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Background. Brain death (BD) is associated with systemic inflammatory compromise, which might affect the quality of 
the transplanted organs. This study investigated the expression profile of cardiac microRNAs (miRNAs) after BD, and their 
relationship with the observed decline in myocardial function and with the changes induced by hypertonic saline solution 
(HSS) treatment. Methods. Wistar rats were assigned to sham-operation (SHAM) or submitted to BD with and without the 
administration of HSS. Cardiac function was assessed for 6 h with left ventricular (LV) pressure-volume analysis. We screened 
641 rodent miRNAs to identify differentially expressed miRNAs in the heart, and computational and functional analyses were 
performed to compare the differentially expressed miRNAs and find their putative targets and their related enriched canoni-
cal pathways. Results. An enhanced expression in canonical pathways related to inflammation and myocardial apoptosis 
was observed in BD induced group, with 2 miRNAs, miR-30a-3p, and miR-467f, correlating with the level of LV dysfunction 
observed after BD. Conversely, HSS treated after BD and SHAM groups showed similar enriched pathways related to the 
maintenance of heart homeostasis regulation, in agreement with the observation that both groups did not have significant 
changes in LV function. Conclusions. These findings highlight the potential of miRNAs as biomarkers for assessing dam-
age in BD donor hearts and to monitor the changes induced by therapeutic measures like HSS, opening a perspective to 
improve graft quality and to better understand the pathophysiology of BD. The possible relation of BD-induced miRNA’s on 
early and late cardiac allograft function must be investigated.
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INTRODUCTION
Heart transplantation continues to be the treatment of 
choice for end-stage heart failure. The number of patients 
on waiting lists, however, is much higher than the number 
of available organs. Brain death (BD) donors are the most 
important source of organs for heart transplantation; 
however, BD is associated with myocardial dysfunction, 
severe hemodynamic changes, and systemic inflamma-
tory compromise, which might affect the quality of the 
transplanted organs.1-3 Although mechanisms respon-
sible for this dysfunction remain poorly understood, 
several authors have demonstrated the involvement of 
apoptotic and inflammatory pathways in donor heart 
deterioration.2,4,5

MicroRNAs (miRNA) are noncoding RNA molecules 
that regulate gene expression posttranscriptionally by 
modulating protein expression in different pathways. 
It has been shown that miRNAs participate in various 
physiologic homeostatic processes and their dysregulated 
expression is induced in several cardiovascular disor-
ders.6-8 Understanding the role of these molecules in the 
pathogenesis of myocardial dysfunction induced by BD 
could permit improved outcomes of marginal grafts and 
the use of formerly unusable donor hearts.

We have previously published that the use of hypertonic 
saline solution (HSS) ameliorates left ventricular dysfunc-
tion and seems to improve myocardial tissue deteriora-
tion, reducing inflammatory changes and apoptosis after 
BD induction in rats.9 In the same experimental setup, we 
now investigated the global expression profile of cardiac 
miRNAs after BD and their relationship with the observed 
decline in myocardial function. We also sought to examine 
whether the amelioration of functional parameters with 
HSS was associated with an altered miRNA expression 
profile. Further, we identified an enrichment in canoni-
cal pathways potentially regulated by the differentially 
expressed miRNAs.

MATERIALS AND METHODS

Ethics Statement
The protocols were approved by the Animal Subject 

Committee of Sao Paulo University Medical School 
with the number 346/12. All experiments were per-
formed in accordance with the ethical principles for ani-
mal research adopted by the Brazilian College of Animal 
Experimentation, and the animals received humane care in 
compliance with the 2011 “Guide for the Care and Use of 
Laboratory Animals,” recommended by the US National 
Institutes of Health.

Groups and Treatment
Fifteen male Wistar rats weighing 250–300 g were used 

in experimental protocols. Rats were randomly divided 
into 3 groups of 5 animals: (1) SHAM—rats that were 
subjected to surgical procedures without BD induction; 
(2) BD—rats that were treated with normal saline solu-
tion (NaCl 0.9%, 4 mL/kg) injected intravenously immedi-
ately after BD induction; (3) HSS—rats that were treated 
with HSS (NaCl 7.5%, 4 mL/kg) injected intravenously as 
a bolus 60 min after BD was initiated. All animals were 
evaluated for 6 h.

Brain Death Induction Model
All animals were initially anesthetized with 5% isoflu-

rane. The anesthesia was maintained with 2% isoflurane 
inhalation, and animals were kept mechanically venti-
lated (rodent ventilator-Harvard Apparatus, model 683) 
until BD induction and during the entire experiment for 
the SHAM group. BD was induced by rapid inflation of a 
catheter Fogarty-4F (Baxter Health Care Co, United States) 
with 0.5 mL of saline solution through a drilled parietal 
burr hole. It was confirmed by maximal pupil dilatation, 
apnea, absence of reflex, and drop of mean arterial pres-
sure.9 Animals from the SHAM group were trepanned only.

Hemodynamic Measurements
In all groups, a 2-F microtip pressure-volume conduct-

ance catheter (SPR-838 AD Instruments Inc., Colorado 
Springs, CO) was inserted into the right carotid artery and 
advanced into the left ventricle to assess cardiac function 
during a 6-h period. Hemodynamic parameters were calcu-
lated using an acquisition system (MPVS, AD Instruments 
Inc.) coupled to pressure-volume analysis software 
(LabChart 8, AD Instruments Inc.). Data were obtained 
for the following left ventricular (LV) parameters: ejection 
fraction, stroke work, and pressure-volume loop. LV myo-
cardial contraction efficiency was estimated via the ratio 
between LV stroke work and pressure-volume area.

MiRNA Sample Preparation
Hearts were procured at the end of the experimental 

procedure. Ventricular samples collected from the left ven-
tricular wall from each heart were immersed in 500 μL of 
lysis buffer from mirVana miRNA Isolation Kit (Ambion, 
USA) and mechanically disrupted with the Precellys 
24-bead-based homogenizer (Bertin Technologies, France). 
Total RNA enriched in miRNAs was isolated according 
to the manufacturer’s protocol. RNA concentration and 
purity were measured using a NanoDrop-1000 spectro-
photometer (Thermo Scientific, USA), and the integrity was 
determined on a Bioanalyzer 2100 (Agilent, USA). Only 
samples with total RNA RIN (RNA Integrity Number) 
value >8.0 were used in our analyses.

MiRNA Expression Profiling
Cardiac miRNA expression profiling was performed in 

5 rats per group, and a total of 641 miRNAs were screened 
according to Thermo Fisher protocols. Briefly, we used a 
multiplexed RT reaction (Megaplex RT stem-loop primers, 
Rodent Pool Set v3.0 kit) to produce cDNA from 500 ng 
isolated total RNA. The obtained cDNA sample and Real 
time-PCR master mix (TaqMan Universal Master Mix 
II, no UNG-Thermo Fisher) were loaded into preprinted 
TaqMan Low Density Arrays (TLDA) microfluidic cards 
(Rodent Card A + B v3, format 384 wells each). The real 
time–PCR reaction was performed on a QuantStudio 12K 
Flex Real-Time PCR System (Applied Biosystems, USA).

Unsupervised Analysis of miRNA Expression
To analyze the differences in miRNA expression levels 

between the 3 groups, we uploaded the real-time gener-
ated raw data files in a ThermoFisher Cloud software v1.0 
(Connect, https://www.thermofisher.com/br/en/home/cloud.
html). The data files were first preprocessed using automatic 
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baseline corrections and manually checked for each assay 
if the threshold cycle (Ct) value corresponded to the mid-
point of the logarithmic amplification curve. MiRNAs with 
a mean Ct >36 and detected in <80% of all samples were 
considered below the detection level and excluded from fur-
ther analysis. The comparative threshold cycle method was 
used to calculate the relative miRNA expression levels (∆Ct) 
after global mean normalization. The miRNAs with thresh-
old values of P ≤ 0.05 and absolute fold change (FC) ≥1.5 
were considered differentially expressed.

DEMs Target Prediction, Functional Enrichment 
Analysis

MiRNA target prediction, canonical pathways analysis, 
network construction, and upstream regulator analysis were 
performed using Ingenuity Pathway Analysis software (IPA, 
Qiagen). First, we used the IPA target filter tool to identify 
potential targets of the list of differentially expressed miR-
NAs (DEMs) identified in each group. We only considered 
as potential targets, the ones which were experimentally 

validated, and computationally predicted targets based on 
the content of the 2020–07 release, incorporating 3 algo-
rithms (TargetScan, TarBase, and miRecords). IPA was also 
used to identify significantly enriched canonical pathways 
within the list of DEMs and their potential identified targets.

Statistical Analysis
Data were analyzed using GraphPad Prism 8.2 software 

(GraphPad Software Inc., La Jolla, CA). Differences between 
groups were analyzed using the Kruskal-Wallis test followed 
by Dunn’s test for multiple comparisons, or 2-way ANOVA 
followed by Bonferroni tests for multiple comparisons after 
rank transformation of the absolute values. Correlation 
coefficients were calculated by the Pearson method. Results 
are expressed as median and interquartile variation.

RESULTS
There were no deaths, and all animals completed 

the designed study protocol. Figure  1 is a flow diagram 

FIGURE 1. Workflow of experimental BD induction procedure, data processing, and analysis of miRNA expression profiles. Wistar rats 
were BD induced, and SHAM operated without BD induction (blue). The BD induced group was divided in subgroups: BD (treated with 
NaCl 0.9% normal saline solution) (magenta) and HSS (treated with NaCl 7.5% hypertonic saline solution—HSS) (green). After 6 h of BD 
induction, the hearts of the rats were procured and keep at –80 ºC until RNA isolation. miRNA expression profiling was performed for all 
3 groups, and DEMs were identified for each comparison. With the lists of DEMs, we performed miRNA targeting and functional analysis. 
BD, brain death; DEM, differentially expressed miRNA; HSS, hypertonic saline solution; miRNA, microRNA; SHAM, sham-operation.
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depicting the procedural steps and division of the experi-
mental groups. Total volume of fluid administered dur-
ing the experiments was similar between the groups. No 
differences were observed in blood gases, cell counts, or 
basal electrolyte levels (data not shown). Table  1 shows 
that hemodynamic parameters were similar in all groups 
at baseline. Left ventricle (LV) ejection fraction and stroke 
work were decreased after 6 h in BD group in compari-
son to SHAM experiments, while they were improved 
under HSS treatment in relation to BD group. Figure  2 
shows the variation in myocardial contraction efficiency 
in the 3 groups. After 6 h of experimentation, this param-
eter was significantly reduced in the BD group compared 
with SHAM experiments. However, the observed values 
of myocardial contraction efficiency with HSS treatment 
were similar to SHAM group.

Identification of Differentially Expressed miRNAs 
and Their Potential Targets

Figure  3 shows volcano plots of –log 10 (P) versus 
the log 2 of FC values for each miRNA. The analysis 
revealed a total of 30 DEMs (20 downregulated and 10 
upregulated) between BD and SHAM (Figure  3A). The 
comparison between HSS and BD showed 31 DEMs (14 
downregulated and 17 upregulated) (Figure 3B), whereas 
that between HSS and SHAM demonstrated a total of 19 
DEMs (13 downregulated and 6 upregulated) (Figure 3C).

From the list of 30 DEMs identified on BD versus 
SHAM comparison, we obtained information of 12 miR-
NAs targeting 373 mRNAs, considering only experimen-
tally validated targets. Further, from the list of 31 DEMs 
identified on HSS versus BD and 19 from the HSS versus 
SHAM comparisons, we obtained targeting information 
for 20 and 13 DEMs, respectively. The lists of DEM tar-
gets are depicted in Table S1, SDC, http://links.lww.com/
TP/C209.

DEMs Targets Set Enrichment Analysis and 
Identification of Canonical Pathways

For this analysis, we only considered experimentally 
validated targets within the list of targets for each com-
parison: BD versus SHAM, HSS versus BD, and HSS 
versus SHAM. Figure  4A–C shows the top 25 canoni-
cal pathways among the most enriched pathways for the 
DEMs targets found in each comparison listed on Table 
S2, SDC, http://links.lww.com/TP/C209. The graphs dis-
play the percentage of DEMs present in each pathway 

with the total number of molecules of the given pathway 
displayed in the top of the bars. We observed an over-rep-
resentation of canonical pathways related to inflammation 
and immune response and, most importantly, pathways 
related to cardiac hypertrophy signaling and apoptosis for 
the BD versus SHAM comparison (Figure 4A). In contrast, 
we observed that nearly all inflammatory pathways over-
represented in the BD versus SHAM comparison were 
absent in the comparisons of HSS versus BD or SHAM 
groups (Figure 4B,C). In the latter 2 comparisons, we also 
found over-representation of many signaling and regula-
tory pathways of growth factors and proteins related to 
cell proliferation, integrity maintenance, and survival. In 
Figure 5, the DEMs relative expression can be observed 
for 9 miRNAs that were either up or downregulated after 
BD in relation to the SHAM group and had their relative 
expression reversed to similar values to the SHAM group 
after the infusion of HSS.

Correlation of Expression Profiles of miR-467F and 
miR-30a-3p With Myocardial Contraction Efficiency

To further identify DEMs that might be indirectly asso-
ciated with cardiac alterations after BD, we performed 
a correlation analysis with the percentage decrease in 
myocardial contraction efficiency observed 6 h after BD 
induction and the miRNA expression level of the DEMs 
observed in the BD versus SHAM comparison. The expres-
sion profiles of miR-467f and miR-30a-3p were found to 
be significantly correlated with the percentage decrease in 

TABLE 1.

Left ventricular hemodynamic parameters before and 6 h after brain death induction

 SHAM BD HSS

0 h 6 h 0 h 6 h 0 h 6 h

LV ejection fraction (%) 66.4 (62.8–72.8) 59.3 (44.1–59.3)a 62.7 (56.1–66.9) 46.7 (23.1–55.3)a,b 64.3 (54.1–70.3) 63.4 (48.1–76.2)b

LV stroke work (mm Hg * mL) 13.0 (10.5–15.5) 14.5 (10.1–16.2) 12.5 (11.5–13.4) 9.5 (2.4–15.7)c 12.8 (11.2–20.7) 12.3 (7.3–29.5)c

LV pressure-volume area 
(mm Hg * mL)

16.9 (15.5 – 19.6) 21.1 (18.2–25.3) 16.5 (15.5–17.6) 14.6 (7.8–20.0) 17.2 (14.8–20.9) 17.3 (12.5–28.3)

The groups are SHAM, BD, and brain death with HSS treatment. Data are presented as median and lower to upper limits.
aHHS vs BD at 6 h P = 0.041
bHSS vs BD at 6 h P = 0.005
cBD vs SHAM at 6 h P = 0.047.
BD, brain death; HSS; hypertonic saline solution; LV, left ventricular, SHAM, sham-operation.

FIGURE 2. Myocardial contraction efficiency before and 6 h after 
brain death induction. The groups are SHAM, BD, and brain death 
with HSS treatment. Each measurement is shown as a black dot. 
The upper and lower borders of the boxes represent the upper 
and lower quartiles. The middle horizontal line is the median value. 
ANOVA, analysis of variance; BD, brain death; HSS, hypertonic 
saline solution; SHAM, sham-operation
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FIGURE 3. Differentially expressed miRNAs after BD induction and HSS treatment. Volcano plots representation for each comparison 
(A) BD vs SHAM, (B) HSS vs BD, and (C) HSS vs SHAM. The volcano plots of –log 10 (P) vs the log 2-FC values for each miRNA. The red 
and blue dots indicate miRNAs significantly (FDR adjusted P < 0.05) upregulated and downregulated (with 1.5 of FC cutoff), respectively. 
The list of DEMs are represented as heatmaps also with graduations of blue (downregulated) to red (upregulated) based on the log 2 
transformed FC values. The analysis revealed a total of 30 DEMs (20 downregulated and 10 upregulated) between BD and SHAM. The 
comparison between HSS and BD showed 31 DEMs (14 downregulated and 17 upregulated), whereas that between HSS and SHAM 
demonstrated a total of 19 DEMs (13 downregulated and 6 upregulated). BD, brain death; DEMs, differentially expressed miRNA; FC, 
fold change; FDR, false discovery rate; HSS, hypertonic saline solution; miRNA, microRNA; SHAM, sham-operation.
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FIGURE 4. Functional pathways enriched after BD induction and HSS treatment. The stacked bar charts display the percentage of 
DEMs targets within the top 25 canonical pathways most enriched in each comparison: (A) BD vs SHAM, (B) HSS vs BD, and (C) HSS 
vs SHAM. The numbers in the top of each bar represent the total number of molecules in the specific listed pathway. BD, brain death; 
BTG, B-cell translocation gene; DEM, differentially expressed miRNA; EGF, epidermal growth factor; ErbB2-ErbB3, receptor tyrosine-
protein kinase 2-3; ERK/MAPK, extracellular-signal-regulated kinase/mitogen-activated protein kinase; FGF, fibroblast growth factor; Ga 
12/13, guanine nucleotide-binding proteins subunit alpha-12/13; GDNF, glial cell-derived neurotrophic factor; GTPases, GDP enzymes; 
HGF, hepatocyte growth factor; HSS, hypertonic saline solution; IGF-1, recombinant human insulin-like growth factor 1; IL, interleukin; 
ILK, Integrin-linked kinase; iNOS, inducible nitric oxide synthase; LXR/RXR, liver X receptor/retinoid X receptor; miRNA, microRNA; NF, 
nuclear factor; PDGF, platelet-derived growth factor; PI3K/AKT, phosphoinositide/protein kinase B; PTEN, phosphatase and tensin 
homolog deleted on chromosome 10; SHAM, sham-operation; STAT3, signal transducer and activator of transcription 3; VEGF, vascular 
endothelial growth factor.
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myocardial contraction efficiency (Figure 6). Looking for 
the key pathways and molecules related to heart patho-
physiology, we identified Cardiac β-adrenergic and Protein 
Kinase A signaling among the enriched pathways known 
as potentially regulated by miR-487f (Figure 7A). For miR-
30a-3p (Figure 7B), we observed enrichment in pathways 
related to the regulation of cardiomyocyte contractility and 
function: Adrenomedullin and Paxillin signaling pathways.

DISCUSSION

Some studies discuss the use of miRNAs as biomarkers 
of organ quality10,11 and as new players associated with 
early and late allograft dysfunctions,12-14 but there is not 
enough information regarding their role in heart grafts 
obtained from BD donors. Herein, we identified miRNAs 
that potentially regulate key pathways involving cardiac 
pathophysiological changes and hemodynamic behav-
ior after BD induction in a rodent model. Moreover, we 
observed that HSS treatment induced the reversion of the 
altered expression of several miRNAs and the modulation 
of pathogenic pathways that were modified in the heart 
graft after BD, in accordance with the previously published 
data regarding the cellular inflammatory and apoptotic 
changes documented in the same experimental model.9

The signaling and regulatory pathways associated 
with BD induction identified in the heart and reversed 
here after HSS treatment were mainly related to inflam-
matory changes and myocardial apoptosis, factors that 
have been related to donor myocardial dysfunction.4,5,9 
Cardiomyocyte survival was previously described as regu-
lated by several miRNAs that work by suppressing/inhibit-
ing the expression of proapoptotic molecules.6,15 From the 
30 dysregulated miRNAs after BD observed here, several 
appear to be involved in promoting the apoptotic process. 
This involvement was probably dictated by alterations 
related to the downregulation of miR-17-3p, miR-149-5p, 
miR-93-3p, miR-1-3p, miR-125b-5p, miR-146a-5p, and 
miR-30a-3p, and the upregulation of miR-197-3p, miR-
207, and miR-467f. Besides other contributions, downreg-
ulation of the mir-30 family is correlated with alterations 
in cardiac beta-adrenergic signaling by enhancing apop-
tosis.6,15 Conversely, the reversion of lower levels of miR-
30a-3p has the effect of reducing cell apoptosis by the 
regulation of the phosphatase and tensin homolog deleted 
on chromosome 10 (PTEN)/phosphoinositide (PI3K)/
protein kinase B (AKT) pathway.16 Furthermore, overex-
pression of adrenomedullin and paxillin associated with 
miR-30a-3p seems to protect cells against hypoxia and 
apoptosis via the AKT and BCL-2 signaling pathways.17,18 

FIGURE 5. Relative expression of 9 differentially expressed miRNAs in the 3 studied groups. The miRNAs were up regulated or 
downregulated after BD induction in relation to SHAM experiments and in opposite situation after HSS infusion in relation to BD group 
without treatment. Each measurement is shown as a black dot. The upper and lower borders of the boxes represent the upper and 
lower quartiles. The middle horizontal line is the median value. BD, brain death; HSS, hypertonic saline solution; K-W, Kruskal-Wallis test; 
miRNA, microRNA; SHAM, sham-operation.
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FIGURE 6. Correlation between the relative expression of miRNAs 467f and 30a-3p after BD in relation to the level of percentual 
decrease of myocardial contraction efficiency after 6 h. BD, brain death; miRNA, microRNA.

FIGURE 7. Functional pathways enrichment analysis for the DEMs targets of miR-467F (A) and miR-30a-3p (B). The bar charts 
show the top 5 most enriched pathways for the targets of miR-467F (miRbase ID: MIMAT0005846) and miR-30a-3p (miRbase ID: 
MIMAT0000809). The sequences of both mature miRNAs are shown with their seed sequence highlighted in gray. BAG2, Bcl2-
associated athanogene 2; DEM, differentially expressed miRNA; miRNA, microRNA.
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Changes in the miR-467f expression, upregulated in BD, 
are also related to the cardiac beta-adrenergic and pro-
tein kinase A signaling pathways, whereas miR-207 seems 
to promote the apoptosis of cardiomyocytes by directly 
targeting lysosomal-associated membrane protein 2.19 
Among the dysregulated miRNAs identified here after BD, 
miR-1 family members are the most abundant miRNAs 
expressed in the heart and seem to be associated with sev-
eral mechanisms of apoptosis regulation.6,7,20 In addition, 
the supplementation of miR-1-3p increased the expression 
of mitochondrial DNA-encoded proteins in the presence of 
isoproterenol-induced heart failure in mice, reducing myo-
cardial fibrosis and apoptosis.21

In the present study, expression profiles of the miR-
30a-3p and miR-467f in the myocardial tissue showed an 
important correlation with the degree of LV dysfunction 
after 6 h of BD induction, demonstrating the influence 
of the cardiac beta-adrenergic and apoptotic pathways. 
Moreover, the preservation of LV function observed with 
HSS infusion after BD was associated with the reversion 
of the dysregulated expression of 9 miRNAs related to BD 
changes, 4 of them directly involved in the amelioration of 
apoptotic pathways. Besides their relationship with mor-
phological changes, the associations of miRNA expression 
with the degree of cardiac performance and myocardial 
reverse remodeling observed here have also been described 
in several cardiovascular diseases. The expression levels of 
miR-1-3p have been found to be directly associated with 
LV performance in models of hypertrophic cardiomyopa-
thy20 and heart failure.7,21 Additionally, miR-125b-5p has 
been recognized as an ischemic stress-responsive protector 
against cardiomyocyte apoptosis, showing direct correla-
tion with improved myocardial function after experimen-
tal infarction in mice.22

Other important miRNA alterations currently associ-
ated with HSS treatment after BD included DEMs that 
regulated targets related to several growth factors and 
homeostasis signaling pathways. Reduction in the expres-
sion of miR-197-3p was observed after HSS infusion, 
which has been associated with improved microcircula-
tion after BD induction.23 Of interest, downregulation 
of miR-197-3p normalizes endothelial cell proliferation 
and migration by targeting insulin-like growth factor 
type 1 and BCL2 in the presence of vascular endothelial 
injury,24 while its upregulation has been associated with 
a higher risk of venous thromboembolism in patients.25 
MiRNA-467f has been identified as a translational sup-
pressor of thrombospondin-1,26 and the reversion of its 
overexpression under HSS administration should poten-
tially decrease a possible angiogenic effect triggered by 
BD. Other miRNAs activated by HSS were shown to 
play an unavoidable role in controlling the fibrogenic 
process and maintaining normal endothelial phenotype. 
Under high-glucose conditions, miR-200b-3p upregula-
tion appears to protect against endothelial to-mesen-
chymal transition and to maintain normal endothelial 
function.27 Overexpression of miR-30 family is directly 
associated with the downregulation of connective tis-
sue growth factor, a key profibrotic protein related to 
structural changes in the extracellular matrix of the 
myocardium.6,28

Primary and late graft dysfunction are major concerns 
in heart transplantation. Donor heart apoptosis has been 

associated with early and late allografts failure,29,30 and 
recent data have emphasized the importance of donor 
apoptotic cell therapy as an emerging strategy in promot-
ing transplantation tolerance.30 Indeed, molecular markers 
of apoptosis in the hearts obtained from BD donors have 
been associated with significant myocardial alterations and 
primary graft dysfunction.2,5 New therapeutic approaches 
have been experimentally tested to reduce donor heart 
apoptosis, resulting in significant recovery of the graft sys-
tolic function.31-33 Moreover, a heart transplant recipient 
therapy has been analyzed to reverse the donor heart dete-
rioration by suppressing the signaling pathways of inflam-
mation and apoptosis.34

Different miRNAs have been identified as biomarkers 
of ischemic-reperfusion injury alterations35 and acute or 
chronic rejection after heart transplantation.36-38 It has 
been demonstrated that endothelium-enriched miRNAs 
can discriminate patients with cardiac allograft vasculopa-
thy.39 Moreover, the investigation of these biomarkers in 
patients who underwent coronary angiography confirmed 
the role of endothelial apoptosis and myocardial fibrosis 
transformation in the pathogenesis of chronic dysfunction 
after heart transplantation.40 As the downregulation of 
miR-200b-3p, observed here after BD induction, has been 
associated with the transdifferentiation of the endothelial 
cells,12,27 it opens the possibility of the use of this miRNA 
as a future biomarker for chronic cardiac dysfunction after 
transplantation.

To our knowledge, this study is the first to discuss the 
relevance of the identification of miRNAs as biomarkers 
of cardiac graft deterioration due to BD, demonstrating 
the association between expression profiles of some miR-
NAs and the modifications of myocardial systolic function 
after BD. The finding that the signaling and regulatory 
pathways modified by these noncoding RNA molecules 
overlap with the pathophysiological processes previously 
documented in the same experimental setup9 and known 
to occur in hearts from BD donors corroborate a major 
role for miRNAs in the coordination of these molecular 
and physiological changes. Moreover, it was also possible 
to demonstrate the partial reversion of these mechanisms 
with the use of HSS, validating the previous studies devel-
oped by our group in this field.9,23

This investigation has limitations related to the small 
number of studied animals, making it difficult to clearly 
define the relationship between miRNAs and functional 
changes. Nonetheless, the wide screening performed in 
641 miRNAs aided in the identification of several mol-
ecules related to the observed alterations. Although most 
of the studies with miRNAs have been performed in vitro 
and in vivo animal models, the fact that these molecules 
have high-sequence conservation across species indicates 
also their potential functional redundancies in regulating 
the same key biologic processes. Furthermore, miRNAs 
are soluble molecules that can also be detected in blood 
samples, collaborating to strengthen their clinical impact. 
The maintenance of prolonged anesthesia with isoflurane 
in the SHAM group may have induced some miRNAs dif-
ferential expressions, but this phenomenon is normally 
related to the expression of different microRNAs than 
those observed in this study.41

Taken together, these findings suggest that the identi-
fied miRNAs arise as putative markers of BD donor heart 
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dysfunction and possible therapeutic targets to be investi-
gated. Further studies are needed to validate these obser-
vations in biopsies and in the serum of BD heart donors, 
opening a perspective to improve the graft quality and to 
better understand the pathophysiology of BD and its pos-
sible influence on early and late cardiac allografts failure.
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