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Abstract
Regulated necrosis (necroptosis) plays a pivotal role in the extent of cardiomyocyte loss and the development of post-ischemic
adverse remodelling and cardiac dysfunction following myocardial I/R injury. Although HIIT has been reported to give rise to
cardioprotection against MI, but the detailed knowledge of its molecular targets for treatment ofMI is still not available. The LAD
of Male Wistar rats was occluded to induce MI for 30 min and reperfusion for eight weeks. We investigated the effect of long-
term HIIT for eight weeks on lipid peroxidation, SOD activity and GSH content using ELISA assay. Cardiac function, fibrosis,
and infarct size were assessed by echocardiography, Masson’s trichrome and Evans Blue/TTC dual staining respectively. The
expressions of gene markers of myocardial hypertrophy, fibrosis and key mediators of necroptosis were measured using RT-PCR
and western blotting assay respectively. The results indicated that HIIT reduced lipid peroxidation, infarct size and improved
endogenous antioxidant system and heart function. Significant decreases in mRNA levels of procollagen α1(I), α1(III), and
fibronectin1were observed following HIIT. Moreover, that HIIT significantly decreased the expression of key mediators of
necroptosis induced by MI (P < 0.05). There were no significant differences in β-MHC mRNA level in different groups. The
findings of study suggest that HIIT might exert cardioprotective effects against post-ischemic adverse remodeling through
targeting necroptosis process. Likewise, cardioprotective effects of HIIT in coping with myocardial I/R injury may be associated
with RIP1-RIP3-MLKL axis. These findings establish a critical foundation for higher efficiency of exercise-based cardiac
rehabilitation post–MI and future research.
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Abbreviations
MI Myocardial infarction
I/R Ischemia/reperfusion

ROS Reactive oxygen species
RIP1 Receptor-interacting protein kinase1
NF-κB Nuclear factor-κB
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MLKL The mixed lineage kinase domain-like protein
TRPM7 Transient receptor potential melastatin related 7
HIIT High-intensity interval training
MICT Moderate intensity continuous training
CExT Customary continuous exercise training
LVIDd Left ventricular diameter in diastole
LVIDs Left ventricular diameter in systole
FS Fractional shortening
EF Ejection fraction
TBARS The thiobarbituric acid reactive substance
TTC 2,3,5- triphenyl-2H-tetrazolium chloride
MDA Malondialdehyde
LAD Left anterior descending coronary artery
KCl Potassium chloride
NBT Nitroblue tetrazolium
GSH Reduced glutathione
UCPs Uncoupling proteins
eNOS Endothelial nitric oxide synthase
CaMKII Ca2 + _calmodulin–dependent protein kinase
LDH Lactate dehydrogenase
CK Creatine kinase
CMT Continuous Moderately Training
SOD Superoxide dismutase
GAPDH Glyceraldehyde-3-phosphate Dehydrogenase
β-MHC Beta-myosin heavy chain

Introduction

MI is a growing health problem and a leading cause of
disability, morbidity and mortality around the world
which is closely associated with life-style changes, in-
creasing urbanization, and socioeconomic conditions
(Levine et al. 2016; Amani et al. 2017b; Rakhshan et al.
2018). Although early reperfusion therapy using coronary
intervention technologies and pharmacological agents has
been demonstrated to increase survivors by decreasing
acute phase mortality of MI, a high rate of mortality is
observed in post-MI patients owing to post-ischemic ad-
verse remodelling and subsequent the prevalence of con-
gestive heart failure among them (Mao et al. 2017).
Although reperfusion might contribute to cell survival in
the site of interest (Pazoki-Toroudi et al. 2003;
Ghadernezhad et al. 2016), it may exacerbate I/R injury
via initiation of pathophysiological cascades including
massive release of intracellular Ca2+ ions, neutrophil re-
cruitment, excessive generation of ROS and acute inflam-
matory response (Neri et al. 2015; Ajami et al. 2016;
Pazoki-Toroudi et al. 2016; Ajami et al. 2013).
Numerous cellular signaling pathways are involved in
post-ischemic adverse remodelling during myocardial I/R
injury (Song et al. 2014). Necroptosis is a mode of cell
death that occurs based on a caspase independent

programmed necrosis and is involved in myocardial I/R
injury (Koshinuma et al. 2014; Li et al. 2014). The ven-
tricular remodelling can occur as a result of necroptosis
and irreversible cardiomyocyte loss which, in turn, leads
to cardiac dysfunction after MI (Dorn 2008). It is found
that RIP1 and/or RIP3-containing necroptosome are mas-
ter mediators of necroptosis and their assembly is required
for the initiation of this specific subform of programmed
necrosis (Linkermann et al. 2012). RIP1 is a death-
domain containing kinase that is involved in several cel-
lular signaling pathway including NF-κB activation, apo-
ptosis and necroptosis. Serine/threonine kinase activity of
RIP1 plays a critical role in initiation of necroptosis in
target cells (Christofferson and Yuan 2010). Necroptosis
has attracted much attention as an utmost important mo-
lecular target because it is leading cause of aging related
myocardial vulnerability. It is found that the autophagy
substrate Sequestosome1 (p62/SQSTMl) elevates during
myocardial ischemia, and then degrades in reperfusion.
In the case of aged hearts subjected to myocardial ische-
mia, degradation of p62/SQSTMl is much lower than
young hearts which, in turn, results in conjugation of
p62 to RIP1, format ion of RIP1-RIP3 complex
(necrosome) and subsequent cell membrane damage in a
RIP1-RIP3- MLKL axis dependent mechanism (Li et al.
2017). Indeed, phosphorylation and trimerization of
MLKL by RIP3 lead to its translocation to plasma mem-
brane and disruption of plasma membrane integrity in a
TRPM7- dependent mechanism which, in turn, results in a
TNF-induced necroptosis (Cai et al. 2014). Exercise ther-
apy has been shown great promise to improve outcomes
after MI. Exercise can ameliorate infarct size and collagen
content of left ventricular by targeting matrix metallopro-
teinase 9 and pro-inflammatory cytokines (Puhl et al.
2015). Moreover, some studies have shown that exercise
training results in cardioprotection in coping with AMI by
modulating mitochondrial biogenesis and energy metabo-
lism via targeting PGC-1α signaling pathway (Tao et al.
2015). HIIT has been described as alternating short bursts
of high aerobic exercise with passive or active mild re-
covery periods. HIIT has several advantages such as using
fat as a source of energy, reinforcement of enzyme activ-
ity and reduction of cardiometabolic risk factors (Guiraud
et al. 2012; Batacan et al. 2016). A recent clinical trial
study indicated that both HIIT and MICT contribute to
improvement of quality of life and functional capacity in
post-MI patients (Ulbrich et al. 2016). Emerging evi-
dences have shown that cardioprotective effects of HIIT
against pulmonary hypertension are more than CExT.
HIIT can remarkably increase cardiac index and reduce
fibrosis while CExT is unable to provide these advantages
(Brown et al. 2016). The detailed mechanisms about
cardioprotective effects of HIIT against MI are still not
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available. In present study, we examined the effects of
HIIT on necroptosis process in a rat model of MI. we
hypothesized that HIIT attenuates long-term adverse is-
chemic remodelling by targeting necroptosis process.

Using western blotting assay, we evaluated the expres-
sion of the master mediators of necroptosis in different
groups. Likewise, we investigated effect of HIIT on in-
farct size, cardiac function and the expression of gene
markers of myocardial fibrosis and hypertrophy. Here,
we indicated that long-term HIIT for eight weeks contrib-
uted to the improvement of cardiac function and cardio-
myocyte survival in rats subjected to MI through targeting
oxidative stress and the master mediators of necroptosis.

Materials and methods

Chemical

Rip3 polyclonal antibody (14–6048-82) was purchased
from EBioscience Company (San Diego, CA, USA).
RIPK1/RIP1 antibody (Nbp1–77,077) was obtained from
Novus Biologicals Company (Littleton, CO). MLKL an-
tibody (MBS858387) was purchased from MyBioSource
Company (SanDiego, USA). Anti-rabbit IgG-Peroxidase
(A0545), Immobilon®-FL PVDF membrane pore size
0.45 μm, protease inhibitor cocktail, thiopentalsodium,
Evans Blue and TTC were purchased from Sigma (St.
Louis, MO, USA). Trizol was obtained from Invitrogen
company (Carlsbad, CA). cDNA Synthesis Kit was pur-
chased from EURx Company (Gdańsk, Poland). SYBR®
Premix Ex Taq ™ II (TliRNaseH Plus,RR820Q) was sup-
plied by Takara company (Japan).

Animals and ethical statement

Six-week old male Wistar rats weighing 200–250 g were ob-
tained from animal laboratory of Iran University of Medical
Sciences. The animals were kept in controlled room tempera-
ture, exposed to 12 h: 12 h light: dark schedule, 60 ± 5%
humidity, and fed with a standard food and free access to
sterile water. The present study was approved by Animal
Ethical Committee of Iran University of Medical Sciences.

Experimental design

The male Wistar rats were randomly divided into four co-
horts containing 10 rats each cohort. The sham-operated
animal cohort (sham) received all procedures except liga-
tion of the LAD. In the case of ischemia cohort (MI-CTL),
LAD was tied and recirculation was performed after
30 min to induce ischemia/reperfusion injury for 8 weeks.
In the Baseline cohort, LAD was tied and recirculation was

allowed for 1 week. Fractional shortening at ≤35%, was
inclusion criteria for MI groups in the study. The treatment
cohort (MI-HIIT) received ischemia/reperfusion + eight
week HIIT. In the case of control cohort (HIIT), healthy
rats received only HIIT for 8 weeks.

Exercise training program

After echocardiographic evaluation at 1 week after surgery,
MI groups have a four recovery period that performed on
the motorized treadmill (Iranian model, Tehran, Iran) at a
slow pace (5 m/min) for 5 min/day, 3 days per week in the
third and the fourth weeks of recovery period. After the
fourth week of surgery and at the end of recovery period,
MI-operated animals were randomly divided into the MI-
Sedentary (MI-CTL) and the MI-Trained (MI-HIIT) co-
horts. Moreover, a group of healthy rats received exercise
training program (HIIT cohort). Three steps were devoted
to each session consisted of 40 min exercise:

& warming up: running for 5 min at 50–60% of VO2max

& Main training: running for 30 min composed of 5 inter-
vals, alternating between 4 min of high-intensity running
at 85%–90% VO2max and 2 min active recovery at 50%–
60% VO2max.

& Cool-down: running for 5 min at 50–60% VO2max.
Calculation of the intensity of the training program for
each week was based on the relation of the running speed
and VO2max as described in a previous study (Kraljevic et
al. 2013). Likewise, the running speed was increased gent-
ly over weeks of training by 0.02 m/s per week. Treadmill
slope was 25° during training and testing.

Surgical procedures

A rat model of MI was established by ligating LAD. To make
MI, rats were intraperitoneally anesthetized with sodium thio-
pental (50 mg/kg) and were placed in the supine sleeping
position. To maintain their body temperature at 37 °C, we
monitored body temperature by thermal pad and heating lamp
means. To provide ventilation with room air via a rodent ven-
tilator (tidal volume 2–3 mL, respiratory rate 65–70 per min),
tube was inserted into trachea of animal. Then, at the fourth
intercostal space; a left thoracotomy was carried out to expose
heart and incise pericardium. A 6–0 silk suture slip knot was
placed below the main branch of the LAD to ligate it1–2 mm
distal from tip of the left atrial appendix. Then, to induce
ischemia, a small vinyl tube was passed into both ends of
the silk suture; the snare was pulled and was tightened using
mosquito hemostat. A successful LAD occlusion was ap-
proved by regional cyanosis of the myocardial surface and
ST segment elevation after ligation of LAD.
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Restoration of blood flow to cardiac tissue was allowed
after 30 min of ischemia. At the end of surgical procedures,
the chest was closed; positive end expiratory pressure was
increased to inflate the lungs. Then, the ventilator was re-
moved and the animals were allowed to recover.

All procedures except ligation of LAD were performed in
sham-operated animals.

Assessment of cardiac function

Transthoracic two dimensional (2D) guidedM-mode echocar-
diography at a sweep speed of 100 mm/s using a 10 MHz
echocardiogram (linear transducer, GEVing med Ultrasound)
was recorded in animals 1 and 8 weeks after reperfusion.
Investigated groups were anesthetized with sodium thiopental
(50 mg/kg, ip). To assay some of the parameters such as
LVIDd, LVIDs, we used parasternal 2D short-axis view at
the level of papillary muscles. Calculation of FS was based
on the following formula:[LVIDd – LVIDs)/LVIDd] ×
100(Hochhauser et al. 2007). EF was calculated as:
(LVIDd2 -LVIDs2)/LVIDd2 formula. Echo Pac software (GE
Healthcare) was applied to analyze data of 3–5 consecutive
heart cycles. Echocardiography was performed by an observer
blinded to investigated groups.

Anesthesia and tissue collection

In the last period at the end of HIIT, the rats were sacrificed
under deep anesthesia and hearts were quickly excised and
stored at −80 °C for western blotting assay.

Infarct size assessment

The myocardial infarct volume and area at risk (AAR)
were determined by Evans Blue/TTC dual staining
8 weeks after reperfusion.

In the last period at the end of HIIT, LADwas ligated again
and 1 ml of 2% Evans Blue dye was injected through the
femoral vein. The animals were sacrificed under deep anes-
thesia and the heart was rapidly removed. Then the aorta was
removed and hearts were kept at −20 °C for 24 h and subse-
quently cut into 2 mm cross-sectional slices. To visualize in-
farct regions, the sections were incubated at 37 °C for 15–
20 min in 1% TTC. To improve the contrast between infarct
and non-infarct regions, the sections were fixed in 10% for-
malin for overnight.

Area at risk was presented as a percentage of left ventricle
(AAR/LV) and infarct size was expressed as a percentage of
area at risk (IS/AAR). A digital camera was used to photo-
graph slices. Stained deep blue regions by Evans indicate the
non-ischemic myocardium.

The software Image J (National Institutes of Health,
Bethesda, MD, USA) was used to determine infarct size.

Western blotting

A complete protease and phosphatase inhibitor was used
to homogenize small pieces of the rat heart tissues in cell
lysis buffer. Protein concentration was measured using
nanodrop. Samples were denaturized at 95 °C for 5 min,
and then 30 μg of total protein was separated by 8 to 10%
SDS-PAGE gel and transferred onto polyvinylidene fluo-
ride membrane. To block nonspecific sites, membranes
were immersed in 5% non-fat milk in TBS containing
0.1% Tween 20 for 1 h. Then, membranes were incubated
with primary antibodies (dilution 1:1000) for 2 h and after
washing in PBS, they were exposed to a secondary anti-
body conjugated by peroxidase for 1 h and then were
visualized by ECL reagent.

RT –PCR analysis

Total RNA was extracted from tissue samples using Trizol
according to the manufacturer’s instructions. A Dart cDNA
kit was used to reversely transcribe RNA to cDNA accord-
ing to the manufacturer’s protocol. Real-Time PCR were
run for 30–40 cycles using SYBR® Premix Ex Taq ™ II
(TliRNaseH Plus,RR820Q) on a Rotor-Gene Q 5plex
System. GAPDH was employed as internal control. The
2-ΔΔCt method was used to normalize the expression levels
of each target gene to internal control expression. Real-time
PCR primer pairs are listed in Table 1.

Histological assessment

To evaluate interstitial fibrosis, we performed Masson’s
trichrome staining. In brief, the ventricles first were fixed in
formalin. Then, they were sliced and embedded in paraffin.
The tissues were serially cut into 5 μm thick sections from
base to apex. Data were quantified using the Image J software
(NIH, Bethesda, MD, USA) through its color deconvolution
plugin.

Assessment of lipid peroxidation

The TBARS method was used to measure MDA level
(Esterbauer and Cheeseman 1990). Heart tissues were
(100 mg) were homogenized in 5 mL of 1.15% KCl.
Then, 2 ml of cold 10% trichloroacetic acid and 2 ml of
cold 10% thiobarbituric acid were added to tissue homog-
enates. The resulting solution was heated at 100 °C for
1 h. After removing the precipitate, MDA content of re-
action mixture was determined according to its extinction
coefficient of 155 mM−1 cm−1.
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Assessment of SOD activity

Heart tissues were (100 mg) homogenized in 100 mM
potassium phosphate buffer solution (PBS, pH = 7.0) at
1600 rpm for 2 min. After centrifugation at 7000 rpm
for 30 min at +4 °C, the supernatant was separated to
estimate soluble contents of SOD by measuring inhibition
of the photochemical reduction of NBT described by
Beauchamp and Fridovich (1971).

Assessment of GSH content

Heart tissues were (100 mg) were homogenized in 5%
metaphosphoric acid solution at 1600 rpm for 2 min. After
centrifugation at 3500 rpm for 10 min at +4 °C, 30 ul super-
natant was incubated with 30 ul 5, 50 -dithiobis-(2-
nitrobenzoic acid), β-NADPH and GSH reductase. The
changes in optical density at 412 nmwas measured to estimate
GSH content (Boyne and Ellman 1972).

Statistical analysis

Results are expressed as the mean ± the standard error of the
mean (SEM). Data analysis was performed using GraphPad
Prism-5 statistic software (LaJolla, CA, USA). Differences in
three or more groups were tested by one-way ANOVA. Post-
hoc tests were carried out using tukey correction when a re-
markable difference was detected with ANOVA. Avalue of P
< 0.05 was accepted to be statistically significant.

Results

Effects of HIIT on body weight, heart weight, heart
weight /body weight ratio and LV/body weight ratio

There are no statistically significant differences in the early
body weight among experimental cohorts. Significant dif-
ferences were found in body weight, heart weight, Heart

weight /body weight ratio and LV/body weight ratio follow-
ing long-term HIIT among experimental cohorts (Table 2).

Effects of HIIT on infarct volume

There is no remarkable difference in the size of area at
risk (AAR) among sham (47.80 ± 5.44), MI-CTL (49.40 ±
5.85) and MI-HIIT (48.00 ± 4.30) cohorts. No formed in-
farction was observed in sham and HIIT cohorts. As
shown in the representative figure of TTC-stained cardiac
tissue sections (Fig. 1), the amount of infarct size caused
by MI was 43.60 ± 5.22. Myocardial infarct volume fol-
lowing HIIT was significantly smaller relative to MI-CTL
cohorts (27.80 ± 4.47).

Effects of HIIT on oxidative stress after MI

In order to identify whether HIIT can affect oxidative
stress after MI, we measured SOD activity and levels of
GSH and MDA using ELISA assay. We found that GSH
tissue content was significantly decreased in MI-CTL co-
horts. The alteration in GSH tissue content was caused
following HIIT after MI (Fig. 2a). Likewise, SOD activity
was markedly attenuated in MI rats 1 and 8 weeks after
MI. HIIT remarkably restored SOD activity after 8 weeks
(Fig. 2b). A significant elevated level of MDA was found
in rats 1 and 8 weeks after MI. Long- term HIIT after MI
markedly decreased MDA levels (Fig. 2c).

Effects of HIIT on cardiac function after MI

Evaluation of Left ventricular function was performed by
echocardiography after 30 min ischemia and 8-week re-
perfusion at the end of HIIT. A significant decreased EF
and FS were found in MI-CTL compared with sham. As
depicted in Fig. 3a and b, HIIT after MI preserved left
ventricular function and prevented remodelling by restor-
ing EF and FS.

Table 1 Primer Sequences used
for RT-PCR Gene Primer sequence Sequence detected

Procollagen I-α1 forward 5’-CACCTACAGCACGCTTG-3’ 191 bp
reverse 5’-GGATGGAGGGAGTTTACAC -3’

Procollagen III-α1 forward 5’-CCTCCCAGAACATTACATAC-3’ 258 bp
reverse 5’-CAATGTCATAGGGTGCGAT-3’

Fibronectin 1 forward 5’-GTGAAGAACGAGGAGGATGTG-3’ 267 bp
reverse 5’-GTGATGGCGGATGATGTAGC-3’

β-MHC forward 5′- ATCAAGGGAAAGCAGGAAGC-3’ 196 bp
reverse 5′- CCTTGTCTACAGGTGCATCA-3’

GAPDH forward 5’-AGTTCAACGGCACAGTCAAG-3’ 118 bp
reverse 5′- TACTCAGCACCAGCATCACC-3’
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As shown in Fig. 3c and d, LVIDd and LVIDs were dra-
matically increased in MI-CTL relative to sham and HIIT.
Statistically significant differences were found between MI-
CTL andMI-HIIT for LVIDd parameter. Likewise, in the case
of MI-HIIT cohort, HIIT markedly blunted increasing of
LVIDs relative to MI-CTL.

The effects of HIIT on post-ischemic adverse
remodelling and myocardial hypertrophy

To evaluate effects of HIIT on post-ischemic adverse re-
modelling, we measured mRNA levels of gene markers of
fibrosis such as procollagen α1 (I), procollagen α1 (III),
and fibronectin1. As shown in Fig. 4a, b and c, our results
showed that the mRNA levels of procollagen α1 (I),
procollagen α1 (III), and fibronectin1 were markedly in-
creased in MI-CTL compared with sham and HIIT co-
horts. Long- term HIIT significantly decreased mRNA
levels of these markers. In order to evaluate whether
HIIT for 8 weeks might affect pathological hypertrophy,
we measured mRNA levels of β-MHC, a gene marker of
myocardial hypertrophy. As shown in Fig. 4d, there were
no significant changes in LV β-MHC mRNA level be-
tween different groups.

The effect of HIIT on interstitial fibrosis

In order to prove protective effects of the eight-week HIIT train-
ing post-ischemic adverse remodelling, we performed Masson’s
trichrome staining. As depicted in Fig. 5, histological analysis
showed that the interstitial collagen deposition in the myocardi-
um was significantly increased in MI-CTL compared with sham
and HIIT cohorts. Long- term HIIT markedly reduced the inter-
stitial collagen deposition and scar formation in the myocardium.

The effect of HIIT on key mediators of necroptosis

Effects of the eight-week HIIT training on protein levels of
RIP1in cardiac tissuewere evaluated usingwestern blotting assay.
As shown in Fig. 6a, our results showed that the expression level
of RIP1 protein was significantly increased in MI-CTL cohort
compared to sham and HIIT. A significant decreased level of
RIP1 protein was found in MI-HIIT cohort, suggesting
cardioprotective effects of HIIT against myocardial ischemia by
targeting necroptosis. To obtain greater insight into effects ofHIIT
on necroptosis, we then examined the expression changes ofRIP3
protein. As depicted in Fig. 6b, remarkable increased level of
RIP3 protein was found in MI-CTL relative to sham and HIIT.
Compared with MI-CTL, HIIT reversed the increased amount of

Table 2 Post long-term HIIT
animal body and heart weights
and heart to body and LV/body
weight ratios in experimental
cohorts

Criteria Sham HIIT MI-CTL MI-HIIT

Body weight (g) 214.4 ± 4.5 228.6 ± 5.9 229.6 ± 7.8 232.2 ± 7.6

Final body weight (g) 270.8 ± 13.4 287 ± 7.3 287.6 ± 9.4 314.8 ± 6.2**

Heart weight (g) 950 ± 20.9 1108 ± 55.2* 992 ± 44.8 1292 ± 40.3**

Heart /body weight ratio (mg/g) 3.5 ± 0.1 3.8 ± 0.1 3.4 ± 0.1 3.9 ± 0.3$

LV/body weight ratio (mg/g) 2.4 ± 0.1 2.8 ± 0.1& 2.4 ± 0.1 3.1 ± 0.3***

*P < 0.05 compared with sham cohort; **P < 0.01 compared with other cohorts; $P < 0.05 compared with MI-
CTL cohort; ***P < 0.001 compared with sham and MI-CTL cohorts; &P < 0.05 compared with sham and MI-
CTL cohorts

Fig. 1 HIIT for 8 weeks reduced
infarct size caused by MI. There
are no statistical differences
among different cohorts for AAR.
The myocardial infarct volume
was significantly formed after MI
induction (* P < 0.001 compared
with sham cohort). TTC staining
indicated that Long-term HIIT for
8 weeks could significantly
reduce infarct volume compared
with MI-CTL cohort (# P < 0.05)
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Fig. 2 HIIT after MI exerts cardioprotective effects via attenuation of
oxidative stress. a GSH content was significantly decreased in MI-CTL
compared with sham, HIIT and Baseline (***P < 0.001). HIIT
significantly restored GSH content (#P < 0.05 compared with MI-CTL;
$P < 0.05 compared with sham; ** P < 0.01 compared with Baseline). b
Significant decreased activity of SODwas found in Baseline andMI-CTL
(* P < 0.05 and $$ P < 0.01 compared with sham; ** P < 0.01 and $$$ P

< 0.001compared with HIIT). HIIT treatment significantly restored SOD
activity compared with MI-CTL (#P < 0.05). c The levels of MDA in
heart were significantly elevated in Baseline and MI-CTL compared
with sham and HIIT (*** P < 0.001). Significant reduced MDA level
was observed after treatment with HIIT (# P < 0.05 compared Baseline;
## P < 0.01 compared with MI-CTL; $$ P < 0.01 compared with sham
and HIIT

Fig. 3 HIIT for 8 weeks contributed to the restoration of heart function. a,
bRemarkable decreased EF and FSwere created by LAD ligation (***P
< 0.001 compared with sham and HIIT cohorts). A significant increased
percentage of EF and FS was found in MI-HIIT cohort (##P < 0.01 and #
P < 0.05 compared with MI-CTL; $$$ P < 0.001 compared with sham

and HIIT cohorts). c, d HIIT for 8 weeks markedly inhibited the
increase of LVIDd and LVIDs after MI (*** P < 0.001 compared with
sham and HIIT cohorts; ## P < 0.01 and ### P < 0.001 compared with
MI-CTL; $ P < 0.05 compared with sham and HIIT cohorts)
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Fig. 5 Histological assessment of cardiac fibrosis using Masson’s
trichrome staining. The interstitial collagen deposition markedly
increased in MI-CTL compared with sham and HIIT cohorts (*** P <

0.001). The eight-week HIIT training blunted the interstitial collagen
deposition (# P < 0.05 compared with MI-CTL; $ P < 0.05 compared
with sham and HIIT cohorts)

Fig. 4 HIIT for 8 weeks attenuated post-ischemic adverse remodelling.
Effects of HIIT for 8 weeks on mRNA levels of a procollagen α1(I), b
procollagen α1(III), and c fibronectin1 (*** P < 0.001 and ** P < 0.01
compared with sham and HIIT cohorts; # P < 0.05 compared with MI-

CTL; $ P < 0.05 compared with sham and HIIT cohorts). d Alternatively,
mRNA levels of β-MHC as gene marker of myocardial hypertrophy did
not change in different groups
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RIP3 protein eight weeks after reperfusion, again confirming that
HIIT exerts protection against MI by targeting necroptosis. To
confirm the above findings on necroptosis targeted by HIIT after
MI, we next investigated whether eight-week HIIT after reperfu-
sion affected the expression levels ofMLKLprotein, downstream
of RIP1 and RIP3. Figure 6c illustrates the findings of western
blotting with MLKL antibody eight weeks after reperfusion.
These findings indicated that induction of MI in rats significantly
increased expression level of MLKL protein. A significant de-
creased level of MLKL was observed in MI-HIIT cohort.

Discussion

In this study, for the first time we demonstrated eight-week
HIIT could markedly reduce infarct size and prevent cardiac

remodelling by targeting necroptosis in a rat model of MI.
Indeed, for the first time, present study showed necroptosis
is a long-term process that might be accounted for long-term
adverse outcomes after MI.

Our results show that necroptosis plays an important
role in cardiomyocyte loss and subsequent cardiac mal-
function. Up-regulation of key mediators of necroptosis
was found eight weeks after reperfusion in MI-CTL
group. There was a significant correlation between HIIT
following MI and down-regulation of key mediators of
necroptosis. Indeed, HIIT exerted significant changes in
molecular targets and cellular pathway to prevent abnor-
mal changes in mass, size, cardiac geometry and function
of the heart after injury. In recent years, researchers have
introduced many new options for targeted therapy of MI
and other diseases (Mahmoudi et al. 2017; Amani et al.

Fig. 6 Western blotting assay demonstrated that HIIT for 8 weeks
accounted for cardioprotection in coping with MI by targeting
necroptosis. a Protein level of RIP1 was significantly increased in MI-
CTL relative to sham, HIIT (*** P < 0.001) and baseline cohorts (**P <
0.01). HIIT for 8 weeks markedly decreased Protein level of RIP1,
indicating inhibition of necroptosis by HIIT after MI (### P < 0.001). b
The expression of RIP3 protein was remarkably enhanced in Baseline and
MI-CTL cohorts (** P < 0.01, *** P < 0.001 compared with HIIT, *P <

0.05 compared with HIIT). HIIT for 8 weeks significantly blunted the
expression of RIP3 protein relative to MI-CTL (## P < 0.01). c
Remarkable expression of MLKL protein was found in post-MI rats
(*** P < 0.001 relative to sham and HIIT cohorts; ** P < 0.01
compared with baseline). HIIT for 8 weeks markedly decreased protein
level of MLKL in post-MI rats, again confirming suppression of
necroptosis following HIIT treatment (# P < 0.05 compared with MI-
CTL cohort)
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2017a; Jazayeri et al. 2016a; Jazayeri et al. 2016b;
Pazoki-Toroudi et al. 2010).

Although some previous studies have shown that exercise
after MI exerts detrimental effects on cardiac rehabilitation
and heart function, there are many emerging evidences that
demonstrate exercise can accelerate wound healing and resto-
ration of heart function following MI (Garza et al. 2015;
Giallauria et al. 2013). In a recent study, it is found that
HIIT for 8 weeks contribute to the improvement of mechani-
cal energy efficiency, energy expenditure and function in car-
diac muscle through down-regulation of UCPs and up-
regulation of Enos (Fallahi et al. 2016). Moreover, the same
group reported that HIIT followingMI ameliorated infarct and
serum level of myocardial injury markers such as CK and
plasma LDH (Rahimi et al. 2015). Our findings confirmed
these previous data that HIIT for 8 weeks decreases the extent
of infarct size. In a recent report by Barbosa-da-Silva et al.
long-term HIIT for 8 weeks alleviated cardiac structural and
functional remodelling caused by high-fat or high-fructose
diets by mitigating LV hypertrophy in a left ventricular
renin-angiotensin-system dependent mechanism (de Oliveira
Sá et al. 2017). One goal of this study was to determine the
effects of long-term HIIT on cardiac remodelling induced by
MI. To this end, we investigated myocardial interstitial fibro-
sis as hallmark of cardiac remodelling. In this study, we dem-
onstrated that mRNA levels of gene markers of fibrosis mark-
edly decreased after long-term HIIT for 8 weeks. These find-
ings confirm the protective effects of long-term HIIT for
8 weeks on cardiac remodelling induced by MI. In order to
prove protective effects of long-term HIIT on cardiac remod-
elling induced by MI, we investigated myocardial interstitial
fibrosis using Masson’s trichrome staining. Our result showed
that long-term HIIT reduced the interstitial collagen deposi-
tion and scar formation in the myocardium. In consistent with
our finding, a recent study showed that HIIT improved right
ventricular dysfunction in a rat model of pulmonary hyperten-
sion through fibrosis reduction (Brown et al. 2016). On the
other hand, transthoracic echocardiography data showed that
HIIT significantly blunted increasing of LVIDs following MI
and restored EF and FS which, in turn, resulted in the im-
provement of heart function. In keeping with our findings,
Hu & et al. reported that both CMT and HIIT improve heart
function after MI through expression changes in circulating
microRNAs (Ding et al. 2016). Moreover, recent studies have
shown that HIIT improves heart function in some diseases
such as non-alcoholic fatty liver (Hallsworth et al. 2015).
Pathological hypertrophy is independent risk factor for mor-
bidity and mortality and is usually linked to the upregulation
of some fetal genes such β-MHC and cardiac dysfunction
(Reiser et al. 2001). In this study, our results showed that
long-term HIIT markedly increased heart/body weight ratio
and LV/body weight ratio compared to that in MI-CTL. To
evaluate if heart/body weight ratio and LV/body weight ratio

are associated with the physiological or pathological cardiac
hypertrophy, we determined mRNA levels of β-MHC. Our
results did not show any significant differences of β-MHC
mRNA level between different groups. In keeping with our
finding, a recent study showed that long-term exercise for
12 weeks after MI did not confer any change in β-MHC
mRNA level (Wolff et al. 2017).The authors mentioned that
it was unsurprising because the response of this marker de-
pends on exact time -point chosen for analysis and infarct
volume (Mair et al. 1994). On the other hand, a previous study
showed that enhanced cardiac function is a hallmark of phys-
iological hypertrophy that occurs after long-term exercise
(McMullen and Jennings 2007). This study confirms our find-
ing because cardiac function was improved after HIIT for
8 weeks. Then, we went on to clarify possible mechanisms
by which long-term HIIT may exert protective effects against
MI. Many cellular signaling pathways are involved in cell fate
after MI; among them, necroptosis plays a crucial role in the
modulation of post-ischemic adverse remodelling and cardiac
dysfunction after MI (Luedde et al. 2014). Similar to apoptotic
cell death, distinct molecules mediate necroptosis and similar
to necrosis cell death initiation of necroptosis results in dis-
ruption of membrane integrity, and inflammation
(Vandenabeele et al. 2010).

The detailed knowledge of involved mechanisms in
cardio-protectiveness of HIIT following MI is still not
available. In this study, we also sought to elucidate wheth-
er the possible mechanisms of HIIT in cardioprotection
against cardiac functional remodelling after MI might be
linked to necroptosis targeting. It has been recognized that
necroptosis process is based on the activation of RIP1-
RIP3-MLKL axis which, in turn, leads to the rupture of
cell membrane, the release of cell contents and cell death
(Kaczmarek et al. 2013).

RIP1is a master mediator of cardiomyocyte loss and its
interaction with RIP3 results in necrosome formation,
phosphorylation of MLKL, and necroptosis. Moreover, ac-
tivation of RIP1 can create a pathophysiological chain in-
cluding the increase of STAT3 phosphorylation, interaction
of phosphorylated STAT3 with GRIM-19 (a subunit of mi-
tochondrial complex I), STAT3 translocation to the mito-
chondria, generation of ROS and finally TNF-induced
necroptosis (Shulga and Pastorino 2012). On the other
hand, RIP1-dependent necrosis contributes to development
of long-term adverse cardiac remodelling after MI. It has
been found that Necrostatin-1, a specific inhibitor of
necroptosis, can hamper interaction between RIP1 and
RIP3 to reduce this programmed cell death, the inflamma-
tory response, ROS generation and subsequent adverse car-
diac remodelling (Zhang et al. 2018; Oerlemans et al.
2012). In this study, in agreement with previous studies
the expression level of RIP1 was elevated following MI
and reversed by HIIT. These results suggest that HIIT can
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guard against long-term adverse cardiac remodelling after
MI by targeting RIP1-dependent necroptosis. RIP3 plays a
critical role in the modulation of short-term adverse cardiac
remodelling and heart malfunction. RIP3-dependent myo-
cardial remodelling is associated with its co-localization
with mitochondria and subsequent mitochondrial ROS
generation. It is not known if translation of these short-
term effects of RIP3 into long-term adverse ischemic re-
modelling mediates through its abundant and constant ex-
pression or by ROS generation. Overexpression of RIP3
leads to its interaction with RIP1, the formation of RIP1/
RIP3 complex, inflammation and subsequent necroptosis
cell death of cardiomyocytes (Luedde et al. 2014).

A recent study indicated that RIP3 can induce cardiac ne-
crosis in the absence of RIP1 and MLKL proteins. It is recog-
nized that RIP3 can mediate oxidative stress–induced myocar-
dial necroptosis via activation of CaMKII (Zhang et al.
2016a). Therefore, we ask if HIIT might affect RIP3 and re-
lated mechanisms. The expression of RIP3 was remarkably
increased following MI and reversed by HIIT. These findings
were consistent with previous studies that RIP3 converted NF-
induced cell death from apoptosis to necrosis (Zhang et al.
2009; Luedde et al. 2014; Newton et al. 2016). Previous re-
ports have shown that MLKL activation leads to its transloca-
tion to the plasma membrane, membrane rupture and cell
death (Dondelinger et al. 2016). A previous study indicated
that Necrostatin-1 exerted cardioprotection paraquat-induced
cardiac contractile dysfunction by targeting RIP1-RIP3-
MLKL axis. It is seem MLKL contribute to development of
adverse cardiac remodelling through the rupture of cell mem-
brane (Zhang et al. 2018). In this study, MLKL was recog-
nized as a molecular target of long-term HIIT. Our results
indicated that down-regulation of MLKL by HIIT contributes
to the inhibition of cardiac remodelling and dysfunction.

On the other hand, previous studies have shown that
oxidative stress has been linked to TNFα-induced
necroptosis. In fact, RIP1 activation can indirectly result
in induction of oxidative stress and ROS accumulation in
NF-κB activation-deficient cells (Shindo et al. 2013).
However, depending on the cell type or the type of stim-
ulus, ROS might be involved in necroptosis (Chtourou et
al. 2015). The detailed knowledge about how ROS in-
duces necroptosis is unknown (Han et al. 2018). A recent
study has been shown that oxidative stress–induced myo-
cardial necroptosis is associated activation of down-
streams of RIP3 such as CaMKII (Zhang et al. 2016b).
On the other hand, RIP kinase activity is required for
function of glycogen phosphorylase and glutamate dehy-
drogenase 1 that utilizes glutamate or glutamine as sub-
strates for ATP production in oxidative phosphorylation.
A consequence of this process is ROS production which,
in turn, results in a slippage of myofibrils and LV dilation
(Declercq et al. 2009; Luedde et al. 2014). Therefore, we

planned a strategy to examine whether HIIT exert
cardioprotective effect after MI by targeting oxidative
stress–induced myocardial necroptosis. Our findings dem-
onstrated that HIIT caused noticeable changes in oxidative
stress factors. HIIT contributed to reinforcement of endog-
enous antioxidant system and reduced lipid peroxidation.

Conclusion

Collectively, for the first time our results showed that HIIT
gave rise to cardioprotection against adverse cardiac remodel-
ling after MI by targeting oxidative stress–induced myocardial
necroptosis. Discovery of these molecular targets of HIIT in
MI can establish a substantial foundation for future drug de-
sign and research.
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