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Abstract

Aims—Chronic heart failure (CHF) causes inspiratory (diaphragm) muscle weakness and fatigue
that contributes to dyspnoea and limited physical capacity in patients. However, the mechanisms
that lead to diaphragm dysfunction in CHF remain poorly understood. Cytokines and angiotensin
Il are elevated in CHF and stimulate the activity of the enzyme sphingomyelinase (SMase) and
accumulation of its reaction product ceramide. In the diaphragm, SMase or ceramide exposure in
vitro causes weakness and fatigue. Thus, elevated SMase activity and ceramide content have been
proposed as mediators of diaphragm dysfunction in CHF. In the present study, we tested the
hypotheses that diaphragm dysfunction was accompanied by increases in diaphragm SMase
activity and ceramide content.

Methods and results—We used myocardial infarction to induce CHF in rats. We measured
diaphragm isometric force, SMase activity by high-performance liquid chromatography, and
ceramide subspecies and total ceramide using mass spectrometry. CHF depressed diaphragm force
and accelerated fatigue. Diaphragm neutral SMase activity was increased by 20% in CHF, while
acid SMase activity was unchanged. We also found that CHF increased the content of Cqg-, Cog,
and C,4-ceramide subspecies and total ceramide. Downstream of ceramide degradation,
diaphragm sphingosine was unchanged, and sphingosine-1-phosphate (S1P) was increased in
CHF.

Conclusion—Our major novel finding was that diaphragm dysfunction in CHF rats was
accompanied by higher diaphragm neutral SMase activity, which is expected to cause the
observed increase in diaphragm ceramide content.
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Introduction

Methods

Dyspnoea and exercise intolerance are some of the most debilitating symptoms of chronic
heart failure (CHF). These symptoms are determined, in part, by inspiratory (diaphragm)
muscle weakness (1-3). In addition to weakness, CHF patients also experience diminished
inspiratory muscle endurance that is suggestive of accelerated diaphragm fatigue (4).
Abnormalities of the diaphragm can impact the ability of CHF patients to sustain increased
ventilation seen at rest or during exercise (5, 6), affecting clinical management and sensation
of dyspnoea (7). However, the mechanisms that could lead to diaphragm dysfunction in
CHF remain poorly understood and suitable therapeutic targets have not been identified.

Inflammatory cytokines [e.g., TNF-a and interleukins (8, 9)] and angiotensin 1l are
considered endocrine mediators of diaphragm weakness in CHF (10, 11). Cytokines and
angiotensin Il stimulate the activity of the enzyme sphingomyelinase (SMase) and
accumulation of its reaction product ceramide (12, 13). Accordingly, serum and cardiac
muscle SMase activity are increased in CHF (14, 15). In the diaphragm, SMase or ceramide
exposure in vitro mimics the effects of CHF as seen by depressed force in diaphragm
bundles and single fibres (2, 3, 16). Thus, increased SMase activity and ceramide content
might be associated with diaphragm dysfunction in CHF.

In the present study, we used the myocardial infarction model of CHF in rats to test two
main hypotheses: 1) CHF decreases force and accelerates fatigue of the diaphragm, and 2)
CHF increases diaphragm SMase activity and ceramide content. We also examined the
sphingolipid profile of the soleus muscle to test if any effects seen were unique of the
diaphragm. Unveiling the effects of CHF on key components of the sphingolipid signalling
pathway in the diaphragm should help identify potential mechanisms contributing to
weakness and the debilitating dyspnoea experienced by patients.

Animals and surgical procedures

We used Lewis rats aged 8-10 weeks at the start of the study. Animals were housed at the
University of Florida Animal Care Facilities under a 12:12 hour light and dark cycle and had
access to standard chow and water ad libitum. All procedures were approved by the
University of Florida Institutional Animal Care and Use Committee.

Rats were anesthetized using isoflurane and intubated for mechanical ventilation. We
exposed the heart through a left thoracotomy and ligated the left coronary artery near the left
atrium using 6-0 monofilament absorbable PGA suture (Demesorb, Demetech, USA). After
ligation, the thoracic and skin incisions were closed using 3-0 PGA and nylon sutures,
respectively. Sham operations mimicked the procedure for MI without ligation of the artery.
Animals received topical bupivacaine and subcutaneous buprenorphine post-surgery. We
performed echocardiography (see below) and terminal experiments 14-16 weeks post-
surgery. On the day of the experiment, we anaesthetized the rats using isoflurane and
performed a laparotomy and thoracotomy to collect blood and tissue samples. A portion of
the costal diaphragm was quickly freed from adipose tissue and frozen in liquid N, while a
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diaphragm strip was dissected for assessment of contractile function in vitro. The soleus was
rapidly dissected and frozen in liquid N». The right (RV) and left ventricles (LV) were
dissected for measurements of weight and infarct area by planimetry.

Echocardiography

All images were recorded with rats under 2% isoflurane anesthesia. Two-dimensional M-
mode ultrasound images were obtained at 7.5 MHz (Toshiba Aplio) in the parasternal long-
and short-axis view. We determined left ventricle (LV) end-diastolic diameter (LVEDD),
LV end-systolic diameter (LVESD), LV posterior wall thickness during diastole
(LVPWThD) and systole (LVPWThS), and LV posterior wall shortening velocity
(LVPWSV) over five cardiac cycles. Measurements were performed using the leading edge-
to-leading edge method. LV fractional shortening (FS) was calculated using the formula
%FS = (LVEDD - LVESD) x 100/(LVEDD).

Diaphragm contractile properties

The procedure used for assessment of diaphragm isometric force is similar to that described
previously (16, 17). Briefly, a diaphragm muscle strip was dissected and placed at optimal
length for twitch force production (Lg). Isometric contractile characteristics were measured
at 37°C using a Dual-Mode Muscle Lever System (300C-LR, Aurora Scientific Inc, Aurora,
Canada) while the muscle was stimulated supramaximally using a biphasic high-power
stimulator (701C, Aurora Scientific Inc.). Stimulus frequencies ranged from 1 to 200 Hz
(0.25 ms pulse and 0.5 s train durations) in solution containing o-tubocurarine (25 pM). Five
minutes after the force-frequency stimulations, we determined isometric fatigue properties
using a protocol consisting of 40 Hz stimulus, 500 ms train, and 0.5 trains per second (16).
We analysed the force-frequency relationship from each animal using a four-parameter Hill
equation to define the shape of the curve. For fatigue characteristics, we measured peak
forces during the 15t, 25t 50t 75t and 100t contraction of the protocol. Forces were
normalized to peak value during the 15t contraction to determine fatigue.

Myosin heavy chain gel electrophoresis

To determine whether the effects of CHF on diaphragm fatigue could be accompanied by
changes in diaphragm fibre type composition, we used MHC gel electrophoresis (18). We
identified types I, and Ila/llx isoforms of MHC. Our gels did not yield resolution to separate
I1a/l1x isoforms as these have very similar molecular weights. Thus, we analysed and report
a combined percentage of Ila/llx isoforms.

Sphingomyelinase activity assays

Serum SMase, A-SMase and N-SMase activities were measured using C6-NBD-SM as a
substrate. Serum samples were used as the source of S-SMase. The standardized assay
contained serum (2 pl), 20 uM NBD-SM, 0.1 mM ZnCls, 0.1 M sodium acetate buffer (pH
5.0) in a final volume of 20 pl. In parallel, assays were done in Zn-free buffer containing
EDTA to account for any activity associated with cell debris or other contaminants in the
serum sample. The S-SMase activity was calculated as the difference of the activity in the
presence and absence of Zn. A-SMase and N-SMase activities were measured in diaphragm
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homogenates prepared in 10 mM Tris-HCI, pH 7.4, 1 mM EDTA, 1 mM sodium
orthovanadate, 15 mM sodium fluoride and protease inhibitor cocktail (Sigma-Aldrich).
Protein concentrations were assessed with a Lowry total protein determination kit (DC
Protein Assay; BioRad, Hercules, CA), and 40 pug were used in each assay. The N-SMase
activity assay was done in a 50 mM Tris-HCI (pH 7.4) reaction buffer containing 7.5 mM
MgCl,, 10 uM C6-NBD-SM, 1 mM sodium ortovanadate, 15 mM sodium fluoride, protease
inhibitor cocktail and 40 pg of homogenate in a final volume of 40 pl for 30 min. The A-
SMase activity assay was done in 100 mM sodium acetate buffer, (pH 4.5) containing 0.2
mM B-mercaptoethanol, 10 uM C6-NBD-SM, 1 mM sodium ortovanadate, 15 mM sodium
fluoride, protease inhibitor cocktail and 40ug of homogenate in a final volume of 40ul for 3
h. For all three types of assays, reactions were stopped by the addition of 0.5 ml methanol.
After further incubation at 37°C for 30 min, the samples were centrifuged at 1,000 x g, and
the clear supernatant was transferred to clear HPLC vials. The generation of fluorescent
product, NBD-ceramide was monitored by a reverse phase HPLC using
methanol:water:phosphoric acid (850:150:0.15, by vol.) as a mobile phase (19).

Sphingolipid content

Muscles were homogenized in 1X TGS buffer (Bio-Rad, Hercules, CA). Aliquots of the
lysate were shipped on dry ice to the Lipidomics Core at the Medical University of South
Carolina for extraction and analysis of sphingolipid content by tandem mass spectrometry
using a TSQ 7000 triple quadrupole mass spectrometer (Thermo-Fisher Scientific, Waltham,
MA\) as described previously (20).

RNA isolation, cDNA synthesis and gRT-PCR

Rat diaphragm (~50 mg) was homogenized in Trizol Reagent (Life Techonologies, Grand
Island, NY) according to the manufacturer's instructions using a Kinematica Polytron
PT-2100 Homogenizer (Kinematica, Bohemia, NY). RNA concentrations were measured
and cDNA was synthesized from 1 pg RNA using the RETROscript Kit (Life
Techonologies, Carlshad, CA) according to the manufacturer's instructions. Real-time
polymerase chain reactions were ran using an ABI Prism 7000 Sequence Detection System
with primers and probes for for ASMase (Smpd1), N-SMase2 (Smpd3), N-SMase3
(Smpd4), sphingosine kinase 1 (Sphk1), S1P lyase (Sgpl1), S1P phosphatase 1 (Sppl), and
the housekeeping gene 18S RNA (Life Technologies, Carlsbad, CA). The probes for all
genes consisted of a Tagman 5’-FAM labeled reporters and 3’-nonfluorescent quenchers.

Western blots

The procedures used to determine protein abundance have been described in detail in a
recent study (21). Briefly, we loaded proteins onto a 4-15% criterion pre-cast gel, run, and
transferred to a low-fluorescence PVVDF membrane (Immobilon-FL, Millipore). We blocked
membranes in 5% milk and exposed the membrane to primary antibodies for sphingosine
kinase 1 (Cell Signaling) and a-tubulin (DSHB, University of lowa, lowa City, I1A) at
1:1000. Secondary antibodies were fluorescence-conjugated IRDye (Li-COR, Lincoln,
Nebraska). Membranes were scanned using Odyssey Imager using two-channel detection
and analyzed using Image Studio Lite (Li-COR).
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Statistical analysis

Results

We used commercially available software for statistical analyses (Prism 5.0b, GraphPad
Software Inc., La Jolla, CA and SigmaPlot, Systat Software). In general, comparisons
between groups were performed by t-test or the Mann-Whitney test when data did not pass a
normalcy test. Fatigue and ceramide subspecies data were analysed by ANOVA as detailed
in the results sections. Data are shown as mean + SE unless stated otherwise. Differences
were considered statistically significant when P < 0.05.

The 14-16 week survival rate was 78% in the coronary artery ligation group. One rat that
underwent MI surgery had a left ventricle with a small infarct size (< 10% LV area) and
normal FS and, therefore, was not included in our studies. The characteristics of animals in
each group are shown in Table 1. Tissue weights and echocardiography variables showed
typical signs of heart failure in infarcted rats.

Diaphragm contractile function

We observed that diaphragm twitch and maximal tetanic forces were decreased in our CHF
rats (Fig. 1). Twitch kinetics were similar between groups as noted by unchanged time to
peak tension (in ms; Sham 18.5 + 1.3, CHF 18.7 £ 1.0) and ¥ relaxation time (in ms; Sham
21.6 £ 1.6, CHF 21.8 + 2.3). Accordingly, the frequency that elicited 50% of maximal
response (in Hz; Sham 43 + 0.7 Hz, CHF 43 + 0.9 Hz) and the slope of the sigmoid (Hill
coefficient; Sham 3.4 £ 0.1, CHF 3.2 + 0.1) were unaltered in CHF. These results suggest a
uniform decrease in muscle force across all frequencies. During the fatigue protocol, peak
force during the first contraction was lower in CHF (10.3 + 0.4 N/cm?) than Sham (12.1 +
0.5 N/cm?). Regardless, decrements in normalized force (% initial) were more pronounced
in CHF diaphragm after 25 and 50 contractions. The faster fatigue could not be explained by
changes in MHC isoforms of the diaphragm due to CHF (Fig. 1C).

Sphingomyelinase activity

We measured the activity of the three SMases that may affect cellular ceramide content via
sphingomyelin (SM) hydrolysis. In the diaphragm muscle, we observed that the activity of
N-SMase was increased by ~20% in CHF while acid SMase activity was unchanged (Fig.
2). The activity of SMase measured in serum was decreased in CHF (in nmol/ml/hr: Sham,
11.9+£0.7 and CHF, 10.1 £ 0.50; P < 0.05).

Muscle sphingolipid content

The major diaphragm ceramide species were Cqg-, Cog- and Co4-ceramide and were
substantially increased in rats with CHF (Fig. 3A), resulting in an elevation of
approximately 20% in total ceramide content (Fig. 3B). Other less-abundant ceramide
species were similar in the diaphragms of control and CHF rats. Notably, the mass-spec
analysis identified a series of rare ceramide species (Fig. 3A; inset) with short, very long, or
highly unsaturated fatty acids, i.e., arachidonic acid. These rare species were not affected by
CHF. Similarly, the levels of sphingosine were unchanged (Fig. 3C), but the levels of S1P,
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which is produced by phosphorylation of sphingosine by sphingosine kinase-catalysed
reaction were increased 2-fold (Fig. 3D).

In the soleus muscle, C1g- and Cyg-ceramide were increased in CHF (Table 2). However,
this was not a consistent response among subspecies such that CHF did not increase total
soleus ceramide levels. No changes in sphingosine were present in the soleus muscle (Table
2), while S1P levels tended to be decreased by CHF (P < 0.10).

Sphingolipid metabolizing enzymes: mRNA and protein abundance

The elevated N-SMase activity, ceramide, and S1P content in the diaphragm could be due to
increased gene expression or post-translational modification of proteins involved in
sphingolipid metabolism. Our measurements of mMRNA and protein expression revealed
unchanged abundance of SMases that convert sphingomyelin to ceramide (Fig. 4). CHF
seemed to decrease the mMRNA abundance of sphingosine kinase 1 (SK1). We then tested
SK1 protein abundance and found it to be decreased by CHF (Fig.4B). The mRNA levels of
S1P lyase and S1P phosphatase 1 (SPP1) were unchanged in CHF, with similar results for
S1P lyase protein abundance while we could not detect SPP1 in our Western Blots (data not
shown).

Discussion

Our major novel finding was that diaphragm weakness and fatigue in CHF rats was
accompanied by higher diaphragm neutral SMase activity and increased content of Cyg-,
Cyp-, and Cy4-ceramide subspecies and total ceramide. CHF effects on skeletal muscle
sphingolipid profile were not ubiquitous as the soleus did not show a response entirely
consistent with the diaphragm.

Diaphragm weakness and fatigue in CHF

Our finding of diaphragm weakness in CHF is in agreement with previous studies in animals
and humans (1, 2, 4). An important observation of our study was that CHF accelerated
diaphragm fatigue in vitro. This suggests that alterations intrinsic to the diaphragm muscle
cells contribute to the diminished respiratory muscle endurance seen in CHF patients (4).
Diaphragm fibre type composition was similar in control and CHF rats. In humans, there is
unchanged (22) or slightly increase type | fibre composition in CHF diaphragm (23). Our
findings suggest that contractile dysfunction, and not a fibre type shift, contributes to
diaphragm fatigue. Among the mechanisms proposed for weakness and fatigue in CHF are
cytokines (10), angiotensin Il (24), oxidants (25), and increased SMase activity (12, 14) or
accumulation of ceramide (16).

Sphingolipid signalling cascade in CHF diaphragm dysfunction

Doehner et al. (14) reported increased serum SMase activity in CHF patients, while we
found lower serum SMase activity in CHF rats. Data from a recent study in patients is also
consistent with our observations (26). The reasons for these potential discrepancies are
unclear at present, but data from one study suggests that myocardial infarction elicits time-
dependent changes in serum SMase activity (27).
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Neutral SMase activity was increased in the diaphragm of CHF rats. Based on unchanged
gene expression of diaphragm SMases, we consider that post-translational modifications
activate SMase in CHF (e.g., oxidation or phosphorylation) (12). For example, TNF-a (8)
and oxidative stress (25) are elevated in CHF and could be responsible for activation of N-
SMase in the diaphragm (12). The increased diaphragm N-SMase activity in CHF is
expected to elevate ceramide and metabolites downstream of ceramide. Accordingly, CHF
increased ceramide content ~20%. These changes in ceramide are of similar magnitude to
those elicited by high fat diet, where muscle ceramide contributes to vascular dysfunction
and insulin resistance (28, 29). Thus, the accumulation of ceramide that we observed can be
sufficient to cause diaphragm dysfunction in CHF. In support of this idea, exposure of
diaphragm bundles to SMase or ceramide in vitro depresses maximal force and accelerates
fatigue (16, 17). Overall, the general effects of SMase and ceramide on diaphragm are
similar to those elicited by CHF: increased oxidants, weakness, and accelerated fatigue [Fig.
1 and refs. (2, 25)].

Establishing causality and clinical relevance

Our study identifies increased N-SMase activity and ceramide content as plausible mediators
and therapeutic targets against diaphragm weakness and fatigue in CHF. However, a major
challenge to establish causality is that specific inhibitors of N-SMase appropriate for in vivo
studies are not yet available (30), and knockouts animals of neutral SMase are either
unsuitable for CHF studies or unavailable (31). If new therapies targeted to increased N-
SMase activity and ceramide are developed and yield positive results in CHF diaphragm
function, it would be clinically relevant.

Cardiac rehabilitation is a key component of the integrated clinical management of CHF
(32). The importance of inspiratory muscle weakness is evident from the beneficial effects
of inspiratory muscle training added to standard cardiac rehabilitation for these patients (7,
33). Based on outcomes of inspiratory muscle training studies, the benefits of treating
diaphragm weakness pharmacologically are expected to have a positive impact on the
clinical management and quality of life of CHF patients.

In conclusion, diaphragm muscle from CHF rats are weaker and fatigue faster than Sham
controls. This diaphragm dysfunction is accompanied by increases neutral SMase activity
and ceramide content in the diaphragm. The contractile and metabolic changes elicited by
CHF in the diaphragm could not be explained by shifts in fibre type composition. Overall,
our findings are consistent with the idea that increased N-SMase activity and ceramide
content are potential candidates and therapeutic targets for diaphragm dysfunction in CHF.
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Figure 1.
Diaphragm weakness and fatigue in rats with chronic heart failure (CHF). A) Force-

frequency relationship. Specific force, force normalized for bundle cross sectional area. Data
are mean + SE from Sham (n = 10) and CHF (n = 13) rats. Twitch (1 Hz) and maximal
tetanic (200 Hz) forces were lower in CHF rats (* P < 0.05, t-test). Dotted and solid lines are
line of best fit of mean data using Hill equation. B) Diaphragm fatigue during submaximal
tetanic contractions. Forces are normalized within each animal to percentage of peak value
for the first contraction during the fatigue protocol. The increase in normalized force seen in
Sham after 25 contractions reflect post-tetanic potentiation. Data are mean + SE for Sham (n
=5) and CHF rats (n = 8). * P < 0.05 for Sham vs. CHF (repeated measures ANOVA and
Tukey's post-hoc test). C) Diaphragm fibre type composition based on myosin heavy chain
(MHC) isoforms determined by SDS-PAGE. Images are representative profile of MHC in
gels. Data are mean + SE from n = 5 animals per group.
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Figure 2.
Heart failure increases diaphragm sphingomyelinase (SMase) activity. A-SMase, acid

sphingomyelinase; N-SMase, neutral sphingomyelinase. A) Measurements of enzyme
activity were made in whole-tissue homogenates. Data are shown in nmol ceramide/mg
protein/hour for Sham (n = 7) and CHF (n = 10) rats. All values are expressed as mean + SE.
*P < 0.05 by t-test.
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Figure 3.
Heart failure increases diaphragm ceramide content. A) Content of each ceramide

subspecies measured in rat diaphragm. Inset, data from select ceramide subspecies shown in
different scale for clarity of visualization. Open bars, Sham (n = 16); closed bars, CHF (n =
21). B) Total ceramide content calculated as the sum of individual subspecies shown in
panel A. * P < 0.05 by ANOVA and Bonferroni post-hoc test for planned comparison (Panel
A) and t-test (Panel B) C) Sphingosine content. D) Sphingosine-1-phosphate content. Data
from one Sham animal (2.28 pmole/mg protein) was identified as an outlier by Grubb's test
and was not included in graph and statistical analysis shown above. * P < 0.005 by Mann-
Whitney test. In healthy skeletal muscle, S1P promotes growth and regeneration (34, 35). In
CHF, elevation of S1P in vascular smooth muscle causes vasoconstriction (36).
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Figure4.
Diaphragm expression of select sphingolipid metabolizing enzymes. A) Relative mMRNA

abundance of sphingomyelinases, acid (A-SMase) and neutral (N-SMase) isoforms,
sphingosine kinase 1 (SK1), sphingosine-1-phosphaste (S1P) lyase, and S1P phosphatase 1
(SPP1). Data are from n = 5 rats per group. B) Protein abundance of SK1 is diminished in
CHF diaphragm. Data are normalized to a-tubulin (loading control) and expressed as mean
+ SE. * P < 0.05 by t-test

Eur J Heart Fail. Author manuscript; available in PMC 2015 November 23.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Empinado et al.

Table 1

Animal characteristics and echocardiographic variables

Sham CHF
Infarct area (%) - 252
Body weight (initial, g) 254+ 6 258+ 4
Body weight (final, g) 415+ 4 4275
LV wt/TL (mg/mm) 18+0.6 21 + 0.6*
RV wt/TL (mg/mm) 40+0.2 51+ 0_2*
Lung wt/TL (mg/mm) 26+£0.5 27+£0.7
*
LVEDD (mm) 76+0.1 8.6+0.2
*
LVESD (mm) 4201 59401
FS (%) 44+1 2+ 1*
LVPWThD (mm) 1.59 +0.03 140 + 0_04*
LVPWThS (mm) 257+£0.05 2.25+0.07
*
LVPWSV (mm/s) 35+1 2941
1 *
HR (beats/min) 382+5 361+6

Page 15

LV, left ventricle; RV, right ventricle; TL, tibial length; LVEDD, LV end-diastolic diameter; LVESD, LV end-systolic diameter; LVPWTh, LV
posterior wall thickness during diastole (D) and systole (S); LVPWSV, posterior wall shortening velocity; FS, fractional shortening; HR, heart rate.

*
P < 0.05 by t-test for Sham (n = 18) vs. CHF (n = 22).
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Sphingolipid content in soleus muscle.

Sham CHF

Cyy4-cer
Cyg-Cer

Cyg-cer

Cg:g-cer
Cyo-cer
Cyo:1-cer
C,p-cer
Cao:g-cer
Cy4-cer
Cog:p-cer
Cye-cer
Cap:1-cer
Total ceramide
Sphingosine
S1P

0.20+0.10 0.23+0.07
22+3 169+14

*
46+4 61+55

26+0.2 3.0+£0.2

2327 3013.1*

15+0.2 1.8+0.2
8.0+1.0 85+0.5
14+0.2 1.3+01
28+3.2 31+23
17+23 15+0.9
0.17+0.10 0.24+0.07
0.41+£0.09 0.44+0.09
150 + 14 170+ 11
26+044  23+0.05
0.45+0.14 0.17+0.08

Table 2
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Ceramide (cer) subspecies identified in soleus muscle using mass spectrometry in sham (n = 6) and CHF rats (n = 8). Total ceramide is the sum of

all subspecies detected herein. S1P, sphingosine-1-phosphate. Data are mean + SE and expressed in in pmol/mg prot.

*
P < 0.05 by ANOVA and Bonferroni post-hoc analysis.
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