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HEART FAILURE 
 

Heart failure (HF) is the condition in which the heart is incapable of supplying tissues with 
oxygen and nutrients through blood circulation (1). 

Relevance 

Heart failure is the most common cause of death worldwide, and is more prevalent in high-
income populations. According to the World Health Organization, ischemic heart disease, 
which is the insufficient supply of oxygen and nutrients to the heart, accounts for 18 million 
deaths each year, representing roughly a third of all deaths (2).  

In the US there are about 5.1 million people with clinical signs and symptoms of heart failure 
and this number is increasing dramatically with 900,000 new cases diagnosed each year. It 
is estimated that there will be a total of 9 million –almost double than current number- 
Americans diagnosed with heart failure by 2030 (3). Besides the huge societal problem this 
heart failure population increase will cause, by 2030 it is expected to raise the costs related 
to the disease from $30 billion, nowadays, to almost $70 billion (3). 

Classification of Heart Failure 

For many years, the pathophysiology of heart failure was considered to be an impaired state 
of systolic heart function and a subsequent state of low cardiac output. However, on 1937 
there was the first report of distinct differences among heart failure patients that could be 
categorized into two groups; those with deficient ventricular ejection and those with 
inadequate ventricular filling (4). Only in the last decades, patients with preserved systolic 
function but impeded ventricular filling are considered as a separate heart failure category 
and this is a raising clinical issue (5). Diastolic dysfunction, or heart failure with preserved 
ejection fraction (HFpEF) as it is known among cardiologists, is the state in which heart 
muscle presents normal ejection fraction but abnormal relaxation and ventricular filling, 
usually due to hypertrophy or increased stiffness of the myocardium (6, 7). Systolic hear 
failure is commonly described as that pathophysiological state of the heart in which it is 
incapable of pumping adequate volume of blood to supply tissues with necessary nutrients 
and oxygen (1). In the recent years, not only annual mortality rates of HFpEF increased and 
are comparable with the mortality rates of systolic heart failure, but also there are no 
improvements in outcome due to poor efficacy of the current treatments (8-11). 

Heart Failure with Reduced Ejection Fraction 

Heart failure with reduced ejection fraction (HFrEF), also known as systolic heart failure, is 
characterized by substantial changes in the shape of the left ventricle (LV), which is dilated, 
as increased LV end-diastolic and end-systolic volumes indicate, and subsequently has lower 
ejection fraction (EF). EF is the ratio of the difference between end-diastolic and end-
systolic volume (which defines LV stroke volume) to end-diastolic volume. In other words, 
stroke volume is the absolute amount of blood that is pumped out of the LV after a 
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complete contraction cycle, and EF is the percentage of the LV blood volume that was 
pumped out. In the infarcted areas there is usually increased cell death due to stenosis or 
obstruction of upstream arteries which leads to lack of oxygen and nutrients vital for cell 
survival and function. As a result of that, LV myocardial wall is getting thinner and more 
malleable and LV chamber shape changes from its normal ellipsoidal to a more spherical 
one. These characteristic deformations of LV chamber change the position and structure of 
crucial for the heart function elements such as papillary muscles, chordate, and mitral valve 
leaflets. Abnormalities of the last can lead to mitral regurgitation, a condition that mitral 
valve is “leaky” and can further increase LV volumes and aggravate remodeling. 
Additionally, the increase in LV volumes leads to increases of wall stress which is inversely 
proportional to ejection fraction. In some cases, when LV wall is extremely thin, a 
phenomenon called dyskinesia, which is the asynchronous movement of thinner wall areas 
while contraction, is present. Another physiological abnormality that is present in patients 
with systolic heart failure is the reduction of filtration through the capillaries. Based on 
Starling’s capillary law an increase on pulmonary capillary wedge pressure with a normal or 
reduced stroke volume, would decrease the rate of nutrients and oxygen exchange. 
Changes occur also in the architecture of the extracellular matrix, with collagen fibrils being 
disrupted, disorganized and thinner than normal (12). Fibrosis and myocardial collagen 
volume are increased in HFrEF, and procollagen elevated levels indicate an abnormal 
collagen metabolism (13). 

Ventricular remodeling and progression of systolic heart failure is adversely affected by 
neurohormonal activation (14, 15). Circulating catecholamines, such as epinephrine and 
norepinephrine, are increased. Central sympathetic activity leads to increased 
norepinephrine release at adrenergic nerve terminals innervating myocardium. 
Additionally, activation of the renin-angiotensin-aldosterone (RAA) system leads to 
increased plasma levels of renin, angiotensin, and aldosterone. Subsequent activation of 
angiotensin receptor subtype 1 leads to vasoconstriction and smooth and cardiac muscle 
hypertrophy. Increased aldosterone levels promote collagen synthesis and fibrosis. Pro-
inflammatory, mitogenic and pro-thrombotic effects are also induced by the elevated levels 
of vasopressins, endothelins and cytokines resulting in further vasoconstriction and 
increased vascular resistance. However, organism’s attempt to maintain homeostasis and 
counterbalance these negative-impact neurohormonal changes, leads to elevation of 
natriuretic peptides, such as brain natriuretic peptide (BNP) and atrial natriuretic factor 
(ANF), nitric oxide, prostacyclins, and endothelium-derived relaxing factor. The 
vasodilatory, natriuretic, antimitogenic, and antithrombotic effects of these molecules can 
attenuate ventricular remodeling, unless there is an excessive activation of adrenergic and 
RAA systems. 

As mentioned before, a main morphologic heart alteration in systolic heart failure is the 
increase in both right and left end-diastolic volumes which directly affect the hemodynamic 
characteristics of the heart. Pulmonary arterial pressure is increased inhibiting a normal 
right ventricular emptying, causing an elevation of pulmonary venous pressure and a 
subsequent increase in pulmonary vascular resistance and right ventricular afterload (the 
resistance that ventricle has to overcome to circulate blood). Stroke volume of the right 
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ventricle is decreased and since it contributes to the left ventricular preload (the pressure 
built by the total amount of blood in the ventricle at the end of diastole), synergies with the 
decreased contractility and further reduces left ventricular stroke volume and cardiac 
output. In addition, mechanical dyssynchrony, usually observed in patients with left bundle 
branch block, is the phenomenon when lateral wall contracts and relaxes earlier than 
intraventricular septum and adversely affects hemodynamic parameters. 

Heart Failure with Preserved Ejection Fraction 

Heart failure with preserved ejection fraction (HFpEF), also known as diastolic dysfunction, 
is the state of the heart in which systolic function is normal, while, in diastole, left 
ventricular filling is impeded (6, 7). Main reason for this, and one of the basic 
pathophysiological characteristics of HFpEF, is the increased myocardial fibrosis or 
hypertrophy, more common in the elderly and in patients with hypertension and diabetes. 
Elevated levels of collagen and stiffening of titin in myocardium lead to increased left 
ventricular stiffness and subsequently to prolonged isovolumetric LV relaxation and slower 
LV filling (16-21). End-systolic and end-diastolic volumes are both decreased since 
ventricular wall thickness is substantially increased, which is also reflected in the increased 
myocardial mass in patients with diastolic heart failure. Reduced LV cavity dimensions and 
thicker LV wall lead to a reduced LV wall stress, thus normal ejection fractions are seen in 
HFpEF patients, although their stroke volume is reduced. However, increased wall stiffness 
is related to hemodynamic decline, indicated by reduction of cardiac output, and HF 
symptom worsening (22). In cell level these deformations caused by increased cardiac 
myocyte thickness but not length, coupled with an increase in thickness of collagen bundles 
around the cardiac myocytes while collagen volumes remain the same (12). 

Increased activation of RAA system and elevated plasma levels of catecholamines are 
increased in HFpEF similar to HFrEF (23). Other neurohormonal changes that occur in 
diastolic dysfunction include activation of vasodilatory, antimitogenic, and natriuretic 
peptides, such as BNP. Although there are similarities vis-à-vis neurohormonal changes 
between systolic and diastolic heart failure, there are substantial differences in the 
ventricular remodeling. Dilation of LV chamber and increase of end-diastolic and end-
systolic volumes are the main characteristics of systolic HF, while in diastolic HF, LV cavity 
remains unchanged or reduced and LV wall becomes stiffer and hypertrophied. 

Increased wall stiffness results in decreased LV compliance of the heart, which determines 
the ease of heart chamber’s expansion while is filled with a volume of blood. Since 
compliance is decreased, LV filling is restricted resulting in lower stroke volume and cardiac 
output. Besides the increases in left ventricular and atrial pressures, pressures of pulmonary 
circulation, such as pulmonary vein and artery pressures, are also increased and are 
associated with right ventricular failure. For these reasons, despite the normal ejection 
fraction HFpEF patients present, they have signs and symptoms of systemic venous 
hypertension, like peripheral edema, and pulmonary, hepatic, and splachnic circulatory 
congestion. 
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Diagnosis of Heart Failure 

Distinctive symptoms of heart failure such as dyspnea, edema, and malaise are commonly 
seen in both systolic and diastolic heart failure. Usual symptoms and signs of HFpEF patients 
are shortness of breath, paroxysmal atrial fibrillation, and rapidly developing dyspnea 
induced by tachycardia, which are mainly results of increased wall stiffness and increased 
atrial and ventricular pressures. Although similar symptoms are noticed in HFrEF patients, 
they are mainly related to general malaise and poor organ perfusion. There are almost equal 
incidences of hospitalizations for patients diagnosed with reduced or preserved ejection 
fraction heart failure (11, 24).  

Neurohormonal and other peptide levels are being used as quantitative biomarkers for 
heart failure prognosis and diagnosis (25-28). Plasma BNP levels are lower in HFpEF than in 
HFrEF patients, even though at a given level of BNP prognosis of HF is inefficient for both 
types (27). Biomarkers relevant to myocardial stress such as BNP, N-terminal proBNP (NT-
proBNP) and also biomarkers relevant to myocardial injury such as high sensitive troponin 
T (hsTnT) are significantly associated with high HFrEF risk (25, 26, 28, 29). However, 
biomarkers relevant to extracellular matrix remodeling such as Galectin-3 and growth 
differentiation factor 15 (GDF15), as well as cystatin C and urinary albumin excretion are 
significantly associated with the risk for HFpEF (25, 26, 28, 29). 

In order to distinguish between the different heart failure types and also evaluate the 
severity of the disease, assessment of LV remodeling is essential. Transthoracic 
echocardiography and cardiac magnetic resonance imaging (MRI) are the two main non-
invasive means of measuring all the structural abnormalities. Ventricular dilation and/or 
eccentric cardiac hypertrophy are the main structural changes seen in HFrEF, while 
concentric cardiac hypertrophy without ventricular dilation characterizes HFpEF 
phenotype. Two major diastolic function indices measured by echocardiography are the 
ratio of early to late mitral inflow peak velocity (E/A ratio) which is affected by the 
hemodynamic load, and the ratio of early mitral inflow peak velocity to early diastolic mitral 
annular velocity (E/E’ ratio) which is independent of the hemodynamic status (30). 

Current Heart Failure Treatments  

Over the last decades there was a huge improvement in clinical heart failure management 
with optimized utilization of old and new drugs, to improve patient’s symptoms and life. 
Although, survival rates are improved, worsening of the symptoms is directly related to 
deaths (31). Fundamental changes in lifestyle and diet, such as increased activity and 
reduced salt consumption, are the first line of HF management. Conventional treatments of 
HF are mainly focused on the improvement of symptoms and signs, without often affecting 
the pathophysiologic pathways contributing in the development and progression of the 
disease. 

As mentioned above, renin-angiotensin-aldosterone system, which has been studied for 
over a century, is hyper-activated in HFrEF to maintain hemodynamic homeostasis (32-35). 
The upregulation of this system for long periods can result in deleterious effects such as 
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myocardial hypertrophy and fibrosis, as well as sodium conservation and fluid retention (35, 
36). Angiotensin converting enzyme (ACE) is playing a major role in RAA system regulation, 
by converting Angiotensin I to the active vasoconstrictor hormone Angiotensin II. Therefore, 
ACE inhibition thought and proved in clinical testing to be efficacious as HFrEF treatment 
(37, 38). 

In the case that ACE inhibitors cannot be tolerated by a HFrEF patient, angiotensin II 
receptor blockers (ARB) can be used instead. Clinical trials showed that blocking the 
activation of angiotensin II receptor can improve morbidity and mortality as well as reduce 
HF hospitalizations of patients with systolic heart failure (39, 40). 

Fluid overload, loss of magnesium and potassium, and myocardial fibrosis are characteristic 
symptoms of HFrEF patients caused by elevated aldosterone levels. Thus, inhibition of 
aldosterone receptor using antagonists has been shown to be beneficial in clinical setting 
(41, 42). 

A more recent clinical trial assessed the effects of angiotensin and neprilysin combined 
inhibition. Neprilysin is a neutral endopeptidase involved in the degradation of natural 
vasoactive peptides, such as natriuretic peptides, bradykinin, and adrenomedullin. Its 
inhibition leads to increased levels of those peptides and subsequent reduction of the 
deleterious neurohormonal overactivation effects. Angiotensin-neprilysin combined agent 
inhibition positively affected HF hospitalization rate, improved HF patient’s quality of life, 
as well as reduced mortality in a clinical trial with more than 10,000 HFrEF patients (43). 

Another major category of drugs used to manage systolic HF is the beta-blockers. As it was 
already described, prolonged sympathetic activation, mainly due to increased 
norepinephrine and dopamine levels, can cause devastating effects on cardiac structure and 
function. About three decades ago, it was not clear whether blockage of β-adrenergic 
receptor stimulation would be of any benefit for HF patients. At the end of 70’s the first 
report of beneficial survival effects of a beta-blocker was published (44), and since then 
there are several studies which confirmed that beta-blockers usage as HF treatment 
improves morbidity and mortality (45-48). 

Impaired chronotropy and water and salt retention are two other aspects of systolic heart 
failure which accept pharmacological intervention to benefit heart failure patients. 
Increased resting heart rate is associated with higher morbidity and mortality (49), 
therefore the use of ivabradine, an If channel inhibitor, can reduce the heart rate and 
prevent worsening of HF (50). Furthermore, HF patients have increased risk of sudden death 
and ventricular arrhythmias, and an effective solution for this is the surgical installation of 
an implantable defibrillator (51-53). Diuretics are commonly used to manage volume 
overload in HFrEF patients with symptoms of edema. 

All the treatment options referred above have be tested and showed efficacy in HFrEF. 
Although, all of those are authorized optimal HFrEF treatments, none of them succeeded to 
improve symptoms or survival among HFpEF patients (7). Besides some minor 
improvements in hospitalization, the vast majority of the clinical trials in HFpEF patients 
using approved optimal therapies for HFrEF, failed to demonstrate any beneficial effects 
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(54-57). The increased prevalence of the disease, the disappointing outcome and the lack 
of effective HFpEF treatments, make the development of new therapeutic solutions for 
heart failure necessary. 

Risk Factors for Heart Failure 

There are substantial differences in heart failure risk factors among geographical areas, 
ethnological origins, genders, and life styles. The more precise the identification of those 
risk factors among different population subgroups, the better the regional prevention and 
treatment strategies will be. Ischemic and congenital heart disease, hypertension, pulse 
pressure (PP), cardiomyopathy, cardiopulmonary disease, as well as valve diseases and 
rheumatic fever are risk factors that either alone or in combination with other factors may 
lead to heart failure development (58). Some of them are more prominent in different 
populations than others. For example, ischemic heart disease (IHD) is a risk factor for heart 
failure in >50% of patients from the Western societies, but <10% in sub-Saharan Africa 
patients. Similarly, hypertension is a heart failure risk factor in 13% of Asia Pacific high-
income population, compared to 33.5% and 35% in Eastern and Central Europe and sub-
Saharan Africa populations (58).  

Other important risk factors for incident HF are age, smoking, diabetes, body-mass index 
(BMI), atrial fibrillation and black race (59). In a recent review, that reported the follow-up 
of the SCREEN-HF cohort (60), risk factors are categorized based on their association to a 
specific subtype of the disease. They reported that age, IHD, PP, NT-proBNP, waist 
circumference, obstructive sleep apnea, and pacemaker were common risk factors for both 
reduced and preserved ejection fraction heart failure. Key finding was also the strong 
association they found between increased BMI and pathogenesis of HFpEF (61). It is well 
know that increased BMI results in the development of type 2 diabetes and hypertension 
(62). Furthermore, increased blood glucose, a common characteristic of diabetes, can cause 
microvascular complications, such as neuropathy, retinopathy, and diabetic nephropathy, 
as well as macrovascular abnormalities, like coronary artery disease, peripheral arterial 
disease, and stroke, that will subsequently lead to the development of heart failure (63, 64). 
The close relation of diabetes and heart failure is also supported by the fact that over 50% 
of T2DM patients die due to coronary artery disease (65). 

 

DIABETES MELLITUS 
 

Diabetes mellitus (DM) is a chronic disease characterized by increased concentrations of 
glucose in the blood and caused by deficient pancreatic insulin production or 
ineffectiveness of insulin. 

 

 



CHAPTER 1 

16 

Relevance 

The International Diabetes Federation estimated in 2017 that 9% of adults aged 20-79 years, 
a total of 425 million people worldwide, had diabetes. By 2045, this number is projected to 
rise up to 629 million (66). In 2012, diabetes was the eighth leading cause of death, with 1.5 
million deaths directly caused by the disease and another 2.2 million deaths due to 
hyperglycemia-induced cardiovascular diseases, chronic nephropathies, and tuberculosis. 
The 43% of these deaths occur before the age of 70 (67). Low- and middle-income countries 
are the ones with the higher risk rates and the most increasing prevalence of diabetes, 
contributing to the astonishing increase in the global prevalence of diabetes from 4.7% in 
1980 to 8.5% in 2014 (67). The direct annual cost of diabetes worldwide has been estimated 
to be more than $827 billion (68, 69). Another study has estimated that in less than two 
decades, from 2011 to 2030, the direct and indirect costs of diabetes will result in global 
GDP losses of total $1.7 trillion (70). Besides the economic burden, diabetes is also 
negatively affecting patients and their families’ lives in a socioeconomic level. Diabetes can 
lead to amputation or even premature loss of life, contributing in the family income loss 
and also creating negative emotions and depressed psychology in patients and their close 
associates. 

Types and Pathophysiology of Diabetes 

The term “diabetes” (from the verb “διαβαίνω” = traverse) was used in the 2nd century AD 
from the Greek doctor Aretaeus of Cappadocia (71). This term was used to describe the 
traverse of water from the moment one consumes it, until its secretion as urine. The word 
“diabetes” could be seen as a combined description of two main characteristics of diabetes; 
polydipsia and polyuria. Diabetes can be categorized based on clinical phenotype, the 
natural history of the disease, pathophysiological characteristics, disease consequences, 
and optimal treatment. Therefore we have classified diabetes as type I DM, type II DM, 
gestational diabetes, monogenic diabetes and other specific forms (72, 73). 

Type I DM can be exclusively defined due to the characteristic existence of diabetes-
associated autoantibodies (DAA) and the necessity of insulin treatment. Childhood onset 
and clinical insulin dependence with presence of DAA, high-disease-risk human leucocyte 
antigen (HLA) genotypes and very low C-peptide levels, a proxy of insulin levels secretion, 
would identify type I DM (72). However none of those factors are specific for type I DM, 
since the DAA detection method sensitivity detects 1% of the general non-diabetic 
population positive for DAA; age and C-peptide levels are continuous variables; HLA 
genotypes have good sensitivity but not the ideal specificity as markers; and initiation of 
insulin therapy depends on physician’s decision (74). T-lemphocyte function related genetic 
polymorphisms are associated with T1DM (72, 75). 

Type II DM is a chronic disease with complex etiology that cannot be described by a single 
or a few features. The only defining feature of T2DM is the lack of DAA. As the other major 
diabetes subtype, T1DM, T2DM is a polygenic disease. Genetic polymorphisms associated 
to T2DM relate to beta cell function, and specifically a TCF7L2 polymorphism, which plays a 
role in insulin secretion, has a strong genetic relation with T2DM (76, 77). In contrast to the 
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vast reduction in insulin production that is seen in T1DM, patients with T2DM have almost 
normal or slightly decreased production of insulin, but they are not as sensitive to it. Thus, 
the metabolic syndrome, a surrogate for insulin insensitivity, has a prevalence of about 89% 
in T2DM compared to 32% prevalence in T1DM (78).  

There are a few other categories of diabetes and some of them are difficult to distinguish. 
For example there are cases with clinical T2DM, but with some immunogenic characteristics 
of T1DM; this is considered a different diabetes category, called latent autoimmune 
diabetes in adults (LADA), or slowly progressive insulin-dependent diabetes (SPIDDM), or 
type 1.5 diabetes (76, 79, 80). Another type of diabetes, called maturity onset diabetes of 
the young (MODY), is more commonly diagnosed in children even though it has clinical 
features of the adult-onset diabetes. Noteworthy, there are at least 13 genes implicated in 
MODY, also known as monogenic diabetes, and different clinical characteristics are 
representative of the genetic types of MODY (76, 81). Another type of DM, that is defined 
as any carbohydrate intolerance first diagnosed during pregnancy and is usually due to 
insulin-blocking hormones produced during pregnancy, called gestational diabetes mellitus 
(GDM) (82). Complications of GDM can affect both the mother and the fetus. Maternal 
adverse outcome is mainly long term associated to T2DM progression and onset of 
metabolic syndrome (83, 84), but can also be short term as hypertension preeclampsia, and 
increased risk of cesarean section (85, 86). Fetal risks can be short term as intrauterine fetal 
death (IUFD) (87, 88), aberrant fetal growth mainly macrosomia with its effect on delivery 
(87), and metabolic hematologic changes (88). Long term complications for the fetus are 
mainly early onset metabolic syndrome and adverse neurological and cognitive outcomes 
(89, 90). 

Current Treatments of Diabetes 

Besides insulin, which is the most closely related to diabetes agent that can be used as 
treatment, there are other substances such as sulfonylureas, metformin, and gliptins that 
can be used to control glucose levels. Although diabetes is directly associated with insulin 
production and sensitivity, insulin administration is not the optimal treatment for every 
type of diabetes (76, 81). Furthermore, drugs that are efficacious for a type of diabetes 
might not have similar benefits as treatment for another type. A great example for this 
comes from a study focused on MODY management. A clinical trial testing the effects of 
metformin and sulfonylureas in patients with T2DM and hepatic nuclear factor 1α (HNF1A) 
MODY, one of the most common forms of MODY, showed that HNF1A MODY patients had 
a 5-fold better response to sulfonylurea gliclazide than to metformin and an almost 4-fold 
greater response to gliclazide than T2DM patients (81). Interestingly, there is research 
supporting medication-gene interactions for glycemic control such as metformin and 
SLC22A1, SLC22A2, and SLC47A1 loci, as well as sulfonylureas and CYP2C9 and TCF7L2 loci 
(91). Although the current medications are quite effective in most of the cases, they still 
require daily dosing which can be inconvenient for the patients but also dangerous in cases 
of patient’s memory loss. Therefore, a therapy aiming to a constant blood glucose level 
regulation would be the ideal therapeutic solution for diabetics. 
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UROCORTINS AND THEIR RECEPTORS 
 

Historical Background 

In 1948 it was demonstrated that secretion of adenohypophyseal hormones can be 
triggered by hormones released from the median eminence of hypothalamus (92). A few 
years later, in 1955, one group in Montreal and an independent group in Houston, both 
provided evidence that a factor derived from hypothalamus could stimulate 
adrenocorticotropin (ACTH) secretion in intact rat pituitary (93, 94). This was the first 
discovered hypothalamic-releasing factor and it was named corticotropin releasing factor 
or hormone (CRF/CRH) after its ability to elicit ACTH secretion. After several other 
hypothalamic releasing factor peptides’ structures were found, Vale et al determined the 
structure of ovine CRF, two and a half decades after its initial discovery (95). In the middle 
of 90’s, a novel peptide with structural and biological homogeneity to urotensin and CRF 
was characterized and named urocortin (Ucn) by Vaughan et al (96). This peptide was later 
named Ucn1 because it was the first of the three urocortins to be discovered until today 
(Fig. 1). The discovery of the other two additional Ucns, Ucn2 (or stresscopin-related 
peptide) and Ucn3 (or stresscopin), was published simultaneously by Vale’s lab at Salk 
Research Institute and Hsueh’s lab at Stanford University in 2001 (97-99). 

Urocortins 

Human urocortins 1-3 are encoded by genes located in chromosomes 2 (2p23-p21), 3 
(3p21.3), and 10 (10p15.1), respectively, and have the same basic gene structure consisting 
of two exons with the second one forming the coding region (100, 101). In translation 
process these genes produce precursor pre-pro-peptides (122, 112, and 161 residues for 
Ucn1-3, respectively), which are going through proteolytic cleavage of their N-terminal 
signals to finally produce mature C-terminally amidated peptides. Cleavage of the pre-signal 
is responsible for the secretion of the NT-pro-peptide, which after further cleavage of its 
pro-signal will reach its mature form. Mature Ucn1 has been isolated, sequenced, and found 
to be 40 amino acids long, whereas the length of the mature forms of Ucn2 and 3 is still 
uncertain and thought to be between 38 and 43 amino acids long (101-103). Ucn1 amino 
acid sequence is highly conserved across species and is more similar to CRF (45% homology) 
than to Ucn2 and Ucn3 (43% and 20% homology, respectively) which are 40% homologous 
to each other. 

Ucns can be detected in the CNS as well as in the periphery, and their expression patterns 
differ according tissues that are expressed. Highest expression of Ucn1 in the brain can be 
seen in the Edinger-Westphal nucleus and lateral superior olive, but peptide is also 
expressed in other areas as hypothalamus, hippocampus, basal ganglia, medial septum, 
paraventricular nucleus, lateral superior olive cerebellum, substantia nigra pars compacta 
and ventral tegmental area (104, 105). In the periphery Ucn1 expression has also been 
detected in the heart, lung, spleen, kidney, thymus, skeletal muscle, skin, adrenal gland, 
placenta, immune system and digestive system (106). Ucn2 is distributed similarly to Ucn1 
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in the CNS, with detectable amounts of expression in paraventricular and arcuate nuclei of 
hypothalamus, as well as locus coeruleus of the brainstem (97, 102). Peripheral tissues that 
show high Ucn2 expression include adrenal, heart, stomach, skin, placenta, ovaries, 
intestines, skeletal muscle, uterine smooth muscle, and peripheral blood vessels (106, 107), 
while lower levels have been detected in kidney (99, 101). Medial amygdala and 
hypothalamus are the main CNS regions that Ucn3 is expressed (98, 108-110). In the rest of 
the body, expression of Ucn3 is present in the adrenal, kidney, pancreas, gastrointestinal 
tract, skeletal muscle, skin, and heart (98, 111). Ucn3 expression in the kidney and 
specifically in the distal tubules of the renal cortex implies its involvement in tubular 
reabsorption and renal circulation (111), while Ucn3 expression in β pancreatic cells has 
been shown to affect insulin production and release (112, 113). Endogenous expression of 
Ucns has been found in all 4 chambers of the heart, with noteworthy strong expression in 
the left ventricle (99, 107, 111, 114-117). It has been shown that Ucn1 and Ucn2 are 
expressed in both myocytes and non-myocytes (fibroblasts) (107, 114), and that Ucn1 is 
also expressed in the coronary vasculature (118, 119). 

In normal healthy humans of both genders (120, 121) circulating levels of Ucn1 (120-125) 
and Ucn2 (126, 127) found to be similar varying from 20 to 100 pg/mL. In a few studies 
higher levels of Ucn3, around 200 pg/mL, were reported (111, 128), although published 
data also show similar circulating levels of all Ucns in healthy women (129).  

CRF Receptors 

In mammals, the two mediators of the CRF family peptides are the two subtypes of CRF 
receptors, CRF-R1 and CRF-R2. They have characteristic seven transmembrane helical 
domains and are coupled to trimeric G-proteins. Both receptors belong to the class B1 
subfamily of the G-protein coupled receptors (GPCRs). CRF-R1 and CRF-R2, in humans, 
encoded by genes located on chromosomes 17 (17q12-q22) and 7 (7p21-p15) respectively, 
and through alternative splicing different isoforms can be created (isoforms a-h for CRF-R1 
and isoforms α, β, γ for CRF-R2) (130, 131). Both receptors are expressed in mammalian 
brain with high levels of CRF-R1 found in cerebral cortex, cerebellum, amygdala, 
hippocampus, and olfactory bulb (132). CRF-R2 mRNA highest expression was found in the 
lateral septal nucleus, bed nucleus of stria terminalis, ventromedial hypothalamus (VMH) 
nucleus, olfactory bulb, and mesencephalic raphe nuclei (132). Expression of CRF-R1 has 
been found in a wide range of human peripheral tissues such as adrenal, adipose tissue, 
skin, spleen, heart, testis, ovary, endometrium, myometrium, placenta, and in some 
immune system’s cell types (114, 117, 132-141). In humans, skin, skeletal, smooth, and 
cardiac muscle have the highest mRNA expression levels of CRF-R2 levels (142, 143). All four 
chambers of the heart express CRF-R2 (predominantly isoform α in humans) (114), which is 
mainly localized in myocytes (116) and in intramyocardial blood vessels (115). Expression of 
CRF-R2 can be detected in smooth muscle and endothelial cells, as well as the medial layer 
of both arterial and venous vessels (115, 144, 145).  

The distinct distribution of CRF-R1 and CRF-R2 in the central nervous system (CNS) and 
periphery, suggests they are involved in different physiological functions. Studies in mice 
showed that CRF-R1 knockout affiliated with decreased anxiety-like behavior and had 
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impaired stress response (146, 147), whereas mice with mutated CRF-R2 displayed 
increased anxiety-like behavior, accelerated hypothalamus-pituitary-adrenal (HPA) axis 
response, and impaired cardiovascular function (148-150). The two receptors are about 
70% homologous and transmembrane and cytoplasmic domains are conserved among all 
isoforms (101, 151-153). Despite their amino acid similarities, CRF-Rs have different 
pharmacological characteristics, mainly due to their extracellular N-terminus region which 
is less than 50% homologous and is responsible for agonist binding. CRF-R1 exhibits high 
ligand selectivity for CRF and Ucn1, but not for Ucn2 and Ucn3 which have higher affinity 
and almost exclusively bind CRF-R2 (Fig. 1) (106). 

Vasodilatory Effects 

As expected, due to their prominent expression in different cells within the heart and 
vasculature, corticotropin releasing factor receptor-2 (CRF-R2) and urocortins play a major 
role in the cardiovascular function via activation of G-protein coupled signaling pathways 
(102). It has been shown that an important effect of Ucns, mediated mainly through the 
CRF-R2 (115, 154), is reduction of systemic vascular resistance and blood pressure (155, 
156). Absence of CRF-R2 in genetically modified mice can cause hypertension and also 
diminishes the presence of any Ucns’ hemodynamic effects (150). Additionally, a protective 
compensatory function of the Ucn system has been suggested based on findings of pre-
clinical heart failure studies showing that pharmacological blockade of CRF-R2 results in 
greater increase of systemic vascular resistance and arterial pressure in HF animals 
compared to wild type ones (154, 157). CRF-R2 antagonism, as well as adenylyl cyclase, 
protein kinase A (PKA), and p38 mitogen-activated protein (MAP) kinase inhibition 
attenuated the effects of Ucns in rat aorta (158). Ucns signal transduction leading to 
pulmonary arteries relaxation is mediated, as reported, by protein kinase C (PKC) and 
stimulation of Na+-Ca2+ exchangers (159, 160). Two other possible molecular mechanisms 
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contributing in Ucns’ vasodilatory actions involve regulation of Ca2+-independent 
phospholipase A2 (iPLA2) and stimulation of cAMP/PKA-dependent signal transduction 
cascade (161, 162). Blood pressure and vascular tone are also affected by Ucns through the 
regulation of vasoactive neurohumoral systems, such as angiotensin II (AngII) and 
endothelin-1 (ET-1) (163). In ovine HF model administration of Ucns reduced AngII and ET-
1 concentration in a greater extend that in normal sheep (157, 164-166). Experimentation 
with spontaneously hypertensive rats (SHRs) showed that long-term administration of Ucn1 
reduces AngII activity and circulating angiotensin-converting enzyme (ACE) resulting in 
elevation of serum and aortic NO levels and subsequent fall in systolic blood pressure (167). 
Besides the attenuation of ET-1 vasoconstriction effects that Ucns are capable of, blockade 
of the CRF-R2 leads to elevation of plasma ET-1 levels (157-163, 167-174). Also, secretion 
of natriuretic peptides with vasodilatory effects can also be triggered by Ucns (116). 

Endothelial Effects 

The endothelium may contribute also in the vasoactive effects of Ucns since it demonstrates 
high CRF-R2 expression. Research on the effects of Ucns on different vessels has revealed 
mechanisms and molecules involved in the vasodilatory actions which include nitric oxide 
(NO), prostaglandins, barium-sensitive and calcium-activated potassium channels, as well 
as production of cAMP with subsequent synthesis and release of sarcoplasmic Ca2+ and NO 
(119, 168-172). Besides its role in vasodilation, endothelium through many of its actions, 
such as regulation of vascular permeability and remodeling, vascularization, vaso-
protection and thrombogenesis, orchestrates cardiovascular homeostasis. Based on the 
majority of reports, Ucns have anti-trophic, anti-proliferative effects on cultured 
endothelial cells (ECs), a theory that is supported by the fact that CRF-R2 deficient mice 
develop hyper-vascularization (175). Endothelial cell cycle reduction, reduced production 
of vascular endothelial growth factor (VEGF), and release of a transforming growth factor 
(TGF)-β superfamily glycoprotein, activing-A, may serve as mechanisms through which Ucns 
and CRF-R2 affect endothelial cell proliferation (175, 176). There are controversial findings 
vis-à-vis the inflammatory effects of Ucns and their receptors. Findings in human umbilical 
vein endothelial cells (HUVECs) supporting pro-inflammatory actions of Ucns report 
activation of nuclear factor kappaB (nf-κB) and increases in the expression levels of 
prostaglandin E2 (PGE2), intracellular adhesion molecule-1 (ICAM1), cyclooxygenase 2 and 
cytosolic phospholipases A2 (177). In contrast, anti-inflammatory actions of Ucns are 
suggested by other studies in HUVECs which demonstrate inhibition of AngII-induced 
reactive oxygen species (ROS) (178). Furthermore, suppression of LPS-induced TNF-α 
release from macrophages and induction of their apoptosis can serve as more evidences 
towards the anti-inflammatory effects of Ucns (179, 180). It is noteworthy that Ucn2 has 
pro-inflammatory and Ucn3 anti-inflammatory effects in the CRF-R2-mediated regulation 
of TNF-α and IL-10 expression and secretion in human trophoblast explants (181, 182). 
Additionally, blockade of CRF-R1 exacerbates, but blockade of CRF-R2 diminishes LPS-
induced increased hydraulic permeability in rat mesenteric venules (183). Even though 
there is an overall favor to an endothelial-protective role of Ucns, there are contradictory 
findings suggesting a differential regulation of endothelial functions depending on the type 
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of receptor being activated, systemic vs local activation, pathophysiological settings, and 
possibly species. 

Cardiac Effects 

Ucns actions in the heart vary from increasing contractility and relaxation, to altering the 
heart rate and affecting apoptosis as well as cardiac hypertrophy. Ucn expression is 
increased in HF and its decline is associated with disease progression due to diminished 
cardioprotective and anti-inflammatory effects (120). The inotropic and lusitropic 
mechanisms of Ucns are mediated through the AMP-activated protein kinase (AMPK) 
pathway and increases in phosphorylation of PKA, Ca2+/calmodulin-dependent protein 
kinase II (CamKII), and phospholamban (PLN) as studies in isolated cardiac myocytes have 
shown (184-186). Furthermore, exchange protein activated by cAMP (EPAC), PKC, MAP 
kinase, and increased intracellular NO are other mechanistic pathways via which Ucn2 
inotropes heart function (187, 188). Additionally, sarco/endoplasmic reticulum Ca2+ ATPase 
(SERCA2a) were increased in LVs of mice with elevated plasma Ucn2 levels due to Ucn2 
gene transfer (189, 190). As expected, all these changes in Ca2+ handling proteins lead to 
increased intracellular and sarcoplasmic reticulum (SR) Ca2+ and also in faster reabsorption 
of Ca2+ back to the SR, as it was found in isolated cardiac myocyte experiments (189, 190).  

The phenotype of those molecular changes mediated by Ucns is present in isolated heart 
(169, 187) and intact animal studies (164-166, 189-191) in which increased cardiac output, 
contractility, and relaxation as well as reduced vascular resistance and cardiac filling 
pressure are associated with Ucns. Research on murine HF models showed that Ucn2 
treatment results in decreased systemic vascular resistance and aortic impedance, 
increased cardiac output, reduced LV mass index, myofibrillar disarray, cardiac fibrosis and 
inflammation, and also improved intracellular calcium cycling, LV contractility and 
relaxation (156, 192). Ucn2 gene transfer increased contractility and relaxation for up to 7 
months in normal and failing mouse hearts, through improved Ca2+ handling and increases 
in functional proteins, like myosin light chain kinase (189, 190). In rat models of 
hypertension and pulmonary hypertension with subsequent right ventricular failure, Ucn1 
and Ucn2 administration increased cardiac function and mitigated ventricular and blood 
pressure increases, resulting in attenuation of hypertension-induced vascular remodeling 
and LV hypertrophy (155, 167, 193-195). In an ovine animal model of heart failure 
administration of Ucns resulted in a range of beneficial dose-dependent cardiovascular and 
renal effects (164-166). Improved hemodynamics are related to normalization of elevated 
vasoconstrictor neurohormones levels such as renin, AngII, aldosterone, ET-1, and arginine 
vasopressin. High levels of CRF-R2 and Ucns in the kidneys, especially in the proximal and 
distal tubules of the renal cortex, are likely associated with the renal effects in the setting 
of heart failure including enhanced renal filtration, diuresis, and natriuresis (111, 196). 
Further experiments in sheep with HF, tested the combination of Ucns with current human 
HF treatments, as ACE inhibitors, β-adrenergic receptor blockers, diuretics, and 
mineralocorticoid receptor antagonists. Those studies showed synergistic augmentation of 
the beneficial cardiovascular effects of each agent alone, as well as restriction of the 
adverse effects of the current treatments used to manage human HF (163, 197-199). 
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Elevated heart rate is another effect of Ucns which is mediated through the CRF-R2 (164-
166, 191) and, as the inotropic and lusitropic effects described above, is not affected by 
autonomic nervous system (200). However, studies in rats revealed that use of atropine and 
propanolol to block autonomic nervous system can reduce Ucn1 and Ucn2 induced 
tachycardia (201). It has been shown in larger animal studies that administration of Ucns, 
at doses low enough without any vasodilatory effects up to doses that increase heart rate, 
suppresses the cardiac sympathetic nerve activity (202-205).  

Induction of pathways involving MAPK, phosphorinositol-3-kinase (PI3K), and PKC by the 
Ucns, not only enhances cardiac function but also demonstrate cardioprotective effects 
(102, 112, 153). Two other proteins increased by Ucns resulting in their cardioprotective 
properties are cardiotrophin-1 (CT-1) (206) and heat shock protein 90 (207). In vitro 
experiments simulating hypoxia in cardiac myocytes and ischemia/reperfusion (I/R) 
experiments in isolated rat hearts revealed that Ucns increase cell survival (208-211). In the 
same experimental setting was found that secretion of Ucns occurs prior to the 
development of irreversible myocardial damage and is inversely proportional to injury size 
(209). Furthermore, the cardioprotective actions of Ucns in cardiac myocytes occur 
independent on whether Ucns are given many hours before the ischemia, immediately prior 
to it or at the time of re-oxygenation (212, 213). Isolated perfused heart I/R studies support 
the cardioprotective abilities of Ucns shown in cardiac myocyte experiments, since 
administration of Ucns after I/R was associated with reduced infarct size and infarct size/risk 
ratio (208, 214, 215).  

Contradictory findings between cell and intact animal studies show that Ucns can either 
promote or reduce cardiac hypertrophy. In cardiac myocytes studies Ucns induced 
expression of β-myosin heavy chain (β-MHC), atrial natriuretic factor (ANF) and B-type 
natriuretic peptide (BNP), and also increased cell size and protein synthesis (206, 216-218). 
Proteins involved in the cardioprotective actions of Ucns, as PKA, PI3K, and CT-1, are also 
mediators in these pro-hypertrophic effects of Ucns (206, 216, 218, 219). Contrarily, in 
studies with hypertensive rats and mice with heart failure, Ucn2 treatment reduced heart 
weight to body weight (HW/BW) ratio, LV wall thickness, and expression of β-MHC and 
collagen-1 (155, 190, 220). Administration of Ucn-1 had similar anti-hypertrophic effects in 
rats with streptozotocin-induced diabetic cardiomyopathy, reducing LV mass index and the 
levels of fibrosis and inflammation markers (221). 

Metabolic Effects 

CRF and urocortins play significant role in regulation of neurohormonal responses to stress, 
changes in energy homeostasis, as well as in lipid and glucose metabolism (222, 223). 
Additionally, CRF-R2 is also involved in metabolic regulation, as it was shown in CRF-R2 
knockout mice studies. Animals lacking this receptor resist high-fat diet induced obesity and 
insulin resistance, potentially due to increased sympathetic activity which increases 
thermogenesis in brown adipose tissue resulting in a higher metabolic rate (224, 225). 
Besides these central metabolic actions that Ucns promote, their presence at high levels in 
peripheral metabolic tissues, including skeletal muscle, implying that they also have local 
peripheral metabolic effects (226, 227). Studies have shown that CRF can stimulate 
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thermogenesis in skeletal muscle via substrate cycling between de novo lipogenesis and 
lipid oxidation, requiring both PI3K and AMPK signaling (228). Regulation of thermogenesis 
in peripheral tissues, especially skeletal muscle, by the CRF family peptides underlies their 
importance for protection against excessive intramyocellular lipid storage, and 
subsequently against lipotoxicity-induced insulin resistance. However, deletion of Ucn2 
increased whole-body insulin sensitivity in mice, due to CRF-R2-mediated activation of 
protein kinase B (AKT) and extracellular signal regulated kinase (ERK) 1/2 signaling in 
skeletal muscle (226). Deletion of Ucn3, also protected mice from glucose intolerance (113), 
even though pancreatic Ucn3 enhances insulin production by beta cells (227). In another 
study global knockout of Ucn3 increased food intake and reduced insulin sensitivity without 
affecting energy expenditure (229). Overexpression of Ucn3 in the rostral perifornical area 
of the brain resulted in elevated energy consumption and a reduction in insulin sensitivity 
(230), while injection of Ucn3 into the VMH reduced food intake and increased blood 
glucose and insulin levels (231). Transgenic mice overexpressing Ucn3 showed elevated 
Ucn3 expression in skeletal muscle associated with reduced plasma glucose, improved 
glucose tolerance, enhanced glucose disposal into muscle and elevated muscle insulin-like 
growth factor 1 (IGF1), while promoting muscle hypertrophy (232). Furthermore, 
experiments in rat skeletal muscle revealed that Ucn3 activates AMPK and AKT pathways 
and increases glucose disposal (233). Summarizing the metabolic effects of Ucns, we can 
clearly state their potency to regulate glucose homeostasis, however there are various 
findings on underlying mechanisms and key tissues of action that impede the clarification 
of their predominant effects. 

Urocortins in Human Healthy and Failing Heart 

The role of Ucns in healthy and failing human hearts was attempted to be explained by a 
few studies in which the levels of Ucn1, Ucn2 and amino-terminal pro-Ucn2 (NT-proUcn2) 
were determined (120, 123, 234, 235). Those studies showed that Ucn1 levels are increased 
in patients with severe HF (120, 123, 234). A barely minimum number of publications are 
reporting an 8-fold increase in Ucn2 levels (235), and a slight but highly significant increase 
in NT-proUcn2 levels (236) in human HF. Gene expression analysis using RT-PCR revealed 
that CRF-R1, CRF, and Ucn3 expression were increased in failing hearts while CRF-R2 
expression was decreased (237). 

All three Ucns have been tested in infusion studies in healthy volunteers (122, 126, 238, 
239). Ucn1 infusion was associated with increased plasma levels of corticotropin, cortisol, 
and ANF, and reduced levels of ghrelin, a hormone related to appetite increase. The dose 
used in the study had no hemodynamic or renal effects (122). On the other hand, infusion 
of Ucn2 and Ucn3 in healthy males resulted in potent and prolonged vasodilation (238). In 
separate studies, Ucn2 infusion in healthy humans increased cardiac output (126). 

The efficacy of Ucns infusion in heart failure patients has also been tested (239-243). 
Although, Ucn1 infusion resulted in increased plasma Ucn1, corticotropin, and cortisol, 
there were no effects in heart and renal function (240). On the other hand, infusion of Ucn2 
in patients with congestive heart failure promoted vasodilation, increased cardiac output 
and ejection fraction, and reduced peripheral vascular resistance, cardiac work, and LV size 
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(239, 241, 243). No neurohormonal and renal effects were seen after Ucn2 infusion. The 
effects of stresscopin (Ucn3 analog) infusion in human subjects with heart failure were also 
investigated (239, 242). Significant increases in cardiac output, cardiac index, and EF, as well 
as reductions in systemic vascular resistance were affiliated with Ucn3 intravenous (IV) 
infusion. No adverse effects were noticed on heart rate, systolic blood pressure, or 
pulmonary capillary wedge pressure (239, 242). 

The pre-clinical and clinical findings on the effects of Ucns in heart function and metabolism, 
underline the potential of those peptides to be used as heart failure or diabetes treatments. 
However, their short half-life (a few minutes), requires continuous IV infusion for chronic 
therapy (244). To overcome the subsequent problems of constant IV infusions we proposed 
gene transfer of Ucns, with vision the development of gene therapy for heart failure or 
diabetes. 

 

GENE THERAPY APPROACH 
 

In the mid-1960s scientific community started a discussion towards more applied use of 
genetic knowledge, which was only intended to be used for genetic defect detection. Work 
from Dr. Dulbecco’s laboratory with tumorigenic papovavirus SV40 and polyoma revealed 
that these viruses act by transferring foreign genetic material into their host cells. Foreign 
genes were then integrated into the host genome and expressed by the cellular 
mechanisms as new cellular genetic functions (245). In 1972 Theodore Friedman and 
Richard Roblin were the first to talk about treating a genetic disease using gene therapy 
(246). Martin Cline was the first to apply gene therapy technique in human patients with β-
thalassemia in 1980, after testing the in vitro transformation of bone marrow cells which 
he then injected in intact animals (247). However, this attempt was criticized and Drs Cline 
and Salser of UCLA got penalized for not complying with the NIH and FDA clinical trial 
standards for the use of recombinant genetic material (248). In 1990 work from Drs 
Anderson, Blaese, and Culver on adenosine deaminase (ADA) deficiency, which causes 
severe combined immunodeficiency (SCID), resulted in the initiation of the first official gene 
therapy clinical trial (249). In this trial T-cells from the patients were extracted, correction 
of the defected ADA gene was performed using retroviral gene transfer, and last the gene-
corrected T-cells were re-infused into the patient. In the next decade some clinical trial 
failures and a serious incident of a young ornithine transcardamylase deficiency, an X-linked 
genetic liver disease, that died due the gene therapy treatment that he received (250), 
diminished the interest on gene therapy treatment development. However, from the early 
2000s there are a lot of successful and promising studies using gene transfer approach to 
develop treatments for a variety of diseases, some of which were tried in clinical trials and 
are currently approved commercialized therapies (251, 252).  

Attempts were also done towards development of gene therapy for HF. The first step was 
accomplished in 1990 when β-galactosidase gene was expressed in myocardium after direct 
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DNA injection (253). Adenylyl cyclase 6 (AC6) is an enzyme that catalyzes the conversion of 
ATP to cyclic adenosine monophosphate (cAMP), a signaling molecule that modulates 
excitation-contraction coupling resulting in inotropy after β-adrenergic receptor 
stimulation by catecholamines (254). Using an adenoviral vector AC6 was overexpressed in 
murine and porcine hearts leading to improved heart function, reversed pathological LV 
remodeling, and prolonged life in mice with genetic cardiomyopathy, without excessive 
cAMP generation (255-257). Recently, the efficacy and safety of an intracoronary delivery 
of an adenoviral vector encoding AC6 was tested in a double-blinded, placebo-controlled, 
phase 2 clinical study with symptomatic HF patients (258). SERCA2a is a transmembrane 
protein that pumps cytosolic Ca2+ into the sarcoplasmic reticulum and plays a key role in 
cardiac myocyte Ca2+ handling. Therefore, gene transfer of such protein was thought to 
have the potential to treat HF. Although the idea worked successfully in isolated human 
cardiac myocytes (259), rodent (260), and porcine (261) HF models, unfortunately, when 
tried to be translated to the clinics (Calcium Up-Regulation by Percutaneous Administration 
of Gene Therapy in Cardiac Disease, CUPID), it failed (262-264). Another important protein 
that modulates Ca2+ cycling and mitochondrial function via interactions with ryanodine 
receptor, SERCA2a, and mitochondrial F1-ATPase, is the S100A1. This protein has been 
shown to have inotropic, antihypertrophic, and antiarrhythmic effects in HF, and it was also 
downregulated in human and various animal models of HF (265-267). The potency of 
S100A1 gene transfer to improve heart function was tested and proved by rescuing cardiac 
contractility in large animal model of HF (267). Additionally, an adeno-associated viral 
vector (type 6) encoding S100A1 (AAV6.S100A1) is proved to be safe in a preclinical model 
(268) and the initiation of clinical trials will possibly happen in the near future. Preclinical 
studies on HF are testing gene transfer of vascular endothelial growth factor B (VEGF-B), 
which has strong antiapoptotic/cytoprotective effects through its receptor VEGFR-1 (269, 
270). The results from rat and dog models of HF are promising, showing that AAV.VEGF-B 
gene transfer has beneficial effects for the heart such as delayed onset of cardiac 
decompensation, and attenuation of the development of functional, histological, and 
molecular alterations, including apoptosis (271-273). Lastly, clinical studies were also 
conducted to test the gene transfer of stromal cell-derived factor 1 (SDF-1), which induces 
cardiac repair, affects cardiomyocyte survival, ventricular remodeling, and in cases of stem 
cell therapy it affects stem cell homing (274, 275). This approach was slightly different from 
the ones described previously since the transgene was delivered by direct naked plasmid 
DNA injection, avoiding the use of a viral vector. Although, phase I was successful enough 
to initiate phase II clinical trials, the therapy failed to meet its goals, but thoughts of another 
trial on a specific subgroup of HF patients are ongoing (276, 277). 

 

RESEARCH GOALS 
 

Based on pre-clinical and clinical studies testing the effects of Ucns in heart function, one 
can see the great potential of those peptides, especially Ucn2 and Ucn3, to be used as heart 
failure treatment. Additionally, their association and involvement in lipid metabolism and 
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glucose homeostasis pathways supports their potency to be used as antidiabetic 
treatments. Ucns’ short half-life (a few minutes) though, dictates the necessity of 
continuous IV infusion in order to yield the beneficial cardiovascular effects. Consequently, 
there are more problems caused due to the constant infusions requirement such as often 
hospitalizations, increased risk of infections, increased healthcare costs, and reduced 
patient’s quality of life. To overcome this impediment, it is proposed gene transfer of Ucns. 
In few words, adeno-associated virus (type 8, AAV8) carrying a plasmid with a transcription 
cassette including one of Ucns’ genes will be created and injected intravenously. 
Specifically, in the current studies two AAV8 vectors, one that encodes Ucn2 and the other 
Ucn3 under a chicken beta actin (CBA) promoter were constructed and used in animal 
studies. Since Ucn2 and stresscopin (Ucn3 homologue) were shown to improve cardiac 
function in IV infusion studies, the main goal of our studies was to assess the cardiovascular 
and metabolic effects of Ucn2 and Ucn3 gene transfer in normal mice, as well as evaluate 
the efficacy of those transgenes in murine heart failure models. Additionally, the existence 
of two peptides, Ucn2 and Ucn3, which bind with similar affinity to CRFR2 raises the 
question whether or not gene transfer of these peptides will result in similar physiologic 
changes. Therefore, another goal of these studies was to identify similarities and differences 
on the effects of Ucn2 and Ucn3 gene transfer. The ultimate aim of this translational 
research project is to investigate the potential of Ucn2 and Ucn3 gene transfer as new 
therapeutic approaches for human heart failure and diabetes management. 

 

THESIS OUTLINE 
 

An overview of the main topics that this thesis is dealing with is given in the introductory 
Chapter 1. Heart failure and diabetes, their relevance and pathophysiology, as well as their 
current treatments are firstly described to set the ground of the research goals. Urocortins’ 
and their receptors’ effects on cardiovascular activity and metabolism are mentioned to 
rationalize the use of Ucn2 and Ucn3 in these studies. Last, the specific aims of this thesis 
are stated. 

Initially the cardiac and metabolic effects of Ucn2 and Ucn3 gene transfer were tested. In 
Chapter 2 assessment of heart function, vasodilatory effects, and glucose clearance 8-10 
weeks after Ucn2 and Ucn3 gene transfer in normal mice are presented and compared. Ca2+ 
transient measurements, immunoblotting analysis and gene expression data are used to 
speculate on the molecular pathways these peptides are working through. 

Next step, as presented in Chapter 3, was the evaluation of Ucn3 gene transfer effects in a 
murine model of HF. Mice underwent cryoinjury to induce HF and once HF was verified by 
echocardiography, mice were split in two groups and treated with AAV8.Ucn3 or saline. Left 
ventricular function and dimensions were recorded and analyzed to investigate the Ucn3 
gene transfer effects on heart function. Ca2+ transients and Ca2+ handling proteins were also 
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quantified and used to suggest potential mechanistic pathways resulting in the observed 
effects. 

In Chapter 4, the effects of Ucn2 gene transfer on glucose metabolism in type-2 diabetes 
mouse models were studied. Diet- and genetically-induced diabetic mice were injected, 
after confirmation of hyperglycemia, with AAV8.Ucn2 or saline. Insulin sensitivity and 
glucose intolerance were thoroughly examined to evaluate the physiological actions of 
Ucn2 gene transfer on glucose homeostasis. Additionally, molecular and biochemical 
experiments yielded informative results regarding the glucose-related key proteomic 
changes caused by Ucn2 transgene. 

Cardiac effects of Ucn2 gene transfer in 2-year-old mice with diastolic dysfunction, or HF 
with preserved ejection fraction (HFpEF), are presented in Chapter 5. Aged mice received 
AAV8.Ucn2 or saline and also compared to a young group of mice from the same strain. 
Assessment of diastolic dysfunction was done via echocardiography and LV in situ 
hemodynamic measurements, and those techniques were also used for the evaluation of 
transgene effects in cardiac function. Furthermore, the duration of gene transfer’s effect 
was examined. Young mice were injected with saline or a vector encoding Ucn2 and studied 
18 months later. It was also attempted to identify the important protein changes 
contributing to the effects observed. 

Lastly, in Chapter 6 a brief summary and the conclusions of this scientific work are 
presented. Findings from all chapters are broadly discussed and speculation on the 
involvement of specific molecular mechanisms in the transgenes’ effects is done. 
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ABSTRACT 

  

Objective. We tested the hypothesis that sustained elevation of plasma urocortin-2 (Ucn2) 
and urocortin-3 (Ucn3) via gene transfer would have dissimilar effects on cardiovascular 
function and glucose disposal.  

Background. Intravenous infusion of Ucn2 and Ucn3 peptides have been used in clinical 
heart failure (HF), but duration of benefits is limited by the peptide’s short half-lives, a 
problem thwarted, potentially, by gene transfer.  

Methods. We examined effects of Ucn2 vs Ucn3 gene transfer on cardiovascular function 
in mice using telemetry, echocardiography, direct measures of left ventricular (LV) systolic 
and diastolic function, Ca2+ transient measurements, and cardiac expression of key signaling 
proteins. We also measured fasting glucose and conducted glucose tolerance testing.  

Results. Ucn2 and Ucn3 gene transfer lowered blood pressure without increasing heart 
rate. Both Ucn2 and Ucn3 gene transfer increased ejection fraction (Ucn2>Ucn3; 
echocardiography), and both were associated with similar enhancements in LV peak +dP/dt, 
slope of ESPVR, peak -dP/dt, Tau and cardiac output.  Both transgenes had beneficial effects 
on Ca2+ transients and increased LV SERCA2a expression. Fasting glucose was reduced and 
glucose clearance increased only after Ucn2 gene transfer.  

Conclusions. Ucn2 and Ucn3 gene transfer show similar beneficial effects on LV systolic and 
diastolic function, mediated by increased LV SERCA2a expression and increased Ca2+ 
handling. Ucn2 but not Ucn3 gene transfer reduced fasting glucose and increased glucose 
disposal. These findings support Ucn2 and Ucn3 gene transfer as potential treatments for 
heart failure, and indicate that Ucn2 may be an optimal selection in patients with diabetes 
and heart failure. 

Key Words: gene therapy; insulin sensitivity; contractile function; diastolic function; Adeno-
associated virus 
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CONDENSED ABSTRACT 
  

Ucn2 and Ucn3 peptides have recently been infused to treat patients with HF, but are 
limited by their short half-lives. A one-time IV injection of virus vectors encoding Ucn2 or 
Ucn3 provided sustained increases in plasma concentrations of the peptides. This was 
associated with increases in both systolic and diastolic LV function, mediated by increased 
LV SERCA2a expression and Ca2+ handling. Ucn2 but not Ucn3 gene transfer reduced fasting 
glucose and increased glucose disposal. These findings support Ucn2 and Ucn3 gene 
transfer as potential treatments for HF, and indicate that Ucn2 may be an optimal selection 
in patients with diabetes and HF. 
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ABBREVIATIONS 
 

AAV  adeno-associated virus 

AC  adenylyl cyclase 

ANF atrial natriuretic factor 

ATP adenosine triphosphate (ATP) 

AV atrio-ventricular 

βAR -adrenergic receptor 

BNP brain natriuretic peptide 

CamKII Ca2+/calmodulin-dependent protein kinase II 

cAMP 3’,5’-cyclic adenosine monophosphate 

cMLCK cardiac myosin light chain kinase 

CRHR1 corticotropin releasing hormone receptor 1 

CRHR2 corticotropin releasing hormone receptor 2 

CRF corticotropin releasing factor 

ECG electrocardiogram 

EDD end-diastolic diameter 

ESD end-systolic diameter 

HF heart failure 

IGF-BP3 IGF binding protein 3 

IGF-1 insulin-like growth factor 1 

IP intraperitoneal 

Iso isoproterenol 

IV intravenous 

LV left ventricle, left ventricular 

LV +dP/dt first derivative of LV pressure development 

LV -dP/dt first derivative of LV pressure decline 
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MHC myosin heavy chain 

MLC2v myosin light chain 2v 

RYR2 ryanodine receptor 2 

SERCA2a sarco/endoplasmic reticulum Ca2+-ATPase 

Ucn2 urocortin 2 

Ucn3 urocortin 3 

VCFc velocity of circumferential fiber shortening 
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INTRODUCTION 
 

Cardiovascular disease is the most common cause of death in the US with 300,000 deaths 
and 550,000 new cases every year. Heart failure (HF) affects 6 million people in the US and, 
in those with severe symptoms, 40% die within 4-5 years of onset despite optimal therapy 
(1,2). Because of this poor prognosis, new approaches, including gene transfer, are 
warranted. Many cardiovascular deaths are related to diabetes mellitus— >35% of patients 
with coronary disease have diabetes (3). More effective therapies for cardiovascular disease 
and for diabetes are needed. 
 The corticotropin releasing factor (CRF) family includes CRF and urocortins 1 (Ucn1), 2 
(Ucn2) and 3 (Ucn3). Because of the potential deleterious effects of long-term exposure to 
CRF and Ucn1 (4,5), we have focused on Ucn2 and Ucn3 in our studies. In normal humans, 
expression of Ucn2 mRNA is found predominantly in skin and endometrium (6); Ucn3 mRNA 
is found in the gastrointestinal tract and endometrium (7). Circulating levels of Ucn2 and 
Ucn3 peptide in normal humans are rarely reported due to their low concentrations. Plasma 
Ucn2 in normal males is <0.3 ng/ml (68 pmol/L) (8), and in normal adult females, serum 
samples showed mean Ucn3 concentrations of 0.2 ng/ml (51 pmol/L) (9). 
 The actions of Ucn1, Ucn2, and Ucn3 are governed by the tissue distribution of their 
receptors, corticotropin releasing hormone receptors 1 (CRHR1) and 2 (CRHR2). Ucn1 has 
similar affinity for CRHR1 and CRHR2 but Ucn2 and Ucn3 have high affinity for CRHR2 alone. 
CRHR1 is predominantly expressed in brain, while CRHR2 is expressed in peripheral tissues, 
including vascular smooth muscle, the gastrointestinal tract, skeletal muscle and 
myocardium (9,10). Ucn2 and Ucn3 peptide infusion have beneficial cardiovascular effects, 
and Ucn2 and stresscopin (an Ucn3 homologue) have been used to treat patients with HF 
in early stage clinical trials (11,12). 
 Ucn2 has beneficial inotropic effects, with modest effects on cardiac myocyte cAMP 
production. In preclinical studies in murine HF, infusion of Ucn2 peptide increased LV 
contractile function (13). Studies in large animals (14) and clinical trials (11,12) have 
demonstrated the safety and beneficial effects of Ucn2 peptide infusion on LV function. 
Ucn3 peptide infusion, less studied, is also reported to have beneficial cardiovascular effects 
(15).  
 An unanticipated and previously unrecognized effect of sustained elevation of plasma 
Ucn2 is increased insulin sensitivity and glucose disposal, features that recently were shown 
to provide long term resolution of insulin resistance in two murine models (16). It is 
unknown whether Ucn2 or Ucn3 gene transfer influences glucose disposal in normal 
animals.  
 A direct comparison of the cardiovascular effects between brief Ucn2 and Ucn3 peptide 
infusions in human males with and without HF was only recently conducted (15). This study 
compared the cardiovascular effects of brief intra-arterial infusion of Ucn2 and Ucn3 
peptide. Both peptides resulted in arterial vasodilation, although Ucn3 showed tachycardia 
associated with reduced diastolic blood pressure at the highest infused dose, (15) 
suggesting variations in the effects of Ucn2 vs Ucn3, despite their similar affinities for 
CRHR2. This study did not include measures of LV pressure.  
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 The major impediment in using Ucn2 and Ucn3 peptide infusions in clinical settings as 
therapeutic agents is their short half-life (minutes) (17). This limits duration of treatment to 
a few hours. Gene transfer would circumvent this shortcoming. In this approach, one would 
construct a virus vector encoding Ucn2 or Ucn3, and deliver the vector systemically. Using 
proper vectors one could efficiently transfect the liver and other organs, which then would 
serve as sources for sustained synthesis of Ucn2 or Ucn3, enabling sustained elevation of 
plasma Ucn2 and Ucn3, circumventing the need for constant infusion and hospitalization. 
Our laboratory has shown in preclinical studies that such an approach, using gene transfer 
of Ucn2, is feasible and beneficial for heart function. Specifically, we have shown that a 
single intravenous (IV) injection of adeno-associated virus type 8 encoding Ucn2 
(AAV8.Ucn2), increases plasma Ucn2 for up to 7 months, increases function of normal and 
failing hearts in mice (18, 19), and normalizes insulin sensitivity in two animal models of 
insulin resistance (16). 
 There are two unanswered questions that we address in the current study. First, does 
sustained elevation of plasma Ucn2 vs Ucn3 have different effects on LV function and LV 
Ca2+ handling? Second, does Ucn3 gene transfer, similar to Ucn2 gene transfer, affect 
glucose disposal? Our hypothesis was that sustained elevation of plasma Ucn3, achieved via 
gene transfer, would be dissimilar to the effects of sustained elevation of plasma Ucn2 on 
cardiovascular function and glucose disposal. 

 

METHODS 
 

AAV8 Vector Production. For the production of the AAV8 vectors encoding murine Ucn2 
and Ucn3 driven by a chicken β-actin (CBA) promoter (AAV8.CBA.Ucn2; and 
AAV8.CBA.Ucn3; Fig. 1D). Virus titers were determined by real-time qPCR with virus 
genome DNA prepared from purified virus. Details of vector manufacture have been 
reported previously (16,18). 

Animal Studies. The Animal Use and Care Committee of the VA San Diego Healthcare 
System approved the studies. One hundred thirty male C57BL/6J mice (Jackson 
Laboratories, Bar Harbor, ME) 11.5±0.3 weeks old weighing 26.5±0.2 grams were used. One 
animal (Ucn3 group) died during surgical implantation of the telemetry unit (severe 
bleeding), and 4 animals (3 saline and 1 Ucn2) were found dead 1-3 days after the 
procedure. Data were obtained 9±0.2 weeks after gene transfer.  

Heart Rate and Blood Pressure in Conscious Mice. Telemetry transmitters (HD-X11, Data 
Sciences International, St. Paul, MN) were implanted following the manufacturer’s 
guidelines). A fluid filled pressure transducer line was inserted through the left carotid 
artery into the proximal aorta distal to the subclavian artery. Recording commenced 5 or 
more days after implantation. Data transmitted from the telemetry units enabled 
continuous recording of the electrocardiogram (ECG), phasic arterial blood and activity 
(Ponemah software, Data Sciences International, St. Paul, MN). ECG, blood pressure and 
activity were recorded continuously for 72 hr. Data were averaged over two 4-hr periods: 
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10 AM-2 PM (day cycle) and 10 PM-2 AM (night cycle). Activity was quantified over each 4-
hr period (day and night), and is reported as mean movements during each 5 min interval.  

Vector Delivery. Mice were anesthetized (1.5% isoflurane) and a jugular vein exposed 
through a small incision on the neck. A final volume of 100 μL saline containing AAV8.Ucn2 
or AAV8.Ucn3 (5x1011 genome copies, gc per mouse; 1.9x1013 gc/kg) or saline (control) was 
delivered IV via a 31-gauge needle.  

Echocardiography. Echocardiography was performed using a Vevo 2100 system with a 
MS550s (32-56 MHz) transducer (Visualsonics, Toronto, Canada), as previously described 
(18). To examine mitral inflow, mice were injected intraperitoneally (IP) with 10 μg/kg 
ivabradine hydrochloride (Sigma-Aldrich, St. Louis, MO) in ddH2O, to reduce heart rate 
without affecting contractile function (20). Using pulsed-wave and tissue Doppler, mitral 
inflow and mitral annulus velocities were acquired from a 2-chamber view. Vevo software 
(Visualsonics, Toronto, Canada) was used for measurement and analysis. 

LV Function. Sodium pentobarbital (80 mg/kg, IP) was used for anesthesia. LV pressure was 
measured using a 1.4F micromanometer catheter (SPR 839, Millar Instruments, Houston, 
TX) as previously described (18). LV systolic and diastolic function was assessed using the 
first derivative of LV pressure development (+dP/dt) and decay (-dP/dt), respectively. Tau, 
the time constant of LV pressure decline, was also measured as an added assessment of 
diastolic function. To determine whether increases in peak LV +dP/dt and ejection fraction 
were associated with relatively load-independent changes in LV contractile function, we 
measured the slope of the end-systolic pressure-volume relationship and cardiac output, as 
previously described (21)  

Fasting Glucose and Glucose Tolerance Testing. To determine if Ucn2 and Ucn3 gene 
transfer was associated with alterations in glucose disposal similarly in normal mice, we 
measured fasting glucose and glucose tolerance 9.0±0.2 weeks after Ucn2 and Ucn3 gene 
transfer in normal male mice. They were provided (ad libitum) a cereal-based diet (Harlan 
Teklad Lab, Madison, WI, USA). Mice were housed (20-21oC) with lights off from 6 PM to 6 
AM daily. Normal mice received IV saline (n=12), AAV8.Ucn2 (1.9x1013 gc/kg, n=10) or 
AAV8.Ucn3 (1.9x1013 gc/kg, n=12). Eight to 10 weeks later, fasting (12 hr) glucose was 
determined and glucose tolerance testing was performed as previously described (16). Area 
under the curve (AUC) was calculated for individual animals using the AUC analysis software 
in GraphPad Prism. We then used these data (mean±SE) to test for between group 
differences. 

Necropsy and Tissue Collection. Anesthetized mice underwent a terminal procedure during 
which blood was collected in EDTA tubes (BD biosciences, San Jose, CA) for plasma 
extraction after centrifugation for 10 minutes at 4000 rpm and 4oC. Organs were collected, 
weighted and a part of each was fast frozen in liquid nitrogen and stored in -80oC, while 
another part was fixed in 10% formalin and transferred to 70% EtOH 24 hours later.  

Cardiac Myocyte Isolation and Size Assessment. Isolation of cardiac myocytes was done 
using methods previously described (22). Viable cardiac myocytes underwent cAMP and 
PKA assays and Ca2+ transient measurement. A portion of cardiac myocytes were fixed (10% 
formalin, 10 min), washed twice with PBS, stained with eosin for 10 min, washed twice with 
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PBS and plated. Photographs were taken (10X magnification) and the size of 120±11 cardiac 
myocytes per animal was quantified using ImageJ (NIH, Bethesda, MD). Group identity was 
unknown to the examiner. Cells that were spherical (non-viable) and those overlaid or 
attached to other cells (viable cell clusters) were excluded. Length and width were 
measured (Fig. 7B). Cell volume was calculated assuming a cylindrical model:  

Volume = Length X π (Width/2)2 

Ca2+ Transients. Ca2+ transient measurement was performed as previously described (18). 
Multiple cardiac myocytes from each of four hearts per group were used.  

Adenylyl Cyclase and Protein Kinase A Activity Assays. Adenylyl cyclase activity was 
determined by measuring the amount of cAMP in isolated cardiac myocytes as previously 
described (23).  

Immunoblotting and LV mRNA Screening. Western blots were performed as described 
previously (18,19). Sources for antibodies include: anti-p286-CAMKIIα (Santa Cruz 
Biotechnology, Dallas, TX); anti-p2808-RYR2 (Abcam, Cambridge, MA); anti-GAPDH (Cell 
Signaling, Danvers, MA); anti-vinculin (Sigma-Aldrich, St. Louis, MO). To evaluate alterations 
in LV mRNA expression we used focus gene array for cAMP and Ca2+ signaling pathways 
(Qiagen, Germantown, MD), which screens expression of 84 proteins responsive to cAMP 
or Ca2+. 

Histology. Transmural sections of the LV and liver samples were fixed in 10% formalin 
(Sigma-Aldrich, St. Louis, MO), paraffin-embedded, sliced into 5 micron sections, mounted 
and counterstained with hematoxylin and eosin and with Masson’s trichrome. The slides 
were scanned using an Axio Scan Z1 (Zeiss, Oberkochen, Germany). Quantitative 
assessment was performed using ImageJ (NIH, Bethesda, MD). 

Statistical Analysis. Data acquisition and analysis were done without knowledge of group 
identity. Group sizes were determined by power calculations. GraphPad Prism V6.07 was 
used for statistical analysis. Data represent mean ±SE; one-way ANOVA and Kruskal-Walis 
tests were used to detect differences in the three groups. Sidak’s and Dunn’s multiple 
comparison tests were then used to test for between-group differences (Ucn2 vs Ucn3). In 
some instances, when comparisons were made between 2 groups, Student’s t-test was used 
(unpaired, two-tailed). The null hypothesis was rejected when p<0.05. 

 

RESULTS 
 

Plasma Peptide Concentration after Gene Transfer. Ucn2 and Ucn3 plasma levels were 
measured 9.0±0.2 weeks after gene transfer. Mice that received AAV8.Ucn2 (1.9x1013 gc/kg, 
IV) had a 20-fold increase in plasma Ucn2 levels: Control (n=8): 0.8±0.1 ng/mL (181 pmol/L); 
Ucn2 (n=8): 16±1 ng/mL (3627 pmol/L); p<0.0001, Fig. 1E). Mice that received AAV8.Ucn3 
(1.9x1013 gc/kg, IV) had a 70-fold elevation in plasma Ucn3 level: Control (n=8): 0.1±0.1 
ng/mL (26 pmol/L); Ucn3 (n=6): 7±0.4 ng/mL (1785 pmol/L; p<0.0001, Fig. 1E).  
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Heart Rate and Blood Pressure. Heart rate and blood pressure were obtained from 
untethered conscious, unsedated mice via telemetry. The anticipated increase in nocturnal 
activity was associated with increases in heart rate and blood pressure during the night 
compared to daytime when the animals were roughly 50% less active (Table 1). However, 
no overall group differences were seen in heart rate or in activity levels. Daytime diastolic 
(p=0.05) and mean blood pressures (p=0.039) were decreased similarly in Ucn2 and Ucn3 
groups. Although there was a reduction in systolic blood pressure of Ucn2 and Ucn3 
animals, it was not significant during daytime (p=0.07). At night, systolic (p=0.034), diastolic 
(p=0.047) and mean blood pressure (p=0.02) were decreased in Ucn2 and Ucn3 mice with 
no between group differences (Table 1). 

Echocardiography. Eight to ten weeks after Ucn2 or Ucn3 gene transfer, ejection fraction 
(EF, p<0.0001) and velocity of circumferential fiber shortening corrected for heart rate 
(VCFc, p<0.0001) were increased in both Ucn2 and Ucn3 groups compared to control (Table 
2). Ucn2 had a greater effect than Ucn3 on EF (p=0.0013) and VCFc (p<0.0001). There was 
an overall reduction in EDD and ESD (p<0.0001 for both, Table 2), with reduced EDD and 
ESD greater after Ucn2 than Ucn3 gene transfer (p=0.0007 and <0.0002, respectively). Both 
Ucn2 and Ucn3 transgenes increased passive mitral inflow (MV E-wave). Ucn2 or Ucn3 gene 
transfer did not affect the ratio of passive to active mitral inflow (E/A). 

Table 1. Blood Pressure and Heart Rate (Telemetry) 

 Control (9) Ucn2 (10) Ucn3 (8)  p 

 Day Night Day Night Day Night Day Night 

HR 

(bpm) 
550±10 605±14 534±12 580±14 555±9 605±11 .3 .3 

Systolic BP 

(mmHg) 
127±5 142±5 116±3 123 ± 6 116 ± 2 128±3 .07 .034 

Diastolic BP 

 (mmHg) 
99±6 110±6 89 ± 2 97 ± 3 84 ± 3 96±3 .05 .047 

MAP  

(mmHg) 
112±5 125±5 102±2 109±4 99±3 112±3 .039 .02 

Activity 

(Avg mobility/ 5 min) 
11±2 33±6 10±3 21±3 11±2 28±6 .9 .3 

Data obtained 8-12 weeks after IV delivery of AAV8.Ucn2, AAV8.Ucn3 (both at 1.9x1013 gc/kg), or saline 

(Control). Data are mean ±SE from 4 continuous hours: Day, 10 AM-2 PM; Night, 10 PM-2 AM. P values from 1-

way ANOVA. Ucn2 and Ucn3 gene transfer were associated with similar reductions in systolic, diastolic and 

mean blood pressures vs Control. Ucn2, urocortin-2; Ucn3, urocortin-3; HR, heart rate; bpm, beats per 

minute; BP, blood pressure; MAP, mean arterial pressure 
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LV Function. Ucn2 vs Ucn3 gene transfer resulted in a 1.5-fold and 1.4-fold increase in the 
peak rate of LV pressure development (+dP/dt) compared to control, respectively (Control: 
5448±277 mmHg/s, n=18; Ucn2: 8314±340 mmHg/s, n=8; Ucn3: 7553±388 mmHg/s, n=20; 
p<0.0001, Fig. 2A). Ucn2 gene transfer increased the slope of the ESPVR by 90% and Ucn3 
gene transfer increased the slope of the ESPVR by 63% (Control: 4±0.3 μL/min, n=9; Ucn2: 
7.6±1.2 μL/min, n=6; Ucn3: 6.5±1.1 μL/min, n=8; p=0.02, Fig.2B). Both transgenes increased 

the peak rate of LV pressure decay (-dP/dt), with Ucn2 resulting to a 1.3-fold increase and 
Ucn3 a 1.2-fold increase (Control: -5597±292 mmHg/s, n=18; Ucn2: -7212±357 mmHg/s, 
n=8; Ucn3: -6859±342 mmHg/s, n=20; p=0.006, Fig. 2C). The time constant of relaxation 
(Tau) was reduced 31% and 24% by Ucn2 and Ucn3 gene transfer, respectively (Control: 
8.6±0.3 ms, n=9; Ucn2: 5.9±0.6 ms, n=8; Ucn3: 6.5±0.6 ms, n=8; p=0.002, Fig. 2D). Cardiac 
output (CO) was increased by Ucn2 and Ucn3 gene transfer by 65% and 50%, respectively 
(Control: 3.69±0.35 mL/min, n=9; Ucn2: 6.10±.0.66 mL/min, n=8; Ucn3: 5.53±0.81 mL/min, 
n=8; p=0.03, Fig. 2E). LV developed pressure showed no group differences (Fig. 2F). Heart 
rate under anesthesia was increased in mice that had received Ucn2 or Ucn3 gene transfer 
(Control: 391±10 bpm, n=18; Ucn2: 457±13 bpm, n=8; Ucn3: 416±14 bpm, n=20; p=0.01, 
Fig. 2G). There were no group differences between Ucn2 and Ucn3 effects on +dP/dt 
(p=0.2), ESPVR slope (p=0.4), -dP/dt (p=0.5), Tau (p=0.4), CO (p=0.5), or HR (p=0.06). 

Cytosolic Ca2+ Transients. Cardiac myocytes were isolated 9.0±0.2 weeks after gene transfer 
or saline injection and used for Ca2+ transient assessment. There were group differences in  

Table 2. Echocardiography 

 Control (14) Ucn2 (12) Ucn3 (12) p 

EF (%) 65±2 81±1 74±1 A <.0001 

EDD (mm) 3.9±0.1 3.3±0.1 3.7±0.1 B <.0001 

ESD (mm) 2.5±0.1 1.7±0.1 2.1±0.1 C <.0001 

VCFc (circ/s) 23±1 36 ± 1 28±1 D <.0001 

HR (bpm) 532±7 544 ± 8 534±9 .9 

MV E (mm/s) 714±45 894±31 866±36 .004 

E/A 1.7±0.1 1.6±0.1 1.6±0.1 .62 

Data obtained 9.0±0.2 weeks after IV delivery of AAV8.Ucn2 or AAV8.Ucn3 (both at 1.9x1013 gc/kg) or saline 

(Control). P values from 1-way ANOVA. Group differences were seen in Ucn2 vs Ucn3: Ap=0.0013 vs Ucn2; 
Bp=0.0007 vs Ucn2; C p<0.0002; Dp<0.0001 vs Ucn2; analysis by Sidak’s multiple comparison test with correction.  

EF, ejection fraction; EDD, end‐diastolic diameter; ESD, end‐systolic diameter; HR, heart rate; bpm, 

beats per minute; VCFc, velocity of circumferential fiber shortening (corrected for heart rate); MV E, passive 

mitral inflow velocity; E/A, ratio of passive to active mitral inflow velocity 
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peak cytosolic Ca2+ concentration (p<0.007; Figs. 3A and 3B). Both Ucn2 and Ucn3 increased 
peak cytosolic Ca2+ concentration, although there was no between group difference in Ucn2 
vs Ucn3 (p=0.19). Tau, the time constant for LV pressure decline and a measure of LV 
diastolic function, showed a group difference (p=0.0003; Fig. 3C). Ucn2 and Ucn3 gene 
transfer reduced the time constant similarly (Control: 0.16±0.006 sec, n=52; Ucn2: 
0.14±0.005 sec, n=54; Ucn3: 0.14±0.004 sec, n=61). The time to peak cytosolic Ca2+ 

concentration showed no group difference (Fig. 3D).  

Table 3. Expression of Key Proteins (mRNA) 

 
Control (4) 

Fold Control p  

AAV8.Ucn2 (4) AAV8.Ucn3 (4) ANOVA Ucn2 vs Ucn3 

ANF 1.0±.18 .49±.1 .79±.14 .08 - 

BNP 1.0±.18 .34±.05 .49±.12 .03 .43 

α-Skeletal actin 1.0±.2 .36±.07 .35±.02 .01 .84 

Cardiac actin 1.0±.06 1.03±.1 .94±.06 .75 - 

α-MHC 1.0±.04 .87±.06 1.08±.07 .16 - 

β-MHC 1.0±.12 .64±.16 .82±.15 .2 - 

MLC2v 1.0±.07 .77±.02 .93±.07 .06 - 

cMLCK 1.0±.03 1.19±.57 1.42±.1 .006 .042 

IGF-1 1.0±.5 .38±.11 .83±.33 .75 - 

IGF-BP3 1.0±.06 .68±.03 1.19±0.06 .0012 .0033 

Ucn2 1.0±.1 209±49 1.3±0.1 .0012 .08 

Ucn3 1.0±.2 18±13 2020±121 .0012 .24 

FGF6A 1.0±.3 .09 ± .01 .32 ± .07 .0005 .1 

NpY A 1.0±.4 .09 ± .04 .38 ± .12 .01 .09 

NpY1r B 1.0±.3 .97 ± .08 .95 ± .18 1 - 

Ucn2 (Liver) 1.0±.4 5173±1452 3.5±1.3 .0002 .12 

Ucn3 (Liver) 1.0±.6 .4±.1 4836±504 .0002 .0017 

Fold control (±SE) in left ventricular (LV) mRNA levels of key proteins 9.0±0.2 weeks after AAV8.Ucn2 vs 

AAV8.Ucn3 gene transfer (1.9x1013gc/kg, IV). Also shown (bottom 2 rows) are Ucn2 and Ucn3 expression in liver. 

Control mice received IV saline (n=4 for all 3 groups). Ucn2, urocortin-2; Ucn3, urocortin-3; ANF, atrial 

natriuretic factor; BNP, brain natriuretic peptide; MHC, myosin heavy chain; MLC2v, myosin light chain 2v; 

cMLCK, cardiac myosin light chain kinase; IGF-1, insulin-like growth factor 1; IGF-BP3, IGF binding protein 3; 

FGF6, fibroblast growth factor 6; NpY, Neuropeptide Y; NpY1r, Neuropeptide Y receptor type 1; p values 

from Kruskal-Wallis test, Ucn2 vs Ucn3 p value from Dunn’s multiple comparison test with correction. A mRNA 

levels were found to be reduced by focused gene array, confirmed by RT-PCR; B NpY1r was examined because of 

changes seen in NpY  
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LV Signaling. There were no group differences in LV cAMP levels or PKA activity (Fig. 4A and 
4B). LV levels of phosphorylated Ca2+/calmodulin-dependent protein kinase II (CamKII, 
isoform α) were reduced (p=0.0024) by both Ucn2 (71% reduction) and Ucn3 gene transfer 
(55% reduction) (Fig. 4C). Phosphorylated ryanodine receptor 2 (RYR2) protein levels 
showed group differences (p=0.013; Fig. 4D), solely attributable to a 59% reduction 
associated with Ucn2 gene transfer. LV sarcoplasmic endoplasmic reticulum calcium (Ca2+) 
ATPase (SERCA2a) protein levels were increased similarly in Ucn2 and Ucn3 groups (p=0.04, 
Fig. 4E).  

We also measured LV mRNA expression of key signaling proteins (Table 3), which 
revealed some differences in the effects of Ucn2 vs Ucn3 gene transfer. For example, 
although cardiac myosin light chain kinase (cMLCK) expression was increased by gene 
transfer of Ucn2 and Ucn3 (p=0.006), the increase following Ucn3 gene transfer was 
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somewhat greater in degree (Ucn2: 1.2-fold control; Ucn3: 1.4-fold control; p=0.042). In 
addition, insulin-like growth factor binding protein 3 mRNA was reduced 32% by Ucn2, but 
increased 19% by Ucn3 gene transfer (group difference: p=0.0033). The LV expression of an 
additional 84 proteins in the cAMP/Ca2+ signaling pathway, showed that fibroblast growth 
factor 6 (FGF6) and neuropeptide Y (NpY) were decreased by Ucn2 and Ucn3 gene transfer 
similarly, while NpY1 receptor expression was unchanged. These findings were confirmed 
by RT-PCR (Table 3). LV and liver Ucn2 mRNA increased (209-fold and 5173-fold, 
respectively). The extent of Ucn2 and Ucn3 expression in liver was similar, but LV expression 
was somewhat higher for Ucn3 than Ucn2 (Table 3).  

Fasting Glucose and Glucose Tolerance Testing. We previously showed that Ucn2 gene 
transfer was associated with increased insulin sensitivity and increased glucose disposal 
(16). We therefore tested whether Ucn2 and Ucn3 gene transfer affected glucose disposal 
in normal mice. We used two measures to quantify glucose disposal: fasting blood glucose, 
and glucose tolerance testing. Eight to 10 weeks after Ucn2 and Ucn3 gene transfer, fasting 
(12 hr) glucose was reduced in mice that had received Ucn2 gene transfer (p<0.002 vs 
Control; p<0.001 vs Ucn3; Fig. 5). Ucn3 gene transfer had no effect on fasting glucose. In 
addition, glucose tolerance testing confirmed a group difference in glucose clearance. The 
area under the glucose-time curve showed an overall group difference (p=0.015), which was 
solely attributable to increased glucose clearance in mice that had received Ucn2 gene 
transfer (p=0.02 vs Control; p<0.02 vs Ucn3). Ucn3 gene transfer, in contrast, had no effect 
on glucose disposal (Fig. 5). 

Necropsy. Mice showed no group differences in body, liver or lung weight (Table 4). 
However, Ucn2 and Ucn3 gene transfer was associated with a reduction in LV weight 
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(p=0.006; Table 4). This reduction persisted when LV weight was normalized to body weight 
(p=0.0001) and was similarly reduced in mice that had received Ucn2 or Ucn3 gene transfer.  

Histology and Cardiac Myocyte Size. Histological inspection of transmural samples of LV 
and liver samples from all three groups showed no abnormalities in inflammatory cell 
infiltrates or fibrosis. Quantification of fibrosis showed no group differences (Fig. 6). There 
were differences in cardiac myocyte volume (p<0.02, 1-Way ANOVA; Fig. 7). The mean 
values of 120±11 cells measured from each individual animal were: Control: 36.6±1.1 pL, 
n=5; Ucn2: 31.2±1.4 pL, n=5; Ucn3: 30.1±1.8, n=5 (p<0.02; Fig. 7). Thus, cardiac myocytes 
from control mice were 15% larger than those from Ucn2 mice (p=0.06) and 18% larger than 
those from Ucn3 mice (p<0.03). Cardiac myocytes from Ucn2 and Ucn3 groups had similar 
volumes. Cardiac myocytes from control mice were 13-16% wider (Control: 20.9±1.8 μm, 
n=6; Ucn2: 18.1±0.6 μm, n=5; Ucn3: 17.5±0.5 μm, n=5; p=0.1), but minimally longer 
(Control: 128.1±1.9 μm, n=6; Ucn2: 120.4±3.0 μm, n=5; Ucn3: 124.6±3.2 μm, n=5; p=0.26). 

 

DISCUSSION 

 

 Sustained elevation of plasma concentrations of Ucn2 vs Ucn3, achieved via gene 
transfer, has pronounced beneficial effects on LV systolic and LV diastolic function (Fig. 2). 
These beneficial effects were associated with equivalent enhancement of Ca2+ handling in 
cardiac myocytes (Fig. 3), and comparable increases in LV SERCA2a expression and 
reductions in CaMKII phosphorylation (Fig. 4). Ucn2 but not Ucn3 gene transfers reduced 
LV RYR2 phosphorylation (Fig. 4). However, despite 42% amino acid sequence homology 
and binding the same receptors (CRHR2) with similar affinity (Figs. 1A-C), Ucn3 does not 
affect glucose disposal, while Ucn2 gene transfer does.  

LV Function. Indications that Ucn2 gene transfer may have a greater benefit on systolic 
function than Ucn3 gene transfer were seen in echocardiographic assessment. LV EF and 
VCFc were increased more by Ucn2 than by Ucn3 gene transfer (p=0.0013 and p<0.0001, 
respectively; Table 2). The comparable beneficial effects of Ucn2 and Ucn3 gene transfer 
on Ca2+ transients and SERCA2a expression does not explain the differences seen on 
echocardiography. Given the similarity in LV peak +dP/dt (Fig. 2), which is less load-
dependent than EF, the echocardiography differences may reflect small differences in 
loading conditions rather than differences in LV contractility per se.  

 In a previously published study we reported that LV -dP/dt was not altered 6 weeks 
after Ucn2 gene transfer in normal mice, (18) but was at 4 months. In the present study we 
saw increased LV peak -dP/dt 9.0±0.2 weeks after gene transfer of either Ucn2 or Ucn3. 
Both transgenes also reduced the time constant of relaxation (Tau), confirming an 
important effect on LV diastolic function, which was similar for both transgenes. The 
percent increase in LV peak +dP/dt vs Control (Ucn2: 53%; Ucn3: 39%), which was confirmed 
by increases in the ESPVR slope (Ucn2: 90%; Ucn3: 63%), and in CO (Ucn2: 65%; Ucn3: 50% 
would be anticipated to have important physiological effects, especially in the setting of HF. 
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Differences in Plasma Levels of Ucn2 vs Ucn3. One could argue that differences in the 
effects of Ucn2 vs Ucn3 gene transfer (on RYR2 phosphorylation and EF, for example) simply 
reflect differences in plasma levels of transgene: plasma Ucn2: 16 ng/ml (3.6 nmol/L) was 
higher than plasma Ucn3: 7 ng/ml (1.8 nmol/L) (Fig. 1C). However, the relative changes 
were greater after Ucn3 gene transfer (70-fold increase) than after Ucn2 gene transfer (20-
fold increase). The affinity of Ucn2 and Ucn3 for the CRHR2 receptor is comparable, and 
their ability to stimulate cAMP in cells stably transfected with CRHR2β is similar (Fig. 1C; 
EC50 0.05 - 0.08 nmol/L for cAMP production) (24). In contrast, the EC50 for Ucn2 and Ucn3 
activation of CRHR1 is >100 nmol/L (24), a concentration far in excess of what was achieved 
in the present study (1.8 – 3.6 nmol/L). It therefore seems likely that CRHR2 receptors were 
saturated, CRHR1 receptors minimally activated, and that downstream effects of activation 
were maximal at the plasma concentrations obtained. It is possible that the effects 
measured were not receptor-dependent. However, in a previous study we have shown the 



CHAPTER 2 

66 

effects of Ucn2 gene transfer on glucose disposal are dose-dependent and absent in CRHR2-
deleted mice (16). An important consideration is whether or not there are variations in the 
clearance of these peptides from plasma, but we could find no data regarding the specific 
peptidases involved. A structure analysis excludes the likelihood that neprilysin, or 
neurolysin are involved. Endothelin converting enzyme-1, which can cleave CRF and Ucn1 
at high agonist concentrations at CRHR1 (25) are not known to play a role in Ucn2 and Ucn3 
degradation.  

Heart Rate and Blood Pressure. Although the anticipated reductions in blood pressure were 
seen, the reductions were equivalent following Ucn2 and Ucn3 gene transfer, and no 
differences in heart rate were observed (Table 1). These data, obtained in untethered 
unsedated mice provide persuasive evidence that unlike the case with IV infusion of Ucn3 
in human subjects (26), we do not see abnormally low blood pressure is not seen with Ucn2 
or Ucn3 gene transfer, and there is no increase in heart rate. A plausible explanation, given 
that Ucn2 and Ucn3 peptide lower systemic vascular resistance, (8,14,15) is that sustained 
high plasma levels of these peptides are associated with blunting of vasodilator and 
chronotropic effects. 

Effects on LV Signaling. Ucn2 and Ucn3 gene transfer equivalently reduced phosphorylation 
of CamKII in LV samples (Fig. 4). While such a finding does not provide a mechanism by 
which the differences in the effects of Ucn2 vs Ucn3 can be explained, it may have 
contributed to the comparable increases in LV function observed after gene transfer. 
CaMKII expression and activation are important determinants of cardiac function, and its 
inhibition enhances LV function (27) We previously showed that Ucn2 gene transfer reduces 
LV CaMKII expression in HF in mice (19). Although we speculate that reduced Thr286 
phosphorylation of CaMKII may have contributed to increased LV function, we did not 
determine the mechanism by which increased Ucn2 or Ucn3 evokes this change. 

 We found that Ucn2 but not Ucn3 gene transfer reduced LV RYR2 phosphorylation (Fig. 
4). Although the consequences of variations in RYR2 phosphorylation on LV function are 
debated (28), a 59% reduction in LV RYR2 phosphorylation is a distinctive difference in the 
effects of Ucn2 vs Ucn3 gene transfer, and RYR2 phosphorylation has been linked to 
reduced arrhythmias, and increased LV function in HF (29,30). Although we screened LV 
expression of 84 signaling proteins in the cAMP/Ca2+ pathway, there were none that 
showed significant directionally opposite effects of Ucn2 vs Ucn3 gene transfer.  

Reduced LV Mass. Ucn2 and Ucn3 gene transfer were associated with similar reductions in 
LV mass. The reduction, which was 14% for both Ucn2 and Ucn3 gene transfer, was 
significant (p=0.006; Table 4), and correlated closely with similar 15-18% reductions in 
cardiac myocyte volume (Fig. 7). Reduced cardiac myocyte volume was mostly due to 
reduced cardiac myocyte width with less reduction in length. The mean cardiac myocyte 
volume in control mice (36.6±1.1 pL) is somewhat higher than those reported in rabbits 
(30.4±1.4 pL), ferrets (30.9±1.9 pL) and rats (34.4±1.5 pL), measured by the same 
techniques (31). 

 The absence of fibrosis and the architecture of the cardiac myocytes is compatible with 
a physiological rather than a pathophysiological process. The reduction in blood pressure 
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vs control conferred by both Ucn2 and Ucn3 gene transfer (Table 1) is a possible explanation 
for reduced LV mass. Indeed, the mass difference may reflect, at least in part, relative 
systolic hypertension in control mice vs Ucn2 and Ucn3 mice, especially during nocturnal 
activity (Control: 142±5 mmHg; Ucn2: 123± 6 mmHg; Ucn3: 128±3 mmHg) may have 
contributed to an increased LV mass in the control animals. The reduction in LV CamKII 
phosphorylation seen following Ucn2 and Ucn3 gene transfer (Fig. 4) may also have played 
a role in the reduction of LV mass. For example, pharmacological inhibition of CaMKII 
reduces hypertension-induced LVH (32).  

Glucose Disposal. A key difference in the effects of Ucn2 vs Ucn3 gene transfer was that 
Ucn2 gene transfer—but not Ucn3 gene transfer—reduced fasting blood glucose and 
increased glucose disposal in normal mice. These data confirm those that we previously 
published (16) regarding the effects of Ucn2 gene transfer on glucose disposal, but extend 
the findings to indicate that the effect is Ucn2-specific, occurs even in normal animals, and 
is not seen with Ucn3 gene transfer. Why Ucn3 does not have this effect was not addressed 
in the current study, but is a focus on ongoing studies. Although the assessment of insulin 
resistance is usually conducted in the setting of obesity and pre-diabetes or diabetes, it is a 
continuous variable and can be influenced by physiological interventions in normal subjects. 
For example, sedentary non-diabetic men showed significant reductions in insulin 
sensitivity 24 weeks after moderate intensity dynamic exercise training (33). In the present 
study, mice that received Ucn2 gene transfer experienced a reduction in glucose disposal 
that likely reflects an increase in insulin sensitivity (Fig. 5).  
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Variations in Effects. Ucn2 and Ucn3 peptides have 42% sequence homology, and bind the 
same receptors with comparable affinities (CRHR2α and CRHR2β; Fig. 1C) (24). Why then 
do we see differences in the effects of Ucn2 vs Ucn3 gene transfer?  Although similar, the 

affinities of Ucn2 for the two CRHR2 subtypes are somewhat tighter (Ki at CRHR2α: Ucn2, 
2.1 nM; Ucn3, 5.0 nM; Ki at CRHR2β: Ucn2, 0.7 nM; Ucn3, 1.8 nM). These small differences 
may be associated with variations in physiological responsiveness. Others have 
demonstrated that variation in 3-dimensional conformation of the two peptides can alter 
agonist-receptor interaction and thereby influence downstream effects (34). In particular, 
the 3-dimensional stuctures of CRF family peptides, including Ucn2 and Ucn3, possess α-
helical backbones with a turn (described as a kink) at residues 25-27, resulting in a helix-
loop-helix morphology—these two helices may play important roles in receptor binding and 
affinity (35). Ucn2 shows a more acute angle between helices compared to Ucn3, and this 
may, at least in theory, alter receptor activation (35). Finally, Ucn3 but not Ucn2, is required 
for glucose- and incretin-stimulated insulin secretion and is expressed in pancreatic β cells 
(36). However, if transgene Ucn3 increased insulin secretion in the present study, it had no 
apparent effect on glucose disposal. 

Implication for HF Therapy. As has been reported before, Ucn2 and Ucn3 (or its homologue, 
stresscopin) have shown beneficial cardiovascular effects in preclinical and clinical HF 
(11,12,14,15). In those studies, Ucn2 and Ucn3 peptides were infused IV or, in one case, 
intra-arterially (15). This approach, due to the short half-life of the peptides, provided 
benefits of limited duration. We have previously shown that Ucn2 gene transfer provides 
sustained increases in both plasma Ucn2 and cardiac function in normal mice and in mice 
with heart failure (18,19). The current study confirms the previous studies of Ucn2 gene 
transfer in normal mice, and extends the findings to Ucn3 gene transfer where we also see 
sustained increases in LV function. 

Conclusions. Ucn2 and Ucn3 gene transfer reduce blood pressure without increasing heart 
rate in untethered and unsedated mice. LV mass is reduced by Ucn2 and Ucn3 gene transfer, 
a possible sequalea of reduced blood pressure and diminished LV CaMKII phosphorylation. 

Table 4. Necropsy 

 Control (12) Ucn2 (8) Ucn3 (12) p value 

BW (g) 29±1 29±2 29±1 0.95 

LV (mg) 98±4 86±2 84±2 0.006 

LV/BW (mg/g) 3.4±0.1 3.0±0.0 2.9±0.1 0.0001 

Lung (mg) 149±4 142±4 151±5 0.32 

Liver (mg) 1349±44 1224±40 1301±66 0.32 

Necropsy data obtained 9.0±0.2 weeks after IV delivery of AAV8.Ucn2, AAV8.Ucn3 both at 1.9x1013 gc/kg, or 

saline (control). P values from 1-way ANOVA. There was no group difference between Ucn2 and Ucn3. BW, body 

weight; LV, left ventricle 
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Similar and substantial increases in measures of LV systolic and diastolic function are seen 
with Ucn2 and Ucn3 gene transfer, mediated by increased LV SERCA2a expression and 
increased Ca2+ handling. Ucn2 but not Ucn3 gene transfer reduced fasting glucose and 
increased glucose disposal. These findings suggest that Ucn2 and Ucn3 may be effective 
treatments for HF, and indicate that Ucn2 may be an optimal selection in patients with 
diabetes and HF. It remains to be determined whether Ucn3 gene transfer, like Ucn2 gene 
transfer (19) increases function of the failing heart. Further investigation into precise 
molecular pathways by which Ucn2 and Ucn3 gene transfer influence Ca2+ handling and key 
Ca2+ handling proteins are underway.  

PERSPECTIVES 
Clinical Competencies. HF and diabetes are two of the most prevalent disorders 
encountered clinically, and both diseases have poor outcomes despite recent advances in 
therapy. New strategies to treat HF and diabetes urgently are needed. Data from the 
current study indicate that gene transfer of Ucn2 and Ucn3 increase systolic and diastolic 
function of the normal heart, and that Ucn2 gene transfer, but not Ucn3 gene transfer 
increases glucose disposal.  

Translational Outlook. The present paper is an important step in translating Ucn2 and Ucn3 
gene transfer to clinical applications, and adds to our knowledge regarding the specificity 
of Ucn2 gene transfer in increasing glucose disposal. There are two potential obstacles to 
translation to clinical settings. First, will sustained increases in plasma Ucn2 or Ucn3 be well 
tolerated?  A biodistribution and toxicology study of the long term and dose-related effects 
of Ucn2 gene transfer is underway. Second, will Ucn3 gene transfer, like Ucn2 gene transfer, 
have a favorable impact in HF, and will Ucn3 have a favorable impact in diabetes? We have 
recently shown that Ucn2 gene transfer increases function of the failing heart (19) and also 
restores insulin sensitivity in two models of insulin resistance (16). However, the effects of 
Ucn3 gene transfer in preclinical HF have not been tested. An exciting aspect of the present 
data is the possibility that Ucn2 or Ucn3 gene transfer—via a single IV administration—
might provide prolonged improvement in LV diastolic function in patients with HF and 
preserved ejection fraction, a clinical problem that has been resilient to effective therapy. 
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ABSTRACT 
 

Background. Peptide infusions of the corticotropin releasing factor family, including 
urocortin 2, stresscopin, and urocortin 3 (Ucn3) have favorable acute effects in clinical heart 
failure (HF), but their short half-lives make them unsuited for chronic therapy. Here we ask 
whether Ucn3 gene transfer, which provides sustained elevation of plasma Ucn3 levels, 
increases function of the failing heart.  

Methods. HF was induced by transmural left ventricular (LV) cryoinjury in mice. LV function 
was assessed 3 weeks later by echocardiography; those with ejection fractions (EF) <40% 
received intravenous (IV) saline, or IV adeno-associated virus type-8 encoding murine Ucn3 
(AAV8.mUcn3; 1.9x1013 genome copies (gc)/kg). Five weeks after randomization, repeat 
echocardiography, assessment of LV function (+dP/dt, -dP/dt), and quantification of Ca2+ 
transients and sarcomere shortening in isolated cardiac myocytes were conducted, and 
assessment of LV Ca2+ handling and stress proteins was performed.  

Results. Three weeks after MI, prior to treatment, EFs were reduced (mean 31%, from 63% 
in sham-operated animals). Mice randomized to receive Ucn3 gene transfer (GT) showed 
increased plasma Ucn3 (from 0.1±.01 ng/mL in saline group to 5.6±1.1 ng/mL; n=12 each 
group; p<.0001). Compared to mice that received saline, Ucn3 gene transfer was associated 
with higher values for: EF (p=.0006); LV +dP/dt (p<.0001) and LV -dP/dt (p<.0001). Cardiac 
myocytes from mice that received Ucn3 gene transfer showed higher peak Ca2+ transients 
(p=.0005), lower time constant of cytosolic Ca2+ decline (Tau, p<.0001), and higher rates of 
sarcomere shortening (+dL/dt, p=.03) and lengthening (-dL/dt, p=.04). LV samples from 
mice that received Ucn3 gene transfer contained higher levels of SERCA2a (p=.0004 vs HF) 
and increased amounts of phosphorylated troponin I (p=.04 vs HF).  

Conclusion. Ucn3 gene transfer is associated with improved Ca2+ handling and LV function 
in mice with HF and reduced EF.  

 

Gene Therapy         Heart Failure with Reduced EF         SERCA2a          AAV8  
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INTRODUCTION 
 

 Cardiovascular disease is the most common cause of death in the US. Heart failure (HF) 
affects 6 million people in the US and has a dismal outlook despite optimal therapy (1). 
Because of such a poor prognosis, new approaches, including gene transfer, are warranted. 
Urocortin 3 (Ucn3), is a 38-amino acid peptide in the corticotropin-releasing factor (CRF) 
family that binds with high affinity to corticotropin-releasing hormone receptor-2 (CRHR2). 
Intravenous infusion of urocortin 2 (Ucn2) peptide, which has 42% sequence homology with 
Ucn3 (2), has beneficial cardiovascular effects (3), but Ucn3 has not been studied as 
extensively for its cardioprotective activity. In preclinical studies Ucn3 peptide infusion 
provided cardiac protection against ischemia-reperfusion injury (4). Stresscopin, which has 
96% sequence homology with Ucn3, is efficacious when briefly infused in clinical HF (5). A 
recent study, in healthy individuals and HF patients, showed that Ucn2 and Ucn3 peptide 
infusions have beneficial effects including reduced systemic vascular resistance and 
increased cardiac output (6). 
 The major impediment to the translation of these reports to use in clinical HF is the 
short half-life (10 minutes) of these peptides (7). Sustained hemodynamic effect of these 
short-acting peptides would require continuous IV infusion, which hampers their clinical 
usefulness in chronic therapy for HF. A solution for such a problem would be using gene 
transfer to provide sustained plasma levels of the peptide. In animal studies, we have used 
such an approach to achieve sustained increases plasma peptide concentration, and 
increases in cardiac function (8,9). Our laboratory has shown in preclinical studies that such 
an approach, using IV delivery of an adeno-associated virus type 8 (AAV8) encoding Ucn2 
provided sustained increases in plasma Ucn2 and also is beneficial for the normal and failing 
heart (8,9). 
 We recently published data comparing the long term cardiovascular effects of chronic 
exposure to sustained high plasma levels of Ucn2 vs Ucn3 using gene transfer in normal 
animals (10). We found similar beneficial effects on cardiac function. However, Ucn2 gene 
transfer increased glucose disposal and resulted in a significant decline in fasting glucose—
an effect not shared by Ucn3 gene transfer. These data indicate that Ucn2 gene transfer 
may be an optimal selection for patients with diabetes and heart failure, while Ucn3 may 
be better suited for the majority of patients with HF that are not diabetic. However, no 
previous studies have established that chronic elevation of plasma Ucn3 is effective in the 
treatment of HF. In the present study we tested the hypothesis that Ucn3 gene transfer 
would improve function of the failing heart. 

 

MATERIALS AND METHODS 
 

AAV8.Ucn3 Vector. HEK293T cells were transfected with the pRep2/Cap8 and pAd-Helper 
plasmid (11), to produce a helper-virus free AAV8 vector encoding murine urocortin-3 
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(Ucn3) driven by a chicken -actin (CBA) promoter (AAV8.CBA.mUcn3; Fig 1). Plasmid 
pRep2/Cap8 was obtained from the University of Pennsylvania Vector Core. Virus vectors 
were then purified and concentrated as previously described (9,12). Virus titers were 
determined by real-time qPCR with virus genome DNA prepared from purified virus. 

Animal Use. The Animal Use and Care Committee of the VA San Diego Healthcare System 
approved the studies. Eighty-eight C57BL/6J mice (51M, 37F), 8-12 weeks old, 24.5±0.4g 
were obtained (Jackson Laboratories, Bar Harbor, ME, USA). Twenty of these mice (9M,11F) 
underwent thoracotomy and heart manipulation but no cryoinjury; 68 underwent 
cryoinjury to induce HF. 

Heart Failure Model. We used cryoinjury to induce anterior wall myocardial infarction (MI) 
and subsequent LV chamber dilation and reduced function as previously described (13). 
Animals were intubated and mechanically ventilated with oxygen and 1.5% Isoflurane. To 
expose the heart a thoracotomy was performed at the fourth left intercostal space and the 
pericardium was opened. A cryoprobe of 3.5mm diameter (Brymill, Ellington, CT) was 
applied to the LV anterior free wall for 10 seconds, followed by rinsing (25°C saline) to avoid 
traumatic detachment from the LV. This process was then repeated. Three weeks after 
cryoinjury, echocardiography was performed to assess heart function. Those with LV 
ejection fraction (EF) <40% were included in the study and received IV saline or IV 
AAV8.Ucn3 (1.9x1013 genome copies (gc)/kg). 

Ucn3 Gene Transfer. Under anesthesia (1.5% isoflurane via nosecone), the jugular 
vein was exposed and a syringe with a 31-gauge needle inserted to deliver 

AAV8.Ucn3 (1.9x1013 gc/kg in 100 l) or a similar volume of saline.  

Echocardiography. Echocardiography was performed as previously described (14). Three 
weeks after myocardial infarction mice were anesthetized initially with 5% and then 
maintained at 1-1.5% Isoflurane, and using a Vevo 3100 ultrasound system (FUJIFILM 
Visualsonics, Toronto, Canada) echocardiography was performed to document reduced LV 
function (EF <40%) and to record LV chamber dimensions. Echocardiographic assessment 
of heart function was then repeated 5 weeks after randomization of mice to receive 
intravenous delivery of AAV8.Ucn3 or saline.  

LV Systolic and Diastolic Function. Sodium pentobarbital (80 mg/kg, ip) was used to 
anesthetize the animals and a 1.4F micromanometer catheter (SPR 839, Millar Instruments, 
Houston, Texas) was advanced via the right carotid artery across the aortic valve and into 
the LV cavity. Left ventricular pressure was recorded, stored digitally and then processed 
(IOX V2.9.5 Emka Technologies, Christchurch, VA) as previously reported (14). 
Subsequently, blood and tissue samples were obtained. The first derivative of LV pressure 
development (LV +dP/dt) and decline (LV -dP/dt) were used to assess LV systolic and 
diastolic function, respectively, in a manner that was relatively load-independent and a 
more accurate estimate of contractility than EF.  

RT-PCR, Immunoblotting. LV and liver samples were collected and stored at -80°C for 
quantitative RT-PCR and Western blotting. Total RNA was isolated and reverse transcribed 
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into cDNA that has been used in quantitative PCR as previously described (8). The gene 
specific primers used in PCR are listed in Table 1. Immunoblotting was performed as 
described previously (8).  The following antibodies were used: Phospho-PKA-RIIa, phosphor-
PKA-RIIb, CamKII, phosphor-CamKII, and CARP (Santa Cruz Biotechnology, Santa Cruz, CA); 
phospho-PKA catalytic subunit, total PKA, p-TnI, total TnI (Cell Signaling Technology, 
Danvers, MA); PLB (Thermo Fisher Scientific, Waltham, MA); Ser 16 and Thr 17-phospho-
PLB (Badrilla, Ltd, Leeds, UK); SERCA2a (Enzo Life Sciences, Farmingdale, NY); phospho-RYR2 
and MYLK3 (Abcam, San Francisco, CA). 

Cardiac Myocyte Isolation and Ca2+ Transients. Cardiac myocytes were isolated as 
previously described (14). Mice were heparinized (5000 U/kg, IP), then anesthetized with 
sodium pentobarbital (150mg/kg, IP) and hearts were extracted and quickly cannulated via 
the aorta for perfusion. Using a peristaltic pump, a calcium-free medium containing Joklik-
modified minimal essential medium (Gibco-BRL, Thermo Fisher Scientific, Waltham, MA) 
was perfused for 3 minutes (3 mL/min), followed by perfusion of the same buffer with 

 

Table 1. Primers used in qRT-PCR 

Gene Forward Reverse 

α-MHC 5’-AAAGGCTGAGAGGAACTACC 5’-ACCAGCCTTCTCCTCTGC 

β-MHC 5’-GCTGAAAGCAGAAAGAGATTATC 5’-TGGAGTTCTTCTCTTCTGGAG 

α -SK-actin 5’-GTGTCACCCACAACGTGC 5’-AGGGCCACATAGCACAGC 

ANF 5’-CCTCGTCTTGGCCTTTTGG 5’-CATCTTCTACCGGCATCTTC 

BNP 5’-GAAGTCCTAGCCAGTCTCC 5’-CAGCTTGAGATATGTGTCACC 

CARP 5’-CTGAACCTGTGGATGTGCC 5’-GGCTCCAGCCTCCATTAACT 

FHL-1 5’-TGCAACAAGTGCGCTACTCG 5’-CAATGTTTGGCGAACTTGGTC 

Coll1α1 5’-GCCAAGAAGACATCCCTGAAG 5’-GGGTCCCTCGACTCCTAC 

Coll3α1 5’-GCACAGCAGTCCAACGTAGA 5’-TCTCCAAATGGGATCTCTGG 

MMP8 5’-GACTCTGGTGATTTCTTGCTAAC 5’-CACCATGGTCTCTTGAGACG 

MMP9 5’-CGTCGTGATCCCCACTTACT 5’-GAACACACAGGGTTTGCCTTC 

TIMP1 5’-GACAGCTTTCTGCAACTCGG 5’-CTTGTGGACATATCCACAGAGG 

IL-1b 5’-CCCATCCTCTGTGACTCATG 5’-AAGGCCACAGGTATTTTGTCG 

IL-6 5’-CGGAGAGGAGACTTCACAG 5’-TTCTGCAAGTGCATCATCGTC 

IL-10 5’-GCTCTTACTGACTGGCATGAG 5’-CGCAGCTCTAGGAGCATGTG 

Ucn3 5’- ACGCACCTCCAGATCAAAAG 5’- AATTCTTGGCCTTGTCGATG 

α-MHC, alpha-myosin heavy chain;  β-MHC, beta-myosin heavy chain;  α-SK-actin, alpha-skeletal actin; 
ANF, atrial natriuretic peptide; BNP, brain natriuretic peptide;  CARP,  cardiac ankyrin repeat protein; FHL-
1,  Four and a half LIM domains protein 1; Coll, collagen; MMP, matrix metalloproteinase; TIMP1, tissue 
inhibitor of metalloproteinase 1; IL, interleukin; Ucn3, urocortin 3 
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addition of 20μM CaCl2 and collagenase Type II (Worthington Biochemical Corporation, NJ) 
for another 12-13 minutes. Hearts were then placed into a beaker with digestion solution, 
atria were removed, and ventricles were sliced into pieces and mixed gently with a wide-
nozzle pipette (3-4 minutes) to dissociate myocytes. Isolated cardiac myocytes were plated 
onto laminin pre-coated glass coverslips and loaded with Indo-1/AM (with 0.02% pluronic 
F-127) for 20 min. Coverslips then were placed in a field stimulation perfusion chamber, 
rinsed to remove stain excess and mounted on a Nikon TMD inverted microscope (Nikon, 
Melville, NY) equipped with a 40x objective interfaced to a PMT based fluorescence 
measure system (PTI, Edison, NJ). During the measurements, cardiac myocytes were 
continuously perfused with KRH solution (125 mM NaCl, 5 mM KCl, 1.2 mM NaH2PO4, 6 mM 
glucose, 1.2 mM MgCl2 and 25 mM HEPES, pH 7.37–7.38) containing 2 mM CaCl2 and they 
were field-stimulated at 0.3 Hz. Using an excitation wavelength of 365 nm via a 
monochromator, fluorescent emission was slit and directed to two photomultiplier tubes 
through 20 nm band-pass filters centered at 405 and 485 nm, respectively. Indicator of the 
[Ca2+]i is the ratio F405/485. Multiple cardiac myocytes from each heart of the 3-5 per group 
were used to obtain the Ca2+ transient data. 

Quantification of Fibrosis, LV Apoptosis and Infarct Size. Fibrosis. Samples of liver and 
viable (uninfarcted) transmural LV samples were formalin-fixed and paraffin-embedded. 
Five-micron sections were mounted and counterstained with hematoxylin and eosin and 
with Masson’s trichrome.  

Infarct size. A separate group of animals (n=5), underwent cryoinjury and 8 days later hearts 
were arrested in diastole (0.6% KCl), the right ventricle removed, and LV (including septum) 
was pressed between two microscopic slides (1.2 mm apart) and scanned using an EPSON 
V850 pro scanner (EPSON, Japan). Using ImageJ V1.49 software, the area of transmural 
infarct was measured and recorded as percent of total LV. Apoptosis. Paraffin-embedded 
tissue sections were rehydrated and then microwaved for 5 min in 10 mM sodium citrate 
buffer (pH 6.0) for epitope retrieval. After quenching of endogenous peroxidase activity and 
blocking with normal goat serum, the tissue sections were incubated (18 hr, 4 °C) with anti-
cleaved caspase-3 antibody (1:200, Cell Signaling Technology, Danvers, MA) to assess 
apoptosis. After washing, the immunostaining was performed using an ImmPRESS HRP kit 
(Vector Laboratories, Burlingame, CA) according to the manufacturer’s instructions.  

Statistical Analysis. Data acquisition and analysis were performed without knowledge of 
group identity. Group sizes were determined by power calculations, and male and female 
mice were used. Since the hypothesis was that Ucn3 gene transfer would improve function 
of the failing heart, the key statistical comparison was between mice with HF that received 
IV saline and those that received Ucn3 gene transfer, and Student’s t-test was used 
(unpaired, two-tailed). In order to confirm the presence of LV dysfunction we included a 
sham-operated age- and sex-matched control group, and, when appropriate, performed 
additional between group t-tests (Control vs HF), with Bonferroni correction. Data 
represent mean ±SE. Analyses were performed using GraphPad Prism (GraphPad Software, 
Inc., San Diego, CA). The null hypothesis was rejected when p<.05.  
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RESULTS 
 

Plasma Urocortin 3 Levels. Plasma levels of Ucn3 were measured 5 weeks after gene 
transfer. Mice that received Ucn3 gene transfer showed increased plasma Ucn3 
concentrations (HF:.1±.01 ng/mL, n=12; HF +Ucn3: 5.6±1.1 ng/mL, n=12; p<.0001, Fig 1). 
There was no sex difference in plasma Ucn3 concentrations in HF saline injected mice (p=.5), 
but in mice that received Ucn3 gene transfer, male mice had higher plasma Ucn3 levels than 
female mice (Male: 8.5±1 ng/mL, n=6; Female: 2.7±.8 ng/mL, n=6; p=.001). 
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MI-Induced HF. Sixteen mice died in the first 3 weeks after the MI and 12 did not show EF 
<40%. Thus, of 68 mice that underwent infarction by cryoinjury, 40 met enrollment criteria 
3 weeks later, for a yield of 59%. This method is superior to coronary occlusion, where the 
yield can be <10% (15). 

Infarct size. Cryoinjury resulted in transmural infarction of 27±2% of the LV (n=5). Fig 1B 
shows a representative cross section of the LV following cryoinjury infarction.  

Echocardiography. Three weeks after MI (before randomization) we saw reductions in EF 
(p<.0001) and velocity of circumferential fiber shortening (corrected for heart rate, VCFc; 
p<.0001; Table 2A). In addition, end-systolic and end-diastolic dimensions (ESD, EDD) were 
increased among HF mice compared to Controls (Table 2A), confirming that cryoinjury-
induced MI resulted in LV chamber dilation and dysfunction. There were no pre-treatment 
group differences in HF mice in EF, VCFc, EDD or ESD. However, eight weeks after MI (five 
weeks after saline or Ucn3 gene transfer) we saw beneficial between-group differences 
conferred by Ucn3 gene transfer on EF. Indeed, the final EF was 9 percentage units higher 
(a 32% relative increase) in mice that received Ucn3 gene transfer (HF: 28±1%, n=13; HF 
+Ucn3: 37±1%, n=13; p=.0006; Table 2B). In addition, Ucn3 gene transfer was associated 
with higher VCFc (p=.0001; Table 2B).  

LV Function. Eight weeks after MI, mice with HF that received Ucn3 gene transfer showed 
an elevation in LV peak +dP/dt (HF: 3941±159 mmHg/s, n=11; HF +Ucn3: 7353±582 
mmHg/s, n=12; p<.0001, Fig. 2A), LV peak -dP/dt (HF: -3713±211 mmHg/s, n=11; HF +Ucn3: 
-6302±270 mmHg/s, n=12; p<.0001, Fig. 2B) and developed LV pressure (HF: 76±2 mmHg/s, 

Table 2A. Echocardiography 3 Weeks After MI (No Treatment)  

 Control (16) HF (13) HF +Ucn3 (13) 
p 

Control vs HF 

HR (bpm) 541±6 535±5 544±6 .5 

EDD (mm) 3.7±.1 4.5±.1 4.6±.1 <.0001 

ESD (mm) 2.4±.1 3.8±.1 4.0±.1 <.0001 

IVSd (mm) .7±.03 .8±.02 .8±.03 <.0001 

LVEF (%) 63±2 31±2 30±2 <.0001 

VCFc (circ/s) 22.2±.9 9.6±.6 9.8±.6 <.0001 

Echocardiographic measurements 3 weeks after MI (prior randomization). HR, heart rate; bpm, 

beats per minute; EDD, LV end‐diastolic diameter; ESD, LV end‐systolic diameter; IVSd, 

interventricular septum thickness in diastole; LVEF, left ventricular ejection; VCFc, velocity of 

circumferential fiber shortening (corrected for heart rate); Control, sham operated animals; p values 

from Student’s t-test with Bonferroni correction for multiple comparisons; numbers in parenthesis 

indicate group size. 
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n=11; HF +Ucn3: 95±4 mmHg/s, n=12; p=.0006, Fig. 2C). Heart rates of the HF saline treated 
group were lower than HF Ucn3 treated groups (HF: 350±13 mmHg/s, n=11; HF +Ucn3: 
440±20 mmHg/s, n=12; p=.001, Fig. 2D). After Ucn3 gene transfer, there were no sex 
differences in LV peak +dP/dt (Male: 7288±586 mmHg/s, n=7; Female: 7444±1228 mmHg/s, 
n=5; p=.9) or in LV peak -dP/dt (Male: -6457±303 mmHg/s, n=7; Female: -6086±519 
mmHg/s, n=5; p=.5).  

Cytosolic Ca2+ Transients and Sarcomere Length. Cardiac myocytes were isolated 8 weeks 
after MI (5 weeks after randomization to saline or Ucn3 gene transfer) to assess Ca2+ 
transients. Cardiac myocytes from mice that received Ucn3 gene transfer showed higher 
peak cytosolic Ca2+ concentration (Figs 3A and 3B; p=.0005) and lower Tau (Fig 3D; 
p<.0001). Time to peak Ca2+ concentration showed no group difference. We also measured 
sarcomere shortening in these cardiac myocytes, finding that Ucn3 gene transfer was 
associated with a higher shortening rate (+dL/dt; HF: 7.8±.5 μm/s, n=39; HF +Ucn3: 9.8±.7 
μm/s, n=20; p=.03, Fig 3E) and a higher lengthening rate (-dL/dt; HF: 6.7±.4 μm/s, n=39; HF 
+Ucn3: 8.3±.6 μm/s, n=20; p=.04, Fig 3F). These data are consistent with group differences 
in Ca2+ transients and pressure development and decline in vivo (Figs 2A-2C). 

Necropsy. Body and liver weights showed no group differences (Table 3). HF mice 
compared to Control mice showed higher weights of LV (p=.002) and LV/BW ratio (p<.0002), 
which were increased similarly after MI in HF and HF +Ucn3 groups (Table 3). 

Table 2B. Echocardiography 5 Weeks After Ucn3 Gene Transfer 

 

Control 

(16) 

HF 

 (13) 

HF +Ucn3 

 (13) 

p 

Con vs HF HF vs HF +Ucn3 

HR (bpm) 544±6 535±7 539±6 .6 1 

EDD (mm) 3.6±.1 4.6±.1 4.6±.2 <.0002 1 

ESD (mm) 2.4±.1 4.0±.1 3.8±.2 <.0002 .4 

IVSd (mm) .7±.02 .9±.05 .8±.06 <.0002 .8 

LVEF (%) 62±3 28±1 37±1 <.0002 .0006 

VCFc (circ/s) 21.8±1 9.3±.5 12.3±.5 <.0002 .001 

Echocardiographic measurements 5 weeks after saline (HF) or AAV8.Ucn3 (HF +Ucn3) administration 

in mice with HF. HR, heart rate; bpm, beats per minute; EDD, LV end‐diastolic diameter; ESD, LV end‐

systolic diameter; IVSd, interventricular septum thickness in diastole; LVEF, left 

ventricular ejection; VCFc, velocity of circumferential fiber shortening (corrected for heart rate); 

Control, sham operated animals; p values from Student’s t-test with Bonferroni correction for 

multiple comparisons; numbers in parenthesis indicate group size. 
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LV Ca2+ Handling Protein Expression. After MI, LV content of sarco/endoplasmic reticulum 
Ca2+ ATPase (SERCA2a) protein was higher after Ucn3 gene transfer (HF: .41±.02, n=4; HF 

 

Table 3. Necropsy 

 Con (15) HF (16) HF +Ucn3 (13) 
p 

Con vs HF HF vs HF +Ucn3 

BW (g) 26.9±1.1 26.5±0.7 26.7±0.9 1 1 

LV (mg) 84±4 110±6 102±5 .002 .8 

LV/BW (mg/g) 3.1±.1 5.0±0.2 4.8±0.3 <.0002 1 

Liver/BW (mg/g) 45±1 45±1 43±1 1 .8 

Necropsy data 5 weeks post saline or AAV8.Ucn3 administration in mice with HF. BW, body weight; LV, 

left ventricle; p values from Student’s t-test with Bonferroni correction for multiple comparisons; 

numbers in parenthesis indicate group size. 
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+Ucn3: .52±.01, n=4; p=.0004; Fig 4A). LV content of phosphorylated troponin I (p-TnI) was 
lower after MI (p=.01) but was normalized after Ucn3 gene transfer. We found that p-TnI 
was 50% higher in animals with HF that received Ucn3 (Control: .31±.01, n=4; HF: .20±.03, 
n=4; HF +Ucn3: .30±.02 n=4; p=.04 Fig 4B). Selected additional proteins relevant to Ca2+ 
handling showed reduced phosphorylation (p-RYR2, p-16-PLB, p17-PLB) after MI, but no HF 
vs HF +Ucn3 group differences were seen (Table 4). 

LV mRNA Expression of Markers of Hypertrophy and Fibrosis (Table 5). As expected, there 
were group differences in LV mRNA expression of several markers of LV stress 8w after MI. 
However, BNP (p=.006), ANF (p=.05), α-skeletal actin (p=.02), and CARP (p=.01) were lower 
in HF +Ucn3 than in HF mice. The levels of LV β-MHC mRNA were lower in HF +Ucn3 vs HF 
mice (p<.01, Table 5). Although several genes related to fibrosis showed increased LV mRNA 
expression in HF vs Control mice, their expression was not altered by Ucn3 gene transfer. 

Fibrosis and LV Apoptosis. Fibrosis. There were no group differences in fibrosis in liver or in 
the uninfarcted region of LV, and no differences in inflammatory infiltrates (Fig 5A). LV 
apoptosis. Quantification of active caspase-3 staining showed more apoptosis after MI 
(p<.0001), with similar amounts of apoptosis in HF and HF +Ucn3 mice (Control: .04±.01%, 
n=14; HF: .26±.05% n=8; HF +Ucn3: .31±.06%, n=7; Fig 5B). 

 

Table 4. LV Protein Levels (Immunoblotting) 

Protein Con (4) HF (4) HF +Ucn3 (4) 
p 

Con vs HF HF vs HF +Ucn3 

p-PKA-RIIa .6±.1 .7±.1 .6±.1 1 .6 

p-PKA-RIIb .3±.15 .3±.03 .2±.03 1 .8 

Total-PKA .4±.01 .3±.02 .3±.02 1 .8 

p-PKA /Total 1.8±.3 2.0±.10 1.9±.1 1 .8 

CamKII .6±.1 .5±.1 .6±.1 1 .8 

p-CamKII .5±.1 .4±.02 .6±.1 .8 .2 

p-CamKII/Total .9±.15 .9±.1 1.1±.2 1 1 

p-RYR2/Total 2.2±.4 .7±.1 1.2±.1 .01 .06 

p16-PLB .1±.1 .7±.1 .9±.11 1 .8 

p16-PLB/Total 3.7±.6 1.1±.2 2.1±.5 .01 .2 

p17-PLB 6.3±.7 2.4±.8 2.2±.4 .02 1 

p17-PLB/Total 28.6±3.5 3.5±1.1 5.4±1.5 .001 .6 

CARP 10.3±1 14±1.8 14±1.1 .2 1 

MYLK3 .6±.1 1.0±.3 .7±.1 .4 .8 

Immunoblotting data presenting protein levels normalized for GAPDH or Vinculin. FHL-1, Four-and-a-
Half LIM domain protein 1; p-TnI, S23/24 phosphorylated troponin I; PKA-RIIa, protein kinase A IIa; 
CamKII, Ca2+/calmodulin-dependent protein kinase II; RYR, ryanodine receptor; SERCA2a, 
sarco/endoplasmic reticulum Ca2+ ATPase a; PLB, phospholamban; Carp, Cardiac Ankyrin-Repeated 
Protein; MYLK3, myosin light chain kinase 3; Data are mean±SE. P values from Student’s t-test with 
Bonferroni correction for multiple comparisons; numbers in parenthesis indicate group size. 
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DISCUSSION 
 

The major finding of this study is that Ucn3 gene transfer increased function of the 
failing heart. Three weeks after MI, LV EF was reduced from a mean value of 63% (Control) 
to 30-31%. Five weeks later, mice that received Ucn3 gene transfer showed increased EF, 
while those that received saline showed a further decline. The final EF was 9 percentage 
units higher (32% relative increase) in mice that received Ucn3 gene transfer (p=.0006; 
Table 2B). Furthermore, LV peak +dP/dt showed a 1.9-fold increase in HF +Ucn3 vs HF 
(p<.0001; Fig 2A). Finally, LV diastolic function after MI was also enhanced by Ucn3 gene 
transfer. LV peak -dP/dt, a measure of diastolic function, showed a 1.7-fold increase in HF 
+Ucn3 vs HF (p<.0001; Fig 2B). 

What explains these improvements in function of the failing heart associated with Ucn3 
gene transfer? If the evidence for improved function resided in EF alone, one could propose 
that the benefit might reflect a vasodilating effect of Ucn3 (5,6), because a reduction in 
systemic pressure would be expected to enhance EF. However, the favorable effects of 
Ucn3 gene transfer also were seen in LV peak +dP/dt, an event that occurs prior to aortic 
valve opening, and therefore is not as affected by systemic pressure. Likewise, isolated 
cardiac myocytes from HF mice that received Ucn3 gene transfer showed a higher 
sarcomere shortening rate (+dL/dt) vs HF alone, confirming that the benefits reside within 
the cardiac myocyte per se, and do not reflect vasodilatory enhancement of LV function.  

What then might explain intrinsic improvement in function of the LV and cardiac 
myocytes isolated from failing hearts treated with Ucn3 gene transfer? The rate of cardiac 
myocyte shortening during systole (+dL/dt, p=.03; Fig 3E) and lengthening during diastole 
(-dL/dt, p=.04; Fig 3F) were increased in the HF +Ucn3 group vs the HF group. These findings 
show tight correlations with LV peak +dP/dt and peak -dP/dt, physiological measures of the 
intact heart. Ucn3 gene transfer increases Ca2+ handling, and subsequently increases LV 
systolic and diastolic function. We found that cardiac myocytes from HF +Ucn3 mice showed 
increased peak Ca2+ transients (p=.0005; Fig 3B) and reduced time constant of Ca2+ decline 
(Tau, p<.0001; Fig 3D) compared to those from HF mice. This may explain the increases in 
LV systolic and diastolic function. 

To determine molecular underpinnings for increased LV Ca2+ handling, we assessed LV 
protein expression of key Ca2+ related proteins. LV SERCA2a returns cytosolic Ca2+ to the 
sarcoplasmic reticulum, and, consequently, increased expression of this protein would 
increase cytosolic Ca2+ decline, as we observed (Fig 3D). An increase in cytosolic Ca2+ decline, 
by increasing of Ca2+ availability to myofilaments, could also increase systolic function. We 
found that LV SERCA2a protein levels were similar in control and HF mice but were higher 
after Ucn3 gene transfer (p=.0004 vs HF; Fig 4A). Upregulation of SERCA2a would be 
anticipated to increase peak systolic Ca2+ transient amplitude and rate of Ca2+ decline (Figs 
3A, 3B, 3D), and subsequently increase systolic and diastolic function of isolated cardiac 
myocytes (Figs 3E and 3F) and the intact heart (Figs 2A and 2B). Although increased LV 
SERCA2a provides a potential mechanism for Ucn3’s effects on LV Ca2+ handling, it does not 
elucidate the molecular mechanism by which this occurs, which will require further studies.  
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Troponin I phosphorylation plays a role in cardiac contractility and relaxation and is 
impaired under ischemic conditions. In the current study, phosphorylation of TnI at Serine 
residues 23 and 24 was reduced in the HF group but restored to normal by Ucn3 gene 
transfer (HF vs HF +Ucn3, p=.04; Fig 4B). The implications of the restoration of LV p-TnI to 
normal levels vis-à-vis cardiac function and the mechanism by which Ucn3 affected this 
change were not established in the present study. However, reduction in TnI 
phosphorylation at Ser 23/24 is seen in explanted hearts from patients with end-stage HF 
(16), and Ser 23/24 phosphorylation of TnI is associated with more rapid relaxation (17), 
and therefore may be of mechanistic importance for the enhanced diastolic function 
conferred by Ucn3 gene transfer in the present study. 

There were increases in the HF group (vs Control) in ANF, BNP, α-skeletal actin and β-
MHC, which are molecular markers of hypertrophy and stress (18-20). These markers were 
significantly less increased after Ucn3 gene transfer (Table 5). These group difference likely 
are a consequence of improved LV function in HF after Ucn3 gene transfer. LV CARP 
expression is increased in clinical HF and in many animal models of HF and may exacerbate 
adverse cardiac remodeling and apoptosis (21,22). We saw increased LV CARP mRNA in HF 
mice, and somewhat less of an increase in the HF +Ucn3 group (p=.01; Table 5). LV mRNA 
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expression of Col 1, Col3 and IL-6 were increased similarly in HF and HF +Ucn3 mice (Table 
5). 

HF is associated with protean abnormalities, and it is uncertain whether the benefits 
we see in mice after Ucn3 gene transfer would also be seen in clinical HF. In the present 
study, we tested Ucn3 gene transfer in HF with reduced EF on endpoints obtained 5 weeks 
after initiation of therapy. Will Ucn3 gene transfer have enduring effects, and will such 
effects be seen in models of HF with preserved EF?  Despite these limitations, it is promising 
that a simple intravenous injection of AAV8.Ucn3 has such benefits on function of the failing 
heart. 

The NIH has requested that preclinical studies be conducted in similar proportions of 
male and female animals when possible (23), a requirement embraced by the FDA for 
Investigational New Drug (IND) applications. In the current study, the same amount of 
AAV8.Ucn3 (1.9 x 1013gc/kg, IV) was associated with 3-fold higher plasma Ucn3 
concentrations in male vs female mice. Even so, the mean plasma Ucn3 concentration in 
females after gene transfer was >20-fold higher than that of mice that did not receive vector  

 

Table 5. LV mRNA Expression of Markers of Hypertrophy and Fibrosis 

Gene 
HF (4) 

Fold Control 
HF +Ucn3 (4) 
Fold Control 

p 

α-MHC .5±.1 .6±.1 .40 

β-MHC 25±5 6.6±.5 .01 

α-skeletal actin 5.3±1 2.3±.3 .02 

ANF 15±3.8 5.6±.6 .05 

BNP 3.4±.4 1.6±.2 .006 

CARP 3.5±.3 2.3±.04 .01 

FHL-1 1.3±.2 1.6±.1 .16 

Col1 3.8±.7 2.7±.2 .21 

Col3 3.8±.6 3.0±.3 .30 

MMP8 .4±.1 .5±.2 .89 

MMP9 .4±.1 .4±.1 .74 

TIMP1 .7±.01 .7±.1 .46 

IL-1b .4±.02 .4±.1 .89 

IL-6 3.9±.4 4±1.3 .93 

IL-10 .8±.1 1.2±.3 .17 

RT-PCR data presented as fold Control (Con) after normalizing with GAPDH. α-MHC, α-Myosin Heavy 
Chain; β-MHC, β-Myosin Heavy Chain; ANF, Atrial Natriuretic Factor; BNP, Brain Natriuretic Peptide; 
CARP, Cardiac Ankyrin-Repeated Protein; FHL-1, Four-and-a-Half LIM domain protein 1; Col1, Collagen 
1; Col3, Collagen 3; MMP8, Matrix Metalloproteinase 8; MMP9, Matrix Metalloproteinase 9; TIMP1, 
Tissue Inhibitor or Metalloproteinase 1; IL-1b, Interleukin 1b; IL-6, Interleukin 6; IL-10, Interleukin 10; 
Data are mean±SE. P values are from Student’s t-test; numbers in parenthesis indicate group size. 
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and was a sufficient amount to evoke equivalent LV +dP/dt and LV-dP/dt as was found in 
male mice. These data indicate that lower doses of AAV8.Ucn3 than used in the current 
study will suffice to obtain a maximal effect. The dose-response effect of AAV8.Ucn3 in each 
sex will be addressed in separate studies. 

In conclusion, Ucn3 gene transfer increases systolic and diastolic function of the failing 
heart. These beneficial effects of Ucn3 gene transfer reverberate from Ca2+ transients and 
sarcomere shortening in isolated cardiac myocytes to measures of LV function in vivo. The 
mechanism for these benefits can be attributed to improved LV Ca2+ handling, which 
directly affects sarcomere shortening, and likely a consequence of increased expression of 
LV SERCA2a and perhaps to restoration of TnI phosphorylation. These studies indicate that 
chronically increasing plasma levels of Ucn3 may be beneficial in HF with reduced EF. 
Translating this to possible clinical application will require proof of safety and efficacy and 
in other models of HF, and studies in larger mammals.  
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ABSTRACT 

 

Using mice rendered insulin resistant with high fat diets (HFD), we examined blood glucose 
levels and insulin resistance after intravenous delivery of an adeno-associated virus type 8 
encoding murine urocortin 2 (AAV8.Ucn2). A single intravenous injection of AAV8.Ucn2 
normalized blood glucose and glucose disposal within weeks, an effect that lasted for 
months. Hyperinsulinemic-euglycemic clamps showed reduced plasma insulin, increased 
glucose disposal rates and increased insulin sensitivity following Ucn2 gene transfer. Mice 
with corticotropin releasing hormone type 2-receptor deletion that were rendered insulin 
resistant by HFD showed no improvement in glucose disposal after Ucn2 gene transfer, 
indicating that the effect requires Ucn2’s cognate receptor. We also demonstrated 
increased glucose disposal after Ucn2 gene transfer in db/db mice, a second model of insulin 
resistance. Ucn2 gene transfer reduced fatty infiltration of the liver in both models of insulin 
resistance. Ucn2 increases Glut4 translocation to the plasma membrane in skeletal 
myotubes in a manner quantitatively similar to insulin, indicating a novel mechanism 
through which Ucn2 operates to increase insulin sensitivity. Ucn2 gene transfer, in a dose-
dependent manner, is insulin sensitizing and effective for months after a single injection. 
These findings suggest a potential long-term therapy for clinical type-2 diabetes. 
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INTRODUCTION 
 

The corticotropin-releasing hormone (CRH) family peptides, which include urocortin 1 
(Ucn1), urocortin 2 (Ucn2), urocortin 3 (Ucn3) and others — stimulate CRH receptors 1 and 
2 (CRHR1, CRHR2). Ucn1 binds CRHR1 and CRHR2, but Ucn2 and Ucn3 exclusively bind 
CRHR2, which are present in brain, heart, vasculature, skeletal muscle, and gastrointestinal 
tract. CRHR2 activation increases satiety, reduces gut motility, increases heart function and 
results in vasodilation (1-3).  

 Ucn2, a 38 amino acid peptide, was discovered in 2001 (1). Studies in animals and 
human subjects with heart failure (HF) have shown favorable effects of Ucn2 peptide 
infusion, including increased cardiac output (4). However, because of a short half-life 
(minutes) the peptide’s beneficial effects require continuous intravenous infusion, 
rendering such therapy impractical except for brief use in hospitalized subjects. We 
therefore investigated the usefulness of Ucn2 therapy via gene transfer, which would 
circumvent the need for continuous intravenous infusion and enable long-term outpatient 
therapy. 

 We recently demonstrated in mice that intravenous delivery of an adeno-associated 
virus type 8 vector encoding murine Ucn2 (AAV8.Ucn2) results in increased plasma Ucn2 
levels within six weeks, an effect that persists for at least seven months without 
inflammation or unfavorable hemodynamic effects (5). In the course of these experiments 
it was noted, serendipitously, that fasting blood glucose levels were significantly reduced in 
normal mice that had received Ucn2 gene transfer. We therefore conducted studies in two 
murine models of insulin resistance analogous to clinical type 2 diabetes mellitus (T2DM) 
testing the hypothesis that a single intravenous injection of AAV8.Ucn2 would increase 
glucose disposal by promoting insulin sensitivity. 

 

RESULTS 
 

Ucn2 Gene Transfer: Effects in Normal Mice. The AAV8.Ucn2 vector map is shown in Fig. 
1A. Intravenous AAV8.Ucn2 (5x1011 genome copies, gc) reduced fasting glucose in normal 
mice maintained on a standard diet. This effect was transgene-specific since AAV8 encoding 
enhanced green fluorescent protein (EGFP) had no effect on fasting glucose (Fig. 1B). To 
determine whether glucose effects were dose-related, we used three doses of AAV8.Ucn2: 
5x1011, 5x1010 and 5x109gc, and found that the two higher doses reduced fasting blood 
glucose (Fig. 1C). We subsequently used 5x1011gc for most of the studies. We found no 
effect of Ucn2 gene transfer on mean daily heart rate or on basal systolic, diastolic or mean 
arterial blood pressure 6-8 weeks after gene transfer (Table 1). To assess Ucn2 expression, 
Ucn2 mRNA was measured (RT-PCR) in brain, heart, liver, lung, pancreas and skeletal 
muscle. Ucn2 expression was increased only in left ventricle and liver (Table 2).  
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Ucn2 Gene Transfer and Glucose Disposal in HFD Model of Insulin Resistance. HFD-fed 
mice that received Ucn2 gene transfer showed consistently lower glucose levels. The area 
under the curve (AUC) in glucose tolerance tests was reduced by 40-42% (Fig. 2A; p=0.003). 
Similar responses on glucose disposal were seen whether Ucn2 was delivered before or 
after the onset of hyperglycemia (Fig. 2A), confirming a treatment effect on pre-existing 
hyperglycemia.  

Ucn2 Gene Transfer and Effects on Plasma Insulin in HFD-Induced Insulin Resistance. Ucn2 
gene transfer was associated with reduction in plasma insulin levels in nonfasting mice (Fig. 
2B; p<0.007), and promoted insulin-dependent glucose disposal (Fig. 2C; p=0.0004). Plasma 
C-peptide levels were similarly reduced (HFD: 5.4±1.2 ng/ml, n=3; HFD + Ucn2: 1.0±0.2 
ng/ml, n=8; p<0.0002).  

Hyperinsulinemic-Euglycemic Clamp in HFD-Induced Insulin Resistance. The hyperinsuli-
nemic-euglycemic clamp was used to assess insulin sensitivity in normal mice rendered 
insulin resistant with a HFD. After Ucn2 gene transfer, HFD-fed mice required a 2.6-fold 
increased glucose infusion rate to maintain blood glucose levels (Fig. 3A; p=0.0003). In 
addition, there was a 1.5-fold increase in glucose disposal rate (p=0.002, Fig. 3B), and a 3.8-
fold increase in insulin-stimulated glucose disposal rate (p=0.0003, Fig. 3C), which reflects 
skeletal muscle insulin sensitivity. Hepatic glucose production (HGP) showed no group 
difference in the percentage by which insulin suppressed HGP (Control: 21.6±5.8%, n=6; 
Ucn2: 22.4±7.5%, n=5; p=0.94). However, HGP was lower in mice that had received Ucn2 
gene transfer both before and after insulin stimulation (Fig. 3D). 

Effects of Ucn2 Gene Transfer in HFD-Fed CRHR2 Deleted Mice. CRHR2 deleted mice fed 
HFD for 17 weeks gained weight (Pre: 22.5±0.9 g; 16 weeks: 38.9±3.0 g; p=0.0001), and 
exhibited fasting hyperglycemia (normal chow: 67±7 mg/dL, n=4; HFD: 135±14 mg/dL, n=8; 
p<0.01). CRHR2-deleted mice had the expected increases in plasma Ucn2 after gene 
transfer (>14-fold increases; Fig. 4A). However, despite this, glucose tolerance testing 
showed no reduction in hyperglycemia in CRHR2-deleted mice (Fig. 4B). 

Table 1. Effects of Ucn2 Gene Transfer on Heart Rate and Basal Blood Pressure in Normal Mice 

 Control (n) Ucn2 (n) p 

Heart Rate (beats/min) 547±32 (4) 548±26 (4) 0.98 

Systolic Pressure (mmHg) 116±4 (5) 132±7 (6) 0.11 

Diastolic Pressure (mmHg) 84±5 (5) 83±7 (6) 0.92 

Mean Art Pressure (mmHg) 94±5 (5) 99±6 (6) 0.53 

Table 1. The effects of Ucn2 gene transfer on blood pressure and heart rate (HR) were assessed in 

unsedated ambulatory mice 6-8 weeks after intravenous AAV8.Ucn2 (5x1011 gc) or saline (Control). Five 

weeks later telemetry units were deployed in the peritoneal cavities enabling acquisition of ambulatory 

daily mean heart rate 1-2 weeks later. Systolic and diastolic blood pressure was measured by tail cuff, 

and mean blood pressure calculated. No group differences were seen in heart rate or blood pressure. 

Data are mean ± SE, group size in parenthesis. P value from Student’s t-test (unpaired, two-tails). 
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Effect of Ucn2 Gene Transfer in db/db Mice. The effects of Ucn2 gene transfer on glucose 
disposal were studied also in a second model of insulin resistance, the db/db mouse (6). 
Ucn2 expression was documented by a >450-fold increase in liver mRNA expression 1 
month after intravenous AAV8.Ucn2 (5x1011gc) in db/db mice (Fig. 5A; p=0.0016). One day 
after gene transfer (Day 1) mice that had received saline (db/db; n=11) and Ucn2 gene 
transfer (n=11) had similar levels of hyperglycemia (Fig. 5B). Although females tended to 
have higher pre-Ucn2 glucose levels (female: 218±39 g/dL, n=6; males: 154±14 mg/dL, n=5; 
p=0.18), levels 4 weeks after Ucn2 gene transfer were both normal (females: 85±8 g/dL, 
n=6; males: 85±13 mg/dL, n=5; p=0.97) indicating that Ucn2 increases glucose disposal in 
both sexes. Glucose tolerance tests in male db/db mice indicated that Ucn2 gene transfer 
was associated with increased glucose disposal (Fig. 5C; p=0.003)), similar to the results 
from mice rendered insulin resistant by HFD (Fig. 2A). There were no group differences 5 
weeks after gene transfer in body weight (saline: 34.1±1 g, n=5; AAV8.Ucn2: 34.2± 2 g, n=5; 
p=0.71) or in 5-week food consumption (saline: 117±10 g, n=5; AAV8.Ucn2: 109± 8 g, n=5; 
p=0.54). 

Glut4 Translocation and AMPK Activation. In differentiated L6 skeletal myotubes, Ucn2 
peptide (200 nM) induced plasma membrane translocation of Glut4 transporter as shown 
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by immunofluorescence staining (Fig. 6A, left) and by immunoblotting analysis (Fig. 6A, 
right). Ucn2 peptide also activated AMP kinase in cultured L6 myotubes (Fig. 6B), but Akt 
phosphorylation at Ser-473 was reduced vs control, an effect directionally opposite to 
insulin. 

Skeletal Muscle Glucose Uptake in HFD-Induced Insulin Resistance. HFD-fed mice that 
received Ucn2 gene transfer showed a 1.9-fold increased uptake of glucose in skeletal 
muscle (p<0.02; Fig. 6C).  

Energy Content in Stool. There was no group difference in energy loss in stool (HFD: 
3.73±0.07 kcal/g, n=6; HFD+Ucn2: 3.84±0.07 kcal/g, n=6; p=0.28).  

Metabolic Assessment. The Comprehensive Laboratory Animal Monitoring System 
(CLAMS) was used to assess the effects of Ucn2 on metabolic features of HFD-fed mice. No 
group differences were seen in mean rates of oxygen consumption, carbon dioxide 
production, activity or heat generation. HFD-fed mice that received Ucn2 gene transfer 
showed small (2.4%) but statistically significant increases in respiratory exchange ratio 
(Table 3). 

 

Table 2. Organ Ucn2 Expression (RT-PCR) 

Organ 
Ucn2 mRNA 

(Fold Control) 

p  

Brain 2.0±0.4 0.14 

Left Ventricle 24.9±9.2 0.018 

Liver 22798±1740 <0.0001 

Lung 4.9±2.2 0.08 

Pancreas 3.0±1.2 0.11 

Skel Muscle 4.4±2.1 0.10 

Table 2. Mice (n=5) received intravenous AAV8.Ucn2 

(5x1011gc) and organs were obtained 8 weeks later 

and Ucn2 mRNA measured using RT-PCR. 

Comparison is made with control mice that did not 

receive gene transfer (n=6). Data are mean ± SE. 

Skel, skeletal  
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Weight Gain. Ucn2 gene transfer in HFD-fed mice was associated with a trend toward 
reduced food consumption (p=0.10) but with a 34% reduction in weight gained (p=0.002) 
compared to saline-treated HFD-fed mice (Fig 7A). These mice had similar body weights 8 
weeks after HFD was instituted—reduced weight gain did not occur until Ucn2 gene transfer 

 

Table 3. Metabolic Effects of Ucn2 Gene Transfer in HFD-fed Mice 

        HFD (6) HFD + Ucn2 (6) % Change p 

VO2 (ml/kg/hr) 3350±102 3578±143 + 6.8% 0.20 

VCO2 (ml/kg/hr) 2511±90 2734±105 + 8.9% 0.11 

RER 0.746±0.004 0.764±0.005 + 2.4% 0.024 

Activity (broken photobeams) 274±59 291±62 + 6.2% 0.85 

Heat (Kcal/hr) 0.680±0.055 0.668±0.028 - 1.8% 0.76 

Table 3. Data were acquired from twelve adult mice fed HFD for 16 weeks. Six of the twelve received 

intravenous AAV8.Ucn2 (HFD + Ucn2; 5x1011gc) after week 8. Metabolic studies were conducted from 

five light-dark cycles (2.5 days), following an acclimatization period. Data are mean ± SE. P values from 

a 2-way ANOVA with repeated measures. HFD, high-fat diet; Ucn2, urocortin 2 gene transfer (5x1011gc, 

intravenous); VO2, rate of oxygen consumption; VCO2, rate of carbon dioxide production; RER, 

respiratory exchange ratio 
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was performed. The ratio of gram of weight gained to gram of food consumed, a measure 
feed efficiency, showed no group difference after 8 weeks of HFD (p=0.53). However, Ucn2 
gene transfer, performed at 8 weeks, was associated with reduced feed efficiency for the 
subsequent 8-week period (HFD: 0.06±0.01 g/g; n=8; HFD+Ucn2: 0.03±0.004 g/g, n=8; 
p<0.014). 

Histology. Intravenous AAV8.Ucn2 (5x1011gc) was not associated with adverse histological 
changes in liver, left ventricle, or skeletal muscle—no inflammation or fibrosis was seen. 
However, untreated HFD-fed mice showed fatty infiltration of the liver (Fig. 7B). 
Quantitative assessment indicated that Ucn2 gene transfer was associated with a 74% 
reduction of fatty infiltration of liver in the HFD model (p=0.015; n=8 per group; Fig. 7C), 
and a 41% reduction in hepatic triglyceride content (p=0.024; Fig. 7D). A 43% reduction in 
fatty infiltration of liver was also seen after Ucn2 gene transfer in db/db mice (n=3 per 
group), even though there was no group difference in weight among db/db mice. Skeletal 
muscle showed a non-significant reduction in triglyceride content (HFD: 30±3 nmol/mg, 
n=5; +Ucn2: 24±3 nmol/mg; p<0.15). 

 

AAV8.Ucn2 Dose-Response Relationship. AAV8.Ucn2 doses in ½-log increments from 5x109 
to 5x1011gc IV delivered to HFD-fed mice were associated, 9 weeks later, with a dose-related 
increase in plasma Ucn2 levels (Fig 8A; p<0.0001;). A dose of 1.6x1010gc increased mean 
plasma Ucn2 concentration from 1.1±0.1 ng/ml to 4.0±0.5 ng/ml. The highest vector dose 
increased mean plasma Ucn2 to 27.4±2.2 ng/ml. Dose-related reductions in fasting glucose 
were seen (Fig. 8B; p<0.0001). The effects of AAV8.Ucn2 on glucose disposal also were 
dose-dependent (p=0.0036; Figs. 8C and 8D). IV saline and AAV8.EGFP (5x1011gc, IV) had no 
effect, as anticipated.  

Necropsy. Table 4 shows that mice fed HFD for 16 weeks who had received Ucn2 gene 
transfer at onset of HFD or 8 weeks later had reduced body weight (p=0.014) and reduced 
liver weight both in absolute terms (p=0.018) and normalized for tibial length (p=0.02). 

  

DISCUSSION 
 

 The most important finding of the current study is that Ucn2 gene transfer has a 
profound and enduring effect on insulin sensitivity in HFD-fed mice (Fig. 3). A single 
intravenous injection of AAV8.Ucn2: 1) prevents hyperglycemia from developing in mice fed 
a HFD, and increases glucose disposal if delivered after hyperglycemia is present (Fig. 2A); 
2) increases insulin sensitivity, glucose disposal rate and glucose uptake in skeletal muscle 
(Figs. 3B, 3C and 6C); 3) reduces fatty infiltration of the liver (Figs. 7B, 7C and 7D); 4) reduces 
weight gain on prolonged HFD (Fig. 7A); and 5) decreases fasting hyperglycemia and 
increases glucose disposal in a second model of disordered glucose homeostasis (db/db 
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mice) (Figs. 5B and 5C). These data confirm the efficacy of Ucn2 gene transfer in reducing 
insulin resistance. These results have potential clinical application. 

 Clinical trials of intravenous infusions of Ucn2 peptide (4) or a related peptide, 
stresscopin (7), in patients with heart failure have not reported reduced blood glucose 
levels. Perhaps the effects on glucose metabolism conferred by Ucn2 gene transfer are a 
consequence of longer duration and higher plasma Ucn2 concentrations obtained with gene 
transfer than with Ucn2 peptide infusion. Indeed, six weeks after Ucn2 gene transfer 
(5x1011gc, IV) in mice, mean plasma levels were 15-fold control (5), while peak Ucn2 levels 
in human subjects during 1-4 hour peptide infusions (5-30 ng/kg/min) were 3-fold control 
and were short-lived, rapidly declining after termination of the infusion (4). However, it is 
unlikely that the high plasma Ucn2 levels attained in the present study are required for an 
effect on glucose metabolism. Our dose-response data indicate that AAV8.Ucn2 amounts 
30-fold lower provide a glucose lowering effect (Figs. 8A-D), which corresponds to a plasma 
Ucn2 level of 4.0±0.5 ng/ml, 4-fold above normal (Fig. 8A). The present study 
documents the effects of Ucn2 gene transfer on glucose disposal in two murine models of 
insulin resistance. Although the study was primarily conducted in male mice, female db/db 
mice also showed normalization of fasting glucose after Ucn2 gene transfer, suggesting that 
the effect occurs in both sexes.  

Mechanism. Our data show beneficial effects of Ucn2 gene transfer on glucose uptake in 
skeletal muscle in the basal state (Fig. 6C), and augmentation of glucose disposal upon 
insulin stimulation (Fig. 3C). Therefore, skeletal muscle clearly contributes to the increased 
insulin sensitivity observed. Ucn2 gene transfer also was associated with a 20% reduction  

 

Table 4. Necropsy HFD Mice 

 Control (8) Ucn2 Pre (9) Ucn2 Post (8) p 

Body Weight (g) 39.3±1.4 33.3±0.9 35.8±1.6 0.014 

Tibial Length (mm) 17.9±0.1 17.9±0.1 17.9±0.1 0.84 

Left Ventricle (mg) 105±2 97±4 99±3 0.15 

LV/TL (mg/mm) 5.9±0.1 5.4±0.2 5.5±0.2 0.16 

Liver (mg) 1265±89 1058±25 1022±51 0.018 

Liver/TL (mg/mm) 71±5 59±1 57±3 0.02 

Lung (mg) 157±8 156±4 156±4 0.92 

Table 4. Mice received IV saline or AAV8.Ucn2 (5 x 1011 gc) at the beginning (Ucn2 Pre) or 8 weeks after 

high fat diet (Ucn2 Post). After a total of 16 weeks on HFD, organs were collected and weighed. Values 

represent mean ±SE. P values are from 1-way ANOVA. TL, tibial length  
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in hepatic glucose production (Fig. 3D), which may have contributed to improved glucose 
homeostasis. 

Insulin acts by increasing Akt phosphorylation of Ser-473, which promotes Glut4 
translocation to the plasma membrane and increased glucose disposal. Ucn2 peptide 
increases Glut4 translocation similarly to insulin (Fig. 6B) but, in contrast to insulin, 
phosphorylation of Ser-473-Akt is decreased (Fig. 6B), indicating a novel pathway for Ucn2-
related Glut4 translocation and increased glucose disposal. Glut4 translocation is associated 
with AMPK phosphorylation (Fig. 6B) (8) and is an expected consequence of CRHR2 receptor 
activation, which triggers cAMP-PKA signaling (1,2). That Ucn2 gene transfer did not 
increase glucose disposal in CRHR2-deleted mice rendered insulin resistant by HFD (Fig. 4B) 
supports this idea. A previous study (9) found no change in fasting blood glucose after 4 
weeks of HFD in a different CRHR2-deleted line, which may reflect a difference in line or an 
inadequate duration of HFD (4 weeks vs 8-18 weeks in the current study).  

Metabolic Effects. Ucn2 activation of CRHR2 receptors in brain and the gastrointestinal 
tract can alter satiety and thereby reduce food consumption (3). Although we saw non-
significant reductions in food consumption (5%; p=0.10), there was a 34% reduction in 
weight gain (p<0.002) in Ucn2 mice on HFD (Fig. 7A). However, db/db mice showed similar 
increases in glucose disposal after Ucn2 gene transfer but no change in food consumption 
or weight gain, indicating that Ucn2’s effects on glucose disposal are not due to reduced 
weight alone. Metabolic studies of mice fed HFD for 16-17 weeks indicated that Ucn2 gene 
transfer did not increase total activity, heat generation, or the rates of oxygen consumption 
or carbon dioxide production (Table 3). The biological importance of a 2.4% increase in 
respiratory exchange ratio following Ucn2 gene transfer is unknown, although it indicates a 
small increase in metabolism of carbohydrate vs fat.  

 Gross malabsorption was not evident, but to evaluate this possibility we performed 
bomb calorimetric studies on stool from HFD-fed mice. We found that Ucn2 gene transfer 
had no effect on energy loss in stool, which makes malabsorption unlikely. We then 
evaluated feed efficiency, a measure of weight gained per food consumed (10) and 
documented that Ucn2 gene transfer was associated with a 50% reduction in feed efficiency 
(p<0.014). The values for feed efficiency in mice on HFD (0.06±0.01 g/g) are in line with 
previous reports, where a mean feed efficiency of 0.06 g/g was reported (10). A treatment 
for T2DM that increases insulin sensitivity and glucose disposal while attenuating weight 
gain and reducing fatty infiltration of liver would be a welcome addition to current clinical 
therapy. Reduced fatty infiltration of the liver appeared to be independent of weight gain: 
it also was seen after Ucn2 gene transfer in db/db mice despite no group difference in 
weight. HFD mice that received Ucn2 gene transfer had reduced hepatic triglyceride content 
and reduced liver weight.  

Previous Studies. Elevation in plasma Ucn2 increased insulin sensitivity, an unanticipated 
and previously unreported phenomenon. Indeed, Ucn2 deletion was reported to increase 
skeletal muscle glucose clearance (11). However, deletion of a gene is not the opposite of 
its expression vis-à-vis overall physiological integration. For example, this finding, which 
seems to contradict our studies, may reflect centrally mediated effects. In a transgenic line 
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with general Ucn3 over expression, increased glucose clearance in HFD-fed mice was 
reported (12). However, these Ucn3 expressing mice, unlike the mice that received Ucn2 
gene transfer in the present study, showed no change in insulin sensitivity. The mechanism 
for increased glucose clearance in the Ucn3 transgenic line may relate to phenotypic 
features of the line, which included increased skeletal muscle mass and body weight. In 
addition, that study found a 44-fold increase in brain Ucn3, which confounds data 
interpretation because of central effects of Ucn3. In our study, Ucn2 expression was not 
increased in brain (Table 2). 

 Ucn3 but not Ucn2 is expressed in pancreatic beta cells and is required for glucose- and 
incretin-stimulated insulin secretion (13). High levels of transgene Ucn2 may activate CRHR2 
receptors in pancreatic beta cells and thereby influence insulin release. However, Ucn2 
gene transfer reduced plasma insulin levels in HFD mice (Fig. 2B; p<0.007). The 
normalization of fasting hyperglycemia combined with increased glucose disposal (HFD: Fig. 
2A, p=0.003; db/db: Fig. 5C, p=0.003) and increased insulin sensitivity (Fig. 2C; p=0.0004), 
indicate that Ucn2 gene transfer reduced insulin resistance, as confirmed by 
hyperinsulinemic-euglycemic clamp studies (Fig. 3). 

Gene and Cell Therapy. The potential safety of intravenous delivery of an AAV8 vector was 
demonstrated in an early-phase gene transfer clinical trial in patients with hemophilia B 
(14). Although we can find no previous reports using gene transfer of an insulin-sensitizing 
peptide to treat insulin resistance or T2DM, there have been reports of other novel 
therapies. For example, Islet-cell transplantation has been successful clinically (15), 
although donors are difficult to procure and rejection has been a problem. An early phase 
clinical trial showed that polyclonal regulatory T cell immunotherapy might be effective in 
treating type 1 diabetes (16). Gene transfer has been successful in preclinical models of 
diabetes. For example, insulin and glucokinase gene transfer (17) and gene transfer of both 
the NK1 fragment of hepatocyte growth factor (HGF/NK1) and glucagon-like peptide-1 
(GLP-1), which appears to promote Islet generation (18), have been successful in preclinical 
studies. However, these therapies have focused on insulin deficiency — type 1 and late 
stage T2DM. In contrast, the current studies focused on earlier stage insulin resistance using 
a transgene that increases insulin sensitivity.  

Cardiac Effects of Urocortin 2. We have demonstrated that Ucn2 gene transfer in normal 
mice has beneficial effects on LV contractile function through augmentation of Ca2+ 
handling (5). The safety and efficacy of Ucn2 peptide infusion has been confirmed in large 
animal models of HF (19) and in patients with HF (4). A clinical HF study using infusion of an 
Ucn2-related peptide, stresscopin, found similar results (7). We also recently showed that 
Ucn2 gene transfer increases function of the failing heart in mice (20). T2DM is commonly 
present in patients with HF. In patients with both HF and T2DM, Ucn2 gene transfer could, 
in theory, resolve insulin resistance and increase LV function concurrently. 

 In clinical trials, Ucn2 peptide infusion has been bedeviled with hypotension and reflex 
tachycardia. In the present study we saw no group differences in mean daily heart rate 
assessed by continuous telemetry or in basal blood pressure assessed by tail cuff (Table 1). 
This may reflect tachyphylaxis to vasodilation associated with long duration and gradual  
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onset Ucn2 exposure. In contrast, the effects of Ucn2 gene transfer on blood glucose 
persisted for the duration of testing (16-17 weeks) without decrement in degree of effect. 
The absence of basal hypotension and tachycardia is reassuring vis-à-vis prospects for 
future clinical trials.  

Translation to Clinical Application. AAV8.Ucn2 dose-response data (Figs. 8A-D) indicate 
that a dose of 5x1010gc (1.9x1012gc/kg) is associated with a 44% reduction in AUC, and a 
dose of 1.6x1010gc (6x1011gc/kg) with an 18% reduction in AUC (Figs. 8C and 8D). Previous 
studies have shown that a 20% reduction in AUC is efficacious in treating clinical T2DM (21), 
suggesting that a dose of 6x1011gc/kg, 30-fold lower than the highest dose used in the 
present study, may be effective in clinical settings. This would limit adverse effects that may 
be associated with higher doses of AAV8. These doses (1.9x1012gc/kg and 6x1011gc/kg) are 
similar to the highest two doses of an AAV8 vector encoding Factor IX used safely in a gene 
transfer trial in human subjects with Hemophilia B (2x1012gc/kg, and 6x1011gc/kg, IV) (14).  

Clinical Implications. Diabetes was reported to affect 12-14% of the US adult population in 
2011-2012 (22), 95% of whom have T2DM. T2DM is a major risk factor for stroke, 
neuropathy, kidney failure, blindness, myocardial infarction and heart failure. Few diseases 
affect so many organs or are as prevalent. The discovery and development of more effective 
therapies is imperative. Intravenous delivery of an AAV vector encoding Ucn2 provides 
numerous possible advantages over oral T2DM agents and insulin: 1) The insulin sensitizing 
effect of Ucn2 gene transfer would be anticipated to preserve beta-cell function, a goal in 
the management of patients with early T2DM; 2) Some oral T2DM agents, including 
thiazolidinediones, appear to be hazardous in patients with coronary artery disease or HF 
(23). In contrast, Ucn2 has beneficial effects on the heart (2,4,5,19,20); 3) Repeated insulin 
injections or frequent oral medications are a nuisance for many patients — Ucn2 gene 
transfer would circumvent this with a one-time treatment; 4) Insulin and some oral T2DM 
agents are associated with weight gain. In contrast, Ucn2 gene transfer is associated with 
reduced weight gain in mice fed HFD (Fig. 7A); 5) Ucn2 gene transfer reduced fatty 
infiltration of the liver in both models of insulin resistance (Figs. 7B and 7C). Non-alcoholic 
fatty liver disease is a rapidly increasing problem, particularly among patients with T2DM 
and metabolic syndrome, and is a common cause for liver transplantation (24). So this effect 
of Ucn2 gene transfer in the setting of insulin resistance has important clinical implications.  

Limitations. The precise molecular pathways beyond Glut4 translocation that explain the 
favorable and novel effects of Ucn2 gene transfer on glucose disposal will require additional 
studies. Elevation of Ucn2, an endogenous peptide hormone, could potentially have 
adverse consequences in humans that are not apparent in mice. However, T2DM is a life-
threatening disease, and, despite many currently available medical options, few appear to 
effectively reduce its morbidity and mortality. The proposed therapy would serve an unmet 
medical need. Studies in nonhuman primates with T2DM will be initiated soon, and, if 
insulin sensitivity and glucose disposal are safely increased in these studies, we hope to 
initiate a clinical trial.   

Conclusion. A one-time intravenous injection of an AAV8 vector encoding urocortin 2 
increases insulin sensitivity and glucose disposal, provides long-lasting resolution of 
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abnormal glucose homeostasis, and reduces fatty infiltration of liver in two murine models 
of insulin resistance, suggesting a potential long-term therapy in clinical type-2 diabetes. 

 

MATERIALS & METHODS 
 

AAV8.Ucn2 Vector Production. An AAV8 vector encoding murine Ucn2 with a chicken β-
actin (CBA) promoter (Fig. 1A) was produced as detailed previously (5). Plasmid pRep2/Cap8 
was obtained from the University of Pennsylvania Vector Core.  
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Animal Use. The ‘Principles of laboratory animal care’ (NIH publication no. 85–23, revised 
1985) were followed and the Animal Use and Care Committees of the VA San Diego 
Healthcare System and the University of California San Francisco approved the studies. The 
numbers of animals used in each set of experiments, their weights, ages, sex, and animals 
that died or had unusable data are outlined in Table 5. There were 203 mice used, ranging 
in age from 5-16 weeks, weighing 27.7 to 35.6 grams depending on the protocol. All but 12 
animals were male. Thirteen mice were excluded: 8 due to unusable data (determination 
made prior to unblinding) and 5 due to death during anesthesia or surgery; 4 prior to vector 
delivery (Table 5). Animal numbers are stated also in Figure legends and Tables. 

Studies in Normal Mice on Normal Diets. Fifty-nine normal mice on normal chow were 
used to evaluate the effects of Ucn2 gene transfer on fasting blood glucose, blood pressure 
and heart rate. AAV9 encoding enhanced green fluorescence protein (AAV9.EGFP) was used 
as an additional control to ensure the effect on blood glucose was Ucn2-specific. Normal 
mice received intravenous AAV9.EGFP (5x1011gc), saline or AAV8.Ucn2 in doses ranging 
from 5x109 to 5x1011gc. The effects of Ucn2 gene transfer on blood pressure and heart rate 
were assessed in unsedated ambulatory mice 6-8 weeks after Ucn2 gene transfer (5x1011gc, 
IV). To accomplish this, five weeks after gene transfer or saline PhysioTel® ETA-F20 
transmitters (Data Sciences International, St. Paul, MN) were implanted intraperitoneally, 
and continuous electrocardiographic recording was initiated 1 week later and continued for 
5 days to enable acquisition of ambulatory daily mean heart rate as previously reported 
(25). Systolic and diastolic blood pressure wasmeasured by tail cuff (Visitech Systems, Apex, 
NC), and mean blood pressure calculated.  

High-Fat Diet-Induced Insulin Resistance. To determine the effect of Ucn2 gene transfer on 
glucose disposal, we used HFD to induce insulin resistance and hyperglycemia in normal 
mice. Mice were provided (ad libitum) a cereal-based diet (Harlan Teklad Lab, Madison, WI, 
USA) for 5 weeks and then switched to a HFD (60 kcal%; Research Diets, New Brunswick NJ, 
USA) for durations and group sizes indicated in individual experiments. Mice received 
intravenous AAV8.Ucn2 (5x1011gc) or saline either at the initiation of HFD or 8 weeks later. 
Mice were housed (20-21oC) with lights off from 6 PM to 6 AM daily. Food consumption and 
body weight were recorded weekly. A second group of normal mice was fed HFD for 16 
weeks. After week 8, they received IV injection of: saline, AAV8.EGFP (5x1011gc), or 
AAAV8.Ucn2 in 1 of 5 doses from 5x109gc to 5x1011gc in ½ log increments. These data were 
used to determine the relationship between AAV8.Ucn2 dose and plasma Ucn2 
concentration and glucose disposal via glucose tolerance testing. 

Murine Genetic Model of Insulin Resistance. B6.BKS(D)-Lepr<db>/J diabetic mice (db/db) 
maintain increased plasma insulin levels and insulin resistance until late in life, providing a 
suitable T2DM model (6). Mice (10 male; 12 female) received intravenous AAV8.Ucn2 
(5x1011gc; n=11) or saline (n=11). They were provided (ad libitum) a cereal-based diet 
(Harlan Teklad Lab, Madison WI, USA) for 6 weeks. Mice were housed (20-21oC) with lights 
off from 6 PM to 6 AM daily. Food consumption and body weight were recorded weekly. 

AAV8.Ucn2 Delivery. Under anesthesia (1.5% isoflurane via nose cone) a small incision was 
made on the neck to expose the jugular vein for intravenous delivery. Mice were injected  
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with AAV8.Ucn2 (in 50 l PBS) or an equivalent volume of saline (control). 

Glucose Tolerance Test. Mice were fasted for 12 hr and received glucose (2 g/kg, IP). Blood 
glucose levels were measured before and 30, 60, 90, and 120 min after glucose injection. 
Blood was collected via a small tail incision and glucose was measured using Contour® Blood 
Glucose Meter via Blood Glucose Test Strips (Bayer, Whippany NJ). 

Insulin Tolerance Test (ITT). Nonfasted mice received insulin (0.75 units/kg, IP) and blood 
glucose levels were measured before and 30, 60, 90, and 120 min later.  

ELISA. Plasma insulin was measured using the Mouse Insulin ELISA Kit (Crystal Chem Inc, 
Downers Grove IL). Plasma C-peptide level was determined using the Mouse C-peptide 
ELISA Kit (Alpco, Salem, NH).  

Hyperinsulinemic-Euglycemic Clamps. These studies were performed on HFD-fed mice (8 
weeks old; Table 5). Upon receipt, they were continued on HFD and received intravenous 
Ucn2 gene transfer (5x1011gc; n=9) or intravenous saline (n=9) within 1 week. The two 
groups underwent clamp studies 17±1 weeks after gene transfer, having been sustained on 
HFD continuously. Clamps were conducted in weight-matched conscious mice after a 6 hr 
fast as previously described (26). Mice were anesthetized using ketamine (100 mg/kg), 
acepromazine (3 mg/kg), and xylazine (10 mg/kg) and jugular vein cannulation placed 4 days 
before clamp measurement. On the day of the clamp, body weight was recorded and blood 
glucose measured (6 hr fasting). Mice then were placed in a Lucite restrainer (Braintree 
Scientific, Braintree, MA) and blood samples obtained (-60 min) for plasma insulin 
concentration. Equilibrating [3-3H] D-glucose tracer solution (PerkinElmer; 41.6 μCi 3H/ml) 
was then infused (2 μl/min IV, 60 min). At the end of the equilibration period (t = 0 min), 
two 15 μl blood samples were obtained and deproteinized using 125 μl ZnSO4 (0.3 N) and 
125 μl BaOH (0.3 N) for assessment of tracer-specific activity and basal glucose disposal 
rate. To clamp after the equilibration period, a cocktail containing 8% BSA, insulin (Humulin 
R, Eli Lilly and Company, 10.0 mU/kg/min), and tracer (41.6 μCi/ml) was infused at a 
constant rate (2.0 μl/min) along with a variable glucose infusion (50% dextrose, 454 mg/ml). 
Blood glucose was assessed using blood glucose meter and test strips every 10 min, and 
infusion rate was adjusted until steady-state blood glucose (120±10 mg/dl) was achieved. 
The clamp was terminated when steady-state conditions were maintained for ≥ 20 min 
(~120 min), at which time two 15 μl blood samples were obtained for assessment of tracer-
specific activity and insulin-stimulated glucose disposal rate (t ~120 min). Blood (70 μl) was 
collected before and after the clamp for measurement of plasma insulin concentration. 

CRHR2 Deleted Mice. To determine whether Ucn2 effects on glucose disposal were 
mediated through its cognate receptor, CRHR2, Ucn2 gene transfer was performed in 
CRHR2-deleted mice 8 weeks after initiation of HFD, which was continued for a total of 17 
weeks (9 weeks after gene transfer). CRHR2+/- × CRHR2+/- mice and CRHR2-/- × CRHR2-
/- (C57BL/6 background) were bred to obtain CRHR2+/+ (wild type, WT) and CRHR2-/- mice 
(27). Mice were housed in a temperature and light-controlled room (22-24°C; 12 hr light/12 
hr dark) and were bred at a University of California, San Francisco housing facility.  
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 After assessment of baseline glucose levels, CRHR2-/- littermates (10-12 weeks of age; 
34.7±1.4 grams) were put on a HFD for 8 weeks. Mice then underwent glucose tolerance 
testing and subsequently received either intravenous saline or AAV8.Ucn2 (5x1011gc). Mice 
were assigned to two groups: 1) HFD + AAV8.Ucn2 (n=8); 2) HFD + saline (n=8). Nine weeks 
after AAV8.Ucn2 or saline injection, mice again underwent glucose tolerance testing.  

Skeletal Muscle Glucose Uptake. Normal mice received intravenous Ucn2 gene transfer 
(5x1011gc, n=6) or intravenous saline (n=6) and underwent glucose uptake studies 6 weeks 
later. A mixture of glucose (2.5 g/kg), [3H]-2-deoxy glucose (10 µCi/mouse), and [14C]-L-
glucose (1 µCi/mouse) was administrated intraperitoneally 60 min before harvesting 
samples of gastrocnemius muscle. Tissues were homogenized in water and then were 
added to scintillation fluid to be counted. [3H]-2-dexoy-glucose uptake was corrected for 
non-specific trapping of extracellular space by [14C]-L-glucose and divided by the [3H]-
radioactivity of plasma glucose. 

Glut4 Translocation Assay. Plasma Membrane Isolation. L6-mycGlut4 cells (Kerafast, USA) 
were differentiated by culturing in 2% FBS + MEM for seven days. Cells were incubated in 
serum-free medium for 3 hr and then incubated with insulin (100 nM, 30 min) or urocortin 
2 (200 nM, 30 min). Cells were washed once with cold DPBS and plasma membrane was 
isolated using Qproteome Plasma Membrane Protein Kit (Qiagen, USA). Glut4 
Translocation. L6-mycGlut4 cells were prepared as outlined in the preceding section and 
washed once with cold DPBS containing Ca2+/Mg2+ and fixed with cold 4% PFA in DPBS for 
15 min followed by three DPBS washes. Fixed cells were blocked with 5% goat serum in 
DPBS (21°C, 30 min) and then incubated with anti-myc tag antibody (clone 9B11, Cell 
Signaling Technology, USA) in DPBS (4°C, 8 hr). After washing with DPBS, epitope-bound 
primary antibodies were detected using Alexa 488-conjugated anti-mouse IgG antibodies. 
Images were acquired using a Deltavision RT deconvolution microscope.  

Energy Content in Stool. To determine if Ucn2 gene transfer affected absorption of food, 
12 mice were placed on HFD (33 weeks). At week 13, 6 of 12 received intravenous Ucn2 
gene transfer (5x1011gc). The energy content in fecal samples was measured by Kinetica, Inc 
(Franklin OH). Stool samples (stored at -20° C) were dried in a convection oven (100° C, 6 
hr). Energy content for each stool specimen was determined from the heat of combustion 
measured with an oxygen bomb calorimeter. Testing was conducted according to standard 
guidelines (28). 

Metabolic Studies. The Comprehensive Laboratory Animal Monitoring System (CLAMS, 
Columbus Instruments, Columbus OH) was used to assess oxygen consumption and activity 
level in 12 normal mice fed HFD for 16 weeks. Six of the 12 mice received intravenous 
AAV8.Ucn2 (5x1011gc) midway through the 16-week HFD period. Mice were placed in 
standard metabolic cages for 5 days while measurements were continuously acquired. Data 
from 5 light-dark cycles following a 1.5-day acclimation period were used in the analysis. 

RT-PCR and Immunoblotting was conducted as previously described (6). The antibodies to 
the phosphorylated forms of AMPK, phosphatidylinositol-3-kinase (PI3K), protein kinase B 
(Akt), glycogen synthase kinase 3 (GSK3) and p70S6K were purchased from Cell Signaling 
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(Billerica MA) and antibody to phosphorylated peroxisome proliferator-activated receptor 
γ (PPARγ) was purchased from Santa Cruz Biotechnologies (Santa Cruz CA). 

Histology. A subset of mice fed HFD for 8 weeks received intravenous Ucn2 gene transfer 
(5x1011gc, n=8) or saline (n=8), continued 8 additional weeks on HFD and then killed. 
Samples of liver and transmural sections of the left ventricular (LV) free wall were formalin-
fixed and paraffin-imbedded. Five micron sections were mounted and counterstained with 
hematoxylin and eosin and with Masson’s trichrome and examined for fibrosis and 
inflammation. To quantify fatty infiltration of liver, slides were scanned (NanoZoomer 2.0HT 
Slide Scanner; Hamamatsu, Japan), planimetered and reported as percentage of total area.  

Hepatic and Skeletal Muscle Triglyceride Content. Hepatic and skeletal muscle triglyceride 
content was determined using a colorimetric/fluoro-metric kit (Biovision Inc, Milpitas, CA). 
Liver and skeletal muscle samples (100 mg) were homogenized in 1 ml of water containing 
5% NP-40 using Tissuemiser (Thermo Fisher Scientific, CA). Lysates were heated (100° C, 5 
min) cooled (25° C) twice. After centrifugation (15000 x g, 2 min) the supernatant was 
assayed for triglyceride content, which was reported as nmol per mg of liver or skeletal 
muscle (wet weight). 

Necropsy. Body, liver, lung and LV weight (including interventricular septum) and tibial 
length were recorded. A short axis midwall LV ring, a short-axis sample of skeletal muscle 
at mid-calf level, and samples of liver were obtained and portions quickly frozen in liquid 
nitrogen and stored at −80° C or fixed in formalin and embedded in paraffin.  

Statistical Analysis. Data represent mean ±SE; group differences were tested for 
significance using Student’s t test (unpaired, 2-tailed) or repeated measures ANOVA. In 
glucose tolerance tests, the trapezoidal rule was applied to determine area under the curve 
(AUC). The null hypothesis was rejected when p<0.05. Analyses were performed using 
GraphPad Prism (GraphPad Software, Inc. San Diego CA, USA). Those collecting and 
analyzing data obtained from physiological experiments were blinded to group identity.  

Study approval. The ‘Principles of laboratory animal care’ (NIH publication no. 85–23, 
revised 1985) were followed and the Animal Use and Care Committees of the VA San Diego 
Healthcare System and the University of California San Francisco approved the studies.   
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ABSTRACT 

 

Background. Heart failure with preserved ejection fraction (HFpEF) increases with aging. 
We previously reported that Ucn2 gene transfer increases function of the failing left 
ventricle (LV) in mice with HFrEF. Here we test the hypotheses that 1) Ucn2 gene transfer 
increases LV diastolic function in aged mice; and 2) Ucn2 gene transfer given in early life 
prevents age-related diastolic dysfunction.  

Methods. C57Bl/6 mice underwent 2 parallel studies: treatment and prevention. 24m-old 
(treatment strategy) and 3m-old (prevention strategy) mice received urocortin 2 (Ucn2) 
gene transfer or saline and LV dimensions and ejection fraction (EF) were assessed serially 
(echocardiography). The peak rates of LV pressure development and decay were measured 
in terminal studies.  

Results. Treatment strategy: Among aged mice, 3-4 months after Ucn2 gene transfer we 
saw increased EF (p<.0002) and reduced end-diastolic and end-systolic diameters (EDD: 
p=.004; ESD, p<.0002). Ucn2 gene transfer increased both peak -dP/dt (p=.004), and peak 
+dP/dt (p<.0002). Prevention strategy. Among mice that received Ucn2 gene transfer when 
3m-old, 20m after Ucn2 gene transfer we saw increased EF (p=.0002) and reduced ESD 
(p=.002). Ucn2 gene transfer increased both peak LV -dP/dt (p=.03), and peak LV +dP/dt 
(p<.0005). Ucn2 gene transfer was associated with higher levels of LV SERCA2a protein, and 

reduced levels of LV phosphorylation of CamKIIa, and α-skeletal actin mRNA.  

Conclusions.  Ucn2 gene transfer restores normal diastolic function in mice with age-related 
impairment in LV filling, and prevents development of diastolic dysfunction. 
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INTRODUCTION 

 

Heart failure (HF), a major cause of death, affects 6 million people in the US and its 
prevalence increases with age (1). In recent decades it has become apparent that patients 
with preserved left ventricular (LV) ejection fraction (EF) but symptoms of HF (HFpEF) 
should be considered separately from those with HF and reduced EF (HFrEF) (2). Patients 
with HFpEF comprise up to 50% of the HF population (3) and have abnormal ventricular 
filling, often due to hypertension and associated hypertrophy and increased stiffness of the 
myocardium which is associated with diabetes and with advanced age (3, 4). 

Patients with HFrEF have several interventions (pharmacological and devices) that reduce 
hospitalization rates and mortality, although outlook remains poor even with optimal 
therapy. In contrast, patients with HFpEF do not respond to similar interventions—in 
general pharmacological therapies have provided some symptom relief, but have not 
influenced clinical outcomes such as hospitalizations for HF or mortality (4). New therapies 
for HFpEF are needed. In the current study we test the effectiveness of urocortin 2 (Ucn2) 
gene transfer in mice as a treatment for and prevention of age-related diastolic dysfunction.  

Urocortin 2, a member of the corticotropin releasing factor (CRF) family, is a 38-amino acid 
peptide that binds with high affinity to the corticotropin releasing hormone receptor 2 
(CRHR2). The inotropic effects of Ucn2 have been shown in preclinical studies in which Ucn2 
peptide infusion increased LV contractile function in mice with HFrEF (5). This study also 
reported improvement in LV diastolic function. Additionally, studies in large animals (6) and 
humans (7-9) have confirmed the safety and the beneficial effects of Ucn2 peptide infusion 
on measures of heart function in HFrEF. To our knowledge, no studies have investigated the 
effects of Ucn2 in the setting of HFpEF. 

Considering the short half-life of Ucn2 (15 minutes) (10), continuous intravenous (IV) 
infusion of Ucn2  peptide would be necessary in order to have sustained effects on the 
failing heart. This limitation diminishes the clinical usefulness of Ucn2 peptide infusion as a 
viable HF treatment. To overcome this impediment, we have proposed Ucn2 gene transfer 
to provide increased and sustained plasma levels of Ucn2. We previously demonstrated in 
preclinical studies that such an approach is feasible. For example, intravenous (IV) delivery 
of an adeno-associated virus vector encoding Ucn2 (AAV8.Ucn2), elevated plasma Ucn2 
levels, and increased systolic and diastolic LV function in normal mice and in mice with 
HFrEF (11-13). However, Ucn2 gene transfer has not previously been tested in mice with 
impaired diastolic function and preserved EF. A second goal of the present study was to 
determine whether Ucn2 gene transfer performed in early life (3m-old) could thwart age-
related HFpEF in late life. Since many heart failure patients are of advanced age, this is 
particularly relevant. Therefore, in the present study we test two hypotheses: 1) Ucn2 gene 
transfer increases LV diastolic function in aged mice; and 2) Ucn2 gene transfer in early life 
prevents age-related diastolic dysfunction.   
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MATERIALS AND METHODS 
 

AAV8.Ucn2 Vector. HEK293T cells were transfected with the pRep2/Cap8 and pAd-Helper 
plasmid (13), for the production of an AAV8 vector encoding murine urocortin-2 (Ucn2) 

driven by a chicken -actin (CBA) promoter (AAV8.CBA.Ucn2; Fig 1). Plasmid pRep2/Cap8 
was obtained from the University of Pennsylvania Vector Core. Virus vectors were then 
purified and concentrated as previously described (12, 14). Real-time PCR with virus 
genome DNA prepared from purified virus was used to quantify virus titers. 

Animal Use. The Animal Use and Care Committee of the VA San Diego Healthcare System 
approved the studies. In this study to answer our first hypothesis we used 10 male mice 
(C57BL/6J; Jackson Laboratories, Bar Harbor, ME, USA) 10.7±.6 weeks old (Treatment, 
Young), weighing 27.8±.5g and 23 male mice (C57BL/6J) 102 weeks old (Treatment, Aged), 
weighing 33.4±.5g (Fig. 1B, i). To answer our second hypothesis, we used 29 male mice 
(C57BL/6J) 11.9±.4 weeks old, weighing 26.4±.5g and 19 female mice (C57BL/6J) 10.2±.1 
weeks old (Prevention), weighing 18.5±.2g (Fig. 1B, ii). From those 48 mice, 5 that received 
saline and 6 that received AAV8.mUcn2 died before the terminal study. All of the mice were 
provided (ad libitum) a cereal-based diet (Harlan Teklad Lab, Madison, WI, USA) and tap 
water. Mice were housed (20-21oC) with lights off from 6 PM to 6 AM daily. 

Ucn2 Gene Transfer. Under anesthesia (1.5% isoflurane via nose cone), the jugular vein was 

exposed. AAV8.Ucn2 (1.9 x 1013 gc/kg in 100 l) or a similar volume of saline was delivered 
using a syringe with a 31-gauge needle.  

Plasma Urocortin 2. In a terminal study under anesthesia, the carotid artery was bled and 
blood was collected (with EDTA) and centrifuged (1600 × g, 15 min). Plasma was collected 
and stored at -80°C. Plasma Ucn2 levels were measured using a mouse urocortin 2 enzyme 
immunoassay (EIA) kit (Kamiya Biomedical, Seattle, WA). 

Echocardiography. Echocardiography was performed as previously described (11), using a 
Vevo 3100 ultrasound system (Visualsonics, Toronto, Canada) and an MX550s transducer, 
to document LV function and to record LV chamber dimensions.  

 

LV Function. Using a 1.4F micromanometer catheter (SPR 839, Millar Instruments, Houston, 
Texas) that was advanced, via the right carotid artery across the aortic valve, into the LV 
cavity, left ventricular pressure signal was recorded, stored digitally and then processed 
(IOX V2.9.5 Emka Technologies, Christchurch, VA) as previously reported (15). The first 
derivative of LV pressure development (LV +dP/dt) and decline (LV -dP/dt) were used to 
assess LV systolic and diastolic function, respectively. 

RT-PCR, Immunoblotting. LV and liver samples were collected and stored at -80°C. Total 
RNA was isolated and reverse transcribed into cDNA which was used in quantitative PCR as 
previously described (11). All gene specific primers used in PCR are listed in Table 1. 
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Immunoblotting was performed as described previously (11). The following antibodies were 
used: phospho-CamKII (Santa Cruz Biotechnology, Santa Cruz, CA); and SERCA2a (Enzo Life 
Sciences, Farmingdale, NY). 

Necropsy and Histology. Body, liver, lung and LV weight (including interventricular septum) 
were recorded. Samples of liver and transmural LV were formalin-fixed and paraffin-

 

Table 1. Primers 

Gene Forward Reverse 

β1AR 5’-TCGTGTGCACCGTGTGGGCC 5’-AGGAAACGGCGCTCGCAGCTGTCG 

β2AR 5’-AGGAGGGTTTGGGGAAGTTTA 5’-CATGATCCTCTCGTTCAAAGCC 

AC5 5’-CTCATCTTCTCCTGCACCAAC 5’-GGAAGGACAGACAGCAGGAG 

AC6 5’-TGGGCCTCTCTACTCTGCAT 5’-TGGATGTAACCTCGGGTCTC 

AT1aR 5’-AACAGCTTGGTGGTGATCGTC 5’-CATAGCGGTATAGACAGCCCA 

Serca2a 5’-CTGTGGAGACCCTTGGTTGT 5’-CAGAGCACAGATGGTGGCTA 

Bcl-2 5’-AAGCCGGGAGAACAGGGTAT 5’-CAGGTATGCACCCAGAGTGAT 

Cx-43 5’-TTGACTTCAGCCTCCAAGG 5’-AATGAAGAGCACCGACAGC 

ANF 5’-CCTCGTCTTGGCCTTTTGG 5’-CATCTTCTACCGGCATCTTC 

BNP 5’-GAAGTCCTAGCCAGTCTCC 5’-CAGCTTGAGATATGTGTCACC 

α-MHC 5’-AAAGGCTGAGAGGAACTACC 5’-ACCAGCCTTCTCCTCTGC 

β-MHC 5’-GCTGAAAGCAGAAAGAGATTATC 5’-TGGAGTTCTTCTCTTCTGGAG 

CARP 5’-CTGAACCTGTGGATGTGCC 5’-GGCTCCAGCCTCCATTAACT 

FHL-1 5’-TGCAACAAGTGCGCTACTCG 5’-CAATGTTTGGCGAACTTGGTC 

α-cardiac actin 5’-GTGTTACGTCGCCCTTGATT 5’-TGAAAGAGGGCTGGAAGAGA 

α-skeletal actin 5’-GTGTCACCCACAACGTGC 5’-AGGGCCACATAGCACAGC 

MMP2 5’-GAGTTGCAACCTCTTTGTGC 5’-CAGGTGTGTAACCAATGATCC 

MMP8 5’-GACTCTGGTGATTTCTTGCTAAC 5’-CACCATGGTCTCTTGAGACG 

TIMP1 5’-GACAGCTTTCTGCAACTCGG 5’-CTTGTGGACATATCCACAGAGG 

TIMP2 5’-TCAGAGCCAAAGCAGTGAGC 5’-GCCGTGTAGATAAACTCGATGTC 

TIMP3 5’-CTTCTGCAACTCCGACATCGT 5’-GGGGCATCTTACTGAAGCCTC 

TIMP4 5’-TGTGGCTGCCAAATCACCA 5’-TCATGCAGACATAGTGCTGGG 

Coll1α1 5’-GCCAAGAAGACATCCCTGAAG 5’-GGGTCCCTCGACTCCTAC 

Coll3α1 5’-GCACAGCAGTCCAACGTAGA 5’-TCTCCAAATGGGATCTCTGG 

OSF2/periostin 5’-CCAGTCAAGAGCATCAGCAA 5’-TAAGTAGTGCAGCCCGGAGT 

Fibronectin 5’-AATGGAAAAGGGGAATGGACC 5’-CTCGGTTGTCCTTCTTGCTC 

mUcn2 5’-ACTCCTATCCCCACCTTCCA 5’-AAGATCCGTAGGAGGCCAAT 

GAPDH 5’-CATGTTCCAGTATGACTCCACTC 5’-GGCCTCACCCCATTTGATGT 

β1AR, β1 Adrenergic receptor;   β2AR, β2 Adrenergic receptor; AC5, Adenylyl cyclase 5; AC6, Adenylyl cyclase 6; AT1aR, 
Angiotensin subtype 1a receptor; Serca2a, Sarco/endoplasmic reticulum Ca2+ ATPase 2a; Bcl-2, B-cell lymphoma 2; Cx-
43, Connexin 43; ANF, Atrial Natriuretic Factor; BNP, Brain Natriuretic Peptide; α-MHC, α-Myosin Heavy Chain; β-MHC, 
β-Myosin Heavy Chain; CARP, Cardiac Ankyrin-Repeated Protein; FHL-1, Four-and-a-Half LIM domain protein 1; MMP2, 
Matrix Metalloproteinase 2; MMP8, Matrix Metalloproteinase 8; TIMP1-4, Tissue Inhibitor or Metalloproteinase 1-4; 
Col1, Collagen 1; Col3, Collagen 3; OSF2, Osteoblast Specific transcription Factor 2; mUcn2, murine Urocortin 2; GAPDH, 
Glyceraldehyde 3-phosphate dehydrogenase. 
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embedded. Five-micron sections were mounted and counterstained with hematoxylin and 
eosin and with Masson’s trichrome. Slides were then scanned using an Axio Scan Z1 slide 
scanner (Zeiss, Oberkochen, Germany) and analyzed with ImageJ V1.49 software (Bethesda, 
MD, USA). 

Statistical Analysis. Data acquisition and analysis were done without knowledge of group 
identity. Group sizes were determined by power calculations. We used only male mice 
because aged female mice were not available from the vendor. The hypothesis was that 
Ucn2 gene transfer would effectively treat LV diastolic dysfunction in aged mice. We 
therefore needed to compare young vs aged mice to establish that LV diastolic dysfunction 
was present, and then determine whether Ucn2 gene transfer in aged mice was associated 
with increased LV diastolic function. To test for group differences, Student’s t test 
(unpaired, two-tailed) was used. Bonferroni correction was used for multiple testing. 
Analyses were performed using GraphPad Prism V6.07 (GraphPad Software, Inc., San Diego, 
CA). The null hypothesis was rejected when p<.05.  

 

RESULTS 

 

Plasma Urocortin 2 (Fig. 1C). Plasma Ucn2 was measured 4m after delivery of saline or 
AAV8.Ucn2 (Treatment study), and 20m after delivery of saline or AAV8.Ucn2 (Prevention 
study). In addition, plasma Ucn2 was measured in 27w-old mice that received saline. Plasma 
Ucn2 levels were similar in 27w-old mice, aged mice that received saline (and in aged mice 
20m after saline injection (Fig. 1C).  Treatment Study. Ucn2 gene transfer resulted in a 13-
fold increase of plasma Ucn2 (Saline: 2.3±.1 ng/mL, n=11; Ucn2: 29.1±3 ng/mL, n=12; 
p<.0001, Fig. 1C).  

Prevention Study. Ucn2 gene transfer resulted in a 4-fold increase in plasma Ucn2 (Saline: 
2.7±.1 ng/mL, n=12; Ucn2: 10.4±1.4 ng/mL, n=11; p<.0001, Fig. 1C).  

Echocardiography 

Treatment Study. Three months after gene transfer, echocardiography was performed to 
assess LV dimensions and EF.  With the exception of an aging-related increase in posterior 
wall thickness, there were no differences between young mice and aged mice that received 
saline. Ucn2 gene transfer in aged mice was associated with increased EF (p<.0002) and 
increased velocity of circumferential fiber shortening (VCFc, p<.0002) (Table 2A). LV EDD 
(p=.004) and ESD (p<.0002) were reduced in aged mice that received Ucn2 gene transfer. 
Heart rate was lower in the Ucn2 group (Table 2a).  

Prevention Study. Ucn2 gene transfer, performed at 11 weeks of age, was associated 20m 
later with increased EF (p=.0002) and VCFc (p=.0003) and reduced ESD (p=.002) (Table 2b). 

LV Function 
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Treatment Study. Four months after aged mice received Ucn2 gene transfer or saline 
injection, the peak rates of LV pressure development (LV +dP/dt) and decline (LV -dP/dt) 
were determined from LV pressure catheters. Aging was associated with a 37% mean 
reduction in LV peak +dP/dt (p=.0004, Fig. 2A) and in a 39% reduction in LV peak -dP/dt 
(p=.001, Fig. 2B). Also seen were age-related reductions in LV developed pressure (p<.0002,  
Fig. 2C). These data indicate age-related decrements in LV systolic and diastolic function. 
After Ucn2 gene transfer, aged mice had a 2-fold more rapid LV peak +dP/dt (p<.0002, Fig. 
2A) and a 1.7-fold more rapid LV peak -dP/dt (p=.004, Fig. 2B). Heart rates were lower in 
aged mice vs young mice (p=.05; Fig. 2D), and were higher in aged mice that received Ucn2 
gene transfer (p=.0006, Fig. 2D).  

Prevention Study. Ucn2 gene transfer was associated with a 1.7-fold more rapid LV peak 
+dP/dt (p=.0005, Fig. 3A), and a 1.4-fold more rapid LV peak -dP/dt (p=.03, Fig. 3B). LV 
developed pressure was also higher in mice that had received Ucn2 gene transfer (p=.03, 
Fig. 3C). No group difference in heart rates were observed. 

Table 2a. Treatment Study, Echocardiography 

 
 

Young (10) 

Aged 

+Saline (11) +Ucn2 (12) p 

HR (bpm) 550±7 545±7 510±8 .008 

EDD (mm) 3.9±.1 4.1±.1 3.6±.1 .004 

ESD (mm) 2.6±.1 2.9±.1 1.9±.1 <.0002 

IVSd (mm) .8±.01 .8±.02 .9±.03 .7 

PWd (mm) .7±.03 .9±.03A .8±.03 .2 

EF (%) 64±3 58±3 80±2 <.0002 

VCFc (circ/s) 23±2 21±2 33±2 <.0002 

GLS (%) -12.5±.6 -9.7±.6B -15.3±.9 <.0002 

Echocardiographic measurements 3 months after saline (Young; +saline) or AAV8.Ucn2 (+Ucn2, 
1.9x1013gc/kg) administration. HR, heart rate; bpm, beats per minute; EDD, LV end‐diastolic diameter; 
ESD, LV end‐systolic diameter; IVSd, intraventricular septum thickness in diastole; PWd, posterior wall 
thickness in diastole; EF, ejection fraction; VCFc, velocity of circumferential fiber shortening (corrected 
for heart rate); GLS, global longitudinal strain;  Young, 3-month-old saline injected normal mice; Aged, 
2-year-old mice; p values are from Student’s t-test (unpaired, two-tailed) with Bonferroni correction. 
Young vs Aged +Saline Ap value= .0004; Bp value=.02. 
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Necropsy 

Treatment Study. Body and liver-body-weight ratios showed no differences among groups 
(Table 3a). Age-related increases in LV weight (absolute and normalized to body weight) 
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and lung-body-weight ratio were seen (Table 3a). There were no saline vs Ucn2 gene 
transfer group differences in aged mice. 

Prevention Study. There were no group differences in body or organ weights 20 months 
after saline or AAV8.Ucn2 administration (Table 3b).  

LV SERCA2a and CamKII Protein Expression  

Treatment Study. LV sarco/endoplasmic reticulum Ca2+ ATPase (SERCA2a) protein levels 
were similar in young mice and aged mice that received saline. However, in aged mice, Ucn2 
gene transfer was associated with a 3-fold increase in LV SERCA2a (p=.0004, Fig 4A). 
Calcium/calmodulin dependent protein kinase IIa (CamKIIa) phosphorylation was not 
different between young and aged saline-treated animals. However, in aged mice, Ucn2 
gene transfer was associated with a 37% lower level of p-CamKII (p=.01, Fig. 4C). 

Prevention Study. In aged mice that had received Ucn2 gene transfer 20m prior, LV 
SERCA2a protein levels were 1.8-fold higher vs mice that received saline (p=.01, Fig. 4C). 
Ucn2 gene transfer was associated with a 39% lower level of p-CamKII (p=.05, Fig. 4D). 

LV mRNA Expression of Markers of Hypertrophy and Fibrosis. The mRNA expression of 
several relevant proteins was determined by RT-PCR.  

Table 2b. Prevention Study, Echocardiography 

 
 

Saline (20) Ucn2 (16) p 

HR (bpm) 538±9 537±8 .94 

EDD (mm) 3.9±.1 3.6±.1 .12 

ESD (mm) 2.7±.1 2.1±.1 .002 

IVSd (mm) .8±.03 .8±.03 .38 

PWd (mm) .9±.04 .9±.05 .73 

EF (%) 58±3 72±2 .0002 

VCFc (circ/s) 21±1 29±1 .0003 

GLS (%) -14.8±1.3 -20.7±1.2 .002 

Echocardiographic measurements 20 months after saline (Saline) or AAV8.Ucn2 (Ucn2, 1.9x1013 gc/kg) 
administration. HR, heart rate; bpm, beats per minute; EDD, LV end‐diastolic diameter; ESD, LV end‐
systolic diameter; EF, ejection fraction; VCFc, velocity of circumferential fiber shortening (corrected 
for heart rate); GLS, global longitudinal strain; p values from Student’s t-test (unpaired, two-tailed) 
with Bonferroni correction 
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Treatment Study (Table 4a). Ucn2 gene transfer in aged mice resulted in lower LV mRNA 
levels of AT1aR (p=.005), B-cell lymphoma 2 (Bcl-2, p=.008), brain natriuretic peptide (BNP, 
p=.04), and α-skeletal actin (p=.0008). As expected, mRNA expression of murine Ucn2 was 
increased (p=.0004) in aged mice that received Ucn2 gene transfer. Expression levels of 
four-and-a-half LIM domain protein 1 was higher in mice that received Ucn2 gene transfer 
(FHL-1, p=.01). 

Prevention Study (Table 4b). LV protein expression was assessed 20m after saline or 
AAV8.Ucn2 administration. Ucn2 treated animals had lower mRNA levels of α-skeletal actin 
(p=.05) and increased levels of FHL-1 (p=.008). Murine Ucn2 expression in the LV was 
elevated 20m after gene transfer (p=.008).  

Histological Evaluation of LV and Liver 

Treatment Study. Qualitative evaluation of LV and liver tissues showed no differences in 
inflammatory infiltrates between the three groups. No group difference was found after 
quantitative evaluation of fibrosis in liver and LV (Fig. 5).  
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Prevention Study. No inflammatory infiltrates or differences in the degree of fibrosis were 
found in LV and liver 20 months after saline or AAV8.Ucn2 injection (Fig. 6).  

 

DISCUSSION 
 

The two most important findings in the present study are that urocortin 2 gene transfer: 1) 
increases diastolic function in aged mice; and 2) prevents the development of age-related 
impairment of LV diastolic function when delivered to young mice. We saw sustained 
elevation in plasma Ucn2 after a single IV injection of AAV8.Ucn2 (Fig. 1C).  In the present 
study, unlike the case in clinical studies, we cannot evaluate symptoms, but we found 
impaired LV diastolic function (Fig. 2B), which was an enrollment criterion in the present 
study. Therefore, our data indicate that Ucn2 gene transfer has beneficial effects in an 
animal model that shares features of clinical HFpEF. Preserved EF and impaired diastolic 
function, in combination with symptoms of HF are the characteristics of clinical HFpEF and 

 

Table 3a. Treatment Study, Necropsy 

 
Young (10) 

Aged Mice 

Saline (11) Ucn2 (12) p 

BW (g) 31.0±.5 31.1±.6 32.8±.6 .1 

LV (mg) 104±4 121±5A 113±5 .6 

LV/BW (mg/g) 3.3±.1 3.9±.2B 3.5±.1 .1 

Lung/BW (mg/g) 4.8±.1 5.9±.2C 6±.3 1 

Liver/BW (mg/g) 45±2 49±2 50±3 1 

Necropsy data 4 months after saline (Young; +saline) or AAV8.Ucn2 (+Ucn2, 1.9x1013 gc/kg) 
administration. BW, body weight; LV, left ventricle; Young, 3-month-old saline injected normal mice; 
Aged, 2-year-old mice; p values are from Student’s t-test (unpaired, two-tailed) with Bonferroni 
correction. Ap=.03; Bp=.04; Cp=.001. 

 

Table 3b. Prevention Study, Necropsy 

 Saline (21) Ucn2 (15) p value 

BW (g) 27.8±1 28±1.2 .94 

LV (mg) 118±6 115±8 .77 

LV/BW (mg/g) 4.3±.3 4.3±.4 .9 

Lung/BW (mg/g) 6.9±.4 6.3±.2 .24 

Liver/BW (mg/g) 51.9±2.3 56±3.1 .29 

Necropsy data 20 months after Saline or AAV8.Ucn2 (Ucn2, 1.9x1013 gc/kg) administration. BW, body 
weight; LV, left ventricle; p values are from Student’s t-test. 
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they are seen with increased prevalence in older patients (1,3,4). It is noteworthy that aging 
in mice is associated with similar declines in both peak +dP/dt (despite normal EF) and peak 
-dP/dt, and that Ucn2 gene transfer provides a remedy for both impairments. We found no 
difference in EF between young and old mice (Table 2a), which is analogous to what is seen 
in clinical age-related HFpEF. Three months after Ucn2 gene transfer in aged mice, EF 
(p<.0002) and VCFc (p<.0002; an echocardiographic estimate of contractile function) were 
increased compared to the aged animals that received saline (Table 2a). The increase in EF 
found in aged mice that received Ucn2 gene transfer was associated with reductions in both 
EDD and ESD (Table 2a). 

In addition to reduced LV volumes and increased EF in the Treatment study (Table 2a), 
we found group differences in direct measures of LV contraction and relaxation, using 
micromanometer catheters in the LV cavity. Such data provide less load-dependent 
measures of LV function than does EF. We found that LV peak +dP/dt was higher in aged 
mice that had received Ucn2 gene transfer 4m prior (p<.0002, Fig. 2A) indicating increased 
LV contractile function. In addition, LV peak -dP/dt was higher in mice that received Ucn2 
gene transfer (p=.004, Fig. 2B), indicating increased diastolic function. Increased HR can 
contribute to increased +dP/dt, and we saw an increase in HR in aged mice that received 
Ucn2 gene transfer (vs Saline). However, the force-frequency effect would account for a 
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smaller change (16) than the 2-fold increase we found. Additionally, aged mice that received 
Ucn2 gene transfer (vs Saline) had lower heart rates during echocardiography (light 
anesthesia), but higher HR during deeper anesthesia and mechanical ventilation (Table 2a; 
Fig. 2D), which probably reflects variability vis-à-vis response to anesthetic. 

In the Prevention study, we asked whether Ucn2 gene transfer performed early in life 
might prevent age-related abnormalities in LV function. These studies showed that 20m 
after Ucn2 gene transfer (vs saline), age-related LV dysfunction was thwarted. For example, 
mice that had received Ucn2 gene transfer at 18w of age, showed higher EF (p=.0002), and 
lower ESD (p=.002) when studied 20m after randomization (Table 3b). Indeed, the data 
obtained in aged mice 20m after Ucn2 gene transfer in young mice (Table 2b) are similar in 
EF, EDD, and ESD to what are seen in aged mice that received gene transfer (Table 2a).  LV 
peak +dP/dt was higher in aged mice that had received Ucn2 gene transfer 20m prior 
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(p=.0005; Fig. 3A) indicating increased LV contractile function. In addition, LV peak -dP/dt 
was also higher in mice that received Ucn2 gene transfer 20m prior (p=.03, Fig. 3B), 
indicating increased diastolic function.  

Table 4a. Treatment Study, LV mRNA Expression of Markers of Hypertrophy and Fibrosis  

Gene Aged +Saline (7) 
Fold Control 

Aged +Ucn2 (8) 
Fold Control 

P 
Saline vs Ucn2 

β1AR 1.11±.13 .91±.09 .4 

β2AR 1.3±.05A 1.33±.13 1 

AC5 .63±.04 .74±.12 .9 

AC6 .88±.05 .94±.06 1 

AT1aR 1.18±.1 .73±.08 .005 

Serca2a .9±.07 .85±.05 .57 

Bcl-2 1.31±.18 .65±.08 .008 

Cx-43 1.01±.03 .88±.04 .07 

ANF 1.49±.3 .96±.23 .4 

BNP .92±.06 .55±.12 .04 

α-MHC .87±.05 .8±.06 .7 

β-MHC 2.74±.87 1.1±.26 .2 

CARP 1.17±.15 .88±.14 .4 

FHL-1 1.14±.04 1.75±.17 .01 

α-cardiac actin 1.12±.06 .95±.09 .3 

α-skeletal actin 1.03±.1 .43±.08 .0008 

MMP2 1.1±.04 1.42±.17 .2 

MMP8 1.58±.27 2.65±.89 .6 

TIMP1 .73±.07 .94±.1 .2 

TIMP2 1.31±.1 1.56±.17 .5 

TIMP3 1.01±.07 .81±.1 .2 

TIMP4 1.2±.2 .67±.12 .07 

Col1 .95±.09 1.38±.31 .5 

Col3 .82±.09 1.6±.37 .1 

OSF2/periostin .6±.08 .61±.08 1 

Fibronectin .68±.05 1.2±.2 .07 

mUcn2 1.13±.14 4222±763 .0004 

RT-PCR data presented as fold Control (Young, n=8, 3-month-old saline injected normal mice) after 
normalizing with GAPDH. β1AR, β1 Adrenergic receptor;  β2AR, β2 Adrenergic receptor; AC5, Adenylyl 
cyclase 5; AC6, Adenylyl cyclase 6; AT1aR, Angiotensin subtype 1a receptor; Serca2a, Sarco/endoplasmic 
reticulum Ca2+ ATPase 2a; Bcl-2, B-cell lymphoma 2; Cx-43, Connexin 43; ANF, Atrial Natriuretic Factor; 
BNP, Brain Natriuretic Peptide; α-MHC, α-Myosin Heavy Chain; β-MHC, β-Myosin Heavy Chain; CARP, 
Cardiac Ankyrin-Repeated Protein; FHL-1, Four-and-a-Half LIM domain protein 1; MMP2, Matrix 
Metalloproteinase 2; MMP8, Matrix Metalloproteinase 8; TIMP1-4, Tissue Inhibitor or Metalloproteinase 
1-4; Col1, Collagen 1; Col3, Collagen 3; OSF2, Osteoblast Specific transcription Factor 2; mUcn2, murine 
Urocortin 2; Aged, 2-year-old mice; p values are from Student’s t-test with Bonferroni correction. Data are 
mean±SE; numbers in parenthesis indicate group size. Ap=.01;  
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We previously reported beneficial effects of Ucn2 gene transfer on Ca2+ transients in 
cardiac myocytes isolated from normal young mice and from mice with HFrEF (11,12,13). 
However, Ca2+ transient measurements are not feasible in aged mice because of poor 
viability of isolated cardiac myocytes, and, therefore, were not attempted. We instead 
focused on LV SERCA2a protein expression, a key Ca2+ handling protein, which pumps 
cytosolic Ca2+ back to the sarcoplasmic reticulum. We found LV SERCA2a levels were similar 
in young and aged mice that received saline. However, in the Treatment study, Ucn2 gene 
transfer mice was associated, 4m later, with a 3-fold increase in LV SERCA2a (p=.0004; Fig. 
4A). Increased expression of SERCA2a would be expected to increase cytosolic Ca2+ decline 
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resulting in improved relaxation and would also contribute to increased systolic function. 
There was no difference between young and aged saline-treated animals in the 

Table 4b. Prevention Study, LV mRNA Expression of Markers of Hypertrophy and Fibrosis  

Gene Saline (12) Ucn2 (12) 
P 

Saline vs Ucn2 

β1AR 1±.15 .65±.06 .04 

β2AR 1±.08 .79±.06 .05 

AC5 1 ±.14 .9±.09 .6 

AC6 1±.06 .96±.06 .6 

AT1aR 1±.13 .87±.1 .4 

Serca2a 1±.12 .92±.1 .6 

Bcl-2 1±.17 .93±.13 .8 

Cx-43 1±.08 .96±.06 .7 

ANF 1±.26 1.34±.47 .5 

BNP 1±.17 1.35±.46 .5 

α-MHC 1±.08 .95±.07 .7 

β-MHC 1±.2 .78±.23 .5 

CARP 1±.11 .97±.18 .9 

FHL-1 1±.1 1.49±.14 .008 

α-cardiac actin 1±.07 1.1±.09 .7 

α-skeletal actin 1 ±.16 .64±.06 .05 

MMP2 1±.1 .94±.06 .6 

MMP8 1±.17 1±.14 1 

TIMP1 1±.18 .84±.08 .4 

TIMP2 1±.06 1.15±.07 .1 

TIMP3 1±.09 .9±.07 .4 

TIMP4 1±.18 .83±.11 .4 

Col1 1±.13 .84±.12 .4 

Col3 1±.2 .71±.13 .2 

OSF2/periostin 1±.35 1.35±.29 .5 

Fibronectin 1±.09 .93±.14 .7 

mUcn2 1±.23 850±292 .008 

RT-PCR data normalized to GAPDH 20 months after Saline or AAV8.Ucn2 (Ucn2, 1.9x1013 gc/kg) 
administration. β1AR, β1 Adrenergic receptor;  β2AR, β2 Adrenergic receptor; AC5, Adenylyl cyclase 5; 
AC6, Adenylyl cyclase 6; AT1aR, Angiotensin subtype 1a receptor; Serca2a, Sarco/endoplasmic reticulum 
Ca2+ ATPase 2a; Bcl-2, B-cell lymphoma 2; Cx-43, Connexin 43; ANF, Atrial Natriuretic Factor; BNP, Brain 
Natriuretic Peptide; α-MHC, α-Myosin Heavy Chain; β-MHC, β-Myosin Heavy Chain; CARP, Cardiac Ankyrin-
Repeated Protein; FHL-1, Four-and-a-Half LIM domain protein 1; MMP2, Matrix Metalloproteinase 2; 
MMP8, Matrix Metalloproteinase 8; TIMP1-4, Tissue Inhibitor or Metalloproteinase 1-4; Col1, Collagen 1; 
Col3, Collagen 3; OSF2, Osteoblast Specific transcription Factor 2; mUcn2, murine Urocortin 2; p values are 
from Student’s t-test with Bonferroni correction. Data are mean±SE; numbers in parenthesis indicate 
group size. 
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phosphorylation levels of CaMKIIa in LV samples. However, Ucn2 gene transfer reduced p-
CaMKIIa (p=.01, Fig. 4B), an alteration hat can benefit cardiac performance (17). Increased 
levels of p-CaMKIIa were found to be associated with heart disease progression by affecting 
hypertrophic and inflammatory gene expression, and also leading to increased arrhythmias 
(17). In the Prevention study, 20m after Ucn2 gene transfer we saw a 1.9-fold increase in LV 
SERCA2a (Fig. 4C) and reduced p-CaMKIIa levels (p=.05, Fig. 4D). Further studies will be 
required to elucidate the molecular mechanisms underlaying increases in LV SERCA2a and 
reduced p-CaMKII. 

In the Treatment study, mRNA expression of proteins related to cardiac hypertrophy 
and stress showed that only β2AR differed in aged vs young mice (a 30% increase; p=.01; 
Table 4a). However, in aged mice, Ucn2 gene transfer was associated with reductions in 
AT1αR (18), -2 (19), BNP (20), α-skeletal actin (21,22), and increases in FHL-1 and Ucn2 (as 
expected). Although reduction of LV weights from aged Ucn2 treated animals was not 
significant (Table 3a), reductions in BNP, Bcl-2, and α-skeletal actin may reflect reduced 
stress after Ucn2 gene transfer (due to improved LV function). SERCA2a mRNA was 
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unchanged, despite a 3-fold elevation in SERCA2a protein after Ucn2 gene transfer—this 
suggests a change in mRNA stability or reduction in SERCA2a protein turnover after Ucn2 
gene transfer.  

The absence of an increase in SERCA2a mRNA indicates that the effects of Ucn2 gene 
transfer would not be comparable with SERCA2a gene transfer which would increase 
SERCA2a mRNA levels. In the Prevention study, LV expression of β1 adrenergic receptor, 
β2AR, α-skeletal actin was reduced, indicating reduction of cardiac stress, and expression of 
FHL-1 and murine Ucn2 were increased (Table 4b). 

In conclusion, we have shown that Ucn2 gene transfer in aged mice with diastolic 
impairment, but normal EF, returns LV diastolic function to normal, 4 months later. The 
mechanism for these beneficial effects lies, at least in part, on increased LV SERCA2a 
expression. Furthermore, in parallel separate studies, we have found that Ucn2 gene 
transfer when performed in young mice, prevents the development of age-related LV 
dysfunction—hearts of such animals have systolic and diastolic functional parameters—
even at 2 years of age—that are indistinguishable from young mice. Finally, we have shown 
that a single intravenous delivery of AAV8.Ucn2 results in sustained high plasma Ucn2 levels 
20 months after delivery. These findings are relevant to the treatment of clinical HFpEF, an 
entity that has few effective therapies. Our findings support Ucn2 gene transfer as a 
potential therapy for clinical HFpEF.  
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SUMMARY 

 

Heart failure (HF) incidence is increasing and the current therapeutic options have remained 
the same over the past years, without resplendent improvements in the disease’s 
outcomes. In addition to this, there are no efficacious treatments for specific subgroups of 
heart failure patients, such as those with heart failure with preserved ejection fraction 
(HFpEF). Early disease detection can offer the opportunity of lifestyle changes and 
pharmacologic interventions that can effectively manage the disease, although the 
complexity and heterogeneity of HF makes early diagnosis difficult (1). Furthermore, the 
management of some risk factors of HF, like diabetes, is still challenging with restricted 
number and efficacy of the available treatments (2-4). Therefore, new therapies for HF and 
its risk factors are warranted.  

Among a plethora of agents that could benefit HF patients are the corticotropin releasing 
factor (CRF) family peptides. The four know members of this family are CRF, which binds 
predominantly to CRF receptor 1 (CRFR1), Ucn1, which binds to both CRFR1 and CRFR2, and 
Ucn2 and Ucn3, which bind exclusively to CRFR2. In the last two decades, promising findings 
on the beneficial effects of Ucns IV infusions on healthy or failing animal and human hearts, 
have demonstrated the potency of those peptides to be used as therapeutic agents for 
heart failure (5-18). Ucns’ regulatory role in glucose metabolism also suggests a potential 
use in diabetes management. However, the exact molecular mechanisms that are activated 
by Ucns and underlie the therapeutic effects in diabetes and HF are still unclear. The use of 
Ucn2 and Ucn3 for chronic treatment is restricted by peptides’ short half-life (about 10 
minutes) (19); therefore, gene transfer of those peptides has been proposed.  

The main goal of this thesis was to evaluate the effects Ucn2 and Ucn3 gene transfer on 
heart function and glucose metabolism, as well as to unravel the molecular mechanisms 
contributing in these effects. The major findings of this work are: 

 Ucn2 and Ucn3 gene transfer increased systolic and diastolic function in healthy 
young mice. (Chapter 2) 

 Ucn2, but not Ucn3, gene transfer improved glucose clearance in healthy young 
mice. (Chapter 2) 

 Ucn2 and Ucn3 gene transfer resulted in increased Ca2+ transients and decreased 
time constant of relaxation (Tau) of isolated cardiac myocytes from young healthy 
mice. (Chapter 2) 

 Ucn2 and Ucn3 gene transfer increased the left ventricular (LV) levels of 
sarco/endoplasmic reticulum Ca2+ ATPase 2a (SERCA2a). (Chapter 2) 

 Ucn3 gene transfer increased the function of the failing heart in a murine model of 
HF with reduced ejection fraction. (Chapter 3) 

 Ucn3 gene transfer increased Ca2+ transients and decreased Tau of isolated cardiac 
myocytes from failing murine hearts. (Chapter 3) 
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 Ucn3 gene transfer in a murine model of HFrEF increased the LV content of 
SERCA2a and decreased the phosphorylation of Ca2+/calmodulin mediated kinase 
II (CaMKII).  (Chapter 3) 

 Ucn2 gene transfer improved glucose clearance in two murine models of type 2 
diabetes mellitus (T2DM). (Chapter 4) 

 Ucn2 gene transfer in a T2DM murine model increased adenosine 
monophosphate-activated protein kinase (AMPK) activation and induced 
translocation of glucose transporter 4 (Glut4). (Chapter 4) 

 Ucn2 gene transfer reversed, and also prevented, age-related diastolic dysfunction 
in aged mice. (Chapter 5) 

 Ucn2 gene transfer increased the levels of SERCA2a and decreased the 
phosphorylation of CaMKII in the LVs of 2-year-old mice. (Chapter 5) 

 There was no observation of adverse effects related to UCn2 and Ucn3 gene 
transfer. (Chapters 2, 3, 4, 5)   
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GENERAL DISCUSSION 
 

Gene therapy approach and AAV8 selection 

To circumvent the unfavorable pharmacokinetics of Ucn2 and Ucn3 peptides we proposed 
a paracrine liver targeted gene transfer approach. Early-phase gene transfer clinical trials in 
patients with HF (20) or hemophilia B (21) proved that use of an adeno-associated viral 
(AAV) vector is safe for gene delivery. Previous experimental work already suggested the 
potential of gene therapy for resolving HF or related risk factor diseases, such as diabetes. 
For example, preclinical studies using S100A1 (22), G-protein coupled receptor kinase-2 
(GRK2) (23), and SERCA2a (24) gene transfer demonstrated increased function in normal 
and failing hearts. In addition, preclinical diabetes models treated with insulin and 
glucokinase gene transfer (25), or glucagon-like peptide-1 (GLP-1) and the NK1 fragment of 
hepatocyte growth factor (HGF/NK1) gene transfer (26), had improved glucose 
homeostasis. Therapeutic benefit in insulin deficiency was the main focus of those latter 
studies, aiming mainly at type 1 diabetes and late-stage T2DM, contrarily to our Ucn2 gene 
transfer method which increased insulin sensitivity in early-stage insulin resistance models. 

For our study we had to select between two most commonly used vectors for gene delivery; 
adenoviruses (Advs) and AAVs. Advs have greater cloning capacity than AAVs, however our 
transgene’s encoding sequence was small enough to fit in an AAV vector. The first two 
generations of Advs have the disadvantage to cause inflammation and immune responses, 
unlike AAVs that in most cases are not pathogenic. Deletion of all viral genes lead to the 
creation of the gutted Adv (3rd generation), which has lower immunoreactivity and larger 
cloning capacity, however its genetic manipulation is unwieldy and it is difficult to produce 
(27). 

AAV vector lends itself well for chronic treatment of HF and/or diabetes, enabling long-term 
transgene expression. Persistent circulatory elevation of clotting factors encoded by AAV 
vectors has been documented in rodents, dogs, and primates (28-30). Our studies 
confirmed this, showing persistent plasma elevation of Ucn2 in mice up to 20 months after 
gene transfer (Chapter 5). Previously seen low-grade immune response triggered by some 
AAV serotypes (31) is a problem that seems to be resolved by the newer generation of AAV 
vectors (32-34). Additionally, selection of a serotype 8 AAV vector was supported by the low 
pre-existence of serum neutralizing factors in humans (19%), compared to other AAV 
serotypes (AAV1, 51%; AAV2, 59%; AAV9, 34%) (35). This will be required for clinical trial 
initiation, providing a bigger pool of subjects that will unlikely have adverse immune 
responses to the vector. Also, if approval for commercial use is granted, the use of AAV8 
will allow more people to safely benefit from such a treatment.  

General concerns regarding gene therapy are mainly related to potential integration of the 
alien DNA into the hosts, occasional oncogene activation, and the overexpression of a 
protein, in our case a hormone-like peptide with paracrine actions. It is well known that the 
elevation or downregulation of a peptide hormone, for example thyroid hormone, can 
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result in a plethora of adverse effects (36, 37). Although our gene transfer managed to 
increase peptide levels up to 70 times higher than its normal endogenous levels in mice, no 
adverse effects were noticed during physiological and histological evaluation. Unpublished 
data from a biodistribution and toxicology study that we conducted, further supports that 
Ucn2 gene transfer can increase plasma levels without notable side effects. Furthermore, a 
lower vector dose which results in a smaller elevation of transgene’s plasma levels can also 
be efficacious as we found in our studies. The safety, and subsequently the efficacy, of this 
gene transfer approach needs to be confirmed in other species and a small number of 
humans (phase 1 clinical trial) prior to the initiation of a large clinical trial. To minimize the 
risk of a continuous transgene expression, we designed and executed studies using 
regulated viral expression of Ucn2. The expression efficiency of that vector was much lower 
than the unregulated one, restricting the possibility to reduce viral dose, even though the 
amount of plasma Ucn2 was still able to alter cardiac and metabolic physiologic parameters. 
The disadvantage of a regulated vector utilization is the necessary use of an agent-
(de)activator, usually an antibiotic, which diminishes the convenience of the single-injection 
gene therapy, while adding undesirable effects of antibiotic administration. 

Similarities and Differences of Ucn2 vs Ucn3 Gene Transfer 

Ucn2 and Ucn3 gene transfer were initially tested in healthy young mice. Since both 
peptides are about 40% homologous and bind the CRFR2 receptor with similar affinity (38), 
we were interested to determine whether or not they evoke similar physiological effects. 
As described in Chapter 2, both Ucn2 and Ucn3 gene transfer were able to increase systolic 
and diastolic cardiac function 8-10 weeks after vector delivery. However, Ucn2, but not 
Ucn3, gene transfer managed to improve glucose clearance in those mice. This interesting 
difference might reflect the slightly different tertiary structure of the peptides; Ucn2 
comprised by two interconnected α-helixes forming a 90o angle, while Ucn3 comprised by 
a single helical domain/fragment (39). Stimulation of G-protein coupled receptors (GPCRs), 
such as β-adrenergic receptors (β-AR), by various receptor agonists can lead to differential 
downstream pathway activation (40). Taking in account all the facts described above in the 
context of the observed divergent physiological effects, this may point to a biased agonism 
of CRFR2 by Ucn2 and 3, leading to activation of common/shared as well as distinct 
downstream signaling pathways. This notion is corroborated by the differential 
phosphorylation of ryanodine receptor by Ucn2 but not Ucn3 gene transfer. However, 
further research is needed to clarify whether a biased agonism phenomenon occurs, or 
even explore the existence of a different isoform through variant splicing of CRFR2 receptor 
(41), that is activated only by Ucn2. It is also possible that the observed differences in 
cardiac effects are not solely receptor-mediated and reflect in part protein-protein 
interactions. Although, as described in Chapter 4, the improvement in glucose clearance in 
diabetic animals by Ucn2 gene transfer was absent in animals lacking CRFR2, suggesting that 
the metabolic effects of Ucn2 are CRFR2-dependent. 

From a translational perspective, similarities and differences of Ucn2 and Ucn3 gene 
transfer actions could be used to serve different goals. Since Ucn3 gene transfer has the 
ability to improve heart function without affecting glucose levels, it could be better utilized 
as a treatment for heart failure patients with normal glucose homeostasis. On the other 
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hand, diabetes is one of the main risk factors for heart failure causing a variety of 
cardiovascular defects (42, 43). The use of Ucn2 gene transfer would be a preferred 
therapeutic solution in patients with heart failure and impaired glucose clearance. Those 
patients would benefit double by Ucn2 gene transfer: i) their glucose homeostasis will be 
improved, which can subsequently diminish further cardiovascular complications, and ii) 
also their cardiac function will be enhanced. For those reasons, each treatment is novel and 
equally important, while their existence would offer the option of disease-focused 
individualized therapy. 

Increased systolic and diastolic LV function 

Gene transfer of Ucn2 and Ucn3 resulted in sustained elevation of plasma levels of those 
peptides and subsequent increase in both systolic and diastolic function in normal young 
animals (Chapter 2). Studies in a murine HF model with reduced EF (Chapter 3), and others 
in aged animals with diastolic dysfunction and preserved EF (Chapter 5), showed that Ucn3 
and Ucn2 gene transfer, respectively, could increase LV contractility and relaxation. 
Evidence of cardiac function improvements come from echocardiographic assessment, 
where increases in EF and VCFc were associated with Ucn2 or Ucn3 gene transfer. Increases 
seen in LV peak +dP/dt and –dP/dt, heart function measurements less sensitive to loading 
conditions than EF, are additional proof of the increased systolic and diastolic function in 
these animals. Furthermore, studies with isolated cardiac myocytes from mice with HF that 
received Ucn3 gene transfer showed increased sarcomere shortening (+dL/dt) and 
lengthening (-dL/dt) rate (Chapter 3), supporting that beneficial cardiac effects reside in the 
myocyte per se, while diminishing a possible vasodilation-related improvement of LV 
function. It is noteworthy that Ucn2 transgene expression was detectable up to 20 months 
after gene transfer and prevented the development of adverse age-related cardiac effects. 
These long-lasting benefits in heart function by our gene transfer approach, favor its use for 
chronic HF therapy. 

Improved insulin sensitivity and increased glucose disposal 

In Chapter 2 it is shown that Ucn2, but not Ucn3, gene transfer enhances glucose disposal 
and lowers fasting glucose in healthy mice. More importantly, Ucn2 gene transfer improved 
glucose clearance and increased insulin sensitivity in two murine models of T2DM (Chapter 
4). Elevated glucose uptake in skeletal muscle, reduced hepatic fatty infiltration, and 
reduced weight gain after prolonged high fat diet (HFD), were also results of Ucn2 gene 
transfer. The difference in the weight gain seen in HFD-fed animals, does not seem to be 
related to the reduced fatty infiltration in the liver, since livers from db/db mice, having no 
difference in their body weights, had lower fat content after Ucn2 gene transfer as well. 
These effects seemed to be mediated via Glut4 translocation, which is linked to AMPK 
activation (44) and can be triggered by CRHR2 stimulation (45, 46). 

Mice lacking Ucn2 expression had increased skeletal muscle glucose utilization (47), a 
finding that seems to contradict ours, but may hint to a biphasic mode of action, since 
overexpression of a gene is not the opposite of gene silencing vis-à-vis physiologic 
responses. Intravenous infusion of Ucn2 peptide (18), as well as the closely related 
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stresscopin (17), in clinical trials did not lead to changes in plasma glucose levels. The 
difference between Ucn2 infusion and gene transfer might lay in the duration (4h vs 
sustained) and the achieved elevation of protein expression in plasma (3-fold vs 15 fold) 
(18). In contrast to our findings that Ucn3 gene transfer does not affect glucose homeostasis 
in mice, studies using transgenic mice globally overexpressing Ucn3 reported increased 
glucose clearance after HFD, although insulin sensitivity was unaltered (48). Increased body 
weight and skeletal muscle mass were two main characteristics of this transgenic line which 
may play a role in the increased glucose disposal by Ucn3 overexpression. Additionally, a 
44-fold elevation of Ucn3 was found in the brains of those animals, while Ucn2 gene transfer 
did not increase peptide levels in the brain. The high Ucn3 expression in the brain of these 
transgenic mice complicates the interpretation of the physiologic effects due to potential 
central nervous system reflexes. Last, Ucn3 is shown to regulate insulin production and 
secretion in β-pancreatic cells under excessive caloric conditions (49), even though in our 
studies Ucn3 gene transfer did not improve glucose homeostasis. 

Heart Rate and Blood Pressure Effects 

Infusion of high doses of Ucn2 or Ucn3 peptide increased heart rates and reduced blood 
pressure in clinical studies (12, 13). We used telemetric transducers in conscious untethered 
animals and also a non-invasive tail-cuff in unsedated restrained animals to monitor heart 
rate and blood pressure. There were no heart rate differences related to either Ucn2 or 
Ucn3 gene transfer. Assessment of blood pressure by tail-cuff showed no differences 
caused by Ucn2 gene transfer, and telemetry devices measuring intra-arterial pressure via 
a fluid-filled transducer line revealed that both Ucn2 and Ucn3 gene transfer result in 
normal arterial pressure. Although these pressures were in the normal range, they were 
lower than the arterial pressure of saline-treated animals that were somewhat elevated. 
The difference in the observations are probably due to the sensitivity of the techniques 
used. Supportive measurements from non-anesthetized mice which are able to freely move 
in their housing indicate that, unlike in IV infusion studies in humans, gene transfer of Ucn2 
or Ucn3 neither results in abnormal low blood pressure nor in increased heart rate. A 
plausible explanation for the different findings of the infusion vs the gene transfer studies, 
knowing that both peptides can reduce systemic vascular resistance, is that sustained 
elevation of the plasma levels of these peptides might diminish their vasodilatory and 
chronotropic effects. 

Reduced LV Mass and Dimensions 

In Chapter 2, Ucn2 and Ucn3 gene transfer in normal young mice caused a 14% reduction 
in LV mass, and that reduction was correlated with similar reductions in cardiac myocyte 
volume. This volume reduction was mainly due to decreased cardiac myocyte width, with 
less reduction in length. The lower blood pressures seen in animals that received Ucn2 and 
Ucn3 gene transfer, might serve as an explanatory mechanism leading to reduced LV mass, 
since higher arterial pressure causes hypertrophy. Control mice had a relative systolic 
hypertension compared to the Ucn2 and Ucn3 groups, especially during nocturnal activity. 
The reduced phosphorylation of CaMKII caused by Ucn2 and Ucn3 gene transfer (Chapter 
2) is another possible change that can lead to reduced LV mass, since pharmacological 



CHAPTER 6 

146 

inhibition of CaMKII diminishes hypertension-induced LV hypertrophy (50). There was a 
non-significant 7% reduction of LV mass in young mice with HF that received Ucn3 gene 
transfer (Chapter 3) and in aged mice with diastolic dysfunction that received Ucn2 gene 
transfer (Chapter 5). The reason why we did not see a similar LV reduction in those studies, 
might lay on the pathophysiological characteristics and heart remodeling occurring in these 
HFrEF and HFpEF models. 

Reductions in LV end-diastolic and end-systolic diameter by Ucn2 and Ucn3 gene transfer 
were seen using echocardiography (Chapter 2). Also, aged mice that received Ucn2 gene 
transfer had smaller LV EDD and ESD (Chapter 5). Although those reductions might reflect 
a smaller LV mass, they cannot be used as an accurate LV mass surrogate due to their 
dependency on loading conditions. However, these are valuable data vis-à-vis cardiac 
function. Ucn3 gene transfer in mice (Chapter 3) with HF did not alter LV dimensions, 
probably due to the existence of myocardial scar and alterations in LV remodeling because 
of the cardiac stress. 

Force-Frequency Effect 

Assessment of LV function using micromanometer catheters showed increased systolic and 
diastolic function in mice after Ucn2 and Ucn3 gene transfer. In these studies, in which mice 
were under deep anesthesia, the heart rates of the Ucn2 and Ucn3 groups were increased 
compared to the controls. Similarly increased heart rates were noticed in HF animals that 
received Ucn3 gene transfer (Chapter 3) and in aged animals with impaired relaxation 
treated with Ucn2 gene transfer (Chapter 5). It is known that elevation in the HR can 
contribute to increased LV function via a positive force-frequency effect. However, the 
increase in heart rate can lead up to a 30% increase in cardiac contractility (51) which is a 
much smaller change than the one that we observed due to gene transfer (40 – 90%). 
Furthermore, echocardiographic assessment of cardiac function under light anesthesia and 
similar heart rates between control and treatment groups, further supports an increased 
function due to Ucn2 or Ucn3 gene transfer. Differential response to anesthesia due to gene 
transfer might explain this phenomenon, since telemetric studies in unsedated 
unrestrained animals showed no difference in the heart rates between control and Ucn2 or 
Ucn3 gene transfer groups. 

Improved Ca2+ Handling and Increased SERCA2a 

Cardiac myocytes isolated from mice that received Ucn2 or Ucn3 gene transfer had 
increased peak cytosolic Ca2+ and decreased Tau (Chapters 2, 3). This alteration, which likely 
contributes to the increased LV contractility and relaxation, is associated with increased 
levels of sarco-endoplasmic reticulum Ca2+ ATPase 2a (SERCA2a). This ATPase is responsible 
for pumping the cytosolic Ca2+ back to the sarco-endoplasmic reticulum, therefore an 
increase of its levels would result in a faster relaxation, and also increase Ca2+ availability to 
the myofilaments for a more forceful following contraction. The molecular pathway through 
which Ucn2 and Ucn3 gene transfer increase the expression of SERCA2a remains to be 
unraveled. Data support that activation of CRFR receptor can alter gene expression through 
NF-κB (52). SERCA2a expression might be upregulated through a similar Ucn2 or Ucn3 
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stimulation of the CRFR2-depedent downstream pathway, but this would require more 
experimentation. Assessment of Ca2+ transients in aged animals was avoided due to low 
quality, functionality, and survival of cardiac myocytes isolated from 2-year-old mice. 
However, increased levels of SERCA2a in the LVs of aged animals after Ucn2 gene transfer 
suggest improved Ca2+ handling. 

Effects in LV Signaling 

Ucn2 and Ucn3 gene transfer caused alterations in the expression and the levels of proteins 
related to cardiac function and cardiac stress. In normal mice (Chapter 2) LV expression of 
cardiac myosin light chain kinase (MLCK) was increased by Ucn2 and Ucn3 gene transfer, 
indicating a potential contribution to increased LV contractility, since phosphorylation of 
the regulatory MLC increases force and rate of cross-bridge recruitment in murine heart 
muscle (53). Expression of other proteins, such as atrial natriuretic factor (ANF), brain 
natriuretic peptide (BNP), α-skeletal actin, and β-myosin heavy chain (β-MHC), associated 
with pathophysiological cardiac remodeling and stress, was reduced in animals that 
received Ucn2 or Ucn3 gene transfer. More specifically, the two natriuretic peptides ANF 
and BNP, playing a major role in cardiovascular homeostasis and being increased as a 
response to cardiac injury (54) were elevated in HF animals treated with saline and 
significantly reduced by UCn3 gene transfer (Chapter 3). Similar reductions in ANF and BNP 
were seen in normal Ucn2 and Ucn3 treated young mice (Chapter 2). Although BNP 
expression was reduced in aged animals 4 months after Ucn2 gene transfer (Chapter 5), 
assessment of NT-proBNP levels, a more stable precursor molecule than BNP commonly 
used as its surrogate, showed no significant reduction when compared with the aged 
controls, underlining potential differences in translation or degradation. Noteworthy and 
consistent in our studies was the reduced mRNA levels of α-skeletal actin following either 
Ucn2 gene transfer in young or aged mice, or Ucn3 gene transfer in mice with healthy or 
failing hearts. LV expression of α-skeletal actin has been shown to be increased in human 
and murine HF (55), thus its reduction can possibly result in beneficial cardiac effects. Mice 
with HF had an expression shift from α-MHC to β-MHC, a disadvantageous maladaptive 
response common in HF setting (56), which was attenuated by Ucn3 gene transfer (Chapter 
3). CARP is another protein that is known to be upregulated in HF patients and animals, and 
this increase is shown to exacerbate pathological cardiac remodeling by upregulation of 
calcineurin and subsequent hypertrophic response induction, or by up-regulation of p53 
and subsequent increase of cardiac myocyte apoptosis (57, 58). Increase of CARP expression 
was limited in HF mice that received Ucn3 gene transfer compared to saline treated ones. 

Besides the increase in LV SERCA2a content that Ucn2 and Ucn3 gene transfer result into, 
there are other changes in protein levels that might have mechanistic importance due to 
their potential contribution in the observed physiologic effects. Phosphorylation of CaMKII 
was reduced in LV samples from normal young mice that received Ucn2 or Ucn3 gene 
transfer (Chapter 2). Similarly, phosphorylation of CaMKII in LVs from aged animals that 
received Ucn2 gene transfer was lower than their age-matched controls (Chapter 5). 
Expression and activation of CaMKII plays an important role in cardiac function, and its 
inhibition benefits LV function (59). Another mainly lusitropy-related change seen in mice 
with HF after Ucn3 gene transfer (Chapter 3), was the increased phosphorylation of 
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troponin I (TnI). TnI phosphorylation was reduced in saline treated mice with HF, a finding 
also seen in explanted hearts from end-stage HF patients (60). Ucn3 gene transfer increased 
phosphorylation of TnI at Serine residues 23 and 24, which has shown to be associated with 
more rapid relaxation (61). This alteration might play a role in the increased diastolic 
function provided by Ucn3 gene transfer. The molecular pathways through which Ucn2 and 
Ucn3 change the phosphorylation of these proteins require further investigation. 
Stimulation of CRFR2, might lead to potential recruitment of GRKs, β-arrestins, PKA, and 
Epac (exchange protein directly activated by cAMP) since studies on similar GPCR, β1/2 
adrenergic receptor, have shown the involvement of these proteins in CaMKII activation 
(62, 63). However, phosphorylation of CaMKII via cAMP-dependent activation of PKA or 
Epac is unlikely to be a key player in our studies, due to the unchanged levels of cAMP seen 
in the LVs of Ucn2 and Ucn3 groups. 

Transgene expression and modification 

Differences in the level of transgene expression were seen between Ucn2 and Ucn3 gene 
transfer. Absolute plasma levels of Ucn2 transgene were higher than that of Ucn3, in 
contrast to the relative to endogenous peptide plasma levels which was increased 20-fold 
for Ucn2 versus 70-fold for Ucn3 (Chapter 2). Furthermore, the two peptides have 
comparable affinity to CRFR2 receptor, albeit that that of Ucn2 is slightly higher, and their 
plasma levels were not adequately increased for CRFR1 stimulation (38). Therefore, we 
think that CRFR1 receptor activation was unaffected and the majority of CRFR2 receptors 
were possibly saturated by both Ucn2 and Ucn3 gene transfer. Thus, it is unlikely that any 
differences we noticed between Ucn2 and Ucn3 gene transfer are due to differences in 
transgene expression. Interestingly, in Chapter 3, in which male and female mice with HF 
were treated with Ucn3 gene transfer, we saw significantly lower transgene expression in 
females versus males. In female mice Ucn3 gene transfer resulted in a greater than 20-fold 
increase compared to the female mice that received saline, which had similar endogenous 
Ucn3 expression to the male saline treated animals. This plasma Ucn3 increase in females, 
even though was lower than in males, it was sufficient to increase LV contractility and 
relaxation to a comparable degree, suggesting that a lower AAV8.Ucn3 dose will still be 
beneficial for the heart function. Hormonal differences may be the major reason of the 
decreased transgene expression in females and this will be addressed in dose response 
studies in male and female, intact and neutered mice. 

Both Ucn2 and Ucn3 are expressed as pre-pro-peptides, similar to peptide hormones like 
BNP (64), to be processed intracellularly into pro-peptides by cleavage of their N-terminal 
signaling sequence. Ucn2 and Ucn3 are released into the circulation in the pro-peptide 
form, but will further mature into active peptides by cleavage of the “pro-“ sequence. It has 
been shown that, besides Ucn2, pro-Ucn2 peptide can also bind CRFR2 receptor (65). Future 
studies will define whether the observed physiological effects are due to increased levels of 
the mature or the uncleaved form of Ucn2 and Ucn3. Also, the degradation mechanisms of 
those two peptides need to be elucidated, since not only the expression but also the 
clearance of a protein and the internalization of its receptor could possibly affect its 
efficacy. Endothelin converting enzyme-1 is known to cleave CRF and Ucn1 at high CRFR1 
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agonist concentrations (66), but it is unclear whether it plays any role in the clearance of 
Ucn2 and Ucn3 peptides. 

Implications and future perspectives 

In the experimental chapters of this thesis, we provide evidence that gene transfer of Ucn2 
and Ucn3 increases cardiac function by improving Ca2+ handling (Chapters 2, 3, 5). 
Additionally, Ucn2, but bot Ucn3, gene transfer improves glucose clearance, an effect that 
is mediated through CRFR2 receptor (Chapter 4). Although, it is quite evident that the 
observed cardiac effects of Ucn2 and Ucn3 gene transfer are due to beneficial changes in 
Ca2+ related proteins and subsequently in Ca2+ transients, there are still missing links 
between the increased transgene plasma levels and the observed physiological and 
molecular changes. Using CRFR2 knockout mice to evaluate the cardiac effects of UCn2 and 
Ucn3 gene transfer, we could clarify whether or not this effect is mediated, like the 
improved glucose homeostasis, via the CRFR2 receptor. Selective CRFR2 antagonists, as 
astressin 2b and antisauvagine-30, or CRFR2 silencing using siRNA could also be used in cell 
studies to investigate whether the observed phenotype is dependent on CRFR2 stimulation. 
Additionally, the downstream targets of CRFR2 need to be identified using western blotting 
and gene expression arrays. It is important to investigate receptor internalization and also 
involvement of GRKs and β-arrestins. Molecular pathway investigation should preferably be 
done in a simple cell culture setting rather than in a complex intact organism. In the case 
that the cardiac effects are indeed due to CRFR2 activation, then the speculation of biased 
agonism of the receptor by Ucn2 and Ucn3 needs to be tested. Structural analysis of the 
agonist-receptor binding through X-ray crystallography or nuclear magnetic resonance 
would be particularly informative, providing evidence of the differences in three 
dimensional structure of the receptor upon different agonist activation. Utilization of mass 
spectrometry could offer insights in any potential protein-protein interaction between 
transgene and crucial proteins related to cardiac function or glucose homeostasis. Lastly, 
the safety and efficacy of Ucn2 and Ucn3 gene transfer should be verified in a larger animal 
model, such as swine HF model, prior to clinical trial initiation. 
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VALORIZATION ADDENDUM 

 

Patients with congestive heart failure (CHF) who have symptoms with mild activity or at rest 
(Class III and Class IV) have a poor long-term outcome, with up to 50% of patients dying 
within four years of symptom onset despite optimal pharmacological and device therapy.  
Heart transplantation has an 80% 5-year survival rate, but fewer than 2500 cardiac 
transplants are performed in the US each year, where the prevalence for CHF is estimated 
at 5.1 million patients, and 900,000 new cases are diagnosed annually.  Angiotensin 

converting enzyme inhibitors, angiotensin receptor antagonists, -adrenergic receptor 

(AR) antagonists, aldosterone inhibitors, implanted defibrillators, and biventricular pacing 
devices have improved survival — the 50% survival time in 1980 was 18 months while 
nowadays is 5 years.  However, even with optimal medical and device management, heart 
failure is an inexorable disease associated with unacceptably high morbidity and mortality.  
Because the prevalence of CHF is increasing, and outlook remains dismal, we need new 
advances in heart failure treatment. 

Although heart failure traditionally is defined as reduced contractile function, left ventricle 
(LV) dilation, and reduced ejection fraction, there is a growing epidemic of heart failure 
accompanied by preserved ejection fraction (HFpEF) and aging has been defined as one 
factor in the HFpEF epidemic. Echocardiographic studies often reveal normal or near-
normal ejection fraction in elderly patients with heart failure, with abnormal diastolic 
relaxation and LV filling and cardiovascular stiffness. 

Gene transfer for the treatment of cardiovascular diseases is justified because there is an 
unmet medical need for treating diastolic dysfunction, and, at least in theory, gene transfer 
has much to offer to reduce morbidity and mortality in patients with HFpEF. Cardiovascular 
gene transfer is conceptually attractive, but difficulty in obtaining high yield transgene 
expression in the heart in a manner that can be easily and safely applied has been a chief 
impediment to progress. Current methods of gene transfer for heart disease include 
intramuscular injection into heart muscle or intracoronary delivery, approaches that 
provide limited expression, and are cumbersome to apply. In previous studies and also in 
those presented in this thesis, we have discovered the usefulness of intravenous injection 
of a vector encoding a paracrine transgene. In this approach, the transgene encoding 
urocortin 2 or urocortin 3 peptide that act as hormones, having cardiac effects after being 
released to the circulation from a distant site.  This approach would circumvent the problem 
of attaining high yield cardiac gene transfer and enable patients to be treated by a simple 
intravenous injection during an office visit. 

Findings presented in this thesis are important and promising steps towards Ucn2 and Ucn3 
gene transfer translation to clinical applications. It is verified that gene transfer of Ucn2 
increased systolic and diastolic function in normal mice and in mice with age-related 
diastolic dysfunction. Additionally, Ucn2 gene transfer was able to decrease fasting glucose 
and improve glucose disposal in normal and diabetic mice, unlike Ucn3 gene transfer. 
Therefore, gene transfer of Ucn2 could be a viable treatment for elderly patients with either 
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systolic or diastolic dysfunction and also for patients with HF and diabetes. Ucn3 gene 
transfer was able to increase both systolic and diastolic function in normal young mice and 
also in a murine model of HFrEF, however it did not affect glucose homeostasis. According 
to these observations, Ucn3 gene transfer may be a viable treatment for HFrEF patients 
without diabetes. Verification of diastolic function improvement by Ucn3 gene transfer in 
undergoing studies using aged animals could further suggest its potential to be used as 
HFpEF treatment. 

There are specific issues and requirements that will have to be addressed prior to the 
initiation of a clinical trial. Initially, the safety of our gene transfer approach has to be 
verified. It is necessary to meticulously investigate potential adverse effects caused by the 
sustained increases in plasma Ucn2 and Ucn3. We have recently accomplished this step via 
a biodistribution and toxicology study in which we tested the long term and dose related 
effects of Ucn2 gene transfer. A similar study testing Ucn3 gene transfer will be launched in 
the near future. Another important milestone that needs to be achieved is to prove that 
intravenous administration of an AAV8 encoding Ucn2 or Ucn3 gene transfer in different, 
preferably larger, species will still result in sustained elevation of plasma levels of Ucn2 or 
Ucn3. Additionally, we need to verify that elevation of plasma Ucn2 and Ucn3 can cause 
increases in systolic and diastolic heart function in normal animals, but most importantly in 
HF animal models different than mice. In the case that Ucn2 gene transfer is intended to be 
used as diabetes treatment, similar efficacy studies in different species with diabetes will 
also be required. If there is no observation of adverse effects in the biodistribution and 
toxicology study and the beneficial effects of Ucn2 and Ucn3 gene transfer are verified in a 
second animal model, there are great chances to get approval for the investigational new 
drug (IND) application. That will allow us to begin clinical studies and test the safety and 
efficacy of our gene therapy in human subjects. 
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