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Abstract

To investigate whether high-intensity interval training (HIIT) and continuous moderate-intensity training (CMT) have dif-
ferent impacts on exercise performance and cardiac function and to determine the influence of these exercise protocols on
modulating basal autophagy in the cardiac muscle of rats. Rats were assigned to three groups: sedentary control (SC), CMT,
and HIIT. Total exercise volume and mean intensity were matched between the two protocols. After a 10-week training
program, rats were evaluated for exercise performance, including exercise tolerance and grip strength. Blood lactate levels
were measured after an incremental exercise test. Cardiac function and morphology were assessed by echocardiography.
Western blotting was used to evaluate the expression of autophagy and mitochondrial markers. Transmission electron micros-
copy was used to evaluate mitochondrial content. The results showed that time to exhaustion and grip strength increased
significantly in the HIIT group compared with the SC and CMT groups. Both training interventions significantly increased
time to exhaustion, reduced blood lactate level (after an incremental exercise test) and induced adaptive changes in cardiac
morphology, but without altering cardiac systolic function. The greater improvements in exercise performance with the
HIIT than with the CMT protocol were related to improvement in basal autophagic adaptation and mitochondria function
in cardiac muscle. Mitochondria markers were positively correlated with autophagy makers. This study shows that HIIT is
more effective for improving exercise performance than CMT and this improvement is related to mitochondrial function and
basal autophagic adaptation in cardiac muscle.
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Abbreviations LVpws LV posterior wall thickness in systolic
ALDH2  Acetaldehyde dehydrogenase 2 LVgp LV end systolic diameters
ANOVA Analysis of variance SDH Succinate dehydrogenase
ATG Autophagy-related gene SIRT3 Sirtuin 3
CMT Continuous moderate-intensity training
COX IV Cytochrome C oxidase subunit IV
HIIT High-intensity interval training Introduction
LC3 Microtubule-associated protein A/BE-light

chain 3 High-intensity interval training (HIIT) involves aerobic exer-
LV Left ventricular cise performed at a high intensity interspersed with active
LV, w4 LV anterior wall thickness in diastole or passive recovery periods [1]. HIIT is superior to con-
LVwe LV anterior wall thickness in systole, tinuous moderate-intensity training (CMT) for improving
LVpp LV end diastolic diameters cardiovascular function and aerobic capacity in healthy men
LVpw4 LV posterior wall thickness in diastolic and rodents [2]. These findings also highlight cardiovascular

remodeling as a potentially modifiable adaptive response to
HIIT [2, 3]. Human and animal studies have identified car-
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improved circulatory function [3], myocardial antioxidant
! School of Sport Sciences, Nanjing Normal University, capacity, and mitochondrial respiratory capacity in cardiac
Nanjing, China muscle [2]. However, the underlying cellular and molecular
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Autophagy is an evolutionary intracellular catalytic pro-
cess of targeted cellular degradation, including the elimina-
tion of redundant or damaged cellular structures, such as
mitochondria, by selectively targeting them into a double-
membrane structure called the phagophore, which subse-
quently matures into an autophagosome and eventually fuses
with a lysosome to form an autolysosome [4, 5]. Increased
autophagy, which is particularly involved in cellular adap-
tation to endurance exercise training, is a crucial precur-
sor to mitochondrial biogenesis and remodeling, revealing
an essential role of autophagy in the maintenance of mito-
chondrial morphology and function [4]. Several proteins
are involved in autophagosome formation, including mam-
malian homologues of autophagy-related gene (ATG) pro-
teins 3/5/6/7/12/16L1, Beclin 1, and microtubule-associated
protein A/BE-light chain 3 (LC3). The knockout of various
proteins associated with autophagy leads to dysregulation of
various tissue functions [6]. Moreover, during the dynamic
process of autophagosome formation, the conversion of
LC3B from the free form (LC3-I) to the phosphatidyleth-
anolamine-conjugated form (LC3-II) represents a key step
in autophagosome formation. Thus, LC3-II immunoblotting
is the most commonly used biochemical method to evaluate
autophagy in tissues. The ratio of LC3-II to LC3-I (LC3-1I/
LC3-I ratio) is used as a direct marker of autophagic flux in
tissues [7].

Recently, it has been shown that exercise promotes cellu-
lar adaptation through the activation of signaling pathways,
particularly those associated with mitochondrial biogen-
esis due to the peroxisome proliferator-activated receptor
gamma coactivator 1-mediated synthesis of proteins and
the autophagy-mediated clearance of damaged proteins in
the mitochondria [8], both of which are extremely impor-
tant in maintaining mitochondrial homeostasis. Exercise
training induces autophagy in different organs, including
skeletal muscle, heart, liver, and brain [9]. Several animal
studies have reported that a single bout of exercise acti-
vates autophagy and increases autophagy flux in cardiac
muscles [9-11], while autophagy inhibition results in dys-
functional mitochondria and defective oxidative metabo-
lism, compromising ATP generation and reducing exercise
capacity during a single bout of exercise to exhaustion [11].
However, little is known about the relationship between
chronic exercise-induced cardiac muscle adaptation and
the alteration of basal autophagy [5], which is defined as a
housekeeping mechanism that cleans cells of aberrant and
dysfunctional organelles, thereby maintaining cell homeo-
stasis [12]. Endurance training has also been reported to
increase autophagosome content in cardiac muscle in some
[5, 13—15] but not all animal studies [16]. Sun et al. [16]
reported that increasing the volume of endurance training
by augmenting the duration while maintaining intensity at
a stable level increases cardiac muscle efficiency and basal
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autophagic activities, including increased autophagy marker
content (e.g., LC3-II, ATG-7, Beclin 1, and LC3-II/LC3-1
ratio).

The enhancement of cardiac mechanoenergetic and
maximal mitochondrial respiratory capacity during cardiac
adaptation in rat models following HIIT has received con-
siderable attention [2], with evidence that HIIT increases
basal autophagic activity in CD4 lymphocytes, which poten-
tially contributes to greater improvement in physical perfor-
mance compared to an intensity- and volume-matched CMT
protocol in sedentary men [17]. Hence, it is plausible that
the increase in basal autophagic activity caused by HIIT
may be associated with the enhancement of cardiac mito-
chondrial respiratory capacity, thereby improving exercise
performance. With the above in mind, the objective of this
study was to compare the basal autophagic activity and mito-
chondrial respiratory capacity changes in the heart between
10-week intensity- and volume-matched HIIT or CMT pro-
tocols in a rat model.

Methods
Animal care

Six-week-old, male, Sprague—Dawley rats and standard
laboratory chow were purchased from Guangdong Medical
Laboratory Animal Center. The rats were kept on an arti-
ficial 12-h light—dark cycle (6:00 AM—6:00 pm) at constant
room temperature (23 + 1 °C) in the Laboratory Animal
Center, School of Sports Science and Physical Education,
South China Normal University. Water and food were avail-
able ad libitum. The animals were housed in their respective
groups in a collective cage and received water and standard
laboratory chow. All animal care and experimental proce-
dures were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23,
revised 1996) and approved by the Ethics Committee on
Animal Experimentation of the Guangdong Medical Labora-
tory Animal Center.

After 1 week of preconditioning feeding and 2 weeks of
a preconditioning running regimen, all rats were randomly
assigned to three groups: sedentary control (SC, n = 10),
CMT (n = 12), and HIIT (n = 12). The training protocol
was performed over a 10-week period. The mean initial body
weight (BW) was comparable between the SC, CMT, and
HIIT groups: 225 + 4.0, 224 + 6.0, and 222 + 3.0 g, respec-
tively. Energy intake (EI) was calculated according to the
following formula [18]: EI = WFI x RCV N ~!, where WFI
is the weekly food intake (g), RCV is the ration caloric value
(g X kcal), and N is the number of animals in the cage. For
the RCV calculation, 1 g of chow is equivalent to 3.5 kcal.
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Exercise training protocols

The rats performed exercises based on a protocol described
previously, with some modifications [19]. Briefly, before
the exercise program, all animals underwent a precondi-
tioning running regimen which consisted, in the first week,
of 10-30 min of daily running on a treadmill with a 10%
grade at a speed of 10 m min~! and, in the second week, of
30-40 min of daily running at 10 m min~"!, which was pro-
gressively increased by 2 m min~!, ending at 20 m min~!.
CMT included 3 min of warm-up at a constant running speed
of 18 m min~', which corresponded to 35-40% of maximal
oxygen uptake (VO,,,..), followed by 34 min of constant
running speed of 28 m min~! (corresponding to 60-70% of
VO,,..0) [20, 21] and cool-down at a constant running speed
of 18 m min~! for 3 min. HIIT included 4 min of high-speed
running at 42 m min~! at a 10% grade (four repetitions),
which corresponded to 95-99% of VO,,,... [19, 20], followed
by 5 min of low-speed running at 18 m min~' (40-45% of
VO,,..«; five repetitions) and cool-down at a constant run-
ning speed of 7 m min~' for 2 min. Thus, the total exercise
volume and mean intensity for HIIT were 1060 m day~' and
70% of VO,,,.,.. which matched the total volume and inten-
sity for the CMT protocol. Both exercise protocols included
five sessions per week for 10 weeks. An electrified grid (0.6-
mA intensity) was placed behind the belt of the treadmill to
induce running. The rats that failed to run regularly were
excluded from the training session. SC group rats remained
in their cages during the training sessions.

Echocardiography

At the end of the exercise program, the rats rested for 48 h
and were anesthetized using 12 pl g~' BW of 2.5% avertin
(Sigma-Aldrich). Left ventricular (LV) morphometry and
cardiac function were determined using echocardiography
(VisualSonics VeVo 2100) as previously described [18, 22].
Using the M-mode image, LV end systolic diameter (LVp),
diastolic diameter (LVp), LV anterior wall thickness in
diastole (LV y4) and systole (LV yy,), LV internal diameter
in diastole (LVypy) and systole (LVyp,), LV posterior wall
thickness in diastole (LVpy,) and systole (LVpy4), LV end
diastolic (LVD. vol) and systolic (LVS. vol) volume, LV
mass, LV ejection fraction (EF), cardiac output (CO), and
fractional shortening (FS) were measured as per the Ameri-
can Society of Echocardiography guidelines. The relative
wall thickness (RWT) was calculated as (2 X PWT-LV),
where PWT is the posterior wall thickness and LV, is the
left ventricular end-diastolic diameter, with the cardiac index
calculated as the cardiac output normalized to BW [22].
LVsp. LVpp, LVawa: LVaws: LVipg: LVipg: LVpywa: LVpyys.
and LV mass were normalized to BW [18, 22].

Sample collection and preparation

BW and body length were measured and Lee’s index was
calculated as BW (g) 37'x1000 length~! (cm). After echo-
cardiography, the rats were made to fast for 12 h and sac-
rificed under carbon dioxide anesthesia. The entire cardiac
muscle was rapidly dissected and weighed to determine
the relative heart weight (relative heart weight [%] = heart
weight [g] BW™! [g] x 100). Each cardiac muscle was
divided into two parts: one part was fixed in 2.5% glutaral-
dehyde in phosphate-buffered saline for transmission elec-
tron microscopy while the other part was used for molecular
detection.

Physical performance measures
Graded exercise test

After 10 weeks of training, all rats underwent physical per-
formance testing, including exercise tolerance and blood
lactate level measurements [23]. The exercise tolerance test
consisted of walking at 12 m min~! for 3 min followed by
1.2 m min~! increases in speed every 2 min until the rat
reached exhaustion. Time to exhaustion (s) was identified as
the time till the rat sat at the lower end of the treadmill, near
a shock bar, for 5 s. Blood lactate level was measured prior
to exercise (baseline), immediately after exercise (I-EX),
10 min post-exercise (10minPOST), and 3 h post-exercise
(3hPOST) [18]. A lactate Scout analyzer (EKF Diagnostics,
Magdeburg, Germany) was employed to analyze 0.2 pl of
blood obtained using a tail nick.

Grip strength test

Briefly, all rats were allowed to grasp the steel wire grid
attached to the force gauge and were subsequently pulled
back from the gauge. The force was recorded once they
released the grid. Three trials were conducted, with the
greatest force value recorded using a grip strength meter
(Bioseb, Shanghai, China) as the maximum grip strength
and the force relative to BW (N g~1) [23].

Transmission electron microscopy

Cardiac muscle samples were fixed at 4 °C in 2.5% glutar-
aldehyde in phosphate-buffered saline and processed using
conventional techniques. Ultrathin sections (0.08 pm) were
stained with lead citrate and uranyl acetate and examined
with transmission electron microscopy (model EM10A,
Zeiss, Jena, Germany). The morphometric analysis of the
mitochondria of the myocardium was performed accord-
ing to published methods [9]. The volumetric density of
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mitochondria was computed based on micrographs at X 6800
using Image J software (NIH, Bethesda, MD, USA).

Western blotting analysis

Whole cardiac muscle was homogenized in tissue-lysing
buffer. The primary antibodies used in this study were rab-
bit anti-LC3A/B (1:1000, CST 12741), rabbit anti-ATG-5
(1:1000, CST 12994), rabbit anti-ATG-3 (1:1000, CST
3415), rabbit anti-Beclin 1 (1:1000, CST 3495), rabbit anti-
ATG-16L1 (1:1000, CST 8089), rabbit anti-ATG-7 (1:1000,
CST 8558), rabbit anti-ATG-12 (1:1000, CST 4180), rab-
bit anti-acetaldehyde dehydrogenase 2 (ALDH2) (1:1000,
Abcam, ab108306), rabbit anti-sirtuin 3 (SIRT3) (1:1000,
CST 2627), rabbit anti-GAPDH (1:1000, CST 2118), rabbit
anti—cytochrome C oxidase subunit IV (COX IV: EC num-
ber 1.9.3.1; 1:1000, CST 4844), and rabbit anti-succinate
dehydrogenase (SDH: EC number 1.3.5.1; 1:1000, CST
11998). Horseradish peroxidase-conjugated donkey anti-
rabbit IgG (H + L) (711-035-152, Jackson ImmunoResearch
Europe, Newmarket, UK) was used as the secondary anti-
body. Immunoreactivity was detected using an Enhanced
Chemiluminescence western blot detection kit (Amersham
Pharmacia Biotech) according to the manufacturer’s instruc-
tions. Protein expression levels were quantitatively analyzed
with Image J software (NIH, Bethesda, MD, USA).

Statistical analysis

Results are presented as mean + SD, with P values < 0.05
accepted as statistically significant. All data were analyzed
using Graph Pad Prism (version 6.07; Graph Pad Prism
Software, La Jolla, CA, United States). Prior to statistical
analysis, the normality of the distribution of the data was
evaluated using a one-sample Kolmogorov—Smirnov test
and homogeneity of variances was tested using Levene’s test
for equality of variances. Blood lactate levels were evalu-
ated using two-way repeated measure analysis of variance
(ANOVA). Pearson’s correlation coefficient was employed
to analyze the correlations between parametrical data. One-
way ANOVA followed by a Tukey’s post hoc test was used
to analyze other measures.

Results

Morphological characteristics

The morphological characteristics of rats in the three groups
after the 10-week program are shown in Table 1. The final
BW (P < 0.01), EI (P < 0.01), Lee’s index (P < 0.05), liver

weight (P < 0.01), and perirenal adipose tissue weight
(P < 0.01) were lower for the CMT and HIIT groups than
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those for the SC group. The relative liver weight (P < 0.01),
relative perirenal adipose tissue weight (P < 0.01), relative
quadriceps weight (P < 0.05), relative gastrocnemius weight
(P < 0.05), and relative epididymis weight (P < 0.01) were
higher for the CMT and HIIT groups than those for the SC
group. The weight of the heart, quadriceps, and gastroc-
nemius decreased significantly by 18.2, 15.6, and 19.2%,
respectively, in the HIIT group relative to those in the SC
group (P < 0.05). However, the relative heart weight was
comparable among the three groups (P > 0.05).

Exercise performance and blood lactate levels
after the graded exercise test

The mean endurance times, grip strength, and blood lactate
levels from the rats in the three groups after 10 weeks of
exercise training are shown in Fig. 1. Two-way ANOVA
revealed that the two exercise modalities decreased blood
lactate levels after running to exhaustion. A significant two-
way interaction (exercise-time interaction; P = 0.0002), main
effect for time (P < 0.0001), and main effect for exercise
(p = 0.02) for blood lactate levels were observed (Fig. 1a).
Significant differences in blood lactate levels at I-EX (HIIT
2.81 +0.6mol 17!, SC 6.48 + 3.8 mol I™!; P < 0.001) and 10
minPOST (HIIT 1.65 + 0.75 mol 17!, SC 3.28 + 2.4 mol I};
P < 0.05) between the HIIT and SC groups were identified.
Significant differences in blood lactate levels at I-EX (CMT
3.28 + 0.70 mol 17!, SC 6.48 + 3.8 mol 1I™!; P < 0.001)
between the CMT and SC groups were also noted.

One-way ANOVA also indicated higher time to exhaus-
tion (HIIT 120.8 + 28 s, SC 35.6 + 145, P < 0.01; CMT
83.6 + 28 5, SC 35.6 + 14 s, P < 0.01; Fig. 1b) and grip
strength (HIIT 5.31 + 0.9 N g7!, SC 3.64 + 0.6 N g™/,
P <0.01; CMT 437 + 03N g™, SC3.64 + 0.6 N g/,
P > 0.05; Fig. 1c) in both the HIIT and CMT groups com-
pared to the SC group. Similarly, time to exhaustion and grip
strength were significantly higher in the HIIT group than in
the CMT group (P < 0.05).

Echocardiographic morphological and functional
characteristics

The echocardiographic data of the heart structural and
function parameters of the three groups after 10 weeks of
training are shown in Table 2. CO and SV in both exer-
cise modality groups were significantly lower than those in
the SC group (P < 0.05). The decrease in heart rate after
10 weeks was significantly greater in the HIIT than in the SC
group (P < 0.01), with no difference between the CMT and
SC groups (P > 0.05). The LVp/BW, LVpywo/BW, LVpy/
BW, LV,w/BW, LV,w/BW, and LV ,,/BW ratios were
significantly higher for the HIIT and CMT groups than for
the SC group (P < 0.01). The LV mass to BW ratio was
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Table 1 Mqrphological SC (n=10) CMT (n=12) HIIT (n=12)

characteristics of the

experimental groups BW (g) 674 + 45 525 + 24° 520 + 38°
Lee’s index 0.31 +0.01 0.29 +0.01% 0.29 +0.01%
EI (kcal day™") 113 +2.9 88.5 +2.5° 89.3 +2.8°
Liver weight (g) 17.4 + 1.30 122 +2.10° 10.6 + 1.20°
Heart weight (g) 1.59 +0.12 1.40 +£0.12 1.30 + 0.13%
Perirenal adipose tissue weight (g) 17.0 +3.20 5.73 +2.80° 5.04 + 1.85°
Quadriceps weight (g) 104 + 1.10 9.25 +0.28 8.78 + 0.68*
Gastrocnemius weight (g) 7.76 + 0.84 6.95 + 0.45 6.27 + 0.63*
Soleus muscles weight (g) 0.65 +0.22 0.57 +0.08 0.61 +0.14
Extensor digitorum longus weight (g) 0.68 +0.16 0.58 +0.08 0.60 + 0.05
Epididymis weight (g) 410+ 0.18 3.76 +0.17 3.75+0.38
Relative liver weight (%) 2.63 +0.27 242 +0.42° 2.16 +0.12°
Relative heart weight (%) 0.24 +0.02 0.28 +0.03 0.26 + 0.01
Relative perirenal adipose tissue weight (%) 2.60 + 0.50 1.10 + 0.50° 1.00 + 0.40°
Relative quadriceps weight (%) 1.61 +£0.14 1.81 +0.13* 1.78 + 0.09*
Relative gastrocnemius weight (%) 1.16 + 0.09 1.41 +0.09* 1.32 +0.08°
Relative soleus muscles weight (%) 0.10 + 0.03 0.11 +£0.02 0.13 +£0.03
Relative extensor digitorum longus weight (%) 0.10 + 0.03 0.12 +0.01 0.12 + 0.01
Relative epididymis weight (%) 0.62 + 0.02 0.75 +0.03° 0.76 + 0.06°

Values are reported as the mean =+ standard deviation

Relative tissue weight (%) = tissue weight (g)/final body weight (g) x 100%. *p < 0.05, " p < 0.01. Means
with different superscripts in each row are significantly different from SC (one—-way ANOVA followed by a

Tukey’s post-hoc test)

SC sedentary control, CMT continuous moderate-intensity training, HIIT high intensity interval training,
BW body weight, EI the energy intake

(A) (B) ©) b
10+ 200+ ~ C
-~ SC ~-E: CMT - HIT S
] Exercise-time interaction: 7 = 0.0002 S bC b A
° 8- Main effect for time: 7 < 00001 o - 64
S Main effect for exercise: p = 0.02 ﬁ 150+ b i1z og
L ~ e B > E . [ ] it
2T 6 g . sa N
T S c i 4 e N
e 2 ) X £ 100 E” g St
- 1 [e]
é - A E W
-8 [] [} - 24
[<] 24 € 50 (] »
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0 0 o 0 T T T
pre-EX 1-EEX  10minPOST 3hPOST slc C|\I/|'|' H|I|-|- sC cmT HIT

Fig.1 Effect of the CMT and HIIT protocols on physical perfor-
mance. Changes in blood lactate levels (mmol 1"!) after one-time
exhaustive exercise (a), time to exhaustion (min) (b), and grip
strength (N g~!) (¢). Groups: SC sedentary control; CMT continu-

also significantly higher for the HIIT than for the SC group
(P <0.05).

Protein expression of autophagic factors
in the cardiac muscle

The autophagic factors in the cardiac muscle of the three
groups after 10 weeks of training are shown in Fig. 2. Ratio
of LC3-1II to LC3-I (Fig. 2a) and the protein content of

ous moderate-intensity training, HIIT high-intensity interval train-
ing. Data are presented as mean + SD (n = 8). *P < 0.05 versus SC;
bp < 0.01 versus SC; °P < 0.05 versus CMT

LC3-1I (Fig. 2b), LC3-I (Fig. 2¢), Beclin 1 (Fig. 2f), ATG-3
(Fig. 2d), ATG-16L1 (Fig. 2h), and ATG-12 (Fig. 2i) signifi-
cantly increased by 61.6% (P < 0.05) and 116% (P < 0.01),
154% (P < 0.01), 48.5% (P < 0.05), 39.9% (P < 0.05), 139%
(P <0.01),and 99.3% (P < 0.01), respectively, in the cardiac
muscle of the HIIT group relative to that of the SC group.
No significant difference was found in the protein content
of ATG-5 (Fig. 2g) and ATG-7 (Fig. 2e) in the cardiac mus-
cle between the SC and exercise groups (P > 0.05). The
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Table 2 Cardiac function

SC (n =6) CMT (n = 6) HIIT (1 = 6)
and morphology parameters
normalized to body weight LV function parameters
CO (ml min~") 107 + 18.0 79.1 + 14.0* 722 +£11.0°
Cardiac index (ml min~! kg™!) 0.167 + 0.03 0.166 + 0.04 0.152 +0.02
LVgr (%) 74.8 £9.0 71.7+38 717+ 6.4
HR (bpm) 332424 310 + 31 286 +9.7°
LVgs (%) 462+ 8.4 42.6 +3.3 428 +5.6
LVgy (u) 323 + 41 255 +32° 252 + 35°
LVgy index (ml beat kg™!) 0.50 + 0.06 0.53 +£0.09 0.53 +£0.05
LV structural parameters

LV mass/final BW (mg g~) 1.51 +0.21 1.82 +0.18 1.88 + 0.25%
RWT (mm kg™") 0.40 + 0.05 0.42 +0.10 0.45 +0.07
LVpp/final BW (mm kg~ 13.8+ 1.4 17.0 £ 1.9° 17.1 £ 1.1°
LVp/final BW (mm kg™!) 751+ 1.8 9.73 + 1.4 9.80+ 1.5
LVpy/final BW (mm kg~") 4.63 +0.51 6.24 + 0.45° 6.20 + 0.70°
LVpy,/final BW (mm kg™ 2.74 +£0.15 3.53 +0.66° 3.78 +041°
LVyp/final BW (mm kg™) 745+ 1.4 9.66 + 1.3 9.68 + 1.5
LV p/final BW (mm kg™!) 139+ 14 16.9 + 1.8° 17.0 + 1.1°
LV, /final BW (mm kg™!) 273 +0.34 3.53+0.17° 3.53£027°
LV, w/final BW (mm kg™') 4.85 +0.43 6.11 +0.21° 0.61 +0.56°
LV, vol (ul) 443 + 98 356 + 48 351 + 61
LV vol (ul) 115 + 65 99.4 + 21 99.3 + 40

Values are reported as the mean =+ standard deviation

SC sedentary control, CMT continuous moderate—intensity training, HI/IT high—intensity interval train-
ing, BW body weight, CO cardiac output, LV left ventricular ejection fraction, LV left ventricular frac-
tional shortening, LV, left ventricular stroke volume, cardiac index cardiac output/BW, LV, index LV
stroke volume/BW, HR heart rate, LV left ventricular, LV, left ventricular end systolic diameters, LV left
ventricular end diastolic diameters, LV,y,, LV anterior wall thickness in diastole, LV, LV anterior wall
thickness in systole, RWT relative wall thickness, LV,;,, LV internal diameter in diastole, LV, LV internal
diameter in systole, LVpy,, LV posterior wall thickness in systole, LVD. vol LV end diastolic volume, LVS.
vol LV end systolic volume

3 < 0.05, ® p < 0.01. Means with different superscripts in each row are significantly different from SC

(one—-way ANOVA followed by a Tukey’s post-hoc test)

protein content of LC3-II, LC3-1, ATG-16L1, and ATG-12
also significantly increased by 62.9, 89.4, 57.4, and 23.9%,
respectively, in the cardiac muscle of the HIIT group relative
to that of the CMT group (P < 0.05).

Protein expression of mitochondrial biogenesis
markers in the cardiac muscle

No significant differences were found in the protein contents
of ALDH2 (Fig. 3a) and SIRT3 (Fig. 3c) in the cardiac mus-
cle between the SC and exercise training groups. The protein
content of SDH (Fig. 3b) and COX IV (Fig. 3d) significantly
increased by 51% (P < 0.05) and 4.26-fold (P < 0.05) in the
cardiac muscle of the HIIT group relative to that of the SC
group, while the protein content of SDH and COX IV sig-
nificantly increased by 37.6 and 61.5%, respectively, in the
cardiac muscle of the HIIT group relative to that of the CMT
group (P < 0.05). The ultrastructural morphology of rat myo-
cardial mitochondria in myocardiocytes was observed using
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transmission electron microscopy (Fig. 3j, k). Transmission
electron microscopy images showed that HIIT, but not CMT,
induced signs of mitochondrial biogenesis with an elevation in
mitochondrial volume density (Fig. 3j). However, myocardial
mitochondrial damage in rats, such as mitochondrial swelling,
disruptions of the crest and membrane, mitochondrial defi-
ciency, were not observed in the HIIT and CMT groups.
Moreover, the protein content of SDH was positively cor-
related with that of ATG-3 (r=0.63, P = 0.038; Fig. 3h) and
the LC3-II/LC3-I ratio (r = 0.65, P = 0.03; Fig. 3e); similar
associations were found between COX IV content and that of
ATG-3 (r =0.65, P = 0.029; Fig. 3g) and the LC3-II/LC3-I
ratio (r = 0.6516, P = 0.0298; Fig. 3f) in the cardiac muscle.

Correlation between autophagy and mitochondria
markers and exercise performance

Time to exhaustion was positively correlated with LC3-II/
LC3-Iratio (r = 0.48, P = 0.0174; Fig. 4a), ATG-3 (r = 0.70,
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Fig.2 Effect of CMT and HIIT protocols on the content of
autophagic factors in cardiac muscle in the three experimental groups
assayed by western blotting. Levels of detected proteins were normal-
ized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Den-
sitometry analysis was performed to quantify the expression levels of

P =0.017; Fig. 4b), ATG-12 (r =0.75, P = 0.0074; Fig. 4c),
and ATG-16L (r = 0.83, P = 0.016; Fig. 4d). SDH content
was positively correlated with time to exhaustion (r = 0.70,
P =0.016; Fig. 4e) and negatively correlated with blood lac-
tate levels at [-EX (r = — 0.66, P = 0.028; Fig. 4g); similar
associations were found between COX IV content and time
to exhaustion (» = 0.76, P = 0.006; Fig. 4f) and blood lactate
levels at I-EX (r = — 0.60, P = 0.05; Fig. 4h).

Discussion

This study revealed differential effects of HIIT and CMT
on physical fitness, myocardial remodeling, mitochondrial
gene expression, and basal autophagic activity. The major
findings were as follows: when compared to the SC group,
the HIIT protocol resulted in a larger improvement in phys-
ical performance and cardiac hypertrophy as assessed by
the ratio of LV mass to BW; autophagy and mitochondria
makers were significantly increased in the cardiac muscle
in the HIIT group compared with those of the SC group;
both basal autophagic activity and mitochondria biogenetic
makers were positively related to time to exhaustion, indica-
tive of the superiority of HIIT training over CMT (matched
for intensity and volume of training) in improving physi-
cal performance via an elevation in mitochondria oxidation
capacity and basal autophagic activity in cardiac muscle.

HIT

ATG-5—~ }.'“-——_—vw—-g—l 55

csros| T R

detected proteins (a.u.). Groups: SC sedentary control, CMT continu-
ous moderate-intensity training, HIIT high-intensity interval train-
ing. Data are presented as mean + SD (n = 4). *P < 0.05 versus SC;
bp < 0.01 versus SC; °P < 0.05 versus CMT

Physical performance

The large increase in physical fitness of the rats after the
10-week training protocol with both HIIT and CMT pro-
tocols, as evidenced by an increase in time to exhaus-
tion (Fig. 1b) and relative skeletal muscle weight (rela-
tive quadriceps and gastrocnemius weight), reduction of
body fat, attenuation of body weight gain, and Lee’s index
(Table 1), is consistent with the results of other animal stud-
ies [24, 25]. This study indicated that HIIT can also lead
to significantly greater increases in exercise performance
(e.g., grip strength as well as time to exhaustion) than a
volume- and intensity-matched CMT protocol (Fig. 2b—d).
Our results are compatible with the studies by Helgerud
et al. [26] and Weng et al. [17], who concluded that a HIIT
protocol led to greater improvements in VO,,,... than a total
work- and training intensity-matched CMT protocol. How-
ever, Pereira et al. [25] reported no significant change in time
to exhaustion between volume- and intensity-matched CMT
and HIIT protocols. Of note, their training protocols were
performed at the same training intensity (70% of VO,,,,,)
as those in the present study but at a lower volume, sug-
gesting that their low-volume HIIT protocol was insufficient
to elicit an increase in endurance performance when com-
pared with the CMT protocol. This is supported by the study
of Laursen et al. [24], which reported no improvement in
endurance performance after low-volume HIIT compared
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to an intensity-matched CMT protocol in well-trained rats
[2, 27]. However, both of these studies demonstrated that a
higher intensity of training could compensate for lower-vol-
ume exercise [2, 27]. Previously, it has also been observed
that an 8- or 6-week CMT program consisting of training on
a mechanically braked cycle ergometer improved maximal
aerobic power but not anaerobic capacity and that adequate
high-intensity intermittent training can significantly improve
both anaerobic and aerobic capacity [28, 29]. Our findings
are in agreement with those of a previous study [30] show-
ing positive effects of HIIT on repeated-sprint ability and
anaerobic power as well as a positive training effect on maxi-
mal peak power output [28], with the HIIT group showing
a greater increase in forelimb grip strength than the CMT
group.

Muscle lactate production during exercise and its trans-
port into the bloodstream, which exponentially increases
its concentration, is a limiting factor of aerobic metabo-
lism. Indeed, a faster rate of disposal and clearance of
lactate from the blood during submaximal exercise with
endurance training can prolong exercise duration before
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content with ATG-3 (g) and LC3-1I/LC3-I ratio (f) in cardiac muscle.
Mitochondrial volume density (j, k) determined using a transmission
electron micrograph (at x6800) of an ultra-thin section of the left
ventricle of rat hearts (n = 5). Groups: SC sedentary control, CMT
continuous moderate-intensity training, HIIT high-intensity interval
training. Data are presented as mean + SD (n = 4). *P < 0.05 versus
SC; PP < 0.01 versus SC; °P < 0.05 versus CMT

exercised-induced lactate accumulation is sustained [31].
The measurement of blood lactate during the incremental
exercise test to exhaustion in our study provides a more
accurate and convincing display of the positive adaptations
to exercise and shows that the exercise protocols used in
this study were appropriate for the physical conditions of
the rats in the HIIT and CMT groups. Both the HIIT and
CMT protocols lowered the blood lactate level immedi-
ately after the incremental exercise test to exhaustion, with
only the HIIT protocol producing a significant decrease at
10-min after exhaustion. Therefore, the HIIT protocol was
superior to the volume- and intensity-matched CMT proto-
col in accelerating blood lactate disposal and removal after
exercise to exhaustion (Fig. 1a). This effect may have con-
tributed to greater improvements in exercise performance
after the HIIT protocol compared to the CMT protocol.
Thus, the improvements in exercise tolerance for both pro-
tocols likely occurred, at least in part, due to an improve-
ment in the oxidative capacity of the heart (see below) and
an increase in mitochondrial oxidative metabolism, with
the faster blood lactate transport, disposal, and removal
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occurring 10 min after the incremental exercise test only
being associated with the HIIT protocol.

Cardiac morphological and functional parameters

Notably, the superior effect of HIIT on the enhancement
of exercise capacity is also influenced by the efficiency
of oxygen transport to the skeletal muscle, which can be
mediated by enhanced cardiovascular adaptation [2, 32].
Increases in VO, ,, during the HIIT protocol were medi-
ated, in part, through an increase in cardiac output provided
by an increase in heart rate and stroke volume, resulting
from positive training effects on the sympathetic control of
the heart during exercise in humans [26, 33]. Human stud-
ies have provided strong evidence that improvements in
VO,.x With HIIT correlates positively with cardiac out-
put and stroke volume [34, 35]. In contrast to these studies,
however, both our HIIT and CMT protocols led to similar
significant decreases in absolute cardiac output, heart rate,
and stroke volume (P < 0.01) compared to those in the SC
group but with no effect on the stroke volume index and
cardiac index (P > 0.05) at rest (Table 2). These observa-
tions are in line with previous findings in animal models that
showed a reduction in stroke volume after a 10-week CMT
protocol, with a tendency for a decrease in cardiac output
and heart rate at rest [36]. A recent study also failed to report
a significant improvement in cardiac output, stroke volume,
and cardiac index in rats after a 10-week swimming program

IV content (f) in cardiac muscles. Negative correlation of IE-LA with
SDH (g) and COX IV (h) in cardiac muscles. Pearson correlations
were conducted for the above analyses (n = 12, pooled samples of
SC, CMT, and HIIT groups). /E-LA, blood lactate levels immediately
post-exercise

of moderate-intensity aerobic training [22]. Despite these
findings, our HIIT and CMT exercise protocols did lower
cardiac output, possibly by reducing resting heart rate and
stroke volume, although changes in the stroke volume index
and cardiac index were not significantly different from those
in the SC group. This could be the result of our normaliza-
tion to BW, with both exercise protocols inducing a rapid
decrease in BW. Our finding of a decreased resting heart
rate only in the HIIT group is consistent with the finding
that HIIT, but not CMT, significantly decreases resting heart
rate [32, 36] in healthy rats. However, this finding is not in
agreement with the findings of Neves et al., who reported no
change in the resting heart rate of rats after HIIT [18]. This
discrepancy is explained by differences in training duration,
intensity, and volume for the HIIT protocol.

LV systolic function is generally assessed by measuring
the LV shortening fraction and ejection fraction, both of
which have been reported to significantly increase at rest
and after HIIT and CMT in healthy males [37]. However,
a meta-analysis indicated that there were no significant
differences in the LV ejection fraction and fractional short-
ening between sedentary controls and athletes [38]. This
evidence supports our finding of unchanged resting LV
shortening fraction and ejection fraction among rats in
both the HIIT and CMT groups. This is also consistent
with recent studies [18, 32, 36, 39] that did not identify an
improvement in LV fractional shortening and ejection frac-
tion in rats with various training protocols: HIIT (8 min
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at a speed corresponding to 80% of the maximum speed
and 2 min at a speed corresponding to 20% of the maxi-
mum speed, 5 day week™!, and 60 min day_1 for 60 days);
6-month period of incremental endurance exercise train-
ing; 10 weeks of CMT; and 12 weeks of high-volume and
low-intensity CMT. Thus, conventional systolic indices,
such as LV shortening fraction and ejection fraction, are
limited in their assessment of LV systolic function.
Cardiac hypertrophy increases the heart’s pumping
capacity during physiological adaptation to exercise,
thereby meeting the increased needs of the whole body.
The ratio of heart weight to BW (relative heart weight)
is widely used to assess exercise-induced heart hyper-
trophy. However, this measure also has limitations that
should not be ignored. As an example, the decrease in
the amount of fatty tissue located around the heart after
long-term exercise, independent of the size of the heart,
would render relative heart weight inaccurate as an index
of heart hypertrophy [21]. While both our HIIT and CMT
exercise protocols failed to induce a significant differ-
ence in relative heart weight compared to the value in the
SC group, both HIIT and CMT decreased heart weight
by 18.2% (P < 0.05) and 12.0% (P > 0.05), respectively,
(Table 1), with these decreases being primarily attributed
to a decrease in fatty tissue. Several studies have reported
the relative heart weight, in addition to other indices of
heart hypertrophy in rats, such as the ratio of LV mass
to BW, as being significantly different between sedentary
controls and athletes [38]. Our data agree with these find-
ings, with HIIT leading to a significant increase in the ratio
of LV mass to BW (P < 0.05) compared to that in the SC
group [18], which can be regarded as an adverse precur-
sor to LV hypertrophy. Thus, it is reasonable to speculate
that the ratio of LV mass to BW provides a more accurate
index of heart hypertrophy in rats than the relative heart
weight, supporting an increase in LV function after exer-
cise. Previous studies have also reported a larger ratio of
LV mass to BW, LV, to BW, LV, to BW, and LVpy,
to BW in endurance-trained individuals compared to
untrained controls [38, 40]. Our findings on the assessment
of heart morphology are consistent with those of previous
reports of a similar increase in the ratio of LV to BW,
LV w5 to BW, LV, 4 to BW, ratio of LV, to BW, ratio of
LVpwq4 to BW, and ratio of LVpy,, to BW in the HIIT and
CMT groups relative to those in the SC group (P < 0.01)
(Table 2). This is consistent with observations in rats of
an increase in the LVpy,4 to BW ratio of 12.7% for HIIT
and 9% for CMT, with an increase in LVpy, to BW ratio
of 20% for both exercise modalities [32]. However, our
results disagree with previous human and rat observations,
with no improvement in the ratio of LV to BW, LV, to
BW, LV, to BW, and LVpy,4 to BW identified with either
the HIIT or CMT protocol [18, 35, 37, 41]. Overall, these
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contradictory results are probably due to differences in
training duration, type of training, methods, and animals/
subjects.

With respect to morphological and functional param-
eters, apart from the LV mass to BW ratio, we observed that
both exercise protocols induced similar adaptive changes of
cardiac morphology but LV systolic function was unaltered
according to measurements of LV shortening fraction and
ejection fraction. This finding is in agreement with those of
previous studies, which have proposed that the magnitude
of LV structure remodeling during exercise is not sufficient
to enhance LV systolic function [32]. Kemi et al. [32] also
indicated that HIIT yielded greater effects on cardiomyocyte
contractility and Ca®* handling than CMT, with no changes
observed in LV fractional shortening, including in the ratio
of the peak mitral flow velocity (E-wave) or the peak veloc-
ity during the late filling wave of atrial contraction (A-wave).
Thus, these earlier findings and our results strongly support
the idea that the increased exercise performance observed
in HIIT and CMT rats was not associated with a significant
improvement in LV ejection fraction and fractional shorten-
ing and cardiac output at rest, with myocardial mechanisms
likely to be more important to increases in aerobic fitness
[32]. Indeed, recent evidence has suggested that the superior
hypertrophic response to HIIT than to CMT is associated
with activation of myocardial antioxidant capacity and maxi-
mal mitochondrial respiration in healthy rats [2], which has
been shown to ameliorate myocardial glucolipid metabolism
and enhances myocardial ATP production in a rat model of
myocardium infarction [42].

Basal autophagic activity

Exercise has been implicated in the regulation of basal
autophagic activity in a tissue-specific manner. For
instance, in rats, endurance training induced a significant
increase in autophagy makers, such as Beclin 1, LC3-II,
and p62 content, in cerebral tissues but not in the liver
or gastrocnemius and cardiac muscles [13]. It has been
suggested that alteration of autophagy depends on the
metabolic characteristics of the muscle during exercise
training and that increased basal autophagic activity is a
crucial precursor to mitochondrial biogenesis and mito-
chondrial remodeling, which has been shown to increase
with endurance training in the plantaris muscle (composed
of mixed fibers) to improve oxidative function [15]. Previ-
ous studies have also confirmed that long-term endurance
training resulting in fiber-type shifting from type IIX to
ITA was associated with an increase in LC3-II in the plan-
taris muscle [5, 43], but not in the soleus muscle, which
is an oxidative muscle [5]. However, our results showed
no significant change in the LC3-II, LC3-II/LC3-I ratio,
ATG-3/5/7/12/16L, and Beclin 1 expression in the cardiac
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muscle of rats in the CMT group compared to those in the
SC group, suggesting that the basal autophagy and mito-
chondrial metabolic characteristics in the cardiac muscle
remain stable after a 10-week CMT intervention. This has
also been confirmed by other studies. For instance, Smuder
et al. [15] reported that the ATG-7, ATG-12, Beclin 1, and
LC3-II content and the LC3-II/LC3-I ratio in the cardiac
muscle did not increase using a CMT protocol, which was
of comparable intensity to our protocol (5 consecutive
days of treadmill exercise for 60 min day™' at 30 m min~!,
70% of VO,,,.,) but with a higher volume (60 min day™").
In addition, as reported in other studies [14, 27], protein
expression of Beclin 1, ATG-5, ATG-7, and p62 and the
LC3-II/LC3-I ratio in the cardiac muscle were unaltered
after habitual wheel-running exercise [5], long-term
low-intensity exercise (12 m min~!, 4-5 days week ™! for
36 weeks) [27], and CMT (intensity and duration were
progressively increased until week 3, when the animals
were running at 21 m min~! for 45 min day~' at a 4.5%
slope; this training intensity was then maintained for the
final 3 weeks) [14].

Of particular note, the paper published by McMillan
et al. [14] was compatible with the study of Sun et al. [16],
who reported that increasing the volume and duration of
exercise and matched intensity (intensity and duration were
progressively increased until week 4, when the animals
were running at 20 m min~!, 5% slope, for 60 min day_l;
this training intensity was then maintained for the final 4
weeks) compared to that of this study, increased autophagy
flux, including elevated LC3-II, ATG-7, and Beclin 1 protein
expression and LC3-II/LC3-I ratio, inferring that alteration
of basal autophagy seems to rely on both training duration
and volume. Additionally, an aforementioned study also
reported that high-intensity endurance training (cycling
for 2 h at 70% of VO,,,,) is a more potent stimulus than
CMT for increasing autophagic flux (55% of VO,,,,,) in fast
twitch-type human skeletal muscle during cycling exercise
[15]. However, there is relatively little information regarding
the influence of exercise intensity, duration, and volume on
the adaptive response of autophagy to exercise training in
cardiac muscles. Further research is required to understand
the importance of exercise intensity, duration, and volume
in mediating basal autophagy in cardiac muscles.

This study is the first to show that a HIIT protocol can
increase LC3-II and LC3-I protein expression, as well as the
LC3-II/LC3-I ratio, in cardiac muscle compared to the levels
in the SC group, which is the most commonly used marker
in monitoring autophagic flux (Fig. 4). We also measured
autophagy using other marker proteins promoting the initial
assembly of the autophagosomal membrane, including ATG-
3/5/7/12/16L and Beclin 1, which are involved in the up-
regulation of autophagosome synthesis and autophagosome
formation of the first ubiquitin-like conjugation system [6],

indicating that ATG-3/12/16L and Beclin 1 protein expres-
sion increases in cardiac muscle after a 10-week HIIT pro-
tocol compared to the value in the SC group.

Importantly, to our knowledge, this is the first study to
provide evidence that the HIIT protocol was superior to a
volume- and intensity-matched CMT protocol for activat-
ing basal autophagy in cardiac muscle. Our findings are in
agreement with those of previous studies that have demon-
strated a greater effectiveness of HIIT than CMT in reducing
the extent of exercised-induced decline in autophagy via a
down-regulation of Beclin 1, LC3-II, ATG-1, and ATG-12
in CD4 lymphocytes caused by hypoxic exercise, alleviating
CD4 lymphocyte death and improving endurance perfor-
mance [17]. We also found that the basal autophagic activ-
ity in the myocardium is closely associated with improve-
ments in endurance performance (Fig. 4a—d). These results,
together with those presented here, demonstrate in part that
the superior elevation of basal autophagic activity in both
lymphocytes and myocardium induced by a HIIT protocol
may significantly contribute to improved exercise perfor-
mance compared to the use of a matched CMT protocol.
Further research is warranted to investigate these results in a
tissue-specific manner and in ATG knockout model animals.

Mitochondria function markers

Endurance training results in adaptations in both exercise
performance and skeletal muscle metabolism associated
with changes in fiber-type distribution and fiber-type spe-
cific oxidative and glycolytic capacity [44]. However, com-
pared with other types of skeletal muscle fibers, the cardiac
muscle, which is a continually contracting muscle, has the
highest aerobic capacity and highest metabolic demand of
all muscles and is subsequently rich in mitochondria [45].
Several recent reports have suggested that improvements in
the mitochondrial biogenesis and oxidative phosphorylation
capacity in cardiac muscles were associated with improve-
ments in aerobic capacity [2]. Indeed, in the current study,
CMT did not alter the number of myocardial mitochondria
nor the expression of mitochondrial biogenetic marker pro-
teins, SDH and COX IV, in cardiac muscle. These findings
are similar to the those of Kainulainen et al. [46] in hearts
from exercise-trained rats, which showed similarly unaltered
SDH and COX IV activity after a speed-increased (running
1 h at an increased speed to 20 m min~") and speed-constant
(running 1 h at a constant speed of 25 m min™') 5-week
endurance exercise regime. Several studies have also implied
that increasing the volume and intensity of endurance exer-
cise (speed of 25 m min~! at 10% or 16% for 30 min day~!
in the first week before being progressively increased by 15
min week ™! until week 4, at which point the animals were
running at 120 m min~! which was continued for 4 weeks)
was insufficient in altering the maximal mitochondrial
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respiratory capacity, citrate synthase activity, mitochon-
drial biogenesis, and antioxidant-related gene expression in
the myocardium of rats [2, 34, 39]. Therefore, metabolic
adaptation of the heart may not easily respond to the CMT
protocol. The response in mitochondrial biogenesis and res-
piratory capacity of the myocardium to the CMT protocol
is not a prerequisite for exercise capacity improvement but
may be related to changes in fiber-type specific oxidative and
glycolytic capacity in skeletal muscles [15].

Our data also show that the HIIT protocol was more
effective in increasing the expression of SDH and COX IV
protein and mitochondrial content than the intensity- and
volume-matched CMT protocol. Previous studies have indi-
cated that HIIT improves cardiac efficiency by increasing
myocardial glucose oxidation with a concomitant decrease
in fatty acid oxidation, and increases the maximal mito-
chondrial respiratory capacity and citrate synthase activity
of the myocardium, effects which are not induced by the
volume-matched CMT [2]. These results suggest that the
myocardium exhibits less metabolic plasticity in response
to exercise training than skeletal muscles but the inten-
sity- and volume-matched HIIT protocol facilitates cardiac
adaptations that increase mitochondrial oxidative capacity
and cardiac efficiency due to decreased unloaded myocar-
dial oxygen consumption, a switch toward a faster cardiac
myosin isoform, and the ability to catabolize carbohydrates
over fats. Our data showed that autophagy markers (LC3-11/
LC3-I ratio and ATG-3) have significant positive relation-
ships with the SDH and COX IV content in cardiac muscles
(Fig. 3e-h), which suggests that elevated basal autophagic
adaptation is involved in increased mitochondrial biogenesis
and respiratory capacity in cardiac muscle during exercise
training [9, 11].

Mechanically, autophagic activities and mitochondrial
biogenesis in cardiomyocytes can be regulated by mito-
chondrial sirtuin 3 (SIRT3) through the regulation of the
forkhead box O1 pathway [47]. Recent studies have indi-
cated that 12 weeks of CMT (60 min day~! with velocity
increased gradually from 18 to 30 m min~") increased SIRT3
contents in the cerebellum and brain cortex of young male
rats, which was related to mitochondrial biogenesis and
alteration in proteins involved in mitochondrial dynamics
and autophagy signaling [48]. However, we did not identify
any change in the expression of SIRT3 of cardiac muscle
after either exercise modality. Rather, we hypothesize that
the CMT protocol increased SIRT3 protein expression in
a tissue-specific manner. Several lines of evidence suggest
that ALDH?2 in the cardiac muscle could act on the detoxi-
fication of acetaldehyde and may be a key mitochondrial
enzyme involved in the regulation of oxidative stress and
autophagy activities, the maintenance of mitochondrial
homeostasis, and the occurrence of apoptosis, which are
involved in protection against various cardiac injuries [49].
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However, ALDH?2 levels were not modulated by either of
the exercise models in the present study. These findings
are in accordance with a study that reported no changes in
ALDH?2 protein expression in hypertensive rats following
endurance training [50]. However, a recent study implied
that ALDH2 protein expression decreased in the skeletal
muscle of rats during exhaustive exercise but that overex-
pression of ALDH2 restored exhaustive exercise-induced
mitochondrial dysfunction in skeletal muscle [51]. It can
thus be hypothesized that these changes in basal autophagy
activity and mitochondrial oxidative function indicate that
the observed exercise-induced improvements in cardiac mus-
cle were not dependent on SIRT3 and ALDH?2 after the HIIT
protocol. Whether these proteins take part in mechanistic
events involved in autophagic adaptation in other tissues
with exercise needs to be addressed in future studies.

Conclusions

HIIT was more effective for improving physical performance
than an intensity- and volume-matched CMT protocol and
these improvements were related to basal autophagic adapta-
tion and mitochondrial oxidative function in cardiac muscle.
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