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Abstract

Purpose—A goal of this study was to identify and investigate previously unrecognized 

components of the remodeling process in the progression to heart failure by comparing protein 

expression in ischemic failing (F) and nonfailing (NF) human hearts.

Experimental design—Protein expression differences were investigated using 

multidimensional protein identification and validated by Western analysis. This approach detected 

basal lamina (BL) remodeling, and further studies analyzed samples for evidence of structural BL 

remodeling. A rat model of pressure overload (PO) was studied to determine whether nonischemic 

stressors also produce BL remodeling and impact cellular adhesion.

Results—Differential protein expression of collagen IV, laminin α2, and nidogen-1 indicated BL 

remodeling develops in F versus NF hearts Periodic disruption of cardiac myocyte BL 

accompanied this process in F, but not NF heart. The rat PO myocardium also developed BL 

remodeling and compromised myocyte adhesion compared to sham controls.

Conclusions and clinical relevance—Differential protein expression and evidence of 

structural and functional BL alterations develop during heart failure. The compromised adhesion 

associated with this remodeling indicates a high potential for dysfunctional cellular integrity and 

tethering in failing myocytes. Therapeutically targeting BL remodeling could slow or prevent the 

progression of heart disease.
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1 Introduction

Myocardial infarction increases the risk of developing end-stage heart failure [1] and 

continues to be a major contributor to morbidity and mortality in the United States [2]. 

Effective treatment modalities for treating heart failure are limited [2], although significant 

mechanistic insight into the role(s) played by individual genes and proteins in the 

progression of heart failure continue to emerge from research on genetic mouse models [3–

5]. Animal studies together with epidemiological data also indicate multiple approaches 

ranging from systems based to molecular biology further improve our understanding of this 

complex disease process.

Several systems-based approaches have led to insights into heart disease including, genome-

wide association studies, microarray-based gene expression, single nucleotide variations, 

and epigenetic analysis of human cardiac tissues [3,6,7]. These approaches revealed links 

between specific genes or genetic polymorphisms and heart disease, as well as key 

differences between nonfailing (NF) and end-stage failing (F) hearts [8, 9]. Technical and 

bioinformatic improvements in high-throughput approaches continue to accelerate the pace 

of gene identification and discovery [10]. There is also evidence these methods can be 

adapted to evaluate the efficacy of current therapies, such as ventricular assist devices [11, 

12]. Proteomic analysis is often a desired high throughput approach when the need arises to 

identify a group of proteins within a complex or pathway to understand their collective 

impact [13]. For example, protein stoichiometry within the cardiac sarcomere is tightly 

regulated regardless of the gene expression profile [14], but any changes in this 

stoichiometry can significantly disrupt myofilament function. In addition, proteomic 

analysis can provide insights into protein network modifications and alterations in PTMs 

during end-stage heart failure.

Both up- and downregulation of proteins are reported in diseased hearts analyzed by 2DE or 

gel-free separation of partially purified subfractions from F and NF human heart 

homogenates [15–18]. High throughput, gel-free approaches utilizing LC-MS and/or protein 

microarray are available for studying human tissue [19, 20], but few studies have utilized 

this MS-based approach to analyze ischemic human heart failure. The present study utilizes 

multidimensional protein identification technology (MudPIT) to compare protein expression 

in ischemic F versus NF human heart tissue. In this analysis, repetitive (ten times) 

LC/MS/MS analysis of protein lysates from F and NF human hearts were analyzed for 

differential expression of proteins known to change during heart failure and to identify lesser 

or unknown networks of proteins. A select group of biologically and statistically significant 

protein expression differences were then chosen for further validation by Western blot 

analysis of human tissue explants from multiple patients, and compared to gene expression 

microarray analysis of F and NF human tissue.
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An important outcome from this analysis was the identification of significant remodeling 

within the basal lamina (BL) of ischemic heart failure tissue. Architectural remodeling 

coincides with the changes in protein expression, and was also detected in an animal model 

of heart failure along with evidence of functional deficits in myocyte adhesion. Taken 

together, the current proteomic analysis revealed alterations in protein expression, which are 

shown to coincide with previously unrecognized structural and functional deficits in F 

myocardium.

2 Materials and methods

2.1 Tissue collection and sample processing

Cardiac tissue collected from F and NF hearts was approved by the Internal Review Board at 

the University of Michigan, and the consent and protocol for collecting nonmatched, NF 

hearts is approved by Gift of Life—Michigan. Samples were analyzed from patients 

diagnosed with ischemic cardiomyopathy with a left ventricular (LV) ejection fraction (EF) 

≤ 25% and no record of assist device support. NF hearts were structurally normal and an EF 

>50%, and were explanted at the time other organs were procured. Both F and NF hearts 

were flushed with ice-cold cardioplegia prior to explant, and small samples were rapidly 

flash frozen in liquid N2 and stored at −80°C immediately after explant [21]. Relevant 

quantitative echocardiography findings, age, diagnosis, duration of heart failure (in years), 

and medication were recorded at the time of tissue collection and prior to sample 

deidentification. Tissue collected from five NF donor hearts and ten F hearts was analyzed in 

the present studies (Supporting Information Table 1).

Within this tissue set, proteomic analysis was carried out on explants from the LV anterior 

wall remote from the is-chemic scar of a 59-year-old patient diagnosed with ischemic 

cardiomyopathy 5.9 years prior to transplantation (EF<20%; max. LV wall thickness = 7 

mm). Medication prior to transplant included an angiotensin converting enzyme inhibitor, 

diuretic, aldosterone inhibitor, and beta blocker therapy to provide inotropic support as well 

as nitrates and amioderone for arrhythmia. A similar sample from a 67-year-old non-

matched NF donor (EF 60%) was used for the MudPIT comparison. The NF patient had a 

history of pulmonary hypertension and aortic/mitral valve regurgitation prior to an ischemic 

cerebral hemorrhage.

2.2 Preparation of samples for peptide separation

Frozen tissue samples were lyophilized and ground to a powder, and then stored at −20°C 

prior LC/MS/MS analysis. Proteins were extracted from each sample in HEPES- EGTA 

buffer (2 mM HEPES, 2.5 mM EGTA; pH 7.4) supplemented with protease inhibitor 

cocktail (Roche) and PhosStop phosphatase inhibitor. Due to their high content, 

homogenates were depleted of myofilaments, by brief sonication on ice, vortexing, and then 

centrifugation at 40 000 x g for 1 h at 4°C, as described earlier [22]. Supernatants were 

stored on ice and the remaining pellet was reextracted twice in HEPES-EGTA buffer. 

Proteins were precipitated from pooled supernatants in ten volumes ice cold acetone 

overnight at −20°C. Protein precipitates were pelleted prior to their removal under a gentle 

stream of helium gas. Each protein pellet was resuspended in 10 mM DTT for 1 h at 60°C, 
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cooled to room temperature, incubated with 5 mM iodoacetamide in the dark for 30 min, and 

then treated overnight at 37°C with L-(tosylamido-2-phenyl) ethyl chloromethyl ketone-

modified sequencing grade porcine trypsin (1:50) (Promega). Digestion and reduction were 

terminated with 1 µL TFA, and peptides were then concentrated and desalted on a trap 

column (Michrom BioResources). Prior to peptide loading, trap columns were washed with 

5–10 volumes of solvent B (90% ACN: 10% dH2O: 0.1% TFA), and equilibrated with 5–10 

volumes of solvent A (2/98/0.1%, ACN/H2O/TFA). After adding a peptide sample, the trap 

column was washed with five volumes of solvent A, and peptides were eluted with 1–2 

volumes of 65–90% solvent B. Samples were then stored at −20°C for LC/MS/MS.

2.3 Analysis of complex mixture of protein digests by MudPIT

Peptides from the protein digest were analyzed by the MudPIT approach adopted from Kline 

and colleagues [23, 24]. Briefly, peptides were identified with a nano-LC/MS/MS system 

consisting of an ultra-performance liquid chromatography (Waters; USA) and a hybrid linear 

quadrapole ion trap—Fourier transform ICR (LTQ-FT) MS (ThermoFinnigan; USA) 

equipped with a nano-ESI source. Peptide solution aliquots (10 µL) were loaded onto a 

modified vented column consisting of strong cation exchange (SCX; 5 µm, 3 cm) followed 

by a C18 trap (Aqua; particle size 5 µm, 1.5 cm; [23]). Peptides displaced from the SCX 

phase by a salt gradient were introduced into the C18 phase column through an auto-sampler 

loop and then desalted for 10 min at a flow rate of 5 µL/min. Trapped peptides were 

separated on a custom-made 75 µm silica capillary column (6 µm id) packed with C18 (3 

µm, 12 cm) in an ACN gradient. A nine-step salt gradient was performed using 2 µL of 0–

500 mM ammonium acetate with 0.1% formic acid in H2O and then a 3-step gradient of 2–5 

µL of 500 mM ammonium acetate with 0.1% formic acid in 30% ACN. Mobile phases A 

and B contained 0.1% formic acid in 0 and 100% ACN, with an initial gradient of 5% B and 

then a ramp up to 15% B over 10 min, 55% B over the next 60 min, then 95% B over 20 

min, and maintenance at 95% B for 5 min [25]. Electrospray voltage was set at 2.1 kV. One 

high mass resolution (100 000) MS spectra was acquired by the LTQ-FT analyzer followed 

by five data-dependent MS/MS scans with the linear ion trap analyzer in each mass analysis 

duty circle. A normalized collision energy of 35% was used throughout the CID phase. Ten 

replicate analyses/sample were obtained to optimize reproducibility and protein expression 

coverage [23].

2.4 Proteomic data analysis

MS/MS spectra were searched with the in-house software ProLucid [26] against the IPI 

Human protein database (released May, 2009) concatenated to a decoy database in which 

each entry sequence in the original database was reversed, and then the protein identifier 

cross-reference conversion tool was used to convert to UniProt accession numbers (2014_05 

release; [27]). ProLuCID was used with monoisotopic mass selected, a precursor mass error 

of 50 ppm, and a fragment ion mass error of 1 Da. Full and half tryptic peptides were 

selected with one potential missed cleavage for each of the ten analyses performed per 

sample. The variable modifications chosen were oxidized methionine and 

carbamidomethylated cysteine. Maximum Sp rank was set as 1000, minimum Sp score set to 

−1, and DTASelect 2.0 was used to assemble and filter the resulting spectral matches with a 

peptide false positive rate of 1% and X corr: +1 ion >1.5, +2 ion >2.5, +3 ion >3.5. All 
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peptides that mapped to a single UniProt accession number were counted as a single protein. 

Frequently, it was found that multiple, different, peptides mapped to the same UniProt 

accession number. These peptides originated from different regions of the identified protein 

and, as such, were all counted as a single protein. Protein information such as isoelectric 

point and molecular weight associated with protein identification were further utilized for 

initial validation. If this information was not based on the MudPIT method, then this 

identification was not selected for the protein. An average of 59 981 and 59 524 protein 

entries was searched during each replicate in the ten analyses of NF and F samples, 

respectively. Selected protein isoforms were further confirmed by Western blot analysis.

Spectral counts for listed proteins were uploaded to compare differences in expression levels 

between F and NF proteins. A unique protein identified in ≥ three runs for the same sample 

was considered significantly different, while the criteria for differential, highly expressed 

(HiE) proteins was a ≥twofold expression difference between F and NF samples. Ingenuity 

pathway analysis software (IPA) and Babelomics Fatigo (4.2; [28]) were used to determine 

pathway/molecular function differences. Subcellular protein distribution in F and NF 

samples was analyzed with a χ2 test (p < 0.05), and a right-tailed Fisher’s exact test (p < 

0.05) was used to determine significance for IPA-generated networks/pathways.

2.5 Western blot analysis

Noninfarcted anterior-free wall tissue samples (<0.5 g) were ground to a fine powder in 

liquid N2, homogenized in ice-cold sample buffer, and stored at −80°C. Proteins were 

quantitated in a protein assay (Thermo Scientific) prior to separation by SDS-PAGE, and 

transfer to PVDF membranes. Individual proteins were then detected with primary and 

conjugated secondary antibodies (Abs; see [21, 29]). Primary Abs utilized included collagen 

IV (1:250; Sigma-Aldrich), pan-laminin (1:500; Sigma-Aldrich), laminins α2 (1:500; 

Millipore), β1 (1:500; Millipore), β2 (1:200; Thermo), and γ1 (1:500; Millipore), plus 

nidogen-1 (nid-1; 1:500; Millipore), and nidogen-2 (nid-2; 1:200; R&D Systems). These 

primary Abs were detected using goat anti-rabbit (GAR), goat anti-mouse (GAM), or 

donkey anti-goat (DAG) secondary Abs conjugated to HRP (1:1000–1:2000; Cell Signaling; 

DAG 1:1000; Santa Cruz) or Alexa-Fluor 680 GAM or GAR Abs (1:5000; Invitrogen). 

Proteins labeled with Alexa-Fluor secondary Abs were detected with an Odyssey infrared 

imaging system (LiCor), while HRP-conjugated secondary Abs were detected by ECL [29]. 

Protein expression was quantitated with BioRad Quantity One and normalized to a 

consistently expressed ~225 kDa protein band detected by silver stain or to actin on blots. 

Protein expression is expressed as mean ± SEM and was compared using an unpaired 

Student’s t-test or one-way ANOVA, and when appropriate, post-hoc Neuman–Keuls tests (p 
< 0.05).

2.6 Rat pressure overload (PO) model

Pressure overload was produced by abdominal coarctation in 6–8-weeks old Sprague–

Dawley rats. The protocol was approved by the University of Michigan Institutional Animal 

Care and Use Committee and followed the PHS Policy on Humane Care and Use of 

Laboratory Animals. The abdominal aorta was exposed via a midline incision, and partially 

ligated just above the left renal artery with a 30-g needle, as described earlier [30]. After 
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closing the abdominal wall, individually housed animals received analgesic (buprenorphine, 

ip), prior to and as needed up to 24 h postsurgery. Oxytetracycline (800 mg/mL) was added 

to drinking H2O for 7 days postsurgery. An equal number of sham-operated rats underwent 

the same procedure without coarctation. Cardiac function was monitored by 

echocardiography prior to surgery, 1–2 weeks and then every 4–8 weeks postsurgery.

2.7 Light and electron microscopy analysis of failing heart tissue

Hearts from sham and PO rats were removed, weighed, fixed in 3% paraformaldehyde, and 

then embedded in paraffin 18–28 weeks postsurgery. Sections (5 µm) were stained with 

H&E to examine tissue morphology or with Picrosirus Red to evaluate fibrosis, as described 

earlier [31].

Septal samples from F and NF human hearts were fixed overnight in Karnovsky’s fixative 

(Polysciences), postfixed in osmium tetroxide, dehydrated, and then embedded in Spurr’s 

resin by the University of Michigan Microscopy and Image Analysis core. Ultra-thin 

sections (70 nm) mounted on copper grids were prepared from screened semithin sections 

and poststained with uranyl acetate and lead citrate for each sample. Photomicrographs were 

prepared from images from a Philips CM-100 transmission electron microscope (TEM).

2.8 RNA isolation and gene array analysis

Gene expression was compared between four F and four non-matched NF human hearts. 

Tissue samples were homogenized in lysis buffer and RNA isolated using the Rneasy kit 

(Qiagen). Purified RNA was diluted to ≥100 ng/µL in RNase-free dH2O water and RNA 

quality was verified on an Agilent 2100 Bioanalyzer with RIN scores >9.0. Utilizing 200 ng 

of total RNA, first- and second-strand cDNAs were synthesized and amplified by in vitro 

transcription using the MessageAmp™ Premier RNA Amplification kit (Life Tech) 

following the standard manufacturer protocol. The biotinylated probes were then fragmented 

and subsequently hybridized to an U133Plus2.0 microarray. Arrays were scanned on a 

GeneChip Scanner 3000 7G with AGCC software following the standard array protocol 

provided by the manufacturer. Quality control was evaluated by analysis of RNA 

degradation and from standard error estimates after fitting a probe-level model. There were 

no differences in the slope of RNA degradation as a function of probe number, and there 

were no samples with elevated standard errors relative to other samples. Robust Multi-array 

Average [32], was used to convert intensity values from the GeneChip CEL data to log2 

transformed expression values. Affy, affyPLM, and limma packages of Bioconductor 

implemented in the R statistical environment were used for data analysis. A final quality 

control analysis was performed using PCA, and then the data was fit to linear models [33] to 

determine the contrast of interest. Samples were weighted based on a gene-by-gene update 

algorithm [34], probe sets with a variance of <0.05 were filtered out, and then probe sets 

were selected with a ≥twofold change using p-values (≤0.05) adjusted for multiple 

comparisons using false discovery rates [35].

2.9 Adult rat myocyte isolation, adherence and protein localization

Myocytes were isolated from adult rats 37–45 weeks after sham or PO surgery. Briefly, adult 

rat hearts were heparinized, digested with collagenase and hyaluronidase [29]. Calcium-
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tolerant, isolated cells were resuspended to 4 × 103 rod-shaped myocytes/mL in DMEM 

supplemented with 5% FCS, 50 U/mL penicillin, and 50 µg/mL streptomycin (P/S) [29]. For 

adhesion studies, 100 µL myocyte aliquots were plated in triplicate onto 12 mm laminin-

coated (0–40 µg/mL), glass coverslips. After 30 min, cells were gently washed twice with 

serum-free M199 media supplemented with P/S. Myocytes remaining attached to the 

coverslip after media replacement were counted under a light microscope to evaluate cell 

adhesion.

Another subset of sham and pressure-overloaded myocytes were resuspended in DMEM 

plus 5% FCS and P/S (1 × 105 rod-shaped cells/mL), and plated on 25 mm2 laminin-coated 

coverslips [36]. Serum-free M199 media supplemented with P/S was added after 2 h. 

Myocytes were then fixed in 3% paraformaldehyde and immunostained with anti-nid-1 

primary and Texas Red conjugated secondary Abs [21, 29]. Myocytes were imaged with a 

Nikon Ti-U fluorescent microscope equipped with a DS-U2 digital camera and NIS 

Elements software. Some myocytes also were collected in ice-cold sample buffer for nid-1 

analysis using SDS-PAGE and Western blots, as described earlier.

3 Results

A total of 2339 and 2576 proteins were identified in the respective F and NF samples, after 

ten replicate analyses by MudPIT. This replicate number was chosen based on earlier work 

showing nine or more replicates saturate protein identification [23]. Among the identified 

proteins, similar numbers of unique proteins were identified in F (827) and NF hearts 

(1066), along with 1510 shared proteins (Fig. 1A). A total of 323 unique proteins and 595 

HiE proteins met the differential expression criteria (unique = ≥3 runs; HiE = ≥ twofold), 

and the relative cellular compartment distribution of unique and HiE proteins was similar 

among F and NF samples (Fig. 1A, Supporting Information Table 2A–D). Differences 

detected in myofilament proteins were not further considered due to depletion prior to 

MS/MS analysis.

The relative cellular distribution of proteins was not significantly different in F and NF 

samples, and the highest proportion of differentially expressed proteins (e.g. unique and 

HiE) was located in the cytosol for both F and NF samples (Fig. 1B). These findings also 

were examined with Protein Center software (Thermo, http://www.proxeon.com) analysis 

(Supporting Information Fig. 1A). IPA analysis also identified differential expression 

between F and NF samples among shared molecular and cellular functions and physiological 

processes (Supporting Information Fig. 1B). Among IPA-identified cardiac-specific disease 

pathways, there were significantly more proteins in the F versus NF sample related to heart 

disease-related arteriopathy, stress responses, fibrosis, and cardiac damage (Fig. 1C). More 

proteins contributing to cardiac dilation and cell death were identified in the NF tissue, and 

differentially expressed proteins associated with hypertrophy and inflammation were 

identified in both samples, which could be related to aging [37]. Elevated expression of 

individual proteins previously linked to cardiac remodeling and/or heart failure such as 

B2M, POSTN, ILK, FHL1, and RTN (Nogo) were detected at higher levels in F compared to 

NF tissue (Supporting Information Table 2; [38–41]). Several protein networks associated 
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with heart disease were present in F, but not NF tissue when analyzed by FatiGO 

(Supporting Information Table 3; [4,42,43]).

A similar direction of change for several differentially expressed proteins also agreed with 

altered gene expression previously reported for end-stage ischemic heart failure, including 

elevated HBA, HBB, MFAP4, SYNPO2L, OGN, and reduced CCT2, ANKRD2, 

SERPINB1, ANXA6, and SOD2 in F versus NF hearts (Supporting Information Table 3; 

[44–47]). However, gene array analysis of four F versus four NF hearts was performed for 

further comparisons to the proteomic results. Both up- (82) and downregulated (105) genes 

were identified for F compared to NF samples (Fig. 2), and there were several parallel 

changes in both gene and protein expression detected in F hearts (Supporting Information 

Tables 2 versus 4). However, a similar direction of gene and protein expression was only 

detected for nid-1 in the NF samples (Supporting Information Tables S2 versus S4).

Proteomic data were further analyzed for differentially expressed proteins that have yet to be 

linked to heart failure. Western blot analysis of multiple F and NF samples verified the 

protein differences detected by MS/MS. One set of differentially expressed proteins and 

genes were clustered into the BL in the extracellular matrix, including collagen IV, multiple 

laminin isoforms, and nidogen isoforms (Fig. 2; Supporting Information Tables 2 and 5; 

[48]). Western analysis of multiple ischemic F and NF tissue samples confirmed the ~2.5-

fold higher collagen IV expression detected in F hearts (Fig. 3A). In contrast, MS/MS 

analysis indicated laminin isoforms α2, β1, β2, and γ1 were expressed at lower levels in F 

compared to NF heart tissue (Supporting Information Fig. 2). Western detection with a 

polyclonal antibody recognizing laminin S (β1/γ1) confirmed the overall decrease in 

laminin expression in F versus NF hearts (Fig. 3B; [49]). Antibody detection of the carboxy-

terminal 80 kDa fragment of laminin α2 [50] also indicated reduced expression of this 

domain in multiple ischemic F compared to NF samples (Fig. 3C). In contrast, the laminin 

β1 expression pattern was more variable across multiple F samples, and migrated slightly 

higher than the anticipated 200 kDa molecular weight (Fig. 3D). Variable glycosylation of 

one or more of 11 possible sites in this isoform could explain this migration pattern. Variable 

expression of the β2 and γ1 isoforms also were detected in multiple F and NF tissue 

samples (Fig. 3D, E).

In addition to laminin, BL-associated, 130 kDa nid-1 was detected as a significant, unique 

protein in the NF sample (Supporting Information Fig. 2D). Western analysis confirmed 

nid-1 expression was consistently higher in NF compared to F tissue (Fig. 3F). A higher 

molecular weight nid-1 also was detected just above 225 kDa in rat myocytes and human 

heart tissue, which would be consistent with oligomers. However, the typical isoform 

detected at ~150 kDa in rat blood vessels was only sparsely present in the myocardium (Fig. 

3F; [51]). The alternative isoform, nid-2 can compensate for the loss of nid-1 in knockout 

animal models [52], but nid-2 expression in F tissue was not different from NF in the 

proteomic analysis (Supporting Information Table 2). There are three possible nid-2 protein 

products [53], and two products (200, 160 kDa) were present in both F and NF tissue (Fig. 

3G). Expression of these variants and total nid-2 expression in F samples was variable, but 

not significantly different than NF sample expression (Fig. 3G). Collectively, the analysis of 
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BL-associated proteins suggests significant BL remodeling develops in end-stage heart 

failure.

Variable changes in expression observed for some laminin and nidogen isoforms could 

indicate this remodeling is a dynamic and progressive process. To address this possibility, 

noninfarcted regions of human septum from human NF and F tissue were imaged with TEM 

to determine whether there was visual evidence of structural BL remodeling. The well 

organized and distinct BL was consistently present around myocytes in NF septa, while a 

more dispersed, amorphous protein layer with periodic disruptions was frequently visible 

around myocytes in F samples (Fig. 4). These images show the BL undergoes significant 

remodeling during heart failure, which could contribute to changes in cellular structure 

and/or function.

To begin addressing whether there are functional repercussions, myocardial BL structure, 

and function was evaluated in a rat PO model. This model was selected to establish whether 

BL remodeling is a process exclusively found in response to myocardial ischemia and/or 

also accompanies remodeling found with heart failure caused by other factors. The PO 

model produced significant organ-level hypertrophy by 4 weeks compared to sham controls 

(Fig. 5A), and caused cellular hypertrophy, fibrosis, and impaired cardiac function at 16 

weeks postsurgery and beyond (Fig. 5A and B). Reduced nid-1 expression was detected with 

PO compared to the sham controls, although its cellular localization remained similar for the 

two groups (Fig. 5C and D). To determine whether this evidence for BL remodeling 

produced functional consequences, cellular adhesion to an exogenous laminin matrix was 

evaluated and found to be significantly compromised in cells isolated from PO compared to 

sham rats (Fig. 5E). Reduced myocyte adhesion also develops in pacing-induced 

cardiomyopathy animal models [54]. Collectively, the present data support the idea that BL 

remodeling is associated with significant functional impairments in adhesion to the myocyte 

matrix.

4 Discussion

Proteomic comparison of ischemic F versus NF tissue using MudPIT analysis revealed 

previously unrecognized alterations in BL proteins in addition to known changes in other 

proteins linked to heart failure (Supporting Information Table 2). The BL together with 

proteoglycans and other filamentous proteins form the basement membrane (BM), to act as a 

barrier between the sarcolemma and extracellular matrix. The BM maintains cellular 

integrity, adhesion, and proximity to adjacent cells, while also acting as a scaffold to 

modulate access and activity of protease networks and extracellular signaling cascades [48]. 

Our studies demonstrated structural remodeling in tissue explants from end-stage ischemic 

heart failure accompanied alterations in the expression of key BL proteins (Figs. 3 and 4, 

Supporting Information Fig. 2). Evidence of a similar remodeling process was detected in a 

rat PO model, and functional deficits in myocyte adhesion accompanied this remodeling 

process (Fig. 5). The reduced in vitro adhesion of myocytes from PO rats suggests cellular 

integrity, cell–cell coupling and/or extracellular signaling are likely compromised by this 

cardiac BM remodeling.
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The results focusing on BL-associated proteins also indicate further work is needed to 

evaluate this compartment during heart failure. The collagen IV upregulation observed here 

(Fig. 3A) agrees with elevated message levels observed in patients with aortic disorders [55], 

although our work found no significant differences in collagen IV subunit gene expression 

between F and NF tissue samples (Fig. 2). The current results also are in contrast to a report 

of reduced collagen IV α4 gene expression in end-stage human heart failure [56]. However, 

a more acute porcine ischemia/reperfusion (I/R) model of cardiac disease increased collagen 

IV protein expression, although this change was not statistically significant [57].

Myocardial BL laminin expression has been studied slightly more than collagen IV in 

animal models of cardiac dysfunction, although the results are similarly inconsistent from 

one study to another. The absence of change in myocardial laminin gene expression reported 

in explants from patients with idiopathic dilated cardiomyopathy and pressure overloaded 

rats [58] agrees with our results (Supporting Information Table 4). While this observation 

challenges the idea of BL remodeling during heart failure, the present proteomic results 

suggest BL protein levels may not necessarily correlate with gene expression. The reduced 

laminin α2 protein expression observed here (Fig. 3C) is in agreement with results from a 

porcine I/R model [57]. Changes in laminin β and γ isoform protein expression in the same 

I/R model depended on tissue handling protocols, but the current Western results (Fig. 4) 

suggest the outcome may depend on variability in temporal remodeling. In addition, the 

laminin β/γ protein results are consistent with the changes reported in posttranslational 

glycosylation of laminin in a rodent (I/R) model [59], and cardiomyopathy resulting from 

congenital laminin α2 deficiencies [60].

Nidogen, collagen IV, and laminin are essential components of the BL, but there are no 

known published studies examining nidogen protein expression (Fig. 3F and G) and 

alternative splicing during heart failure. Nidogen serves a critical coordinating role in BL 

assembly, and nidogen-laminin interactions are essential for BL stabilization [48, 51]. Nid-2 

partially compensates for a loss of nid-1 in many organs, but there is evidence of subtle 

differences in laminin-nidogen interactions with these isoforms [52], and this compensation 

has not been studied in myocardium. Overall, technical replicate analysis by MudPIT 

provided a fundamental differential comparison list of cardiac peptides in a F versus NF 

heart. The anticipated ability of such a list to serve as a guide for a more targeted analysis 

[23] was demonstrated by Western analysis of nidogen, laminin, collagen IV expression in 

multiple human hearts as well as a rat model of PO. Due to the small number of biological 

replicates, future studies using more failing human hearts and animal models of heart failure 

are needed to target and or verify the other protein networks and pathways identified by 

MudPIT. The identification of cardiac BL remodeling during heart failure also raises further 

questions about spatial and temporal pattern of cardiac BL remodeling, the role BL 

remodeling plays in pump dysfunction, and the potential for targeting BL proteins to delay 

or prevent cardiac dysfunction.

Analysis of tissue architecture in earlier animal models indicated BL remodeling around the 

vasculature in the ischemic region in one model [61], but not in the ventricular laminin 

distribution in a rat PO model [62]. In contrast, our TEM imaging of human septum 

indicates the BL remodeling process develops in areas distant from the infarct site (Fig. 4). 
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Work in other animal models offers some limited support, as comparable BL remodeling 

around cardiac myocytes was associated with cardiac hypertrophy and electrophysiological 

abnormalities in copper-deficient rats [63]. Moreover, in vitro BL formation and 

reorganization are critical for cultured myocyte attachment and survival [64, 65]. The 

impaired adhesion observed in cardiac myocytes from PO rats (Fig. 7) is consistent with this 

conclusion, and may indicate additional myocyte functions are compromised as a 

consequence of the reorganized BL. For example, remodeling may disrupt the contribution 

of BL to tethering and transmission of mechanical forces from the cellular cytoskeleton to 

fibrillar collagen in the extracellular matrix [64–66]. Differential expression patterns among 

proteins thought to play a role in mechanical force transmission [64–66] also are found in 

the proteomic comparison of F versus NF cardiac tissue, including elevated expression of the 

costameric proteins integrin α7, ILK, talin, paxillin, and myospryn (CMYA5) in F tissue 

compared to enhanced melusin, vinculin, and filamin Cγ expression in NF tissue 

(Supporting Information Table 2). In contrast, stretch-sensitive cytoskeleton sensor proteins 

linked to integrins and associated with sarcomeres [67], such as α-actinins, PDLIM5, 

telethonin, and myozenin (calsarcin) remained comparable in NF and F tissue. Cytoskeletal 

sensor elements with a less restricted expression and/or associated with the sarcomeric thick 

filament such as titin, PDLIM3 (ALP), and the enigma homolog are more highly expressed 

in NF tissue. While further studies to evaluate whether costameric and cytoskeletal sensor 

expression and function are differentially influenced in myocytes during heart failure, the 

present results indicate costameric proteins, which interact and anchor to the BL also could 

serve as therapeutic targets in heart failure patients.

4.1 Concluding remarks

Taken together, our studies in human and a rat PO model indicate BL plays in important role 

in the myocardial remodeling process during the development of heart failure. BL 

remodeling is likely a dynamic process, which progresses and/or changes from early 

compensatory to late-stage de-compensatory heart disease [58]. Further work is now needed 

to define the stressors contributing to BL remodeling, and determine the beneficial and/or 

detrimental impact of this remodeling on cellular anchoring, tethering, signaling, as well as 

cardiac performance.
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Refer to Web version on PubMed Central for supplementary material.
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BL basal lamina

BM basement membrane

DAG donkey anti-goat

EF ejection fraction

F failing

GAM goat anti-mouse

GAR goat anti-rabbit

HiE highly expressed

IPA ingenuity pathway analysis

I/R ischemia/reperfusion

LTQ-FT hybrid linear quadrapole ion trap-Fourier transform ICR

LV left ventricle

MudPIT multidimensional protein identification technology

NF nonfailing

nid-1 nidogen-1

nid-2 nidogen-2

PO pressure overload

P/S penicillin/streptomycin

SCX strong cation exchange

TEM transmission electron microscopy
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Clinical Relevance

Heart failure is a complex pathophysiological process that continues to be a leading cause 

of death in the United States. The present study utilized multidimensional protein 

identification to identify protein networks not previously linked to heart failure by 

comparing ischemic, failing versus nonfailing human hearts. The differential expression 

of multiple basal lamina proteins in failing heart tissue was validated by Western analysis 

of multiple samples. In additional studies, structural basal lamina disruption was 

observed in failing tissue, and reduced myocyte adhesion accompanied basal lamina 

remodeling in a rat model of pressure overload. Collectively, these results indicate basal 

lamina remodeling develops during heart failure and contributes to the structural and 

functional progression of this disease. Most importantly, agents targeting this remodeling 

process could therapeutically delay the progression of heart failure.
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Figure 1. 
Analysis summary of total identified proteins from nonfailing (NF) and ischemic failing (F) 

heart explants. (A) Venn diagram showing the distribution of 3405 proteins detected in ten 

replicate analyses of F and NF tissue (upper panel). Within this total protein pool, 56% were 

unique and 44% were shared proteins in the NF and F samples. A similar percentage of 

unique proteins (17%) met the significance criteria (detected ≥three times) within both NF 

and F protein pools. Among shared proteins, the pie chart in the lower panel illustrates that 

40% were expressed at ≥ twofold higher (HiE) levels in one sample compared to the other (# 

of HiE proteins: 355 in NF, 240 in F). (B) Pie chart shows the subcellular distribution of 

significant differentially expressed proteins within NF and F heart tissue. These distributions 

were not different between NF and F heart tissue (χ2 test; p > 0.05). (C) Ingenuity pathway 

analysis (IPA) analysis of protein distribution within cardiac-specific functions for F and NF 

samples. A threshold p-value of <0.05 in this IPA analysis is indicated by the black line and 

the x-axis indicates the significance within each category. The length of each bar above the 

threshold indicates differentially expressed proteins related to this pathway within each 

sample.
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Figure 2. 
Heat map comparison of significant differential gene expression for F versus NF heart 

samples. Gene expression is clustered into GO-defined subcellular domains for four F (F3, 

F5, F6, F9) and four NF (NF, NF2, NF4, and NF5) samples. Relative decreases and 

increases in gene expression are indicated by green and red, respectively.
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Figure 3. 
Representative Western and quantitative analyses of collagen IV (A), laminin isoform (B–E), 

and nidogen isoform (F, G) protein expression in multiple F versus NF heart tissues. (A) 

Collagen type IV α4 (P02462) was detected as a uniquely expressed protein in F tissue by 

MudPIT analysis. Enhanced expression of collagen IV was detected in F versus NF tissue by 

Western analysis (left panel), and quantitative comparison of Western analysis of multiple 

hearts (right panel). (B) Western detection of individual subunits (220–230 kDa; left panel) 

as well as residual intact laminin (400 kDa) using an antibody recognizing laminin β1γ1. 
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(C) Representative Western detection (left) and quantitative (right) analyses of the 80 kDa 

laminin α2 fragment detected in multiple NF and F hearts. Proteomic analysis identified 

>threefold higher expression of laminin α2 in NF compared to F heart tissue (P24043; see 

Supporting Information Table 2B), and raw data is shown in Supporting Information Fig. 

2A. Laminin α2 is a component of laminins 211 and 221. (D) Representative Western 

detection of laminin β1 (left panel) and β2 (right panel) expression in F and NF tissue. 

Expression of both isoforms was reduced in the MudPIT analysis for F versus NF tissue (see 

Supporting Information Fig. 2B and C; G3XAI2 and P55268, respectively). Western 

analysis indicated variable LV expression of these isoforms in multiple F tissue samples, 

which was not statistically different from NF samples. (E) Western detection of laminin γ1 

isoform, which is variably expressed in F versus NF tissue. MudPIT analysis identified 

laminin γ1 expression (4.7-fold; P11047) as differentially reduced in F compared to NF 

tissue. (F) Representative Western blot demonstrates the reduced nidogen-1 (nid-1) 

expression in multiple F compared to NF hearts, which corroborates the MudPIT analysis 

(Supporting Information Fig. 2D). Expression is compared to isolated rat myocyte (1 and 5 

× 104 cells) and vascular samples to demonstrate the expression of splice variants (136 and 

122 kDa) for this isoform. Quantitative analysis of LV anterior wall nid-1 expression in F 

versus NF tissue (*p < 0.05) is shown in the right panel. (G) Western analysis of nidogen-2 

(nid-2) expression shows the relatively high expression of this isoform in F and NF heart 

tissue compared to vasculature and skin. This isoform was not detected at significant levels 

in isolated adult rat myocytes (4 × 104 cells). Both F and NF heart tissue express two splice 

variants for this isoform. Quantitative analysis of LV anterior wall Nid-2 expression in F 

versus NF tissue (*p < 0.05) is shown in the right panel.
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Figure 4. 
Representative electron micrographs (TEM) from noninfarcted septum demonstrate BL 

remodeling in F versus NF hearts. (A) TEM images of NF and F human heart tissue. Boxes 

in the upper panels indicate the area shown in the expanded view shown in the lower panel. 

Arrows point to BL in each sample. Upper and lower panel scale bars are 500 and 250 nm, 

respectively. (B) Additional TEM micrographs from human heart tissue. Left panel. 

Micrograph shows a fibroblast adjacent to a myocyte. The maintenance of a defined BL in 

fibroblasts is observed in both F and NF tissue. Scale bar = 1 µm. Middle and right panels. 
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These panels further illustrate the periodic loss of the defined BL in F, but not NF tissue. 

Scale bars = 500 nm (middle panel) or 1 µm (left panel).
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Figure 5. 
Cardiac structure and function in sham and pressure overload (PO) rats. (A) 

Echocardiographic analysis of sham- and PO- rat hearts over time (n = number of rats). M-

mode ejection fraction (EF%), LV diameter at end systole, and diastole show significant 

cardiac dysfunction along with hypertrophy by 16–20 weeks postsurgery in PO hearts 

compared to sham controls. (B) Sham and PO heart tissue stained with H&E are further com 

pa red using Picrosirius red staining to detect fibrosis. (C) Analysis of nid-1 expression by 

Western blot in sham and PO rats relative to a silver (Ag)-stained gel band. (D) Left panel: 
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Detection of nid-1 cellular localization by immunofluorescence in isolated myocytes from 

sham and PO rats 16–20 weeks postsurgery. Right panel: A differential interference contrast 

image of the same myocyte. (E) Functional analysis of adhesion by cardiac myocytes 

isolated from sham- and PO- rats (n = number of hearts).
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