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Mitochondrial dysfunctions critically affect cardiomyocyte survival during ischemia/reperfusion
(I/R) injury. In this scenario p53 activates multiple signaling pathways that impair cardiac mito-
chondria and promote cell death. p53 is a validated target of miR-30 whose levels fall under
ischemic conditions. Although triiodothyronine (T3) rescues post-ischemic mitochondrial activity
and cell viability, no data are available on its role in the modulation of p53 signaling in I/R. Here
we test the hypothesis that early T3 supplementation in rats inhibits the post I/R activation of p53
pro-death cascade through the maintenance of miRNA 30a expression.

In our model, T3 infusion improves the recovery of post-ischemic cardiac performance. At the
molecular level, the beneficial effect of T3 is associated with restored levels of miR-30a expression
in the area atrisk (AAR) that correspond to p53 mRNA downregulation. The concomitant decrease
in p53 protein content reduces Bax expression and limits mitochondrial membrane depolarization
resulting in preserved mitochondrial function and decreased apoptosis and necrosis extent in the
AAR. Also in primary cardiomyocyte culture of neonatal rats, T3 prevents both miR-30a down-
regulation and p53 raise induced by hypoxia. The regulatory effect of T3 is greatly suppressed by
miR-30a knockdown. Overall these data suggest a new mechanism of T3-mediated cardioprotec-
tion that is targeted to mitochondria and acts, at least in part, through the regulation of miR-
30a/p53 axis.
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cute myocardial infarction (AMI) leading to ischemic
heart disease is a major cause of death in Western
societies. Although timely reperfusion effectively reduces
short-term mortality, restoration of blood flow through
the previously ischemic myocardium yields additional rep-
erfusion injury, including cardiomyocyte (CM) dysfunc-
tion and death that in the long run prompts adverse car-
diac remodeling (1, 2). As a consequence, prevention or
limitation of cardiac damage in the early stages of the
process is a crucial step in ameliorating patient prognosis.
Multiple lines of evidence demonstrate that mitochon-
drial functional impairments are critical determinants for
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myocyte loss during the acute ischemic stage, as well as for
the progressive decline of surviving myocytes during the
subacute and chronic stages (2—4). The critical mitochon-
drial event in apoptosis is mitochondrial outer membrane
permeabilization, prompted by the proapoptotic BCI-2
family that leads to cytochrome c release and caspase ac-
tivation. In contrast, the key mitochondrial event in ne-
crosis is opening of the mitochondrial permeability tran-
sition pore in the inner membrane that dissipates inner
mitochondrial membrane potential leading to ATP deple-
tion, further reactive oxygen species production, swelling,
and organelle rupture (3, 5). Propagation of the injury to

Abbreviations: Aar, area at risk; AMI, acute myocardial infarction; CM, cardiomyocyte; FT3,
free T3; FT4, free T4; HF, heart failure; I/R, ischemia/reperfusion; KD, knockdown; LAD, left
descending coronary artery; low-T3S, low-T3 syndrome; LV, left ventricle; LVFS, left ven-
tricle fractional shortening; RZ, remote zone; T3, triiodothyronine; TH, thyroid hormone;
TUNEL, terminal deoxynucleotide nick-end labeling.
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neighboring organelles results in irreversible mitochon-
drial dysfunction, bioenergetic failure, and necrotic cell
death (6, 7). Therefore, it would be rational to develop an
effective therapeutic strategy aimed at reducing mitochon-
drial damage in the early phase of post-reperfusion wound
healing.

miRNAs, a relatively new class of 22-nt nonprotein-
coding single-strand RNAs, regulate several cellular pro-
cesses of cardiac remodeling and heart failure (HF) (8-
11), and have become an intriguing target for therapeutic
intervention (12). Some of them have recently attracted
attention as regulators of mitochondrial dynamics and mi-
tochondrial cell death signaling in both myocardial isch-
emia/reperfusion (I/R) and in vitro models of oxidative
stress (13-16). The miR-30 family members are abun-
dantly expressed in the mature heart, but they are signif-
icantly dysregulated in human HF, in experimental I/R,
and in vitro after oxidative stress (10, 17-18). miR-30a
has been shown to target p53, a well-known activator of
mitochondrial apoptosis that has recently been involved in
necrotic mitochondrial pathways (16, 19, 20). Therefore,
maintenance of miR-30a levels may be regarded as
cardioprotective.

Thyroid hormones (THs) are well-known modulators
of mitochondrial biogenesis, function, and Ca** cycling
(21-23). Changes in thyroid status are associated with
bioenergetic remodeling of cardiac mitochondria and pro-
found alterations in the biochemistry of cardiac muscle,
with repercussions on its structure and contractility (22).
Current evidence shows that triiodothyronine (T3), the
biologically active TH, significantly declines after AMI
both in animal models and in patients (24-26). Also,
low-T3 syndrome (low-T3S) is a strong independent prog-
nostic predictor of death and major adverse cardiac events
(27). Consistently, growing evidence suggests that hor-
monal treatment of low-T3S exerts cardioprotective ef-
fects in both humans and animal models (28-31).

In this study we focused on the role of miR-30a/p53
circuit in mitochondrial activity and cardiac performance
in the I/R rat treated with T3 early infusion at near-phys-
iological dose. To the best of our knowledge, our results
indicate for the first time that the cardioprotective effect
exerted in vivo by T3 supplementation after I/R is paral-
leled by the prevention of myocardial miR-30a level de-
crease. This action in turn limits the activation of p53
signaling critically involved in both mitochondrial impair-
ment and cellular death pathways.

Materials and Methods

Animal procedure
Animals used in this investigation conformed to the recom-
mendations in the Guide for the Care and Use of Laboratory
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Animals published by the United States National Institutes of
Health (NIH Publication No. 85-23, revised 1996) and the pro-
tocol was approved by the Animal Care Committee of the Italian
Ministry of Health (Endorsement n.135/2008-B). All surgery
was performed under anesthesia, and all efforts were made to
minimize suffering. Myocardial infarction was produced by li-
gation of the left descending coronary artery (LAD) of adult male
Wistar rats 12- to 15-weeks-old and weighing 310 = 3g using a
technique described in detail elsewhere (18). See the Supplemen-
tal Data for additional information.

Experimental protocol

To mimic the low T3 syndrome observed in the clinical set-
ting, only the I/R rats that exhibited a > 50% reduction of their
basal serum FT3 level 24 hours after surgery were randomly
treated for 48 hours with a constant subcutaneous infusion of 6
png/kg/d T3 (I/R-T3,n = 8) orsaline (I/R, n = 8) viaa miniosmotic
pump (Alzet, model 2ML4). A group of sham-operated rats was
treated with constant infusion of saline and used as control
(Sham group, n = 8).

Three days after surgery hearts were arrested in diastole by a
lethal KCl injection. Cardiac tissue samples were obtained from
a) the left ventricle (LV) free wall remote to LAD region (remote
zone, RZ), b) the core of the ischemia-reperfused region (area at
risk, AAR) of the LV, and c) the right ventricle. In sham-operated
animals tissues were harvested from analogously termed corre-
sponding regions. Part of the samples from each area were stored
at —80°C until use and part of them were immediately processed
for mitochondria isolation. Some additional hearts (n = 3) in
each group were dedicated to for histology and immunohisto-
chemistry and were processed as described below.

Echocardiography study

Echocardiographic studies were performed 3 days after in-
farction with a portable ultrasound system (MyLab 25, Esaote
SpA) equipped with a high frequency linear transducer (LA523,
12.5 MHz). Images were obtained from the sedated animal, from
the left parasternal view. Short-axis 2-dimensional view of the
LV was taken at the level of papillary muscles to obtain M-mode
recording. Anterior (ischemia-reperfused) and posterior (viable)
end-diastolic and end-systolic wall thicknesses, systolic wall
thickening, and LV internal dimensions were measured after the
American Society of Echocardiography guidelines. Parameters
were calculated as mean of the measures obtained in three con-
secutive cardiac cycles. The global LV systolic function was ex-
pressed as percent of fractional shortening.

Morphometric analysis to determine the area at
risk and infarct size

Three days after surgery, the chest was reopened and the LAD
retied with the suture left in its original position. A quantity of 1
mL 1% Evan’s blue was injected in the inferior cava vein to
identify the myocardial area at risk as unstained. Next, the heart
was arrested in diastole by lethal KCl injection, excised, and cut
in transversal and parallel slices about 2 mm thick. Fresh slices
were incubated with triphenyltetrazolium chloride 1% solution
at 37°C for 10 minutes to mark viable myocardium within the
AAR. Viable myocardium outside the AAR was blue; viable
myocardium within the AAR stained red, whereas the injured
myocytes appeared negative for triphenyltetrazolium chloride.
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LV area, the AAR, (expressed as percentage of the LV), and the
infarcted area (expressed as percentage of AAR) from each slice
were measured using Image ] software.

Histology and immunohistochemistry

Thereafter, the slices were fixed in 10% buffered formalin
and embedded in paraffin. Serial 5- to 7-um transverse sections
were processed for histological and immunohistochemical stain-
ing with hematoxylin-eosin and in situ terminal deoxynucleotide
nick-end labeling (TUNEL, Roche Molecular Biochemicals) fol-
lowed by 4', 6-diamidino-2-phenylindole (DAPI) staining of nu-
clei, and alpha sarcomeric actin (1:100, Abcam) was used as
CM-specific marker. Primary antibody was detected by incubat-
ing the sections with FITC-conjugated antimouse IgG (1:300,
Abcam, green emission). Images were analyzed using light and
fluorescent microscopy (Zeiss). TUNEL-positive (green) nuclei
were counted from 10 randomly chosen microscope fields of 3
midventricular sections for each heart and were expressed as the
percentage of total nuclei of CMs (both blue and green staining
nuclei) from the same fields, using 3 hearts for each group.

Mitochondria isolation

Mitochondria were purified from LV fresh tissue according to
the manufacturer’s protocol (MITO-ISO1; Sigma) as previously
described (32). Briefly, cardiac tissue was homogenized in buffer
containing 10 mM HEPES, 200 mM mannitol, 70 mM sucrose,
and 1 mM EGTA (PH 7.5) and centrifuged at 2000g at 4°C for
5 minutes. The supernatant was collected and centrifuged at
11000g at 4°C for 20 minutes. The pellet was suspended in stor-
age buffer at pH 7.5 containing 10 mM HEPES, 250 mM su-
crose, ImMATP, 0.08 mM ADP, 5 mM sodium succinate, 2 mM
K2HPO4, and 1 mM DTT and stored at —80°C until use. An
aliquot of the suspended pellet was assayed for protein content
with the BioRad protein assay kit.

Mitochondrial enzyme activity assays

Mitochondrial function was expressed as the ratio between
the activity of the cytochrome ¢ oxidase-1 and that of citrate
synthase to correct for mitochondrial mass. Enzyme activity was
assessed in TmL cuvette by using a spectrophotometric assay kit
according to the manufacturer’s protocols (CYTOC-OX1,
Sigma and CS0720, Sigma respectively). Measurements were run
in triplicate and n = 7 rats were tested in each group. See the
Supplemental Data for additional information.

Measurements of superoxide in isolated
mitochondria with MitoSox

Mitochondrial superoxide levels were measured in isolated
mitochondria using MitoSox Red (Invitrogen), a fluorescent
probe targeted to the mitochondria and specific for superoxide.
Triplicate measurements were run in 96-well plates in a final
200uL volume and n = 4 rats were tested in each group. See the
Supplemental Data for additional information.

Measurements of ATP production in isolated
mitochondria

ATP synthesis rates were measured in mitochondrial frac-
tions with the ATP Determination Kit A22066 (Life Technolo-
gies). The assays were performed in triplicate in 96-well plate in
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a volume of 150uL containing10ug mitochondrial protein,
0.25M sucrose, 50 mM HEPES, 2 mM MGCI2, ImMEGTA, 10
mM KH2PO4, 1 mM pyruvate, 1 mM malate. 1 mM ATP-free
ADP and a solution of 0.5 mM luciferin and 0.25 pg/ml lu-
ciferase were added with the injectors integrated in the plate
reader (Infinite M200 PRO, TECAN). The slope of luminescence
increase was determined in the first 48 seconds after injection of
luciferase reagent plus ADP and it was converted to ATP con-
centration using a standard curve according to the manufactur-
er’s instruction (n = 4 rats in each group were tested). See Sup-
plemental Data for additional information.

Inner mitochondrial membrane depolarization
assay

Mitochondrial membrane depolarizes as a consequence of
mitochondrial permeability transition. Changes in potential
were analyzed in isolated mitochondria by using the 5,5,6,6'-
tetrachloro-1,1,3,3’ tetraethylbenzimidazolylcarbocyanine io-
dide (JC-1) staining kit according to the manufacturer’s protocol
(CS0760; Sigma). Assay was performed in triplicate in 96-well
plates (n = 7 animals for each group). See the Supplemental Data
for additional information.

Serum and tissue TH levels

A quantity of 2 mL of blood were collected from the femoral
vein either before, or 1 and 3 days after LAD occlusion. Serum
T3 and T4 were assayed as previously described (32). Tissue
concentration of TH was determined in right ventricles that were
pooled within each group according to the serum TH levels, and
assessed as previously reported (33). Briefly, about 1 g of tissue
was homogenized at 4°C in 1 mL of phosphate buffer (154 mM
NaCl, 10 mM NaH2PO4, pH 7.4). The homogenate was cen-
trifuged for 10 minutes at 4000 g in a cold room, and the su-
pernatant was collected for the assay in a tandem mass spec-
trometry coupled to high performance liquid chromatography.

Cell cultures

Neonatal rat CMs were isolated from hearts of 2-to 3-day-old
Wistar rats using the Worthington Neonatal Cardiomyocyte Iso-
lation System according to the manufacturer’s instructions. CM
were grown in a humidified atmosphere of 5% CO2 at 37°C in
DMEM-F12 with 2 mM L-glutamine, 1% penicillin and strep-
tomycin and 10% FBS deprived of TH with standard charcoal
stripping procedures (TH-free medium).

Forty-eight hours after isolation 2 X 10° cells/well were trans-
fected in a 6-well plate via 5-hour incubation in optimem (Gibco)
containing 80 nM 2’0 methylated decoy rno-miR-30a or 2'O
methylated control decoy (See Supplemental Table 1). Lipo-
fectamine 2000 (Invitrogen) was used as transfectant according
to the manufacturer’s recommendations. Twenty-four hours af-
ter transfection CM were placed in a hypoxia chamber (Modular
Incubator Chamber, Billups-Rothenberg, Inc), through which a
mixture of 95% N, and 5% CO, gas was passed at 2 p.s.i. The
chamber was then sealed and placed at 37°C for an additional 24
hours. After this period, cells were reoxygenated for 2 hours
before being incubated with 100 nM T3 or vehicle. After 24-hour
incubation, CM were harvested and stored at —80°C until use.
CM transfected with control decoy and not exposed either to
hypoxia or T3 treatment were used as control. Three batches of
CM were isolated and tested in all culture conditions in three
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different experimental sets. Cell pellets were harvested and used
for the subsequent analysis.

Western blot analysis

Cardiac tissue and cells were lysed in Lysis buffer [20 mM
Tris-HCl pH 8.0,20 mM Nacl, 10% glycerol, 1% NP40, 10 mM
EDTA,2 mMPMSF, 2.5 ug/mLleupeptin, 2.5 ug/mL pepstatin].
For cardiac tissue, mechanical fragmentation by Tissuelyser
(Qiagen) was also used. Proteins (30 ug per lane) were separated
on 4% to 12% polyacrylamide gel (Bolt Bis Tris mini gels Life
Technologies) and transferred to iBlot 0.2 wm PVDF membranes
(Life Technologies). Imnmunoblotting of the membranes was per-
formed with primary antibodies against p53 (1:1000, Cell Sig-
naling) and HPRT (1:10000, Abcam). Signals were revealed after
incubation with the secondary antibody coupled to peroxidase
(1:3000, Cell Signaling) using the Clarity ECL Substrate (Bio-
rad). Samples were run in duplicate. Acquired images were quan-
tified using Optiquant software.

Real-time PCR

Total RNA was extracted from homogenized heart tissue and
cell cultures with a Qiagen miRneasy mini kit (Qiagen) as di-
rected by the manufacturers’ instructions. For first-strand cDNA
synthesis, 1 ug total RNA was reverse-transcribed in a 20-uL
volume using the Mini Script RT II kit according to the manu-
facturer’s instructions (Qiagen). PCR amplification was per-
formed in triplicate in a Rotor Gene Q real time machine with 5
minutes of initial denaturation and then 40 cycles for mRNA:
95°C 10 seconds (denaturation), 58°C 20 seconds (annealing),
72°C 10 seconds (extension); and for miRNA: 95°C 15 seconds
(denaturation), 55°C 30 seconds (annealing), 72°C 10 seconds
(extension). The reaction mixture consisted of 3.5 uL H,0, 0.75
L primers (10 uM), 5 uL cDNA (2ng), and 10 uL of Quantifast
SYBR Green mix (Qiagen); primer sequences are listed in Sup-
plemental Table 1. To assess product specificity, amplicons were
checked by melting curve analysis. Gene and miRNA transcript
values were normalized respectively with those obtained from
the amplification of HPRT and snRNA-U1. All reactions were
performed in triplicate, and the relative expression was quanti-
fied with the Rotor Gene Q-Series Software.

Statistical analysis

All values are expressed as mean = SEM. Student’s # test was
used for 2-group comparisons. Comparisons of parameters
among 3 groups were analyzed by 1-way ANOVA, followed by
post hoc Bonferroni correction for multiple-comparison (Stat-
View 5.0.1). Differences were considered statistically significant
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at a value of P < .0S5. Linear regression analysis was performed
setting statistical significance as P < .05 (StatView 5.0.1).

Results

Effects of T3 infusion on serum and tissue TH and
on the expression of recognized T3 cardiac
molecular targets

To examine the effect of surgery per se versus I/R on
serum free T3 (FT3) and free T4 (FT4) concentrations,
pre-surgical, baseline values were compared with 72-hour
valuesin all groups. In addition, to define the relationships
between circulating and tissue hormone levels after T3
infusion, T3 was measured in RV pools obtained at the end
of the experimental protocol.

Sham surgery (sham vs baseline) did not significantly
change serum TH concentrations (Table 1). On the con-
trary, with respect to the corresponding basal level, a sig-
nificant decrease in FT3 was observed in the I/R group in
the presence of unaltered FT4 (Table 1). T3 infusion in-
duced an increase in serum FT3 paralleled by a consistent
drop in FT4 (Table 1). A strong correlation was found
between serum FT3 and myocardial T3, indicating that
heart T3 status closely reflects the systemic one (Supple-
mental Figure 1A).

In order to verify the heart’s sensitivity to the T3 infu-
sion at the molecular level, we assessed the expression of
some well-established TH targets, namely a- and B-myo-
sin heavy chain and miR-208a (34), as recommended by
the American Thyroid Association Guide to Investigating
Thyroid Hormone Economy and Action in Rodent and
Cell Models (35). As expected, T3 infusion induced a sig-
nificant increase in the a- myosin heavy chain /8- myosin
heavy chain mRNA ratio and restored miR-208a expres-
sion, which was significantly depressed in the I/R group.
(Supplemental Figure 1, B and C). Altogether, these data
confirmed the occurrence of a low-T3S in the I/R group
and support the effectiveness of our T3 delivery system.

Table 1. Free TH Measured in Rat Serum Before and 72 Hours After Surgery
FT3 final FT4 final
FT3 basal levels (pg/ FT4 basal levels (pg/
levels (pg/mL) mL) levels (pg/mL) mL)
Sham 3.4 +0.3 3.0x0.2 142 £ 0.6 11414
I/R 3.4+0.2 2.3 +02%° 13.8 = 1.7 11.3=1.0
I/R-T3 3.2+0.2 55+0.3°%%° 144 +0.8 34 +05%°b
n = 8.

2 P = 0.003 vs respective, basal levels.
b p< 0.004 vs sham-operated.
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T3 infusion improves the post-ischemic recovery of
cardiac function

As a second step, we determined the effects of T3 on the
post-ischemic cardiac functional parameters and chamber
geometry. I/R rats exhibited a significant decrease in
global and regional LV contractility as determined by de-
creased LV fractional shortening (LVFS) and anterior sys-
tolic wall thickening as well as a significant increase in the
end systolic LV diameter (Table 2). T3 supplementation
blunted the detrimental effect of I/R on systolic diameter
and LV anterior contractility and was able to maintain the
normal LVFS after I/R. Also, T3 induced a small but sig-
nificant increase in heart rate when compared with sham
animals (Table 2).

Altogether, these data reveal that T3 administration is
associated with preserved chamber geometry and im-
proves cardiac functional recovery.

T3 infusion improves the recovery of
mitochondrial function and reduces CM loss

Given the important contribution of mitochondria im-
pairment to post-ischemic cardiac dysfunction, we next
explored if the protective effect of T3 was related to a
better recovery of the mitochondrial activity and reduced
reactive oxygen species production. In the area at risk, I/R
resulted in reduced citrate synthase-corrected cytochrome
¢ oxidase activity, in depressed ATP production rate and
in increased superoxide level (Figure 1A—C). T3 adminis-
tration provided a complete recovery of mitochondrial
activity in the AAR and prevented superoxide accumula-
tion (Figure 1, A-C). No significant differences among
groups were observed in the RZ (Figure 1, A-C).

We hypothesized that the better recovery of mitochon-

Table 2. In Vivo Heart Functional Parameters of Rats
by Echocardiography at 72 Hours After Surgery
Heart
function Sham I/R I/R-T3
LVEDd 58 £0.2 6.0x0.2 59=*0.2
(mm)
LVESd (mm) 23+0.2 3.3+0.1 25+0.2
a’ b
SAWT % 70 * 3 52+ 42° 67 =3
SPWT % 69 + 3 63 +4 70 =2
FS % 50 + 2 46 =220 59 + 2b
HR 437 £ 8 450 = 16 488 + 9°

2P =0.01 vs sham.
bP=0.01vsI/R-T3.
Values are mean = sem; n = 8 in each group.

LVEDd indicates left ventricular end-diastole diameter; LVESd indicates
left ventricular end-systole diameter; SAWT% indicates percent systolic
anterior wall thickening; SPWT% indicates percent systolic posterior
wall thickening; FS% indicates percent of fractional shortening; HR
indicates heart rate.
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drial function observed in the I/R-T3 group could result in
a lesser extent of CM death. To investigate this aspect,
histological examination was performed in a subgroup of
I/R-T3 hearts and compared with the I/R hearts. T3 infu-
sion decreased the infarct size as revealed by the reduced
ischemic area/AAR ratio, (Figure 2 A—C) and reduced tun-
nel staining in the AAR (Figure 2D). Overall, these find-
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Figure 1. T3 administration rescues mitochondrial activity and limits
superoxide formation. At 24 hours after Ml, T3 solution at 6 ug/kg/d
(I/R-T3), or saline (I/R) were infused for 48 hours. A, The citrate
synthase (CS) normalized cytochrome ¢ oxidase (CcOx) activity was
measured in the area at risk (AAR) and remote zone (RZ) of the LV. T3
infusion reversed the mitochondrial activity impairment observed in the
AAR of I/R group. No differences were assessed in the LV RZ (n = 7 in
each group; *, P = .0001 vs sham and I/R-T3). B, T3 administration
prevents the fall in ATP production rate observed in the AAR of the I/R
group whereas no differences among groups were reported in the RZ
(n = 4 in each group; *, P = .0005 vs sham and I/R-T3). C,
Mitochondrial superoxide level was significantly increased in the AAR
of the I/R group and return to sham level in the I/R-T3 group. RZ
superoxide levels were not affected by ischemia or T3 treatment (n = 4
in each group; *, P = .0007 vs sham and I/R-T3).
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ings indicate a cardioprotective action of T3 linked to the
maintenance of mitochondrial activity and to decreasing
apoptosis and necrosis in the early post-ischemic period.

T3 affects the expression and protein level of p53
and prevents mitochondrial permeability transition
In the light of the protective action of T3 from apoptosis
and necrosis induced by I/R injury, we then evaluated the
role of T3 in the regulation of p53 mRNA and protein level
and on p53 downstream events thatare Bax activation and
mitochondrial inner membrane permeabilization. When
compared with the sham group, the I/R group showed
increased p53 expression in the AAR (Figure 3A) with a
concomitant increase in p53 content (Figure 3B). These
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Figure 2. T3 administration improves morphometric parameters and favors cell survival in I/R rat
hearts. A, Coronal section of I/R (upper) and I/R-T3 (lower) hearts injected with Evan’s blue and
incubated with TTC (left), stained with Hematoxylin-Eosin (middle and right) or processed for
apoptosis detection by TUNEL fluorescent labeling (right). The black dotted boxes outline the
correspondent region at high magnification. Red arrows point to the TUNEL positive green
nuclei. Alpha sarcomeric actin was used as a cardio-specific marker (green cytoplasm). Low
magnification: 2-mm calibration bar; high magnification: 40-um calibration bar. B, I/R and I/R-T3
groups presented comparable area at risk (AAR, negative to Evan’s blue staining) expressed as
percentage of the total LV. C, When compared with I/R, I/R-T3 rats exhibited reduced infarct size
expressed as the area within the AAR negative to TTC staining. D, With respect to I/R, IR-T3
showed fewer apoptotic CMs, expressed as the percentage of TUNEL-positive (green) nuclei
compared with total nuclei of CMs (both blue- and green-stained nuclei embedded in green
cytoplasm). In B, C, and D data are expressed as the mean = SEM, n = 3 in each group. §, P <

.05 vs I/R-T3.
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alterations were paralleled by an increase in Bax expres-
sion and mitochondrial membrane depolarization indic-
ative of apoptosis activation and permeability transition
(Figure 3, C and D). These effects were almost completely
reverted by T3 administration (Figure 3, A-D). No sig-
nificant differences between groups were observed in the
LV RZ regarding p53 mRNA and protein levels (Figure 3,
A and B), Bax expression (Figure 3C), or inner mitochon-
drial membrane potential (Figure 3D). These findings sug-
gest that p53 mediated proapoptotic and pronecrotic sig-
nalingare still detectable in the AAR 72 hours after /R and
can be mitigated by T3 infusion.

p53 modulation by T3 is related to miR-30a
upregulation: in vivo and in
vitro evidence

miRNAs have emerged as crucial
regulators of cardiovascular func-
tion and some of them have key roles
in cardiac remodeling (8, 9, 11, 12,
17). Given the important contribu-
tion of miR-30a in p53 modulation
(16), we proceeded by assessing the
effect of T3 on the expression of
miR-30a in our I/R hearts. As previ-
ously reported (17, 18), compared
with the sham group miR-30a was
downregulated in the AAR of the I/R
group (Figure 4A) and T3 was able to
limit miR-30a fall (Figure 4A).

No significant differences were
observed among groups in miR-30a
expression within the RZ (Figure
3A). These data suggest the hypoth-
esis whereby the modulation of miR-
30a expression by T3 mediates the
inhibitory effects of the hormone on
pS53 signaling activation and mito-
chondrial dysfunction in the post-
ischemic AAR. In accordance, a sig-
nificant positive linear regression
was found between miR30a levels
and mitochondrial function in the
I/R groups (Figure 4B).

The mechanistic link between
miR-30a and p53 regulation by T3
treatment was explored in primary
cultures of neonatal rat CM. Cell cul-
tures were incubated in the presence
of 100 nM T3 or saline for 24 hours
after being exposed to 24-hour hyp-
oxia. The efficacy of the hypoxic

4lum

I/R

I/R-T3
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stress was confirmed by the induction of apelin expression
(data not shown) (36).

In accordance with the in vivo study, T3 treatment re-
stored miR-30a and p33 levels that were altered by hy-
poxic stress (Figure SA-C). miR-30a knockdown (KD)
significantly decreased the endogenous miR-30a both re-
gardless of T3 treatment (Supplemental Figure 3).

In addition, in hypoxic conditions, miR-30a KD further
increases the p53 level as expected, and, more impor-
tantly, completely abolished the T3 mediated effect on p53
expression and protein level (Figure 5, A-C). These data
support a model whereby modulation of the miR-30/p53
axis is one of the mechanisms through which T3 may exert
a cardioprotective effect.

Discussion

Soon after AMI, a number of neuro-hormonal changes
occur with diverse pathophysiological consequences.
Among them, decreased levels of T3, the biologically ac-
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tive TH, is frequently observed and there is a long-lasting
dilemma as to whether this abnormality needs correction
(37). However, growing clinical and experimental find-
ings suggest that THs may be cardioprotective by increas-
ing tolerance of the myocardium to ischemia (28-30, 32,
38). We previously showed that early T3 administration in
a rat model of ischemic HF prevented cardiac remodeling
and decreased CM death by rescuing mitochondrial func-
tion and biogenesis, but the underlying mechanisms are
still incompletely understood (32).

Mitochondrial impairmentis a leading cause of cell loss
and contractile dysfunction in AMI as well as in the sub-
acute and chronic stages of cardiac disease (2, 6). Recovery
from the acute injury and subsequent cell death requires
inhibition of both necrotic and apoptotic signal pathways.

Here we investigated the mitochondria-targeted regu-
latory effects of T3 in the early post-ischemic setting by
using an experimental model of I/R that closely mimics
human AMI disease. Based on previous indications (29,
30, 38), we used a near physiological dose and, to avoid
the risk of starting the treatment in presence of unstable

cardiovascular and systemic condi-

A B tions, we started the treatment pro-
P33 mRNA ps3 tocol 24 hours after I/R. A main find-
RZ AAR RZ . .
AAR 0.9 ing of the present study is that early
25 s - = D53 — e — D53 L. R .
g~ - - hprt — e e prt T3 administration was able to main-
% 20 06 'é tain the normal LVFS and proved ef-
15 1.0 S . .
CRE ¥ £ s ficacious in blunting the detrimental
= Hy X . .
:a; 1.0 . g 10 050 effect of I/R on systolic diameter and
g z ' i il
3 05 g o0s . 05 LV antelirlor contractility.
& ol 0.0, . g 0o B . 00 H | Looking for a molecular explana-
c§.§ § 5 c§«,§ § & & §& § § oy tion of these physiological results,
S S
S S ~ = we found that T3 was able to coun-
c D teract the upregulation of p53 and its
Bax mRNA JC-1 ratio multifaceted adverse effects on mito-
AAR RZ AAR RZ chondrial activity and cell fate ob-
g 30 " 1.6 5 2 served in the AAR of the untreated
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) &n
& o0 0.0+ L 00" ipti i i
005 S d e S o T &0 scription of genes assogated with
& & & & & & & & oxidative phosphorylation and the
S S N S

Figure 3. T3 treatment limits p53 upregulation and hampers p53-dependent mitochondrial
death signaling in the post I/R setting. A, p53 relative expression was significantly increased in
the I/R AAR 72 hours after ischemia and this effect was almost reverted by 48-hour
administration of T3. No differences were observed in the RZ B, p53 relative protein content
paralleled gene expression in both AAR and RZ. Representative WB is reported in the upper
panel; data quantification is shown in the lower panel. C, The 48-hour T3 infusion greatly
inhibited the Bax overexpression observed in the I/R AAR. No differences were evidenced in the
RZ. D, Mitochondrial inner membrane depolarization was still present 72 hours after ischemia in
the AAR of I/R group but not in I/R-T3 group. No alterations of the mitochondrial inner
membrane potential were observed in the RZ (n = 5 in each group; *, P = .003 vs sham, t, P =

.0002 vs I/R-T3).

mtDNA copy number (39-40). In
contrast, supra-physiological levels
of p53 have the opposite effect on
mitochondrial integrity and biogen-
esis (20,41). In accordance with this,
we observed a significant increase of
p53 content and elevated superoxide
levels in I/R rats associated with de-
creased cytochrome ¢ oxidase activ-
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ity and ATP production rate. These alterations were re-
verted by T3 administration.

Moreover, it is well established that p53 can trigger cell
death via apoptosis through the mitochondrial pathway
(42). For example, it can transactivate Bax, the proapop-
totic member of the BCL-2 family (43). Accordingly, in the
AAR of I/R hearts p53 upregulation resulted in stimula-
tion of Bax expression and increase in apoptotic index that
were partially reverted by T3 administration. More re-
cently, p53 and Bax have also been recognized as promot-
ers of necrosis through direct and indirect mechanisms
that facilitate mitochondrial permeability transition pore
opening and lead to inner mitochondrial membrane de-
polarization that is an important indicator of mitochon-
drial dysfunction and cell death (19, 44). In our I/R model
a depolarization of the inner mitochondrial membrane is
still present 72 hours after AMI and is consistent with the
activation of p53/Bax pronecrotic axis. T3 infusion pre-
vents mitochondrial depolarization and reduces the extent
of cell loss in the AAR, thus resulting in diminished isch-
emic area/AAR ratio. Overall, our biochemical and mo-

A miR-30a
AAR RZ
12 12
= —T T _-I—_
S 1 1
2
208 * 0.8
£ .
b
E 0.6 “t 0.6
= 04 0.4
D
~ 0.2 0.2
§F & L 0 5§ & &
I N ; & N B
5 S g 5 S g
B 7 A
6 .
5 N
" ® IR
g 4 A RT3
CRER
© y=6.5x+0.8
21 R?=0.8; p<0.0001
1 N
0 . : .
02 04 0.6 0.8

miR-30a relative expression

Figure 4. T3 treatment modulates the post I/R expression of miR-30a.
A, Forty-eight-hour T3 infusion partially reverted miR-30a level
reduction observed 72 hours after ischemia in the I/R AAR. (n = 6 in
each group; *, P = .03 vs sham, tP = .02 vs I/R-T3). No differences
between groups were observed in miR-30a expression levels of the RZ.
B, Regression between miR-30a level and mitochondrial function in the
AAR of I/R groups.

Endocrinology

lecular findings could explain the better functional recov-
ery observed in the I/R-T3 group.

Given the detrimental effects of p53 signaling in I/R, its
repression may be regarded as potentially cardioprotec-
tive. miRNAs are important regulators of gene expression,
with critical impact on cardiovascular function (45). Re-
activation of a fetal miRNA program contributes to the
alterations observed in response to diverse cardiac
stresses, such as HF and myocardial I/R (46). Of the down-
regulated miRNAs, the miR-30 family has been reported
to play a key pro-survival role through targeting p53 ex-
pression (16). Noteworthy, TH is a well-known regulator
of myocardium maturation, and T3 decline in heart dis-
ease is associated with recapitulation of the fetal expres-
sion pattern (11, 47). Hence, we hypothesized that the
post-I/R low-T3S might contribute to miR-30 downregu-
lation, thus favoring the observed p53 rise. In line with
recent findings (18), here we confirm the early post-I/R
downregulation of miR-30a in the AAR and we report for
the first time a pivotal contribution of T3 in limiting the
post-ischemic drop of miR-30a levels. To strengthen our
hypothesis of in vivo connection between T3 and miR-30a
levels, rats that did not exhibit the low-T3S after I/R (not
enrolled because they did not satisfy the inclusion criteria)

—
g 1.5
Z 12 ] Normoxia control decoy
E 2 [ Hypoxia control decoy
@ 209 * L
& 5 M Hypoxia miR-30a KD
g 54 0.6 # # % Hypoxia control decoy +T3
5 03 B Hypoxia miR-30a KD +T3
]
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Figure 5. T3 decreases p53 expression and protein levels in cell
cultures through downregulation of miR-30a level. Neonatal rat CMs
were transfected with miR-30a decoy or control decoy and stressed
with 24 hours hypoxia before being exposed to 100 nM T3 or vehicle.
Normoxic cell transfected with control decoy served as control. A, In
the presence of control decoy T3 treatment induced miR-30a
upregulation. miR-30a KD significantly decreased miR-30a level even
after T3 stimulation. B and C, T3 treatment significantly reduced p53
expression and protein level in cells transfected with control decoy
whereas it was ineffective in cells transfected with miR-30a specific
decoy. C, Upper panel representative WB; lower panel data
quantification. n = 3 in each experimental condition; *, P = .0002 vs
normoxia-control decoy and hypoxia-control decoy + T3; #, P < .0001
vs normoxia-control decoy, hypoxia control decoy and hypoxia control
decoy + T3; T, P = .0002 vs hypoxia miR-30 KD and mir30a KD+T3.
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showed higher miR-30a levels with respect to the low-T3S
I/R group (see Figure 4 Supplemental Data).

Our in vitro data suggest a model linking miR-30a up-
regulation to the p53 decrease after T3 treatment. As a
whole, our findings allow us to hypothesize a new T3-
mediated regulatory network for cardioprotection. As de-
picted in Figure 6, the ischemic condition may favor the
decrease of miR-30a levels and the subsequent p53 up-
regulation. p53, in turn, enhances mitochondrial dysfunc-
tion and activates Bax that conveys the p53 proapoptotic
and pronecrotic signals, further exacerbating cell loss. T3
treatment may counteract the decrease in miR-30a levels
after ischemia, thus limiting the activation of p53 and the
pernicious cascade leading to mitochondrial impairment
and cell death.

Although the clinical applicability of our approach is
far from being practical, the subject of research would
have a remarkable impact on translational medicine, as
indicated by a recent clinical study reporting that post-

I/R — Low T3S

SN

p53 h I‘Illl'-303

‘\Tz,

replacement

_:;.'.Tijxﬁ'i:ochond:ial
mpairments
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o0
cyt. ¢ release ATP depletion
|
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Figure 6. Proposed model for a role of miR-30a in T3-dependent
cardioprotection after I/R. In the early I/R setting a decreased T3 level is
observed in concomitance with miR-30a downregulation that
enhances p53 upregulation. p53 promotes mitochondrial mediated cell
death via Bax activation. Through the proapoptotic pathway, Bax
prompts mitochondrial outer membrane permeabilization followed by
cytochrome c release and apoptosis. Through the pronecrotic pathway
Bax signaling leads to mitochondrial permeability pore opening
(mPTPO), resulting in a loss of inner mitochondrial membrane potential
(AWm), ATP depletion and cell death. Moreover, p53 directly enhances
the post-ischemic mitochondrial impairments that drive mPTPO and
citochrome c release. Near-physiological T3 dose limits I/R injury by
maintaining miR-30a level, thus opposing the p53 adverse effects on
mitochondrial integrity and cell fate.
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ischemic activation of p53 and increased expression of the
pS53-responsive miRNAs are probably involved in the
pathogenesis of HF after AMI (48).

A limitation of this study is that also a putative physi-
ological, cardioprotective dose of T3, modifies circulating
TH levels (Table 1) and induces a light but significant
increase in heart rate (Table 2). Moreover, because the
functional study was performed under anesthesia, in our
conditions animal sedation might have in part masked the
heart rate increase induced by T3. Thus, further investi-
gations will be necessary to define the proper dosage and
timing of TH administration.

Secondly, additional dedicated loss-of- or gain-of-func-
tion in vivo studies are required to unequivocally prove
our hypothesis that miR-30a mediated T3 effects are the
main mechanisms opposing post-ischemic adverse ven-
tricular remodeling.

In conclusion, we reported a new T3-modulated car-
dioprotective pathway which might be exploited to limit
mitochondrial impairment and cell loss in the early post-
ischemic setting. Our findings support the putative role of
T3 treatment in the early post-ischemic phase to hinder
adverse ventricular remodeling.
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