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Abbreviations 

LV left ventricle, LVH left ventricular hypertrophy, SHR spontaneously hypertensive rat 

MI myocardial infarction, PCR polymerase chain reaction, siRNA small interference 

RNA ANP, Atrial natriuretic peptide. BNP, B-type natriuretic peptide βMHC, beta myosin 

heavy chain TGFβ, Transforming growth factor -β1 VEGF, Vascular endothelial growth 

factor  IVSd, Interventricular Septum thickness in diastole; IVSs, Interventricular Septum 

thickness in systole; LVIDd, left ventricular internal diameter in diastole; LVIDs, left 

ventricular internal diameter in systole; LVPWd, Left ventricular posterior wall thickness 

in diastole; LVPWs, Left ventricular posterior wall thickness in systole; LVEDV, Left 

ventricular end diastolic volume; LVESV, Left ventricular end systolic volume; SF, 

shortening fraction; EF, Ejection fraction; SV, Stroke volume; HR, Heart rate. 

 

 

 

 

 

 

 

                  



4 
 

Abstract 

Background 

Cardiac thyrotropin-releasing hormone (TRH) is a tripeptide with still unknown functions. 

We demonstrated that the left ventricle (LV) TRH system is hyperactivated in 

spontaneously hypertensive rats and its inhibition prevented cardiac hypertrophy and 

fibrosis. Therefore, we evaluated whether in vivo cardiac TRH inhibition could improve 

myocardial function and attenuate ventricular remodeling in a rat model of myocardial 

infarction (MI).  

Methods and Results 

In Wistar rats, MI was induced by a permanent left anterior descending coronary artery 

ligation. A coronary injection of a specific siRNA against TRH was simultaneously 

applied. The control group received a scrambled siRNA. Cardiac remodeling variables 

were evaluated one week later. In MI rats, TRH inhibition decreased LV end-diastolic 

(1.049±0.102 vs. 1.339±0.102 ml, p<0.05), and end-systolic volumes (0.282±0.043 vs. 

0.515±0.037 ml, p<0.001), and increased LV ejection fraction (71.89±2.80 vs. 

65.69±2.85 %, p<0.05). Although both MI groups presented similar infarct size, siRNA-

the TRH treatment attenuated the cardiac hypertrophy index and myocardial interstitial 

collagen deposition in the peri-infarct myocardium. These effects were accompanied by 

attenuation in the rise of TGFβ, collagen I, and III and also the fetal genes (ANP, BNP, 

and βMHC) expression in the peri-infarct region. Besides, the expression of Hif1α and 

VEGF significantly increased compared to all groups.  

Conclusions 

Cardiac TRH inhibition improves LV systolic function and attenuates ventricular 

remodeling after MI. These novel findings support the idea that TRH inhibition may 

serve as a new therapeutic strategy against the progression of heart failure. 
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Introduction: 

Thyrotropin-releasing hormone (TRH) is a small neuropeptide (p-Glu-His-Pro-NH2) 

initially identified in the hypothalamus. The TRH gene (Trh in rodents) encodes a TRH 

precursor with several copies of the tripeptide, the number of which depends on the 

species. 

TRH is widely distributed in the central nervous system(24) and other extraneural 

tissues(8). TRH also has effects on the cardiovascular system of rodents, because its 

intracerebroventricular or intravenous administration increases blood pressure, heart 

rate, and contractility(23). The hypertensive effect of TRH seems to be independent of 

the thyroid system(11, 19, 25). 

Previous studies have demonstrated that the TRH system is present in the rat heart(5, 

35), and induces cardiac contractility in isolated rat hearts (32).  

Also it was described that the left ventricle (LV) TRH system is hyperactivated in the 

hypertrophied left ventricle (LV) of adult spontaneously hypertensive rats (SHR). 

Indeed, cardiac TRH inhibition prevents cardiac hypertrophy despite the fact that severe 

hypertension still develops. These findings suggest that TRH is involved in the 

hypertrophy process of the SHR(29). Moreover, we observed that the intracardiac 

overexpression of TRH induced by the injection of a specific plasmid (PCMV-TRH) in 

the LV of a normal Wistar rat leads to a hypertrophic heart phenotype characterized by 

the increase of hypertrophic markers expression (ANP, BNP and β-MHC)(30). 

Furthermore, Jin et al.(17) identified Trh as one of the genes induced in the LV of rats 

with heart failure, up to 8 weeks after myocardial infarction. They also suggested that 

TRH may have a long-term detrimental effect in rats with ischemic cardiomyopathy(17).  
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Based on these results, it was postulated that TRH plays an autocrine or paracrine role 

in cardiac physiology.  

Although both TRH mRNA and protein were found in human heart tissue(4, 15, 28),  the 

role of endogenous TRH in ischemic myocardium and myocardial remodeling after 

infarction remains unknown. 

In this study, we developed a long term specific inhibition of the LV TRH system to 

evaluate the participation of TRH in post-ischemic remodeling. We hypothesize that its 

inhibition could attenuate tissue damage and improve ventricular function after 

myocardial infarction. 

In addition, Hypoxia-inducible factor 1 (Hif-1α) a well-known regulator  of the hypoxic 

response after myocardial infarction, is up-regulated in regions of myocardial infarction 

and ischemia (21), and protects against the extension of infarction and improves border 

zone survival (18). As HIF-1α is known to induce transcription of several genes, 

including VEGF (31) and regulate the oxidative stress of heart tissue (31), we studied 

both pathways and postulated that Hif-1α may be regulated by TRH.  

Altogether, our results indicate a novel and cardioprotective role of the inhibition of the 

cardiac TRH system in the non-reperfused myocardium. 

 

 

 

 

 

Methods: 

Ethics statement.  

                  



8 
 

All experiments were performed in accordance with the “Guide for the Care and Use of 

Laboratory Animals” (US National Institutes of Health Publication No. 85-23, National 

Academy Press, Washington, DC, revised 1996) .The protocol was approved by the 

Institutional Animal Care and Use Committee CICUAL UE-IDIM (IDIM-CONICET, 

Buenos Aires, Argentina) Number: 019-14. All protocols were performed under 

anesthesia, and all efforts were made to minimize suffering. 

All reagents were from Sigma (St. Louis, MO) unless otherwise indicated. 

Animals.  

16 week-old male Wistar rats (12 rats/group, Charles River Laboratories) were housed 

in a room with controlled temperature (23 +/- 1°C) under a 12:12-h light-dark schedule. 

 

Model of Myocardial Infarction (MI) and siRNA injection 

The animals were divided in four groups of 12 animals each as follows: Sham+siRNA-

Control, Sham+siRNA-TRH, Infarct+siRNA-Control and Infarct+siRNA-TRH. At the 

end, animals from each group were used for anatomopathology (n=6/per group) and 

biochemical and molecular (n=6/per group) studies. 

Male Wistar rats (16 weeks old; 350 to 450 g) were anesthetized with an intraperitoneal 

injection of ketamine (90 mg/kg) and xylazine (10 mg/kg), intubated and ventilated 

(Harvard Apparatus respirator, model 683; South Natick, Massachusetts).  

After a left thoracotomy, MI was produced by permanent ligation of the left anterior 

descending coronary artery (LAD) about 3–4 mm from the top of the left atria using 6-0 

prolene suture. The suture was not tied in control rats (sham group). 

The rats were randomized into different treatment groups after LAD ligation. Within one 

minute after coronary ligation, 40 µg of siRNA against TRH or siRNA scrambled in 200 

µL of saline was injected using an insulin syringe directly into the anterior wall of the left 
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ventricle after ligation of the LAD. This dose was chosen based on our prior studies 

(29). Intramyocardial injections were performed in multiple sites of the LV free wall 

(apex to base), by slowly injecting the solution while withdrawing the syringe. The 

siRNA gene transfer to the normal hearts was performed with the same technique 

without ligation of the LAD. After the procedure, the chests were closed with a 

continuous 6–0 prolene suture, followed by a suture to close the skin and the rats were 

allowed to recover.  After surgery, all rats received antibiotics (10 mg ampicillin 

intramuscularly) and analgesia tramadol clorhidrate 5mg/kg intraperitoneally for 24hr. 

Specific stealth™ iRNAs from Invitrogen (CA, USA) were used as previously 

described(29), which present a chemical modification resulting in lower toxicity and 

higher stability. This modification eliminates concerns about sense strand off-target 

effects as previously described (27). 

For the iRNA selection, the Block-iT™ iRNA Designer software was used. A mix of two 

double-strand sequences against Trh (TRH-iRNA498 and TRH-iRNA138) and a mix of 

two control iRNA sequences carrying mismatches compared with the specific ones 

(Con-iRNA498 and Con-iRNA138) were used, and whose sequences are as follows:  

TRH-iRNA498:  S: 5  ACGGUCCUGGUUACCAGAUUUCUUU3   and  

 AS: 5  AAAGAAA UCUGGUAACCAGGACCGU3  ;  

TRH-iRNA138: S: 5`GAUCUUCACCCUAACUGGUAUCCCU3   and  

 AS: 5`AGGGAUACCAGUUAGGGUGAAGAUC3`; 

Con-iRNA498: S: 5  ACGCCGUUGAUCCGAUAUUCUGUUU3   and  

 AS: 5  AAACAGAAUAUCGGAUCAACGGCGU3  ;  

Con-iRNA138: S: 5  GAUCACUAUCCGUCAUAUGCUCCCU3   and  

 AS: 5  AGGGAGCAUAUGACGGAUAGUGAUC3    

The screening of known rat genes from genomic databases of the National Center for 

Biological Information using the Blast program indicates specificity of the sequence 
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used in the iRNA design and confirms their 100% homology with the rat preproTRH 

gene (Trh).  

Echocardiography 

6 days after the MI surgery we performed Transthoracic Echocardiography with the 

Ultramark 9 Ultrasound system using a 10-MHz linear transducer on anesthetized 

animals.  

The two-dimensional parasternal short-axis imaging plane was used to obtain M-mode 

tracings at the level of the papillary muscles. Left ventricular (LV) internal dimensions 

and LV wall thickness were determined at systole and diastole using leading-edge 

methods and guidelines of the American Society of Echocardiography (10).  

Left ventricular end-diastolic diameter was measured at the time of the maximal left 

ventricular end-diastolic diameter. In contrast, left ventricular end-systolic diameter was 

assessed at the time of the most anterior systolic excursion of the posterior wall. 

Ejection fraction was also calculated and used as an ejective index of systolic function. 

The measurements included: Interventricular septum diastolic and systolic dimension 

(IVS Thickness d, s), Left ventricular posterior wall thickness (systolic and diastolic) 

(LVPW Thickness s, d), Left ventricle end-diastolic and systolic volume (LVEDV, 

LVESV), Stroke volume (SV), Ejection fraction and fractional shortening (EF, FS). All 

measurements were based on the average of three consecutive cardiac cycles and 

were performed by one observer who did not know the previous results.  

 

 

Histology, Infarct size and Image Analysis 

For histologic analysis, Hearts were perfused with saline solution through the abdominal 

aorta until they were free of blood. Hearts were frozen and sectioned transversely from 
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apex to base into 2-mm slices and then immediately sliced with a scalpel into 1-mm-

thick sections perpendicular to the long axis of the heart. These slices were used to 

measure the infarct size by TTC. For fibrosis measurement, the tissues was fixed in 

10% buffered formalin solution (pH 7.2) and were embedded in paraffin, and 5-um-thick 

sections were cut from the midsection of the heart, at the level of the papillary muscles. 

The fibrosis was measured from LV circumference in Masson’s trichrome and Sirius 

red-stained sections with a digital image analysis system. Three pictures were taken 

from each heart for later analysis. 

 

Infarct size.  

Hearts were frozen and sectioned transversely from apex to base into 2-mm slices. To 

delineate the infarct size, tissue sections were incubated in 1% (wt/vol) 

triphenyltetrazolium chloride (TTC) (Sigma) in PBS (pH 7.4) at 37C for 15 min allowing 

differentiation between the viable (red) and necrotic areas (pale) of the myocardium. For 

each section, the infarct size was measured from enlarged digital photos. MI percentage 

was calculated as the infarcted area divided by the area of the whole LV of the section. 

Cumulative areas for all tissue sections from each heart were used for the comparisons. 

All tissue samples were evaluated independently by two investigators without prior 

knowledge of the group to which the rats belonged. All measurements were carried out 

using an image analyzer (Image-Pro Plus version 4.5 for Windows, Media Cybernetics, 

LP, Silver Spring, Maryland, USA). 

Using sections stained with Sirius red (SR), and Masson's Trichrome-stained 5-µm 

paraffin‑embedded sections visualized by polarized light microscopy, the infarction scar 

was measured as a percentage from the LV circumference. Fibrosis was measured by 

the Nikon program E400 light microscope (Nikon Instrument Group, Melville, N.Y., 

USA), from five representative fields from the infarcted myocardium region. Collagen 
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areas in infarcted and noninfarcted regions were determined (X40 magnification) using 

brightfield illumination. 

To verify the efficiency of the Trh gene inhibition by siRNA, tissue sections were stained 

with an anti–TRH precursor specific antibody as previously described (26).  

 

 

Immunohistochemical evaluation 

Immunolabelling was carried out, as previously described(26), using a modified avidin-

biotin-peroxidase technique (Vectastain ABC kit, Universal Elite; Vector Laboratories, 

California, USA). Following deparaffinization and rehydration, sections were washed in 

PBS for 5 min. Quenching of endogenous peroxidase activity was achieved by 

incubating the sections for 30 min in 1% hydrogen peroxide in methanol. After washing 

in PBS (pH 7.2) for 20 min, the sections were incubated with blocking serum for a 

further 20 min. After that, the sections were rinsed in PBS and incubated with a 

biotinylated universal antibody for 30 min. After a final wash in PBS, the sections were 

incubated for 40 min with Vectastain Elite ABC reagent (Vector Laboratories, California, 

USA) and exposed for 5 min to 0.1% diaminobenzidine (Polyscience, Warrington, 

Pennsylvania, USA) and 0.2% hydrogen peroxide in 50 mmol/L Tris buffer (pH 8). For 

the purpose of evaluating TRH precursor content by immunohistochemistry, the specific 

anti-rat TRH precursor polyclonal antibody was used at a dilution of 1:300 (sc-366754, 

Santa Cruz, Inc., USA), for TGF-β1 a polyclonal antibody was used at a dilution of 

1:400 (ab92486, Abcam Cambridge, MA) and for collagen type I a rabbit polyclonal 

antibody was used at a dilution 1:50 (ab90395, Abcam, Cambridge, MA). For the 

evaluation of collagen type III content (167-5M, Biogenex, CA, USA mouse monoclonal 

antibody was used at a dilution 1:40 and for HIF1α (A4.951) NB100-131, Novus 

Biologicals, LLC, USA) mouse monoclonal antibody was used at a dilution 1:700. For 
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VEGF was used at a dilution 1:500 (sc-7269, Santa Cruz Biotechnology, Dallas, TX, 

USA), For Thioredoxin was used at a dilution 1:200 (ab86255, from Abcam, Cambridge, 

UK),  for Peroxiredoxin was used at a dilution 1:300 (ab15571, from Abcam, Cambridge, 

UK),  for Nitrotyrosine was used at a dilution 1:300 (#MAB5404; Millipore, Burlington 

MA, USA),  for HSP70 was used at a dilution 1:200 (sc-1060, from Santa Cruz 

Biotechnology, Dallas, TX, USA) and  anti-HSP27 was used at a dilution 1:200 (sc-1048 

from Santa Cruz Biotechnology, Dallas, TX, USA).  (Images 600x). Three pictures were 

taken from each heart for later analysis. Sections across the experiments were stained 

at the same time and conditions for all the groups.  

 

 

Quantitative real-time RT-PCR. 

Quantification of Trh, collagen type III (Col3a1), collagen type I (Col1a1), BNP (Nppb), 

βMHC (Myh7), ANP (Nppa), TGFβ (Tgfb1), VEGF (Vegfa), GLUT4 (Slc2a4), Caspase 3 

(Casp3), GATA4 (Gata4) and HIF1α (Hif1a) mRNA expression was performed using a 

real-time RT-PCR technique normalized by beta actin (Actb) housekeeping gene 

expression. Briefly, for cDNA synthesis, 

2 µg of total RNA and 1 µg of random hexamer primers (Promega) were heated 

followed by incubation at 4°C. After RT reaction (Promega), real-time PCR was 

performed using a Bio-Rad iQ iCycler Detection System (Bio-Rad Laboratories) with 

SYBR green fluorophore. Reactions (in duplicate) were carried out in a total volume of 

20 µl. A three-step protocol (95°C for 30 s; 60, 64, or 66°C annealing for 30 s; and 72°C 

extension for 40 s) was repeated for 43 cycles. Rat primers (Invitrogen) for rat Trh, rat 

BNP (Nppb),, rat collagen type III (Col3a1), and rat beta actin (Actb)  were as previously 

described (29). 
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Additional primers were designed as follows:  

TGFβ1:  Forward 5’-CAATGGGATCAGTCCCAAAC-3’ and  

 reverse 5’-GTTGGTATCCAGGGCTCTCC-3’,   

ANP:  Forward 5’-GATGGATTTCAAGAACCTGCT-3’ and   

 reverse 5’-CGCTTCATCGGTCTGCTC-3’,  

βMHC:  Forward 5’-ATCCTCATCACCGGAGAATC3’ and  

 reverse 5’-GGTTGGCTTGGATGATTTGA-3’,  

Collagen type I A1 : Forward 5’-GATGATGGGGAAGCTGGTAA-3’ and  

 reverse 5’-CCTCTGTGTCCCTTCATTCC-3’,  

VEGF:  Forward 5’-GCCCATGAAGTGGTGAAGTT-3’ and  

 reverse 5’-ACTCCAGGGCTTCATCATTG-3’,  

GLUT4:  Forward 5’-TGCCCGAAAGAGTCTAAAGC-3’ and  

 reverse 5’-TGGACGCTCTCTTTCCAACT-3’,  

caspase3:  Forward 5’-CAAGTCGATGGACTCTGGAA-3’ and  

 reverse 5’-TGACATTCCAGTGCTTTTATGG-3’,  

GATA4:  Forward 5’-CCCCAATCTCGATATGTTTGA-3’ and  

 Reverse 5’-GCCGGTTGATACCATTCATC-3’,  

HIF1α:  Forward 5’-CGATGACACGGAAACTGAAG-3’ and  

 reverse 5’-TTCGAAGTGGCTTTGGAGTT-3’ 

Melt curve analysis was performed after every run to ensure a single amplified product 

for every reaction. The authenticity of the amplicons generated was confirmed by their 

size on a 2% agarose gel. It was also used as reference genes GAPDH (Gapdh), HPRT 

(Hprt1), and beta-actin (Actb) was chosen. 

No differences were found between any of the experimental groups in the beta-actin 

(Actb) housekeeping gene by the GeNorm software. Quantification was done by 
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normalizing the (cycle threshold) Ct values of genes of interest with respect to beta-

actin Ct ones by applying the 2−ΔΔCT method. 

 

Biochemical and pathology experiments.  

After one week, rats were weighed, and tibia long index was measured before rats were 

killed by decapitation. Blood samples were collected, and thyroid hormone levels were 

measured from serum using a chemiluminescent enzyme immunometric assay (EICLIA) 

(Roche, Buenos Aires, Argentina). Hearts were rapidly removed and weighed. The non-

infarcted region of the LV (counterpart of the infarcted area, remote zone) from each rat 

was cut and stored until analysis. In some animals, cardiac tissues (atria, LV, right 

ventricle, and septum) were separated for the quantification of mRNA expression (n=6); 

others without separating cardiac tissues were used for pathology experiments (n=6). 

 

 

Cell culture and simulated ischemia 

We used the model described by Bès S et al(3) with modifications. H9c2 embryonic rat 

heart-derived (ventricular) cells (myoblasts) from ATCC (American Type Culture 

Collection, Manassas, VA, USA) were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM)/F12, with 4,5 g/L glucose supplemented with 10% fetal bovine serum (FBS) 

and 1% gentamicin/streptomycin (v/v) with trans retinoic acid (10nM) under 95% air/ 5% 

CO2, and subcultured when at 50–60% confluence. 

One day before transfection, cells were plated in a 6 well plate in growth medium 

without antibiotics with 10nM trans Retinoic acid. Transfections were performed at 

60%70% confluence using Lipofectamine 2000 as described previously(26, 30). Cells 
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were incubated in Opti-MEM I Reduced Serum Medium (Invitrogen) with or without 

RNAi–Lipofectamine 2000 complexes (50 nM) (2 μg/ml) for 16 h and then replaced with 

fresh DMEM with FBS or hypoxic medium with trans retinoic acid and antibiotics. 

Hypoxia consisted of layering mineral oil (2ml) over a thin film of the hypoxic medium 

that covered the cells for 2 hours before culturing the cells in serum-deficient DMEM for 

24hours. Then, cells were harvested for mRNA extraction. The hypoxic medium 

(prebubbled with N2 gas) was an HEPES-buffered medium containing (in mmol/L) 139 

NaCl, 4.7 KCl, 0.5 MgCl2 , 0.9 CaCl2 , 5 HEPES, pH 7.4. The control plates were kept 

in normoxic conditions with 300ul of mineral oil (not layering) and were cultured in 

parallel for each condition of the same time as the experimental groups. 

 

Statistics.  

Values are expressed as means ± standard deviation (SD) except where indicated. All 

statistical analyses were performed using absolute values and processed using 

Statistics (version 6.0, Software). The assumption test to determine Gaussian 

distribution was performed by the Kolmogorov-Smirnov method. For parameters with 

Gaussian distribution, comparisons between groups were carried out using one-way 

ANOVA followed by Bonferroni’s test, Kruskal-Wallis test (nonparametric ANOVA), and 

Dunn’s multiple comparison test when appropriate. In the case of two groups, mean 

comparisons were performed using a t-test or Mann-Whitney test when necessary. P 

values of <0.05 were considered significant 

 

Results: 

siRNA-TRH inhibition effect on survival rate and infarct size 
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siRNA-TRH or siRNA-Control was injected into the infarct and border zone immediately 

after coronary ligation.  

There were no differences in the survival rates of MI siRNA-TRH compared to MI 

siRNA-Control treated animals 1week follow-up -MI (74% vs. 70%, respectively). 

Additionally, there was no difference in infarct size between the MI siRNA-Control and 

MI siRNA-TRH groups, measured by triphenyltetrazolium (TTC) method (32 ± 3.3 % 

and 30 ± 3.1 % respectively). 

 

Effects of MI on TRH expression  

We found a significant increase in the expression of myocardial TRH precursor mRNA 

(p<0.001) in the peri-infarct area of infarcted rats respect to sham when injected with 

siRNA-Control. The increase in TRH precursor mRNA abundance was significantly 

reduced by four-fold with the siRNA-TRH treatment (Figure 1A). In agreement, LV 

immunohistochemistry showed an enhanced positive brown signal corresponding to 

TRH precursor peptide levels in the peri-infarct area of the MI siRNA-Control group, 

which was significantly attenuated (p<0.01) in the peri-infarct area of the MI siRNA-TRH 

group. These results confirmed that MI increases TRH expression at both gene and 

protein levels, and these changes were effectively blocked by the specific siRNA-TRH 

treatment. It is worthy to note that there was low basal expression of TRH in sham 

hearts (Figure 1B). 

Furthermore, cardiac siRNA treatment against TRH did not alter plasma thyroid 

hormone levels in any group indicating that the results were independent of the thyroid 

system (Supplemental Figure1). There were also no significant TRH mRNA expression 

differences in pancreas or hypothalamus in any group (data not shown). 

 

siRNA-TRH inhibition reduces hypertrophy in response to MI  
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The hypertrophy index expressed as heart weight to body weight ratio (HW/BW) was 

significantly higher in MI group compared to non-infarcted controls both treated with 

siRNA-Control, indicating the presence of MI-induced hypertrophy. Conversely, 

infarcted rats treated with siRNA-TRH showed a HW/BW similar to that of sham 

controls, and then significantly lower than siRNA-Control-treated infarcted rats (Figure 

2A). There were no significant differences between body weights in the MI groups (data 

not shown). 

Consistent with hypertrophy index, echocardiography performed six days after LAD 

ligation showed a markedly increase in interventricular septum (IVS) thickness and left 

ventricular internal (LVI) diameter, corresponding to postinfarction hypertrophy. The 

Inhibition of TRH in the MI group significantly lowered diastolic IVS thickness and LVI 

diameter (systolic and diastolic) compared with the control group (Table 1). 

Additionally, to confirm the effects of siRNA-TRH inhibition on cardiac remodeling, we 

examined the expression of several genes associated with hypertrophy in areas around 

the infarct border zone. Consistent with the macroscopic results, there was a significant 

more than 2-fold increase in the mRNA expression of ANP (Nppa), BNP (Nppb), and β-

MHC (Myh7) in the MI siRNA control rats respect to the sham group. When TRH was 

silenced, these MI-associated gene expressions were significantly decreased compared 

to those observed in MI siRNA-Controls (Figure 2B).  

All these data indicate that siRNA-TRH inhibition prevented cardiac hypertrophy in the 

peri-infarct region induced by MI. 

 

siRNA-TRH inhibition improves cardiac function following MI 

As shown in Table 1, six days after LAD ligation the Infarcted siRNA-Control group, 

presented a markedly decrease in shortening fraction (SF) and ejection fraction (EF) 
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with an increase in the left ventricular cavity areas at diastole and systole (LVEDV and 

LVESV, respectively) respect to sham. These changes are pathognomonic of the 

postinfarction myocardial failure. The inhibition of TRH, significantly lowered LVEDV, 

LVESV, and increased EF compared to the infarct siRNA-Control group. Shortening 

fraction tended to rise in MI siRNA-TRH treated animals, although this observation was 

not statistically significant. Heart rate significantly increased in the infarcted group with 

siRNA-Control compared to sham, whereas it was significantly lower in the siRNA-TRH, 

reaching levels similar to those observed in sham animals. 

Sham-operated animals did not present myocardial dysfunction as assessed by 

echocardiography. 

Altogether these results confirm a protective effect and an improvement on the cardiac 

function mediated by LV TRH inhibition in the infarcted rats. 

 

siRNA-TRH inhibition reduces myocardial fibrosis following MI 

Based on the TRH-induced profibrotic effects previously observed in SHRs(29) and to 

further investigate whether the siRNA-TRH delivery influenced the morphology of the 

heart, we analyzed the fibrotic status. Interstitial fibrosis in the peri-infarct area of the LV 

infarcted rats significantly increased by more than 15 fold compared to sham rats as 

shown by Sirius red and Masson’s technique. The collagen deposition in the MI siRNA-

TRH treated group was significantly reduced compared to MI siRNA-Control group 

(p<0.01) (Figures 3A and 3B). No difference was observed in the collagen deposition of 

the scar between the groups.  

Additionally, we measured the expression of fibrosis marker genes TGFβ, Collagen type 

I, and type III. As expected, there was a significant more than two-fold increase in their 

expression in the peri-infarct area of the infarcted control rats compared to the sham. As 
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hypothesized, their expressions were significantly diminished in the MI siRNA-TRH 

group respect to MI control group (Figures 4 A, B, C).   

To reinforce these findings, we performed heart immunohistochemistry (Figures 4 D, E, 

F). In MI siRNA-Control rats, the protein expression of TGFβ, Collagen I and Collagen 

III significantly increased (p<0.01) compared to the sham rats. In contrast, silencing 

TRH in the MI groups significantly reduced the protein immmunostaining of TGFβ, 

Collagen I and Collagen III in the peri-infarct area compared to MI siRNA-Control. 

siRNA-TRH treatment did not affect cardiac collagen deposition in sham rats. 

Collectively, these data demonstrated that, siRNA-TRH inhibition not only improves LV 

function but also ameliorates the morphology of infarcted hearts after MI by reducing the 

fibrosis in the infarct border zone.  

 

siRNA-TRH inhibition increase Hif1α and VEGF following MI 

To further investigate the molecular mechanisms underlying the effect of TRH inhibition 

on the ischemic heart, we measured the mRNA expression of HIF1α. We observed a 

significant increase in HIF1α mRNA abundance in the MI siRNA-TRH treated group 

compared to MI siRNA-Control and sham-treated groups (Figure 5A). There was no 

evident increase in HIF1α mRNA levels in siRNA-Control group respect to sham, in 

accordance with bibliography. Nevertheless immunohistochemical results showed a 

modest induction of HIF1α protein in the infarct border zone. 

Consistent with the mRNA expression data, a significant increase in Hif1α protein levels 

was observed in the MI siRNA-TRH group compared to MI siRNA-Control and Sham 

groups (Figure 5B).  
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To reinforce these findings, we measured the mRNA expression of VEGF and we 

observed as expected a significant increase in VEGF mRNA abundance in the MI 

siRNA control compared to sham-treated groups. In agreement, immunohistochemical 

results showed the same pattern.  Strikingly, we observed a significant increase in 

VEGF mRNA abundance in MI siRNA-TRH treated group compared to MI siRNA control 

group (Figure 5C). In parallel a significant increase in VEGF protein levels was 

observed in the MI siRNA-TRH treated group compared to MI siRNA-Control and sham-

treated groups (Figure 5D). 

This result may account for the beneficial effects of the siRNA-TRH treatment in MI. 

 

siRNA-TRH inhibition decrease oxidative stress  following MI 

Based on the role of oxidative stress in myocardial ischemia and infarction, we 

measured several antioxidant enzymes and oxidative stress markers.  

As expected, there was a significant increase in the expression of Thioredoxin (Figure 

supplemental 3A), peroxiredoxin (supplemental 3B), nitrotyrosine (supplemental 3C), 

HSP70 (supplemental 3D) and HSP27 (supplemental 3E) in the peri-infarct area of the 

infarcted control rats compared to all groups (p<0.01) confirming the infarct injury 

induced in cardiac tissue. In contrast, silencing TRH in the MI group significantly 

reduced the protein immmunostaining of all these proteins in the peri-infarct area 

compared to MI siRNA-Control (p<0.01). 

Collectively, these data demonstrated that, in addition to improving the LV function, 

siRNA-TRH inhibition decreases oxidative stress markers supporting an additional 

protective effect of the siRNA-TRH treatment. 
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siRNA-TRH inhibition reduces markers of hypoxia in an in vitro model emulating 

myocardial ischemia 

To mimic the conditions of myocyte death in vitro, we use a model of hypoxia with 

increase expression of Hif1α(12). The cell line H9C2 was exposed to culture conditions 

that simulated ischemia. 

We found the same pattern of a significant increased expression of TRH in the hypoxia 

group compared to the control group after 2 hours of hypoxic condition. The treatment 

with siRNA-TRH in the hypoxia group significantly reduced the TRH gene expression by 

two-fold, demonstrating the efficacy of the siRNA-TRH treatment. As expected, we 

found a significant increase in the expression of other hypoxia marker genes such as 

GLUT4, VEGF, and GATA4, as well as the apoptosis marker Caspase 3 in the hypoxic, 

compared to normoxic conditions cells treated with siRNA-Control. There was a 

significant reduction in the expression of all these genes in the hypoxic siRNA-TRH 

group compared to hypoxic siRNA-control, similar to normoxic groups (Supplemental 

Figure 2). 

These results demonstrate that hypoxic conditions in vitro increase the expression of 

TRH in cardiomyocytes. Moreover, TRH inhibition reduces the expression of markers of 

hypoxia in this model. 

 

Discussion: 

In this study we demonstrated that cardiac TRH inhibition improves LV systolic function 

and attenuates ventricular remodeling 1 week after MI. These novel findings support the 

idea that TRH inhibition may serve as a new therapeutic strategy to prevent the 

progression of heart failure. 
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Since the discovery of a TRH system in the heart, many authors have attempted to 

elucidate the function of local TRH in cardiac physiology (1, 13, 35), and both the mRNA 

and the protein were found in human heart tissue(4, 15, 28). 

In animal models, it was described that its expression in cardiac tissue appears to be 

low under physiological conditions, as can be observed in sham animals  (6, 11). 

Our group has previously reported that adult SHRs show a LV TRH system 

hyperactivity only after the development of cardiac hypertrophy. Also, the long-term 

inhibition of the LV TRH system in young SHRs prevented cardiomyocyte enlargement, 

extracellular matrix expansion and fibrosis development. Moreover, the LVH index was 

lower and similar to their control Wistar Kyoto rats, at adult stages despite the persistent 

and severe hypertension still present in this model(29). 

In parallel, Jin et al. showed that there is a sustained induction in the expression of LV 

TRH precursor mRNA in the scar and the peri-infarct myocardium up to 8 weeks after 

MI. Their model presents depressed cardiac function(17). Since then, no other studies 

have reported the role of cardiac TRH after infarction.  

In this study, we confirm the induction of TRH in the infarcted heart and further 

demonstrated, for the first time in our knowledge, that in vivo inhibition of cardiac TRH 

by siRNA improved cardiac function and protected against cardiac remodeling after MI 

in rats. The beneficial effects included attenuation of hypertrophy, cardiac fibrosis, and 

LV enlargement. 

One week after MI, animals with a TRH system blocked showed an improvement in 

cardiac function in comparison with rats infarcted with a native TRH system. Animals 

treated with siRNA-TRH presented higher EF and lower LVEDV and LVESV despite an 

unaltered infarct size. Moreover, infarcted control rats exhibited compensatory 

hypertrophy in the septum, and increased internal diameter of the left ventricle, which 

was prevented by TRH silencing. Then, specific TRH inhibition treatment normalized the 
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increase in the mass hypertrophy index one week after MI. Consistent with the fact that 

TRH inhibition effectively prevented the hypertrophy induced by MI in vivo, we found a 

decrease in the expression of all hypertrophy markers in the peri-infarct region, which is 

similar to a fetal gene expression pattern. These findings are also in agreement with our 

previous in vitro studies, where TRH overexpression in primary culture myocytes 

increased hypertrophic markers such as BNP and βMHC(30).  

It is well known that collagen deposition and fibrosis play an essential role in cardiac 

remodeling after MI. Cardiac collagen remodeling occurs not only in the infarcted area, 

but also in remote areas from the infarct site(6). Notably, remodeling in the non-

infarcted area is the primary contributor to ventricular remodeling(7). It has been shown 

that excessive accumulation of myocardial collagen might result in myocardial stiffness 

and severely impaired relaxation(9). In this study, we showed that TRH inhibition 

significantly attenuated the increase in the collagen deposition. Also, animals treated 

with the specific siRNA against TRH showed less fibrosis compared to animals treated 

with mismatch-siRNA. In agreement, mRNA levels of collagen type I and III, major 

components of the pericellular matrix, followed the same pattern. These data are in line 

with our previous results showing that TRH overexpression in cardiac fibroblast 

increased collagen synthesis in vitro(30) and that the profibrotic effect of the angiotensin 

II requires an intact cardiac TRH system to induce hypertrophy and fibrosis in vivo and 

in vitro (26).  

Taken together, these data suggest that improvements in cardiac function by the 

specific LV TRH inhibition may be related to a reduction in i) cardiac hypertrophy, and ii) 

interstitial fibrosis in the peri-infarct region, without affecting perivascular fibrosis. 

Further mechanistic studies are required to elucidate the precise effect on profibrotic 

signaling cascades. 
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LV hypertrophy after MI seems to be an adaptative response to maintain the contractile 

function. However, in this study, we found a reduction in cardiac hypertrophy 

accompanied by a decrease in fibrosis, which, as a whole improves cardiac function in 

agreement with many other authors (33, 36).  

Probably the most significant contribution of TRH inhibition in this scenario is the 

decrease in fibrosis, which causes less dilation and hypertrophy. Indeed the organ 

conserves a better ejection fraction with higher contractile force, which leads to a 

reduction in wall stress.  

As speculated by Jankowsky et al.(16) and Jin et al.(17), in this context, LV TRH 

inhibition results in an improvement of cardiac function and may be a useful therapeutic 

approach.  

Strikingly, pharmacological approaches or other gene therapies took more than three 

weeks to attenuate the ventricular remodeling reaching a similar reduction in collagen 

deposition as to one week TRH therapy inhibition(2, 34). Thereby we propose the TRH 

as an early player in the cardiac remodeling. 

These results point out some advantages such as short treatment period with high local 

cardiac concentrations and fewer side effects (e.g. avoid hypotension) which could 

possibly be able to synergize the current treatments. Cultured cells under hypoxia could 

serve as a useful in vitro model for exploring infarction. We used the H9C2 cell line that 

exhibits electrophysiological and biochemical properties of cardiac tissue, without 

spontaneous contraction(14). 

Hypoxic conditions induced a significant increase in hypoxic markers as well as TRH 

expression similar to those observed in the cardiac tissue of infarcted rats. In 

accordance, in this model, TRH inhibition effectively reduced the expression of hypoxic 

markers, Glut4, Gata4, Vegf, and caspase 3, indicating that they depend on TRH. 
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In the series of events after MI hypoxia-inducible factors may play a central role. It has 

been previously shown that higher amounts of HIF-1α in the heart improve cardiac 

performance, protect against the extension of infarction, and improve border zone 

survival in myocardial infarction(18). We observed that HIF-1α mRNA and its protein are 

significantly induced by TRH silencing. 

HIF-1 controls several pathways critical for cellular response to hypoxia. One of them 

includes the transcriptional activation of angiogenic genes such as VEGF, and 

protection from oxidant stress (18). Antioxidant enzymes such as peroxiredoxins, 

thioredoxin, and Nitrotyrosine also contribute to cellular protection by reducing oxidized 

critical thiols in key enzymes/proteins and maintaining the suitable intracellular redox 

state. In addition to their peroxidase activity, they also act as molecular chaperones 

(22). We additionally measured the chaperones hsp27 y hsp70 which are known to acts 

as a biomarkers of  heart failure (22) (20). The present study demonstrated that sirna-

TRH inhibition exerted cardioprotective effects against myocardial injury also through 

the inhibition of oxidative stress. 

Although further studies are necessary to define TRH mediators, we postulate that the 

HIF-1α induction mediated by TRH probably induce  VEGF and might  increase 

angiogenesis and attenuates the oxidative stress, therefore improving heart function. In 

conclusion, our findings show that the siRNA-TRH strategy was highly efficient and 

specific to downregulate the cardiac TRH system. We demonstrated that TRH inhibition 

induces an improvement in cardiac function and attenuates post-ischemic damage 

pointing it out as a relevant player in the post-MI remodeling. These novel findings may 

have important pathophysiological implications and suggest that TRH silencing may be 

a new promising therapeutic tool in the progression of heart failure. 

Our study may have limitations. For example it is necessary to clarify the long term 

effects of TRH silencing on cardiac performance, and to elucidate which is the time 
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frame for the protective effect of the TRH silencing to occur after the MI trigger episode. 

Nonetheless, our studies strongly support the idea that cardiac TRH inhibition may 

serve as a putative gene therapy for maintaining cardiac function after MI. 
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Figure 1. Effects of MI on TRH expression: (A) Expression levels of mRNA preproTRH 

normalized by β-actin expression in the infarct border zone after MI by quantitative RT-

PCR. (n=6 per group), **p<0.01 versus all groups. &p<0.05 versus Sham + siRNA-

Control and Sham + siRNA-TRH. Results are expressed as percentage of control 

group. (B) Representative TRH immunohistochemistry of the peri-infarct region using an 

anti-TRH precursor antibody (n=6 rats per group).  (200× magnification) Scale bar 

represents 100µm. **p<0.01 versus all groups, #p<0.01 versus Sham+ siRNA-Control 

and Sham+ siRNA-TRH. Significant differences in positive immunostaining (arrows) 
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were observed between infarcted animals injected with siRNA-TRH and siRNA-Control 

groups 

 

Figure 2. siRNA-TRH inhibition reduces hypertrophy in response to MI. (A) Hypertrophy 

index Heart weight/Body weight ratio 1 week after MI remodeling. (n=6 per group) * 

p<0.05 versus all groups (B) Expression levels of mRNAs associated with hypertrophy 

by quantitative RT-PCR normalized by β-actin expression in the LV infarct border zone, 

*p<0.05 versus all groups. (n=6 rats per group). Results are expressed as percentage of 

control group. ANP, Atrial natriuretic peptide. BNP, B-type natriuretic peptide . βMHC, 

beta myosin heavy chain.  
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Figure 3. siRNA-TRH inhibition reduces peri-infarct myocardial fibrosis following MI. (A) 

Representative images of Masson's trichrome‑stained and (B) Sirius red polarized light 

micrographs staining heart sections in the infarct border zone (n=6 per group) 1 week 

after MI remodeling (200X magnification). Scale bar represents 100µm. **p<0.01 versus 

all groups. #p<0.01 versus Sham + siRNA-Control and Sham + siRNA-TRH.  Significant 

differences in ECM expansion (arrows) were observed between infarcted animals 

injected with siRNA-TRH and siRNA-Control groups  
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Figure 4. siRNA-TRH inhibition reduces peri-infarct myocardial fibrosis following MI. 

Expression levels of mRNAs by quantitative RT-PCR normalized by β-actin expression 

in the LV infarct border zone of (A) TGFβ, (B) collagen type I and (C) collagen type III. 

(n=6 per group). Results are expressed as percentage of control group. 

Representative Immunohistochemical staining with (D) anti-TGFβ, (E) anti-Collagen 

type I and (F) anti-Collagen type III monoclonal antibody hearts (n=6 for each group) 1 

week after coronary ligation in the LV peri-infarct region (200X magnification). Scale bar 

represents 100µm. Quantitative analysis is shown on the right of each image. **p<0.01 

versus all groups. *p<0.05 versus all groups. &p<0.05 versus Sham + siRNA-Control 

and Sham + siRNA-TRH. TGFβ, Transforming growth factor -β1. Significant differences 
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in positive immunostaining (arrows) were observed between infarcted animals injected 

with siRNA-TRH and siRNA-Control groups 

 

Figure 5. siRNA-TRH inhibition increase Hif1α and VEGF following MI. (A) Expression 

levels of Hif1α mRNA normalized by β-actin expression in the infarct border zone after 

MI by quantitative RT-PCR. (n=6 per group), *p<0.05 vs. all groups. Results are 

expressed as percentage of control group. (B) Representative Hif1α 

immunohistochemistry of the LV peri-infarct region (n=6 per group). (C) Expression 

levels of VEGF mRNA normalized by β-actin expression in the infarct border zone after 

MI by quantitative RT-PCR. Results are expressed as percentage of control group (n=6 

per group). (D) Representative VEGF immunohistochemistry of the LV peri-infarct 

region (n=6 per group) (200X magnification). Scale bar represents 100µm. Quantitative 

analysis is shown on the right of the image. **p<0.01 versus all groups, &p<0.05 versus 

Sham + siRNA-Control and Sham + siRNA-TRH. Significant differences in positive 
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inmunostaining (arrows) were observed between infarcted animals injected with siRNA-

TRH and siRNA-Control groups. 

Tables 

TABLE 1 Echocardiographic parameters six days after the induction of MI.  

 Sham + siRNA-

Control 

(n=6) 

Infarct + siRNA-

Control  

(n=6) 

Sham + siRNA-

TRH  

(n=6) 

Infarct + siRNA-

TRH  

(n=6) 

IVSd (cm) 0.156 ± 0.007 0.176 ± 0.009 * 0.151 ± 0.009 0.152 ± 0.008 # 

IVSs (cm) 0.269 ± 0.015 0.279 ± 0.011 0.264 ± 0.019 0.268 ± 0.014 

LVIDd (cm) 0.679 ± 0.025 0.902 ± 0.027 ** 0.732 ± 0.032 
0.827 ± 0.029 ## 

LVIDs (cm) 0.387 ± 0.024 0.689 ± 0.036 ** 0.405 ± 0.032  0.556 ± 0.027 ## 

LVPWd (cm) 0.226 ± 0.011 0.186 ± 0.012 0.205 ± 0.015 0.179 ± 0.012 

LVPWs (cm) 0.278 ± 0.020 0.260 ± 0.015 0.262 ± 0.0238 0.271 ± 0.018 

LVEDV (ml) 0.767 ± 0.115 1.339 ± 0.102 ** 0.827 ± 0.121 1.049 ± 0.102 # 

LVESV (ml) 0.102 ± 0.051 0.515 ± 0.037 ** 0.181 ± 0.051 0.282 ± 0.043 ## 

SF (%) 51.59 ± 2.21 30.34 ± 2.55** 45.43 ± 3.53 37.31 ± 2.55 

EF (%) 86.30 ± 2.47 65.69 ± 2.85 ** 82.96 ± 3.35 71.89 ± 2.80 # 

SV (ml) 0.672 ± 0.063 0.719 ± 0.069 0.766 ± 0.069 0.837 ± 0.063 

HR (Beats/min) 193 ± 14 238 ± 11 * 196 ± 17 198 ± 12 # 

Data are presented as mean value ± SEM. 

Abbreviations: IVSd, Interventricular Septum thickness in diastole; IVSs, Interventricular 

Septum thickness in systole; LVIDd, left ventricular internal diameter in diastole; LVIDs, 

left ventricular internal diameter in systole; LVPWd, Left ventricular posterior wall 

thickness in diastole; LVPWs, Left ventricular posterior wall thickness in systole; 

LVEDV, Left ventricular end diastolic volume; LVESV, Left ventricular end systolic 

volume; SF, shortening fraction; EF, Ejection fraction; SV, Stroke volume; HR, Heart 

rate. 
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* p<0.05 and ** p<0.01 vs. Sham + siRNA-Control and Sham+ siRNA-TRH, # p<0.05 

and ##p<0.01 vs. Infarct + siRNA-Control.  

                  


