the effect of metoprolol on neutrophil dynamics. 

Kinetic parameters of interest were velocity, accumulated and euclidean distance, and directionality. 

Polarized neutrophils were identified and tracked from clearly polarized morphology and uropod 

staining (L-selectin staining). The cell adhesion molecule L-selectin (CD62L) is expressed in a 

protruding microdomain at the rear of polarized leukocytes that is essential for signal integration. The 

CD62L-negative pole is generally known as the leading edge. Around 6-10 venules per mouse were 

recorded, and time-lapse videos of crawling neutrophils were analyzed with the Manual Tracking and 

Chemotaxis and Migration Tool plugins in ImageJ (NIH, Bethesda, MD). For each video, channel 

intensities were first adjusted and then converted to RGB format. Videos were rotated so that the 

vessels were positioned horizontally and the blood flow oriented left-to-right. Both plugins were set up 

with xy calibration values, which depend on the camera and microscope parameters, to convert 

pixels into linear measures, as well as the time interval between video frames (3 s). Each polarized 

neutrophil was tracked manually 21 times (1 min) using the Manual Tracking Plugin, which generated 

a dataset with the respective xy track coordinates. We then used the Chemotaxis and Migration Tool 

to plot and to obtain neutrophil kinetic parameters for the tracks: velocity (μm/s), accumulated 

distance (μm), euclidean distance (μm), and directionality.  

 

Neutrophil depletion 

Neutrophils were depleted by intraperitoneal (i.p.) injection of 50µl of rabbit anti-rat 

polymorphonuclear cells (anti-PMN) polyclonal antibody (LSBio, LS-C348181-2) 48 h and 24 h before 

transient MCAO. Blood samples were drawn into EDTA tubes before (baseline) and 48 h after the 
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first injection. Neutrophils were counted twice, by flow cytometry and hemocytometry (Pentra 80), 

while the rest of white blood cells were counted only by hemocytometry.  

Rat peripheral neutrophils were counted by incubating cells with rabbit anti-PMN polyclonal antibody 

(LSBio, LS-C348181-2) and DAPI to exclude non-viable cells. Neutrophils were then incubated with 

Alexa Fluor 488–conjugated goat anti-rabbit secondary antibody and gated on the basis of PMN-

positive staining in a FACS Canto-3L flow cytometer equipped with DIVA software (BD Biosciences). 

Doublet discrimination and viability (negative to DAPI) was assessed for every sample. Eosinophils 

and basophils were disregarded due to their minimal numbers. Data were analyzed with FlowJo 

software (Ashland) by blinded observers. All experiments were conducted at the CNIC Cellomics 

Unit.  

 

Human neutrophil-platelet interactions evaluation 

Metoprolol’s effect on neutrophil-platelet co-aggregates was evaluated in citrated blood samples 

(within 24 h) from patients (> 18 years old) undergoing symptoms of ischemic stroke (< 24 h of onset, 

NIHSS > 3). Patients received therapy (thrombectomy, fibrinolysis or both) in the acute phase. The 

presence of ischemic lesion was confirmed by neuroimaging (CT or MRI, ideally) within the first 7 d of 

admission. Exclusion criteria were as follows: a transient ischemic attack (TIA) without ischemic 

lesion by neuroimaging (MRI-DWI), stroke imitators, O1-O2-O3 and S1-S2 etiologic phenotypes 

(ASCOD criteria), abnormal platelet (< 100.000 or > 750.000 platelets/µl) or leukocyte (< 3.000 or > 

15.000 leukocytes/µl) count, history of stroke, hematologic disorder, bleeding or thrombosis, 

inflammatory disorder (acute outbreak within the last 2 weeks), active neoplasia, as well as chronic 

treatment with immunosuppressants or anti-inflammatory drugs (intake within the last 2 weeks). 

Blood from healthy volunteers was also drawn. Whole blood drawn was incubated ex vivo with 

metoprolol (10μM) or vehicle. Samples were then stained with a FITC-conjugated anti-CD66b (Clone: 

G10F5, 555724, BD Biosciences), PE-conjugated anti-CD45 (Clone: HI30, 555483, BD Biosciences) 

and PerCP-Cy5.5-conjugated anti-CD61 (Clone: VI-PL2, 564173, BD Biosciences). Platelet (CD61+ 

cells) and neutrophils (CD45+/CD66+ cells) were detected by flow cytometry, and neutrophils positive 

for CD61 staining were identified as neutrophil-platelet co-aggregates. The number of neutrophil-

platelet aggregates was calculated relative to the total number of neutrophils. A sub-analysis was 

performed based on reperfusion confirmation in case of endovascular therapy. This sub-analysis 
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excluded 3 patients who did not undergo recanalization. In patients who received fibrinolysis 

recanalization was not confirmed. 

 

Statistics  

Data are presented as mean ± standard error of the mean (SEM) and were analyzed with Prism 

software 8.0.1 (Graph pad, Inc.). Normality tests (Shapiro-Wilk test) were used to determine if 

variables followed a normal distribution. Comparisons between two treatments (e.g. vehicle and 

metoprolol) were made by 2-tailed unpaired Mann-Whitney for non-normally distributed data or 

Student’s t-test for variables with a normal distribution. Comparisons among more than two treatment 

conditions were made by 1-way ANOVA and Holm Sidak’s post-hoc multiple comparisons method for 

normally distributed data, or by Kruskal-Wallis test and Dunn’s post-hoc method for non-normally 

distributed. Comparisons between cell culture conditions were made by RM 1-way ANOVA and Holm 

Sidak’s post-hoc multiple comparisons method. Comparisons between the baseline and neutrophil-

depleted conditions were made by paired Student’s t-test. Comparison between cell treatment 

conditions (e.g. vehicle and metoprolol) from the same patient were made by Wilcoxon Matched-

Pairs Signed Ranks Test or paired Student’s t-test for non-normally or normally distributed data, 

respectively. Differences were deemed statistically significant at P values below 0.05: * p<0.05, ** 

p<0.01, *** p<0.001. 
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SUPPLEMENTAL TABLES 

 

Supplemental Table 1. Baseline and post-treatment clinical laboratory analysis 

parameters.  

 

 Baseline  Day-4 

 Metoprolol Control 
P 

value 
 Metoprolol Control 

P 

value 

Hemoglobin, g/dL; median 

(IQR) 
12.9 (1.2) 12.7 (1.3) 0.694  12.5 (1.2) 

11.7 

(0.8) 

0.08

74 

Platelet count, x1000/µL); 

median (IQR) 
259 (104) 322 (74) 0.298  279 (104) 

258 

(314) 

0.67

1 

Total leukocytes, per µL; 

median (IQR) 

7180 

(5125) 

10420 

(5015) 
0.263  

10430 

(3130) 

9220 

(4765) 

0.41

8 

Neutrophils, % of 

leukocytes; median (IQR) 
90.0 (15.3) 89.8 (5.6) 0.758  87.3 (8.1) 

85.3 

(12.7) 

0.51

2 

Lymphocytes, % of 

leukocytes; median (IQR) 
6.5 (3.6) 6.9 (9.6) 0.728  6.7 (5.0) 

7.2 

(9.0) 

0.84

7 

Eosinophils, % of 

leukocytes; median (IQR) 
0.20 (0.43) 0.15 (0.88) 1  0.05 (0.225) 

0.45 

(0.675) 

0.13

7 

Monocytes, % of 

leukocytes; 

median (IQR) 

3.6 (2.05) 4.2 (2.78) 0.728  4.35 (2.68) 
5.2 

(2.75) 

0.48

7 

Creatinine, mg/dL; median 

(IQR) 
0,7 (0.3) 0,6 (0.2) 0.937  0.6 (0.2) 

0.6 

(0.6) 

0.66

4 

Glucose, mg/dL; median 179.0 (65) 149.0 (38) 0.463  150.5 (51.8) 152.5 1 
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(IQR) (44.5) 

LDH, UI/L; median (IQR) 284 (202) 416 (158) 0.137  229 (44) 
252 

(65) 

0.96

9 

Fibrinogen, mg/dL; 

median (IQR) 
742 (294) 730 (254) 0.758  552 (240) 

633 

(552) 

0.84

7 

D dimer, µg/L; median 

(IQR) 

1416 

(2898) 
1625 (880) 0.526  1507 (1790) 

1943 

(900) 

0.71

7 

C-reactive protein, mg/dL; 

median (IQR) 
5.9 (6.8) 10.6 (20.6) 0.440  1.5 (3.6) 

5.5 

(7.7) 

0.58

8 

 

LDH, lactate dehydrogenase 
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Supplementary Table 2. Safety data: Hemodynamics. 

 

 

Metoprolol, 

Before first 

bolus 

Metoprolol  

1 hour 

after third 

bolus 

P value 

(metoprolol pre 

vs. post 3 

boluses) 

 

Control, at 

randomization 

Heart rate, bpm 72.8 (14.9) 64.7 (14.6) 0.003  65.5 (10.5) 

Invasive SBP, mmHg 119 (18.4) 112 (12.2) 0.023  115 (22.5) 

Invasive MBP, mmHg 82.8 (9.17) 79.3 (4.58) 0.021  85 (16.5) 

 

Parameters were measured before and after metoprolol administration (3x5mg boluses, 2 

min apart) or control. The table shows pooled measures from the 3 treatment days. 

Data are presented as median (IQR). 

Bpm, beats per minute; MBP, mean blood pressure; SBP, systolic blood pressure. 
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Supplementary Table 3. Safety data: Echocardiography 

 

Day 1 (measures taken before metoprolol/control treatment) 

 Metoprolol Control P value 

LVEF, % 60.0 (5.0) 60.0(5.0) 0.790 

LVOT VTI, cm 21.5 (2.0) 22.6 (2.0) 0.334 

RVOT VTI, cm 14.5 (2.6) 15.1 (4.3) 0.643 

 

Day 1 (measures taken after metoprolol treatment) 

 Metoprolol Control* P value 

LVEF, % 60.0 (5.0) 60.0 (5.0) 0.573 

LVOT VTI, cm 19.4 (2.7) 22.6 (2.0) 0.083 

RVOT VTI, cm 14.0 (2.3) 15.1 (4.3) 0.374 

 

Day 3 (measures taken after metoprolol treatment) 

 Metoprolol Control* P value 

LVEF, % 60.0 (5.0) 60.0 (5.0) 0.889 

LVOT VTI, cm 20.9 (4.9) 20.7 (6.6) 0.938 

RVOT VTI, cm 14.5 (2.5) 15.1 (2.7) 0.938 

 

Data are presented as median (IQR). 

LVEF, left ventricular ejection fraction; LVOT VTI, left ventricular outflow tract velocity 

time integral; RVOT VTI, right ventricular outflow tract velocity time integral. 
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SUPPLEMENTARY FIGURES 

 

Supplementary Figure 1. Baseline inflammatory cell content in BAL fluid 

 
There were no differences in inflammatory cell content (neutrophils, macrophages, and 

lymphocytes) in BAL at baseline. Dots represent individuals and bars and error bars show 

mean values (boxes) ± SD(error  bars). BAL, bronchoalveolar lavage.  
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Supplementary Figure 2. Baseline and post-treatment cytokine concentrations in BAL 

fluid 

 
a) IL-6 and b) IL-8 in BAL fluid from severe COVID-19 patients were not altered by i.v. 

metoprolol. Gray lines link individual pre- and post-treatment data. BAL, bronchoalveolar 

lavage; IL-6, interleukin-6; IL-8, interleukin-8.  
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Supplementary Figure 3. Baseline and post-treatment cell-free DNA concentration in 

BAL fluid  

 
Levels of cell free DNA were unaffected by the administration of i.v. metoprolol. Gray 

lines link individual pre- and post-treatment data. BAL, bronchoalveolar lavage; NETs, 

neutrophil extracellular traps.  
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Supplementary Fig. 4. Baseline and post-treatment interleukin-8 and interleukin-6 

concentration in the systemic circulation 

 
(a) Plasma levels of IL-8 were reduced by the administration of i.v. metoprolol, whereas 

IL-6 levels were unaltered (b). Gray lines link individual pre- and post-treatment data. IL-6, 

interleukin-6; IL-8, interleukin-8. 
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Supplementary Fig.5. Circulating levels of NET biomarkers 

 
Plasma levels of NET biomarkers: (a) cell free DNA, (b) Cit-H3, and (c) MPO-DNA 

complexes. NET biomarkers  were unaffected by the administration of i.v. metoprolol at 

day 4. Gray lines link individual pre- and post-treatment data. Cit-H3, citrullinated histone 

3; MPO, myeloperoxidase; NETs, neutrophil extracellular traps.  
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