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ABSTRACT

Background and Objectives: Moderate-intensity continuous training (MICT) is used to
observe lipidomic effects in adults. However, the effects of MICT on lipid metabolism in
adolescents remain unclear. Therefore, we aimed to longitudinally characterize the lipid
profile in adolescents during different periods of 6-week MICT. Methods: Fifteen adolescents
undertook bicycle training at 65% of maximal oxygen consumption. Plasma samples were
collected at four time points (TO, T1, T2, and T3). Targeted lipidomics was assessed by ultra-
performance liquid chromatography—tandem mass spectrometry to characterize the plasma
lipid profiles of the participants to identify the lipids present at differing concentrations and
changes in lipid species with time. Results: MICT affected the plasma lipid profiles of the
adolescents. The concentrations of diglycerides, phosphatidylinositol, lysophosphatidic acid,
lysophosphatidylcholine, and lysophosphatidylethanolamine were increased at T1, decreased
at T2, and increased again at T3. Fatty acids (FAs) showed an opposite trend. Ether-linked
alkylphosphatidylcholine and triglycerides were significantly increased and remained high.
Sphingolipid concentrations initially decreased and then remained low. Therefore, a single
bout of exercise had substantial effects on lipid metabolism, but by T3, fewer lipid species
were present at significantly different concentrations and the magnitudes of the remaining
differences were smaller than those at earlier times. Among all the changed lipids, only
DG(14:1/18:1), HexCer(d18:1/22:1) and FA(22:0) showed no significant correlations with
any other 51 lipids (P < 0.05). Glycerides and phospholipids showed positive correlations
with each other (P < 0.05), but FAs were significantly negatively correlated with glycerides
and phospholipids while positively with other FAs (P < 0.05). Pathway enrichment analysis
showed that 50% of the metabolic pathways represented were related to lipid metabolism
and lipid biosynthesis. Conclusion: MICT increases ether-linked alkylphosphatidylcholine
and triglyceride concentrations. Diglyceride, phosphatidylinositol, and lysophosphatidylcholine
concentrations initially rise and then decrease 6 weeks after MICT, but FA concentrations show
an opposite trend. These changes might correlate with lipid metabolism or biosynthesis pathways.
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Regular exercise has a profound effect on
human metabolism.!"? Previous studies
have shown that regular exercise over

a long time improves lipid metabolism,

including cardiovascular disease, diabetes,
obesity, and cancer.’®! Although these
beneficial effects of exercise are known
to be achieved through the regulation of
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metabolic homeostasis, its molecular mechanisms involved,
especially in the lipid metabolism in adolescents, are still
not completely understood.

The development of metabolomic technologies has provided
a new approach to investigate the effects of exercise on
homeostasis.”! Such technologies have been widely used in
competitive sports training,”™ sports nutrition research,!”
characterizing the effects of sport on chronic diseases,!'*!!
and determining the metabolic response to exercise.!?
Lipidomics is a useful method of studying lipid metabolism
under physiological and pathological conditions.!">'" But to
date, studies of the effects of exercise on lipid metabolism have
mainly focused on the effects of acute or high-intensity exercise
in adults or in individuals with specific diseases!"”!"152!,
Nieman ez al* assessed the metabolite responses to long-
distance and high-intensity running. They found alterations
in the concentrations of 209 lipid metabolites, especially
those of long- and medium-chain fatty acids (FAs), FA
oxidation products, and ketone bodies. Manaf ef /.
identified 68 metabolites with different concentrations
at the end of a long-term, high-intensity exercise cycling
test. Furthermore, they found that FAs and tryptophan
play a central role in post-exercise fatigue. In addition,
Gollasch ez al measured the FA concentrations in healthy
individuals undertaking standardized maximal treadmill
exercise, and found an increase in epoxyoctadecenoic acid,
dihydroxyeicosenotrienoic acid, and dihydroxyeicosenoic
acid concentrations. Finally, a study of patients with
sarcoidosis showed significant alterations in their lipid
profiles following 3 weeks of exercise training, with
significant reductions in their FA, triacylglycerol (TAG),
and total cholesterol concentrations.”! In this previous
study, the samples were collected at different time points.
Some samples were only collected twice before and after
the exercise, and some samples were collected several
times during the exercise. But few studies have considered
metabolic profiling of exercise intensity in mediating
physiological adaptations to training,

Furthermore, few studies have examined the lipid metabolic
response of adolescents to exercise, especially the effects of
classic physiological adaptations characteristic of moderate-
intensity continuous training (MICT), such as increased
aerobic capacity (VO, max). In contrast to untargeted
lipidomics, targeted semi-quantitative methods provide a
comprehensive coverage of more than 500 lipid species
comprising phospholipids, glycerides, sphingolipids, and
sterols. There are sex differences in the pattern of
substrate utilization and hormonal effects on exercise
because estrogen and progesterone dominate in women and
testosterone in men.”>?" Compared to men, the hormonal
levels of women are in rhythmic oscillation along the
menstrual cycle. Therefore, in the present study, we only

used male adolescents to investigate the effects of 6 weeks
of MICT on lipid metabolism.

METHODS

Reagents

High-performance liquid chromatography (HPLC)-
grade acetonitrile, methanol, and isopropanol (IPA) were
purchased from Merck (99.9%; Merck KgaA, Darmstadst,
Germany). HPLC-grade ammonium acetate (< 97%)
and a lipid internal standard mixture (Avanti Splash
Lipidomix™ lipid standards; Avanti Polar Lipids, Inc.,
Alabaster, AL, USA) containing J_-phosphatidylcholine
(15:0/18:1), d7—phosphatidylethanolérnine (15:0/18:1), d.-
phosphatidylglycerol (15:0/18:1), 4 -phosphatidylinositol
(15:0/18:1), d-lysophosphatidylcholines (15:0/18:1),
d_-lysophosphatidylethanolamine (15:0/18:1), 4.-
diacylglycerols (15:0/18:1), 4-TAGs (15:0/18:1), d,-
sphingomyelins (18:1), 4_-cholesteryl esters (18:1),
d_-monoacylglycerols (18:1), and 4 -phosphatidic acids
(15:0/18:1) were purchased from Sigma-Aldrich (USA).

Participants

Sixteen healthy male adolescents aged 12—14 years were
enrolled. One participant dropped out and 15 participants
finished the whole program. None of the participants
had previously undergone systematic exercise training,
and all of them were banned from drinking alcohol and
consuming caffeine. The participants rested 3 days before
the measurements and training sessions. They were also
required to ensure that they had sufficient sleep during
the training. The research was performed in accordance
with the Declaration of Helsinki. This study was approved
by the Ethics Committee of Beijing Sport University
(Approval No. 2020139H). All the participants and their
guardians provided informed written consent, in which
all the experimental procedures and potential risks were
explained. The participants were asked to maintain their
previous daily activity and eating patterns during testing and
training. Before the first training, anthropometric measures
(height and weight) were recorded.

Exercise training and collection of clinical
information and serum samples

The exercise protocol began with 15-20 min of warm-up
activity, followed by training on a Monark Power bike (Monark
894E, Sweden) at 65% of maximal oxygen consumption
(VO, max). After the training, 10-20 min of static stretching
and relaxation exercises were performed. The exercise was
petformed three times a week for 6 weeks. The duration of
the bouts of exercise training was 30 min during the first and
second weeks, 45 min during the third and fourth weeks, and
60 min during the fifth and sixth weeks.
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Blood samples were collected four times in different
periods of MICT as follows: at baseline, immediately after
the first bout of exercise, immediately after the last training,
and 48 h after the exercise program (T0, T1, T2, and T3,
respectively). Fasting blood samples (5 mL) were added to
procoagulant-containing tubes, mixed, and centrifuged at
3000 t/min for 5 min at room temperatute to obtain serum
samples. Blood glucose levels were determined.

Measurement of VO, - max of the participants

The participants were asked to complete VO, max and
heart rate measurements. VO, 'max was measured using a
metabolic cart (Cortex MetaMax 3B; Cortex, Germany).
After a 5-min warm-up exercise, participants initially began
with 1 min of unloaded cycling (0 W) ata cadence of 60t/min.
After this initial period, the work rate was increased by
25 W every 2 min until the participants reached volitional
fatigue. The heart rate was measured continuously (Polar,
Finland).

Targeted lipidomic analysis

Targeted lipidomics with the semi-quantitative approach
was used in this study. Lipids were extracted from the
plasma samples by simple protein precipitation using
precooled IPA at 4C.P¥ Briefly, 95 pL. of plasma or a pooled
quality control sample was spiked with 5 pL of lipid internal
standard mixture, and then 500 puL of precooled IPA was
added. The mixtures were vortexed for 1 min, placed
at —20C for 10 min, and then vortexed again for 10 min.
After 2 h at 4C, the samples were centrifuged at 10,300 X g
for 10 min at 4C, and the supernatants wete transferred
to a 96-well plate for ultra-high performance liquid
chromatography—tandem mass spectrometry analysis.

A targeted lipidomic analysis was performed using the
Waters iclass-Xevo TQ-S ultra-high performance liquid
chromatography—tandem mass spectrometry system
(Waters, MA, USA), which was equipped with an electron
spray ionization (ESI) ion source. The mass spectrometer
was operated using MassLynx v4.1 software (Waters,
Milford, MA, USA). Lipid species were separated
using a Waters Acquity UPLC BEH Amide column
(1.7 ym, 2.1 mm X 100 mm) and then detected in the
multiple reaction monitoring mode. The multiple reaction
monitoring transitions are shown in Table S1. The dwell
time was 3 ms for each lipid species. The source nitrogen
gas temperature was set to 120C and the flow rate to 150
L/h. The desolvation gas temperature was 500C, and the
flow rate was 1000 L/h. The capillary voltage was set to
2.8 kV for the positive mode and 1.9 kV for the negative
mode. The autosampler was operated at 4C, and the
column compartment was operated at 45T for the duration
of the analysis. Solvent A was 95% acetonitrile containing
10 mmol/L. ammonium acetate, and solvent B was 50%

acetonitrile containing 10 mmol/L. ammonium acetate.
The mobile phase gradient was 0.1%—20.0% B for 2 min
and then 20%—80% B for 3 min, followed by 3 min re-
equilibration, with a flow rate of 0.6 mL/min. An injection
volume of 1 pL. was used. System blanks (95 pL distilled
water, 5 pL lipid internal standard mixture, and 500 pL
IPA) and process blanks (IPA) were initially injected three
times each to check the instrument conditions. Quality
control samples were injected three times before analysis
of the biological samples, and this process was repeated
for every 12 samples.

Enzymatic activity

The serum activities of citrate synthase (CS), succinate
dehydrogenase (SDH), phosphofructokinase (PFK), and
lactate dehydrogenase (LDH) before and after MICT
were determined by enzyme-linked immunosorbent assay
(ELISA) using the Synergy H1 Microplate Reader (Biotek,
VT, USA) and the kits supplied by Jianglai Biological,
following the manufacturers’ instructions.

Statistical analyses

Statistical analyses of anthropometric characteristics,
exercise indices, and enzymatic activities were performed
using the paired #test with IBM Statistical Package for the
Social Sciences (SPSS) v20.0 IBM Corp. Armonk, USA).

An analysis of the lipidomic data was performed using
TargetlLynx in MassLynx v4.1. Each peak was automatically
integrated, but manually confirmed and adjusted if
required. The retention time for the internal standards
corresponding to each class of lipids was used to confirm
the correct integration of peaks corresponding to lipids
of the same class. The Wu Kong platform? (https://
www.omicsolution.com/wkomics/main/) was used for
lipidomic data analysis and visualization, along with analysis
of variance, orthogonal partial least-squares discriminant
analysis (OPLS-DA), heatmaps, enrichment analysis, and
correlation analysis. The package Mfuzz in R 3.0.3 (The
University of Auckland, Auckland, New Zealand), which
is a soft clustering using a fuzzy C-means algorithm, was
used to analyze the changes in lipid species concentrations
over time. The number of clusters was set to four, and
the fuzzification parameter m was set to 1.35. Correlation
plots and a correlation network of lipid metabolites were
constructed to analyze the interactions among lipid species
during MICT using the Wu Kong platform and Cytoscape
3.1.1 (National Resource for Network Biology [NRNB],
https://nrnb.org/),P" respectively.

RESULTS

Basic characteristics of the participants
We studied 15 healthy male adolescents who were 1214
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years old (13.33 & 0.81 years) and had a mean height of
164.94 + 6.16 cm (Table 1). The weight of adolescents was
increased after 6 weeks of MICT (Table 1). The VO, max
was significantly increased by MICT (P < 0.05, Table 1),
which indicated that MICT improved cardiopulmonary
function. With regard to serum enzyme activities, CS,
SDH, and PFK were significantly increased by 6 weeks of
MICT (all P < 0.05, Table 1), but that of LDH was not
affected (Table 1).

MICT significantly affects the plasma lipid profile
Fifty-eight samples were analyzed because one T2 sample
and one T3 sample were insufficient to detect. We were
able to successfully quantify 146 lipids, including
phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG), phosphatidylinositol
(PI), phosphatidic acid (PA), lysophosphatidic acid (LPA),
lysophosphatidylcholine (LPC), lysophosphatidylethanol-
amine (LPE), lysophosphatidylglycerol (LPG), and lyso-
phosphatidylinositol (LPI). We also quantified two classes
of ether-linked alkylphosphatidylcholine (PC-O and PC-P),
diglycerides (DG), triglycerides (TAG), FA, and sphin-
golipids, including ceramide (Cer), ceramide-1-phosphate
(Cer1P), hexosylceramide (HexCer), and sphingomyelin
(SM). OPLS-DA was used to classify the samples according
to the time points of MICT. Samples collected at different
times were clearly separated, and in particular, T2 and T3
samples were significantly separated from the TO samples
(Figure 1A).

Analysis of variance/Kruskal-Wallis test was performed to
identify the lipid metabolites that were present at different
concentrations at the four time points, using a false
discovery rate (FDR)-adjusted P < 0.05. The concentrations
of 64 of the 146 lipid metabolites significantly changed
during MICT. An FDR-adjusted P < 0.05 and a variable
importance in projection > 1 in OPLS-DA were used to
identify lipids with significant differences in concentrations
during MICT. This method showed that the concentrations
of 52 lipid metabolites significantly changed during MICT
(Table S1). A heatmap of the differential lipid metabolites
is shown in Figure 1B (FDR-adjusted P < 0.05 and variable
importance in projection > 1). Hierarchical clustering trees
revealed that lipid species in the same class showed similar
changes. Taken together, these results indicated that specific
changes in the lipid profile occurred during MICT, and 52
differential lipids were identified.

Lipid metabolism and synthesis pathways that
are affected by MICT

We next performed an analysis using a specified Human
Metabolome Database and Metabolomics Workbench, and
showed thelipid subclassesidentified ina pie chart (Figure 2A).
After exercise, 22 glycerophosphocholines (PC-O, PC-P,

and LPC), four TAGs, seven FAs and their conjugates, four
PIs, five linoleic acids and their detivatives (DG[16:0/18:2],
DG[18:1/18:2], DG[18:2/18:3], DG[18:2/18:2], and
FA[18:3]), two LPAs, four LPEs, one SM, one DG
(DG[14:1/18:1]), and two HexCers (HexCer[d18:1/22:0]
and HexCer[d18:1/22:1) were significantly affected.

Filtering for these lipid metabolites with a specified Human
Metabolome Database identifier produced a set of 43
lipid metabolites. The lipids were then used to perform
enrichment analysis. The top six enriched pathways were
related to the metabolism of lipids and lipoproteins,
metabolism, G-protein-coupled receptor signaling, signal
transduction, glycerophospholipid metabolism, and
phospholipid metabolism (Figure 2B). All of these are
associated with lipid synthesis or metabolism and have been
reported to be related to metabolic diseases, cardiovascular
diseases, liver diseases, and cancer.?=

Longitudinal changes in lipid species in response
to MICT

To determine the effects of MICT on lipid species at the
various time points, a soft clustering analysis was performed
using the mean concentrations of lipid species from the
15 volunteers using the fuzzy C-means algorithm. The
52 lipid species identified were placed into four clusters
representing distinct patterns of change (Figure 3). The
lipid species in each cluster with probabilities > 0.8 are
listed in Table S2. The concentrations of the lipid species
in cluster 1 were lower at T1 and T2 than at TO, but
were slightly increased at T3 than at T2, still lower than
at TO; this cluster contained DG, Cer, and LPC. Cluster
2 contained DG, LPC, LPE, LPA, TAG, and PI species.
The concentrations of the lipid species in this cluster were
higher at T1 than at TO0, low to the level at TO at T2, and
higher at T3 than at T0. Cluster 3 contained PC-O, PC-P,
and LPE. The concentrations of these lipid species were
higher at T1 compared to TO and remained high during
the whole training period. The changes in the lipid species
placed in cluster 4 were opposite to those of the species
in cluster 2. The concentrations of the lipid species in
cluster 4 were lower at T'1 than at TO, higher at T2 than at
T1 and similar to the level at TO, and then slightly lower
at T3 compared to that at TO; this cluster contained FAs.
Therefore, only one bout of exercise had substantial effects
on lipid metabolism, but the changes were less marked
immediately after 6 weeks of MICT. At the group T3, there
were fewer significantly affected lipid species and the fold
differences in concentration were smaller than those after
one bout of exercise.

Interactions between lipid species affected by
MICT

A correlation analysis was used to analyze the relationships
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Figure 1: Human plasma lipidomics affected by exercise. (A) OPLS-DA score plot showing the lipid profile changed by MICT. (B) Heatmap of differential lipid
metabolites (FDR-adjusted P < 0.05 and variable importance in projection > 1) significantly decreased at a 5% FDR-adjusted level and fold change lower than
0.83. Green represents lipid species that show no change. T0: time point TO; T1: time point T1; T2: time point T2; T3: time point T3. FA: free fatty acids; SM:
sphingomyelin; HexCer: hexosylceramide; PC: phosphatidylcholine; LPC: lysophosphatidylcholine; LPE: lysophosphatidylethanolamine; LPA: lysophosphatidic
acid; Pl: phosphatidylinesitol; DG: diglyceride; TAG: triglyceride; OPLS-DA: orthogonal partial least-squares discrimination analysis discriminant analysis; MICT:
moderate-intensity continuous training; FDR: false discovery rate.
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between lipid metabolites during MICT (Figure 4). The
Spearman correlation coefficients for each pair of lipid
metabolites were calculated. Lipids of the same species
were strongly positively correlated with the concentrations
of other species representing most of the lipid classes,
with the exception of FAs. Most FAs were negatively
correlated with other lipid species. FA(12:1), FA(14:1),
FA(20:1), FA(22:5), and FA(22:6) were negatively correlated
with other lipid species, while there were no significant
correlations with DG(14:1/18:1), HexCer(d18:1/22:1),

and FA(22:0). FA(17:0) was only negatively correlated with
DGs, LPCs, some LPEs, and LPAs. FA(18:3) was negatively
correlated with some LPC species, LPEs, PC-O, and PC-P.
However, FA(22:0) was positively correlated with other
lipid species.

MICT affects the lipid metabolism associated
with SDH and PFK

We measured the activities of CS, SDH, PFK, and LDH
(Table 1) and found that CS, SDH, and PFK activities were
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Figure 4: Correlation of lipid species with significantly changed after exercise. Lipid pairs with correlation coefficients > 0.5 or < —0.5 and an FDR-adjusted
P < 0.05 were considered to be closely correlated. Red and blue represent positive and negative correlations, respectively. The depth of each color and
the size of circle represent the closeness of the correlation, with a darker color and larger circle indicating a stronger correlation. FA: free fatty acids; SM:
sphingomyelin; HexCer: hexosylceramide; PC: phosphatidylcholine; LPC: lysophosphatidylcholine; LPE: lysophosphatidylethanolamine; LPA: lysophosphatidic
acid; PI: phosphatidylinositol; DG: diglyceride; TAG: triglyceride; FDR: false discovery rate.

significantly higher after 6 weeks of MICT compared to
those before MICT (paired #test, all P < 0.05, Table 1).
A correlation analysis was performed to examine whether
the changes in the concentrations of lipid species were
related to the changes in metabolic enzyme activities
(Figure 5). DG(18:2/18:2) and TAG(54:6) were positively
correlated with CS (both P < 0.05), but there were no
other significant correlations with CS. Most glycerolipids
(DG[16:0/18/2], DG[18:1/18:2], DG[18:2/18:2],
TAG[54:2], TAG[54:3], TAG[54:4], and TAGI[54:6]) and

some phospholipids (LPC[16:0], LPC|20:3], LPC|O-16:0],
LPC[O-18:0], LPE[20:1], PC[P-18:2/20:5], PI[18:0/20:3],
and PI[18:0/20:5]) were significantly positively correlated
with SDH activity. However, DG(14:1/18:1) and
HexCer(d18:1/22:1) were significantly negatively correlated
with SDH activity. The correlations between lipid species
and PFK activity were similar to those with SDH activity.
Exceptions were for those of DG(18:1/18:3) and
LPC(18:0), which were significantly positively correlated
with PFK activity, and for those of FA(12:1) and
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Table 1: Characteristics of volunteers

Characteristic Before 6-week MICT (group TO0) After 6-week MICT (group T3) t P-value
Age (years) 13.33 = 0.81 — — —
Height (cm) 164.94 + 6.16 — — —
Weight (kg) 61.62 + 18.13 64.62 + 17.42 -7.117 < 0.001
BMI (kg/m?) 22.38 + 5.18 23.19 + 4.82 —4.861 < 0.001
Muscle (kg) 26.69 + 5.63 26.83 + 5.14 -0.535 0.602
Glu (mmol/L) 5.05 + 0.57 5.02 + 0.32 0.206 0.840
CS (mL/kg/min) 40.74 + 28.57 60.64 + 23.08 —3.030 0.010
SDH (beat/min) 8.97 + 6.25 18.59 + 4.66 —-6.917 < 0.001
PFK (m) 26.96 + 24.80 72.94 + 11.99 —7.991 < 0.001
LDH (mmol/L) 3.21 £ 1.75 3.79 + 0.84 —1.356 0.198
VO, max (mL/kg/min) 41.07 + 6.40 46.3 + 7.98 -6.025 < 0.001

Data are shown as mean = standard deviation. BMI: body Mass Index; Glu: glucose; CS: citrate synthase; SDH: succinic dehydrogenas; PFK: phosphofructokinase;

LDH: lactate dehydrogenase; MICT: moderate-intensity continuous training.
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Figure 5: Correlation of different lipid species and metabolic enzymes. A correlation coefficient > 0.5 or < —0.5 and an FDR-adjusted P < 0.05 indicate a
significant positive correlation (red circles) or a significant negative correlation (blue circles), and as the circle increases and the color grows deep, the correlation
coefficient increases. FA: free fatty acids; SM: sphingomyelin; HexCer: hexosylceramide; Cer: ceramide; PC: phosphatidylcholine; LPC: lysophosphatidylcholine;
LPE: lysophosphatidylethanolamine; LPA: lysophosphatidic acid; Pl: phosphatidylinositol; DG: diglyceride; TAG: triglyceride; FDR: false discovery rate; CS:

citrate synthase; SDH: succinate dehydrogenase; PFK: phosphofructokinase; LDH: lactate dehydrogenase.

FA(14:1), which were significantly negatively correlated
with PFK activity. However, none of the lipid species
were significantly correlated with LDH activity. These
results suggest that SDH and PFK are involved in the
same metabolic pathway and have similar effects on lipid
metabolism.

DISCUSSION

Our study demonstrates that MICT plays an important
role in male adolescents’ aerobic capacity development.
After 6 weeks of MICT, VO, max and related enzymes
(CS and SDH) were significantly increased. This means
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the MICT significantly improves aerobic capacity and
is an effective exercise mode for adolescents. Table 1
shows that glucose was not significantly changed in
healthy adolescents, but serum lipid profile significantly
changed with exercise. This means that lipid metabolites
are more susceptible to external stimuli. To the best of
our knowledge, little is known regarding how MICT is
related to modulation of the lipidome and physiological
adaptions in adolescents. Therefore, we performed this
study to investigate the effects of MICT on the lipidome
of adolescents. The major finding of our study was that
the lipid profile showed different trends during different
periods of MICT intervention. Compared to the lipid
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levels at TO, phospholipid and glyceride concentrations
were increased, while the content of FAs was decreased
at T1, which means a bout of exercise could significantly
disturb the lipid metabolism. At time point T3, the trend
in lipid species was similar to that at T1. Comparing the
lipid contents at T2 and T1, the levels of PC-O, PC-P, and
TAG species were significantly decreased, while DG, LPC,
LPE, and PI species remained at higher levels and the levels
of FAs were increased.

Endurance exercise can effectively improve participants’
aerobic capacity and the activity of the main energy
supply system. Correlates with an increased VO, max, the
activities of CS and SDH, the two key enzymes of aerobic
metabolism, were significantly increased after 6 weeks of
MICT (Table 1). These results show that MICT induced
physiological adaptations characteristic of an increased
aerobic energy metabolism in adolescents.

Physiological response and adaptation of energy metabolism
to MICT also contained lipids metabolism in this study.
Compared to the baseline, the acute metabolic response of
lipids to a single 30-min bout of cycle ergometer training
showed that six plasma FAs (FA[12:1], FA[14:1], FA[17:0],
FAJ20:1], FA[22:5], FA|22:6]) were significantly decreased,
while glycerides and phospholipids were increased (at T1 vs.
at TO). During exercise, fats and carbohydrates are oxidized
simultaneously, but their relative contribution is associated
with exercise duration and intensity. Glucose utilization is
greater during high-intensity exercise, while FAs’ oxidation
increases during moderate-intensity exercise.’” Therefore,
in this study, FAs’ -oxidation may be the important energy
supply mode during one bout of moderate-intensity
(65% VO, max) exercise. With sufficient oxygen supply,
FAs are completely oxidized to CO, and H,O through
B-oxidation and release a large amount of energy in the
form of adenosine triphosphate (ATP) at the same time.
Moreover, FAs are located in the center of lipid metabolism
and can interconvert with other lipids with acyl chains
(Figure 6). FAs are activated by fatty acyl CoA synthetases
to produce long-chain acyl coenzyme A, which is esterified
to glyceraldehyde 3-phosphate. LPA species are generated
in this reaction and then acylated to form PA species. PA
can be converted into cytidine diphosphate diacylglycerol
(CDP-DG), which is a substrate for the synthesis of
certain glycerophospholipids and cardiolipins, or can be
dephosphorylated by phosphatidate phosphohydrolase
(PAP) to form DG, which serve as precursor molecules
for the synthesis of TAG, as well as PC, PE, PG, and
PI (Figure 6). Previous reports showed a single bout of
exercise induced the storage of FAs as neutral TAGP®
and stimulated the expression of multiple genes related
to TAG synthesis and LD assembly and mobilization in
skeletal muscle.’” LLPINT7 gene is upregulated immediately

SM

I

HexCer «<—— Cer <——> FA — LPA

CDP-DG PA

o 2= BB DG —> TAG

LPE
LPC

Figure 6: Schematic illustration of lipids’ conversion. SM: sphingomyelin; Cer:
ceramide; FA: free fatty acids; PA: phosphatidic acid; LPA: lysophosphatidic
acid; CDP-DG: cytidine diphosphate diacylglycerol; PC: phosphatidylcholine;
LPC: lysophosphatidylcholine; PE: phosphatidylethanolamine; LPE:
lysophosphatidylethanolamine; Pl: phosphatidylinositol; DG: diglyceride; TAG:
triglyceride; HexCer: hexosylceramide.

post-exercise, which is the most important member of the
lipin family of proteins known to regulate triglyceride and
phospholipid metabolism.*! It can be seen that the TAG
and phospholipids’ biosynthesis pathways are activated after
one bout of exercise. So, the content of FAs decreased, but
those of TAG and phospholipids increased at T1.

After 6 weeks of MICT, the body attains physiological
adaptation, and the complex metabolic characteristics in
the body reach a new stable state and a new metabolic
homeostasis is formed. The homeostasis of FAs is achieved
by lipolysis in the adipose tissue, intestine, and liver. To
delineate FAs’ turnover and metabolism in response to
chronic training, we assessed the lipid metabolism at time
point T2. Compared to T1, the levels of eight FAs increased,
DG, LPC, LPE, PI, and TAG (54:6) decreased, while the
contents of PC-O, PC-P and TAG (54:2), TAG (54:3), and
TAG (54:4) did not change. Given that TAGs, medium- and
long-chain FAs were the main substrates for energy, these
results indicate that a dependence on oxidation of plasma
FAs as a source of energy was decreased during exercise
after 6 weeks of MICT. Previous studies have reported that
exercise training induced extra FAs’ utilization, possibly
coming from intramuscular TAG stores instead of plasma
stores duting exercise.I'!! This greater use of fat is related
to mitochondrial quantitative and qualitative adaptations,
which increase skeletal muscle mitochondrial volume density
and intrinsic mitochondrial FA oxidation associated with
increment of VO, max. For pediatric studies which must
also comply with additional ethical considerations, we could
not provide the FAs oxidation of muscle fibers in this study.
In addition, the above results also showed that PC-O and
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PC-P were stable during moderate-intensity exercise. PC-O
and PC-P are important constituents in the construction
of biological membrane, which affect membrane fluidity
and membrane fusion."™ This observation may indicate
that moderate-intensity stress does not affect the stability
of biological membranes.

To study the biological events that occurred during the
later stages of MICT, blood samples were collected 48 h
after 6 weeks of training, As shown in Figure 3, the levels
of four FAs (FA[12:1], FA[14:1], FA[22:5], FA[22:6]) were
decreased and the levels of TAGs and phospholipids (LLPE,
PC-O, PC-P, and PI) were increased at T3 compared to T0.
TAGs are an efficient and inert form of FAs for storage
and transport. They are unable to traverse cell membranes.
Consequently, the transport of TAGs into or out of cells
requires either their hydrolytic breakdown into FAs and
glycerol or their specialized vesicle-mediated transport
across cell membranes. Previous studies have reported
that endurance training induced a higher maximal fat
oxidation rate due to expressing high levels of adipose
triglyceride lipase and hormone-sensitive lipase in muscle
fibers.! In our study, the changes in FAs mean that
the lipolysis and the release of FAs into plasma were
decreased at rest time due to 6 weeks of MICT. It is well
accepted that a reduced FA mobilization from adipose
stores leads to significantly increased glucose tolerance
and improved insulin sensitivity."**1 At the same time,
circulating plasma FAs were utilized by muscles to
replenish their fat stores. Therefore, these results imply
that chronic aerobic training can decrease FAs” flux from
TAGs, which presents a beneficial metabolic phenotype
in adolescents. Wang ez al*® reported that augmented
levels of PC biosynthesis are related to an increase in the
number of circulating high-density lipoproteins (HDLs)
in glucokinase maturity-onset diabetes in the young.
Given the HDLs’ positive contribution to maintaining
the health of vascular endothelial cells, the increased PCs
we saw in plasma after 6 weeks of MICT likely induced
improved fitness through the lipid metabolic adaptation
of HDLs in adolescents. LPE is a minor component of
the cell membrane® and has been recently reported to
be involved in anti-inflammatory effects on macrophages’
polatization induced by lipopolysaccharide. In our results,
increased level of LPE in the plasma may be reporting
anti-inflammatory effects of MICT. These findings have
important implications for the role of MICT in maintaining
overall health and improving physical fitness.

CONCLUSION

MICT at 65% VO, max increases PC-O, PC-P, and TAG
species. DG, lysophospholipids, and PI species initially rise
and then decrease after 6 weeks of MICT, while FA species

show an opposite trend. This study suggests that these
changes in FAs, phospholipids, and glycerides are caused by
the adaptation of energy metabolism to MICT. This is the
first study to use targeted lipidomics to examine changes
in lipid profiles in adolescents undergoing MICT. Our
findings may have important implications for adolescents’
future development, reasonable energy metabolism, and
biosynthesis.
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