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� Acute protein kinase A a (PKCa) inhibition

with ruboxistaurin reduces heart size

post-myocardial infarction.

� Acute PKCa inhibition with ruboxistaurin

increases contractility post-myocardial

infarction.

� PKCa phosphorylation at Thr638 is

positively correlated to increases in left

ventricular volumes and reduced ejection

fraction, indicative of disease

progression.
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ABBR EV I A T I ON S

AND ACRONYMS

ADHF = acute decompensated

heart failure

DIG = digitalis

DOB = dobutamine

ECG = electrocardiogram

EDPVR = end-diastolic

pressure-volume relationship

EDV = end-diastolic volume

Ees = elastance end-systole

ESPVR = end-systolic

pressure-volume relationship

ESV = end-systolic volume

HF = heart failure

HFrEF = heart failure with

reduced ejection fraction

IR = ischemia–reperfusion

LAD = left anterior descending

coronary artery

LV = left ventricle/ventricular

LVEDV = left ventricular end-

diastolic volume

LVEF = left ventricular ejection

fraction

LVVPed10 = left ventricular

end-diastolic volume at a

pressure of 10 mm Hg

LVVPes80 = left ventricular

end- systolic volume at a

pressure of 80 mm Hg

MI = myocardial infarction

PKA = protein kinase A

PKC = protein kinase C

PLN = phospholamban

PRSW = pre-load recruitable

stroke work

RBX = ruboxistaurin
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SUMMARY
Inotropic support is often required to stabilize the hemodynamics of patients with acute decompensated heart

failure; while efficacious, it has a history of leading to lethal arrhythmias and/or exacerbating contractile and

energetic insufficiencies. Novel therapeutics that can improve contractility independent of beta-adrenergic and

protein kinase A-regulated signaling, should be therapeutically beneficial. This study demonstrates that acute

protein kinase C-a/b inhibition, with ruboxistaurin at 3months’ post-myocardial infarction, significantly increases

contractility and reduces the end-diastolic/end-systolic volumes, documenting beneficial remodeling. These data

suggest that ruboxistaurin represents a potential novel therapeutic for heart failure patients, as a moderate

inotrope or therapeutic, which leads to beneficial ventricular remodeling. (J Am Coll Cardiol Basic Trans Science

2017;2:669–83) © 2017 Published by Elsevier on behalf of the American College of Cardiology Foundation. This is

an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
C ardiac pump function is reduced in
heart failure (HF) secondary to
acute myocardial infarction (MI)

and other diseases that cause ventricular
dilation. In addition to reductions in basal
function, there is a lack in contractile reserve
(1). This syndrome is termed HF with reduced
ejection fraction (HFrEF). Inotropic therapy
is often required to improve pump function
and support central hemodynamics in acute
decompensated HF (ADHF) (2). However,
most inotropic agents currently in clinical
practice activate protein kinase A (PKA) or
alter key downstream inotropic mediators
(3). PKA signaling is the principle mechanism
to regulate cardiac contractility in the normal
heart. Persistent activation of PKA signaling
is required in the failing heart to maintain
central hemodynamics, and this leads to
disruption of the signaling cascade and
blunted adrenergic responsiveness. Drugs
such as milrinone increase cyclic adenylate
monophosphate (cAMP) by inhibiting the
phosphodiesterase (PDE III in this case) that catalyze
cAMP inactivation and thereby increase PKA activa-
tion. These drugs have reduced efficacy when
compared with the normal heart, but are still potent
inotropes that can improve cardiac function in pa-
SEE PAGE 684
tients who present with ADHF (4). However, these
drugs can induce lethal arrhythmias (5), and because
they can also cause Ca2þ overload in the sarcoplasmic
reticulum (SR), they can induce myocyte death (6)
and thereby exacerbate HF progression. Therefore,
patients that survive episodes of ADHF that required
the use of PKA-activating inotropic support, have a
worse prognosis (7). Novel inotropic therapies that in-
crease cardiac contractility and have positive effects
on ventricular remodeling, but avoiding PKA
signaling, could help patients with HF.

Over the last decade, we (8–12) and others (13–17)
have investigated the role of protein kinase C (PKC)
in the alterations of basal inotropy and inotropic
reserve in small-animal HF models. PKC is a family of
serine/threonine protein kinases, which are activated
through Ca2þ- and/or lipid-mediated signaling
mechanisms, and are enhanced in HF. The major PKC
isoform expressed in cardiac tissue of small (mouse)
(18) and large (rabbit) (19) animals, as well as in
humans, is PKCa (12). PKCa abundance and activity
increases in the diseased heart and has been linked to
reduced cardiac myocyte contractility, whereas PKCa
inhibition increases cardiac contractility (10). PKCa-
target proteins are distinct from those activated by
PKA (4,20) and include classical Ca2þ handling and
regulator proteins within the membrane, cytosol, and
at the level of sarcomeric proteins (10,15–17,21).
Studies performed largely in mouse models suggest
that inhibition of PKCa could be a PKA-independent
approach to increase contractility in the failing hu-
man heart (9,10). However, regulation of cardiac
contractility is fundamentally different in rodents
and large mammals, including humans, and this may
explain why so many Ca2þ-dependent therapeutic
strategies that have worked in rodent models have
not translated to effective therapeutics in humans
(22,23). Previously we tested the chronic administra-
tion of ruboxistaurin (RBX) in a farm pig model of MI
(24). Ladage et al. (24) reported that RBX had bene-
ficial effects on cardiac contractility (dP/dTmax) and
remodeling (left ventricular [LV] ejection fraction
[LVEF]) at 3 months’ post-MI. Although RBX was
administered throughout the study (10 mg/kg/day),
beneficial effects were only observed at the 3-month
time point. This could be due to the normal hyper-
trophic growth observed in farm pigs over the study
timeline or that sufficient cardiac pathology

http://creativecommons.org/licenses/by-nc-nd/4.0/
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developed at 3 months post-MI permitting observa-
tion of RBX’s beneficial effects. This study did
not define the mechanism by which RBX treatment
improved function, but demonstrated the safety
and efficacy of long-term RBX administration
post-MI. Therefore, the present study examined the
idea that acute PKCa inhibition will increase cardiac
contractility in a minipig MI model that has devel-
oped significant structural and pathophysiology
characteristics consistent with the clinically defined
syndrome HFrEF.

The present study explored the effects of a PKCa/b
inhibitor, RBX, that has positive inotropic effects in
small-animal models of cardiac disease (10,11). RBX is
a PKCa/b inhibitor of the bisindolylmaleimide class. It
has been tested in clinical trials for patients with
diabetic retinopathy (25–27). In these trials, RBX was
well tolerated without major side effects, making it
an attractive pharmacological agent that could be
repurposed for the treatment of patients with HF. The
experiments in this study show that acute RBX
treatment increased cardiac contractility and reduced
heart size (filling volumes) in a swine MI model with
ventricular dilation and reduced ejection fraction.
These results support the idea that RBX could be a
PKA-independent inotropic treatment for patients
with HF.

METHODS

STUDY APPROVAL. All animal procedures were
approved by Temple University Institutional Animal
Care and Use Committee.

ANIMALS, ANESTHESIA INDUCTION, AND MAINTENANCE.

Twenty-six female Göttingen minipigs were used
(Marshall BioResources, North Rose, New York). All
animals were 7 to 8 months of age, with a mean
weight of 30 kg. Three groups were derived from this
cohort of animals: Sham (n ¼ 6) for gross morphom-
etry, MI þ RBX (n ¼ 17), and Control þ RBX (n ¼ 3)
(Figure 1). Anesthesia was induced by intramuscular
injection of 6.0 mg/kg tiletamine/zolazepam (Telazol,
Fort Dodge Animal Health, Fort Dodge, Iowa). Göt-
tingen minipigs were intubated with an endotracheal
tube of 5.5-mm internal diameter, and general anes-
thesia was maintained with 1% to 2% isoflurane
(IsoFlo, Abbott Laboratories, Animal Health Division,
Abbott Park, Illinois) supplemented with 100%
oxygen. Blood oxygenation was monitored using
continuous pulse oximetry. The electrocardiogram
(ECG) was monitored throughout the entire
procedure.

ISCHEMIA–REPERFUSION INDUCED MI. Induction of
ischemia–reperfusion (IR) MI was performed, with
slight modification, following previously published
methods (28). Briefly, sheaths were introduced into
the femoral artery and vein (8-F and 11-F, respec-
tively). Animals were anticoagulated with heparin
throughout the procedure using a loading dose of
100 U/kg and a maintenance dose of 40 U/kg every
hour. The left anterior descending coronary artery
(LAD) was accessed via the right femoral artery using
a 6-F 3DRC guide catheter (Cordis, Johnson &
Johnson, Miami Lakes, Florida). All animals were
administered amiodarone (1.0 mg/kg, intravenous)
before MI induction. The 2.5 to 3.0 � 12-mm Maverick
angioplasty balloon (Boston Scientific, Natick,
Massachusetts) was then inflated to 8.0 atm for a
period of 90 min. Next, the balloon was deflated and
the guide catheter removed to allow 30 min of
reperfusion before sheath removal, which permitted
time for any advanced medical intervention that was
necessary to treat acute arrhythmias. All animals in
the Sham group received the same treatment without
inflation of the angioplasty balloon in the LAD.
Balloon occlusion and flow restoration were
confirmed with angiography (Supplemental Figure 1).

TRANSTHORACIC ECHOCARDIOGRAPHY. Transthoracic
echocardiography was performed at baseline,
1 month, 2 months, and 3 months post-MI � RBX with
the Zonare z.one Ultra ultrasound system (Zonare
Medical Systems, Mountain View, California). Images
were acquired in the 2-dimensional–mode long and
short axes; whereas M-mode images were taken in the
short axis. All analysis was performed in a blinded
manner. End-diastolic dimensions (not shown), end-
systolic dimensions (not shown), end-diastolic
volume (EDV), end-systolic volume (ESV), and LVEF
were calculated following the American Society of
Echocardiography guidelines (29).

INVASIVE HEMODYNAMICS. Detailed methods on
acquisition/analysis and graphing data have been
previously described (30) and can be found in the
Supplemental Appendix. Invasive hemodynamics
were performed to assess intrinsic cardiac function
during systole (i.e., pressure end-systole [Pes], vol-
ume [Ves], LV maximum rate of pressure develop-
ment [dP/dT], LV VPes100, elastance [Ees] and volume
intercept [V0]), and diastole (i.e., Ped, Ved, LV mini-
mum dP/dT, LV isovolumic relaxation constant [s],
LV VPed10 and end-diastolic pressure-volume rela-
tionship [EDPVR]) at different time points (pre-MI
and 3 months post-MI) and under various condition
(� dobutamine [DOB, 2.5 mg/kg/min] and/or � RBX)
([þ] ¼ in the presences of substance, [�] ¼ in the
absence of substance). Data were plotted with the
mean (Ees/V0 [end-systolic pressure-volume
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FIGURE 1 Study Timeline

Protocol used to induce acute myocardial infarction (MI) and functionally assess the progression of pathological remodeling. Timeline for

delivery of dobutamine (DOB) and ruboxistaurin (RBX) at 3 months’ post-MI. LAD ¼ left anterior descending coronary artery.
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relationship (ESPVR)] or a/b [EDPVR]) � SEM to a
given set of pressures to observe curve shifts in the
ESPVR and EDPVR.

RBX TREATMENT. At 3-month post-MI, a single oral
dose of RBX (20 mg/kg) (Eli Lilly and Company,
Indianapolis, Indiana) (27) was administered to each
animal mixed with normal feed. Animals were given
2 h (31) after RBX administration before any proced-
ure to evaluate function or fulfill any other endpoints
(Figure 1).

TISSUE PROCESSING AND GROSS MORPHOMETRIC

ANALYSIS. Cardiectomy was performed under
general anesthesia, and gross morphometry was per-
formed as previously described (28). Briefly, the heart
was weighed and the basal two-thirds fixed via
perfusion with 2 l of 10% formalin. The bottom
one-third was taken for molecular analysis. Further
details fully describing tissue processing can be found
in the Supplemental Appendix.

PROTEIN ISOLATION, FRACTIONATION, AND WESTERN

BLOT ANALYSIS. Frozen tissue samples were taken
from the remote zone of the MI animals and a com-
parable location on sham animals. Protein isolation
and fractionation was performed to investigate acti-
vation (localization) of PKCa. A subcellular protein
fractionation kit was used to separate membrane-
bound and cytoplasmic proteins (Thermo Scientific
Cat#: 87790, Thermo Fisher Scientific, Waltham,

https://doi.org/10.1016/j.jacbts.2017.06.007


FIGURE 2 Gross, Cellular, and Molecular Remodeling 3 Months PMI

(A) Gross images of sham heart, whole organ (left), and cross section (right) of mid-myocardium. (B) Gross images of 12-week PMI heart,

whole organ (left), and cross section of mid-myocardium (right). (C) Scar size analysis showing viable (white) and scar tissue (black) as a

percentage of total myocardial volume at 12 weeks PMI. (D) Bright-field images were taken of Masson’s trichrome–stained mid-myocardial

cross sections of the infarct zone (IZ), border zone (BZ), and remote zone (RZ) of a 3 months PMI animal. The 10� (outside images) and

40� (interior images) were acquired to demonstrate fibrosis and the deposition of collagen in the AW and LW of the PMI animal. (E) Heart

weight-to-body weight (HW/BW) ratio. (F) Myocyte cross-sectional area calculated from the 2 viable zones (border zone [BZ] and remote

zone [RZ]) in sham animals versus 3 months PMI animals. The images represent the BZ in the sham group (F1) and the 3 months PMI group

(F2). Large image is 20� and small image (top right corner) is 40�. Data are shown as the mean by anatomic region in the graphs below.

(G) Animals underwent sham (n ¼ 6) or MI (n ¼ 6) procedure, and terminal studies were performed at 3 months � PMI. Tissue was collected

for molecular analysis. Protein was isolated and fractionated into cytosolic (C) and membrane (M) fractions. Percentage of membrane-bound

fraction over the cytosolic fraction is shown. *p # 0.05; ***p # 0.005 versus sham. Large scale bar ¼ 100 mm. Small scale bar ¼ 50 mm.

3 months PMI ¼ 3-month’s post-myocardial infarction; other abbreviations as in Figure 1.
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Massachusetts) from 200 mg of tissue. Western blots
were performed using the LICOR Systems general
protocol. Samples were run on a 12% SDS-page gel
and transferred overnight to 0.45-mm nitrocellulose.
Further details can be found in the Supplemental
Appendix.
STATISTICS. Full statistical methodology can be
found in the Supplemental Appendix. Briefly, all data
were presented as mean � SEM. Variables with the
repeated measurements over time were analyzed
using the mixed-effects model approach, and the
comparisons within the treatment group between

https://doi.org/10.1016/j.jacbts.2017.06.007
https://doi.org/10.1016/j.jacbts.2017.06.007
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FIGURE 3 LV Remodeling

Echocardiography was performed before, 1 month (Mo), 2Mo, and 3Mo post-myocardial infarction (PMI). (A) Left ventricular (LV) end-diastolic volume (LVEDV),

(B) end-systolic volume (LVESV), and (C) ejection fraction (LVEF) images were acquired using the 2-dimensional parasternal long-axis view. Calculation was performed

using the Simpson method. Open bars represent before MI, red bars represent PMI. *p # 0.05; **p # 0.005; ***p # 0.005; ****p # 0.005 versus baseline.
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different time points or between each of the post-MI
time points and the baseline were made simulta-
neously via the Tukey-Kramer or Dunnett-Hsu
adjustment. Bonferroni adjustment was employed
for any other nonexhaustive multiple pairwise com-
parisons within the group. However, no adjustment
was made for comparisons of �DOB (i.e., before and
after DOB treatment) at a given time point within the
group (i.e., baseline � DOB, 3 months � DOB, and RBX
3 months � DOB). Hemodynamics data were analyzed
using the mixed-effects regression model in a similar
fashion as described previously in the text (32). A
p value <0.05 was considered statistically significant.
All analyses were performed using SAS version 9.3
(SAS Institute, Cary, North Carolina).

RESULTS

VENTRICULAR REMODELING AFTER MI. IR of the
LAD distribution caused a large MI. The total scar
volume of IR/MI hearts was 17% of total ventricular
volume (Figures 2A to 2C). Three months after MI, the
infarct area was largely scar tissue and the border
zone also had significant scarring (Figure 2D). MI
hearts had significant increases in the heart weight/
body weight ratio, documenting a reactive hypertro-
phic response (Figure 2E). Wheat germ agglutinin
staining was used to quantify myocyte cross-sectional
area in the border zone and remote zone tissue.
Myocyte size was significantly increased, versus
shams, in both zones (Figure 2F). Associated with the
structural remodeling, we also observed alteration in
the molecular activation of PKCa. A significant in-
crease in the membrane-bound PKCa fractions was
observed at 3 months post-MI. Membrane trans-
location of PKCa indicates increased activity (33) and
is thought to be one mechanism contributing to the
reduced contractility at 3 months post-MI (Figure 2G).

Temporal changes in cardiac structural and func-
tional remodeling after MI were defined with serial
echocardiogram analysis. Cardiac structural and
functional remodeling after MI were also assessed
with invasive hemodynamic measurements,
including pressure volume determinations and DOB
stress responses that were performed before and 3
months after MI (Figures 3 to 5). Progressive cardiac
chamber dilation (increased LV end-diastolic volumes
[LVEDVs] and LV end-systolic volumes [LVESVs]) was
associated with progressive decreases in ventricular
performance (LVEF) over the 3 months following MI
(Figures 3A to 3C). Invasive hemodynamic measure-
ments made before MI and then repeated during
terminal studies confirmed the longitudinal echocar-
diographic findings (Supplemental Table 1). LV pres-
sure and volume measurements showed that the
EDPVR was shifted to larger volumes at spontaneous
heart rates (Figures 4A and 4B). The LV volume at an
end-diastolic pressure of 10 mm Hg (LVVPed10) was
also increased, confirming dilation (Figure 4D). EF
was found to be significantly reduced versus baseline
(71.61 � 4.16% to 35.55 � 2.52%) at 3 months post-MI
(Figure 4F). The rightward shift in the ESPVR
(Figures 4A and 4B) and increased LVVPes80
(Figure 4E) indicate reduced ventricular contractility
3 months post-MI. The pre-load recruitable stroke
work (PRSW), which is a load-independent measure-
ment of systolic function, was significantly shifted
toward the right at 3 months post-MI (Figure 4C),

https://doi.org/10.1016/j.jacbts.2017.06.007


FIGURE 4 Hemodynamic Deterioration due to Acute MI

Invasive hemodynamics were performed at baseline and 3 months PMI. (A) Representative pressure-volume loops from before and 3 months after MI. (B) Both end-

systolic pressure-volume relationship (ESPVR) and end-diastolic pressure volume relationship (EDPVR) are shown. ESPVR and EDPVR are shifted rightward at 3 months

PMI versus baseline. (C) The pre-load recruitable stroke work (PRSW), a load-independent measure. is significantly reduced after MI. (D) LV volume at pressure of

10 mm Hg (LVVPed10) was significantly increased post MI, indicating an increase in capacitance. (E) LVVPes80 was also significantly increased, indicating a reduction

in contractility as it pertains to the fore of contraction. (F) Left ventricular ejection fraction was reduced, indicating dilation at 3 months after MI. ***p # 0.001,

****p # 0.0005 versus baseline (B). Abbreviations as in Figure 2.
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showing a decreased amount of work being per-
formed for a given volume. There was also widening
of the QRS complex at 3 months post-MI, suggesting
electrical remodeling, likely due to scar formation
and diffuse fibrosis within the remote zone
(Supplemental Table 2). These functional data
confirmed the development of a HFrEF phenotype in
these animals at 3 months post-MI.

DOB’s EFFECTS 3 MONTHS POST-MI ARE REDUCED.

Cardiac inotropic responses to DOB (2.5 mg/kg/min)
were measured before and 3 months after MI
(Figure 5, Supplemental Table 1). This DOB concen-
tration was chosen because it produced a doubling of
the dP/dT max at baseline (30). DOB infusion caused
significant changes in ESPVR (specifically the Ees),
LVVPes80, and dP/dTmax in the normal heart
(Figures 5C, 5F, and 5H, Supplemental Table 1). DOB
infusions performed at baseline were repeated in
the same animals 3 months after MI. At 3 months
post-MI, the overall DOB effects were reduced and
only caused significant changes in dP/dTmax and
PRSW (Supplemental Table 1.0), whereas changes in
ESPVR and LVVPes80 were statistically insignificant.
These experiments demonstrate that the effects of
DOB on cardiac contractility are reduced in this IR/MI
HFrEF model.

RBX REDUCES FILLING VOLUMES AND INCREASES

CONTRACTILITY. Transthoracic echocardiography
and invasive hemodynamics were performed after
RBX administration in 3 months post-MI and control
animals. The most significant effect of RBX in MI
hearts was a significant reduction in the LV volumes,
consequentially leading to an increased LVEF as
measured by echocardiography (Figures 6A to 6C).
Echocardiography measurements also showed that
RBX had no significant effect on cardiac filling vol-
umes or LVEF in age-matched controls (Figures 6D to
6F). The significant reduction in EDVs and ESVs in
MI þ RBX was confirmed with invasive hemody-
namics (Supplemental Table 1). These studies showed
a significant leftward shift in the pressure-volume
loop, EDPVR, and LVVPed10 (Figures 7A, 7B, and 7E).

https://doi.org/10.1016/j.jacbts.2017.06.007
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FIGURE 5 Altered Hemodynamic Response to DOB 3 Months PMI

Invasive hemodynamics were performed at baseline � DOB and 3 months PMI � DOB. (A) Representative pressure-volume loops in the presence

and absence of DOB at baseline and 3 months after MI. (B) EDPVR was not altered at either time point� DOB. (C) ESPVR was significantly altered

(specifically the Ees) at baseline� DOB, but not at 3 months PMI. (D) PRSW was increased at both time points. (E) LVVPed10 was not significantly

reduced in the presences of DOB at 3 months PMI. (F) The LVVPes80 was significantly reduced at baseline � DOB, but not 3 months PMI � DOB.

(G) EF was increased significantly by DOB at 3 months PMI, but only due to modest reduction in ESV. (H) The Ees, 1 of 2 determinants of the

ESPVR, was significantly increased at baselineþ DOB, but not at 3 months PMI. (I) The volume intercept, second determinant of the ESPVR, was not

significantly changed at 3 months PMI � DOB. Open bars ¼ baseline (B), and gray bars ¼ dobutamine (þ), red bars ¼ 3Mo PMI. *p # 0.05, **p #

0.005, ***p # 0.001, ****p # 0.0005 versus baseline; †p # 0.05 versus 3 months PMI; #p # 0.05, ###p # 0.001, ####p # 0.0005 versus

baseline þ DOB. NS ¼ nonsignificant; other abbreviations as in Figures 1, 2, and 4.
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FIGURE 6 Assessment of LV Volumes With RBX Treatment After MI and in Control Animals

Echocardiography was performed before and after RBX treatment at 3 months PMI. (A) Left ventricular (LV) end-diastolic volume (LVEDV)

was reduced þ RBX. (B) LV end-systolic volume (LVESV) was reduced þ RBX. (C) LV ejection fraction (LVEF) was increased þ RBX. In age-

matched controls (CON), � RBX had no effect on (D) LVEDV, (E) LVESV, or (F) LVEF. Images were acquired using the 2-dimensional para-

sternal long-axis view. Calculation was performed using the Simpson method. †p # 0.05, ††p # 0.005 versus 3 months PMI. Abbreviations

as in Figures 1, 2, and 4.
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In the presence of RBX treatment, the ESPVR and the
load-independent measure, PRSW, shifted signifi-
cantly leftward back toward baseline, whereas the
LVVPes80 was substantially reduced (Figures 7C, 7D,
and 7F), demonstrating an increase in force of
contraction. Although the marginal increase in Ees

was not significant versus 3 months PMI þ DOB, the
V0 was significantly reduced (Figures 7H and 7I).

ECG measurements were made in RBX-treated
animals. RBX increased the heart rate, but there
were no other statistically significant alterations in
ECG intervals (Supplemental Table 2). In control
swine, RBX had no statistically significant effects on
cardiac function (Figures 6D to 6F) or on rate, rhythm,
or conduction (Supplemental Table 2). No arrhyth-
mias were observed in any RBX-treated control or MI
animals.

RBX ALTERS PKCa PHOSPHORYLATION WITHOUT

ALTERATIONSOFKEYPKADOWNSTREAMTARGET. Tissue
samples were collected from (remote zone) explanted
hearts at 3 months post-MI � RBX to determine
whether RBX caused changes in PKCa activity or
phosphorylation of the PKA target protein phospho-
lamban (PLN) (Figure 8). Many phosphorylation sites
are thought to induce changes in PKCa activity,
including threonine 638 (T638). In the presence of
RBX, PKCa phosphorylation at T638 was decreased as
compared with MI animals without treatment
(Figure 8A). The reduction of PKCa T638 phosphory-
lation was associated with significant RBX improve-
ments in cardiac structure (LVEDV and LVESV) and
function (LVEF) (Figure 8B). PLN is a critical regulator
of sarcoplasmic reticulum Ca2þ-ATPase (SERCA) ac-
tivity and is directly phosphorylated by PKA at serine-
16. We found that RBX had no statistically significant
effect on PLN-S16 phosphorylation (Figure 8B).

DISCUSSION

MI, which causes death of the affected tissue, is fol-
lowed by cardiac remodeling, which involves scar
formation, ventricular dilation, and poor pump
function. Ultimately, this remodeling can lead to
HFrEF. A critical feature of this syndrome is persis-
tent neuroendocrine responses that are required to

https://doi.org/10.1016/j.jacbts.2017.06.007
https://doi.org/10.1016/j.jacbts.2017.06.007


FIGURE 7 RBX Reduces EDPVR and Improves Contractility

Serial invasive hemodynamics were performed at baseline (B), 3 months PMI � DOB, and � RBX. (A) Representative pressure-volume loops at

3 months after MI þ DOB or þ RBX. (B) EDPVR was not altered � DOB, but shifted leftward with RBX. (C) ESPVR was not significantly altered

3 months PMI þ DOB but was also shifted leftward with RBX. (D) PRSW was increased at both time points but to a greater extend with RBX.

(E) LVVPed10 was significantly reduced in the presence of RBX at 3 months PMI versus 3 months PMI þDOB. (F) The LVVPes80 was

significantly reduced at 3 months PMI þRBX, but not � DOB. (G) EF was increased significantly by DOB and RBX at 3 months PMI, but due to

profound reductions in the EDV with RBX. (H) The Ees, 1 of 2 determinants of the ESPVR, was significantly increased at þRBX versus 3 months

PMI. (I) The volume intercept, second determinant of the ESPVR, was significantly changed at 3 months PMI þ RBX vs. � DOB. RBX

(yellow bars ¼ 2.5 mg/kg/min RBX. *p # 0.05, **p # 0.005 versus baseline; †p # 0.05, ††††p # 0.0005 versus 3 months PMI; ‡p # 0.05,

‡‡‡p # 0.001, ‡‡‡‡p # 0.0005 versus 3 months PMI þ DOB. Abbreviations as in Figures 1, 2, and 4.
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FIGURE 8 RBX Reduces PKCa Phosphorylation at T638 and Does Not Directly Alter PKA-Dependent Signaling

(A) Western blot for total PKCa and phosphorylation at threonine 638 (T638) after MI � RBX. T638 phosphorylation was reduced in the

presences of RBX (B) Correlation of T638 phosphorylation and echocardiographic volumetric analysis. Increased phosphorylation was

positively correlated to increases in LVEDV and LVESV at 3 months PMI, and reduced LVEF. (C) Western blot for total phospholamban (PLN)

and phosphorylation sites, serine 16 (S16) and threonine 17 (T17). RBX had no effect on the S16 or T17 phosphorylation. †p # 0.05 versus

3 months PMI. Abbreviations as in Figures 1, 2, 4, and 5.
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maintain basal hemodynamics but eventually lead to
reduced inotropic reserve (1,23). Myocyte remodel-
ing, including reduced effects of b-adrenergic
signaling on downstream inotropic target proteins,
are critical components of reduced inotropic reserve
in HF (34).

Activation of PKCa is known to reduce cardiac
contractility in rodents (10,12). PKCa activity is
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modest in the normal heart, but is increased in car-
diac hypertrophy and failure, and contributes to the
reduced inotropic reserve of the failing heart by
altering contractile Ca2þ regulation (12) and proper-
ties of myofibrillar proteins (35–38). Patients with
acute decompensated or severe HF often require
inotropic therapies to maintain systemic blood pres-
sure. These patients have reduced contractility
reserve because those signaling cascades that in-
crease contractility are blunted (PKA) and because
those that decrease inotropy (PKCa) are enhanced.
Classical (positive) inotropic agents, including cardiac
glycosides and b-adrenergic agonists, have been
employed to enhance contractility in HF (39). These
agents increase cardiac function, but unfortunately,
they can have side effects that limit their usefulness
(40,41). The most significant side effect is ventricular
arrhythmias that can cause sudden death (5). Other
negative effects result from the induced Ca2þ over-
load, which can promote myocyte death, and this
contributes to HF progression. There is a need for the
development of novel inotropic therapies that can
produce either short- or long-term increases in car-
diac contraction without inducing arrhythmias or cell
death. The rationale for PKCa antagonist therapy is
that it would relieve the negative influences of PKCa
activity on contractility without enhancing stimula-
tion of the dysfunctional b-adrenergic signaling
cascade.

DOB EFFECTS ON VENTRICULAR CONTRACTILITY

ARE REDUCED IN THE SWINE MI MODEL. IR/MI in
the swine causes profound cardiac remodeling, with
scar formation, ventricular dilation, and reduction in
cardiac contractility. Reduced effects of sympathetic
agonists in the failing heart are well described (42)
and result from persistent sympathetic input to the
heart as HF develops and progresses. The molecular
bases of reduced b-adrenergic responsiveness include
receptor desensitization (43) and internalization, as
well as changes in PKA target-protein phosphoryla-
tion. Our swine model has early features of blunted
adrenergic responsiveness as evidenced by reduced
DOB effects on contractility as compared with base-
line b-adrenergic responses.

RBX INCREASES CARDIAC CONTRACTILITY IN A

HFrEF MODEL. The effects of RBX on cardiac func-
tion were measured in normal age-matched controls
and in animals 3 months after MI. RBX had no sta-
tistically significant effects on cardiac function in
normal animals, suggesting that PKCa activity in the
normal swine heart is low, consistent with results in
rodent models and patients (33,44). In the presence of
early structural and functional abnormalities
observed in HF (i.e., ventricular dilation, dampened
b-adrenergic responsiveness), RBX produced in-
creases in cardiac contractility, as evidenced by a
leftward shift in the ESPVR, an increase in the Ees,
and reduced LVVPes80 in our pig model of HFrEF.
RBX had no significant effects in normal animals.
These results are consistent with the idea that PKCa
activity increases in MI heart, and this contributes to
the depressed contractility. Our results suggest that
these contractility defects can be reversed with
PKCa antagonism, consistent with related studies in
rodents and other large animals (8–12,24).

RBX CAUSES REDUCTIONS IN FILLING VOLUMES. LVEDV
increased with time after MI, as determined with both
echocardiography (LVEDV) and invasive hemody-
namic (Ved) measurements and consistent with other
models of dilated cardiomyopathy secondary to
ischemia (45). DOB did not significantly reduce end-
diastolic volume at 3 months post-MI, whereas RBX
caused a significant reduction in LV filling volume
and caused a leftward shift of the EDPVR in the same
MI animals in which DOB had little effect on these
parameters. The reduction in EDV and the increased
contractility caused by RBX would be expected to
reduce the energetic demands of the HFrEF heart.

RBX effects are similar to those caused by cardiac
glycosides, such as digitalis (DIG), in HFrEF patients
(46). DIG has been studied for its positive inotropic
effects for over 2 centuries (47). DIG causes a reduc-
tion in heart size as evident by improved EF (48) and
increased contractility via inhibition in the sodium–

potassium ATPase and subsequent increase in cyto-
solic Ca2þ; and despite some limitations, it is still
in clinical use (49). The bases of the RBX-induced
reduction in EDV are not clear and need to be stud-
ied further. We did not observe any arrhythmogenic
effects of RBX, suggesting it may be a positive ino-
trope without significant proarrhythmogenic charac-
teristics. These data are corroborated with some 17
clinical trials previously performed by Eli Lilly
(27,50,51), in patients who were diabetic and more
likely to have underlying cardiovascular disease, but
did not suffer an adverse cardiac event such as ar-
rhythmias, although arrhythmia or sudden death was
not reported in any of these trials.

RBX INHIBITS PKCa INHIBITION OF CONTRACTILITY

WITHOUT PKA-MEDIATED b-ADRENERGIC AGONISM.

PKCa is activated through diacylglycerol (DAG),
multiple phosphorylation sites, and Ca2þ binding
(52–54). Phosphorylation site (T638) influences
PKCa’s sensitivity to phosphatases, and reduced T638
phosphorylation leads to subsequent inhibition of
PKCa (55). In the presence of RBX, we observed a



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEGDE: HFrEF patients

with acute decompensated HF can require inotropic support for

hemodynamic stabilization. Most current inotropic therapeutics

signal through PKA-dependent pathways (i.e., dopamine,

dobutamine, and isoprenaline) or by inhibition of the phospho-

diesterase that inactivates cAMP activity (i.e., milrinone). The

lethal arrhythmias and exacerbation of HF symptoms in patients

who have received inotropic support is a major concern in the

current clinical guidelines. We have identified a potential novel

target, PKCa, which is up-regulated in HF patients and negatively

regulates contractility in models of HF. We have found that the

PKCa inhibitor, ruboxistaurin (RBX), reduces heart size and im-

proves cardiac pump function in a HFrEF large animal model.

TRANSLATIONAL OUTLOOK: RBX has been used in previous

clinical trials for other potential applications and shown to have a

solid safety profile and is well tolerated. There are several

small-animal models indicating that PKCa is a negative regulator

of contractility in disease, with increased activity observed in HF

patients. The present study showed that RBXs reduced PKCa

activity and enhanced cardiac function in a large HFrEF animal

model. Our results suggest that RBX might be repurposed as a

therapeutic for HFrEF.
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reduction in T638 phosphorylation, consistent with
our idea that PKCa inhibition led to observed in-
creases in contractility in MI hearts. We also deter-
mined that RBX effects were not related to changes in
the phosphorylation of PLN, a nodal regulator of
SERCA activity, and a direct downstream target of
PKA. Therefore, RBX appears to have inotropic effects
that are independent of PKA signaling cascades.

CONCLUSIONS

Our results demonstrate that RBX significantly
increases cardiac function in an IR/MI model of HFrEF.
RBX had no statistically significant inotropic or
EDV-modifying effects in normal swine, consistent
with our finding that PKCa activity is lower in the
normal heart and increases with disease progression.
Others have found that PKCa activity increases in
proportion to disease burden (33,56). Therefore, posi-
tive inotropic effects of RBX should increase with
disease severity. This stands in contrast with inotropic
agents that rely on activation of PKA signaling. The
disruption in PKA signaling increases with disease
severity so that inotropic responsiveness to agents like
DOB are reduced in proportion to disease (42,43). Our
new results suggest that RBX might be an effective
inotropic therapeutic agent in severe HF, when PKA
signaling is significantly depressed and PKCa activity
is expected to be high. These new data, along with our
previous work (8–12), suggest that increased PKCa
activity in HF contributes to depressed myocyte
contractility and that PKCa inhibition with RBX can
improve cardiac function and reduce heart size. Given
RBX’s safety profile (25), our results suggest a clinical
trial in HF patients may be warranted.
ADDRESS FOR CORRESPONDENCE: Dr. Steven R.
Houser, Temple University, Lewis Katz School
of Medicine, 3500 North Broad Street, Medical
Education Research Building 10th Floor, Philadelphia,
Pennsylvania 19140. E-mail: SRHouser@temple.ed.
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