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Abstract

Inspiratory dysfunction occurs in patients with heart failure with reduced ejection fraction 

(HFrEF) in a manner that depends on disease severity and by mechanisms that are not fully 

understood. In the current study, we tested whether HFrEF effects on diaphragm (inspiratory 

muscle) depend on disease severity and examined putative mechanisms for diaphragm 

abnormalities via global and redox proteomics. We allocated male rats into Sham, moderate 

(mHFrEF), or severe HFrEF (sHFrEF) induced by myocardial infarction and examined the 

diaphragm muscle. Both mHFrEF and sHFrEF caused atrophy in type IIa and IIb/x fibers. 

Maximal and twitch specific forces (N/cm2) were decreased by 19±10% and 28±13%, 

respectively, in sHFrEF (p < 0.05), but not in mHFrEF. Global proteomics revealed upregulation of 

sarcomeric proteins and downregulation of ribosomal and glucose metabolism proteins in sHFrEF. 

Redox proteomics showed that sHFrEF increased reversibly oxidized cysteine in cytoskeletal and 

thin filament proteins and methionine in skeletal muscle α-actin (range 0.5 to 3.3-fold; p < 0.05). 

In conclusion, fiber atrophy plus contractile dysfunction caused diaphragm weakness in HFrEF. 

Decreased ribosomal proteins and heighted reversible oxidation of protein thiols are candidate 

mechanisms for atrophy or anabolic resistance as well as loss of specific force in sHFrEF.
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1. Introduction

As the main inspiratory muscle, the diaphragm is essential in ventilatory and non-ventilatory 

behaviors (1). Patients with heart failure who have reduced ejection fraction (HFrEF) show a 

decline in maximal inspiratory pressure, which is an indirect marker of diaphragm force/

function (2, 3). Maximal inspiratory pressure is an independent predictor of prognosis in 
patients with HFrEF (4, 5). Patient data and direct measurement of diaphragm abnormalities 
in rodent models of HFrEF suggest that dysfunction of this respiratory muscle contributes to 
the pathophysiology of HFrEF (3). In general, diaphragm dysfunction leads to impaired 
airway clearance and predisposition to pneumonia, inability to sustain ventilation and 
shallow breathing that limits gas exchange during physical activity, and reflex sympathetic 
activation, which vasoconstricts the periphery as well as exacerbates pathological cardiac 
remodeling (3, 6). These physiological changes worsen patient symptoms of dyspnea and 
discomfort, and can accelerate disease progression. Therefore, it is important to resolve the 

underlying mechanisms of diaphragm dysfunction and develop new therapies for patients 

with HFrEF.

Assuming a maximal voluntary effort and sufficient neuromuscular transmission, the 

decrease in maximal inspiratory pressure in patients is the result of diaphragm fiber atrophy 

and contractile dysfunction. In animal models of HFrEF, some studies support and others 

refute the existence of diaphragm atrophy or contractile dysfunction (7–12). The decline in 

maximal inspiratory pressure in patients depends on disease severity (3, 13). Thus, we have 

recently postulated that diaphragm atrophy or loss of force in animal models of HFrEF 

depends on disease severity (3).

The systemic factors leading to diaphragm atrophy and contractile dysfunction in HFrEF 

appear to involve neurohumoral and inflammatory signaling (3). These signaling events 

culminate in accumulation of reactive oxygen species and an oxidized shift in the 

intracellular redox balance (14, 15). Knockout of oxidant-producing enzymes or systemic 

antioxidant interventions prevent diaphragm weakness in HFrEF (8, 9, 16), suggesting that 

oxidants alter abundance or function of proteins to cause loss of force. Oxidant-signaling 

activates proteolytic pathways and increases protein degradation (17). One of the main 

mechanisms of oxidant-mediated cellular signaling is through reversible oxidation of 

cysteine residues or other thiol groups in proteins (18). For instance, reversible cysteine 

oxidation of myofibrillar and calcium-handling proteins lowers skeletal muscle shortening 

and force (19–22). It is important to note, however, that the specific changes in protein 

abundance and thiol redox modifications of proteins associated with diaphragm 

abnormalities in HFrEF remain unknown.

The main goal of our study was to understand the physiological and molecular basis of 

diaphragm weakness in HFrEF. We tested the hypothesis that diaphragm atrophy and loss of 

force depend on severity of HFrEF. Overall, diaphragm abnormalities were more 
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pronounced in severe HFrEF. Therefore, we performed global label free proteomics and 
differential cysteine labeling focused on diaphragm of rats with severe HFrEF and healthy 
controls to better understand the protein abundance and redox modifications associated with 
diaphragm weakness. Our general hypotheses were that severe HFrEF increased proteins of 

catabolic pathways, decreased abundance of myofibrillar proteins, and heightened reversibly 

oxidized proteins in the diaphragm. Our data partially supported our hypotheses and reveal 

novel candidate mechanisms of diaphragm atrophy and contractile dysfunction, which 

include decreased abundance of key components of anabolic pathways and increased 

reversibly oxidized thiol groups in thin-filament proteins.

2. Materials and methods

2.1 Animals and Surgical Intervention

All procedures conformed to the guiding principles for use and care of laboratory animals of 

the American Physiological Society and were approved by the University of Florida 

Institutional Animal Care and Use Committee (IACUC 201607964). Adult male Sprague-

Dawley rats (initially 8–10 weeks old) were used in the present study. Rats were housed at 

the University of Florida under 12h:12h light-dark cycle and had access to standard chow 

and water ad libitum. Rats were randomly assigned to undergo myocardial infarction (44% 

mortality rate; n = 14 in final experiments) or sham (n = 15) surgery.

For survival surgeries (8, 23), rats were anaesthetized using isoflurane and intubated for 

mechanical ventilation. We exposed the heart through a left thoracotomy and removed the 

pericardium to ligate the coronary artery using 6–0 monofilament absorbable suture 

(Demesorb; Demetech, Miami, FL, USA). To elicit a large infarct, we placed the suture 

under or near the edge of the left atrium to ligate the left anterior descending artery proximal 

to all of its branches (64% mortality, n = 5 in final experiments). To elicit small-to-medium 

infarcts, we placed the suture ~2–3 mm from the edge of the left atrium toward the apex of 

the heart to ligate the LAD and some, but not all, of its branches (31% mortality, n = 9 in 

final experiments). We closed the thoracic and skin incisions with 3–0 absorbable 

(Demesorb) and nylon sutures (Demelon), respectively. Sham operations mimicked the 

myocardial infarction procedure without ligation of the artery. Post-operation, animals 

received topical bupivacaine once and subcutaneous buprenorphine immediately and twice 

daily for 3 days.

2.2 Cardiac Function

Cardiac function was evaluated within 2–4 weeks of terminal experiments using 

echocardiography or cardiac magnetic resonance imaging. For echocardiography, two-

dimensional M-mode ultrasound images at 7.5 MHz (Aplio, Toshiba America Medical 

Systems, Tustin, CA, USA) were obtained in the parasternal short-axis view. Animals were 

maintained at 1.5–2.5% isoflurane anesthesia and ECG electrodes were placed on the limbs 

to monitor heart rate. The level of anesthesia was adjusted as needed to maintain heart rate 

between 400–500 bpm. Image J software was used to quantify ventricle diameters from 

ultrasound images. In a subset of animals (n = 3 MI, 2 Sham), we assessed cardiac function 

via magnetic resonance imaging (MRI). Cardiac MRI was performed in a 4.7-T, horizontal 
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bore magnet (VMJ version 3.1; Agilent, Santa Clara, CA). Rats were anesthetized and 

positioned prone on a custom-built setup that allowed monitoring of body temperature, 

respiratory rate, and heart rate. ECG electrodes were inserted in limbs and respiration pad 

was taped across abdomen. Rats were maintained under anesthesia (1.5–2.5% isoflurane) via 

nose cone and were placed in the magnet. Average body temperature of the rat was 

maintained at 37°C using a circulating water heater. We adjusted the level of anesthesia to 

maintain heart rate as described above and respiratory rate of 50–60 breaths/minute. Rats 

were imaged using quadrature birdcage volume coil. A series of five transverse images were 

acquired over the heart after power calibration and global shimming scans. Single slice long 

axis axial and sagittal scans were acquired to view the apex and base of the heart. These long 

axis scans were used as a reference to obtain the short axis scans, which were then used to 

measure ventricular function. Left and right ventricles were imaged using a stack of short 

axis images with 1mm slice thickness. Images were acquired using a spoiled gradient-echo 

cine sequence (TR = 110 ms, TE = 1.37 ms, Flip angle = 15°, FOV = 25× 25 mm2, data 

matrix = 128×128, and 1 mm slice thickness). Twelve cine frames were acquired through the 

cardiac cycle and were ECG triggered to R wave with R-R delay of 110 ms and delay of 0.2 

ms. We used ultrasound and magnetic resonance images to measure left ventricular internal 

diameter during diastole (LVIDd) and systole (LVIDs) and calculate fractional shortening 

(%) as (LVIDd-LVIDs)/LVIDd × 100.

2.3 Tissue harvesting, infarct size, and HFrEF severity distinction

Terminal experiments were conducted 16 weeks post-operation for assessment of diaphragm 

contractile function, fiber cross-sectional area, and proteomic profile. On the day of 

experiment, we anaesthetized rats using isoflurane and performed a laparotomy and 

thoracotomy to collect blood and tissue samples. Blood was sampled from the inferior vena 

cava and processed for serum (BD Vacutainer). The diaphragm was quickly excised, placed 

in ice cold Krebs Ringer solution (in mM: 137 NaCl, 5 KCl, 1 MgSO4, 1 NaH2PO4, 24 

NaHCO3, and 2 CaCl2), and costal diaphragm was processed and allocated for contractile, 

histological, and biochemical assays. The heart was then excised, ventricles dissected and 

weighed, and left ventricle infarct size calculated using planimetry. Severe HFrEF (sHFrEF) 

was defined based on two criteria: 1) infarct size >35% of left ventricle and septum, and 2) 

right ventricle hypertrophy (i.e., RV/tibia length > 2 SDs above the sham average). These 

criteria have been shown to accurately predict severe heart failure as defined by standard 

measurements, such as invasive cardiac hemodynamics (Pfeffer et al., 1979; Fletcher et al., 

1981; Nahrendorf et al., 2001; Nahrendorf et al., 2003; Finsen et al., 2005; Aronsen et al., 

2017). Animals that had a transmural infarct, but did not meet both of these criteria were 

considered to have moderate HFrEF (mHFrEF). We also measured serum levels of brain 

natriuretic peptide (BNP) using an enzyme-linked immunosorbent assay (ELISA) 

(RayBiotech, Norcross, GA, USA, Cat # EIAR-BNP).

2.4 Diaphragm isometric contractile properties in vitro

A costal diaphragm bundle maintaining a segment of the rib and central tendon was 

dissected for attachment to a muscle mechanics apparatus (Aurora Scientific, 300C L-R 

model) for analysis of contractile properties as previously described (8, 23). Briefly, the 

bundle was placed at optimal length and kept in Krebs Ringer solution (25°C) gassed with a 
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mixture of 95% O2 and 5% CO2 throughout the procedure. We measured isometric force 

during twitch (1 Hz) and maximal tetanic stimulations (120 Hz) using 600 mA current and 

0.25 ms pulse. Following twitch and tetanic measurements at 25°C, we determined the 
isometric force-frequency relationship at 37°C (8). To estimate the bundle cross-sectional 

area, diaphragm bundle weight (g) was divided by bundle length (cm) multiplied by muscle 

specific density (1.056 g/cm3). We used a four-parameter Hill equation to define the shape of 
the force-frequency relationship (8).

2.5 Fiber distribution and cross sectional area

Histological analysis for fiber distribution and cross-sectional area was conducted as detailed 

previously (8, 24). An isolated diaphragm bundle was embedded in Tissue-Tek OCT 

freezing medium, frozen in liquid-nitrogen-cooled isopentane, and stored at −80°C until 

cryo-sectioning. We cut 10 μm cross sections using a cryostat (Leica, CM 3050S model) 

cooled to approximately −20°C and then transferred sections to frosted microscope slides. 

Sections underwent several incubations and washes at room temperature for staining of fiber 

size and type. First, sections were covered with 1:200 wheat germ agglutinin (WGA) Texas 

Red (Molecular Probes) for 1 hour, washed in PBS (3 × 5 min), permeabilized with 0.5% 

Triton X-100 solution (5 min), and washed again in PBS (5 min). Afterward, slides were 

placed in a humid chamber for 90 min of primary antibody incubation. We used primary 

antibodies for myosin heavy chain (MyHC) type I (A4.840, 1:15; Developmental Studies 

Hybridoma Bank) and MyHC type IIa (SC-71, 1:50; Developmental Studies Hybridoma 

Bank). After the primary antibody incubation, sections were washed in PBS (3 × 5 min) and 

covered with fluorescently conjugated secondary antibodies for 60 min (Goat × Mouse IgM 

Alexa 350 and Goat × Mouse IgG Alexa 488, Invitrogen). Finally, sections were washed in 

PBS (3 × 5 min), allowed to dry, and imaged.

We acquired and merged diaphragm images using an inverted fluorescence microscope 

(Axio Observer, 10x objective lens) connected to a monochrome camera (Axio MRm, 1x c-

mount, 2/3” sensor) and Zen Pro software (Carl Zeiss Microscopy). We used semi-automatic 

muscle analysis using segmentation of histology (SMASH) code, run in MATLAB software, 

to quantify fiber type distribution and fiber cross-sectional area for multiple images per rat 

(25). For each rat, we analyzed 500 to 2,075 fibers depending on size of diaphragm bundle.

2.6 Global and thiol redox proteomics

We froze diaphragm bundles allotted to proteomics analysis (Sham and severe HFrEF) in 

liquid nitrogen immediately upon bundle separation and removal of fat and excess 

connective tissue. Frozen samples were stored on dry ice or −80°C until further processing 

for protein extraction and cysteine labeling, LC-MS/MS, and label-free and redox MS 

Quantification (26). Briefly, each muscle was immediately placed in d0 NEM blocking 
buffer to prevent Cys oxidation. Tissues were homogenised in ice cold buffer (25 mM 
Ammonium bicarbonate containing 25 mM NEM and 0.01% Rapigest (Waters, Manchester, 
UK) pH 8) using a hand homogenizer. Samples were passed through a Zeba desalting 
column 7K MWCO (Thermo Scientific, Hempstead, UK) to remove excess d0 NEM and 
protein concentrations were calculated using the Bradford (BioRad, Hertfordshire, UK) 
method using BSA as a standard. 100 μg of protein was aliquoted and reversibly oxidised 
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Cys residues were reduced using tris (2-carboxyethyl) phosphine (TCEP) at a final 
concentration of 10 mM, newly reduced Cys residues were subsequently labelled with d5 
NEM final concentration 20 mM. Protein extracts were digested overnight at 37 °C with 
trypsin. Rapigest was precipitated by addition of trifluoroacetic acid (TFA) and subsequent 
centrifugation before analysis by MS. Proteomics was performed using an Ultimate 3000 
RSLC Nano system (Thermo Scientific) coupled to a Q-Exactive mass spectrometer 
(Thermo Scientific) as previously described (26). Detection of the peptides was performed 
by data dependent acquisition (DDA) which takes a select number of peptide peaks from the 
initial scan according to a rule set and the corresponding ions are then verified against this 
initial set via tandem mass spectrometry (MS/MS). The advantage of performing global and 
redox proteomics simultaneously is that changes in redox peptides can be analyzed and 
interpreted in the context of protein abundance measured within the same run on the mass 
spectrometer. The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier 

PXD012500.

2.7 Myofibrillar protein content, Oxidation, and Immunoblotting

To quantify myosin heavy chain and actin abundance, we used a tissue homogenization 

protocol optimized for MHC and actin solubilization (27, 28). Briefly, approximately 5 mg 

of diaphragm samples were glass homogenized in ice-cold high-salt lysis buffer (300 mM 

NaCl, 0.1 M NaH3PO4, 0.05 M Na2HPO4, 0.01 M Na4P2O7, 1 mM MgCl2, 10 mM EDTA, 

and 1 mM DTT, pH 6.5) and Halt protease inhibitor (Thermo Scientific). Lysates were spun 

at 16,000g for 3 min at 4°C and protein contents determined by Bradford assay (Bio-Rad). 

Samples were mixed in 2x Laemmli buffer (Bio-Rad) with DTT (0.35 M) and heat-

denatured for 5 min prior to loading. We loaded ~0.4 μg protein/lane, which was within the 

linear range determined in our laboratory, into a 4–20% polyacrylamide gel (Criterion TGX 

Stain-Free Protein Gel) and performed electrophoresis at 200 V for 60 min on ice. Gels were 

scanned to quantify total protein and MyHC content per lane (Gel Doc EZ Imager; Bio-

Rad). Densitometric analyses of MyHC bands and total protein in each lane were conducted 

using Image Lab 5.0 software (Bio-Rad). We confirmed that this approach yields similar 
results to the Coomassie blue-based dye method of gel staining performed by our group 
(27). However, the stain-free gel signal has a pattern apparently inconsistent with MyHC and 
actin stoichiometry in skeletal muscle, which is not the case when samples are stained with a 
Coomassie blue-based dye (data not shown).

Diaphragm processing for myofilament protein enrichment proceeded as described 

previously (29, 30), with some modifications. Briefly, diaphragm was homogenized on ice 

using a glass mortar and pestle with standard relaxation buffer (75 mM KCl, 10 mM 

imidazole pH 7.2, 2 mM MgCl2, 2 mM EDTA, 1 mM NaN3) with Triton X-100 (1:100), 

with Triton X-100, protease and phosphatase inhibitors (Sigma P8340 and P0044, 1:100), 

and N-ethylmaleimide (NEM, 1 mM) to maintain non-reducing conditions while still 

preventing in vitro oxidation of thiol groups (31). The ratio of tissue weight (mg) to buffer 

volume (μl) was 20:1 (w/v). Homogenates were then centrifuged at 16,000 g, 4°C for 1 

minute. After decanting the supernatant, the pellet was re-suspended with 1 ml standard 

relaxation buffer with Triton X-100, vortexed, and homogenized again. Homogenates were 
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again spun at 16,000 g, 4°C for 1 minute. The pellet was washed in standard relaxation 

buffer without detergent and underwent a third spin at 16,000 g, 4°C for 1 minute. At room 

temperature, the pellet was vortexed and homogenized in 1:20 (w/v) 2x Laemmli buffer and 

then underwent twice shaking for 30 minutes and 3 seconds sonication. Samples were then 

spun at 18,000 g, room temperature, and the supernatant was saved for use in tropomyosin 

assays. Negative and positive controls for tropomyosin oxidation were sham diaphragm 

processed as above with the addition of 75 mM dithiothreitol (DTT) to homogenization 

buffer or incubation of tissue with 1 mM H2O2 for 30 minutes prior to processing, 

respectively. Protein contents of each sample was determined via electrophoresis (200V, 65 

min, 4°C) of Stain-Free gel and using albumin (P0834, Sigma-Aldrich) as protein standard.

To probe for myosin light chain (total and phospho) via immunoblotting, samples were 

homogenized at 4°C using stainless steel beads and bullet blender (BBY24M, Next 

Advance) in 1x cell lysis buffer (n°. 9803; Cell Signaling Technology) containing the 

following: 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% 

Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg/ml 

leupeptin, and 1x Halt protease and phosphatase inhibitors (Thermo Scientific). Bead 

pelleting and crude lysate clearing was achieved by centrifugation (5,000 g at 4°C for 2 min) 

and the initial supernatant (S1) was then rotated end-over-end for 1 hour, sonicated 2 × 3 s, 

and centrifuged at 15,000 g for 10 minutes at 4°C, and supernatant (S2) was saved for 

quantification of protein content (DC assay, Bio-Rad) and gel-loading.

After quantification of protein content in standard or myofibrillar protein-enriched preps, 

samples were mixed in 2x Laemmli buffer (Bio-Rad) containing DTT (0.35 M) and heat-

denatured for 5 min. We loaded approximately 10–25 μg of protein per lane into a 4–20% 

polyacrylamide gel (Criterion TGX Stain-Free Protein Gel), and performed electrophoresis 

at 200 V for 60 min on ice. After electrophoresis, gels were scanned (Gel Doc EZ Imager; 

Bio-Rad) to image total protein per lane and signals were quantified using Image Lab 5.0 

software (Bio-Rad). We then transferred the proteins to a nitrocellulose membrane overnight 

using 100 mA current at 4°C. After transfer, the membrane was washed for 5 min with TBS 

and incubated in blocking buffer (LI-COR, Lincoln, NE) at room temperature for 1 hour. 

After decanting blocking buffer, we incubated the membrane overnight at 4°C in primary 

antibody for actin (JLA-20, DSHB mouse monoclonal), total myosin light chain 2 (ALX-

BC-1150-S clone F109.3E1, Enzo Life Sciences), phospho-myosin light chain (ab2480, 

Abcam), or tropomyosin (T9283, Sigma Aldrich) diluted 1:1000 in blocking buffer. 

Following primary antibody incubation, we washed the membrane 4×5 min with TBS-T, and 

then incubated it with secondary antibody (IR Dye, 1:20,000; LI-COR) at room temperature 

for 1 hour. Finally, after 4×5 min washes with TBS-T and 1×5 min wash with TBS, the 

membrane was scanned using an Odyssey Infrared Imaging system (LI-COR, Lincoln, NE). 

We quantified the immunoblot signal using Image Studio Lite (LI-COR). Gel Band Fitter 

Software (32) differentiated the signal for each tropomyosin isoform in the oxidized band. 

The immunoblot signal of each target protein was normalized to the total protein signal 

measured in the corresponding lanes.

We used pooled samples to test the linear range for all proteins and post-translational 

modifications measured in our study and loaded protein contents that were approximately in 
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the mid-portion of the linear relationship for each target protein. Each gel/membrane also 

included an abbreviated (at least 3 points) linearity test with pooled samples to confirm that 

individual samples were loaded within the linear range of the assay and normalize the signal 

to total protein in each lane. All data reported herein are from samples within the linear 

range of measurement for target and reference protein(s).

2.8 Statistical analysis

We compared groups using parametric or non-parametric ANOVA as well as Student’s t-test 

when comparing only 2 groups (Prism 6, GraphPad Software Inc., La Jolla, CA). Parametric 

and non-parametric tests were used based on results from normality and equal variance tests 

(Sigma Plot v.13, Systat). Fiber type cross-sectional area data for 3 groups were analyzed 

using a linear mixed model (R Core Team, 2017) due to a different number of fibers being 

measured per animal. All measured fiber cross-sectional areas were inputted into 6 

independent mixed effects models by fiber type (i.e., type I, type IIa, or type IIb/x) and 

comparison (mHFrEF vs Sham and sHFrEF vs Sham). These models assumed homogenous 

variance of fiber size within each fiber type. Animal group (Sham, mHFrEF, or sHFrEF) was 

entered as fixed effect and the interaction of animal group and animal identification number 

were random effects. All data are shown as mean ± SD or scatter plots with bars indicating 

group mean.

We performed global quantification of proteins using PEAKS software. We considered 
statistically significant changes in protein abundance when ANOVA p-value < 0.05 
(calculated using label-free Top3 method contained within Peaks software), fold change ≥ 
1.5, each protein with at least three unique peptides, and a false discovery rate (FDR) of 1% 
(26). The FDR, in this case, refers to the confidence of protein identification. We opted for 
using a cutoff in fold change and multiple unique peptides to diminish the FDR of 
significantly changed proteins and strengthen our analysis over a posthoc test with FDR-
adjusted p-values. Our rationale was that the criteria using p-values adjusted based on FDR 
of multiple comparison could mask ‘true positives’ in our analysis with n = 5/group (33).

PEAKS software also includes a post-translational modification (PTM) algorithm, where 

PTMs are assessed under the same criteria as for protein abundance. Cys containing peptides 
that were identified with high confidence as labelled with both the d(0) and d(5) NEM 
(individual peptide Mascot score > 20) were considered redox peptides. We conducted a 
targeted post search analysis of differentially labeled Cys residues using Skyline (34) to 

relatively quantify the ratio of the Cys containing peptides labelled with both “light” d(0) 

NEM for reduced Cys residues and “heavy” d(5) NEM for reversibly oxidized Cys residues. 

Methionine oxidation was included as a default in database searching, but we analyzed it 

further because previous studies have shown that methionine oxidation impairs function in 

sarcomeric proteins. We determined the sum of the area of precursor ion, precursor + M1, 

and precursor + M2 from peptides of sarcomeric proteins containing a single oxidized 

methionine residue. We also normalized the oxidized methionine area to the specific protein 

abundance obtained from PEAKS software.

In general, we used the conventional p-value of less than 0.05 to declare statistical 

significance, but wherever feasible we report exact p-values for each comparison. According 
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to recent recommendations (35), it is important to interpret p-values carefully, considering 

the number of samples and variability within the data in each comparison.

3. Results

3.1 Animals

The characteristics of Sham, mHFrEF, and sHFrEF rats used for measurements of 

diaphragm isometric function, fiber cross-sectional area, and proteomic analysis are shown 

in Table 1. Rats with mHFrEF and sHFrEF demonstrated reduced fractional shortening, 

which is a defining characteristic of HFrEF. As expected by design, infarcted area of the left 

ventricle and right ventricle hypertrophy were higher in sHFrEF compared to mHFrEF. 

Serum BNP, a biomarker of heart failure, was significantly elevated when all HFrEF animals 

were compared to sham (p = 0.016). Nine out of eleven animals in the HFrEF group had a 

BNP ≥ mean + 2 standard deviations of the Sham. However, variability in the data prevented 

detection of potential statistically significant differences between mHFrEF vs Sham or 

mHFrEF vs sHFrEF groups.

3.2 Diaphragm contractile function and fiber cross-sectional area

A comparison of Sham (n = 10) vs. all HFrEF animals (n = 11) showed decreased maximal 

specific force (in N/cm2: 27 ± 1.1 and 23 ± 3.1, p = 0.006 by t-test), but no statistically 

significant difference in twitch specific force (in N/cm2: 10.7 ± 1.8 and 9.4 ± 2.1, p = 0.13 

by t-test). Disease severity differentially influenced HFrEF’s effect on diaphragm isometric 

contractile properties. In mHFrEF, twitch and maximal specific force showed no statistically 

significant difference from Sham, whereas sHFrEF animals demonstrated lower diaphragm 

twitch and maximal specific force than Sham and mHFrEF (Figure 1A–B). Disease severity 

had no effect on time-to-peak tension (in ms: Sham 50.5 ± 5, mHFrEF 53 ± 2, sHFrEF 51 ± 

3, p = 0.594) or 1/2 relaxation time (in ms: Sham 57 ± 11, mHFrEF 60 ± 9, sHFrEF 55 ± 7, 

p = 0.746). HFrEF also had no effect on twitch-to-tetanus ratio (Sham 0.40 ± 0.06, mHFrEF 
0.43 ± 0.06, sHFrEF 0.36 ± 0.05, p > .197). For measurements at 37°C, twitch and tetanic 
forces were consistent with the results reported above and there was no shift in the force-
frequency relationship (Supplemental Results, Figure 1).

Immunohistochemistry analysis of diaphragm bundles from sham (n = 10) and all HFrEF 

animals combined (n = 10) showed decreased cross sectional area (in μm2) for fiber type 

IIb/x (Sham 7,216 ± 1,872, HFrEF 5,215 ± 1,369; p = 0.013), type IIa (Sham 2,713 ± 675, 

HFrEF 2,194 ± 315; p = 0.041), and type I (Sham 2,256 ± 484, HFrEF 1,899 ± 256; p = 

0.053). The decrease in fiber cross-sectional area was independent of disease severity 

(Figure 1C–D). Linear mixed model analyses similarly showed that type IIbx fibers 

decreased in size (~30% lower CSA) in both mHFrEF and sHFrEF compared to Sham. Type 

IIa fibers showed a trend toward smaller CSA in mHFrEF and sHFrEF. Type I fibers did not 

reach the threshold for statistical significance in mHFrEF and sHFrEF compared to Sham. 

The percentage distribution of type I (Sham 40 ± 4, mHFrEF 38 ± 3, and sHFrEF 40 ± 9), 

type IIa (Sham 34 ± 3, mHFrEF 35 ± 4, and sHFrEF 37 ± 3), and type IIb/x (Sham 26 ± 5, 

mHFrEF 27 ± 5, and sHFrEF 21 ± 3) fibers was not different among groups.
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3.3 Label-free proteomic analysis of diaphragm muscle from sham and severe HFrEF rats

There were 873 proteins detected in all samples with shotgun proteomics, with 35 being 

upregulated and 63 being downregulated ≥1.5 fold in sHFrEF. Of these, 5 (upregulated and 

all sarcomeric proteins) and 9 (downregulated) proteins met the criteria of at least 3 unique 

peptides/protein and p < 0.05 as shown in the heat-map and volcano plot (Figure 2). 

Supplemental Methods as well as Supplemental Results (Spreadsheets 1 and 2) contain a 

summary of the data analysis, a list of all identified and quantified proteins, and a list of 

significantly changed proteins, respectively. StringDB analysis of proteins with average 

change ≥ 1.5 fold revealed functional enrichments in several Gene Ontology networks (e.g., 

cytoskeleton, actin filament binding, and mesenchyme migration) and Reactome Pathways 

(striated muscle contraction) (Supplemental Results, Table 1). Analysis of proteins with 

average change ≤ 1.5 fold revealed enrichments in Gene Ontology networks (e.g., 

translation, ribosome, and RNA binding) and Reactome Pathways (e.g., glycolysis and 

metabolism of carbohydrates) (Supplemental Results, Table 2).

Based on our label-free proteomics findings there was an increase in actin α skeletal muscle, 

myosin’s 3 and 8, tropomyosin, and α-actinin in response to sHFrEF. We also measured 

MHC (gel electrophoresis) and actin abundance (immunoblotting) and found no statistically 

significant difference between Sham and sHFrEF (Figure 3A–B). A specific finding from 

proteomics potentially relevant to muscle contractile function was decreased myosin light 

chain kinase 2 in sHFrEF. This led us to determine the phosphorylation status of regulatory 

MLC. Immunoblots showed no statistically significant difference between Sham and HFrEF 

for regulatory MLC phosphorylation (Figure 3C–D) or abundance (data not shown).

3.4 Redox status of proteins in diaphragm of sham and sHFrEF rats

We completed targeted analysis of peptides identified from fragmentation of parent ions 

with light and heavy NEM to calculate the ratio intensity of reduced/reversibly oxidized Cys 

residues, which indicates a predominantly reduced state (ratio > 1.0) or oxidized state (ratio 

< 1.0). Figure 4A and Table 2 show the redox state of specific cysteine residues identified in 

myofilament and structural proteins. In most of these proteins, sHFrEF caused a shift 

towards greater Cys oxidation, represented by a decrease in the reduced/reversibly oxidized 

ratio. Filamin C, a Z-line protein, had the residue (Cys2661) with largest increase in 

oxidation for sHFrEF vs. Sham. Of particular interest for contractile function, sHFrEF 

caused a significant shift to a more oxidized state in slow- (Cys29) and fast-TnI (Cys134), 

and β-tropomyosin (Cys190). Oxidation of Tm Cys190 results in formation of Tm dimers 

via disulfide bond that can be detected via non-reducing gel electrophoresis (31, 36). Non-

reducing gel electrophoresis and immunoblot confirmed heightened oxidation of β-Tm and 

no statistically significant difference in α-Tm oxidation in sHFrEF vs. Sham (Figure 4B–C).

Figure 4D–E and Table 3 show redox state of cysteine residues from other proteins (e.g., 

cytosolic, mitochondrial) with p-value less than 0.05 for comparison between Sham and 

sHFrEF. Proteins involved in metabolism and calcium handling showed a shift toward 

greater oxidation of Cys residues in sHFrEF (e.g. pyruvate kinase; SERCA pump, fast 

isoform). Cysteine residues from proteins involved in cell signaling (e.g., protein 

phosphatase 2A catalytic subunit) shifted toward a more reduced state in sHFrEF.
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Our analysis also revealed increases in oxidized methionine residues in skeletal muscle α-

actin and Myl1. Oxidized actin methionine residues 46, 192, 301, and 308 were increased to 

1.5- to 4-fold in sHFrEF samples compared to Sham, with Met46 and Met301 reaching the p 
< 0.05 criteria (Figure 5A). When normalized to total actin abundance, oxidized Met46 and 

Met301 in sHFrEF were increased to 2-fold relative to Sham (Figure 5B). Regarding Myl1, 

the level of oxidized Met98 was elevated when analyzed in absolute area (relative to Sham 

average: Sham 1.0 ± 0.66, sHFrEF 2.23 ± 0.56; p = 0.013), but not after normalization to 

total Myl1 abundance (Sham 1.0 ± 0.95, sHFrEF 1.38 ± 0.39; p = 0.39).

4. Discussion

The main findings of our study were: 1) moderate and severe HFrEF caused diaphragm fiber 

atrophy; 2) maximal diaphragm specific force was diminished in severe HFrEF, but not 

moderate HFrEF; 3) severe HFrEF decreased abundance of proteins involved in ribosomal 

function and glucose and glycolytic metabolism; 4) redox proteomics in severe HFrEF 

showed heightened reversible cysteine oxidation of thin-filament proteins, filamin C, and 

SERCA1, and increased methionine oxidation in sarcomeric actin. Previous work frames 
diaphragm dysfunction as a significant contributor to morbidity and mortality in HFrEF 
patients (3–5). Thus, our results advance the field by recapitulating the progressive 
diaphragm pathology seen with increasing HFrEF severity and then linking this 
phenomenon to targetable cellular mechanisms involving protein expression and oxidation.

4.1 Classification of disease severity

Based on assessment of cardiac function and severity of symptoms, patients are most 

commonly classified into groups that range from class I (no physical limitation during 

regular activities) to class IV (unable to carry on any physical activity without discomfort 

and dyspnea – HF symptoms at rest) using New York Heart Association criteria. Patients 

with severe HFrEF (Class III or IV) generate lower inspiratory pressures than patients with 

moderate HFrEF (Class I or II) in studies using volitional tests or phrenic nerve stimulation 

(13, 37). The widely used classification of HFrEF based on NYHA criteria, which relies 

partially on patient symptoms, cannot be replicated in rodents. Hence, we used left ventricle 

infarct area ≥ 35% and right ventricle hypertrophy to classify our MI animals into moderate 

and severe HFrEF groups. Earlier studies have shown that infarct sizes ≥ 35–45% of the left 

ventricle, measured by circumference, lead to severe heart failure in rats (38–41). Infarct size 

measured by circumference is linearly related to infarct area with a 10% offset, i.e., when 

infarct size by circumference is 45%, then infarct area = 35% (42). Therefore, our criterion 

based on the extent of infarct was on the upper end of the cutoff range reported to cause 

severe HFrEF.

Severe HFrEF is marked by pronounced depression of left ventricular contractility, with 

elevations in left ventricular end-diastolic pressure and right ventricular systolic pressure 

(40, 41). In its most advanced (and untreated) form, heart failure causes pulmonary arterial 

hypertension and lung congestion (40, 43, 44), which correlate with exercise intolerance 

(45), decreased maximal inspiratory pressure (13), and poor prognosis in patients (46). The 

consequence of pulmonary arterial hypertension and lung congestion is right ventricle 

Kelley et al. Page 11

J Mol Cell Cardiol. Author manuscript; available in PMC 2021 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hypertrophy (47). A recent study has shown that right ventricle mass is a robust marker of 

severe heart failure in rats (43). Overall, these observations support our use of right ventricle 

hypertrophy as a criterion to classify rats with severe HFrEF.

4.2 Impact of disease severity on diaphragm and mechanistic insights from proteomics

In general, studies in patients with HFrEF show a decrease in maximal inspiratory pressure, 

and the magnitude of this decrease is associated with disease severity determined by NYHA 

class (3, 13, 48). This progressive pattern is seen with both voluntary efforts as well as 

phrenic nerve stimulation (13, 37, 49). Our data are clinically relevant because they suggest 

that diaphragm fiber atrophy in mHFrEF and sHFrEF, and diaphragm contractile 

dysfunction (defined by loss of force normalized to cross sectional area) in sHFrEF, 

contribute to the differential decline in inspiratory function with advancing NYHA class.

Diaphragm fiber atrophy has been a contradictory finding in HFrEF. Some studies have 

reported no atrophy (7, 8, 50), whereas others found atrophy ranging from 15% to 40% 

lower fiber cross-sectional area in HFrEF (11, 12, 51, 52). In patients with end-stage HFrEF, 

diaphragm fiber diameter is preserved suggesting normal cross-sectional area (53). These 

contradictory findings are difficult to reconcile, as there is not a consistent pattern among 

studies showing atrophy or lack thereof. However, two interesting aspects to consider from 

our current findings are: first, the presence of atrophy without statistically significant 

contractile dysfunction in moderate HFrEF and second, the absence of diaphragm fiber 

hypertrophy in rats with severe HFrEF, where lowered respiratory system compliance (54, 

55) and elevated ventilation (56) increase work of breathing. One possibility is that a 

threshold of inflammatory or neurohumoral signaling may have been met to induce atrophy, 

but not to elicit contractile dysfunction in moderate HFrEF. Indeed, plasma data from 

patients have demonstrated associations between severity or functional class and progressive 

inflammation (57–59). Importantly, TNF-α, a cytokine upregulated in severe HFrEF, has 

been linked to contractile dysfunction (60). In severe HFrEF, we have postulated that 

anabolic resistance may explain absence of diaphragm hypertrophy despite elevated work of 

breathing (3). Anabolic resistance in aging is associated with diminished ribosome 

biogenesis (61, 62). Interestingly, our proteomic analysis revealed downregulation of several 

ribosomal proteins and, accordingly, ‘Ribosome’ emerged as an enriched functional 

biological network in gene ontology and KEGG pathways from our analysis of String DB. 

These findings prompt the speculation that therapeutic increase in ribosome biogenesis 

would normalize diaphragm fiber size (or promote hypertrophy) and improve inspiratory 

function in HFrEF.

Diaphragm contractile dysfunction is widely documented in severe HFrEF (7–10, 23, 51). 

However, the molecular mechanisms of diaphragm contractile dysfunction in severe HFrEF 

remain unclear. HFrEF lowers calcium sensitivity and maximal calcium-activated isometric 
force in triton-permeabilized diaphragm fibers (7), where membrane depolarization and 
sarcoplasmic reticulum calcium release/reuptake are not involved. These findings indicate 

that structural and sarcomeric protein abnormalities are important determinants of 

diaphragm weakness in HFrEF. Previous studies have implicated increased proteolysis and 

selective degradation of MHC in diaphragm weakness in HFrEF (7, 63). In contrast, our 
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proteomics data showed upregulation of clusters of proteins involved in striated muscle 

contraction, including some isoforms of MHC. However, we acknowledge that the lysis 

buffer used for proteomics (regular, ‘low-salt’) is not ideal for isolation of contractile 

proteins from skeletal muscle. Therefore, we further examined MHC abundance using high-

salt buffer and gel-staining for MHC, which is the optimal approach for quantification of 

thick filament proteins (28). Following this protocol, we found no statistically significant 

difference between sham and sHFrEF (Figure 3A–B). Given these results, we hypothesize 

that atrophy resulted from homogenous loss of protein. Using this specific technique in 

cancer cachexia, we have previously displayed atrophy in the context of selective loss of 

myosin heavy chain (27) – while others have demonstrated atrophy without selective 

contractile protein degradation (28). It is also possible that lack of isoform specificity in our 

gel-based approach masked isoform-specific differences between groups. Nonetheless, the 

global proteomics results showed down regulation of myosin light chain kinase (Figure 2A, 

accession G3V731), which phosphorylates myosin regulatory light chain (64). Myosin 

regulatory light chain phosphorylation increases the number of cross-bridges in the 

disordered relaxed state (available for actin binding) and enhances contractile function (65, 

66). However, we found no statistically significant difference between groups on 

phosphorylation status of myosin regulatory light chain (Figure 3C–D), refuting the notion 

that this post-translational modification underlies the contractile dysfunction in sHFrEF. 

Overall, our results suggest that decreased overall abundance of thin- and thick-filament 

proteins was not responsible for loss of diaphragm force in rats with sHFrEF in our study.

Several studies have attributed diaphragm weakness in HFrEF to impairments in redox 

homeostasis and protein oxidation (8–10). Exposure of muscle fibers to thiol-oxidizing 

agents and oxidative conditions decrease maximal force, shortening velocity, calcium 

sensitivity, calcium release/reuptake, and cooperativity (21, 22, 67). Mitochondria and 

NADPH oxidase are important sources of excess oxidants that contribute to diaphragm 

weakness in HFrEF (3). However, the exact molecular mechanism of contractile dysfunction 

caused by oxidants in HFrEF remains unclear. Oxidation of cysteine residues in sarcomeric 

proteins, RyR calcium channel, and SERCA impair protein function and have the potential 

to cause weakness (19, 20, 22). Our investigation of redox proteomics revealed, among 

sarcomeric proteins, reversible oxidation of cysteine residues in thin-filament proteins 

(troponin I, tropomyosin, and actin). Specifically, HFrEF increased reversible oxidation of 

fast troponin I Cys134, which modulates contractile function: S-nitrosylation diminishes 

calcium sensitivity, whereas S-glutathionylation transiently increases calcium sensitivity and 

decreases cooperativity (20, 68). However, prolonged S-glutathionylation of muscle fibers 

decreases calcium sensitivity and cooperativity (69). HFrEF also heightened reversible 

oxidation of fast tropomyosin Cys190. Tropomyosin consists of two alpha-helical 

polypeptide chains arranged in a coiled coil (70, 71). In this arrangement, cysteines 190 of 

each chain are closely juxtaposed and form a disulfide bridge under conditions of elevated 

oxidation (36, 70). Oxidation of Cys190 partially unfolds the alpha-helical chain, decreases 

tropomyosin binding to actin, and lowers actomyosin ATPase activity (36, 70, 72). Actin 

(Cys219) and slow TnI (Cys29) also showed a trend toward heightened reversible oxidation 

in sHFrEF. However, the functional effect of oxidation in these residues is unknown. 

Overall, heightened oxidation of cysteine residues from troponin I and tropomyosin might 
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contribute to the diminished calcium sensitivity that has been reported using triton-
permeabilized diaphragm fibers from rats with HFrEF showing characteristics similar to 
severe HFrEF rats in our current study (7).

In addition to cysteine, oxidation of methionine in calcium regulatory and myofibrillar 

proteins impairs protein structure and function (73–75). We found that sHFrEF increased 

methionine oxidation of skeletal muscle α-actin (Met 46/49, 192 and 301). Irradiation, 

which acutely shifts the cellular redox balance toward a more oxidized state, also increases 

oxidation of methionine residues in skeletal muscle actin (76). Actin methionine oxidation 

lowers protein stability, depolymerizes filamentous actin, and decreases actomyosin ATPase 

activity (73, 77). Interestingly, essential myosin light chains Myl1 (Met98) and Myl3 (Met57 

and 70), respectively fast and slow isoforms, also emerged with heightened methionine 

oxidation in sHFrEF. The consequences of methionine oxidation in myosin light chains are 

unknown, but it has been reported under in vitro oxidizing conditions that impair contractile 

function (74). It is worth noting that oxidation of methionine residues, like other oxidative 

modifications, can be an artefact of sample preparation. We cannot exclude the impact of 

artificial oxidation during sample preparation on our results, even though we homogenized 

the tissue in the presence of a blocking buffer and limited exposure to air. However, all 

samples were prepared in the same manner and results for methionine oxidation reported 

herein focus on those that displayed a consistent difference between groups. It is worth 

noting that, with our approach, it might be only the relatively high abundant residues that we 

are detecting. A thorough investigation of methionine oxidation would require a dedicated 

approach to target this modification. Currently, our novel findings point to oxidation of 

methionine in skeletal muscle α-actin as a potential molecular modification underlying 

diaphragm contractile dysfunction in sHFrEF.

5. Summary and conclusions

Our study shows that diaphragm fiber atrophy occurs in moderate and severe HFrEF, and 

loss of diaphragm fiber force occurs in severe HFrEF. These factors are the most likely 

culprits in the progressive decline in inspiratory function in patients. Our global proteomic 

analysis revealed downregulation of ribosomal and glucose metabolism/glycolysis proteins 

that will contribute to fiber atrophy or anabolic resistance and further accelerate fatigue in 

severe HFrEF. The redox proteomics investigation showed, among sarcomeric proteins, 

heightened abundance of reversibly oxidized cysteine and methionine residues in thin-

filament proteins (troponin I, tropomyosin, and actin). These redox modifications are known 

to decrease skeletal muscle calcium sensitivity, shortening velocity, and force – contractile 

abnormalities previously reported in severe HFrEF. Overall, our data outline intrinsic 

abnormalities in diaphragm morphology, contractile function, metabolism, and redox 

balance as therapeutic targets to prevent or mitigate the progressive inspiratory impairment 

in HFrEF.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• HFrEF causes diaphragm weakness differentially in moderate and severe 

disease.

• Ribosomal and glycolytic metabolism proteins decrease in abundance in 

severe HFrEF.

• Heightened cysteine and methionine oxidation occurs in thin filament proteins 

in severe HFrEF.
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Figure 1. Isometric diaphragm contractile function, fiber cross-sectional area, and fiber type 
distribution.
A) Twitch force (1 Hz, field stimulation). B) Maximal force (120 Hz, field stimulation). In 

panels A and B, scatter plots show data from each animal. Bars represent group means. 

Statistical analysis by one way ANOVA (twitch force: F[2, 18] = 5.75, p = 0.017; maximal 

force: F[2, 18] = 10.78, P = 0.0008) and Tukey’s post-hoc comparison. C) Sample images of 

immunohistochemistry for fiber typing and cross-sectional area. Colors represent specific 

MHC isoforms (blue = type I, green = type IIa, black = type IIb/x). Statistical analysis by 

linear mixed model. D) Cross-sectional area for each fiber type. Type I fibers did not reach 

the threshold for statistical significance in mHFrEF (p = 0.12) and sHFrEF (p = 0.11) 

compared to Sham. Scatter plots show average value of individual fibers measured for each 

animal. Bars represent group means.
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Figure 2. Relative fold change in protein abundance determined by label-free proteomics.
A) Significantly changed proteins that met criteria of p < 0.05 (−LogP > 1.3), >1.5 fold 
change (−0.585 < Log2 > 0.585), and at least three unique peptides are highlighted in red 

(up regulated) and blue (down regulated). B) Volcano plot shows distribution of proteins 

identified in diaphragm from Sham and HFrEF animals. Proteins in the top left and right 

corners met the criteria for down and upregulation, respectively. Select proteins are labeled 

in the figure and listed in the accompanying table.
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Figure 3. Abundance of myosin heavy chain (MHC), actin, and phosphorylation status of myosin 
regulatory light chain (MLC2).
A) Sample image of actin immunoblot (IB) and MHC gel. The stain-free gel image shows 

MHC band (~220 kDa, top) and protein abundance in the molecular weight range of 25 to 

50 kDa. Top and bottom portions of stain-free gel are from same gel and were split to 

facilitate visualization of bands of interest for MHC and actin. B) Actin and MHC 

abundance. C) Sample immunoblot images of total and phosphorylated MLC2. Diaphragm 

homogenates show both fast and slow isoforms of MLC2. D) Phosphorylation status of each 

MLC2 isoform (phospho/total MLC2).
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Figure 4. Redox state changes of cysteine in sHFrEF.
A) Cysteine redox state of myofibrillar and structural proteins. Data are fold change in ratio 

intensity of reduced/reversibly oxidized. Open bars (□): Sham, closed bars (■): sHFrEF. 

Data are normalized to average of Sham and arranged from left to right in ascending order 

based on mean values for sHFrEF. Bars show mean data and error bars are standard 

deviation. The data show shifts toward more oxidized (decrease in ratio) and reduced state 

(increase in ratio) in sHFrEF. P-values less than 0.05 (*) and 0.10 are indicated in the figure. 

All exact p-values are shown in Table 2. B) Tropomyosin oxidation detected by non-

reducing gel and immunoblot. Top and middle are sample immunoblot images, bottom is 

protein abundance from stain-free gel. Left side, positive and negative controls; right side, 

samples from Sham and sHFrEF groups. C) Scatter plot and mean (bars) data from 

dimerized β-Tm (Tpm2, fast) and α-Tm (Tpm1, slow) isoforms. (D-E) Cysteine redox state 

of non-myofibrillar proteins that changed significantly in sHFrEF. Data are fold change 

(normalized to average of Sham) in ratio intensity of reduced/reversibly oxidized Cys 

residues. Panels are arranged based on Cys residues (and proteins) with shift toward more 

oxidized (panel D) and reduced state (panel E) in sHFrEF. Bars show mean data and error 

bars are standard deviation. All comparisons shown in panels D and E reached statistical 

significance (p < 0.05). Exact p-values are shown in Table 3.
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Figure 5. Oxidized methionine residues in skeletal muscle α-actin.
Data are fold change (normalized to average of Sham) in sum of area of precursor ion, 

precursor + M1, and precursor + M2 (Panel A) and sum of area normalized to total skeletal 

muscle α-actin (ACTS) abundance from global proteomics (Panel B). Bars show mean and 

symbols are individual data from Sham (white bar, circles) and sHFrEF (black bar, 

triangles).
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Table 1.

Animal characteristics.

p-value

Sham (n = 10) mHFrEF (n=6) sHFrEF (n=5) Sham vs Sham vs mHFrEF vs

mHFrEF sHFrEF sHFrEF

Fractional shortening (%) 50 ± 6 28 ± 7 27 ± 8 0.0003 0.0009 0.952

Infarct area (%) - 26 ± 6 43 ± 3 - - 0.0004*

RV weight (mg) 316 ± 35 334 ± 60 490 ± 126 >0.999 0.010 0.051

LV weight (mg) 1090 ± 87 1114 ± 98 1047 ± 53 p = 0.897 (one way Anova)

Tibia length (mm) 44 ± 1.4 44 ± 2 44 ± 1 p = 0.679 (one way Anova)

RV weight/TL (mg/mm) 7.1 ± 0.7 7.6 ± 1.3 11.2 ± 3.1 >0.999 0.009 0.069

LV weight/TL (mg/mm) 25 ± 2 25 ± 2 24 ± 1 p = 0.368 (one way Anova)

Body weight (initial, g) 271 ± 30 271 ± 27 241 ± 22 p = 0.131 (one way Anova)

Body weight (final, g) 692 ± 50 652 ± 40 630 ± 41 0.217 0.054 0.715

BNP (pg/ml) 88 ± 51 278 ± 243 401 ± 241 0.474 0.021 0.610

Data are mean ± SD. Statistical analysis by One way ANOVA with Tukey’s post-hoc test for all variables except RV weight, RV weight/TL and 
BNP, which were analyzed by Kruskal-Wallis ANOVA with Dunn’s post-hoc test. Infarct area compared using student’s t-test. RV = right ventricle; 
LV = left ventricle; BNP = Brain natriuretic peptide. Experiments were completed 15–17 weeks post-surgery.

*
Student’s t-test.
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