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Clinical Relevance  

Pathological cardiac hypertrophy causes a maladaptive remodeling of the left ventricle that is 

implicated in cardiovascular diseases. However little is known about the molecular events in 

cardiomyocytes during the early compensated hypertrophy. Exploring the proteome of 

mouse cardiomyocytes after isoproterenol (ISO)-induced hypertrophy we found that early 

hallmarks of hypertrophy in cardiomyocytes includes the upregulation of APBB1, GOLGA4, 

HOOK1, KATNA1, KIFBP, MAN2B2, MYH7, SLC16A1 and activation of cytoskeleton 

elements that modifies contractile patterns, as well as impaired energy metabolism that 

leads to increased mitochondrial ROS production. 

 

 

Abstract 

Purpose: Although the pathophysiological response of cardiac tissue to pro-hypertrophic 

stimulus is well characterized, we currently lack a comprehensive characterization of the 

molecular events underlying the pathological hypertrophy in cardiomyocytes during the early 

compensated cardiac hypertrophy.  

Experimental design: We conducted a quantitative label-free proteomic analysis of 

cardiomyocytes isolated from mice treated subcutaneously with isoproterenol (ISO) during 7 

days in comparison with cardiomyocytes from control animals (CT).  

Results: Canonical pathway analysis of dysregulated proteins indicated that ISO-hypertrophy 

drives the activation of actin cytoskeleton and integrin-linked kinase (ILK) signaling, and 

inhibition of the sirtuin signaling. Alteration in cardiac contractile function and calcium 

signaling were predicted as downstream effects of ISO-hypertrophy probably due to the 

upregulation of key elements such as myosin-7 (MYH7). Confocal microscopy corroborated 

that indeed ISO-treatment led to increased abundance of MYH7. We also report potential 

early markers for cardiac hypertrophy as APBB1, GOLGA4, HOOK1, KATNA1, KIFBP, 

MAN2B2, and SLC16A1.  

Conclusions and clinical relevance: Our data consist in a complete molecular mapping of 

ISO-induced compensated cardiac hypertrophy model at cardiomyocyte level. Marker 

candidates reported may assist early diagnosis of cardiac hypertrophy and ultimately heart 

failure.  
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1. Introduction  

Hypertension is a major public health problem characterized by sustained high 

arterial blood pressure that chronically causes structural and functional changes in the 

cardiovascular system including left ventricle hypertrophy.[1] Alterations in cardiac cells and 

extracellular matrix include abnormal accumulation of interstitial and perivascular collagen, 

deposition of fibronectin and laminin, fibroblast hyperplasia, and cardiomyocyte 

hypertrophy.[2]  

In attempt to maintain the cardiac homeostasis, the cardiomyocyte growth occurred 

in response to hemodynamic stress on the heart provoked by the increment in ventricular 

wall thickness, during a phase knowing as compensated hypertrophy.[3] Over time, this 

condition progress to the decompensation stage,[4] characterized by cardiomyocyte 

apoptosis and impaired cardiac function. 

The isoproterenol-induced cardiac hypertrophy model (ISO-hypertrophy), which best 

represents this pathological condition in humans,[5] consists of administering isoproterenol 

(ISO), a sympathomimetic amine that acts as non-selective agonist of adrenergic receptors, 

predominantly β1 and β2.[6] In the heart, continuous activation of β-adrenergic receptors 

triggers proto-oncogenes and protein synthesis, altogether leading to cardiac hypertrophy.[7] 

The intracellular pathways triggered by ISO starts with the activation of Raf-1 

kinase/extracellular signal-regulated protein kinase (ERK) cascade via phosphorylation of β-

adrenoreceptor by Gs/cAMP/PKA and Gi/Src/Ras pathways related to cell growth and 

differentiation.[7, 8] In the same way, fibroblast growth factors (FGFs) are involved in the 

progression of cardiac hypertrophy, and mediate ERK activation. House et al[9] demonstrated 

that silencing the FGF2 gene results in protection from ISO-hypertrophy while 

overexpression of FGF2 induces hypertrophy. 

Although the pathophysiology of cardiac hypertrophy and the signaling pathways 

involved in cardiac enlargement are well documented and the proteome of the left ventricle 

(LV) after ISO hypertrophy induction was recently investigated,[10, 11] currently we lack a 

systematic characterization of the molecular rearrangement at cardiomyocyte level due to 

ISO-hypertrophy in the compensated phase. For this reason, we investigated the proteome 

remodeling of mice cardiomyocytes after 7 days of treatment with subcutaneous 

administration of ISO, aiming to characterize their phenotypes at the proteome level. 

 

2. Materials and methods 

2.1 Animals and treatment 

Male C57Bl/6 mice with 10 to 12 weeks-old and weighting 25-30 g were provided by 

the Central Animal Care Facilities from our institution. Myh7-YFP+/- male mice[12] with 10 to 

12 weeks-old were from the Transgenic Animal Care Facilities of the Department of 

Physiology and Biophysics. Animals were maintained at 25oC in a 12h/12h dark-light cycle 
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with access to water and food ad libitum.  All the experimental protocols were approved by 

the local ethical committee (No. 288/2014). 

For induction of cardiac hypertrophy, animals were randomly assigned into two 

groups. Isoproterenol-induced hypertrophy group (ISO, n=3) was subcutaneous injected with 

daily doses of ISO (20 mg/kg/day) for 7 days. Control group (CT, n=3) was subcutaneous 

injected with phosphate buffered saline solution (PBS) for 7 days. Body weight gain was 

monitored during the experiment and the heart weight/body weight ratio and heart 

weight/tibia length ratio were used to establish hypertrophy. At the end of the treatment, all 

animals were euthanized with high dose of anesthesia (xylazine/ketamine). Hearts were 

rapidly dissected for cardiomyocyte isolation. 

2.2 Ventricular myocyte isolation 

Cardiac tissue was removed from mice as described by Guatimosim et al.[13] Briefly, 

removed hearts were perfused using Langendorff apparatus to wash out the blood with 

calcium free solution (NaCl 130 mmol.L-1; KCl 5.4 mmol.L-1; HEPES 25 mmol.L-1; MgCl2 1 

mmol.L-1; NaH2PO4 0.33 mmol.L-1; glucose 22 mmol.L-1 and insulin 100U.mL; pH 7.4). The 

hearts were perfused with 1.2 mg/mL of type II collagenase (Worthington) and then minced 

into tissue chunks and filtered through a mesh. Freshly isolated ventricular myocytes were 

used for experiments reported in this article.  

2.3 Immunofluorescence and confocal microscopy 

Ventricular myocytes were fixed with 4 % (v/v) paraformaldehyde solution for 15 

minutes at room temperature and permeabilized with 0.5 % (v/v) Triton X-100. After 

blocking, cardiomyocytes were incubated during 1 h at room temperature with anti-phalloidin 

antibody conjugated to Alexa Fluor 488 (1:100; Invitrogen) and nucleus stained with 4′,6-

diamidino-2-phenylindole (DAPI) (1:50; Sigma-Aldrich). Images were acquired in a Zeiss 

LSM 880 confocal microscope. Cardiomyocyte surface area was measured in phalloidin-

stained cells. Confocal images were analyzed using ImageJ 1.49v software (NIH). 

2.4 Reactive Oxygen Species (ROS) Measurements 

For ROS production measurements, ventricular myocytes were loaded for 30 min with 

dihydroethdium (DHE, 5 µmol/L; ThermoFisher Scientific) in a Tyrode solution (NaCl 140 

mmol.L-1; KCl 5 mmol.L-1; HEPES 10 mmol.L-1; MgCl2 1 mmol.L-1; NaH2PO4 0.33 mmol.L-1; 

glucose 10 mmol.L-1; CaCl2 1.8 mmol.L-1; and insulin 100U.mL; pH 7.40) at 37°C and then 

washed with Tyrode solution to remove dye excess. Changes in fluorescence were recorded 

by confocal microscopy in Zeiss LSM 880 confocal microscope. ImageJ 1.49v software 

(NIH) was used for image analyses. We also used MitoSox (Thermo) to dye mitochondrial 

ROS in vivo according to the manufacturer’s standard protocol. 

 

2.5 Measurements of ventricular myocyte contractility 

Ventricular myocytes were placed in a chamber with a glass coverslip base mounted 

on the stage of an inverted microscope (TCM 400). Buffer composition (in mM): 136.9 NaCl; 

5.4 KCl; 0.37 NaH2PO4; 0.57 MgCl2; 5 Hepes; 5.6 glucose; and 1.8 CaCl2 (pH = 7.4 at room 

temperature). Experiments were performed at room temperature. Myocytes were stimulated 
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via platinum bath electrodes with voltage pulses with 5 ms duration and 40V intensity. 

Stimulation frequency was set at 1 Hz. Cells were visualized on a PC monitor with a NTSC 

camera (MyoCamCCD100V; Ionoptix). Cardiomyocyte images were used to measure cell 

shortening (our index of contractility) in response to electrical stimulation, using a video 

motion edge detection system (Ionoptix). The cell image was sampled at 240 Hz. Cell 

shortening was calculated from the output of the edge detector using an IonWizard A/D 

converter (Ionoptix). 

2.6 Western blotting 

Ventricular myocytes were harvested in ice-cold lysis buffer (NaCl 100 mmol.L-1; Tris-

base 50 mmol.L-1; EDTA.2Na.2H2O 5 mmol.L-1; Na4P2O7.10H2O 50 mmol.L-1 and MgCl2 1 

mmol.L-1, pH 8.0) containing 0.3% (v/v) Triton X-100, 1% (v/v)  Nonidet P40, 0.5% (v/v) 

sodium deoxycholate, and 20 mmol.L-1 NaF, enriched with protease (Sigma-Aldrich) and 

phosphatase inhibitors cocktail (Sigma-Aldrich). 40 µg of protein were separated by SDS-

PAGE followed by western blotting. Primary antibodies and their sources are as follows: 

SERCA2 (1:1500; Santa Cruz Biotechnology) and GAPDH (1:3000; Santa Cruz 

Biotechnology). Immunodetection was carried out using enhanced chemiluminescence 

detected with LAS 4000 equipment (GE HealthCare Life Science). Protein levels were 

expressed as a ratio of optical densities. GAPDH was used as a control for any variations in 

protein loading. 

2.7. qPCR 

 Gene expression was quantified using real-time PCR. RNA was extracted using the 

TRIzol™ reagent (Thermo). Complementary DNA (cDNA) was synthesized using 2µg total 

RNA using the First Strand cDNA Synthesis (Fisher Scientific) following manufacturer’s 

protocol. The qPCR was performed in the StepOnePlus Real-Time PCR System (Applied 

Biosystems). We used the Maxima SYBR PCR 1x (Fisher Scientific) and 600nM of each 

primer with 1:100 cDNA and water. The nucleotide sequences of the primers used in this 

study are shown in Table 1. PCR protocol comprised of 5 min denaturation at 95oC, 50 

cycles at 60°C (1 min) for annealing and elongation, and 10s at 95oC for denaturation. Gene 

expression relative quantitation was obtained using the 2(-Delta Delta C(T)) (2-ΔΔCt) 

method.[14] GAPDH was used as housekeeping gene.  

2.8 Sample preparation for proteomics 

Sample was prepared using the in-solution digestion (ISD) protocol as recently 

reported.[15] Briefly, cardiomyocytes were resuspended in the lysis buffer (urea 6 mol/L, 

thiourea 2 mol/L, TCEP 10 mmol/L, chloroacetamide 40 mmol/L, TEAB 50 mmol/L and 

protease inhibitors). Samples were incubated for 2 h at 25oC; incubation temperature and all 

sample preparation procedures were kept below 25oC to avoid formation of amine 

carbamylation due to urea. [15] Afterwards samples were diluted 10-times to reduce urea 

concentration before digestion. Protein quantitation was measured using the Qubit assay 
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(Thermo). Protein digestion was carried out by adding modified trypsin (Promega) in 1:50 

enzyme/protein ratio. Enzymatic digestion was carried out for 18 h at 25oC. Trypsin 

proteolysis was quenched by addition of TFA 0.5% (v/v) (final concentration). Samples were 

desalted using ziptip (Millipore) according to manufacturer instructions. Samples were dried 

in a speedvac, and stored at -20°C until further use. 

2.9 Mass spectrometry analysis 

Samples were resuspended in 20 mM ammonium formate (pH 10), and analyzed 

using two dimensional (2D) nanoAcquity UPLC system online coupled to a Synapt G2-Si 

HDMS mass spectrometer (Waters). In the first dimension (pH 10), peptides were separated 

on a reverse phase column (BEH C18, 5 µm, 300 µm × 50 mm, Waters) using a 2µL/min 

flow-rate into 5 gradient fractions: 10.8%, 14.0%, 16.7%, 20.0% and 65.0% (v/v) acetonitrile 

(ACN) in 20 mmol.L-1 ammonium formate (pH 10). Each fraction was trapped in a pre-

column (Acquity UPLC M-Class Trap 2D Symmetry C18, 100 Å, 5µm, 180 µm x 20 mm). In 

the second dimension (pH 2), trapped peptides were separated using an analytical column 

(Acquity UPLC MClass HSS T3 1.8 µm 75 µm x 150 mm), using 1h gradient (7-40%) 

composed by solvent A (0.1% FA) and solvent B (0.1% formic acid (FA) in ACN), at a flow-

rate of 0.450 µL.min-1. The analytical column was kept in a column oven with temperature 

set at 45oC. 

For MS analysis, 1 pmol/L [Glu1] fibrinopeptide B (Glu-Fib, Sigma-Aldrich) was used 

as a lock mass sampled every 30 s at a flow rate of 0.2 µL.min-1, using the NanoLock-Spray 

(Waters). The mass spectrometer was equipped with a T-Wave-IMS device operating in MSE 

positive ion mode switch between low (3 eV) and elevated collision energies (19–55 eV). 

Fragment ions were scanned out with a mass range from 50 to 2000 m/z.  

2.10 Data analysis 

LC-MSE data were analyzed in the Progenesis QI for Proteomics (QIP) v.2.0 

(Nonlinear Dynamics, Newcastle, UK). The ion intensity maps obtained (MS signal, m/z and 

retention time) of each LC-MSE runs were automatically aligned to compensate LC variation 

between runs and peak picking tool was used to matching peaks across all replicates. The 

ion abundance were normalized (by default parameters) and quantified features were then 

exported to be identified against the Uniprot database containing Mus musculus proteins 

(downloaded version 2017_10) using PLGS 3.0 search engine (Waters). We also searched 

against a decoy database (reversed) to estimate false discovery rate (FDR). Statistical 

analysis one-way ANOVA (p-value < 0.05) and fold change (FC) > 1.2 (log2 = ± 0.26) was 

applied to find differentially regulated features. Peptide ions with a charge state of +1 or > +7 

were filtered out. We used carbamidomethyl cysteine as fixed modification, and methionine 

oxidation as variable modification. We allowed up to 2 missed cleavages. Only peptides with 

FDR < 1% and proteins containing at least 1 unique peptide were used in this study. Figure 

S1 (Supporting Information) represents some parameters used to access LC-MSE data 

quality (mass accuracy, dynamic range, and drift time vs. m/z). 
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Functional proteomic analysis was made using ingenuity pathway analysis (IPA) 

(Qiagen) setting the default parameters. 

 

3. Results and Discussion 

3.1 Isoproterenol treatment promotes alterations in the heart and 

induces cardiomyocyte proteome remodeling  

ISO-treatment induced a significant increase in heart mass after normalization either 

by body weight or tibia length (Table 2). On average, we observed 10% or 17% hypertrophy 

due to ISO treatment, depending on the normalization method. Enlargement of ventricular 

cardiomyocytes was additionally corroborated after measurement of the cellular area. As 

expected, ISO treatment led to increased amount of actin in the cytoskeleton of 

cardiomyocytes (Figure 1B) and induced hypertrophy of cardiomyocytes that corresponded to 

an area increment of 33% (Figure 1C). 

Our proteomics approach (Figure 1A) allowed the identification of 1,637 protein groups 

(1,430 quantified proteins). After applying the filtering criteria (see methods for details), we 

were able to confidently quantify 1,023 unique proteins from cardiomyocytes. As shown in the 

Figure 1D, datasets presented a normal distribution. We used one-way ANOVA and fold 

change (FC) > 1.2 (± 0.26 log2 ratio) to reveal the regulated proteins due to the ISO 

treatment. We identified 174 regulated proteins (p-value < 0.05 and FC > 1.2); 77 proteins 

were significantly more abundant after ISO treatment (upregulated proteins), and 97 proteins 

were significantly less abundant after ISO treatment (downregulated proteins) (Figure 1E). 

Thus, ISO led to dysregulation of ~17% of the quantified cardiomyocyte proteome, which 

represents the proteome remodeling. A list of all regulated proteins due to ISO treatment is 

provided in the Table S1 (Supporting Information). 

In a previous independent work, Lau et al.[10] characterized the molecular changes 

during ISO-induced cardiac hypertrophy integrating transcriptomics, proteomics and protein 

turnover across six genetically diverse mice strains. Authors reported 272 leading candidates 

for cardiac hypertrophy markers that we compared with the list of statistically regulated 

proteins obtained in this work (Supporting Information, Figure S2). Comparison showed that 

12 out of 15 shared proteins consistently changed in the same direction (down/upregulation) 

with the mentioned work, evidencing how the cellular proteome remodeling contributes to 

molecular and structural rearrangement at tissue level. Regulated proteins exclusively found 

in each study were 257 proteins in Lau et al.[10] and 159 proteins in our study (Supporting 

Information, Figure S2). Discrepancy found can be accounted by the fact that cardiac tissue 

was used in Lau et al.[10]  while we used cardiomyocytes. Moreover, we focused in the earlier 

events of cardiac hypertrophy (i.e., 7 days of ISO treatment) rather than the later events 

studied by the other group (i.e., 14 days of ISO treatment). Nonetheless, we would like to 

highlight that proteins consistently found regulated in both studies are interesting proteins to 

be monitored as general hypertrophy marker candidates (i.e., Acadsb, Acot8, Atp1b1, Bag6, 

Dbt, Decr1, Dlat, Egfr, Huwe1, Myl7, Slc25a12, and Slc8a1). Proteins reported only in our 

study may be early cardiac hypertrophy marker candidates but more studies are needed to 

prove their efficiency, though.    
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We used the Ingenuity Pathway Analysis (IPA) to predict the cellular pathways 

associated with the ISO-induced cardiomyocyte proteome remodeling. The activation z-score 

and the IPA Knowledge Base[16] were used to predict the causal relationships between our 

experimental data and the top-scoring canonical pathways. IPA predicted that ISO treatment 

led to activation of actin cytoskeleton signaling and integrin-linked kinase (ILK) signaling, and 

inhibition of  sirtuin signaling (Figure 2A). A list of all regulated proteins associated to each 

canonical pathway is provided in the Table S2 (Supporting Information).  

ILK is a scaffold protein that connects the cytoplasmic tail of β subunits of integrins to 

the actin cytoskeleton, and regulates the actin dynamism.[17] For this reason, it is a key 

element in several cellular processes including survival, proliferation, differentiation, adhesion, 

migration, and contractility.[18] Since ILK is an essential element in the adhesion and signaling 

between cardiac cells and ECM, the predicted activation of ILK and actin cytoskeleton 

signaling indicate their role in the compensatory response to the stress caused by the cardiac 

enlargement after 7 days of ISO treatment.  

The role of ILK and other cytoskeletal signaling proteins as signaling initiators during 

the adaptive hypertrophy has been shown by different authors.[19, 20] Increased protein levels 

of ILK were measured in hypertrophic ventricles of human patients and transgenic mice with 

cardiac-specific ILK expression showed a compensated ventricular hypertrophic phenotype.[19] 

Likewise, Johnatty et al.[21] found a significant increase in ILK mRNA expression in adult mice 

submitted to load-induced hypertrophy, and Chen et al.[20] showed that the deletion of ILK 

gene in neonatal rat ventricular myocytes (NRVM) resulted in a marked apoptosis without 

induction of hypertrophy.  

On the other hand, our analysis predicted the inhibition of the sirtuin signaling (Figure 

2A). Sirtuins are deacetylase enzymes that modulate global cellular transcriptional process. 

Among other cellular processes, sirtuins regulate oxidative stress resistance.[22] A reduced 

activation of SIRT3 was associated with increased levels of reactive oxygen species (ROS),[23] 

thus, we corroborate this idea by measuring ROS production in hypertrophic cardiomyocytes 

(Figure 2B). 

ROS production in cardiac hypertrophy are either from mitochondrial or non-

mitochondrial sources.[24] The high levels of ROS that we observed in hypertrophic 

cardiomyocytes (Figure 2B) probably were originated from mitochondria, as “mitochondrial 

dysfunction” was the top-3 canonical pathway associated to our dataset, although IPA could 

not predict its activation or inhibition based on our data. We used the MitoSox fluorescent dye 

that targets mitochondria superoxide species to investigate further the origin of ROS 

production. As shown in the Figure 2C, indeed mitochondria produced more ROS as a direct 

consequence of ISO treatment. Nonetheless, the oxidative damage can further contribute to 

the myocardial stress causing DNA mutations and modifications in mitochondrial proteins that, 

ultimately, leads in mitochondrial dysfunction; an event normally followed by heart failure.[24, 25]  

3.2 Downstream effects of ISO-induced cardiac hypertrophy 

Downstream analysis of the pathophysiological effects of ISO-induced hypertrophy 

retrieved processes associated to myocyte contractile function. As shown in Figure 3A, 

proteins differentially regulated by ISO correlated to activation (positive regulation) of “quantity 

of muscle cells” and “contractility of ventricular myocardium”, indicating a potential functional 
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cardiac gain due to ISO. Therefore, we investigated further whether ISO treatment indeed 

induced an increase in cardiomyocyte contractility. As shown in Figure 3B-C, ISO treatment 

led to significant increase in cardiomyocytes fractional shortening, rate of relengthening 

(+dL/dT), and rate of shortening (-dL/dT). These findings suggest that ISO treatment for 7 

days led to improved contractile function. 

  Our results are in line with Engelhardt et al.[26] Authors observed improved cardiac 

function in transgenic mice overexpressing β1-adrenergic receptors in hearts at young age. 

However, animals progressed to heart failure over time. Therefore, ISO treatment has a 

paradox effect; while it induces improved cardiac function at first, long-term treatment leads to 

heart failure. Thus, the regulated proteins identified in our study (Table S1 and Figure S2, 

Supporting Information) are potential early biomarker candidates for heart failure. 

3.3 Prediction of upstream regulators associated to ISO-induced cardiomyocytes 

proteome remodeling 

We used the upstream regulator analysis on IPA to better understand the potential 

regulators (e.g., transcriptional factors, enzymes, etc.) of the observed ISO-induced 

cardiomyocyte proteome remodeling. Figure 4A represents the overrepresented predicted 

regulators (central nodes in the networks) associated to proteins differentially regulated by 

ISO (peripheral nodes in the networks). 

Our analysis predicted that ISO led to the inhibition of DNMT3A (DNA (cytosine-5)-

methyltransferase 3A), ESRRA (estrogen-related receptor ERR1), IGF1R (insulin-like growth 

factor 1 receptor), and INSR (insulin receptor), as well as the activation of MAP4K4 (mitogen-

activated protein 4-kinase 4), MYC (myc proto-oncogene protein), and GATA6 (transcription 

factor GATA-6) (Figure 4A). 

The inhibition of DNMT3A is consistent with the observed upregulation of MYH7 

(myosin heavy chain 7), MYH7B (myosin heavy chain 7B), and MYL3 (myosin light chain 3), 

three important proteins involved in cardiac contractile function. In addition, DNMT3A 

regulates SLC8A1, also known as NCX1 (sodium/calcium exchanger 1) that is involved in the 

maintenance of Na+ and Ca2+ levels mainly during the excitation/contraction coupling.[27]  

Gómez-Mendoza et al.[28] reported recently that myocardial infarction leads to 

upregulation of MYH7. Since we found MYH7 associated to four out of the seven predicted 

regulators (Figure 4A), we decided to investigate further the observed MYH7 upregulation due 

to ISO treatment by immunocytochemistry. As shown in Figure 4B, indeed ISO increased the 

abundance of MYH7 in the cardiomyocytes. In this context, the work published by Fang et 

al.[29] is in accordance with our findings. The authors observed that DNMT3A knockout in 

embryonic cardiomyocytes led to decreased methylation of the promoters of MYH7, MYH7B, 

TNNI3 (troponin I3) and TNNT2 (troponin T2), leading to overexpression of these proteins.[30] 

In a dibutiril-cAMP (DBcAMP)-induced pathological hypertrophy model, DNMT3A was also 

reported to regulate genes related to hypertrophic cardiomyopathy (MYH7, GATA4, MEF2C, 

NFATC1, MYH7B, TNNI3, BNP).[31] 

Inhibition of ESRRA in ISO-hypertrophy was also predicted (Figure 4A). ESRRA 

activates metabolism-related proteins such as ATP5O (complex F1 from ATP synthase) and 

DLAT (diixroxylipoamide S-acetyltransferase or E2 of the pyruvate dehydrogenase-PDH 
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complex). Corroborating our data, downregulation of ESRRA has been shown in pathological 

cardiac hypertrophy in mouse, leading to impaired ATP synthesis/O2 consumption ratio and 

high-energy phosphate transfer.[32]   

GATA6 (Figure 4A) and GATA4 are transcription factors that regulate genes related to 

pathological cardiac hypertrophy[33] that were predicted as activated by the treatment. In adult 

animals, both are essential regulators for ANF (natriuretic factor atrial), BNP (natriuretic 

peptide type b), MYH6, MYH7, among others.[34] As shown in Figure 4A, activation of GATA6 

leads to the observed upregulation of MYH7 (Figure 4B). 

The c-Myc protooncogene (MYC) is a transcription factor that regulates compensatory 

cardiac hypertrophy, increasing the expression of metabolic enzymes involved in glycolysis, 

citric acid cycle, and β-oxidation.[35] We predicted activation of MYC in this study (Figure 4A). 

MYC activation is in agreement with the observed upregulation of GP1 (glucose-6-phosphate 

isomerase) and SLC16A1 (monocarboxylate transporter 1). Metabolic adaption to 

hypertrophic condition mediated by MYC is important at first. However, MYC dysregulation 

seems related to pathological hypertrophy. Taketani et al.[36] reported that MYC was 

expressed in the myocardium of 80% of the patients subjected to aortic valve replacement. 

After surgery, MYC expression was observed only in 10% of the patients.[36] In addition to 

metabolic enzymes, MYC activation is in line with upregulation of HNRNPA2B1 

(heterogeneous nuclear ribonucleoproteins A2/B1) (Figure 4A). The HNRNPs are involved in 

processing pre-miRNAs. Regulation of their expression is associated with altered blood 

pressure and heart failure. Other proteomic study reported the regulation of HNRNPA1 and 

HNRNPA2 as a consequence of metabolic remodeling due to cardiac hypertrophic agents.[37] 

3.4. Validation of the most upregulated proteins induced by ISO treatment 

Finally, we decided to validate the expression of some selected genes (Table 1) by 

qPCR. Selection criterion was based on the most upregulated proteins found in the 

proteomic study (Table S1, Supporting Information). As shown in Figure 5, the expression 

levels of APBB1, GOLGA4, HOOK1 KATNA1, KIFBP, MAN2B2 and SLC16A1 were 

significantly upregulated due to ISO treatment. 

APBB1 (amyloid-beta A4 precursor protein-binding family B member 1) is an adapter 

protein that induces apoptosis due to DNA damage[38] and its expression is enhanced in 

hippocampus due to hypertension and aging.[39] SLC16A1 is a monocarboxylate transporter 

(MCT1) that transports predominantly lactate, pyruvate and ketone bodies through plasma 

membrane.[40] As shown in Figure 4A, the transcription factor MYC regulates SLC16A1 

expression. Upregulation of SLC16A1 is a consequence of the metabolic shift of 

cardiomyocytes during hypertrophy to use ketone bodies as main metabolic fuel.[41] 

   

4. Conclusion 

ISO-hypertrophy modulated heart function and provoked architecture loss due to, at 

least partially, cardiomyocytes proteome remodeling. As a consequence, we observed the 

modulation of proteins associated to excitation-contraction processes, energy metabolism, 

REDOX system, and calcium homeostasis (Figure 6). Our study allowed a better 

understanding of the cardiac proteins modulated in cardiac hypertrophy. We hope that these 
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molecules can be further interrogated by the scientific community, as they represent potential 

new targets for treating the pathological cardiac hypertrophy as well as early marker 

candidates for cardiac hypertrophy and ultimately heart failure. 

5. Associated Data 

Mass spectrometry data and associated files have been deposited into the 

ProteomeXchange Consortium via the PRIDE[42] with the dataset identifier PXD013020.  
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Figure 1. Isoproterenol (ISO)-induced cardiac hypertrophy. (A) Schematic workflow used in 

this study. B) Confocal representative figure of immunofluorescence assay of 

cardiomyocytes isolated from control (CT) and treated (ISO) mice. Cells were labeled with 

Phalloidin conjugated to Alexa Fluor 488 (green) and DAPI (blue). C) Cardiomyocyte area 

was measured using ImageJ. Data are shown as mean ± SEM. Nonparametric t-test 

followed by Kolmogorov-Smirnov test was used to calculate the p-value. D) Histograms 

representing protein intensities from control (CT) and treated (ISO) animals. E) Distribution 

of proteins p-values (one-way ANOVA) versus log ratio (ISO vs. CT). 
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Figure 2. Canonical pathways associated with ISO-induced cardiac hypertrophy. A) Top-

scoring canonical pathways associated with the experimental dataset. Activation z-score 

was used to predict pathway activation (orange chart) or inhibition (blue chart) due to ISO 

treatment. White and grey charts denote, respectively, “no modulation” and “effect not 

predicted”. B) Quantitation of DHE fluorescence. C) Quantitation of mitochondrial ROS 

production using MitoSox fluorescent dye. Data are shown as mean ± SEM. Nonparametric 

t-test (followed by Kolmogorov-Smirnov test). 
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Figure 3. Downstream effects of ISO-induced hypertrophy.  A) IPA analysis showed the 

activation (positive regulation) of “quantity of muscle cells” (z-score = 0.15) and “contractility 

of ventricular myocardium” (z-score = 0.75). External symbols connected to the downstream 

effects represent the proteins differentially regulated by the ISO treatment (diamond for 

¨enzymes¨, dotted rectangle for ¨ion channel¨, trapezium for ¨transporter¨, octagon for 

¨function¨ circle for ¨other¨. B) Sample ventricular myocyte shortening trace from control (left) 

and ISO-treated (right) mice. C) Bar-charts representing the contractility parameters of the 

cardiomyocytes isolated from control and treated animals. Data are shown as mean ± SEM. 

Nonparametric t-test followed by Kolmogorov-Smirnov test was used to compare the 

experimental groups. Obtained p-values are shown. 
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Figure 4. Prediction of upstream regulators associated to the observed cardiomyocyte 

proteome remodeling due to ISO treatment. A) Prediction of upstream proteome regulators 

based on the experimental data (regulated proteins due to ISO treatment). Central nodes 

correspond to predicted upstream regulators. Peripheral nodes connected to the predicted 

regulators represent the differential regulated proteins (experimental data). Positive value for 

z-score (shades of orange) indicates activation due to ISO treatment. Negative z-score value 

(shades of blue) indicates regulator inhibition. B) Fluorescence assay using ventricular 

myocytes isolated from Myh7-YFP+/- control (CT) and Myh7-YFP+/- ISO-treated mice.  
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Figure 5. Proteomic data validation by qPCR. mRNA quantification of APBB1, GOLGA4, 

HOOK1 KATNA1, KIFBP, MAN2B2, RAB1, and SLC16A1. Nucleotide sequence of the 

primers used is represented in the Table 1. Data are presented as mean ± SEM. Parametric t-

test, (*) p < 0.05, (**) p < 0.01, not significant (n.s.).     
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Figure 6. Summarizing some molecular events underlying ISO-induced 

cardiomyocyte hypertrophy identified in this study. ISO-treatment led mainly to 

the upregulation of filament proteins related to muscle contraction and transporters 

(SLC16A1 and NCX1). On the other hand, ISO induced mainly downregulation of 

proteins associated to mitochondria function and carbohydrate metabolism. Although 

our proteomic analysis indicated upregulation of SERCA (ATP2A2), we could not 

validate this finding by western blot (Supporting Information, Figure S3). 

 

Table 1. Nucleotide sequence of the primers used for qPCR 

Primer name Nucleotide sequence 

Rab1_RT_FWD TTACTTCTGATTGGCGATTCTGG 

Rab1_RT_REV TGGGCTCCTCTGTAATAACTGG 

Golga4_RT_FWD CGGGGCTCATCAGCGAAAA 

Golga4_RT_REV AGACTGGACTATGCGGACCT 

Slc16a1_RT_FWD TGTTAGTCGGAGCCTTCATTTC 

Slc16a1_RT_REV CACTGGTCGTTGCACTGAATA 

Man2b2_RT_FWD AAAGCATGAGAGCCTATGCAG 

Man2b2_RT_REV GCCTCCGAGAACAAACTCCA 

Apbb1_RT_FWD AGCCAGTCGGCCATTAACG 

Apbb1_RT_REV GCACACTACCCTCTCCCATAG 

Kifbp_RT_FWD GTGTGAGGCAAAGGAGTTCTT 

Kifbp_RT_REV CCTGCGCTTGTGCATCTTG 

Katna1_RT_FWD AAATTGGCTCGTGAATATGCACT 

Katna1_RT_REV CGGAGGTGTGTATCTTTGACTGA 

Hook1_RT_FWD TTTCTGCCTGGTATAACAAGAGC 

Hook1_RT_REV GCTGCTGCGCTAAGAAGGAA 

S26_RT_FWD CGTGCTTCCCAAGCTCTATGT 

S26_RT_REV CGATTCCTGACAACCTTGCTATG 
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Table 2. Characterization of the isoproterenol-induced cardiac hypertrophy model.  

Parameters Control ISO 

BW (g) 22.0 ± 1.6 21.6 ± 2.1 

HW (mg) 128.0 ± 5.3 145.0 ± 2.3 

TL (cm) 1.7 ± 0.0 1.8 ± 0.1 

 HW:BW (mg/g)† 5.8 ± 0.4 6.8 ± 0.6* 

 HW:TL (mg/cm)‡ 75.3 ± 3.1 82.5 ± 1.4* 

Hypertrophy† ~17% 

Hypertrophy‡ ~10% 

BW, body weight; HW, heart weight; TL, tibia length. HW normalized by BW†. HW 

normalized by TL‡. Data are expressed as mean ±SEM. *p-value<0.05 (Student t-test); n=3. 


