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| 1. Introduction

Despite the progress in cardiovascular disease treatment, the healthcare burden of ischemic heart failure (HF) is
increasing worldwide W. Heart ischemia is originated by the critical obstruction of coronary arteries, leading to an
imbalance between the consumption and supply of nutrients in the affected area in the heart. Ischemia causes cells
lesions of different degrees depending on the extent of blood flow reduction and the length of the ischemic period, which
influence the reduction in pH, ATP, and creatine phosphate, as well as increased levels of intracellular Na* and Ca?*
concentrations, enlarged cell volume, and intracellular membranes disruption &, Treatment for myocardial ischemia
involves the prompt and timely recovery of blood flow, which is known as myocardial reperfusion or revascularization and
is necessary to save oxygen-deficient tissue (for a review, see Bl4l). Paradoxically, reperfusion causes additional injuries
due to metabolites reaction with oxygen giving rise to reactive oxygen species (ROS) known as oxygen paradox &; stress
of sarcoplasmic reticulum (SR), producing the accumulation of secondary metabolites and bad protein products; capillary
non-reflow that leads to a worse local reperfusion B8 and the mishandling of the intracellular Ca2* concentration
([Ca%*]) ©. The pathophysiological value of [Ca2?*]; homeostasis is well-recognized. Actually, one of the critical factors
involved in I/R syndrome is the cytoplasmic Ca2* overload produced by the abnormal Ca2* homeostasis. Isolated cardiac
myocytes after I/R presents an increase in diastolic [Ca?*];, a decrease in the systolic [Ca2*]; transients, and a reduction of
SR Ca?* load, which correlate with a decrease in the activity of Na*/Ca2* exchanger (NCX) [&I20 A|l these events
culminate in the mitochondrial permeability transition pore (MPTP) opening, apoptosis, and cell death & as illustrated in
Figure 1. This phenomenon is widely known as I/R syndrome [11112],
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Figure 1. Schematic model illustrating acute and long-term cardioprotection afforded by urocortin (Ucn) from I/R injuries.
In heart, Ucn binds to CRFR2, which interacts with G-proteins activating different signaling pathways (PKC-MERK/ERK;
cAMP-EPAC/PKA; PI3K/Akt) that acutely decrease cell death, improve CaZ* handling, enhance cell survival, and improve
cardiac function. Ucn also activates transcription factors and stimulates miRNAs, release which regulates the expression
of genes related to apoptosis, fibrosis, hypertrophy, and Ca2* homeostasis. The downregulation of these genes prevents
the development of adverse cardiac remodeling, avoiding its progress toward heart failure.

Sequelae of acute myocardial infarction (AMI) are known to trigger the adverse cardiac remodeling, which is the basic
mechanism underlying the progression to HF considered the end stage of various types of cardiovascular disease,



including ischemic heart disease (IHD) X3l Therefore, there is an urgent need for adjunct cardioprotection therapy to
prevent the impact of I/R injuries on heart function 41251,

In the last two decades, Urocortin (Ucn) isoforms, peptides related to stress, arose as potential therapeutic drugs to
improve performances of heart in I/R and under HF (181117,

| 2. Structure and Expression of Urocortin

Ucn is a mammalian peptide member of the corticotropin-releasing factor (CRF) family. Three isoforms of Ucn have been
described so far, Ucnl, Ucn2, and Ucn3 [L8II19120121] \which differ in terms of their structure, expression, and affinity to
CRF receptors. Ucnl is a 40 amino acid (aa) peptide having 63% and 45% sequences identity with urotensin and CRF,
respectively 28], Ucn1 was first identified in the brain, where it is expressed mainly in the Edinger—Westphal nucleus, but it
was also located in the supraoptic nucleus, lateral olive, and lateral septum 8221231 and in other brain regions 24, The
expression of Ucnl mRNA was also detected in the atrium and the ventricle of human heart. Similarly, the presence of
Ucnl peptide was demonstrated by immunocytochemistry assay in human heart 22, Ucnl was also detected at the
MRNA and protein levels either in rat cardiac myocytes or fibroblasts 181281 and in other peripheral tissues such as in the

gastrointestinal system [27](28] the immune system, thymus, liver, adrenal gland, placenta, skin, and skeletal muscles (29]
[30]

Ucn2 is formed by 38 aa showing homologies with rat and human CRF (34%) and Ucnl (43%). Meanwhile, Ucn3 (38-41
aa) has 37-40% homology with Ucn2 122921 The expression of Ucn2 and Ucn3 was first studied using PCR that
revealed their high expression in colon, small intestine, muscle, stomach, thyroid, adrenal, pancreas, spleen, and heart
(201 particularly, experimental models using rodents showed that Ucn2 is also expressed in the central nervous system
and peripheral tissues, being highly detected in cardiac myocytes 21, in skeletal muscle and skin B2, Mouse Ucn3 mRNA
expression was found in areas of the brain, small intestine, and skin. Different studies also demonstrated that neurons
from the hypothalamus and amygdala also express Ucn3 24, Using RT-PCR and immunostaining, it was demonstrated
that Ucn3 is also expressed in human heart [231331[34]

| 3. Corticotropin Releasing Factor Receptors and Signaling Pathways

Ucn isoforms have high affinity to CRF receptors CRFR1 and CRFR2, which are G-protein coupled receptors that trigger
various downstream signal transduction pathways. CRFR1 is mainly expressed in the brain, while CRFR2 is highly
expressed in cardiac cells and peripheral tissue B2, CRFR2 has three variants (a, B, y), which vary in their N-terminal
extracellular domains conferring differences in their subcellular localization 8. CRFR2a was detected in all chambers of
human heart, and CRFR2B was specifically identified in the left atrium 2387, Ucn isoforms and receptors are expressed
within the left ventricle of the human myocardium at mRNA level, including CRFR1 and CRF B8 Of note, this study
showed a downregulation of CRFR2a and upregulation of CRFR1, CRF, and Ucn3 in diseased hearts excised from
patients undergoing heart transplantation. In addition, a new splicing variant of CRFR1 gene named CRFR1j apparently is
more expressed in HF patients than in healthy donor [28l,

Structurally, CRFR1 and CRFR2 are approximately 70% identical at the aa level, but they exhibit considerable divergence
at the N-terminal extracellular domain. Hence, they display ligand selectivity between Ucn members 241 Indeed, Ucnl
binds with similar affinity to CRFR1 and CRFR2; meanwhile, Ucn2 and Ucn3 are selective ligands for CRFR2 1221
CRFR2 interacts with Gs, Gg, and Gi proteins, activating different signaling pathways B2, Independent studies
demonstrated that the stimulation of CRFR2 contributes to the activation of cAMP and protein kinase A (PKA) signaling
cascade 28, exchange protein activated by cAMP (Epac), extracellular signal-regulated kinase (ERK), and protein kinase
C (PKC) B9, For instance, experiments using ex vivo Langerdorff-perfused hearts and isolated cardiac myocytes showed
that Ucn through CRFR2 induced potent positive inotropic and lusitropic effects, involving Epac, PKC. and mitogen-
activated protein kinases (MAPK) signaling pathways 1. CRFR2 stimulation also induced AMP-activated protein kinase
(AMPK), phosphatidylinositol 3-kinase (PI3-K), and Akt kinase activation in isolated heart muscle and in vivo in intact
hearts 2122l By contrast, CRFR2 antagonist markedly decreased the induced phosphorylation of PKA, CREB, CaMKIlI,
and AKT 5],

Altogether, signaling pathways activated downstream CRFR2 play a critical role in different aspects of myocardial
function, which explain the many effects that Ucn isoforms have on the cardiovascular system.



| 4. Acute Action of Urocortin in the Cardioprotection

The three isoforms of Ucn have established protective actions against myocardial I/R since they attenuate I/R incidences
and the consequent cardiac adverse remodeling. The early studies about Ucn highlighted its acute effects in Langendorff-
perfused mice, rat, and sheep hearts or using isolated neonatal rat ventricular myocytes (NRVM) and adult cardiac
myocytes (for a review, see 43)). The acute administration of Ucn before ischemia or at the onset of reperfusion improved
cardiac hemodynamic parameters, decreased the infarct size, and attenuated apoptosis assessed by TUNEL staining,
caspase activity, or lactate dehydrogenase (LDH) B4I45l46147]  \Moreover, Ucn addition before ischemia and during
reperfusion, but not only during reperfusion, significantly restored ATP and creatine phosphate in heart tissue, which are
high-energy molecules required to prevent cell death after injury. Accordantly, Ucn inhibited creatine phosphokinase in
similar conditions 431, Similarly, the addition of Ucn before reperfusion prevented I/R-induced diastolic Ca?* overload and
recovered completely the amplitude of [Ca?*]; transients; thus, it improved [Ca?*]; handling and improved heart contractility
[9, Interestingly, cardiac cell incubation with Ucn2 inhibited I/R-upregulation of proteins related to the store-operated Ca2*
signaling pathway, such as Orail, TRPC5, and STIM1 48l (Figure 1).

Interestingly, in addition to Ucn isoforms’ acute effects, increasing evidence demonstrated that they also have durable
cardioprotective effects, attenuating events related with the adverse cardiac remodeling, such as the regulation of
apoptotic genes and fibrosis. For instance, Ucn inhibited I/R-induced cardiac autophagy by Beclinl downregulation
through the PI3K/Akt pathway 491, Ucn1 increased the expression of apoptotic genes CD40lg, Xiap, and BAD at mRNA
and protein levels, in cells undergoing I/R through Epac2 and ERK1/2 activation 9. Actually, this study demonstrated that
Ucnl promotes apoptosis programmed cell death to the detriment of necrosis, which will limit the impact of cardiac cell
loss and posterior inflammatory processes in I/R B9, In contrast, another study associated Ucn2 cardioprotective actions
with the overexpression of the anti-apoptotic gene Bcl-2 and the downregulation of pro-apoptotic genes Bax and Bim 211,
It is not yet clear in which situation Ucn isoforms activate or inhibit apoptotic genes under I/R, which is worth deeply
investigating. In addition to apoptotic genes, Ucn also stimulated the upregulation of other genes, such as cardiotrophine-
1 (CT-1) 8] potassium channel Kir 6.1 22, glucocorticoid-responsive kinase-1 (SGK1) 23], or Orail and TRPC5 channels
48] suggesting that the cardioprotective action of Ucn isoforms involved a wide range of signaling pathways.

More recently, two independent studies showed that Ucnl-induced cardioprotection involved microRNAs (miRNAS)
dysregulation in Langendorff-perfused heart subjected to global ischemia and reperfusion 2455 miRNAs are small non-
coding RNAs that regulate a plethora of cellular processes related to the adverse cardiac remodeling, including cardiac
myocyte apoptosis, necrosis, and fibrosis 28, In fact, under I/R, Ucnl upregulated miR-125a-3p, miR-324-3p, and
downregulated miR-139-3p. Further experiments using NRVM demonstrated that the effect of Ucn1l involved the activation
of CRFR2, Epac2, and ERKZ1/2. Furthermore, the overexpression of miR-125a-3p, miR-324-3p, and miR-139-3p
modulated the expression of different genes involved in cell death and apoptosis (BRCA1, BIM, STAT2), in cAMP and
Ca%t signaling (PDE4a, CASQ1), in cell stress (NFAT5, XBP1, MAP3K12), and in cell metabolism (CPT2, FoxO1, MTRF1,
TAZ). Similarly, Ucn2 was suggested to upregulate miRNA-221 in perfused heart, which inhibited apoptotic (BIM, BMF,
Ddit4, p27) and autophagic genes (LC3-/l) both at mMRNA and protein levels B4,

Altogether, these data demonstrated a novel role of Ucn in myocardial protection, involving post-transcriptional regulation
of genes through miRNAs 53],
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