Basic Res Cardiol (2014) 109:445
DOI 10.1007/s00395-014-0445-6

ORIGINAL CONTRIBUTION

Ceramide-mediated depression in cardiomyocyte contractility
through PKC activation and modulation of myofilament protein

phosphorylation

Jillian N. Simon - Shamim A. K. Chowdhury - Chad M. Warren -
Sakthivel Sadayappan - David F. Wieczorek - R. John Solaro - Beata M. Wolska

Received: 29 January 2013 /Revised: 25 September 2014/ Accepted: 26 September 2014 /Published online: 4 October 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract Although ceramide accumulation in the heart is
considered a major factor in promoting apoptosis and
cardiac disorders, including heart failure, lipotoxicity and
ischemia—reperfusion injury, little is known about cera-
mide’s role in mediating changes in contractility. In the
present study, we measured the functional consequences of
acute exposure of isolated field-stimulated adult rat
cardiomyocytes to Cg-ceramide. Exogenous ceramide
treatment depressed the peak amplitude and the maximal
velocity of shortening without altering intracellular cal-
cium levels or kinetics. The inactive ceramide analog Cg-
dihydroceramide had no effect on myocyte shortening or
[Ca®™); transients. Experiments testing a potential role for
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Ce-ceramide-mediated effects on activation of protein
kinase C (PKC) demonstrated evidence for signaling
through the calcium-independent isoform, PKCe. We
employed 2-dimensional electrophoresis and anti-phospho-
peptide antibodies to test whether treatment of the
cardiomyocytes with Cg-ceramide altered myocyte short-
ening via PKC-dependent phosphorylation of myofilament
proteins. Compared to controls, myocytes treated with
ceramide exhibited increased phosphorylation of myosin
binding protein-C (cMyBP-C), specifically at Ser273 and
Ser302, and troponin I (cTnl) at sites apart from Ser23/24,
which could be attenuated with PKC inhibition. We con-
clude that the altered myofilament response to calcium
resulting from multiple sites of PKC-dependent phos-
phorylation contributes to contractile dysfunction that is
associated with cardiac diseases in which elevations in
ceramides are present.

Keywords Lipotoxicity - Diabetes - Troponin - Myosin
binding protein C

Introduction

There is emerging evidence that lipid accumulation within
the myocardium is a mechanism in heart failure associated
with obesity and diabetes mellitus. Ceramide, which has
been deemed a cardiotoxin, is elevated in animal models of
obesity [7, 40, 67] as well as in heart failure patients [§8]. In
addition, studies have identified ceramide as a significant
contributor to the development of dilated cardiomyopathy
in animal models of lipotoxicity [40], as well as to the
worsening of contractile impairment in the progressively
failing heart under high levels of circulating fatty acids
[41]. Despite these findings, surprisingly little is known
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about ceramide’s effects in directly altering cardiac
contractility.

Our current knowledge of ceramide’s ability to alter
myocellular mechanics is based on studies using exogenous
application of the short-chain analog C,-ceramide to iso-
lated rat cardiomyocytes. These studies reported a positive
inotropic response to ceramide treatment, which was
associated with both alterations in calcium fluxes and the
sensitivity of the myofilaments to calcium [32, 46]. How-
ever, these studies were unable to determine the mecha-
nism underlying such alterations. Moreover, treatment of
cells with C,-ceramide has been shown to produce effects
that are either less potent than endogenous ceramide [19] or
non-specific due to its highly hydrophilic nature [60]. Cg¢-
ceramide, which mimics endogenous ceramide generation
[14], is now recognized as a more physiologically relevant
means to assess the effects of ceramide in vitro. Studies in
skeletal muscle using either Cg-ceramide or endogenously
generated ceramide have shown reductions in maximal
force production [14, 15], findings that are more consistent
with the depressed contractile force typically associated
with ceramide accumulation.

Our goal in the present study was to determine the role of
ceramide in modulating myocyte contractility through use
of Cg-ceramide. Furthermore, we sought to define the
mechanism by which ceramide alters contractility. To do
this we treated isolated adult rat ventricular cardiomyocytes
with Cg-ceramide and assessed shortening mechanics and
[Ca2+]i transients, as well as post-translational modifica-
tions of the major myofilament proteins. Our findings
demonstrate that acute treatment of isolated cardiomyocytes
with Cg-ceramide induces a negative inotropic response
through activation of PKCe. Additionally, assessment of the
post-translational state of the myofilaments following cer-
amide treatment showed significant increases in PKC-
mediated phosphorylation of cardiac troponin I (¢Tnl) and
cardiac myosin binding protein-C (cMyBP-C).

Materials and methods

Animals

Adult male Sprague—Dawley rats between 180 and 200 g
were used for cell isolation experiments. All animal proce-
dures were conducted according to the guidelines instituted
by the Animal Care and Use Committee at the University of
Ilinois at Chicago and the National Institutes of Health.

Isolation of rat ventricular myocytes

Myocytes were isolated as previously described [62].
Briefly, rats were heparinized (5000 U/kg body weight) and
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then anesthetized with 100 mg/kg body weight of pento-
barbital sodium, intraperitoneally. Animals were assessed
for proper depth of anesthesia and then hearts were quickly
excised and cannulated via the ascending aorta. Hearts were
perfused at 37 °C for 3 min with a bovine serum albumin
(1 mg/mL)-added calcium-free control solution (BSA-CS)
of the following composition (in mM): NaCl 133.5, KCl
4.0, NaH2PO4 1.2, HEPES 10.0, MgSO4 1.2, glucose 11.1;
pH 7.4 with NaOH. Cells were then perfused with oxy-
genated BSA-CS containing 0.25 mg/mL type II collage-
nase (Worthington) and 0.03 mg/mL protease (Sigma-
Aldrich) for 15-20 min. After digestion, the ventricles were
removed, and dissociated by trituration for 10 min at 37 °C
in BSA-CS 4 50 pM calcium. The cell suspension was
filtered through a mesh collector and cells were resuspended
in fresh BSA-CS containing first 100 uM calcium, then 200,
500 pM, and finally 1 mM calcium. The cells were stored at
room temperature (22-23 °C) and used immediately,
through to 4 h post-isolation.

Experimental solutions

In experiments measuring intact cell shortening and
[Ca2+]i transients, cells were perfused with CS (baseline)
or CS with the addition of either DMSO (0.05 %),
1.25-10 uM of the cell-permeable ceramide analog Ce-
ceramide  (N-hexanoyl-p-erythro-sphingosine, = Sigma-
Aldrich), 5 pM Cg-dihydroceramide (Avanti Lipids), 1 pM
Chelerythrine chloride (Sigma-Aldrich), 5 pM Go6976
(Tocris), or 5 uM Go6983.

Measurements of intact cell shortening and calcium
transients

Cells were loaded at room temperature with 3 uM fura
2-AM (Invitrogen, stock in DMSO) diluted in CS-BSA
with 1 mM Ca?*, for 10 min in the perfusion chamber.
Following loading, de-esterification of the fura 2 indicator
was accomplished with 10 min perfusion using a dye-free
CS + 1.5 mM Ca”" solution. Cells were field stimulated at
0.5 Hz and intracellular calcium ([Ca®*"],) transients and
unloaded cell shortening were recorded simultaneously as
previously described [53]. Recordings were stored in an
acquisition software program (Felix32, Photon Technology
International) for later analysis offline. [Ca2+]i was mea-
sured as a function of the ratio of 340/380 wavelength
emission after subtraction of the background fluorescence.
[Ca”]i transient decay times (Tgecay,» MS) Were evaluated
by a monoexponential fit to the declining phase of the
[Ca®*"); transient. After baseline (control) measurements,
the perfusion solution was changed to the appropriate
treatment solution and recordings were repeated at the
appropriate time, as indicated in the figure legends.
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Cell culture

Isolated cells were plated for 1 h in creatine—carnitine—
taurine (CCT) medium (Medium 199, Cellgrow) on 60-mm
dishes pre-coated with 10 pg/pL mouse laminin (Sigma-
Aldrich). Plates were then washed twice with CCT medium
to remove any dead cells and the medium was replaced
with either the selected treatment medium or normal CCT
(control). Cells were incubated for 5 min in the selected
condition medium at 37 °C and then washed and collected
in ice-cold buffer. Cell pellets were obtained following
centrifugation at 12,000x g for 5 min.

Western blot

Cell pellets were lysed in UTC Buffer (8 M urea, 2 M
thiourea, 4 % CHAPS) with sonication and stored at
—80 °C for further Western blotting or 2-D DIGE (see
below). Protein lysates (20 pg) from cells were separated
on 12 % SDS gels followed by transfer of the protein to a
0.2 um polyvinylidene difluoride (PVDF) membrane for
Western blot analysis. Membranes were blocked and then
re-incubated overnight at 4 °C in primary antibody,
[phospho-cTnl (Ser23/24) (Cell Signaling), 1:400; cTnl
(C5 clone, Fitzgerald) 1:5,000; phospho-Tm (Ser283)
1:10,000; Tm (CH-1, Towa Hybridoma) 1:1,000; [cMyBP-
C (CO0-C1), 1:10,000; phospho-cMyBP-C (Ser273),
1:2,000; phospho-cMyBP-C (Ser282), 1:2,000; phospho-
cMyBP-C (Ser302), 1,10,000; GAPDH (Santa Cruz),
1:1,000]. Membranes were washed for 30 min in tris-buffer
saline with 0.1 % Tween-20 (TBS-T) and then incubated in
secondary antibody [goat anti-mouse (Sigma-Aldrich)
1:40,000 for cTnl; donkey anti-rabbit (Santa Cruz)
1:20,000 for cMyBP-C; goat anti-rabbit (GE Healthcare)
1:20,000 for all others] conjugated to horseradish peroxi-
dase for 1 h at room temperature. Membranes were washed
for 30 min in TBS-T then developed by enhanced chemi-
luminescence on a ChemiDoc XRS + imager (BioRad).
Band densities were analyzed using ImagelLab software
(BioRad).

2-Dimensional difference gel electrophoresis
(2-D DIGE)

2-D DIGE was performed as previously described [26, 59].
Briefly, protein lysates (100 png) were cleaned using a 2D
Clean-up Kit (GE Healthcare) and the precipitated protein
was resuspended in UTC buffer. Samples were then labeled
with cyanine dyes (CyDye, GE Healthcare). 40 ng of
sample was mixed with IEF buffer (§ M urea, 2 M thio-
urea, 4 % w/v Chaps, 10 mM EDTA pH 8.0, 250 mM
DTT, plus ampholytes) and samples were isoelectrically
focused on nonlinear 18 cm immobilized pH gradient

(IPG) 4-7 or 7-11 pH strips (GE Healthcare) using the
standard protocols. After focusing, samples were equili-
brated in 1 % DTT (w/v) dissolved in IEF Equilibration
buffer (IEF-EQ; 6 M urea, 5 % SDS (w/v), 30 % glycerol
(v/v)), then in 2.5 % iodoacetamide (w/v) dissolved in IEF-
EQ. The second dimension electrophoresis was run on a
12 % SDS resolving gel. Gels were imaged using a
Typhoon 9410 Imager (GE Healthcare) with Cy3 (532-nm
laser), Cy5 (633-nm laser) and Cy2 (488-nm laser). Images
were analyzed using PDQuest version 8 advanced (Biorad).

Subcellular fractionation

All steps were carried out on ice or at 4 °C. Following
culturing, cells were manually scraped using 120 pL of ice-
cold fractionation buffer [FB; 20 mM Tris—HCIl, 2 mM
EDTA, 0.5 mM EGTA, 0.3 mM sucrose, pH 7.4 with
mammalian protease inhibitor cocktail (Sigma, 1:100) and
phosphatase inhibitor cocktail (Calbiochem 1:100)] and
centrifuged for 5 min at 20,000xg to wash and collect
cells. The supernatant was removed and cell pellets were
resuspended in 30 pL of FB. Samples were then homoge-
nized with a micro ground glass Duall homogenizer for
1 min (Fig. 1, Fraction a—whole cell homogenate) and
centrifuged at 1,000x g for 5 min. The supernatant fraction
was saved and the pellet re-homogenized 3 additional times
with the final pellet (Fraction b) ultimately discarded.
Supernatant fractions from each homogenization were
pooled together (Fraction c—enriched sample). Cytosolic
and particulate fractions were then separated by ultracen-
trifugation at 40,000xg for 30 min. The resulting super-
natant fraction was kept as the cytosolic fraction (Fraction
d—-cytosolic) and the pellet was resuspended in sucrose-
free FB with 1 % Triton, incubated for 1 h (Fraction e—
particulate), then centrifuged at 80,000x g for 15 min. The
resulting supernatant fraction was kept as the membrane
fraction (Fraction f—membrane) and pellets were dis-
carded (Fraction g). Prior to experimentation, successful
fractionation of the cytosol and membrane was confirmed
using Western blotting with antibodies against the cyto-
solic protein GAPDH and the membrane protein Na®™/K™
ATPase (Millipore; 1:5,000) (Fig. 1). Protein samples
(20 ng) of cytosolic and membrane fractions were sepa-
rated by SDS-PAGE and protein was transferred to 0.2 pm
nitrocellulose membrane. Membranes were stained with
MemCode (Pierce Biotechnology) and imaged on a
Chemidoc XRS + imager to quantitate total protein. After
the stain was removed, membranes were then incubated
overnight at 4 °C in primary antibody [PKCe (Millipore),
1:1,500; PKCd (Santa Cruz), 1:500; PKC( (Santa Cruz),
1:500] diluted in TBS-T with 2.5 % milk. Membranes were
incubated in secondary antibody (goat anti-mouse (Sigma)
1:50,000 for Na'/Kt ATPase; goat anti-rabbit (GE
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Fig. 1 Western blot verifying efficient subcellular fractionation.
Representative western blot of GAPDH and Na'/K* ATPase
performed on samples a—g taken during each step of the subcellular
fractionation protocol. Letters a—g represents each sample fraction
taken during (see “Materials and methods”) the subcellular fraction-
ation. The presence of GAPDH predominately within the cytosolic
fraction and Na*/K™ ATPase only within the corresponding mem-
brane fraction confirms proper subcellular fractionation

Healthcare), 1:40,000 for all others) conjugated to horse-
radish peroxidase for 1 h at room temperature. Membranes
were developed by enhanced chemiluminescence on the
ChemiDoc XRS 4 imager. Band densities were analyzed
using Imagel.ab software and normalized to the total pro-
tein density in each respective lane. Cytosolic and mem-
brane fractions from each sample were expressed as the
percentage of total (cytosolic + membrane).

Statistical analysis

Values are presented as mean == SEM. For measures of
unloaded cell shortening and [Ca2+]i transients, where 3
groups were compared, statistical analyses were performed
using one-way repeated measures ANOVA along with a
multi-comparison Newman—Keuls post hoc test to make
comparisons among groups. All other data were analyzed
using a paired or unpaired Student’s 7 test, as appropriate.
A level of p < 0.05 was considered significant throughout.

Results

Acute treatment of isolated cardiomyocytes
with ceramide leads to a depression in contractility
without altering Ca®" transients

First we assessed the functional consequence of exogenous
ceramide exposure in both a concentration- and a time-
dependent manner. As depicted in Fig. 2a, b, treatment of
isolated rat cardiomyocytes for 5 min with Cg-ceramide
decreased the peak amplitude of cell shortening in a con-
centration-dependent manner, with a maximal decrease of
25.1 £3.4 % at 5 uM concentration. Importantly, treat-
ment with vehicle (0.05 % DMSO) had no effect on cell
shortening. The ceramide-mediated decrease in peak
amplitude of shortening was also time-dependent, as shown
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in Fig. 2¢, d. Regardless of time or concentration studied,
ceramide exposure had no effect on the peak Ca”" transient
or the rate of transient decline (7), as assessed by the fura 2
ratio (Fig. 2a insert). Based on these initial studies, further
characterization of the functional effects of ceramide on
cell mechanics and intracellular [Ca2+] was conducted
using 5 min exposure of myocytes to 5 uM Cg-ceramide.

Figure 3a shows an overlay of cell shortening and
[Ca2+]i transient at baseline (control) and after ceramide
treatment. In these experiments, the average resting cell
length at baseline was 108.2 &+ 7.5 pm and did not differ
with ceramide treatment. Acute exposure of isolated
cardiomyocytes to 5 pM Cg-ceramide resulted in a signifi-
cant depression in the peak shortening amplitude (base-
line = 8.8 & 0.8 % vs. ceramide = 7.3 4+ 0.7 %). The
peak rate of contraction was also reduced following cera-
mide treatment (baseline = 86.0 & 7.9 um/s vs. cera-
mide = 72.7 £ 6.6 um/s), as was the peak rate of
relaxation (baseline = 56.7 & 4.2 um/s vs. ceramide =
50.8 & 3.4 pm/s), although to a lesser extent (Fig. 3b).
These changes in cellular mechanics following ceramide
treatment occurred independently of changes in [Ca’'];,
demonstrated by the lack of an effect of ceramide treatment
on peak [Ca2+]i amplitude (A fura ratio; baseline =
0.34 £ 0.06 vs. ceramide = 0.36 £ 0.07), the decay time
constant, 7 (baseline = 281.6 £ 23.9 ms vs. ceramide =
290.0 £ 23.6 ms) (Fig. 3c) and the resting [Ca2+]i (base-
line = 0.31 & 0.03 vs. ceramide = 0.31 & 0.03). Table 1
shows the effects of ceramide, along with all treatments
used, on the parameters of cell shortening and [Ca®'];
expressed as a percentage of baseline measures.

To test the specificity of ceramide’s functional effect,
we exposed cardiomyocytes to Cg-dihydroceramide, an
inactive ceramide analog [2], or 0.05 % DMSO (the con-
centration of DMSO present in the ceramide and dihy-
droceramide perfusion buffers) and measured cell
shortening and [Ca®*); transients. As shown in Fig. 4, both
DMSO and dihydroceramide failed to alter any of the
parameters of cell shortening or [Ca®"]; transients. These
findings indicate that the negative inotropic response
induced by ceramide is specific to ceramide’s known bio-
activity. Moreover, the negative inotropic response to
ceramide treatment in the presence of unaltered [Ca2+]i
suggests downstream alterations at the level of the
myofilament.

PKCe mediates ceramide’s negative inotropic response

To address whether PKC is involved in mediating cera-
mide’s effects on cardiomyocyte function we repeated
measures of intact cell shortening and [Ca2+]i transients in
isolated myocytes in the presence of ceramide + the gen-
eral PKC inhibitor chelerythrine chloride. Cardiomyocyte
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Go6983 (n =17)

7

(n

Go6976 (n = 6)

6)

(n

5 uM Cg-ceramide + 1 pM 5 pM Go6976 5 uM Cg-ceramide + 5 pM 5 pM Go6983 5 uM Cg-ceramide + 5 pM

Chel CI (n = 6)

1 uM Chel Cl1
6)

(n

ceramide

5 HM C5-
(n=27%)

(n=25)
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Table 1 Parameters of cellular mechanics and intracellular Ca®* transients (% baseline)
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84.2 + 2.6*

97.1 £ 1.9

80.4 + 3.4*

963 £ 1.5

934 + 3.1

934 £ 26

83.3 + 1.9*

99.8 + 1.3

Peak

shortening

—dL/dr
+dL/dt

87.4 £ 3.9*
91.0 £52
101.6 £ 3.2

994 £ 1.2
1024 £ 2.0

81.9 £ 4.1*
89.6 £5.2

100.3 £ 7.8

98.7 £ 2.1
98.2 + 3.6
102.1 £ 4.7

97.8 £ 2.0
98.6 £ 4.7

108.3 £ 4.1

96.1 £ 2.8
96.0 £ 4.5
102.5 £ 2.6

84.9 + 2.0*
90.4 £ 3.2%

102.0 £ 3.9

101.2 £ 1.8

105.2 £ 3.5

974 £ 2.2

99.9 +2.9

Peak [Ca®"]

amplitude

Tau (1)

100.8 £ 3.2

102.8 £ 3.0

106.9 + 4.3

103.7 £ 5.7

1075 £ 7.3

119.3 £ 133

99.3 £ 34

101.2 £33

Results are mean &= SEM

Chel CI chelerythrine chloride

* p < 0.05 where observations were found to be statistically different compared to their respective baselines, using one-way ANOVA with a Newman—Keuls post hoc analysis

contractile parameters were unchanged from baseline
levels when exposed to ceramide in the presence of
chelerythrine chloride (Fig. 5a), implying that ceramide
signals through PKCs to depress cardiomyocyte contrac-
tility. The peak shortening amplitude was 8.1 & 1.8,
7.8 £ 1.8 and 7.9 &£ 1.9 % for baseline, chelerythrine
chloride treatment alone and ceramide + chelerythrine
chloride treatment, respectively. Maximal shortening
velocity was 82.9 + 15.3, 80.3.7 £ 154, 81.2 £ 154
pm/s and maximal relengthening velocity was 50.3 +
11.5, 48.1 &£ 11.5, and 49.1 £ 11.4 um/s for baseline,
chelerythrine chloride treatment alone and cera-
mide + chelerythrine chloride treatment, respectively.
Measurements of [Ca2+]i transients were also unchanged
among all groups (Table 1).

It is known that rat cardiomyocytes express 4 isoforms of
PKC, a, 9, € and { [42]. Of these, isoform « is of the con-
ventional class of PKCs and is dependent on calcium and
diacylglycerol (DAG) for activation, while the other iso-
forms (novel PKCs, & and g; atypical PKC, () are calcium
independent [33]. Through use of the conventional PKC
inhibitor, Go6976, we were able to demonstrate that cera-
mide mediates its negative inotropic effects through one of
the calcium-independent isoforms of PKC (Fig. 5b).
Treatment of cardiomyocytes with Go6976 alone had no
effect on cell shortening parameters (peak shorten-
ing = 83 £ 0.5 % vs. baseline = 8.6 = 0.4 %, velocity
of shortening = 90.8 + 10.9 um/s vs. baseline = 90.8 +
9.6 um/s, velocity of relengthening = 64.0 = 10.8 pm/s
vs. baseline = 62.4 4+ 8.9 um/s) or [Ca”]i transients (peak
fura amplitude = 0.44 £ 0.07 vs. baseline = 0.43 + 0.06,
decay time constant (t) = 234.6 £ 16.0 ms vs. base-
line = 228.5 + 15.2 ms). Moreover, Go6976 was unable
to block ceramide’s functional effects when cells were
exposed to Go6976 + ceramide. This is observed by cera-
mide’s ability to depress peak shortening amplitude
(7.2 £ 0.5 % vs. baseline = 8.6 &+ 0.4 %) and the maxi-
mal velocity of shortening (74.3 £ 10.4 um/s vs. base-
line = 90.8 £ 9.6 pm/s) with a reduced, but insignificant,
change in the relengthening velocity (ceramide +
Go06976 = 54.2 + 9.0 um/s vs. Dbaseline = 62.4 £+ 8.9
pum/s). Additionally, in the presence of Go6976 neither the
[Ca2+]i transient (peak fura 2 amplitude for cera-
mide + Go6976 = 0.41 £ 0.06 vs. baseline = 043 +
0.06), or decay time constant (t) (ceramide +
Go06976 = 243.6 + 17.8 vs. baseline = 228.5 4 15.2 ms)
was unaltered among the treatment groups. These data were
confirmed with use of G06983, another inhibitor of PKC
which is selective for the o, B,9, and vy isoforms [64] (see
Table 1).

Subcellular fractionation and immunoblotting of the
calcium-independent PKC isoforms were used as a reliable
means to indirectly measure PKC activation through
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Fig. 4 Assessment of functional specificity using the non-bioactive
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Fig. 5 Attenuation of the functional effects of acute Cg-ceramide
treatment by inhibition of PKCs. a Quantification of contractile
parameters (percent of shortening and maximal rates of contraction
and relaxation) at baseline and following treatment with 1 uM
chelerythrine chloride and 1 uM chelerythrine chloride 4+ 5 uM Cg-

translocation. To do this, cardiomyocytes were fractionated
into cytosolic and membrane compartments and the rela-
tive amount of each calcium-independent PKC isoform
within that compartment was then determined using Wes-
tern blotting. Cardiomyocytes were also treated with 100
nM of phorbol-12-myristate-13-acetate (PMA), a potent
activator of conventional and novel PKCs, as a positive
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ceramide. n = 6. b Quantification of contractile parameters (percent
of shortening and maximal rates of contraction and relaxation) at
baseline and following treatment with 5 uM Go6976 and 5 pM
Go6976 + 5 pM Cg-ceramide. *p < 0.01 vs. baseline, n = 6

control, for PKCS and &. As expected, treatment of
cardiomyocytes with 100 nM PMA resulted in transloca-
tion of virtually all of PKCe and PKC$ into the membrane
fraction (98.60 £ 0.58 and 91.50 & 0.05 %, respectively,
n =3), while the subcellular distribution of PKC(
remained unchanged by PMA treatment (membrane
fraction = 33.60 & 2.92 % vs. cytosolic fraction = 66.43
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+ 2.92 %, n = 3) (Fig. 6a). Interestingly, ceramide treat-
ment resulted in a significant shift in the subcellular dis-
tribution of PKCeg, with 28.80 &+ 3.80 % localized within
the membrane fraction compared to 16.67 £ 1.90 % in
untreated (control) samples. The distribution of PKCS
(membrane fraction = 55.32 4+ 3.60 % in ceramide trea-
ted vs. 63.01 & 2.60 % in untreated controls) and PKC(
(membrane fraction = 20.23 4+ 6.72 % in ceramide trea-
ted vs. 37.53 £ 8.51 % in untreated controls) within the
myocytes remained unchanged by ceramide treatment
(Fig. 6b).

Ceramide treatment results in increased
phosphorylation of ¢cTnl and cMyBP-C

Acute changes in cardiomyocyte function, as observed
here, are likely the result of transient post-translational
protein modifications. Moreover, it is well known that such
post-translational modifications of myofilament proteins
lead to alterations in contractility [27, 54]. Therefore, we

tested whether acute exposure of cardiomyocytes to

>
w

PKCe

<
Cytosolic - 100 kD
Mermbrane[— 8% =] ~ 75 kD

PKCe

40 *

—

Subcellular
Distribution (%)

" Control Ceramide

PKC3
_ <100
3 g 80
Cytosolic (B8 o 88 100kD 55 60 .
T75kD 22 40
Membrane [ on L ] 225
o
PKC5 | S
PKCC
_ X100
i - 8 °C 80+
Cytosolic == 010 255
=]
Membrane[ =~ 1] 82 ol
U?J ‘3 20 1 1
PKCT 3

Control Ceramide

Fig. 6 Subcellular fractionation of ventricular cardiomyocytes trea-
ted with Cg-ceramide to assess translocation of the calcium-indepen-
dent PKC isoforms. a Representative Western blots of the calcium-
independent PKC isoforms in the cytosolic and membrane subcellular
fractions of isolated cardiomyocytes in control cells, cells treated with
100 nM PMA, and cells treated with 10 pM Cg-ceramide. b Quan-
tification of the cytosolic and membrane subcellular fractions from
control and Cg-ceramide-treated samples. White bars represent the
amount of PKC in the cytosolic fraction and grey bars represent the
amount of PKC within the membrane fraction. Each band density was
normalized to the total protein within that lane. *p < 0.05 vs. control,
n=3
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ceramide, or ceramide in the presence of the PKC inhibitor
chelerythrine chloride had an effect on the post-transla-
tional state of myofilament proteins using 2D-DIGE, which
allows for analysis of the post-translational state of the
sarcomeric proteome on a global level. Figure 7 shows a
representative scans of Cy5-labeled untreated (control)
sample, Cy2-labeled ceramide-treated sample and Cy3-
labeled ceramide + chelerythrine chloride sample run
within the same gel, along with the representative merged
image for direct comparison. Spots associated with cTnl
are labeled in the merged image, with a shift in the
migration of phosphorylated cTnl spots toward the acidic
region of the strip in an additive fashion (i.e. acidity of
P4 > P3 > P2, etc.). Analysis of the samples showed an
increase in the tris-phosphorylated (P3) spot alone in
samples treated with ceramide (22.8 &+ 1.4 % vs. con-
trol = 14.0 &+ 2.2 %, n = 7), which was attenuated by
PKC inhibition (15.1 £ 2.7 %). Further 2D-DIGE analysis
of the other myofilament proteins showed no significant
differences in the post-translational state of Tm, RLC or
cTnT (Fig. 8).

Ch 1: Control

Ch 3: Chel Cl + Ceramide

Ch 2: Ceramide

Ch 1 + 2 + 3: Merged

P4 P3
Vv

P2 P1cT
A
e =

g e Control
'-g — 501 C6-Ceramide
E‘ c 4 Chel CI + Ceramide
o S Y R * %
£ = ~ PO T
% 8 304 |%) A
o
_g % 20 4 4 bl ~ : as % ap
bl . *& IR Lo
‘OE [2) 10 o F:I Al ﬂ
L] A
[T R X
O— o r r r r
s P1 P2 P3 P4

Fig. 7 The role of PKC in Cg-ceramide-mediated effects on cTnl
phosphorylation. cTnl, cardiac troponin I; P, phosphorylated cardiac
troponin 1. Top images of the cTnl region of interest from Cy5 labeled
control samples (channel 1), Cy2 labeled samples treated with 10 pM
Cg-ceramide (channel 2) and Cy3 labeled samples treated with 10 uM
Cg-ceramide in the presence of 1 uM chelerythrine chloride (channel
3) and the merged image (channel 1 + 2 + 3). Samples were pooled
together and focused on an 18 cm nonlinear IPG 7-11 pH strip
followed by standard 12 % SDS-PAGE for the second dimension.
Bottom quantitative results for ¢Tnl phosphorylation spots 14 in
which each spot density is shown relative to the total density for all
cTnl spots. *p < 0.05 as indicated; n = 7
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Fig. 8 Assessment of Cg-ceramide-mediated effects of myofilament
protein phosphorylation for Tm, RLC, and cTnT by 2D-DIGE. Tm
tropomyosin, RLC regulatory light chain, ¢7nT cardiac troponin T,
P phosphorylation. a Representative gel images for the region of
interest including Tm, RLC and cTnT are shown in a merged image

Assessment of site-specific myofilament protein phos-
phorylation upon C6-ceramide treatment was also asses-
sed using phospho-peptide antibodies, where available.
We used phospho-peptide antibodies (gift from Dr. Sak-
thivel Sadayappan) against 3 of the known phosphoryla-
tion sites for cMyBP-C. Figure 9A shows a
concentration-dependent increase in the intensity of the
immunoblot signal for Ser-273 and Ser-302 without
changes in the Ser-282 signal in ceramide-treated sam-
ples. Quantification of samples confirmed an increase in
the phosphorylation state of Ser-273 (1.5-fold) and Ser-
302 (1.6-fold) with no difference in Ser-282 phosphory-
lation (1.1-fold). Immunoblotting with anti-phospho-pep-
tide antibodies was also carried out for cTnl at Ser23/24
and for Tm at Ser283 (gift from Dr. David Wieczorek).
As shown in Fig. 9b and c, no difference in phosphory-
lation at these sites was observed in untreated vs. cera-
mide-treated cardiomyocytes.

Previous studies have shown phosphorylation of
cMyBP-C at Ser-273, Ser-282 and Ser-302 to be mediated
by PKA, whereas only two of these sites, Ser-273 and Ser-
302, are phosphorylated by PKC [34]. This, coupled with
the observed increase in the phosphorylation state of cTnl
at sites apart from Ser23/24 (putative PKA sites) strongly
support the likely involvement of PKC in mediating cera-
mide’s negative inotropic effects.

of control samples labeled with Cy3 (pseudo-colored green) and C6-
ceramide-treated samples labeled with Cy5 (pseudo-colored red).
b Results from the quantification of phosphorylation sites from Tm,
RLC and cTnT expressed as a percentage of all spot density for the
protein of interest. ¥p < 0.05 vs. control; n = 7

Discussion

Although ceramide accumulation in the heart is known to
adversely affect cardiac function, the present study dem-
onstrates for the first time that ceramide directly alters
cardiomyocyte contractility through modulation of the
post-translational state of the myofilament proteins.
Moreover, our data strongly support ceramide signaling to
the myofilaments via PKCe (Fig. 10).

Previous studies have concluded that depressions in con-
tractility observed when ceramide levels are elevated are due
primarily to cell death via ceramide-stimulated apoptosis.
However, our functional observations in intact cardiomyocytes
revealed that ceramide directly regulates contractile function
demonstrated by a depression in shortening amplitude and
velocity following ceramide exposure, which occurred despite
unaltered [Ca2+],- levels or kinetics. Moreover, the potential
ceramide-mediated effects on apoptosis and cell death are most
likely not relevant inasmuch as these were acute experiments.
Although the observed changes were modest (17-25 %
reduction), they would be projected to reduce force production
and power output (the product of force and velocity) in the
intact myocardium and contribute significantly to depressed
contractile function.

The mechanism by which ceramide-mediated activation
of PKC might alter contractile mechanics is likely to

@ Springer
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Fig. 9 Site-specific A

immunoblotting for cMyBP-C, Ce-ceramide

Tm and c¢Tnl phosphorylation. concentration (UM) 1 Control

Tm t in, ¢Tnl cardi .
m tropomyosin, cTnl cardiac 0 5 10 20 50 [ 10uM Ceramide

troponin I, MyBP-C myosin

binding protein-C, Ser serine.

Ser273 T e ww

24 * *

a Left, representative images
from western blots using
cMyBP-C phospho-specific
antibodies against Ser-273, Ser-
282 and Ser-302 in untreated
samples and in samples treated

Serz62
Ser-202
chyBP-C [0 v e o ]

with increasing doses of C6-
ceramide. Right, Quantification

GAPDH [# s s s e

Fold Increase
(p-cMyBP-C/cMyBP-C)

of cMyBP-C phosphorylation
levels in isolated cells treated
with and without 10 uM C6-
ceramide at Ser-273, Ser-282 B
and Ser302. GAPDH was used
as a loading control. n = 5.

b Western blot quantification of
isolated cells treated with and
without 10 pM C6-ceramide
using a phospho-Tm (Ser283)
antibody. n = 5. ¢ Western blot

4+
3{ L

Control Ceramide
———

ontl Gerani
—

0.
> Vv v
o & o
® < <
Control Ceramide

cTnl (S23/24)
Total cTnl

2.0

quantification of isolated cells
treated with and without 10 uM
C6-ceramide using a phospho-
cTnl (Ser23/24) antibody.

*p < 0.05 vs. control; n = 6

Ratio
(pTm (S283)/GAPDH)
N

_|
_|

Ratio
5

o
g

=
=
(3]
=
<
N
=
3
N
2
=
[
?
£

g
°

Control Ceramide

1‘Ceramide <

Negative Inotropy

Fig. 10 Schematic diagram of the mechanism by which ceramide
leads to negative inotropy. Accumulation of ceramide within the
cardiomyocyte results in activation of PKCe, leading to phosphory-
lation of the myofilament proteins ¢Tnl and cMyBP-C. These post-
translational modifications within the sarcomere alter the basal
function and cause a reduction in the ability of the contractile
machinery to generate force
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involve both the allosteric regulation of crossbridges
reacting with the thin filament and crossbridge dynamics
independent of thin filament activation. PKC-dependent
phosphorylation of the myofilaments in vitro has been
shown to reduce Ca’*-activated actomyosin ATPase,
myofilament Ca®" sensitivity and cooperativity with
observed depressions in the maximal tension generation [0,
25, 28, 35-39, 44, 56]. Functionally, these changes are
associated with reduced force production and shortening
velocity, both loaded and unloaded [31, 55], resulting in
depressed power output [23]. While reductions in isometric
tension generation can be attributed to an altered activation
state of the myofilaments, previous studies demonstrate
that shortening velocities at zero load are unaffected by
myofilament activation [13, 18] and are more likely to
depend on crossbridge cycling [24]. However, exactly how
PKC-dependent phosphorylation of the myofilaments
modifies crossbridge dynamics is unclear. Whereas earlier
studies by Pyle et al. [45] identified PKC-mediated effects
on crossbridge detachment rates, as demonstrated by
increased tension cost (an estimate of the crossbridge
detachment rate [4, 11] ) in transgenic mice expressing an
unphosphorylatable mutant cTnl (cTnI-S43A/45A), more
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recent studies have shown unaltered tension costs and,
therefore, unaltered crossbridge detachment rates in trans-
genic (TG) mice in which all 3 PKC sites were
psuedophosphorylated by glutamic acid substitution [26].
The authors, instead, attributed the negative inotropic
response in TG mice to a decreased rate of crossbridge
reaction with thin filaments and a Ca*"-independent per-
sistence of the active state. Despite the discrepancy, in
general PKC-mediated phosphorylation has been shown to
reduce crossbridge cycling rate [36, 37, 39] and would be
expected to prolong the duty cycle, consequently reducing
shortening kinetics during ejection. This is likely also to be
true for the PKC-dependent effects we observed following
ceramide treatment. Moreover, evidence from others indi-
cates that the effects we observed in isolated cardiomyo-
cytes may be more pronounced in the intact, auxotonically
loaded heart [29], translating to a marked reduction in
pressure development, decreased extent of shortening
during ejection and overall impairment of systolic function.
An important and novel finding of our study was that
ceramide’s negative inotropic response was due to PKC-
mediated phosphorylation of the myofilament proteins
cTnl and cMyBP-C. Our biochemical assessment revealed
increases in the phosphorylation of cMyBP-C at the PKC
sites upon ceramide exposure, as well as increases in the
phosphorylated form (P3) of cTnl which was prevented by
inhibition of PKC. Previous studies support the idea that
the phosphorylated P3 spot likely contains phosphorylation
of ¢cTnl on Ser-43/45 [1, 50, 51, 66]. Specifically, it has
been shown that the higher charged, more acidic cTnl
species identified by isoelectric mobility in IEF gels
includes phosphorylation on the PKC sites [51], while the
vast majority of mono-phosphorylated (cTnl,) and bis-
phosphorylated (cTnl,,) c¢Tnl found in the basal state
contain cTnl phosphorylated at Ser-23/24 [1, 50, 66].
Although it is clear that the net phosphorylation state of
myofilament proteins is critical for determining the overall
contractile effect in the intact heart, our data in isolated,
unloaded cardiomyocytes support a dominate role for cTnl
phosphorylation in mediating ceramide’s negative inotro-
pic effects. Functionally, PKC-mediated phosphorylation
of cTnl in vitro, specifically at Ser-43/45, has been shown
to reduce isometric tension and the calcium-activated
ATPase rate by promoting the blocked state of thin-fila-
ment activation [25, 39, 45], an effect which is likely to
alter the economy of muscle contraction. Indeed, a recent
study by Hinken et al. [23] showed PKC treatment of
skinned-rat cardiomyocytes reduced force production and
loaded shortening velocity resulting in depressed power
output. Phosphorylation of cTnl was shown to play a
dominate role in these responses. Consistent with that study
are data presented here demonstrating reduced shortening
amplitude and velocity due to alterations in the post-

translational state of the myofilaments. In vivo phosphor-
ylation of cTnl at Ser43/45 has been shown to play a main
role in the contractile dysfunction and progression to fail-
ure associated with PKCe overexpression, demonstrated by
rescue of the PKCe overexpressing mouse phenotype when
endogenous cTnl was partially replaced with a non-phos-
phorylatable cTnl at Serd43/45 (S43/45A) [51]. Interest-
ingly, a study using mice, which constitutively express
pseudo-phosphorylated c¢Tnl at Ser43/45 and Thr144
(cTnlpkc.p), showed that minimal changes (7 %) in cTnl
phosphorylation at the PKC sites were sufficient to cause
contractile dysfunction [26]. It is worth noting here that the
observed increase in phosphorylation induced by ceramide
treatment in the current study was about 8 %. The afore-
mentioned study suggests that in the context of the whole
heart this degree of modification would be sufficient to
impair contractility.

Unexpectedly, our observed increase in cMyBP-C
phosphorylation was not associated with an increase in the
rate of contraction or relaxation, as has been previously
described [9, 49, 58]. One explanation for this lack of
increase in contraction and relaxation rates is that increases
in phosphorylation of the PKC sites at Ser273 and Ser302
without changes in Ser-282, as shown here, may impact
contractile mechanics differently than when all three sites
on cMyBP-C are phosphorylated to the same extent. In
fact, studies examining the role of cMyBP-C phosphory-
lation on contractile mechanics have focused solely on
PKA-mediated phosphorylation of cMyBP-C, in which
case all three sites, Ser273, Ser282 and Ser302, are phos-
phorylated. However, Sadayappan et al. [48] have shown
that pseudo-phosphorylation of cMyBP-C at the PKC sites
was not sufficient to rescue contractile dysfunction in the
cMyBP-C null background, while Ser282 alone was. The
authors suggest that phosphorylation of Ser282 is essential
for cMyBP-C’s ability to regulate contractility and may be
the major determinate of cMyBP-C phosphorylation-
induced alterations. Moreover, Florea et al. [17] found that
constitutive phosphorylation of PP1 I-1 at its PKC sites
resulted in depressed systolic function that was associated,
in part, with reduced phosphorylation of cMyBP-C at
Ser282. Future studies examining the functional differ-
ences between PKA and PKC-mediated phosphorylation of
cMyBP-C may shed light on more recent findings. A sec-
ond explanation is that perhaps phosphorylation of cMyBP-
C does little to change relengthening kinetics in unloaded
cell measurements. The notion of a load-dependence of
relaxation under auxotonic conditions has long been
established [5]. Moreover, in the unphosphorylated state
cMyBP-C has been proposed to conform to a ‘viscous-load
model’ in which it produces an opposing drag force
through its ability to bind actin. This effect is reduced when
phosphorylation of cMyBP-C blunts its binding to actin,
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allowing for less force-opposition and faster contraction
and relaxation kinetics [61]. In this case, the influence of
cMyBP-C phosphorylation may be reduced in the context
of unloaded cardiomyocytes used here, particularly in
terms of relengthening and may, therefore, account for our
lack of change in relengthening velocity following cera-
mide treatment, despite an increase in cMyBP-C
phosphorylation.

Given that measurements were taken in isolated
cardiomyocytes at room temperature (22-24 °C) and not at
physiologic temperatures of 37 °C, we cannot completely
rule out the possibility of altered effects of ceramide at
body temperature. Reductions in temperature have been
shown to reduce the relative contribution of SR Ca2 + 1-
elease to inotropy [52], as well as accelerate relaxation by
both increasing calcium removal from the cytosol [43] and
by reducing myofilament calcium sensitivity [21]. The
latter may partially explain why increased calcium sensi-
tivity owing to MyBP-C phosphorylation was not observed
in this study.

Beyond the acute effects shown here, ceramide-induced
activation of PKC may also be of significance in cardiac
remodeling and the development of dilated cardiomyopa-
thy associated with long-term elevations in ceramide [16,
40, 65, 67]. Activation of PKCs directly by ceramide has
been shown to occur in the heart, leading to both insulin
resistance [8] and reduced [-adrenergic signaling [12].
Likewise, it is well known that PKC activation induces
hypertrophic growth within the heart [3, 47, 57, 63] and
may further play a role in modifying actin capping
dynamics [22] to promote addition of new sarcomeres into
the myofilament lattice. Thus, we speculate that chronic
elevations in ceramide may be one of the mechanistic
triggers of cardiac decompensation, which leads to con-
tractile dysfunction, ventricular dilation and the progres-
sion to failure. This hypothesis is supported by studies from
Park et al. [40] who found that inhibition of de novo cer-
amide biosynthesis in LpLgp; overexpressing mice, which
develop lipotoxic-induced dilated cardiomyopathy, resul-
ted in reduced apoptosis, enhanced myocardial energetics
and improved overall systolic function and survival.
Interestingly, in a rat model of metabolic syndrome, ele-
vations in TAG and long-chain acyl CoAs (ceramide
content was not measured) caused membrane translocation
and activation of PKCe leading to contractile dysfunction
[10]. Nevertheless, future studies examining ceramide
accumulation in human diseases of cardiac lipotoxicity will
be critical for establishing a role for ceramide as a lipotoxic
mediator in human pathology.

Although novel, these findings are limited by the use of
exogenous treatment of a non-biological ceramide analog.
The shorter chain length differs from endogenously pro-
duced ceramide, which is composed of a sphingoid base
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with an acyl chain length ranging from 14 to 28 carbons,
the most abundant of which C20:0 and C24:0 in the heart
[30]. Nevertheless, it has been demonstrated that 1-20 pM
of short-chain ceramide analog administered exogenously
to cells results in a cellular accumulation of ceramide that
is within the range of endogenous levels and which elicits
specific biological responses [20]. Moreover, in vitro use of
C6-ceramide has been shown to promote negative inotropic
responses similar to endogenously generated ceramide
[15]. In the failing human heart, 1.5-fold elevations in total
ceramide content have been shown [8]. This increase was
associated with higher insulin resistance in heart failure
patients, mediated by activation of PKCs. Interestingly,
implantation of a left ventricular-assisted device was able
to return ceramide levels to normal, attenuated PKC acti-
vation and improved insulin resistance. This study high-
lights the clinical relevance of moderate elevations in
ceramide content and PKC activation.

Conclusion

In summary, this study provides a novel mechanism by
which ceramide may depress cardiac contractility through
activation of PKC and subsequent phosphorylation of
myofilament proteins and further suggests that accumula-
tion of ceramide in pathological conditions should be
considered as a significant factor contributing to the
depression in cardiac function.
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