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Background: Comparisons between high intensity interval training (HIIT) and continuous
training (CT) regarding improvements of adolescents’ cardiac function are scarce and the
preferred intensity for cardiac improvement with restricted myocardial damage remains
unknown. This study conducted a 4-weeks training in male adolescent rats under
moderate (MI) or high intensity (HI) HIIT and CT programs, aiming to discover and
compare exercise-induced myocardial adaptations towards these two training methods.

Methods: 39 male adolescent Sprague-Dawley rats (aged 4 weeks) were randomly
assigned to high intensity HIIT (HI-HIIT, n = 8), moderate intensity HIIT (MI-HIIT, n = 8),
high intensity CT (HI-CT, n = 8), moderate intensity CT (MI-CT, n = 8) and sedentary control
(SC, n = 7) groups. Rats in training groups were trained for 4 weeks and echocardiography
was performed at baseline and after the final training. Serum creatine kinase myocardial
band (CK-MB), cardiac troponin T (cTn-T) and untargeted metabolomics analysis were
measured from blood samples collected 24 h after the final training.

Results: HIIT groups had greater cardiac output improvement than CT groups while no
significant difference was found between the HI-HIIT and the MI-HIIT groups. HI-CT group
showed higher serum CK-MB and cTn-T levels compared to MI-HIIT, MI-CT and control
groups. Untargeted metabolomics analysis identified eleven HI-HIIT-related metabolites,
five MI-HIIT-related metabolites and two HICT-related metabolites. The majority of the
identified metabolites were phospholipid-related. Phosphatidylglyceride 18 level was
significantly different between the HI-CT and MI-CT groups, and was negatively
associated with cTn-T in CT groups.

Conclusion: HIIT and CT improve cardiac function of adolescent rats while the HIIT
demonstrates better improvement and less myocardial damage. High and moderate
training intensities in HIIT exert similar cardiac benefits. HI-CT induced myocardial damage
might be associated with serum phospholipids.
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INTRODUCTION

Exercise has been well recognized as a beneficial approach in
promoting heart function and combating cardiovascular diseases
(Guasch and Nattel, 2013). Besides traditional continuous
training (CT), high intensity interval training (HIIT) has been
gaining popularity in recent years. The HIIT is a training form
with combinations of short high-intensity bursts at the training
phase and low-intensity exercises at the interval phase (Gibala
et al., 2012; Tabata, 2019; Moniz et al., 2020). Therefore, the HIIT
intensity is determined by multiple factors including intensity,
duration and exercise patterns at both training and interval
phases (Gibala et al., 2012). According to the Tabata protocol,
an optimal duration ratio of high-intensity training to low-
intensity interval phase should be 2:1 for its maximized
energetical effect (Tabata, 2019).

Multiple studies have shown that the HIIT is beneficial for the
cardiovascular system by increasing skeletal muscle oxidative
capacity (assessed as maximal activity and content of
cytochrome c oxidase) (Gibala et al., 2006), endothelial
function (Tjønna et al., 2008) and maximum oxygen
consumption (V_O2max) (Guiraud et al., 2012). Moreover,
when comparing with the CT, the HIIT demonstrates several
advantages. For instance, the HIIT is more time-efficient than the
CT in producing the same health benefits (Moniz et al., 2020). A
recent study of obese young women showed that HIIT elicited
similar improvement in cardiorespiratory fitness (evaluated as
V_O2max and blood lipids) as moderate intensity CT in only half
the exercise time (Kong et al., 2016). A 6-weeks training on young
adults also showed that HIIT induced similar V_O2max,
mitochondria function and lipid oxidation improvement as CT
but with markedly less time commitment and lower training
volume (Burgomaster et al., 2008). Previous research further
demonstrated that HIIT outperformed CT in ameliorating
brachial artery flow-mediated dilation (Ramos et al., 2015) and
left ventricular morphology (Wisløff et al., 2007). Such
advantages of HIIT over CT may be partly related to increased
mitochondrial content (MacInnis et al., 2017).

Notably, current HIIT studies mainly focus on adults,
comparisons of HIIT and CT effects on cardiovascular system
in adolescents remain unknown. Moreover, although HIIT
ameliorates cardiovascular disease-related biomarkers (e.g.,
blood pressure, glucose and total cholesterol) in adolescents
(Eddolls et al., 2017), its impact on cardiac function and
morphology have not been fully investigated. Considering the
differences of cardiovascular responses between children and
adults in both submaximal and maximal exercises (Turley,
1997), the cardiac adaptations to the HIIT and the CT might
be different between adolescents and adults. Additionally, it
remains to be answered whether the HIIT (usually over 80%
of V_O2max) (Moniz et al., 2020) is stringent for adolescents and
will induce myocardial damage characterized by elevated serum
creatine kinase myocardial band (CK-MB) and cardiac troponin
(cTn) after excessive exercise dose (Weippert et al., 2016). An
exploration on HIIT-induced cardiac changes and the
comparisons with the CT can be helpful for exercise guidelines
for adolescents.

Therefore, this research aimed to compare the training effects
of HIIT and CT on cardiac function and morphology in
adolescent rats. Following American College of Sports
Medicine’s guidelines, moderate and high training intensities
in each training form were applied (ACSM, 2017). To better
understand exercise-induced metabolic changes, cardiac damage-
related serum biomarkers were tested. Additionally, since the
HIIT induces a faster fat oxidation shift than the CT with regards
to metabolic adaptations (Horowitz and Klein, 2000; Talanian
et al., 2007; Perry et al., 2008), untargeted metabolomics were
performed to further explore metabolic differences behind the
two training forms. We hypothesized that, due to the stringent
intensity, the HIIT may induce more improvements on cardiac
functions but with higher levels of cardiac damage-related
biomarkers than the CT.

MATERIAL AND METHODS

Animals
39 male Sprague-Dawley rats (aged 4 weeks, Beijing HFK
Bioscience Co., LTD., Beijing, China) were randomized into
high training intensity HIIT group (HI-HIIT, n = 8),
moderate training intensity HIIT group (MI-HIIT, n = 8),
high training intensity CT group (HI-CT, n = 8), moderate
training intensity CT group (MI-CT, n = 8) and sedentary
control group (SC, n = 7). The rats were raised in a stable
environmental condition (22 ± 2°C room temperature, 45%
— 55% relative humidity, 12:12 h light-dark cycle) with ad
libitum feeding. This research was approved by the ethics
committee of the university (2015015) and followed the
Guiding Principles for Care and Use of Animals.

V_O2max Assessment
The oxygen consumption was measured by Oxymax Deluxe
System (Columbus Instruments, Columbus, United States) and
the V_O2max assessment followed the Bedford protocol (Bedford
et al., 1979). Briefly, a rat was tested on a treadmill at an initial
speed of 10 m/min with a gradient of 10°. The speed was gradually
increased by 3 m/min every 3 min until the rat reached
exhaustion or the oxygen consumption reached plateau. The
final oxygen consumption by the end of the test was recorded
as the V_O2max and the corresponding speed (vV_O2max) was used
as a surrogate to set exercise intensity. At the beginning of each
week, two rats were randomly selected from exercise groups for
the V_O2max assessment and the exercise intensity was adjusted
according to the average value of vV_O2max.

Training Protocol
Before the formal training, rats in exercise groups (i.e., HI-HIIT,
MI-HIIT, HI-CT, and MI-CT groups) received a 1-week (3 days/
week) familiarization training which consisted of 5 min treadmill
training at the speed of 7.5 m/min, 5 min at 10 m/min and 5 min
at 12 m/min with a 1-min rest interval between each speed level.

The training protocols and intensities followed the guidelines
of Buchheit and Laursen (Buchheit and Laursen, 2013), and
exercise intervals followed Tabata’s protocol (Tabata, 2019).
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Specifically, the HI-HIIT group included 15 combined sets of
one-min high intensity running exercise at 180% vV_O2max and
two-min low intensity running exercise at 15% vV_O2max. TheMI-
HIIT group also consisted of 15 combined sets and the exercise
intensities were 140% and 35% vV_O2max for high and moderate
intensity exercise, respectively. In the HI-CT group, rats were
trained at 90% vV_O2max for 35 min. In the MI-CT group, rats
were trained at 70% vV_O2max for 45 min. The rats in exercise
groups were trained 3 days/week for 4 weeks and the SC group
did not receive exercise training throughout the study. The design
of the training protocol ensured that the rats in each exercise
group completed the same training distance (i.e., 787.5 m in week
1, 859.95 m in week 2, 926.1 m in week 3 and 963.9 m in week 4).
Detailed training protocols were presented in Supplementary
Table S1.

Echocardiographic Measurements
Cardiac function and morphology were evaluated by GE Vivid I
ultrasound system (GE Healthcare, Atlanta, GA, United States)
before and after the 4-weeks training with a 10 MHz linear array
transducer. The measurement followed the method of Kutschka
et al. (2007). Specifically, the rats were anesthetized with 2%
isoflurane before the scan. Standard parasternal long and short
axis images at the mid-ventricular level were obtained at a
temporal resolution of approximately 200 frames per second.
Heart rate, stroke volume, and left ventricular intraventricular
diameter (LVID) (measured at diastolic and systolic phases) were
measured. Cardiac output, ejection fraction and fractional
shortening were also obtained by the ultrasound system.

Serum Sample Collection and Cardiac
Marker Measurement
To minimize the impact of an acute training session on
circulating metabolites, abdominal aorta blood was collected
24 h after the completion of the final training. The collected
blood was centrifuged, and serum samples were extracted and
frozen at −80°C for blood test. Cardiac troponin T (cTn-T) and
creatine kinase myocardial band (CK-MB) were measured by
enzyme-linked immunoassay using Hitachi 7600 automatic
biochemistry analyzer (Hitachi Ltd., Chiyoda-ku, Tokyo Japan).

Untargeted Metabolomics Analysis
100 μL serum sample were transferred into a 1.5 ml centrifuge
tube and mixed with 300 μL ice cold methanol. After a 30-min
ultrasonic extraction, the sample was centrifuged at 12,000 rpm
for 10 min. The supernatant was transferred into a new 1.5 ml
centrifuge tube, concentrated in vacuo mixed with methanol for
reconstitution. After a 10-min centrifugation, 10 μL supernatant
was put into the liquid phase for metabolomics analysis. A quality
control sample was created as a mixture of 10 μL supernatant
from each of the tested samples.

Chromatographic separation was performed on a 1.8-µm HSS
T3 column (Waters Corp, Milford, MA, United States; 150 ×
3 mm) equipped with a UPLC system. The temperature of the
column was 35°C and the flow rate was 0.3 ml/min. The
mobile phase consisted of acetonitrile (Equate A) and 0.1% T
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FIGURE 1 | (A) Significant heart rate decline was found in the MI-HIIT, HI-CT and MI-CT group after training. (B) Stroke volume increased significantly in all exercise
groups after training. (C) Systolic LVID increased in MI-HIIT and HI-CT groups after training. (D) Diastolic LVID increased in all exercise groups after training. (E) No
significant change in ejection fraction was found in exercise groups after training. (F) No significant change in fractional shortening was found in exercise groups after
training. (G) Significant increase in cardiac output was found in HIIT groups after training. HI-HIIT: high training intensity HIIT group; MI-HIIT: moderate training
intensity HIIT group; HI-CT: high training intensity CT group; MI-CT: moderate training intensity CT group; SC: sedentary control group; LVID: left ventricular
intraventricular diameter. *: p < 0.05; **p < 0.01.
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CH3COOH-H2O (Equate B). The elution gradient was 10 min
100% Equate B; 3 min 50% Equate A and 50% Equate B; 1 min
95% Equate A and 5% Equate B; and a return to 100% Equate B.

Mass spectrometry was performed by TripleTOF5600+ (AB
SCIEX, Framingham, MA, United States) using an electrospray
ionization (ESI) interface. Parameters of the analysis systems
were: capillary voltage, 5000 V in ESI+ and 4500 V in ESI−;
capillary temperature, 500°C; declustering potential, 60 V;
collision energy, 35 V; collision energy spread, 15 V; mass
spectrum scan range, 100–1,500 m/z; and scan mode, data
independent acquisition (DIA) strategy.

The raw data were imported into MS-DIAL (version 2.76)
(Tsugawa et al., 2015) for preprocessing, including peak
extraction, noise removal, deconvolution and peak alignment.
The preprocessed data were later annotated in three spectral
databases: MassBank, Respect, and GNPS (14,951 records in
total). The data were log-transformed (zero values were added
by 0.001 before transformation) and standardized before
between-group metabolite profile comparisons. p values were
adjusted by Benjamini-Hochberg procedure.

Statistics
Data were presented as mean ± standard deviation.Within-group
comparison was performed by paired t-test to evaluate parameter
changes pre- and post-training. Two-way repeated measures
analysis of variance (ANOVA) was performed for between-
group comparison with “groups” (i.e., HI-HIIT, MI-HIIT, HI-
CT, MI-CT, and SC groups) as the between-group factor and
“time” (i.e., pre- and post-training) as the repeated factor. One-
way ANOVAwas performed to analyze exercise associations with
CK-MB and cTn-T. Tukey’s test was used as post-hoc test.
Analyses were performed by R (version 4.1.1) (Team, 2021). A
value of p < 0.05 was considered statistically significant.

RESULTS

Cardiac Function and Morphology
Paired t-test within each exercise group showed that after the 4-
weeks training, heart rate decreased in the MI-HIIT [(p < 0.001),
HI-CT (p = 0.007) and MI-CT group (p = 0.004). Stroke volume
and diastolic LVID increased in all exercise groups [HI-HIIT (p =
0.002, 0.042), MI-HIIT (p = 0.012, 0.007), HI-CT (p = 0.048,
0.041), MI-CT (p = 0.020, 0.003)]. Systolic LVID increased in the
MI-HIIT (p = 0.021) and HI-CT (p = 0.011) group. HIIT groups
had significant improvement in cardiac output [HI-HIIT (p <
0.001), MI-HIIT (p = 0.005)] while CT groups remained
unchanged. No significant changes were found in ejection
fraction and fractional shortening in all exercise groups
(Table 1; Figure 1).

Repeated measures ANOVA among all exercise groups
demonstrated decreased heart rate (F(1,32) = 31.18, p < 0.001),
and increased stroke volume (F(1,32) = 43.39, p < 0.001), cardiac
output (F(1,32) = 24.67, p < 0.001) and left ventricular
intraventricular diameters (diastolic phase F(1,32) = 34.52, p <
0.001; systolic phase F(1,32) = 15.42, p < 0.001) after training.
Moreover, changes in heart rate, stroke volume and left

ventricular intraventricular diameters did not show group-wise
difference while cardiac output change differed among groups
(F(4,32) = 2.73, p = 0.046). Repeated measures ANOVA on each
pair of groups showed similar improvement in cardiac output
between the two HIIT groups (F(1,12) = 0.18, p = 0.68) and the two
CT groups (F(1,14) = 0.01, p = 0.92). The HIIT groups
demonstrated greater cardiac output improvement than the
CT groups and the SC group while no significant difference in
cardiac output change were found between the CT groups and the
SC group.

Myocardial Damage-Related Parameters
Significant differences were found in CK-MB (F(4,33) = 5.46, p =
0.002) and cTn-T (F(4,33) = 6.91, p < 0.001). The HI-CT group
demonstrated the highest CK-MB and cTn-T levels than other
groups. Tukey’s post-hoc test showed significant higher CK-MB
and cTnT values in HI-CT compared to MI-HIIT (p = 0.015 and
0.005, respectively), MI-CT (p = 0.003 and 0.002, respectively)
and SC (p = 0.007 and 0.001, respectively) groups (Table 2;
Figure 2).

Untargeted Metabolomics
The raw data obtained by mass spectrometry were preprocessed
by MS-DIAL and PCA was applied for quality control
(Supplemental Figure S1). Peak values of the extracted data
were compared with 14,951 records in three databases
(MassBank, Respect, GNPS) and 371 metabolites were annotated.

Metabolite comparisons identified 11 metabolites that
demonstrated significantly different levels between the HI-
HIIT and SC groups (Figure 3A, Supplementary Material
Table S2) and 10 metabolites demonstrated lower levels in the
HI-HIIT group than the SC group. Among the identified
metabolites, five metabolites (two phosphatidylinositols, two
phosphatidylcholines and one phosphatidylglyceride) were
lipid-related.

Five metabolites were identified between the MI-HIIT and SC
groups. Four metabolites (two phosphatidylinositols, one
phosphoinositide and one phosphatidylglyceride) were lipid-
related and one metabolite (2′-Deoxyadenosine-5′-
monophosphate) was related to DNA synthesis (Figure 3B;
Supplementary Table S3).

Two metabolites (one phosphatidylinositol and one
phosphatidylglyceride) were identified in comparisons between
the HI-CT and SC groups (Figure 3C; Supplementary Table S4).
No significant differences in metabolite levels were found
between the MI-CT and SC groups. Notable, three metabolites
(two phosphatidylinositols and 2′-Deoxyadenosine-5′-
monophosphate) were found in both HIIT groups but not in
CT groups. One phosphatidylglyceride (phosphatidylglyceride
18) was found in all comparisons. No significant differences of
metabolite levels were found between the MI-CT and SC groups
(Figure 3D).

Since the HI-CT group demonstrated significantly higher CK-
MB and cTn-T levels than the MI-CT group, extra metabolite
comparisons were performed between CT groups and
phosphatidylglyceride 18 level was found to be significantly
lower in the HI-CT group (Figure 3E; Supplementary Table
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S5). Further association analysis showed that
phosphatidylglyceride 18 was negatively associated with cTn-T
in CT groups (p = 0.016) but not in HIIT groups (p = 0.687) while
no significant association was found between
phosphatidylglyceride 18 and CK-MB.

Two-way ANOVA with exercise groups (i.e., HIIT and CT)
and training intensity (i.e., HI and MI) as two factors identified
five metabolites (two phosphatidylinositols, AMP, uric acid and
gamma-Glutamylglutamine) that were different between the two
exercise groups (p value adjusted) (Supplementary Table S6).
Specifically, higher levels of phosphatidylinositols, AMP and
gamma-Glutamylglutamine, and a lower level of uric acid were
associated with the HIIT compared to the CT. Four metabolites
(two phosphatidylglycerides, one phosphatidylcholine and one
phosphatidylcholine) in lipid sub-pathways were significantly
downregulated in the high training intensity compared to the
moderate one (p value adjusted) (Supplementary Table S6).

DISCUSSION

To the best of our knowledge, this is the first study to compare the
HIIT and CT effects on cardiac function and morphology in
adolescent rats. We found decreased heart rate, and increased
stroke volume and left ventricular intraventricular diameters in
exercise groups after a 4-weeks training. HIIT groups
demonstrated greater cardiac output improvement than CT
groups. Moreover, high training intensity CT group induced
higher levels of serum myocardial damage-related markers
(i.e., CK-MB and cTn-T) compared to moderate intensity

HIIT and CT groups. Untargeted metabolomics analysis
further identified one phosphatidylglyceride
(phosphatidylglyceride 18) that was negatively associated with
cTn-T in CT groups.

Exercise Improves Cardiac Function and
Morphology
Physical exercise has been well recognized as a convenient and
economic way of improving cardiovascular conditions. In the
current study, the heart rate in exercise groups decreased after
training, which was a sign of improved health condition since
higher resting heart rate has been independently associated with
increased risks of all-cause mortality (Jensen et al., 2013; Zhang
et al., 2016). Moreover, exercise-induced improvements in stroke
volume and left ventricular intraventricular diameters provided
supporting evidence for the beneficial effects of exercise on
cardiovascular system.

Notably, although changes in ejection fraction, heart rate and
stroke volume were not significantly different among exercise
groups, adaptations in cardiac output were significantly larger in
the HIIT groups than the CT ones. These findings were partially
in line with the study of Verboven et al. (Verboven et al., 2019),
who found similar improvements in ejection fraction and cardiac
volumes between rats that received a 13-weeks of HIIT or CT.
However, Verboven et al. failed to find significant differences in
cardiac output improvements between training groups. A
possible explanation might be the difference in HIIT intensity
as Verboven et al. used a speed of 18 m/min and an inclination of
30° while we used a speed of over 35 m/min and an inclination of

TABLE 2 | CK-MB and cTn-T in each group.

HI-HIIT MI-HIIT HI-CT MI-CT SC

CK-MB (U/L)* 682.0 ± 60.3 623.3 ± 25.4 741.7 ± 91.8 600.9 ± 97.6 608.2 ± 55.1
cTn-T (ng/L)* 92.34 ± 8.46 86.53 ± 7.52 108.64 ± 19.27 84.56 ± 8.43 81.00 ± 9.40

*Significant difference in group factor analyzed by one-way ANOVA.

FIGURE 2 | (A) Distribution of CK-MB in each group. HI-CT group demonstrated higher CK-MB than MI-HIIT (p = 0.015), MI-CT (p = 0.003) and SC (p = 0.007)
groups. (B) Distribution of cTn-T in each group. HI-CT group demonstrated higher cTn-T than MI-HIIT (p = 0.005), MI-CT (p = 0.002) and SC (p = 0.001) groups. HI-HIIT:
high training intensity HIIT group; MI-HIIT: moderate training intensity HIIT group; HI-CT: high training intensity CT group; MI-CT: moderate training intensity CT group;
SC: sedentary control group; cTn-T: Cardiac troponin T; CK-MB: creatine kinase myocardial band.
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10°. Yet, the increased cardiac capillarization density in the HIIT
group identified by Verboven et al. might also help to explain the
increased cardiac output in our study (Verboven et al., 2019).
Moreover, MacInnis et al. reported that the HIIT induced greater

increases in mitochondrial content (measured as elevated
maximal citrate synthase activity and mitochondrial
respiration) than the CT with the same exercise volume
(MacInnis et al., 2017). Although MacInnis’ findings were

FIGURE 3 |Metabolomics analysis identified (A) 11 significant metabolites between HI-HIIT and SC, (B) five significant metabolites between MI-HIIT and SC, (C)
two significant metabolites between HI-CT and SC, (D) no significant metabolite between MI-CT and SC, and (E) one significant metabolite between HI-CT and MI-CT
groups. The dash line represents the cutoff value at a negative log-transformed significance level of 0.05 (i.e., −log10[0.05] � 1.3). HI-HIIT: high training intensity HIIT
group; MI-HIIT: moderate training intensity HIIT group; HI-CT: high training intensity CT group; MI-CT: moderate training intensity CT group; SC: sedentary
control group.
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based on skeletal muscle tissue, considering the holistic effect of
exercise, increased mitochondrial content might also happen in
myocardium. Besides possible increase in capillarization density
and mitochondrial content, the HIIT might also enhance cardiac
function by modifying circulating phosphatidylcholine levels
which were inversely associated with vascular condition and
risk of cardiovascular diseases (Stegemann et al., 2014;
Paapstel et al., 2018). Our study was in line with previous
findings and further showed that the HIIT was superior than
the CT in improving cardiac function among adolescent rats
while the insignificant difference in stroke volume change might
be due to the short intervention period.

Associations Between Exercise and
Myocardial Damage
To evaluate myocardial damage after the intervention, serumCK-
MB and cTn-T were measured in the study. CK-MB and cTn-T
are two biomarkers commonly used to assist diagnoses of
myocardial infarction (Task Force et al., 2007) while cTn-T
demonstrates higher sensitivity in detecting myocardial injury
than CK-MB (Sobki et al., 2000). CK-MB is one of the three
creatine kinase isoenzymes, and is primarily found in heart
muscle cells. It has been used as a biomarker for myocardial
injury detection in the past decades (Wu et al., 2020) before cTn-
T is suggested. cTn-T is a contractile protein of cardiac muscle. It
may release to peripheral blood after heart damage, and it is also a
biomarker of myocardial oxidative stress (König et al., 2007).
Elevated CK-MB and cTn-T levels can be found after prolonged
or strenuous endurance exercise, and possible mechanisms might
include increased membrane permeability and myocardial cell
necrosis (Shave et al., 2010). Surprisingly, our results reveal
opposite phenomenon to our hypothesis, CK-MB and cTn-T
levels were similar in HIIT groups and moderate intensity CT
group while higher levels of these two myocardial injury-related
markers were found in high intensity CT group in comparison
with other exercise groups. Considering that circulating cTn-T
usually returns to the resting level within 24 h after exercise
(Gresslien and Agewall, 2016; Baker et al., 2019), our findings
indicated that the HI-CT was a less favorable exercise form in
cardiovascular exercise for adolescents due to the prolonged
myocardial damage. In order to understand possible
mechanisms behind the finding of less myocardial damage in
the HIIT, we introduced untargeted metabolomics to explore
potentially relevant biomarkers.

Previous metabolomics studies showed that acute exercise
was associated with high oxidative stress and increased
phosphatidylcholine levels that might impair utilization of
cardiac fatty acids and lead to inflammation-related
metabolic disorders (Paapstel et al., 2018; Wu et al., 2022).
Yet, our results showed that long-term exercise could exert a
favorable effect on cardiovascular system by reducing
phosphatidylcholine concentrations. Analyses on metabolite
levels between the HI-CT and MI-CT groups identified a
downregulated phosphatidylglyceride (phosphatidylglyceride
18) in the HI-CT group. Phosphatidylglyceride is a
fundamental component of intracellular membrane,

particularly mitochondrial and microsomal membranes
(Morita and Terada, 2015). Previous studies have reported
that exercise training may induce phosphatidylglyceride
degradation and reduce lipid accumulation, preventing the
occurrence of cardiomyopathy and heart failure (Borg et al.,
2012). Lower plasma phosphatidylglyceride levels were also
found in mice after swimming endurance training compared to
the control group (Tham et al., 2018). Our finding of declined
serum phosphatidylglyceride in all exercise groups was
consistent with previous studies. Notably, we found a
significantly lower phosphatidylglyceride 18 level in the HI-
CT compared to the MI-CT. Combining with our finding that
the HI-CT group demonstrated a considerably high level of
cTn-T, the lower phosphatidylglyceride might be an indicator
of a greater extent of myocardial damage compared to other
exercise groups. Such assumption is supported by the negative
association between phosphatidylglyceride 18 and cTn-T in
CT groups rather than HIIT groups. The underlying
mechanism between phosphatidylglyceride 18 and cardiac
injury is currently not understood but is worthy of further
study since changes in circulating phospholipids might play a
role in lipid remodeling of the heart, energy metabolism and
myocardial function.

HIIT-Related Metabolomics
To identify potential molecular and pathway alterations associated
with the HIIT, we compared serummetabolites in HIIT groups with
that in the control group and identified four phospholipid-related
metabolites including phosphatidylglycerides and
phosphatidylinositols. Phospholipids are involved in multiple
important metabolic pathways such as cellular signaling,
intracellular trafficking and insulin resistance (Jiang, 2012).
Previous lipidomics research has identified linoleic acid-
containing phosphatidylcholine, sphingomyelin and
docosahexanoic acid-containing phosphatidylcholine as chronic
exercise-induced lipids (Goto-Inoue et al., 2013). Multiple lipid
metabolites (e.g., BHBA and decanoylcarnitine) were also
identified in resistance and endurance training (Morville et al.,
2020). The identification of HIIT-related metabolites implied a
potential connection between HIIT and lipid pathways. Further
studies are needed to explore such association.

Notably, among the five identified metabolites that were
associated with exercise types (Supplementary Table S6),
decreased AMP and increased uric acid were significantly
associated with the HIIT compared to the CT. Since decreased
ATP content activates the AMP degradation pathway with uric
acid as the end product (Francis and Hamrick, 1984), the HIIT-
related associations in AMP and uric acid implied a higher energy
consumption in the HIIT compared to the CT. Among the rest
three identified metabolites, two were involved in fatty acid
metabolism sub-pathway and one was from the gamma-
glutamyl amino acid sub-pathway. Despite the difference in
exercise forms, the lower levels of these three metabolites in
the HIIT compared to the CT were similar to the findings of high-
level endurance athletes demonstrating lower
levels of metabolites involved in fatty acid metabolism and
gamma-glutamyl amino acid pathways than moderate-level
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peers (Al-Khelaifi et al., 2018), indicating that the HIIT might be
associated with a higher fitness level. Yet, further research are
needed to elucidate the potential functions of these three
metabolites in HIIT.

HIIT Outperforms CT in Improving
Cardiovascular Function of Adolescent Rats
Since the HIIT intensity is at a relatively high level by the CT
standard, we hypothesized that the HIIT might induce greater
myocardial damage than the CT. However, our results showed
that the HIIT induced more cardiac output and demonstrated less
myocardial impairment (as indicated by CK-MB and cTn-T) than
the CT under the same relative training volume
(i.e., 31.5 min·vV_O2max). Therefore, the HIIT might be better than
the CT when assigning cardiovascular exercise to adolescent.
Additionally, when the HIIT is applied, both high and moderate
intensities are fine for training since they exert similar impact on
cardiac improvement. Yet, when the CT is used, a moderate intensity
is better than a high intensity since the latter induces more cardiac
damage.

Limitations
Althoughwe found greater improvement in cardiac function induced
by the HIIT in comparison with the CT, we did not explore
underlying mechanisms behind such finding. Moreover, the study
was performed onmale rat, additional research is needed to verify our
findings in female rats and human. Despite that our rats were raised
under the same condition, future studies with nutrition and food
intake tracking might be helpful to draw a more convincing
conclusion.

In conclusion, our research suggests that the HIIT might
outperform the CT in improving cardiovascular condition of
adolescent rats as the HIIT induced a greater cardiac output
adaptation after a 4-weeks training and less myocardial damages
24 h after exercise. The cardiovascular benefits of moderate and high
intensity HIIT were similar, but high intensity CT induced more
myocardial damage than moderate intensity CT. Such myocardial
damage in the CT might be associated with phospholipid
metabolism.
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