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Abstract

Urocortin-2 (Ucn-2) is a peptide of the corticotrophin releasing factor-related family with several effects within the cardiovascular
system. A variety of molecular mechanisms has been proposed to underlie some of these effects, although others remain mostly
hypothetical. Growing interest in the cardiovascular properties of this peptide promoted several pre-clinical studies in the settings
of heart failure and ischemia, as well as some experiments in the fields of systemic and pulmonary arterial hypertension. Most of
these studies report promising results, with Ucn-2 showing therapeutic potential in these settings, and few clinical trials to date are
trying to translate this potential to human cardiovascular disease. Ucn-2 also appears to have potential as a biomarker of
diagnostic/prognostic relevance in cardiovascular disease, this being a recent field in the study of this peptide needing further
corroboration. Regarding the increasing amount of evidence in Ucn-2 investigation, this work aims to make an updated review on
its cardiovascular effects and molecular mechanisms of action and therapeutic potential, and to identify some research barriers
and gaps in the study of this cardioprotective peptide.
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Urocortin-2 (Ucn-2) is one of the latest discovered peptides of
the corticotrophin releasing factor (CRF)-related family. Until
now, this family is composed of four members in vertebrates,
coded by four distinct genes which appear to be highly con-
served during evolution [1]. In 1955, CRF was discovered as
the first mediator of stress response [2, 3], but it was only until
1995 that the first of the 3 urocortins (Ucns) known to date,
urocortin-1 (Ucn-1), was isolated [4]. Growing interest on the
pharmacological properties of Ucns led to the discovery of
stresscopin and stresscopin-related peptide (SRP), homologs
of urocortin-3 (Ucn-3) and Ucn-2, respectively [5].

This work focuses on Ucn-2, a 38-amino-acid (aa) peptide
discovered in 2001 that stood out for its promising effects
within the cardiovascular system, reported in multiple animal
and human studies [6-8]. It aims to make an updated review
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of its cardiovascular effects, therapeutic potential, mecha-
nisms of action, and limitations in the current knowledge
needing further elucidation.

Distribution and Structure

In both humans and animals, Ucn-2 is widely expressed
throughout the body. It has a similar distribution to that of
Ucn-1, being found in the cardiorespiratory, gastrointestinal,
hematologic, endocrine, reproductive, urinary, and central ner-
vous systems, as well as in skeletal muscle, brown fat, and
skin [9-15].

Human Ucn-2 (hUcn-2) is coded by a gene located at
p21.3-4 of chromosome 3 and shares 76% of homology with
mouse Ucn-2 (mUcn-2) at the amino-acid level [16]. Ucen-2
gene is composed of a 339 base pairs (bp) open reading frame,
whose transcription results in a 112 aa precursor peptide that
undergoes specific processing, giving rise to the bioactive
peptide [9]. Human SRP, a 43-aa peptide, was identified from
the same gene as Ucn-2, but with different interpretation of the
cleavage sites from the precursor peptide [9].

A particular characteristic of both SRP and hUcn-2 appears
to be somewhat baffling, which is the lack of a proteolytic site
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that would allow for C-terminal processing. In fact, although
a-amidation of the C-terminal is commonly a requisite for
generation of a bioactive peptide, hUcn-2, with a rather un-
usual C-terminal, does not appear to have a consensus
amidation sequence [9, 16, 17]. Therefore, while the process-
ing of the murine precursor peptide occurs with cleavage after
the signal peptide, glycosylation, and processing at the C-
terminal (giving origin to an amidated protein), the human’s
form only goes through the first two phases, with the C-
terminus remaining unmodified [17]. The natural cleavage site
for hUcn-2 appears to be after Leul4 [18].

Functionally, both Ucn-2 N- and C-terminals seem to be
responsible for its receptor selectivity [19]. The middle region,
while not appearing to have an influence on selectivity for
corticotrophin releasing factor receptor-2 (CRF-R2), ensures
correct positioning of N- and C- terminals with the CRF-R2
and it also harvests the binding site for corticotrophin releas-
ing factor-binding protein (CRF-BP) [20]. This region may
arise as an important target since modifications in the hUcn-
2 peptide that reduce its affinity to CRF-BP conceivably in-
crease its pharmacological activity [20]. Ucn-2 exists as a
highly glycosylated precursor, and that may function as a
way of increasing its bioavailability [17].

Receptors

Since its discovery, Ucn-2 was found to be a strong agonist of
CRF-R2, for both o and {3 isoforms, with low or no affinity for
corticotrophin releasing factor receptor-1 (CRF-R1) [9].

The CRF-R2 gene was assigned to human chromosome
7p21-pl5 in 1997 [21]. In mouse, it was found to be located
on the proximal end of chromosome 6, which is consistent with
the high degree of homology of this region with human chromo-
some 7 [22]. The gene has 16 exons and depending on alterna-
tive splicing at the 5’ end gives rise to the three known variants of
CRF-R2 identified in humans: CRHR2-a, CRHR2-3, and
CRHR2-y (mice do not possess the -y variant) [5].

Contrasting to what happens in rodents, the major CRF-R2
isoform in human heart and skeletal muscle is CRF-R2a,
whereas CRF-R2(3 plays a minor role [23]. More specifically,
CRF-R2a mRNA is highly expressed in all four human cardiac
chambers, whereas CRF-R2(3 mRNA expression predomi-
nates in the left atrium showing general weak expression [24].

Both CRF-R1 and CRF-R2 belong to the B1 family of G-
protein coupled receptors, possessing an N-terminal extracel-
lular domain (ECD) linked to a 7-transmembrane helical bun-
dle domain [25]. The receptors share approximately 70%
identity at the amino acid level, with significant divergence
at the ECD, which relates to their divergent selectivity pattern
and physiological effects [26].

Peptide binding and receptor activation occur in two steps:
primarily, the C-terminal portion of the peptide binds to the
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ECD, where disulfide bonds are critical for ligand recognition,
and subsequently the N-terminal portion binds to the trans-
membrane domain initiating the intracellular signaling cas-
cade [25]. This additional interaction happens specifically in
the juxta-membrane domain of the receptor, which also con-
tributes for its selectivity pattern, stabilizing affinity for Ucn-2
by about 30-fold in contrast with CRF-R1. The third ICL is
believed to have a pivotal role in G-protein coupling and sig-
nal transduction [27, 28].

Cardiovascular Ucn-2 Effects in Physiological
States

Cardiac Effects
Left Ventricular Function

Animal Studies Bale et al. [29] observed that acute intravenous
(iv) injection of Ucn-2 in mice resulted in potent positive
inotropic effects, as shown by the rise in peak (+) dP/dt and
increased slope of the left ventricular end-systolic pressure-
volume relation (ESPVR) for any given heart rate (HR). Ucn-
2 injection also produced a decline in maximum left ventric-
ular (LV) pressure and accelerated isovolumic relaxation,
therefore enhancing diastolic function. These improvements
of inotropism and lusitropism led to a clear enhancement in
ventricular function, as demonstrated by the rises in stroke
volume (SV), LV e¢jection fraction (EF), and the average
27% increase in cardiac output (CO).

In wild-type (WT) mice isolated cardiomyocytes, Ucn-2
increased maximal velocity of shortening, relengthening, peak
height, and shortening, as well as amplitude and fall in mean
constant of Ca" transient decay (Tau), reinforcing its positive
inotropic and lusitropic effects [30]. Similar dose-dependent
inotropic and lusitropic effects were further obtained in mouse
ventricular myocytes [31], isolated rabbit myocytes [32], fe-
line isolated left ventricular myocytes [33], and anesthetized
pig [34]. In the sheep normal heart, Ucn-2 iv injection caused
amarked increase in CO, accompanied by a minor decrease in
left atrial pressure (LAP) [35].

As shown by in vivo and ex vivo experiments performed
by Gao et al. [36], Ucn-2 gene transfer in healthy mice may
lead to potent, long lasting, positive inotropic, and lusitropic
effects, with improvements in ventricular function up to
7 months of gene transfer. In a comparative study of Ucn-2
versus Ucn-3 gene transfer effects, Giamouridis et al. [37]
reported increases in ESPVR slope by 90% (vs 63% with
Ucn-3), CO by 65% (vs 50% with Ucn-3), and a 31% drop
in Tau (vs 24% with Ucn-3) after obtaining chronically ele-
vated levels of Ucn-2.

Tsuda et al. [38] implanted healthy mice with osmotic
pumps, supplying a sustained Ucn-2 infusion for 4 weeks.
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The results were conflicting with the previous reports, with the
emergence of cardiac dysfunction. The authors suggest that
continuously elevated Ucn-2 plasma levels may produce
deregulated activation of several signaling pathways, leading
to the deleterious effects found in this study. As previously
mentioned, chronically elevated Ucn-2 levels obtained
through gene transfer, performed in the same species, led to
long-lasting improvements in cardiac function, making these
findings quite contradictory [36, 37]. This may be a result of
the use of different techniques to obtain sustained elevation of
Ucn-2 plasma levels, since the chronic administration of an
exogenous peptide may lead to different outcomes compared
with a single trangene injection, with endogenous production
of the gene product.

Human Studies There are few studies on Ucn-2 cardiovascular
actions in healthy humans. Two of them were performed
in vivo, through an iv infusion of Ucn-2. The results were
overlapping, with dose-related improvements in echocardio-
graphic markers of ventricular function and contractility [39,
40]. One must take into account that these studies lack loading
and HR control, limiting direct conclusions of inotropism. To
clarify whether the improvements in left ventricular function
are the result of Ucn-2 direct positive inotropic properties in
humans, in vitro studies are needed. Yang et al. [31] adressed
this necessity, directly objectifying Ucn-2 positive inotropic
effects in humans, denoted through a 15% increase in twitch
force in isolated atrial trabeculae.

Signaling Pathways Yang et al. [31, 32] performed studies in
isolated rabbit and mouse myocytes suggesting the beforechand
mentioned effects induced by Ucn-2 are mediated by actions in
Ca*t dynamics. In these studies, Ucn-2 accelerated and in-
creased the amplitude of Ca®* transients (increasing not only
systolic ;[Ca®*] but also diastolic ;[Ca®*]), also with a marked
acceleration of the decaying phase. The authors point CRF-R2-
activated Gs-cAMP-PKA signaling cascade as one of the main
pathways mediating these effects. PKA activation ultimately
leads to phosphorylation of known Ca®* regulatory proteins,
such as L-type Ca®* channels, ryanodine receptor channels, and
phospholamban. These mechanisms increase L-type Ca”* cur-
rent and SERCA activity, with concomitant rise in sarcoplas-
mic reticulum (SR) Ca** load and fractional SR Ca’* release.
The latter study has also evidenced the relevance of the
CaMKII pathway, which may be stimulated by an unclear
PKA-independent mechanism, as well as by the rise in
.[Ca®*] induced by PKA. The conclusion that arises is that
CaMKII and PKA signaling cascades work synergistically, reg-
ulating the phosphorylation of Ca®* regulatory proteins, both
being of central importance in the inotropic and lusitropic ef-
fects produced by Ucn-2.

A study by Chen et al. [30] in mouse isolated cardiac
myocytes, while further acknowledging the important role

played by cAMP-PKA pathway, indicates the AMPK pathway
as another relevant mediator of Ucn-2 effects on Ca®* dynamics
and inotropism. As the authors note, the AMPK pathway is
stimulated by Ucn-2 treatment and has the potential to increase
Ca®* sensitivity and contractility of cardiomyocytes through
cardiac troponin I phosphorylation. The mechanisms of inter-
action and regulation between AMPK and PK A-signaling path-
ways are, however, still unclear.

Walther et al. [41] demonstrated that there is an increase in
nitric oxide (NO) production induced by Ucn-2 in rabbit iso-
lated cardiomyocytes, and this effect is linked to its inotropic
effects. In their study, at least two pathways were shown to be
associated with endothelial NO synthase (eNOS) activation:
cAMP-PKA and PI3K-PDK-Akt signaling cascades. As
shown by the authors, these pathways do not appear to interact
directly, but they converge in phosphorylation of eNOS at
Ser1177, ultimately leading to increased NO production. As
expected, this culminates in stimulation of soluble guanylate
cyclase, increasing intracellular levels of cGMP. In the same
study, the authors found Ucn-2 also stimulated MEK1/2-
ERK1/2 pathway, but it did not play a role in the eNOS-
mediated NO signaling in cardiac myocytes.

Chronotropism

In vivo iv injection of Ucn-2 exerts a dose-dependent positive
chronotropic effect in mice, rat, sheep, and humans [29, 35,
39, 40, 42]. In anesthetized mice, Gao et al. [36] reported an
increase in heart rate (HR) up to 7 months after Ucn-2 gene
transfer. This chronotropic effect was found to be of probable
reflex origin, since the increase in HR was not reproduced in
isolated perfused hearts [36]. On the other hand, Ucn-2 gene
transfer did not significantly alter HR in conscious mice [37].

Studies in conscious rats also indicate that the tachycardic
effect of Ucn-2 administration is probably a result of neuro-
hormonal activation, since sympathetic and parasympathetic
blockade by propranolol plus atropine was able to abolish this
effect [43, 44]. In sheep, Ucn-2 seems to have a direct
chronotropic effect, independent of autonomic and barorecep-
tor activation [45]. In fact, in this species, Ucn-2 produces a
sustained decrease in the sympathetic traffic to the heart while
there is still increased HR, weakening the hypothesis of this
effect arising only from baroreflex activation [45].

Cardiac Morphology and Electrical Activity

As reviewed below, in the presence of a pathologic condition
which may ultimately lead to hypertrophy, Ucn-2 appears to
have an anti-hypertrophic effect. However, the effects in the
normal heart seem to be less clear, with little conformity when
analyzing the effects in vitro and in vivo. Indeed, in vitro
studies in rat neonatal isolated cardiomyocytes assuredly indi-
cate a pro-hypertrophic effect of Ucn-2 in the healthy heart. As
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a matter of fact, incubation with SRP/Ucn-2 was shown to
increase cardiomyocyte size, protein to DNA ratio, and the
incorporation of [3H]-leucine, all markers of cardiac hypertro-
phy [46, 47]. On the other hand, in vivo studies accessing the
effects of chronically elevated levels of Ucn-2 obtained through
gene transfer seem to favor an anti-hypertrophic effect [36, 37].
Necropsy analysis indicated less hypertrophy in
AAV8.CBA.Ucn2 transfected mice, with reduction in body
weight-adjusted LV weight [36, 37]. Contrasting with these
studies, Tsuda et al. [38] evidenced a pro-hypertrophic effect
after chronic Ucn-2 administration in control mice, which is in
line with the above mentioned cardiac dysfunction found in the
same study.

Yang et al. [31], using both mouse ventricular myocytes
and myocardium from the right-atrium of patients undergoing
cardiac surgery, showed an association of Ucn-2 with arrhyth-
mogenic events. Noteworthy, spontaneous Ca®" increases
were observed and preceded the shortenings, indicating re-
lease from the SR as the inherent mechanism. In vivo, only
one study briefly mentions Ucn-2 effects in electrocardio-
graphic parameters in healthy humans, finding no relation
with arrhythmogenic events [39]. In other studies, testing
Ucn-2 in healthy animals and humans, there is no reference
to electrocardiographic parameters. Nonetheless, there is no
report of symptomatic arrhythmias and/or relevant electric
events in the studies in which electrocardiographic monitoring
was performed.

Signaling Pathways Walther et al. [48] sought to explain the
mechanisms behind the pro-hypertrophic effect of Ucn-2 ob-
served in vitro. The authors found that Ucn-2 can disturb the
equilibrium between transcription factors of maintenance
(NFAT1c) and maladaptive (NFAT3) hypertrophy. Indeed,
they observed that Ucn-2 induced nuclear export of NFATc1
to cytosol, while not altering the location of NFAT3. They also
suggested that the mechanism involved might be the Ucn-2-
stimulated PI3K/Akt/eNOS/NO pathway. Activation of this
pathway would ultimately lead to PKG1 activation by
c¢GMP, also involving activation of other kinases (GSK3f3,
INK, p38), resulting in phosphorylation, deactivation, and
nuclear export of NFAT. A previous study in rat neonatal
isolated cardiomyocytes also suggested the hypertrophic ef-
fect induced by Ucn-2 in the normal heart was promoted by
PI3K/Akt pathway [46].

Chronic activation of Ucn-2 induced pathways, such as
PKA, CAMKII, and PI3K/Akt, may explain the pro-
hypertrophic effects observed in vivo in control mice [38].
On the other hand, the apparent anti-hypertrophic effect ob-
served after Ucn-2 gene transfer in vivo was suggested to be a
result of renin—angiotensin—aldosterone system (RAAS) inhi-
bition by Ucn-2 [36].

In the first study accessing the direct electrophysiological
effect of Ucn-2 in action potential, Yang and Zhu [49] found
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Ucn-2 significantly prolonged action potential duration in a
time and concentration-dependent manner in guinea pig iso-
lated myocytes. The elongation of the action potential induced
by Ucn-2 may lead to changes in refractory period and this
may be one of the explanations for the previously described
arrthythmogenic effect of high Ucn-2 doses in vitro. The au-
thors found that this effect appeared to be mediated by PKA
activation and Ca**-dependent activation of Na*/Ca®* ex-
change (NCX), as well as increased IKr inhibition rate and
reduced IKr current. The inhibition of IKr was not mediated
by PKA signaling and the contribution of other Ucn-2 activat-
ed pathways was not evaluated yet. The authors also noticed
that Ucn-2 induced a right shift in the threshold for IKs current
activation and decelerated rate of IKs activation.

Vascular Effects
Animal Studies

In vitro, increasing doses of Ucn-2 were shown to express a
dose and time-dependent vasodilatory effect, similar in poten-
cy to that of Ucn-3, both being more potent than CRF, but less
potent than Ucn-1 [50].

In vivo, the effects tend to vary according to the species and
vascular bed. In rats, several studies have shown consistent
dose-dependent decreases in blood pressure (BP) after Ucn-2
infusion [42—44, 51, 52]. In this species, Ucn-2 appears to
induce marked mesenteric vasodilatation, while it produces
an inconsistent renal vasodilation, indicating less powerful
coupling of CRF-R2 receptors in the renal vascular bed. In
mice, Ucn-2 was found to be a potent vasodilator, with de-
creases in arterial elastance and resistance, as well as in sys-
tolic, diastolic, and mean BP [29, 37]. In pigs, intra-coronary
infusion of Ucn-2 led to an approximate 15% increase in cor-
onary blood flow [34]. Contrastingly, in healthy sheep, Ucn-2
iv injection resulted in a minor reduction in calculated total
peripheral resistance. Moreover, although an initial drop in
mean arterial pressure (MAP) was found, the overall effect
was elevation of MAP [35].

Human Studies

Wiley and Davenport [27] conducted in vitro studies with
human internal mammary arteries showing a potent
vasodilatory effect of Ucn-2, with approximately 61% rever-
sal of endothelin-1 (ET-1)-induced vasoconstriction. More re-
cently, in coronary arteries dissected from patients subjected
to heart transplantation, Ucn-2 induced marked relaxation in
both intact endothelium and endothelium-denuded arteries,
with no significant differences between the two [53].
Venkatasubramanian, Griffiths et al. [54] performed intra-
brachial infusions of Ucn-2 in healthy volunteers, resulting in
a pronounced dose-dependent vasodilation in the infused
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arm’s arteries. No changes were noticed in blood flow in the
non-infused arm or in systolic blood pressure (SBP). The au-
thors also found no signs of tachyphylaxis associated with
locally induced vasodilatation. Similar effects were obtained
in a later study after intra-brachial infusion of Ucn-2 in both
healthy subjects and heart failure (HF) patients [55]. In the
latter study, systemic iv delivery of Ucn-2 in healthy subjects
leaded to significant falls in MAP and peripheral vascular
resistance index, accompanied by rises in HR.

Endothelium-Dependency and Signaling Pathways

The endothelium-dependency of Ucn-2 vasodilatory effect pre-
sumably varies according to the species and the vascular bed.
In vitro studies in human internal mammary and coronary ar-
teries indicate a potent endothelium-independent vasodilatory
effect of Ucn-2, although there is also evidence of eNOS acti-
vation contribution in vivo [27, 53, 54]. As to other species,
Gardiner et al. [43] found no involvement of NO or prostanoids
in Ucn-2-induced vasodilation in conscious rats. In pigs, on the
other hand, the increase in coronary blood flow induced by
Ucn-2 appears to be NO-dependent, suggesting a dependence
on endothelium [34].

As to the signaling pathways involved in vasodilation,
cAMP-PKA signaling was shown to have an important role
in Ucn-2 induced vasodilation, also with contribution of p38/
MAPK pathway (speculated to lead to production of
vasodilatory prostaglandins) [50]. In porcine isolated aortic
endothelial cells, NO generation stimulated by Ucn-2 appears
to be mediated by cAMP-PKA and CaMKII signaling path-
ways, as well as increased cytoplasmic [Ca®*] [56, 57]. As
shown by Grossini et al. [57], Ucn-2 seems to raise levels of
cytoplasmic [Ca®*] through two mechanisms: influx from in-
tracellular pools and extracellular medium and membrane hy-
perpolarization as a consequence of K channels opening.

Therapeutic Potential in Cardiovascular
Disease

Heart Failure
Animal Studies

The first studies assessing Ucn-2 effects in failing hearts fo-
cused on documenting its acute effects in animal models of
HF. In line with this, Bale et al. [29] reported improvements in
left ventricular diastolic and systolic functions in MLP-
deficient cardiomyopathic mice after an iv bolus of Ucn-2.
Rademaker et al. [35] found similar outcomes when using
incremental iv boluses of mUcn-2 in an ovine model of HF.
Moreover, they found a marked fall in CTPR and an overall
reduction in MAP, contrasting with the findings from healthy

sheep. A plausible explanation would be that in the HF model,
the arterial vasculature is in a pre-constricted state, which
would enhance the vasodilatory properties of Ucn-2. The au-
thors also reported important hormonal effects following Ucn-
2 injection (detailed in Table 1).

Rising interest in the therapeutic potential of Ucn-2 in this
setting led a number of investigation groups to start exploring
the effect of Ucn-2 given therapeutically. In a sheep model of
chronic HF, a 4-day iv infusion of mUcn-2 provided numer-
ous favorable effects, improving cardiac function, hemody-
namics, hormonal response, and renal function [58]. On the
other hand, potentially adverse effects of increased cortisol
levels from secondary HPA axis stimulation and decreased
food intake were only transient. In the same model of ovine
HF using mUcn-2 administered through a pulmonary artery
catheter, similar acute effects were observed in LV function,
peripheral resistance, neurohormonal response, and renal
function [59]. Ucn-2 was also tested in the setting of acutely
decompensated heart failure (ADHF) in ovines, resulting in a
clear boost in cardiac function, suppression of potentially
harmful neuro-hormonal response, and amelioration of renal
dysfunction [60]. The authors also documented reduced gene
expression of RAAS, as well as fibrosis, hypertrophy, apopto-
sis, and inflammation markers. Histologically, Ucn-2 de-
creased collagen deposition in the heart and kidney.

Given that Ucn-2 has a rather short half-life, Lai et al. [61]
made an effort to overcome this issue by performing an Ucn-2
gene transfer after induction of HF in mice. The gene transfer
was attained by a single iv injection of a viral vector (AAVS)
encoding Ucn-2 gene (AAV8.UCn2), giving rise to a 70-fold
increase in LV Ucn-2 mRNA 5 weeks after injection. At this
time, the authors reported an improvement in LV systolic and
diastolic functions, with no group differences in MAP. The re-
sults also pointed to an anti-hypertrophic effect, with a reduced
left ventricle/body weight ratio in treated animals. These findings
also extended to Ucn-3 [62]. Ucn-2 gene transfer in Western-
Diet (WD)-fed mice was also able to significantly improve glu-
cose tolerance, with reduced fasting blood glucose and increased
glucose disposal [63]. At the same time, it improved both dia-
stolic and systolic LV functions and decreased liver fatty infiltra-
tion in mice with WD-induced diabetes-related LV dysfunction
[63]. This highlights Ucn-2 as a potential therapeutic weapon in
the setting diabetes-induced heart disease, targeting both glucose
intolerance and cardiac dysfunction.

Ucn-2 in Combination with Established HF Therapies In order
to define the realistic therapeutic potential of Ucn-2,
Rademaker, Charles et al. performed a number of studies
using Ucn-2 in combination with other drugs commonly used
in the setting of HF, namely, angiotensin converting enzyme
inhibitor (ACEI) [64], loop diuretic [65], 3-blocker [59], and
mineralocorticoid receptor antagonist (MRA) [66]. All studies
were performed in sheep with pacing-induced HF.
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Table 1 Pre-clinical studies with Ucn-2 in heart failure—part 1

Species  Model Posology and route of administration

Outcomes

Reference

Incremental IV boluses of mUcn-2
(10, 50, and 100 pg) at 2-h intervals

Sheep Pacing-induced

4-day IV infusion of mUcn-2
(25 pg bolus + 0.75 ug/kg/h)

mUcn2 infusion through PAC (50 pg
bolus + 50 pg/h) both isolated and
in combination with metoprolol
(10 mg slow bolus + 10 mg/h)

mUcn?2 infusion through PAC (50
pg + 50 pg/h) both isolated and
in combination with ACEI captopril
(15 mg bolus+3 mg/h)

mUcn?2 infusion through PAC (50
pg + 50 pg/h) both isolated and
in combination with furosemide
(20 mg bolus + 3.3 mg/h)

mUcn2 infusion through PAC
(50 pg+75 png/h) both isolated
and in combination with MRA
(200 mg bolus + 75 mg/h)

Pacing-induced ~ Ucn-2 2-day infusion through
ADHF PAC (25 pg bolus +0.75 ng/kg/h)

@ Springer

Increased CO;

decreased CTPR, LAP, and MAP;

decreased PRA, ALD, ET-1, ANP, BNP, epinephrine, and AVP;
increased corticotropin, cortisol, and Ucn-1;
increased urine volume, uNa*, uK*, uCr, and CrCl.
Increased dP/dt(max) and CO;

decreased CTPR, LAP, and MAP;

decreased PRA, ALD, ET-1, ANP, BNP, and AVP;
decreased plasma Na* and Cr;

increased urine output (acutely), uNa*, uCr, and CrCl;
transiently decreased food intake.

Isolated Ucn-2:

increased HR, CO, dP/dt(max), and MAP;
decreased CTPR and LAP;

decreased PRA, aldosterone, and BNP;

increased urine volume, uNa*, uCr, and CrCl
combination therapy:

no increase in HR vs control;

intermediate increase in CO;

intermediate decrease in CTPR;

increased dP/dt(max) and MAP;

decreased LAP;

decreased PRA, ALD, and BNP;

increased urine volume, uNa*, uK™, uCr, and CrCl.
Isolated Ucn-2:

increased CO, dP/dt(max);

decreased CTPR, LAP, and MAP;

decreased PRA, ALD, ET-1, ANP, and BNP;
increased urine volume, uNa*, uK*, uCr, and CrCl
combination therapy:

further increase in CO,;

further decrease in CTPR and LAP;

further decrease in ALD;

decrease in ET-1, ANP, and BNP;

less increase in PRA (vs captopril alone)

increased urine volume, uNa*, uK™, uCr, and CrCl.
Isolated Ucn-2:

increased CO, dP/dt(max);

decreased CTPR, LAP and MAP;

decreased PRA, ALD, AVP, ANP and BNP;
increased urine volume, uNa*, uK*, uCr and CrCl
combination therapy:

increased CO, dP/dt(max);

decreased CTPR;

further decrease in MAP and LAP;

decreased PRA, ALD, AVP, ANP, and BNP;
increased urine volume, uNa*, uK™, uCr, and CrCl.
Isolated Ucn-2:

increased CO, dP/dt(max);

decreased CTPR and LAP;

decreased PRA, ATII, ALD, AVP, ANP, and BNP;
increased plasma cortisol;

increased urine volume, uNa*, uK*, uCr, and CrCl
combination therapy:

increased CO, dP/dt(max);

decreased CTPR and LAP;

decreased PRA, ATII, AVP, ANP, and BNP;

initial rise, followed by decreased ALD;

increased plasma cortisol;

increased urine volume, uNa*, uK*, uCr, and CrCl.
Increased dP/dt(max) and CO;

decreased CVP and LAP;

35

58

59

64

65

66

60
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Table 1 (continued)
Species  Model Posology and route of administration Outcomes Reference

minor increase in MAP;

decreased PRA, ALD, AVP, ET-1, epinephrine, and NE;

increased urine volume, uNa*, uCr, and CrCl

decreased collagen deposition in heart and kidney;

decreased expression of fibrosis, hypertrophy, apoptosis,
and inflammation markers.

ACEI angiotensin converting enzyme inhibitor, ADHF acutely decompensated heart failure, ALD aldosterone, ANP atrial natriuretic peptide, ATII
angiotensin II, AVP arginine vasopressin, BNP brain natriuretic peptide, CO cardiac output, Cr creatinine, CrC/ creatinine clearance, CTPR calculated
total peripheral resistance, CVP central venous pressure, £7-1 endothelin-1, HF heart failure, HR heart rate, /V intravenous, LAP left atrial pressure, MAP
mean arterial pressure, MRA mineralocorticoid receptor antagonist, NE norepinephrine, PAC pulmonary artery catheter, PRA plasma renin activity, Ucn-1
urocortin-1, Ucn-2 urocortin-2, uNa* urinary Na*, uK* urinary K*, uCr urinary creatinine

In the first study, the authors studied the effects of intra-
arterial infusions of Ucn2 both in isolation and in combination
with the ACEI captopril [64]. They came to the conclusion
that the addition of Ucn-2 to an ACEI may have beneficial
effects on hemodynamic, hormonal, and renal responses, to a
greater extent than with ACEI treatment alone. Moreover, in
the matter of renal function, Ucn-2 co-treatment with ACEI
appears to have the potential to neutralize some of the unde-
sired effects observed with ACEI treatment alone, namely, the
reduction in creatinine clearance and urine output. Ucn-2 ad-
dition to ACEI was also able to neutralize the potentially ad-
verse rise in plasma renin activity (PRA) induced by the latter.

Using the same regimen as in the previous work,
Rademaker et al. [65] described Ucn-2 effects in combination
with furosemide. The findings were compatible with an over-
all improvement of furosemide infusion effects. Specifically,
the co-infusion resulted in enhanced renal function without
additional K* excretion, suppression of PRA, and greater
and more sustained decrease in aldosterone than seen with
both treatments alone. Given separately, Ucn-2 improved
CO and hemodynamics, in accordance with previous studies
in the same animal model of HF.

Employing a similar study protocol, the author’s then
assessed the effects of Ucn-2 alone and in addition to the (-
blocker metoprolol [59]. The results were once again promis-
ing, with Ucn-2 avoiding the bradycardia, fall in CO, and
increase in CTPR induced by (3-blocker therapy [59]. Ucn-2
may, therefore, have the appealing effect of increasing f3-
blocker tolerability, possibly allowing for an earlier and safest
introduction in the setting of ADHF.

Lastly, the authors tested the effect of intra-arterial infu-
sions of Ucn2, both in isolation and in combination with a
mineralocorticoid receptor antagonist (MRA) [66]. With com-
bined therapy, the effects of increased LV function and de-
creased LAP and CTPR were observed at a similar degree to
those incited by Ucn-2 alone [66]. When added to an MRA,
Ucn-2 also had the ability of improving the neuro-hormonal
response and renal function, reducing PRA, angiotensin II,

and K* levels [66]. Separate administration of MRA increased
plasma aldosterone, and Ucn-2 was capable of smoothing this
response in co-therapy [66]. Overall, this study unveils possi-
ble beneficial effects of adding Ucn-2 to MRA therapy, with
the particularly enticing effect of virtually inhibiting
hyperkalemia, a well-known dangerous side effect of MRA.

Detailed information on these pre-clinical studies can be
found on Table 1 and 2.

Human Studies

Davis etal. [67] studied the actions of iv hUcn-2 given to eight
males suffering from congestive HF with reduced ejection
fraction. They documented dose-dependent improvements in
cardiac function and falls in SBP, DBP and MAP. They also
noticed a slight reduction in urine volume and natriuresis, with
no considerable neurohormonal responses. This contradicts
findings from ovine HF and is probably related to the greater
severity of disease and neurohormonal deregulation in this
animal model. It seems likely that the natriuretic effect of
Ucn-2 is only significant when there is an important back-
ground of RAAS activation and Na* retention. Regarding side
effects, Ucn-2 led to flushing in all subjects, persisting up to
2 h after the infusion.

Chan et al. [68] performed a double-blind, placebo-
controlled clinical trial in patients admitted for ADHF,
in which they studied the effect of Ucn-2 iv infusion as
an adjunct to conventional therapy. Ucn-2 induced a
prompt and marked hypotensive effect, as well as an in-
crease in CO, although the latter was not sustained [68].
The infusion transiently worsened renal function and in-
creased PRA. Again, these findings contrast with those
obtained in ovine HF. The emergence of reflex responses
to the marked fall in BP and consequent decrease in renal
perfusion may partially explain these discrepancies. The
peak plasma levels achieved in this study were twice the
concentration recorded in the previous work in stable HF
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Table 2  Pre-clinical studies with Ucn-2 in heart failure—part 2

Species Model

Posology and route of administration

Outcomes Reference

Mouse MLP-deficiency IV bolus (7.5 ng/kg)

Ml-induced HF

WD-induced LV dysfunction
(2% 10" gc/kg)

IV delivery of AAV8.UCn2
(5% 10" gcin 100 pl)

IV delivery of AAV8.UCn2

Increased EF, CO, and peak (+) dP/dt; 29
decreased LV EDV, EDP, and ESV;

decreased Tau and peak (—)dP/dt.

Increased EF; 61
increased +dP/dt and —dP/dt;

decreased Tau;

decreased LV EDD and ESD;

no differences in HR, SBP, DBP, or MAP;
reduced LV/BW ratio.

Improved glucose tolerance; 63
increased glucose disposal;

decreased fasting glucose;

increased EF, VcFc, EDD and ESD;

increased peak +dP/dt and -dP/dt;

decreased liver fatty infiltration.

CO cardiac output, DBP diastolic blood pressure, EDD left ventricular end-diastolic diameter, EDP left ventricular end-diastolic pressure, EDV left
ventricular end-diastolic volume, EF ejection fraction, ESD left ventricular end-systolic diameter, ESV left ventricular end-systolic volume, gc gene
copies, HF heart failure, HR heart rate, /V intravenous, LV left ventricle, LV/BW left ventricle/body weight ratio, MAP mean arterial pressure, M/
miocardial infarction, MLP muscle-specific LIM protein, SBP systolic blood pressure, Tuu mean constant of Ca2+ transient decay, Ucn-2 urocortin-2,
Vefe velocity of circumferential fiber shortening corrected for heart rate, WD western diet.

patients, raising the question of the greater clinical appli-
cability of this peptide in this scenario at a lower dose.

Stirrat et al. [55] conducted a double-blind, placebo-
controlled cross-over study with iv infusions of either placebo
or SNP, followed by either Ucn-2 or Ucn-3. They noticed
increases in cardiac index, with concomitant falls in MAP
and peripheral resistance index. Hypotension reaching stop-
ping criteria occurred in one patient out of nine, once more
rising the concern for important hypotension after Ucn-2 in-
fusion in HF patients.

Table 3 provides detailed information on the clinical trials
using Ucn-2.

Signaling Pathways

Several mechanisms have been suggested to explain the pos-
itive inotropic and lusitropic effects of Ucn-2 in healthy hearts.
These effects are also presumably activated after Ucn-2 ad-
ministration in the setting of HF and justify, at least partly, the
clear improvement in cardiac function observed in the studies
reviewed above. These mechanisms are explained in detail in
the section “Left Ventricular Function” (subsection “Signaling
pathways”).

Specifically, in the failing heart, Lai et al. [61] documented
effects in Ca®* dynamics, reduced phosphorylation of CAMKII,
and increased cardiac myosin light chain kinase expression as
potential mechanisms leading to the improvement in heart func-
tion induced by Ucn-2. In the matter of Ca®* dynamics, the
findings were in line with those previously described in non-
failing isolated myocytes [31, 32]. Otherwise, reduced phosphor-
ylation of CAMKII contrasts with findings from normal hearts,
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where activation of the CAMKII pathway appears to be one of
the mechanisms mediating Ucn-2 cardiac effects [31].

As we can conclude from the pre-clinical studies men-
tioned above, Ucn-2 appears to exhibit anti-hypertrophic
properties in failing hearts. Walther et al. [48] proposed
shifting of NFAT transcription factor isoforms balance to-
wards the physiological state as one of the potential mecha-
nisms mediating this effect. In their work in myocytes from
rabbits with non-ischemic HF, Ucn-2 induced nuclear export
of NFAT3, an isoform overexpressed in the nucleus in HF and
associated with cardiac hypertrophy [48]. In vivo, there is less
knowledge regarding the mechanisms involved in the anti-
hypertrophic effect of Ucn-2. On one hand, the beneficial
hormonal effects extensively evidenced in sheep HF may play
a part. On the other hand, the significant improvement in he-
modynamics alone could account for the reduction in cardiac
hypertrophy and fibrosis in HF. Even so, despite having sim-
ilar outcomes on hemodynamics when compared to Ucn-2,
dobutamine was not able to mimic Ucn-2 effects of reducing
cardiac fibrosis and hypertrophy markers, suggesting the latter
possesses direct anti-hypertrophic properties [60].

Although this hypothesis was not tested in HF, the
sustained reduction of sympathetic drive to the heart observed
in healthy sheep may antagonize the harmful and potentially
pro-arrhythmic sympathetic overdrive of cardiac dysfunction,
arising as a potential additional mechanism explaining Ucn-2
beneficial effects in cardiac disease.

Ischemic Disease

The first study addressing Ucn-2 as a potential cardioprotective
peptide was performed in neonatal rat ventricular myocytes
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Table 3  Clinical trials with Ucn-2 in heart failure

Study Design Patients Posology and route Outcomes Reference

of administration

Single-blind, 8 males w/ stable CHF 1 h IV infusion of placebo, 25 and  Increased CO and HR; 67
placebo-controlled, (LVEF <40%, NYHA class II/III) 100 pg of hUcn-2 sequentially ~ decreased SBP, DBP, and MAP;
dose-escalation with a WO period of 2-5 weeks  decreased SVR and CW;

higher dose increased LVEF and E;

higher dose decreased LVWMSi;

increased NTproBNP, ACTH, and
ADM,;

higher dose slightly increased pCr;

slight decrease in urine volume and
Na* excretion.

Double-blind, 53 patients admitted for ADHF 4 h IV infusion of either Ucn-2 Increased CO; 68
placebo-controlled, (25 pg/h) or placebo as an decreased SBP, DBP, and CTPR;
randomized adjunct to conventional decreased pCr, CrCl, urine output,

therapy initiated by the and Na'excretion;
physician decreased BNP and NTproBNP;
increased PRA, not accompanied
by rises in ALD or ATII.
A: randomized, A: 8 HF* patients and 8 gender ~ A: Ucn-2 infusions through A: 4+ 60% local vasodilation 55

dose-escalation

B: double-blind,
placebo-controlled,
randomized,
dose-escalation,
crossover study

and age-matched healthy
subjects

B: 9 HF* patients and 7 healthy
subjects

*LVEF < 35%, EDD > 5.5 cm,
NYHA class II/III

BA (3.6, 12, and 36 pmol/min)
for 6 min with a
30 min

WO period

B: IV placebo or SNP followed
by either Ucn-2 (36, 108,
360 pmol/ min) or Ucn-3 for
10 min with 1 h WO period

from baseline in HF patients;
+ 72% local vasodilation from
baseline in healthy subjects;
B: increased CI;
decreased MAP and PVRIL

ACTH adrenocorticotrophic hormone, ADHF acutely decompensated heart failure, ADM adrenomedulin, ALD aldosterone, A71I angiotensin II, BA
brachial artery, BNP brain natriuretic peptide, CHF' congestive heart failure, C/ cardiac index, CO cardiac output, CrCl creatinine clearance, CTPR
calculated total peripheral resistance, CW cardiac work, DBP diastolic blood pressure, E transmitral early diastolic flow velocity, EDD left ventricular
end-diastolic diameter, HF heart failure, HR heart rate, /V intravenous, LVEF left ventricle ejection fraction, LVWMSi left ventricular wall motion score
index, MAP mean arterial pressure, NTproBNP amino terminal pro-brain natriuretic peptide, NYHA New York Heart Association, pCr plasma creatinine,
PRA plasma renin activity, PVRI peripheral vascular resistance index, SBP systolic blood pressure, SVR systemic vascular resistance, Ucn-2 urocortin-2,

Ucn-3 urocortin-3, WO washout

submitted to hypoxia and reoxygenation [69]. The authors used
SRP (1 nM) administered prior to subjecting the cells to hypoxia
or at the onset of reoxygenation, reporting an enhanced viability
of the cardiomyocytes. Brar et al. [70] recorded similar findings
in mouse cardiomyocytes. Ex vivo, Ucn-2 administration from
the onset of reperfusion significantly reduced infarct size in rat
hearts subjected to ischemia/reperfusion (I/R) [70]. In this setting,
Ucn2 treatment given before ischemia was also shown to dis-
tinctly improve cardiac function, with slightly less marked results
when Ucn-2 was given only during reperfusion [71]. Similar
findings were obtained in mice isolated hearts [72].

In vivo, several studies in animal models of ischemia have
evidenced Ucn-2 therapeutic properties in this scenario. Liu
et al. [73] observed a notable reduction in arrhythmias, and a
50% reduction in infarct size after iv Ucn-2 in a rat model of
I/R. In male wistar rats submitted to left coronary artery liga-
tion, a Ucn-2 iv injection before reperfusion was able to not
only limit infarct size and fibrosis, but also induce a sustained
recovery of cardiac function [74]. Likewise, an intraperitoneal
Ucn-2 injection before induction of I/R injury in mice signifi-
cantly reduced necrosis and improved contractile function in

the previously ischemic area [72]. These results also apply to
chronic Ucn-2 treatment, with the addition of left ventricle ge-
ometry improvement and significant attenuation of collagen 1
and (3-myosin heavy chain gene expressions [75].

Signaling Pathways

Several mechanisms have been proposed to explain Ucn-2-
mediated cardioprotection. One of these mechanisms is the
phosphorylation of ERK1/2-P42,44, reported in studies per-
formed in both mouse [70] and rat [69] cardiomyocytes. The
activation of this pathway seems to be mediated by MEK 1 and
Ras/Raf-1 kinase-dependent mechanisms, without interven-
tion of PKA or cAMP [70]. Another suggested pathway is
the attenuation of free-radical induced injury induced by
Ucn-2 stimulation of anti-oxidative enzymes, such as super-
oxide dismutase and glutathione peroxidase [73].
Furthermore, Li et al. [72] highlighted the importance of the
Ucn2-CRFR2-PKCe -AMPK pathway to the beneficial role
of Ucn-2 in the setting of ischemia. They concluded that the
heart may secrete Ucn-2 in response to ischemia as an attempt
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to minimize cardiac damage, and AMPK also appears to be
involved in this mechanism. Ucn-2 has also been shown to
interfere with apoptotic pathways, inhibiting p38 and regulat-
ing Bcl-2 signaling towards an anti-apoptotic effect [71].
Specifically, Ucn-2 appears to induce Bcl-2 expression in
the mitochondria, enhance Bim phosphorylation, and decrease
Bax phosphorylation, all of these actions translating into a
pro-survival effect [71]. Ucn-2 has also been reported to pre-
vent dysregulation in Ca®* dynamics induced by ischemia,
and this may be an additional mechanism through which it
exerts its cardioprotective actions [74].

Systemic Arterial Hypertension

Given its clear vasodilating properties and direct effects in the
heart, the hypothesis of Ucn-2 as a plausible therapeutic op-
tion in systemic arterial hypertension became worth of test.

Dieterle et al. [76] were the first to explore this hypothesis
with an experimental study in Dahl salt-sensitive rats, which
they treated with intra-peritoneal (ip) hUcn-2 for 5 weeks. They
found an immediate reduction of SBP, not accompanied by
reflex tachycardia, as well as a sustained decrease in BP in
treated animals. They also evidenced an apparent anti-
hypertrophic effect of Ucn-2, together with acute positive ino-
tropic effects. In addition to its BP-lowering properties, Ucn-2
produced clear enhancements in diastolic and systolic func-
tions in spontaneously hypertensive rats, suggesting a potential
benefit in terms of LV function and geometry in arterial hyper-
tension [77]. In the Langendorff-perfused heart at the stage of
hypertension-induced severe HF, Ucn-2 perfusion (5 nM dur-
ing 20 min) induced positive inotropic and lusitropic effects,
together with coronary blood flow improvement [78]. At the
same time, it led to a significant reduction of monophasic ac-
tion potential duration and LV conduction time, with an in-
crease in ventricular fibrillation threshold.

Signaling Pathways

The mechanisms through which Ucn-2 exerts its vasodilating
properties and their relative relevance seem to vary with the
species and the vascular bed involved, and they were reported
in the section “Vascular Effects” (subsection “Endothelium
dependency and Signaling Pathways”). Most of these studies
were performed in non-diseased vessels, and weather the same
mechanisms apply under pathologic conditions remains a
question of relevance.

Studies focusing on the signaling mechanisms mediating
Ucn-2 effects in animal models of hypertension are rather
scarce, and the existing ones address solely the pathways
through which Ucn-2 may improve cardiac function in
hypertension-induced HF. In this matter, Meili-Butz et al.
[78] documented the improvement in contractile function seen
acutely after Ucn-2 as a consequence of increased SR Ca**
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load. Liu et al. [77] suggested that Ucn-2 may relieve the Ca**
overload characterizing SHR, probably through inhibition of
current density through L-type Ca** channels, and that this
may be a pathway through which it can improve LV geometry
and function in this condition.

Pulmonary Arterial Hypertension

Recently, we reported that Ucn-2 appears to display an
overall favorable effect in pulmonary arterial hypertension
(PAH), accomplished by direct actions in both the pulmo-
nary vasculature and right ventricle [79]. Indeed, Ucn-2
treated rats with monocrotaline-induced PAH exhibited
higher percent of survival, as well as increased exercise
tolerance and improved body weight. In addition, they
had attenuated RV and pulmonary small arteries remodel-
ing, improved biventricular systolic and diastolic func-
tions, and reduced levels of cardiac damage and fibrosis
markers. In animals submitted to pulmonary artery bind-
ing, Ucn-2 was capable of decreasing RV hypertrophy and
fibrosis, indicating it exerts direct effects in the RV.

Details on pre-clinical studies using Ucn-2 in the condi-
tions mentioned on “Ischemic Disease,” “Systemic Arterial
Hypertension,” and ‘“Pulmonary Arterial Hypertension” can
be found on Table 4.

Ucn-2 Potential as a Biomarker
in Cardiovascular Disease

A recent field in the study of Ucn-2 properties is focusing
on its potential as a biomarker of diagnostic and prognos-
tic relevance in cardiovascular disease. Although circulat-
ing levels of Ucn-2 in healthy humans seem to be very
low [39], a rising number of studies have found interest-
ing associations between augmented Ucn-2 levels and car-
diovascular disease.

Topal et al. [80] performed an observational study address-
ing this matter, with data from 86 hemodynamically stable
outpatients. Ucn-2 serum levels in these patients were quan-
tified by using Human Urocortin II ELISA Kit, with a detec-
tion range of 6.25-400 pg/mL. They found elevated levels of
serum Ucn-2 in patients with mild to moderate systolic dys-
function, but not in severe ventricular dysfunction, suggesting
an increased secretion of Ucn-2 in early HF. There were no
significant differences in Ucn-2 serum levels between patients
with or without diastolic dysfunction. However, 73% of the
patients in this group had only grade 1 diastolic dysfunction,
raising the question of whether Ucn-2 levels would remain
unchanged in increasingly severe degrees of disease. In line
with these findings, Tsuda et al. [38] found a 7.5-fold increase
in Ucn-2 plasma levels in patients with non-ischemic dilated
cardiomyopathy versus controls, again suggesting a possible
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Table 4  Pre-clinical studies with Ucn-2 in other cardiovascular diseases

Disease Species Model Posology and route of administration Outcomes Reference
Ischemia Rat Ischemia/reperfusion IV Ucen-2 (10 pg/kg) Reduced arrhythmias; 73
by LAD ligation before LAD occlusion approximately 50% reduction in
infarct size.
Ischemia/reperfusion IV Ucn-2 (150 pg/kg) Increased EF and FS; 74
by LCA ligation 5 min. before reperfusion decreased ESD and EDD;
reduction in infarct size;
prevention of fibrosis in risk and
remote zones.
Mouse Ischemia reperfusion IP Ucn-2 (15 pg/kg) Improved contractile function; 72
by LAD ligation 20 min. before LAD reduced necrotic area.
occlusion
MI induced by SC Ucn-2 (415 pg/kg/d) Increased EF and FS; 75
LCA ligation for 30 days starting decreased ESD and EDD;
24 h after MI decreased HW:BW ratio and
LV mass;
reduction in infarct size;
decreased MAP;
increased HR;
decreased Coll and 3-MHC
gene expression;
decreased collagen deposition in
non-infarcted areas.
Systemic Rat DSS-rat switched to  IP hUcn-2 Acute and chronic reduction in 76
Hypertension high salt diet at (2.5 pg/kgb.i.d) BP, not accompanied by reflex
6 weeks for 5 weeks tachycardia;
prevention of Vcf decrease;
prevention of E/A ratio increase;
decreased PWth and HW/BW ratio.
Spontaneously IV Ucen-2 (1 pg/kg/d, Decreased MAP, LVSP and LVEDP; 77
hypertensive rats 3.5 pg/kg/d or increased +dP/dt (max) and —dP/dt (max).
7 png/kg/d) for 2 weeks
Pulmonary Arterial Rat MCT-induced PAH  IP Ucen-2 (5 pg/kg b.i.d) Increased survival, exercise 79
Hypertension for 10 days tolerance and BW;

PAB

improved several echocardiographic
markers of RV diastolic and systolic
functions, dilation, and hypertrophy;

improved LV systolic and diastolic
functions;

reduced fibrosis and cardiomyocyte CSA;

reduced pulmonary small arteries
remodeling;

improved endothelial function.

Decreased RV hypertrophy and fibrosis;

lessened increase in passive stiffness.

-MHC 3 miosin heavy chain, BP blood pressure, BW body weight, Coll collagen 1, CSA cross-sectional area, DSS Dahl salt-sensitive, EDD left
ventricular end-diastolic diameter, EF ejection fraction, ESD left ventricular end-systolic diameter, 7S fractional shortening, HR heart rate, HW/BW heart
weight/body weight ratio, /P intraperitoneal, /V intravenous, LAD left anterior descending artery, LCA left coronary artery, LV left ventricle, LVEDP left
ventricular end diastolic pressure, LVSP left ventricle systolic pressure, MAP mean arterial pressure, MCT monocrotaline, M/ miocardial infarction, PAB
pulmonary artery binding, PAH pulmonary arterial hypertension, PWth left ventricle posterior wall thickness, RV right ventricle, SC subcutaneous, Ucn-2
urocortin-2, Vcf'velocity of circumferential fiber shortening

relation between Ucn-2 levels and chronic HF. The only study
acessing Ucn-2 plasma concentrations in patients with PAH
found no significant differences in comparison with controls,
although its mRNA levels were elevated in the RV of patients
with RV failure when compared with non-failure patients

[79].

Liew et al. [18] published the only study to date using a
high-sensitivity ELISA assay to measure a N-terminal pro-form
of Ucen-2 (NT-proUcn-2) in human plasma. The authors exten-
sively validated the assay, reporting a detection limit of
1.52 pmol/L (approximately 8.47 pg/mL) with an assay range
of'4.3-102 pmol/L (23.8-572 pg/mL). Of relevance, this study
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showed increased NT-proUcn-2 plasma levels in patients suf-
fering from HF, although this increase was rather modest when
compared to the rise of NT-proBNP. Moreover, unlike plasma
NT-proBNP, NT-proUcn-2 levels did not significantly differ
between NYHA classes, but they showed an inverse relation-
ship with 2-year mortality. This inverse relation is unique and
somewhat intriguing since it is an uncommon finding among
biomarkers in HF. Notwithstanding the lack of further corrob-
oration and careful investigation, these studies unveil a possible
application of Ucn-2 as a prognostic marker in HF, which may
proof substantially valuable.

In the field of vascular disease, Emeto et al. [81] reported
an association between aortic abdominal aneurism and Ucn-2
plasma levels, with a 4-fold rise in the prevalence of this
condition in patients with Ucn-2 in the highest quartile.

It is relevant to notice that there is very little Ucn-2 assay
validation to allow valid comparison between these studies
and yield solid conclusions to wheather or not it can be used
as a biomarker of clinic relevance in cardiovascular disease.
Altough there is clear potential in the application of Ucn-2 as a
biomarker for diagnosis and/or follow up in this conditions,
further studies are needed to corroborate previous findings and
refine the situations in which this application may be useful.

Future Directions and Concluding Remarks

Ucn-2 appears as a peptide of great potential in a multitude of
conditions in the spectum of cardiovascular disease.

In fact, in vitro, ex vivo, and in vivo studies in numerous
animal species as well as in humans show that Ucn-2 elicits
potent positive inotropic and lusitropic effects, as shown by the
improvement in both echocardiographic and direct hemody-
namic parameters of systolic and diastolic function. A number
of pre-clinical studies support its beneficial effects in several
cardiovascular diseases. Therapeutically, it appears to directly
improve cardiac function and exhibit intrinsic cardioprotective
properties, having also important effects on the vasculature. In
addition to these properties, it was shown to trigger favorable
hormonal responses, down-regulating the deleterious hormonal
response characterizing HF. It was also shown to positively
interact with established mortality-reducing HF therapies.

These represent some of the advances in Ucn-2 investiga-
tion, but there are also some drawbacks when it comes to
transitioning to clinical trials. In fact, there are few studies to
date testing Ucn-2 administration in human disease, all of
them in the setting of HF. These studies report less encourag-
ing results than those found in animal investigations, with the
problem of hypotension ultimately leading to reduced renal
perfusion and the resulting consequences. Despite the implicit
therapeutic potential of the salutary beneficial effects of Ucn-2
on neurohormones and renal function observed in an animal
model of severe HF, these are yet to be enterely reproduced in
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the clinical setting. Clinical trials using Ucn-2 were performed
in patients in a different spectrum of disease severity when
compared to the animal models used in pre-clinical studies,
and this may be one of the explanations to these discrepancies.
On another hand, the Ucn-2 dosage used appear to be inade-
quate to achieve the right balance between its cardiotropic and
vasodilating properties. Careful, evidence-based, patient se-
lection, combined with an adequate therapeutic regimen could
contribute to overcome these issues and make progress in
human applicability of this appealing peptide.

Although there seems to be sufficient evidence to encourage
Ucn-2 investigation in human disease, there are still relevant
questions left unanswered. Indeed, most studies addressing
Ucn-2 effects in terms of cardiac hypertrophy and arrhythmogen-
ic potential are performed under pathological conditions, leaving
some uncertainty regarding its effects in physiological states. At
the same time, even though there is quite some evidence on the
signaling pathways underlying Ucn-2 cardiovascular effects in
the physiological state, most of these mechanisms were not tested
under pathological conditions, and we do not know whether the
same pathways apply in these situations. On the other hand,
although we acknowledge Ucn-2 levels are elevated in human
HF, the mechanisms promoting Ucn-2 secretion in this condition,
as well as the cellular origin of the peptide remain unknown.

Lastly, although it is an appealing therapeutic option in the
field of cardiovascular disease, there are still several gaps in
Ucn-2 investigation. Given its potential, further works are
needed to fill in these gaps, in order to take a step forward in
achieving clinical applicability of Ucn-2.
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