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Therapies for heart failure with preserved ejection fraction (HFpEF)
are lacking. Growth hormone-releasing hormone agonists (GHRH-
As) have salutary effects in ischemic and nonischemic heart failure
animal models. Accordingly, we hypothesized that GHRH-A treat-
ment ameliorates chronic kidney disease (CKD)-induced HFpEF in a
large-animal model. Female Yorkshire pigs (n = 16) underwent 5/6
nephrectomy via renal artery embolization and 12 wk later were
randomized to receive daily subcutaneous injections of GHRH-A
(MR-409; n = 8; 30 μg/kg) or placebo (n = 8) for 4 to 6 wk. Renal
and cardiac structure and function were serially assessed postembo-
lization. Animals with 5/6 nephrectomy exhibited CKD (elevated
blood urea nitrogen [BUN] and creatinine) and faithfully recapitu-
lated the hemodynamic features of HFpEF. HFpEF was demon-
strated at 12 wk by maintenance of ejection fraction associated
with increased left ventricular mass, relative wall thickness, end-
diastolic pressure (EDP), end-diastolic pressure/end-diastolic volume
(EDP/EDV) ratio, and tau, the time constant of isovolumic diastolic
relaxation. After 4 to 6 wk of treatment, the GHRH-A group
exhibited normalization of EDP (P = 0.03), reduced EDP/EDV ratio
(P = 0.018), and a reduction in myocardial pro-brain natriuretic pep-
tide protein abundance. GHRH-A increased cardiomyocyte [Ca2+]
transient amplitude (P = 0.009). Improvement of the diastolic func-
tion was also evidenced by increased abundance of titin isoforms
and their ratio (P = 0.0022). GHRH-A exerted a beneficial effect on
diastolic function in a CKD large-animal model as demonstrated by
improving hemodynamic, structural, and molecular characteristics of
HFpEF. These findings have important therapeutic implications for
the HFpEF syndrome.

cardiorenal syndrome | chronic kidney disease | heart failure with preserved
ejection fraction | large animal model

The prognosis for heart failure with preserved ejection fraction
(HFpEF), a complex clinical syndrome involving multiple

comorbidities with limited treatment options (1–3), has not im-
proved over decades, and numerous drug classes that are effective
for heart failure with reduced ejection fraction (HFrEF) have, to
date, shown limited to no clinical benefits in HFpEF (4–7). In
addition, the relative scarcity of animal models (8–10) impedes
discovery of novel therapies for HFpEF. One important cause of
HFpEF is chronic kidney disease (CKD), which has among the
worst outcomes of the HFpEF syndromes (11). It manifests pre-
dominantly with pathologic left ventricle (LV) remodeling char-
acterized by LV hypertrophy with increased LV-mass index and
relative wall thickness (RWT), impaired ventricular arterial cou-
pling, right ventricular relaxation, and increased stroke work
(SW) (11).

Growth hormone-releasing hormone (GHRH) is a pleiotropic
hormone that has extrapituitary effects, exerted via activation of
GHRH receptors (12–15). In murine models of ischemic cardio-
myopathy (ICM) with reduced ejection fraction (EF) (13), GHRH
agonists (GHRH‐As) improve cardiac function and decrease scar
size, mediated by myocardial GHRH receptor activation (14, 15).
Importantly, GHRH actions in the heart are independent of the
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growth hormone–IGF1 axis (16). Further mechanisms of action
include decreased apoptosis of cardiomyocytes and inflammatory
responses (14, 17). The GHRH‐A, MR‐409, improved diastolic
strain and reduced myocardial scar in a swine large-animal model
with subacute ICM (12). Notably, in a murine HFpEFmodel using
chronic administration of angiotensin II, GHRH-A prevented
impairment of cardiomyocyte contractile function and relaxation
and development of HFpEF features, including LV hypertrophy,
collagen deposition, and diastolic dysfunction compared to pla-
cebo (18). Here, we developed a large-animal model of HFpEF
using swine with CKD-induced HFpEF, a model that faithfully
recapitulated the hemodynamic characteristics observed in hu-
mans, to test the hypothesis that GHRH-A ameliorates cardiac
diastolic dysfunction.

Results
Animal Model. For this study, we employed a large-animal model
of 5/6 nephrectomy (19) with hemodynamic features of HFpEF.
CKD was evident 12 wk following renal artery embolization by
increased creatinine (Δ1.09 ± 0.13 mg/dL; P < 0.0001) (Table 1
and SI Appendix, Fig. S1A) and blood urea nitrogen (BUN)
(Δ10.38 ± 1.31 mg/dL; P < 0.0001) (SI Appendix, Fig. S1B).
Hemoglobin decreased [−2.9 ± 0.4 mg/dL; P < 0.0001)] (SI
Appendix, Fig. S1C) and mean arterial pressure (MAP) increased
by 7.4 ± 3.3 mmHg (P = 0.04) (SI Appendix, Fig. S1D).
Hemodynamic features of HFpEF developed in the model at

12 wk following nephrectomy. At this time, there was an in-
creased left ventricular end-diastolic (LVED) mass corrected by
body surface area (BSA) (34.79 ± 8.11 g/m2; P = 0.0002; SI
Appendix, Fig. S2), elevated RWT by 0.12 ± 0.02 mm (P <
0.0001); SI Appendix, Fig. S2 B and C), end-diastolic pressure
(EDP) by 8.9 ± 2.4 mmHg (P = 0.002; Fig. 1A), EDP/end-dia-
stolic volume (EDV) ratio/BSA by 0.09 ± 0.02 mmHg/mL/m2

(P = 0.002; Fig. 1B), and tau by 25.9 ± 9.6 ms (P = 0.001;
Fig. 1C). EF was maintained within the normal range throughout
the study (20). At 12 wk postembolization, one animal was in-
ducible for ventricular tachycardia in response to programmed
electrical stimulation and was not successfully resuscitated.

Response to GHRH. Animals were then randomly assigned to re-
ceive daily subcutaneous GHRH-A (MR-409; 30 μg/kg) or pla-
cebo. GHRH-A administration improved indices of renal and
cardiac function. At study completion, BUN was significantly
lower, by 6.6 ± 2.3 mg/dL (P = 0.019) in GHRH-A– compared to
placebo-treated animals (placebo, 23.0 ± 0.9 mg/dL, vs. GHRH-A,

16.3 ± 0.6 mg/dL, at 16 to 18 wk postembolization). Creatinine
(placebo, 2.6 ± 0.1 mg/dL, vs. GHRH-A, 2.1 ± 0.07 mg/dL, at 16
to 18 wk postembolization), MAP (placebo, 73.5 ± 5.5 mmHg, vs.
GHRH-A, 71.5 ± 5.4 mmHg, at 16 to 18 wk postembolization),
anemia (Hematocrit: placebo, 26.8 ± 0.4 [%], vs. GHRH-A,
24.4 ± 0.4 [%], at 16 to 18 wk postembolization), and EF (placebo,
52 ± 0.9 [%], vs. GHRH-A, 51 ± 0.6 [%], at 16 to 18 wk post-
embolization) were not different between groups.
GHRH-A administration restored diastolic function toward

normal. Importantly, EDP fell by −9.3 ± 3.8 mmHg (P = 0.027)
and was associated with recovered passive diastolic function and
decreased (EDP/EDV) ratio/BSA of 0.09 ± 0.02 mmHg/mL/m2

(P = 0.018; Fig. 2 A and B). Active relaxation, as characterized by
tau and isovolumetric relaxation, as measured by dP/dtmin, were
both improved in the GHRH-A group, but were not significantly
different between groups (Fig. 2 C and D). SW increased over
time in the placebo group by 1,482 ± 349.8 mmHg·mL (P =
0.0007; Fig. 2E). Preload recruitable stroke work (PRSW) and
dP/dtmax were similar between groups with no changes over time.
The percent change from baseline of LVED-Mass/BSA at the

end of the study between the placebo (51.6 ± 5.3%) and GHRH-
A (44.6 ± 4.3%) groups was not significantly different (Fig. 2F)
(Table 2). Importantly, there was a trend for GHRH-A to
ameliorate progression of LV hypertrophy: The increase in
LVED-Mass/BSA during treatment (between weeks 12 and 16 to
18) was greater in the placebo-treated (9.6 ± 1.6%) than in the
GHRH-A–treated (3.0 ± 1.4%) animals. RWT (Fig. 2G), EDV,
ESV, stroke volume (SV) corrected by BSA, and dry lung weight
(placebo, 42.5 ± 3.6 g, vs. GHRH-A, 41.9 ± 3.3 g; P = 0.91) were
similar between the two groups. Ventricular tachycardia was
reproduced by electrical stimulation in one animal of the placebo
group but none from the GHRH group.
Next, we assessed the intracellular calcium ([Ca2+]) handling

in cardiomyocytes isolated at the end of the study. The [Ca2+]
transient amplitude was increased (P = 0.009) in cardiomyocytes
from GHRH-A–treated animals (Fig. 3 A and B). Although
Ca2+ release was faster in the placebo group when paced at 0.2
Hz, no differences were evident at any other frequencies, as
shown by time to reach [Ca2+] peak (ttp) (Fig. 3 A, Left, and C)
or d[Ca2+]/dtmax (Fig. 3D). There were also no differences in the
rate of Ca2+ decay as assessed by the time from the peak toward
the baseline (bsl) (time to 10% bsl, 50% bsl and 90%)
(Fig. 3 E–G) or d[Ca2+]/dtmin (Fig. 3H). The dose–response to
isoproterenol of intracellular Ca2+ was also not significantly af-
fected in cardiomyocytes derived from GHRH-A–treated com-
pared with placebo-treated animals (Fig. 3I). We used tetracaine
to indirectly assess the sarcoplasmic reticulum (SR) Ca2+ leak in
these cardiomyocytes. We plotted the load–leak pairs and found
no differences between curves (although a lower SRCa2+ leak
appears to be induced by GHRH-A treatment, at low levels of
SR[Ca2+] content only; Fig. 3J). There was no significant dif-
ference in early afterdepolarization and other arrhythmogenic
behaviors (21) between placebo- and GHRH-A–treated car-
diomyocytes (SI Appendix, Fig. S3).
To determine whether myocardial fibrosis was associated with

this CKD-induced swine model of HFpEF, we assessed collagen
I and III content by Western blot analysis and Picro Sirius Red
staining. Neither of these approaches demonstrated a significant
difference in these collagens between placebo- and GHRH-
treated hearts (SI Appendix, Fig. S4).
Next, we examined molecular correlates of myocyte stiffness

and ventricular wall stress. We measured the abundance of titin
isoforms, which contribute directly to passive cardiomyocyte ten-
sion; N2B is the cardiac-specific, shorter, and stiffer isoform, while
N2BA is the longer and more compliant isoform (22). Activated
titin isoforms (phosphorylated N2BA and N2B) were decreased in
the placebo group compared to controls and the GHRH-
A–treated group (Fig. 4A). The N2BA/N2B ratio in the LV of

Table 1. Laboratory parameters from baseline and 12 wk
postembolization demonstrating establishment of the CKD-
induced model prior to treatment

Laboratory parameters Baseline

12 wk postembolization

P valuePlacebo GHRH-A

Renal function
MAP, mmHg 64.8 ± 4.0 73.5 ± 4.2* 71.5 ± 7.4* 0.04
Creatinine, mg/dL 1.3 ± 0.1 2.7 ± 0.2* 2.2 ± 0.2* 0.0001
BUN, mg/dL 9.2 ± 0.6 22.9 ± 2.8* 16.2 ± 1.8* <0.0001

Hematology
Hgb, mg/dL 10.2 ± 0.3 8.4 ± 0.3* 7.7 ± 0.3* <0.0001
HCT, % 33.6 ± 0.3 27 ± 0.4* 24.3 ± 0.4* <0.0001

The values at 12-wk postembolization are divided according to the
subsequent treatment. BUN, blood urea nitrogen; HCT, hematocrit; Hgb,
hemoglobin; MAP, mean arterial pressure. P values refer to analysis within
groups throughout the model establishment, paired t test. No difference
between groups at 12 wk postembolization time point. All data are
expressed as mean ± SEM. * indicates statistical significance compared to
Baseline. Two-way ANOVA; P values are shown in the last column.
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the GHRH-A group was significantly increased compared to the
placebo (P = 0.011, Fig. 4A), consistent with GHRH-A adminis-
tration contributing to reduced titin stiffness and improved dia-
stolic LV function in HFpEF. We also assessed the levels of pro-
BNP by Western blot analysis in the myocardium of control (naive
animals) and placebo- and GHRH-A–treated HFpEF hearts, to
index wall stress (23). Whereas placebo-treated animals exhibited

significantly elevated pro-BNP expression compared to control
animals, the level of myocardial pro-BNP was restored toward
normal in GHRH-A–treated animals (P = 0.003; Fig. 4B).
Cardiac chemo/cytokines can promote hypertrophy (24–26).

The inflammatory marker, macrophage chemotactic peptide-1
(MCP-1), encoded by the gene CCL2, is associated with in-
creased myocyte apoptosis and ventricular dysfunction (27). We

Fig. 1. Diastolic hemodynamic parameters, 12 wk following renal embolization. Diastolic dysfunction, a key sign of HFpEF, is evident as shown by increased
(A) end-diastolic pressure (EDP) (*P = 0.002), (B) EDP/end-diastolic volume (EDV) ratio/BSA (*P = 0.002), and (C) tau by (*P = 0.001). All data are expressed as
mean ± SEM.

Fig. 2. Impact of GHRH-A on the HFpEF phenotype. GHRH-A improves diastolic function including the following: (A) EDP/EDV corrected by BSA, (B) EDP, and
(C) tau. (D) Representative PV loops (GHRH-A, blue; placebo, orange; baseline, light color; 12 wk PE, bright color; 18 wk PE, dark color). As depicted, animals
maintain EF but develop an increased end-diastolic pressure–volume relationship consistent with HFpEF. CKD-HFpEF phenotype presents with increased (E)
SW, (F) left ventricular end-diastolic (LVED) mass/BSA, and (G) representative cardiac MRI showing increased relative wall thickness (RWT) following renal
embolization. All data are expressed as mean ± SEM. * indicates statistical significance vs. 12 wk time point.

Rieger et al. PNAS | 3 of 9
Growth hormone-releasing hormone agonists ameliorate chronic kidney disease-induced
heart failure with preserved ejection fraction

https://doi.org/10.1073/pnas.2019835118

M
ED

IC
A
L
SC

IE
N
CE

S

https://doi.org/10.1073/pnas.2019835118


assessed the expression of CCL2 in the myocardium of control
swine, and swine with CKD-induced HFpEF that were treated
with placebo or GHRH-A. Placebo-treated swine had signifi-
cantly elevated levels of CCL2 compared to control and GHRH-
A–treated animals. GHRH-A treatment returned CCL2 ex-
pression to control levels (SI Appendix, Fig. S5).

Discussion
This randomized, blinded, placebo-controlled, preclinical study
tested the effectiveness of a synthetic, potent GHRH-A to im-
prove the HFpEF phenotype compared to placebo, in a large-
animal model of CKD-induced HFpEF. These encouraging re-
sults demonstrate that GHRH-A produced a substantial im-
provement in cardiac diastolic function in animals with established
CKD-induced HFpEF. In humans, HFpEF is a common, but
particularly challenging disorder, lacking effective treatments.
Accordingly, this study has important translational and clinical
implications for the important unmet clinical need of HFpEF.
To accomplish this study, we developed a large-animal model

of HFpEF. To create this model, we performed renal artery
embolization in swine (19) leading to the development of acute
kidney injury. The animals also had accompanying hyperkalemia
and volume overload that was managed with daily diuretic (fu-
rosemide) treatment lasting ∼2 wk, and subsequent administra-
tion as needed, while their renal function improved (via
hyperfiltration of the remnant kidney) and stabilized.
In our large-animal model, hypertrophy of the LV and SW

elevation were evident, similar to that described in the CKD-

HFpEF phenotype (11). Ventricular tachycardia was stimu-
lated in two animals, one prior to treatment and one following
randomization to the placebo treatment, corroborating potential
structural (proarrhythmic) changes in the myocardium. To-
gether, these preclinical findings support ongoing translational
development of this class of agents for human HFpEF.
GHRH-A reparative effects on the myocardium in the setting

of HFpEF likely occur through multiple mechanisms (28), in-
cluding antiapoptotic effects via inhibition of ERK1/2 and PI3K/
Akt signaling associated with elevated Bcl-2 and reduced Bax:Bcl-2
ratio (14, 17), stimulation of cardiac progenitor proliferation (14,
29), inhibition of hypertrophy, including Gq signaling and down-
stream pathways (30), and reduced inflammation, specifically
plasma levels of IL-2, IL-6, and TNF-α, reduced expression of
profibrotic pathway genes (14), and better organized collagen de-
position (14). In a mouse model of angiotensin II-induced HFpEF,
GHRH-A inhibited cardiomyocyte sarcomere and contractile dys-
function, preventing Ca2+ leak from the SR and improving sarco-
mere relaxation and calcium handling (18). A substantial benefit of
GHRH-A on the restoration of the diastolic cardiac function was
demonstrated in the treated animals of this study, including EDP
(ventricular preload) and end-diastolic/pressure–volume ratio
(EDP/EDV, a measure of passive chamber stiffness). There was a
trend toward reduced hypertrophy following a 4- to 6-wk treatment
with GHRH-A. The ability of GHRH-A to further improve or
offset deterioration in LV hypertrophy will be tested in future ex-
periments using longer durations or increased doses of GHRH-A.
The potential anti-arrhythmogenic effect, independent of the scar

Table 2. Cardiac function parameters from baseline and 12 wk postembolization

Cardiac function parameters Baseline

12 wk postembolization P value

Placebo GHRH-A

Integrated cardiac function
EF, % 41.1 ± 1.5 50.6 ± 3.0* 51.6 ± 3.4* 0.0001
Ea/Ees ratio 3.05 ± 0.31 3.17 ± 2.40 2.40 ± 0.37 0.47
SV/BSA, mL/m2 43.7 ± 0.5 55.1 ± 6.1* 51.1 ± 2.6* 0.002

Preload
EDP, mmHg 13.7 ± 1.0 21.2 ± 2.9* 23.0 ± 3.5* 0.002
EDV/BSA, mL/m2 106.4 ± 0.6 110.1 ± 5.3 101.7 ± 4.1 0.67

Afterload
Ea, mmHg/mL 2.5 ± 0.5 1.8 ± 0.2* 1.9 ± 0.2* 0.02
SBP, mmHg 85.2 ± 3.3 89.4 ± 5.1 92.2 ± 8.2 0.95
DBP, mmHg 56.0 ± 2.5 61.3 ± 5.0 65.9 ± 8.5 0.82

Contractility
dP/dt max, mmHg/s 803.9 ± 43.7 840.0 ± 54.2 983.3 ± 103.2 0.19
ESV/BSA, mL/m2 62.8 ± 0.6 54.7 ± 5.7* 49.3 ± 4.7* 0.0002
PRSW, mmHg 32.9 ± 4.3 37.3 ± 4.9 39.0 ± 2.9 0.25
ESPVR, mmHg/mL 0.9 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 0.16

Lusitropy
EDP/EDV ratio/BSA, mmHg/mL/m2 0.12 ± 0.01 0.20 ± 0.03* 0.22 ± 0.03* 0.002
Tau, ms 45.8 ± 1.9 71.6 ± 6.3* 67 ± 9.2 0.001

Ventricular morphology
Relative wall thickness 0.3 ± 0.01 0.5 ± 0.05* 0.5 ± 0.04* 0.003
LVED mass/BSA, g/m2 84.4 ± 0.6 116.8 ± 5.9* 121.7 ± 3.2* 0.002

This table shows the establishment of the CKD-induced model prior to treatment. The values at 12 wk
postembolization are divided according to the subsequent treatment. DBP, diastolic blood pressure; dP/dt
max, maximal value of the first temporal derivative of the ventricular pressure; Ea, arterial elastance; EDP/
EDV ratio/BSA, end-diastolic pressure–volume ratio, index for body surface area; EDPVR, end-diastolic pressure–
volume relationship; EF, ejection fraction; ESPVR, end-systolic pressure–volume relationship; ESV/BSA, end-
systolic volume, index for body surface area; LVED mass/BSA, left ventricular end‐diastolic mass, index for body
surface; PRSW, preload recruitable stroke work relation; SBP, systolic blood pressure; SV/BSA, stroke volume,
index for body surface area; tau, left ventricular diastolic time constant. P values refer to analysis within groups
throughout the model establishment, paired t test. No statistical differences between groups at 12-wk post-
embolization time point. All data are expressed as mean ± SEM. * indicates statistical significance compared to
Baseline. Two-way ANOVA; P values are shown in the last column.
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reduction seen with GH therapy (31), was also seen with this
GHRH analog; this is at present a poorly understood effect, and
further studies will be conducted to elucidate underlying
mechanisms.
We explored the relative contribution of myocardial fibrosis

vs. cardiomyocyte stiffness in the reduced myocardial compliance
seen in this swine model of CKD-induced HFpEF. The type and
prevalence of interstitial fibrosis is an important parameter for
myocardial recovery in ischemic and dilated cardiomyopathy
(32). However, the absence of increased fibrosis in these hearts
suggest that GHRH-A can improve compliance of stiff myocar-
dium at the level of the cardiomyocyte even in settings where
reduction of fibrosis is not evident. GHRH-A administration
could have further benefits if myocardial fibrosis played a role as
has been shown in rat (13–15, 33) and swine (12) models of ICM.

Further evidence of a direct effect of GHRH-A on car-
diomyocytes is the increased titin phosphorylation seen in
GHRH-A–treated animals. A molecular hallmark of HFpEF,
recapitulated in our model, is hypophosphorylation of titin (22)
in the myocardium, which may result from reduced myocardial
protein kinase G activity induced by nitroso-redox imbalance
(34–37). Reducing titin phosphorylation/stiffness has shown ben-
eficial effects in animal models of HFpEF (38–40) and is a target
in human clinical trials testing sodium-glucose-cotransporter
(SGLT)-2 inhibitors (41, 42). The GHRH-A–mediated reduction
in myocardial pro-BNP and inflammatory markers (14), including
CCL2 (SI Appendix, Fig. S5), suggest that GHRH-A functions to
decrease myocardial stress and inflammation. Together, these
effects could reduce cardiomyocyte apoptosis as seen following
GHRH-A treatment in rat models of ICM (15), potentially re-
storing the balance between cardiomyocyte loss and replacement

Fig. 3. Calcium handling in cardiomyocytes. (A) Representative individual traces of intracellular [Ca2+] comparing placebo- vs. GHRH-A–treated car-
diomyocytes electric field-stimulated at 0.2, 0.5, 1, and 1.5 Hz. (B) Average [Ca2+] transient amplitude in placebo and GHRH-A groups. (C) Average of the time
elapsed from the electric stimulus to the peak of the [Ca2+] transient. **P = 0.009. (D) Maximum [Ca2+] rise velocity. (E) Decay rate from the [Ca2+] transient
peak to 10% of the way to baseline (time to 10% bsl). (F) [Ca2+] decay rate assessed as time to 50% bsl. (G) [Ca2+] decay as time to 90% bsl. (H) Maximum
[Ca2+] decay velocity. (I) Response of cardiomyocyte intracellular [Ca2+] transient amplitude to increasing dose of isoproterenol. (J) Sarcoplasmic reticulum (SR)
Ca2+ leak–SR Ca2+ load relationship. ***P < 0.001, two-way ANOVA. All data are expressed as mean ± SEM.
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(17). These important molecular changes further support the in-
vestigation of GHRH-As as a therapeutic for HFpEF.
In summary, together our findings reveal that GHRH-A ad-

ministration in a large-animal model of HFpEF has a constel-
lation of salutary physiologic and molecular effects. GHRH-A
was well tolerated in the animals and improved diastolic dys-
function. In addition, activating myocardial GHRH receptors
reduced myocardial pro-BNP, improved titin stiffness, and re-
duced myocardial CCL2 independently of reducing fibrosis.
Accordingly, these findings reveal a potential therapeutic ap-
proach for HFpEF and cardiorenal syndromes and provide rationale
for further clinical translational studies.

Materials and Methods
The study was conducted in a blinded fashion. All animal protocols were
approved by the University of Miami Institutional Animal Care and Use
Committee. Female Yorkshire swine (30 to 35 kg) underwent catheter-
induced embolization with polyvinyl alcohol particles (19, 43) (150 to
250 μm; Boston Scientific) and 100% ethanol infusion to produce the 5/6
nephrectomy CKD model. Postembolization arteriograms were performed
to assess the residual renal flow to the embolized and remnant kidney.
Twelve weeks postembolization, animals were randomized to receive daily
subcutaneous injections of GHRH-A (n = 8, MR‐409; 30 μg/kg dissolved in

DMSO/propylene glycol/PBS) or placebo (n = 8, GHRH-A diluent) for 4 to
6 wk.

The GHRH-A MR-409 [N-Me-Tyr1, D-Ala2, Orn12, 21, Abu15, Nle27, Asp28-
GHRH (1–29) NHCH3] was synthetized by solid-phase methods and purified
by HPLC, as described previously (13).

Renal anatomical structure and perfusion was evaluated by renal MRI (20)
(3.0T clinical scanner; Magnetom; Siemens AG). Follow-up evaluations were
done weekly in the initial month and monthly throughout the GHRH-A
treatment or placebo. Animals were studied for a total of 16 to 18 wk in a
blinded manner.

Cardiac MRI was conducted at the Interdisciplinary Stem Cell Institute to
evaluate cardiac function Siemens Trio 3T Tim with Syngo MR Software
using a 16-channel body surface coil with electrocardiography (ECG) gating
and short breath-hold acquisitions. Cardiac evaluation included ECG-gated
cine, first-pass gadolinium delayed hyper enhancement images and
tagging (44).

Kidney functional laboratory measurements, including serum creatinine
and BUN, protein and creatinine in urine, hematology, and chemistry were
performed for validation of the CKD model at baseline, 12-, and 16- to 18-wk
postembolization time points.

Animal Model. The renal embolization-induced 5/6 nephrectomy was per-
formed in 36 Yorkshire swine. This procedure to create a remnant kidney
model of chronic kidney disease carries a high mortality rate, as previously
described (19). Sixteen animals successfully completed the study and were
included in this analysis. Twenty animals died before initiation of the

Fig. 4. Titin and pro-BNP expression in myocardium. (A) Expression and phosphorylation of titin isoforms. Representative image of 1% agarose gel elec-
trophoresis with SYPRO Ruby and ProQ Diamond phosphoprotein stain for titin analysis of LV. Bar graphs show relative hypophosphorylation of both N2BA
and N2B isoforms, as well as the N2BA/N2B ratio in the control (white; n = 3), placebo (orange; n = 6), and GHRH- A (blue; n = 6) groups. The relative
phosphorylated titin expression is the average of triplicate values. All data are expressed as mean ± SEM. *P < 0.05 by Kruskal–Wallis test. (B) Expression of
pro-BNP in the myocardium. Representative Western blot for pro-BNP expression from swine myocardial biopsies from control (lanes 1 to 3 and 16 to 18),
placebo-treated (lanes 4 to 6 and 10 to 12), and GHRH-A–treated (lanes 7 to 9 and 13 to 15). Quantification of Western blots for all samples; control (n = 3),
placebo treated (n = 6), and GHRH-A treated (n = 6). **P = 0.003 placebo vs. GHRH-A by Dunn’s multiple-comparisons test.
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treatment, the majority in the first 2 initial weeks, as expected. Three had
complications during the embolization procedure because of arteriovenous
malformation, myocardial infarction, and anaphylaxis, respectively. After
the procedure, 1 animal died as a complication of a central line placement,
and 12 died secondary to acute kidney injury. One animal died at 12 wk
during the electrical stimulation procedure, which reproduced a ventricular
tachycardia that converted to ventricular fibrillation that did not respond to
treatment.

Hemodynamic Assessment. Pressure–volume (PV) loops were performed at
baseline, 12 wk postembolization, and at the end of the study at 16 to 18
weeks, using a micromanometer-conductance catheter (VENTRI CATH 507
for Large Animals; AD Instruments) (45). Following Seldinger technique, the
catheter was placed within the LV and steady-state PV loops were per-
formed. Subsequently, the inferior vena cava was occluded with a balloon to
determine end-diastolic pressure–volume relationship (EDPVR) and end-
systolic pressure–volume relationship (ESPVR). Data were acquired after
the animals were given time to stabilize.

The peripheral mean arterial blood pressure was obtained by an indirect
and noninvasive methodology. With the pig in a lateral recumbent position,
the arterial pulse was located in themedial aspect of the foreleg between the
elbow and the carpal joint. A pediatric blood pressure cuff (Hewlett Packard)
was placed around the leg distal to the elbow. Datawere collected at baseline
and at different timepoints postembolization: 30min, 24 and 72 h, and 1, 2, 4,
6, 8, 11, and 12 wk.

Electrophysiologic Assessment. Programmed electrical stimulation pacing was
performed at twice diastolic threshold using an electro stimulator trig-
gered by a personal computer, via a bipolar catheter placed intravenously
in the right ventricular apex and left ventricular apex. For a refractory
assessment period, a drive train sequence of 8 to 10 pulses (S1) is delivered
at S1S1 cycle length 400 ms, followed by the delivery of premature extra
stimuli (S2) at 340 ms, 320 ms, and reduced in 20-ms decrements to the
point where the S2 impulse does not capture, i.e., at the ventricular
effective refractory period. The induction of sustained ventricular ar-
rhythmias was performed in each animal at 12 wk and 16 to 18 wk (end of
study) time points after embolization. This stimulation was performed in
the right and left ventricles.

Calcium Measurements. Cardiomyocytes were isolated and prepared from
swine heart biopsies by adapting a previously described protocol (46). Briefly,
left ventricular biopsies were collected from the swine in the operating
room at the 16 to 18 wk time point. Specimens were kept in an ice-cold
cardioplegic buffer (in mmol/L: 50 KH2PO4, 8 MgSO4, 10 Hepes, 5 adenosine,
140 glucose, 100 mannitol, 10 taurine) and processed within 10 min. Myo-
cardial tissues were washed twice and then minced into small pieces (∼3
mm). Tissue chunks were transferred into a digestion device and then sub-
jected to sequential (six steps) enzymatic digestion (at 37 °C) using collage-
nase type V (Worthington Biochemical Corporation) at 250 U/mL and
protease type XXIV (Sigma-Aldrich) at 4 U/mL, in a digestion buffer con-
taining the following (in mmol/L): 1.2 MgSO4, 10 glucose, 20 taurine, 113
NaCl, 4.7 KCl, 0.6 KH2PO4, 0.6 NaH2PO4, 12 NaHCO3, 12 KHCO3, 4 Na-
pyruvate, and 10 butadiene monoxime. Supernatants containing the car-
diomyocytes were collected in digestion buffer with 0.5% bovine serum
albumin (Sigma-Aldrich). The cells were subjected to a sequential extracel-
lular Ca2+ restoration in Tyrode’s buffer containing the following (in mmol/
L): 144 NaCl, 1 MgCl2, 10 Hepes, 5.6 glucose, 5 KCl, and 1.2 NaH2PO4 (ad-
justed to a pH 7.4 with NaOH). Finally, cardiomyocytes were resuspended in
Tyrode’s buffer containing 1.8 mmol/L CaCl2 at room temperature until
being used.

Intracellular Ca2+ was measured using the Ca2+-sensitive dye Fura-2 and a
dual-excitation (340/380 nm) spectrofluorometer (IonOptix). Cardiomyocytes
were incubated with 2.5 μmol/L Fura-2 for 15 min at room temperature and
then washed with fresh regular Tyrode’s solution for at least 10 min. Next,
cardiomyocytes were placed in a perfusion chamber adapted to the stage of
an inverted Nikon eclipse TE2000-U fluorescence microscope. Cells were
superfused with a Tyrode’s buffer at 37 °C and Fura-2 fluorescence was ac-
quired at an emission wavelength of 515 ± 10 nm. The cardiomyocytes were
electric field-paced (20 V) at different frequencies from 0.2 to 1.5 Hz. The
calibration was performed in cardiomyocytes “ex vivo,” superfusing a free
Ca2+ and then a Ca2+ saturating (5 mmol/L) solution, both containing
10 μmol/L ionomycin (Sigma) until reaching a minimal (Rmin) or a maximal
(Rmax) ratio value, respectively. [Ca2+]i was calculated as described previously
using the following equation:

[Ca2+]i = Kd × Sf2
Sb2

× (R − Rmin)
(Rmax − R).

Kd (dissociation constant) in adult myocytes was taken as 224 nmol/L. The
scaling factors Sf2 and Sb2 were extracted from calibration as previously
described (47). Δ[Ca+2]i amplitude was considered as follows: peak [Ca+2]i –
resting [Ca+2]i.

SR Ca2+ Leak Assessment. SR Ca2+ leak was assessed using tetracaine as pre-
viously described (47). Briefly, after stopping cardiomyocyte pacing, the
superfusing buffer was immediately switched to a 0Na+/0Ca2+ Tyrode’s
buffer containing the following (in mmol/L): 144 LiCl, 1 MgCl2, 10 Hepes, 5.6
glucose, 5 KCl, 10 EGTA (pH adjusted up to 7.4 with LiOH) during ∼30 s to
prevent Ca2+ fluxes through the sarcolemma. Thus, the intracellular Ca2+ was
maintained approximately unaltered and the cytosolic [Ca2+] reached a
steady state due to a balance between the SR Ca2+ fluxes (Ca2+ uptake and
Ca2+ leak). Then a 0Na+/0Ca2+ Tyrode’s solution with 1 mM tetracaine
(Sigma-Aldrich) was applied for at least 60 s. Under this condition, the SR
Ca2+ leak is blocked and then allowing the Ca2+ uptake to reduce cytosolic
[Ca2+] until reaching a minimum in the Fura-2 ratio. Following, the super-
fusing solution was switched back to tetracaine-free 0Na+/0Ca2+ Tyrode’s
buffer and SR Ca2+ content was assessed as described previously (47) by a 20
mmol/L caffeine challenge. SR Ca2+ contents were calculated considering
that SR represents 3.5% and cytosol 65% of the myocyte volume as previ-
ously described (48). The following equation from Shannon et al. (48) was
used:

SR Ca2+[ ] = Ca2+[ ]caff +
βmax−SR × Ca2+[ ]caff
Ca2+[ ]caff + Kd−SR

.

SR[Ca2+] is the SR Ca2+ content, [Ca2+]caff is the SR Ca2+ released by caffeine,
βmax-SR and Kd-SR are the usual Michaelis parameters for SR Ca2+ binding.

The observed decrease in the Fura-2 ratio in the presence of tetracaine
compared to the ratio prior to applying tetracaine was considered the Ca2+

leak for a particular myocyte (expressed in micromoles per liter). SR Ca2+

leak-SR [Ca2+] pairs were grouped by similar SR Ca2+ load (SR[Ca2+]), plotted,
and fitted by an exponential growth function using GraphPad Prism soft-
ware (version 8.4.3; GraphPad Software). Measurements were carried out at
37 °C.

Western Blotting.
Titin assessment. For detection of titin, LV samples were solubilized and
electrophoresed using 1%agarose gels as describedwithminormodifications
(49). Briefly, LV samples were flash frozen in liquid nitrogen and solubilized
between glasses pestles cooled in liquid nitrogen. Samples were primed
at −20 °C for a minimum of 20 min, then suspended in 50% urea buffer (in
mol/L: 8 urea, 2 thiourea, 0.05 Tris·HCl, 0.075 dithiothreitol with 3% SDS, and
0.03% bromophenol blue, pH 6.8) and 50% glycerol with protease inhibitors
(in mmol/L: 0.04 E64, 0.16 leupeptin, and 0.2 PMSF) at 60 °C for 10 min. Then
the samples were centrifuged at 12,500 rpm for 5 min, aliquoted, flash
frozen in liquid nitrogen, and stored at −80 °C (50).

Total titin phosphorylation was analyzed using the fluorescence-based
phosphoprotein stain ProQ diamond (Invitrogen) in comparison to the to-
tal protein stain Sypro Ruby (Invitrogen). The gels were stained for 60 min
with ProQ Diamond (Molecular Probes). Thereafter, the gels were washed
and subsequently stained with SYPRO Ruby (Molecular Probes). Staining and
imaging procedure were performed according to the manufacturer’s in-
structions, scanned using a commercial scanner (GE Corporation), and ana-
lyzed with ImageJ software.

Titin isoform expression was determined in LV samples from control group
(n = 3), placebo group (n = 6), and GHRH-A–treated group (n = 6) in
triplicate gels.
Pro-BNP assessment. Flash-frozen LV samples were homogenized using a Py-
rex glass-glass homogenizer in liquid nitrogen and urea buffer containing:
8 M urea, 2 M thiourea, 3% SDS, 0.03% bromophenol blue, and 0.05 M Tris,
pH 6.8. Glycerol (50%) was added. Samples were centrifuged at 12,500 rpm
for 5 min. Supernatants were collected and sampled for protein concen-
tration by Bradford assay (Thermo Scientific). Samples (15 μg protein/well)
and dual molecular weight ladders (Precision Plus Protein Dual Color Stan-
dards; Bio-Rad) were loaded on a 4 to 20% gradient agarose gel, electro-
phoresed, and transferred to nitrocellulose membranes (Bio-Rad
Laboratories). Membranes were blocked with TBS + Rockland blocking
buffer MB-070 (1:1) for 1 h at room temperature. Immunoblot analysis was
performed using rabbit polyclonal antibodies against collagen I and collagen
III (Abcam: ab34710 and ab7778, respectively), mouse monoclonal antibody
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for pro-BNP (Abcam: ab239514), and mouse monoclonal antibody for
GAPDH (Cell Signaling; #97166S) as internal loading control (overnight
incubation at 4 °C). Detection was carried out by incubating with the
fluorescent dye-conjugated antibodies anti-rabbit IRDye 680RD and
800CW; LI-COR; 925-68071 and 925-32211) and anti-mouse IgG (IRDye
680RD and 800CW; LI-COR; 925-68070 and 925-32210) for 1 h at room
temperature. Images were acquired by an Odyssey infrared imaging
system (LI-COR Biosciences). Detection and quantification of band in-
tensities were analyzed using the Image Studio Litesoftware (LI-COR)
and ImageJ.

Picro-Sirius Red Staining. Total collagen content was assessed using Picro-
Sirius Red stain kit (Abcam; ab245887) according to the manufacturer’s in-
structions. The collagen content was measured as the Sirius Red intensity
normalized to the total myocardial area using light microscopy images. For
quantification purposes, the heart sections were digitally scanned at 10×
magnification (Olympus scanner VS120), and Adobe Photoshop CS3 was
used to measure collagen content area across the entire digital slide fol-
lowing ImageJ protocol.

Quantitative RT-PCR. Samples from LVs were homogenized and isolated
using the RNAEasy kit (Qiagen) and transcribed into complementary
DNA with the use of the synthesis kit (Applied Biosystems). Quantitative
PCRs were carried out on a Bio-Rad CFX96 Real-Time PCR system

(Bio-Rad). All samples were run in duplicate and normalized to HPRT1:
Ss03388273_m1 TaqMan gene expression with specific probe against
CCL2: Ss03394377_m1.

Statistical Analysis. All data are expressed as mean ± SEM. Data distribution
was assessed with Pearson normality test. Paired t test was performed
to compare two groups at distinct time points. Kruskal–Wallis tests
were used for analysis of Western blots. Two-way ANOVA was used for
multiple time points or groups and multiple comparisons were esti-
mated using the Bonferroni and Tukey corrections and expressed as
mean ± SEM for normally distributed data. Mann–Whitney test was
used to evaluate continuous variables nonnormally distributed and
described by median and interquartile range. All statistics used two-
sided tests with α = 0.05. Values were considered significant when
P < 0.05.

Data Availability. All study data are included in the article and SI Appendix.
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