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Abstract

Corticotropin-releasing factor (CRF) receptor type 2 (CRF,) exists in both cardiomyocytes and neurocytes. The purpose of this
research was to explore if chronic treatment with urocortin 2 (UCN2), a CRF, receptor agonist, at different doses can improve
prognosis and regulate the expression of CRF, receptor and calcium handling proteins without any adverse effects on behavior in
heart failure. Heart failure was established in Sprague-Dawley rats and was confirmed by echocardiography. Heart failure rats
were injected intraperitoneally with UCN2 (5, 10, or 20 pg-kg~'-d ") for 30 days. Survival rate, cardiac function, expressions of
cardiac CRF, receptor, RyR2, SERCA2, and hypothalamic and hippocampal c-FOS, CRF receptor type | (CRF,) and CRF,
receptor were determined. Behavior was evaluated by Morris Water-Maze and Open-Field tests. Results showed that chronic
peripheral UCN2 treatment improved survival rate in a dose—response manner and increased cardiac function and expression of
CRF; receptor and SERCA2 in heart failure, especially at the high dosage. Moreover, cellular-fos (c-FOS), CRF, receptor, and
CRF; receptor expressions of both hypothalamic and hippocampal tissues were significantly increased in high dosage group.
Furthermore, the behavior tests suggested that chronic UCN2 treatment did not exacerbate stress/anxiety-like behavior in HF. In
conclusion, chronic peripheral treatment with UCN2 increases survival in a dose—response manner in heart failure rats without
inducing stress/anxiety-like behavior.
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Introduction incident with decompensated HF are 10.4% and 30%, respec-
tively.”'* After diagnosis, the mortalities for those patients are
as high as 50% in 5 years.''"'* The data from previous
researches demonstrate that UCN2 (38 amino acids), a
strong CRF, receptor agonist, exhibited obvious inotropy and
lusitropy by activation of CRF, receptor on cardiomyo-
cytes.®' In animal models, urocortins have beneficial effects

Since corticotropin-releasing factor (CRF) was purified from
animal hypothalamus in 1981, several CRF peptide ligand fam-
ily members have been found such as urocortins 1, 2, 3 (UCN1,
2, 3) and sauvagine. The CRF receptor types 1, 2,and 3 (CRF, 53
receptors) are members of G protein-coupled receptors. The
CRF; receptor is abundant in the central and peripheral nervous
systems. The CRF, receptor is detected in cardiovascular, ner-
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Heart failure (HF) is a severe disease influencing approxi-
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on HE.®'>"'7 The clinical studies also showed that UCN2
improves hemodynamic effect.'®!? Despite its therapeutic
potential, however, it remains to be studied whether chronic
treatment with UCN2 may reduce mortality of MI-induced
HF, and, if so, by which mechanisms. For example, may
chronic UCN2 treatment affect expression levels of CRF,
receptor, sarcoplasmic/endoplasmic reticulum calcium
ATPase 2 (SERCA2) and type 2 ryanodine receptor (RyR2),
and hence, improve calcium handling in heart tissue? On the
other hand, cardiac reactions to stress and cognitive disability
may lead to poor prognosis in both healthy people,?® and patients
with coronary artery disease (CAD).?! The MlI-related feelings of
helplessness and fear®” as well as hyper-reactivity may also be
related to poor prognosis in the patients with MI and HF.
Corticotropin-releasing factor has a crucial effect on the stress
reaction through activating the hypothalamus-pituitary-
adrenal (HPA) axis. Thus, peripherally injected UCN2, a
CRF-like peptide, may also cause central side effects. There-
fore, this research was designed to assess the therapeutic
impact of peripherally administered UCN2 in MI-induced
HF and potential side effects on stress/anxiety-like behavior.

Materials and Methods

Animals

One-hundred eighty adult male Sprague-Dawley rats weighing
approximately 200 to 250 g had free access to animal chow and
water. All rats were placed in individual cages under room
temperature (24°C-26°C) with 12 to 12 hour dark-light cycles.
All experiments were approved by the Animal Experimental
Ethical Committee of the university hospital (Certificate
HKDL No. 2015-142) dealing with animal protection and con-
formed with the Guideline for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (No.
85-23, revised 1996).

Heart Failure Model

This study employed a MI model produced by ligation of the
left anterior descending coronary artery (LAD) using a modi-
fied technique previously described in detail.® Each rat was
anaesthetized by inhalation of 2% isoflurane with careful mon-
itoring of the level of anesthesia during the operation. Fifteen
rats with sham operation without ligation of the LAD served as
sham controls (Sham, n = 15). One-hundred sixty-five rats
underwent permanent LAD ligation performed with a sterile
suture. A successful operation was identified visually by the
dramatic color change in the ischemic zone. After closing
thorax, skin and muscles were stitched in layers. After recov-
ery, each rat was warmed in an individual cage. The electro-
cardiography was monitored continuously during the
operation. After the first 6 weeks, surviving MI rats were eval-
uated by closed-chest trans-thoracic echocardiography (Vevo
2100 Imaging System, Visual Sonics Inc). Echocardiography
was performed by experienced experts, who were blinded to

the study protocol. A 2-dimensional and M-mode echocardio-
graphy was conducted for determining left ventricular chamber
volume and contractile parameters. Cardiac function was eval-
uated by left ventricular fractional shortening (LVFS) and ejec-
tion fraction (LVEF) based on the following formulas:

(1) LVEF (%)= (LVEDV — LVESV)/LVEDV x 100 and
(2) LVFS (%) = (LVEDD — LVESD)/LVEDD x 100.

In this study, only MI rats with EF <42% were classified as
severe HF. Apart from death, rats with EF >42% were considered
as mild or no HF and were excluded from this study. Finally, 78
MI rats meeting the abovementioned criterion of severe HF were
selected for further study. They were randomly assigned into the
0,5, 10,and 20 UCN2-HF groups as follows: QOUCN2-HF (normal
saline (NS), 200 pL-d~" injected intraperitoneally, n = 20),
5UCN2-HF (UCN2 5 pug-kg~"'-d~',n=20), I0UCN2-HF (UCN2
10 pug-kg '-d™', n = 20) and 20UCN2-HF (UCN2 20
ngkg '-d™', n = 18). The rats in the 5, 10, and 20UCN2-HF
groups were injected intraperitoneally with 5, 10, and 20
ng-kg~'-d~' of UCN2 dissolved in 200 uL NS, respectively. Rats
in the sham and OUCN2-HF groups were injected intraperitone-
ally with 200 pL NS per day. Thirty days later, echocardiography
was performed to assess cardiac function again for each surviving
rat in the various groups. Hearts were taken from each surviving
rat at day 30 post-treatment. One examiner was responsible for
monitoring and recording the rat survival state each day for asses-
sing the survival rates in the various groups (Figure 1).

Open Field and Morris Water Maze Tests

All surviving rats underwent the Morris Water Maze (MWM)
test on posttreatment days 23 to 29 (6 consecutive days for
training and 1 day for final test), and the Open Field (OF) test
on posttreatment day 30. The 2 tests were performed as previ-
ously described with little modifications.>*** Briefly, for the
MWM test on posttreatment day 29, the escape platform was
taken away, and then each rat was gently put into the water in a
fixed quadrant of a round pool. The number of each rat passing
through the area where the platform had been, the total distance
traveled, the movement time, and the speed were recorded
within 180 seconds. For the OF test, each rat was gently placed
in a dark arena with 25 equal squares and recorded for 20
minutes on posttreatment day 30. Horizontal score was the
numbers of squares passed by the rats, and vertical score was
the times of vertical activities (front paws leaving the ground or
climbing the walls).

Quantification of Myocardial Infarct Size

At the study end point, each surviving rat was euthanized by an
overdose of pentobarbital sodium (0.1g-kg™" body weight, ip)
and thereafter MI size was quantified. The heart of each rat was
rapidly excised, weighed, and frozen at —20°C, and then was
sliced into 6 separate sections (slices), with the first slice at the
level of the ligature. Each section was separately incubated in
1% triphenyltetrazolium chloride (TTC) in a pH 7.4 buffer
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Figure I. Schematic description of the experimental protocol and treatments, study events, and test timelines. LADCA indicates left anterior
descending coronary artery; LVEF, left ventricular ejection fraction; MWM, Morris Water Maze test; OF test, Open-Field test; TTC staining,
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Figure 2. Survival rates in the various animal groups. The survival rate in OUCN2-HF was significantly lower compared to those in the other
groups; UCN2 treatment significantly improved the survival rate in a dose—response manner, and the best results were observed in 20UCN2-

HF group. UCN2 indicates urocortin 2.

solution (30°C). After triphenyltetrazolium chloride staining,
the zone of infarction appeared pallid.?® The infarct area was
isolated and weighed. The severity degree of MI was presented
as a percentage of MI zone weight over whole heart weight.
Small amounts of the remaining heart tissue were immediately
weighed and stored in liquid nitrogen for further analyses.
After the wash with normal saline, all rat brains were stored
and frozen at —80°C. Before the RNA extraction, the pieces of
hypothalamus and hippocampus were isolated,”’*® and frozen
again at —80°C for further study.

Quantitative Real-Time Reverse Transcriptase-
Polymerase Chain Reaction

The RNA extraction from the lysates of the heart, hippocam-
pus, and hypothalamus was performed employing a Trizol kit

(Sigma) in accordance with the relevant instructions. 3 pg of
isolated RNA was appended in a 20 pL reaction mixture
(Applied TaKaRa kit) containing 11 pL diethylpyrocarbo-
nate-treated water, 4 L 5x reverse transcription buffer, 1 pL
oligo dT, 2 pL deoxyribonucleotide triphosphates, 1 pL RTase
and 1 pL RNase inhibitor. Under the following conditions,
42°C for 70 minutes, 70°C for 10 minutes, reverse transcription
was performed to produce complementary DNA using a ther-
mal cycler machine. And then all complementary DNA prod-
ucts were frozen at —20°C for further study. The expression of
CRF, receptor, CRF; receptor, RYR2, c-FOS, SERCA2, and
GAPDH were studied by quantitative real-time reverse
transcriptase-polymerase chain reaction (qQRT-PCR), which
was performed with the TaKaRa kit under the experimental
conditions as follows: 15 minutes at 95°C, 40 cycles of 20
seconds at 95°C, 45 seconds at 60°C. The following primers
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Figure 3. Echocardiography measurements in the various groups. Note: A-l, original echocardiography images in different groups. A, sham
group before treatment; (B) sham group post-treatment day 30; (C) 5SUCN2-HF group before treatment; (D) 5UCN2-HF group post-treatment
day 30; (E) IOUCN2-HF group before treatment; (F) IOUCN2-HF group post-treatment day 30; (G) 20UCN2-HF group before treatment; (H)

20UCN2-HF group post-treatment day 30; (I) OUCN2-HF group before treatment. Scale bar 3 mm (in red). UCN2 indicates urocortin 2.

20UCN2-HF group was higher than that of SUCN-HF and
10UCN2-HF groups, but the difference between these groups
had no statistical significance. The survival rates of the
10UCN2-HF and 20UCN-HF groups were no significant dif-
ference from the sham group (P = N.S.), which amounted to
100%. These results suggest that UCN2 markedly increased
survival in HF induced by MI, especially at the higher dosages
(10 and 20 pg-kg '-d ™).

Heart Infarct Size and Weight

Table 1 demonstrates the severity degrees of MI and heart
weights in all surviving animals from each group. At the study
end point, the rats had higher heart weight in the sham group
than all HF groups treated with UCN2 (all P < .01 vs sham

group; Table 1). Neither heart weight nor infarct size signifi-
cantly differed between the 5, 10, and 20UCN2-HF groups
(Table 1).

Cardiac Function

Although baseline parameters did not differ between 4 HF
groups, all HF groups demonstrated LV dilation as evi-
denced by significantly increased diastolic and systolic (left
ventricular internal diameter) LVIDs and LV volumes ver-
sus compared to that sham group at 6 weeks postoperation
and after 30 days of treatment (Table 2). Moreover, all HF
groups also exhibited significantly decreased LVEF and
LVFS (Table 2 and Figure 3). Treatment with UCN2 at the
high dosage (20 pgkg '-d™") improved LV function as
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Figure 4. CRF; receptor, SERCA2, and RYR expressions in heart tissue. CRF; receptor (A), SERCA?2 (B), and RYR (C) expressions of heart
tissues in the various groups. Representative images of myocardial sections stained by triphenyltetrazolium chloride from SUCN2-HF (D),
IOUCN2-HF (E), 20UCN2-HF (F), and sham (G) groups. Data are shown as mean + SEM. One-way ANOVA: CRF, receptor (F [3,56] = 10.8,
P <.001), SERCA2 (F [3,56] = 5.8, P <.01), RYR2 (F [3,56] = 5.7, P < .0l); Post hoc Tukey test: *¥, P < .01; **P < .00|. Sham group, n = 14;
S5UCN2-HF group, n = 14; I0UCN2-HF group, n = 16; 20UCN2-HF group, n = 16. Scale bar 10 mm (in red). ANOVA indicates analysis of

variance; HF, heart failure; UCN2, urocortin 2.

displayed by enhanced LVFS and LVEF compared to its
baseline condition (Table 2 and Figure 3). It had no signif-
icant difference in LV volume, LVID, LVEF, and LVEFS in
both diastole and systole before and after treatment with
UCN2 at medium and low dosages (10 and 5 ugkg '-d™"),
although all these parameters appeared to show a trend
toward improvement (Table 2). Taken together, echocardio-
graphy (Figure 3 and Table 2) and survival data (Figure 2)
indicate that cardiac function and survival were significantly
improved in the 20UCN2-HF group.

Cardiac Expression of CRF2 Receptor and Calcium-
Handling Proteins

Figure 4 demonstrated that the cardiac CRF, receptor
expression was significant higher in the 20UCN2-HF group
compared to the sham, SUCN2-HF and 10UCN2-HF groups
(Figure 4A; P < .05-.001). The 20UCN2-HF group also
showed a higher level of cardiac SERCA2 expression than
the sham group (Figure 4B; P < .01). The RYR2 expression
was relatively constant, except for lower expression in the
S5UCN2-HF group versus the sham and 20UCN2-HF groups
(Figure 4C; P < .01).

Expression of c-FOS and CRF Receptors in Hippocampus
and Hypothalamus

The data also showed that CRF; receptor, CRF, receptor, and
c-FOS expression levels of both hypothalamus (Figure 5A-C)
and hippocampus (Figure 5D-F) tissues were obviously ele-
vated in the 20UCN2-HF group versus the 10UCN2-HF and
Sham groups (P < .01-.001). It revealed that CRF; receptor,
CRF; receptor and c-FOS expression levels were up-regulated
remarkably after treatment with UCN2 at 20 ug-kg '-d .

Results of MWM and OF Tests

The data of the MWM test are presented in Figure 6A-G.
Although, no difference in crossing numbers was seen between
4 groups, it had differences in speed and total distance traveled
between the groups in statistic (Figure 6E and G). Both the
speed and total distance traveled were significantly lower in
3 UCN2-HF groups versus the Sham group (P < .001; Figure
6E and G). Furthermore, the data showed that the total distance
traveled and speed were obviously increased in SUCN2-HF
group versus 10UCN2-HF group (P < .05). The 20UCN2-HF
group tended to be more active than 10UCN2-HF group,
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Figure 5. CRFI receptor, CRF2 receptor, and c-FOS expressions in hypothalamus and hippocampus. CRF, receptor (A and D), CRF; receptor
(B and E), and c-FOS (C and F) expressions of hypothalamus and hippocampus in the various groups respectively. Data are shown as mean +
SEM. One-way ANOVA: hypothalamus CRF, receptor (F [3,56] = 9.7, P < .001), hypothalamus CRF, receptor (F [3,56] = 18.4, P < .001),
hypothalamus c-FOS (F [3,56] = 19.3, P <.001), hippocampus CRF, receptor (F [3,56] = 7.8, P <.001), hippocampus CRF, receptor (F [3,56] =
20.7, P < .001) and hippocampus FOS (F [3,56] = 5.7, P < .01); Post hoc Tukey test: *, P < .05; **, P < .0l; ***P < .001. Sham group, n = 14;
SUCN2-HF group, n = 14; I0UCN2-HF group, n = 16; 20UCN2-HF group, n = |6. ANOVA indicates analysis of variance; HF, heart failure;

UCNZ2, urocortin 2.

displaying higher levels of total distance traveled and speed
(Figures 6E and G); however, these differences had no statis-
tical significance. The OF test did not show differences in
horizontal score, vertical score and sum of horizontal and
vertical scores between the UCN2-HF groups and the sham
group (Figures 6H-J).

Discussion

This is the first report on the evidence that chronic peripheral
treatment with UCN2 can significantly improve the survival in
rats with HF induced by MI, and increase cardiac function and
cardiac CRF, receptor and SERCA2 expression, especially at
the high dosage (20 pg-kg'-day~'). Moreover, c-FOS, CRF,
receptor, and CRF, receptor expression of both hypothalamus
and hippocampus tissues was significantly increased by periph-
eral UCN2 treatment. Furthermore, the results of the open field
test suggested that chronic treatment with UCN2 did not
exacerbate stress/anxiety-like behavior in HF induced by MI.

Chronic Peripheral UCN2 Treatment Increases Heart
Function and Survival Rate

Although several studies have shown that urocortins can
improve cardiac contractility in both men and animals,®'®"

researchers pointed out that use of some cardiac inotropes
such as digoxin is associated with increased mortality in
patients with HF.>® As far as I know, it is the first report
of the experimental evidence for increasing survival rate by
chronic peripheral treatment with UCN2 in a severe HF
animal model. This effect was dose-dependent. It is
clear that the CRF, receptor is predominant in the heart.®
Previous studies have found that UCN2 exerts an
inotropic®!4:16-19:39-33 offect in heart through CRF,
receptor-mediated activation of protein kinase A, which
increases sarcoplasmic reticulum Ca*" load and Ca*" influx
to elevate sarcoplasmic reticulum Ca®" release and intracel-
lular Ca*" concentration.’® Urocortin 2 also increases phos-
phorylation of phospholamban,'* extracellular signal-
regulated kinase 1/2, protein kinase B, endothelial nitric
oxide synthase,** Na'/Ca*" exchange and action potential
duration® in a time- and dosage-dependent effect in cardio-
myocytes. Furthermore, UCN2 inhibits rapidly activating
delayed rectifier potassium current in hERG-HEK293 cells
which help to prolong action potential duration,> which, in
turn, may enhance intracellular Ca** concentration and con-
tribute to increase the cardiac contractility. But some
researchers found that the expression level of cardiac CRF,
receptor significantly reduced in the patients with HF.*¢ In
addition, in pharmacology, chronic use of certain agonists
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Figure 6. Morris Water Maze and Open-Field tests. Morris Water Maze: original movement tracks of the rats of the sham (A, n = 15), the
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and speeds (G) of rats in the various groups; Open-Field test: Horizontal scores (H), vertical scores () and sum of horizontal and vertical scores
(J) of rats from the various groups. Data are shown as mean + SEM. One-way ANOVA: Total distances traveled (F [3,57] = 22.9, P <.001),
crossing numbers (F [3,57] = 0.3, P = .82), speeds (F [3,57] = 23.1, P <.001), horizontal scores (F [3,57] = 0.1, P = .94), vertical scores (F [3,57]

=0.05, P = .99) and sum of horizontal and vertical scores (F [3,57]

=0.11, P =.95); Post hoc Tukey test *, P <.05; ***P < .001. Scale bar 0.8 m (in

black). ANOVA indicates analysis of variance; HF, heart failure; UCN2, urocortin 2.

may also lead to downregulation of the relevant receptors.
The present study found that chronic peripheral treatment of
UCN2 in HF rats results in a significant upregulation of
cardiac CRF, receptor expression instead of downregula-
tion. Furthermore, the elevated cardiac CRF, receptor
expression is compared well with the improved survival
rate, the increased LV function (LVEF, LVFS) and the
increased SERCA2 expression level of heart tissues. Hence,
the present research—in combination with previous
researches—suggests that chronic treatment with UCN2 can
produce improved cardiac function in the setting of HF
induced by MI via alterations in action potential duration,
Ca’" handling and expression of CRF, receptor and SER-
CA2a. Similar to a previous report,®’ this research also
indicated that RyR2 expression was modestly reduced in
HF animals.

Chronic Peripheral UCN2 Treatment and Behavior

Corticotropin-releasing factor has an important role in regulat-
ing the HPA axis, which is a common pathway in stress/
anxiety-related responses. Stress behavior can be induced by
intracerebroventricular administration of CRF.>® Moreover, c-
FOS activation in the hypothalamus is related to stress.’”
Furthermore, there is an association between hippocampus and
cognitive function.*” As mentioned, the cardiovascular reac-
tions to the stress may lead to a poor prognosis in both healthy
people?® and patients with CAD, especially in patients with
MI.2"22 But until now, no direct evidence can demonstrate
whether chronic treatment with UCN2 leads to behavioral
changes such as stress and cognitive decline in a HF animal
model induced by MI. To explore this question, this study used
UCN2, a highly selective CRF, receptor agonist, to treat HF
rats for about 1 month. Behavior of the rats was evaluated by
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the OF and MWM tests, which are commonly used to estimate
stress and cognitive behavior, respectively. In addition, CRF,
receptor, CRF, receptor, and c-FOS expression levels of
hypothalamus and hippocampus were measured. They were
increased in both hypothalamus and hippocampus tissues in
the high dosage UCN2-HF group, indicating certain changes
of the stress axis on the molecular level. The OF test, however,
did not show differences in horizontal score, vertical score and
sum of horizontal and vertical scores among groups, which
demonstrated that UCN2, a CRF, receptor agonist, did not
result in stress or anxiety in a HF model induced by MI. In the
MWM test, the total distance traveled and speed were signifi-
cantly lower in the 3 UCN2-HF groups. However, it had, no
significant difference in crossing number, which was used to
estimate the cognitive function in the various groups. Hence,
how could we explain that, on the one hand, behavioral tests
suggest no aggravation of stress, whereas, on the other hand,
there is increased expression of CRF; receptor, CRF, receptor,
and ¢-FOS in hypothalamus and hippocampus in the high dose
UCN2-HF rats? It is certainly true that increased CRF, receptor
and c-FOS expression levels could increase stress. The activa-
tion of CRF—CRF, receptor system increases stress reactions,
whereas the activation of UCNs—CRF, receptor system can
terminate the stress reactions.*'™*” This study showed that
CRF; receptor expression levels in both hypothalamus and
hippocampus were largely upregulated in the high dose
UCN2-HF group. Thus, based on the previously discussed con-
siderations, the present study suggests that the stress/anxiety
reduction resulting from augmentation of CRF, receptor
expression levels may offset the effect of elevated stress/anxi-
ety owing to increased CRF; receptor and c-FOS expression
levels.

Conclusions

The current research revealed that chronic treatment with
UCN?2 increased LVEF, LVFS, and cardiac CRF, receptor and
SERCA2 expressions, especially at the high dosage (20
pgkg~'-d™"), in HF rats induced by MI, whereas the survival
rate of these HF rats was obviously improved. Although treat-
ment with high dose of Ucn2 elevated the expression of CRF,
receptor, CRF, receptor, and c-FOS in both hypothalamus and
hippocampus in the HF rats, behavioral tests did not show any
evidence of aggravation of stress, which could be due to the
augmentation of CRF, receptor expression: the greatly
increased CRF, receptor expression may eliminate the stress
induced by increased CRF; receptor and c-FOS expressions in
HF rats. In conclusion, chronic peripheral treatment with
UCN?2 at high dose increases heart function and survival in
HF rats via elevated cardiac CRF, receptor and SERCA2
expression without inducing stress/anxiety-like behavior.
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