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Abstract

High-intensity interval training (HIIT) is a time-efficient alternative to moderate-intensity continuous training (MICT) to improve
metabolic health in older individuals. However, differences in adipose tissue metabolism between these two approaches are
unclear. Here, we evaluated the effects of HIIT and MICT on metabolic phenotypes in aged rats. HIIT significantly decreased fat
mass, increased percent lean mass, decreased fat-to-lean ratio, reduced serum high-sensitivity C-reactive protein, increased serum
interleukin-10 levels, and decreased perirenal adipose tissue leptin compared with rats in the sedentary (SED) group. HIIT also
increased pregnenolone, cortisol, and corticosterone in both adipose tissue and serum. Both exercise modalities enhanced
hormone-sensitive lipase and adipose triglyceride lipase expression compared with the SED group and decreased palmitic acid,
stearic acid, octadecadienoic acid, urea, 1-heptadecanol, and «-tocopherol. MICT was related to glycerolipid metabolism,
whereas HIIT was related to steroid hormone biosynthesis. Overall, HIIT showed more favorable regulation of anti-
inflammatory activity than MICT.
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Introduction

Aging is typically associated with increased adiposity and
progressive redistribution of adipose tissue, characterized by
a loss in subcutaneous adipose depot mass and a gain in ab-
dominal white adipose tissue [29]. This adipose tissue has
important endocrine roles involving secretion of different
adipokines and inflammatory mediators, which regulate insu-
lin sensitivity and low-grade inflammation [27]. These path-
ways can lead to the development of sarcopenia, cancer, and
neurodegenerative, cardiovascular, and metabolic diseases
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[17,27]. Thus, adipose tissue is a potent therapeutic target to
combat the effects of aging and age-related diseases [27].
The beneficial effects of physical activity include improved
energy balance, reduced adiposity, dysfunction of secreted
adipokines, and subclinical inflammation [13]. Indeed, endur-
ance training reduces inflammatory markers and the expres-
sion of senescence-associated secretory phenotype in white
visceral adipose tissue, leading to improvement of locomotor
activity in animal models with diet-induced fat cellular senes-
cence [34]. However, no beneficial effects on the expression
of lipolysis-related genes were observed in subcutaneous
white adipocytes from middle-aged and elderly individuals
who underwent combined endurance and strength training
[25]. In obese postmenopausal women, high-intensity interval
training (HIIT) is a time-efficient strategy to improve visceral
adiposity and inflammatory markers when compared with
combined strength and endurance training [26].
Paradoxically, mitochondrial DNA content and mitochondrial
fat oxidation remain unchanged in the abdominal adipose tis-
sue of healthy sedentary adults (aged 40 years) after HIIT for
6 weeks [21]. Notably, HIIT contributes to more favorable
regulation of metabolism in the skeletal muscle [30] and liver
[38] of elderly individuals, thereby improving clinical
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outcomes in various aging-related metabolic disorders com-
pared with moderate-intensity continuous training (MICT)
[36]. However, there are currently no data linking the meta-
bolic benefits of HIIT in aged adipose tissue, particularly com-
pared with the MICT protocol, with the expansion of the
sporting fields, therefore, which must seriously consider the
need to establish animal models which may allow the design
of more efficient and prevention-targeted preclinical studies
on metabolomics.

Metabolomics is an expanding area in systems biology.
Metabolites represent functional end products of gene expres-
sion which are closely related to global metabolic phenotypic
changes [14]. Using gas chromatography/mass spectrometry
(GC/MS), metabolomics analysis is a powerful and efficient
technique for metabolic phenotypic investigation in exercise
science [14], particularly when applied to adipose tissue, pro-
viding detailed information regarding the lipid composition
[15]. Although few studies have focused on investigation of
obesity-related markers, such as obesity-associated metabo-
lites or adipocyte-derived peptides by GC/MS [15], no studies
have systematically explored differences in metabolomic ad-
aptations of aged adipose tissue to exercise training, particu-
larly long-term HIIT versus MICT.

Accordingly, in this study, we evaluated the impact of long-
term HIIT training on body composition, inflammatory medi-
ators, adipokines, lipolysis genes, and metabolic phenotype in
adipose tissue of aged rats and compared the results with those
from a volume-matched MICT protocol.

Materials and methods
Animals

Eight-month-old female Sprague-Dawley rats (n=36) were
from Guangdong Medical Laboratory Animal Center
(Foshan, Guangdong, China). The rats were housed at the
Laboratory Animal Center, School of Sports Science and
Physical Education, South China Normal University
(SCNU), which was maintained under an artificial 12-h
light-dark cycle (6:00 am to 6:00 pm) at constant room tem-
perature (23 =1 °C). However, for our experiment, the rats
were maintained on a reverse light cycle where the lights were
off from 06:00 to 18:00 and on from 18:00 to 06:00. This was
done to minimize animal stress and maximize data quality and
translatability in order to avoid potential impact on adipocyte
metabolism and hormone secretion from circadian rhythms
disruption [3, 19]. The animals were housed in their respective
groups in a collective cage and received water and standard
laboratory chow ad libitum. All experiments were approved
by the Ethics Committee on Animal Experimentation of the
Guangdong Medical Laboratory Animal Center and followed
the Guidelines for the Care and Use of Laboratory Animals.
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Experiments were approved by the Animal Experiment
Ethical Inspection Form of Nanjing Normal University
(IACUU-1903006).

Experimental design

All rats were raised until 18 months of age and then equally
divided into sedentary (SED), MICT, and HIIT groups. The
rats in SED group did not participate in any exercise treatment
but were handled in a manner identical to that in the exercised
groups. Overall, 12 rats were excluded from the study, includ-
ing two rats from the SED group (owing to severe eye infec-
tions), four rats from the MICT group (three rats died from
causes unrelated to exercise, two rats were excluded owing to
severe claw infections), and six HIIT rats (two rats owing to
nonadherence to the training protocol, and four rats because of
severe claw and tail infections). The daily food consumption
was described previously [22].

Training protocol

At the beginning, all rats were trained over the course of a 2-
week acclimatization to run on an adapted motor-driven tread-
mill designed for rats (model FD000043; Flyde Apparatus,
Guangzhou, China). During the first week of training, rats
were individually placed into a treadmill lane at a 0° incline
for a total of 10 min. At the start of the second week, rats ran at
10 m min ', progressing to 15 cm s~ at a 0° incline for
30 min. Maximal oxygen uptake (VOjax) Was determined
as reported previously [22].

MICT included 1 min of warm-up at a constant running
speed of 10 m min~', which corresponded to 35-40% of
VOjmax, followed by 45 min of constant running at
17 m min~" (75-80% VO,ax) and cool down at a constant
speed of 10 m min ' for 1 min. HIIT included 4 min of low-
speed running at 15 m min~! (45-55% VOspax), followed by
1 min of high-speed running at 25 m min ' (90-95% VOs1ax)
at a 0% grade for 9 repetitions and cool-down at a constant
speed of 10 m min~' for 1 min. The total volume for the HIIT
group was 3925 m week ', and the average intensity was
about 75-80% VO;ax, matching that for the MICT group.
To prevent avoidance and ensure exercise training, rats re-
ceived a light electrical shock (6 mA) if they sat at the base
of the treadmill. Within 2 weeks of training, the rates of exer-
cise avoidance were minimal, and electrical shock was no
longer needed. Exercise training sessions were held at the
same time.

Body composition measurement and sample
collection

To avoid the acute effects of the last bout of exercise training,
dual-energy X-ray absorptiometry (DEXA; Unigamma X-ray
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Plus, Cerro Maggiore, Milano, Italy) was carried out 48 h
later. The rats were anesthetized with pentobarbital sodium
5% (50 mg kg' body weight [BW]) with heparin moistened
syringes by intraperitoneal injection under dim infrared light
within circadian time. Body fat and lean mass of animals at
endpoint (26 months) were determined.

Following body composition assessment, the rats were
anesthetized as previously described. Blood samples were col-
lected from the abdominal aorta during the experiment. One
milliliter of blood was collected in 1.5-mL RNase-free tubes
mixed with 10 pL of the anticoagulant sodium heparin
(5000 TU mL ") in order to obtain serum samples after centri-
fugation at 4000xg and 4 °C for 10 min for enzyme-linked
immunosorbent assay (ELISA). After blood collection,
perirenal adipose tissue (PAT) was rapidly excised by scalpel
within 1 min postmortem and immediately weighed. One por-
tion of each PAT was placed in clean centrifuge tubes, frozen
in liquid nitrogen, and subsequently stored at —80 °C until
analysis of metabolic profiles via ELISA, reverse transcription
polymerase chain reaction (RT-PCR), and western blotting
were conducted. The remaining portion of each PAT was fixed
in 10% buffered formalin for histological examination.

Inflammatory markers and adipokines from serum
and adipose tissue

Serum (150 puL) and adipose tissue (100 mg) derived from
PAT were homogenized at 4 °C for 15 min in tissue ex-
traction buffer (60 nL) to determine the levels of interleu-
kin (IL)-6 (#HO007), IL-10 (#H009), adiponectin (ADP;
#H179), leptin (#H174), and estradiol (#H102) using
ELISA kits (Nanjing Jiancheng Bioengineering Institute,
Jiangsu, China) according to the manufacturer’s instruc-
tions. Additionally, serum hypersensitive C-reactive pro-
tein (hsCRP; #H126) and free fatty acids (FFAs; #A042-
2) were also assessed using ELISA kits and an enzymatic
colorimetric method (Nanjing Jiancheng Bioengineering
Institute) according to the manufacturer’s instructions.
Serum and PAT pregnenolone (#ZC-54390), cortisol
(#2C-37081), and corticosterone (#ZC-37082) were eval-
uvated using ELISA kits (Shanghai Zhuocai
Bioengineering Institute, Shanghai, China), according to
the manufacturer’s instructions.

RNA extraction and RT-PCR

RNA was isolated from PAT using TRIzol reagent (cat. no.
9109; TaKaRa, Dalian, China), according to the manufac-
turer’s instructions. Briefly, total RNA (1 pg) was reverse-
transcribed using a cDNA synthesis kit (cat. no. RR047;
TaKaRa) and quantified using a StepOnePlus REAL-TIME
PCR system (Thermo Scientific; Rockford, IL, USA), accord-
ing to the manufacturer’s instructions. PCR was performed
using a QuantiFast SYBR Green PCR Kit (cat. no.
RR820A; TaKaRa) and a Mastercycler nexus X2 PCR
(Eppendorf, Hamburg, Germany), according to the manufac-
turer’s instructions. The relative abundances of peroxisome
proliferator-activated receptor-y (PPAR-v), tumor necrosis
factor-o (TNF-a), hormone sensitive lipase (HSL), and adi-
pose triglyceride lipase (ATGL) mRNA were determined rel-
ative to the expression of the housekeeping gene glyceralde-
hyde phosphate dehydrogenase (GAPDH). The primer se-
quences are listed in Table 1.

Western blot analysis

Protein for each sample was separated using an electrophore-
sis apparatus (Bio-Rad, Hercules, CA, USA) with 4-20% so-
dium dodecyl sulfate-polyacrylamide and transferred to
polyvinylidene difluoride membranes. The membranes were
then blocked and incubated overnight at 4 °C with the follow-
ing primary antibodies: anti-PPAR-y (1:100; B-5; sc-271392;
Santa Cruz Biotechnology, Dallas, TX, USA), anti-HSL
(1:500; AF6403; Affinity Biosciences, Cincinnati, OH,
USA), anti-ATGL (1:500; DF7756; Affinity Biosciences),
anti-TNF-« (1:500; AF7014; Affinity Biosciences), and
anti-P450scc (1:500; DF6569; Affinity Biosciences). After
three washes, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (1:10000 dilu-
tion; AF7021, Affinity Biosciences). Images of bound pro-
teins were captured and analyzed using a Bio-Rad
ChemiDoc XRS (Bio-Rad), and GAPDH was used as a load-
ing control for the indicated proteins.

H&E staining

Adipose tissue from PAT was isolated and fixed for at least
24 h in 4-10% formaldehyde before embedding in paraffin.

Table 1 Primer sequences for

quantitative real-time PCR Gene name Sequence 5'-3' (forward) Sequence 5'-3' (reverse)
PPAR-y CGTGAAGCCCATCGAGGACATC TCTGGAGCACCTTGGCGAACAG
TNF-« GTGTCTGTGCCTCAGCCTCTTC CCTCCTTGTTGGGACCGATC
HSL CCTGCTGACCATCAACCGAC CCTCGATCTCCGTGATATTCCAGA
ATGL TGTGGCCTCATTCCTCCTAC AGCCCTGTTTGCACATCTCT
GAPDH TGCCGCCTGGAGAAACCTGC TGAGAGCAATGCCAGCCCCA
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Sections (5—7 mm; prepared using a Leica RM2135 micro-
tome) were subjected to standard H&E staining and analyzed
using CellD Olympus software (Olympus, Japan). At least
200 adipocytes per rat were analyzed for adipocyte surface
area measurement. For adipocyte size quantification in PAT
of rats in the HIIT, MICT, and SED groups, the investigator
was blinded with regard to group allocation.

GC/MS sample preparation and analysis

PAT depots (10 mg) were added to 1000 pL extraction agent
(acetonitrile/isopropanol/water). Next, 5 puL of 3 mg mL ™"
myristic acid-d 27 solution was added, and samples were
vortexed for 1 min, followed by ultrasonic extraction for
32 s and centrifugation at 4 °C for 5 min (15,000xg). Eight
hundred microliters of the supernatant was then dried with
liquid nitrogen, and a two-step derivation was performed as
follows. First, the sample was added to 20 uL of 40 mg mL "
methoxyamine hydrochloride/pyridine and incubated at 30 °C
for 90 min. Next, 90 uL N-methyl-N-(trimethylsilyl)
trifluoroacetamide containing 1% trimethylchlorosilane was
added and incubated at 37 °C for 30 min, followed by centri-
fugation at 4 °C for 5 min at 13,000 rpm. Finally, 60 uL of the
supernatant was subjected to analysis. All procedures were
carried out on ice.

One-microliter aliquots of the derivatized solution were
injected into an Agilent 7890A GC system (Agilent
Technologies Inc.) with a splitless model. Separation was car-
ried out on an Agilent DB5-MS fused silica capillary column
(30 m %250 um x 0.25 pm), with high-purity helium as the
carrier gas at a constant flow rate of 1 mL min'. The GC
temperature programming was set to begin at 60 °C for
1 min and then increased to 300 °C (held for 10 min).
Subsequently, the column effluent was introduced into the
ion source of an Agilent 5975C mass selective detector. We
set the mass selective quadrupole temperature at 150 °C and
the ion source temperature at 230 °C. Electron impact ioniza-
tion (—70 eV) was used, with an acquisition rate of 20
spectra s ' in the MS setting. MS detection was conducted
with electron impact ionization mode in the full scan mode
from m/z 50 to 500 [15].

Metabolomic data analysis and pathway analysis

For metabolomic data analysis, Agilent Chrom Station soft-
ware (Agilent Technologies Inc.) was used to convert raw data
into a NetCDF file format, and the file was then used for raw
peak extraction, data baseline filtering, baseline calibration,
peak alignment, deconvolution analysis, peak identification,
and peak area integration. The retention time index (RI) meth-
od was used for peak identification, and the RI tolerance was
set to 5000. In order to dislodge the noise data and conduct a
better analysis of downstream data, all raw data were filtered
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by retaining the treatments with a null value of less than or
equal to 50%. Raw data were filtered by retaining the treat-
ments with a matching degree of greater than or equal to 80%,
yielding reliable results.

Multivariate analysis, including principal component anal-
ysis (PCA) and orthogonal correction partial least squares dis-
criminant analysis (OPLS-DA), was conducted using
MetaboAnalyst 4.0. Unsupervised pattern recognition method
PCA was applied to the unit variance-scaled spectral data.
Then, to maximize class discrimination, the data were further
analyzed using the supervised pattern recognition OPLS-DA
method [14]. This was carried out in order to reduce the effects
of irrelevant metabolite variability and to identify adipose tis-
sue metabolites contributing to differences in the MICT and
HIIT groups. OPLS-DA produced three key parameters: R2X
(the cumulative model variation in Y), R2Y (the cumulative
model variation in Y), and Q2 (the cumulative predicted var-
iation). The parameters for quantifying this OPLS-DA model
(R2X, R2Y, and Q2Y) were all positive. The OPLS-DA mod-
el was considered robust and to have predictive reliability as
these parameters approached 1.0. The variables farthest from
the origin in the S-plot represented metabolites that differed
significantly between the two treatments. Moreover, greater
deviation of the variables from the origin indicated higher
variable importance in the projection (VIP) values. When
the VIP value was greater than 1.0, the variable was consid-
ered a contributor for the classification. Significantly changed
metabolites in both MICT and HIIT groups compared with the
SED group were identified based on VIP values from OPLS-
DA analysis and statistical analysis (VIP > 1, P <0.05).

Significantly altered metabolites in the two groups were
imported into MetaboAnalyst 4.0 to conduct pathway analy-
sis. Pathway analysis and visualization for significantly
changed metabolites based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG; http://www.genome.jp/kegg/)
database were used to identify the most significantly altered
metabolic pathways [14].

Statistical analysis

Experimental data were expressed as means + standard devi-
ations (SDs), and statistical analyses were performed with
GraphPad Prism 7.0 (GraphPad Software Inc.). Training in-
tervention differences among SED, MICT, and HIIT groups
were assessed via one-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc test. Student’s ¢ tests were car-
ried out for comparisons of the MICT and HIIT groups with
the SED group. Pearson’s correlation tests were used to assess
correlations between variables and were performed in R soft-
ware. For all tests, P values of less than 0.05 were considered
significant.
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Results

Body composition and morphological measurement
of adipocyte size

Body weight and body composition as determined using
DEXA after 8 months of exercise training are shown in
Fig. 1 and Table 2. Fat mass (P =0.028; Fig. 1b), fat mass-
to-BW ratio (P=0.039; Fig. 1c), and fat-to-lean mass ratio
(P=0.024; Fig. 1d) were lower in the HIIT group than in
the SED group. There were significant decreases in the sizes
of adipocytes and expansion capacity from PAT in both the
HIIT (P=0.001; Fig. 1f) and MICT (P=0.020; Fig. 1f)
groups compared with those in the SED group. These findings
suggested that 8 months of HIIT suppressed the aged-induced
increases in fat mass, in contrast to the results in the MICT
group. And HIIT reduction in fat cell size in particular was
also greater than that observed in the MICT.

Inflammatory cytokines and adipocytokines

Levels of inflammatory markers, steroid hormones,
adipocytokines, estradiol, and circulating FFAs in the PAT and
serum are shown in Fig. 2. HIIT significantly increased pregnen-
olone (Fig. 2f, n), cortisol (Fig. 2g, 0), and corticosterone (Fig.
2h, p) in both the PAT and serum compared with those in the
SED and MICT groups, and MICT significantly increased preg-
nenolone (P = 0.013; Fig. 2n) and corticosterone (P = 0.035; Fig.
2p) compared with those in the SED group only in the serum.
Lower PAT leptin levels were observed in the HIIT group com-
pared with those in the SED group (P=0.042; Fig. 2d), and
higher PAT estradiol levels were observed in the MICT (P =
0.004; Fig. 2e) and HIIT (P =0.001; Fig. 2e) groups compared
with those in the SED group. These data suggest that HIIT is
more effective for improving steroid hormone biosynthesis than
MICT in aged rats. However, HIIT did not augment PAT estra-
diol biosynthesis compared to those in the MICT group.
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Fig. 1 Effects of the MICT and HIIT protocols on body composition and
average adipocyte area. Changes in final BW (a), fat mass (b), fat mass-
to-BW ratio (c), fat mass-to-lean mass (d), H&E stain (e), average
adipocyte area (f), and adipocytes area frequency (g). SED sedentary
control group, MICT moderate-intensity continuous training group,

S VARSI VN

Adipocyte size (p.mz)
HIIT high-intensity interval training group, BW body weight, H&E
stain hematoxylin and eosin stain. The data were analyzed by one-way
ANOVA followed by Tukey’s post-hoc test. Data are presented as means

+ SDs. *P <0.05 versus SED; **P < (.01 versus SED; #P <0.05 versus
MICT; #P <0.01 versus MICT
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Table 2 Effect of the MICT and
HIIT protocols on relative tissue
weight Relative uterus weights (mg g )
Relative liver weights (mg g ")

Relative ovary weights (mg g_l)

Relative heart weights (mg g_l)

Relative perirenal adipose weights (mg g™")

SED (n=10) MICT (n=8) HIIT (n=6)
0.037+0.02 0.04+0.02 0.04+0.01
2.50 £0.34 221+£022 2.57+020
0.01 £0.003 0.025 % 0.005%* 0.018+0.01
0.26+0.05 027+0.02 0.26+0.01
6.09+2.72 761185 729+142

Values are reported as the means = SD. Relative tissue weight = tissue weight (mg)-final BW (g) ' x 100. Groups:
SED, sedentary; MICT, moderate-intensity continuous training; and HIIT, high-intensity interval training. SED,
MICT, and HIIT groups were assessed via one-way ANOVA followed by Tukey’s post-hoc test

**P < 0.01 with respect to SED group

In serum, lower levels of the pro-inflammatory marker
hsCRP were observed in the HIIT group compared with those
in the SED (P =0.019; Fig. 2i) and MICT (P =0.013; Fig. 21)
groups. However, IL-10 levels were higher in the HIIT group
than in the SED group (P =0.007; Fig. 2k) and MICT group
(P=0.036; Fig. 2k), whereas lower estradiol levels were ob-
served in the HIIT (P<0.0001; Fig. 21) and MICT
(P<0.0001; Fig. 21) groups compared with those in the SED
group. Additionally, HIIT rats showed higher serum FFA
levels than SED (P=0.0001; Fig. 2m) and MICT (P=
0.001; Fig. 2m) rats. Therefore, consistent with the results of
anti-inflammatory factor IL-10 and steroid hormone, HIIT
significantly attenuated this aged-induced pro-inflammatory
response.

Differences in nontargeted metabolomic profiles
between MICT and HIIT

After strict quality control and identification, 60 metabo-
lites were obtained across all samples. In further analysis,
samples from the MICT and HIIT groups could be clearly
distinguished from samples from the SED group accord-
ing to both PCA and OPLS-DA analysis (Fig. 3). As
shown in Fig. 3 a and d, PCA revealed that PCA axes 1
and 2 accounted for 47.4% and 34.5% of the total varia-
tion, respectively, whereas in Fig. 3d, PCA axes 1 and 2
accounted for 47.1% and 25.3% of the total variation,
respectively. Greater agglomeration of samples within
the same group indicated smaller differences in metabo-
lism for samples within the same group, whereas greater
separation of samples from different groups indicated
higher sample reproducibility and greater differences in
metabolism between the two groups. To maximize the
discrimination, OPLS-DA analysis was carried out. As
demonstrated by OPLS-DA score plots, samples from
MICT and HIIT groups compared with the SED group
were separated into distinct clusters, indicating that the
observed alterations in metabolic profiles were related to
the types of exercise (Fig. 3b, ). OPLS-DA loading plots
revealed that this model was efficient and showed clear
separation between the MICT and SED groups (R2X =
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0.28, R2Y =0.84, and Q2=0.76; Fig. 3b). OPLS-DA
loading plots indicated that this model was also efficient
and showed clear separation between HIIT and SED
groups (R2X=0.20, R2Y =0.79, and Q2=0.58; Fig.
3e). As shown in Fig. 3, PCA and OPLS-DA of PAT
samples showed that rats in the SED group were clustered
far away from rats in the HIIT or MICT group, indicating
that there were notable metabolic changes induced by
both exercise modalities.

Nine and six metabolites were finally selected as signifi-
cantly altered metabolites from both MICT and HIIT groups,
respectively, compared with the SED group (Fig. 3c, f).
Among these metabolites, palmitic acid, stearic acid, and
octadecadienoic acid decreased, whereas lumichrome and oc-
tocopherol increased in both the MICT and HIIT groups, dem-
onstrating similar metabolic changes between the two training
groups. Notably, palmitoleic acid, urea, and 1-heptadecanol
decreased, whereas glycerol increased in the MICT group
(Table 3). Additionally, cholesterol increased in the HIIT
group (Table 4) compared with that in the SED group, clearly
suggesting that both exercise modalities induced specific met-
abolic changes.

As shown in Fig. 4a, both palmitic acid and palmitoleic
acid were positively correlated with stearic acid and
octadecadienoic acid and negatively correlated «-tocopherol.
Moreover, palmitic acid was positively correlated with
palmitoleic acid in the MICT group. As shown in Fig. 4d,
palmitic acid, stearic acid, and octadecadienoic acid were neg-
atively correlated «-tocopherol, and cholesterol was positive-
ly correlated with «-tocopherol in the HIIT group.

To visualize data in the biological context of metabolic
pathways, pathway analysis related to different metabolites
was conducted using MetaboAnalyst 4.0 software and
KEGG (Fig. 4b, e). MICT pathway analysis showed that these
metabolites were mainly involved in glycerolipid metabolism
(P=0.025, impact=0.281). In contrast, HIIT pathway analy-
sis showed that these metabolites were mainly involved in
steroid hormone biosynthesis (P = 0.006, impact = 0.017), pri-
mary bile acid biosynthesis (P =0.006, impact=0.037),
glycerolipid metabolism (P = 0.087, impact = 0.281), and ste-
roid biosynthesis (P = 0.006, impact = 0.054).
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Fig. 2 Effects of the MICT and HIIT protocols on inflammatory markers
and adipocytokines. IL-6 (a), IL-10 (b), ADP (c¢), leptin (d), estradiol (e),
pregnenolone (f), cortisol (g), and corticosterone (h) in PAT; hsCRP (i),
IL-6 (j), IL-10 (k), estradiol (1), FFA (m), pregnenolone (n), cortisol (o),
and corticosterone (p) in serum. SED sedentary control group, MICT
moderate-intensity continuous training group, HIIT high-intensity

Protein and mRNA levels of HSL, ATGL, TNF-a,
and PPAR-y

The expression levels of HSL, ATGL, TNF-x, and PPAR-y
mRNA and protein in fat tissues are shown in Fig. 4c and f. As
shown in Fig. 4c, the HIIT and MICT groups show signifi-
cantly higher levels of HSL and ATGL mRNA and significant-
ly lower levels of TNF-ao mRNA compared with the SED
group; additionally, HSL mRNA levels were significantly
higher (P<0.0001) in the HIIT group than in the MICT

interval training group, PAT perirenal adipose tissue, IL-6 interleukin 6,
IL-10 interleukin 10, ADP adiponectin, hsCRP hypersensitive C-reactive
protein. The data were analyzed by one-way ANOVA followed by
Tukey’s post-hoc test. Data are presented as means £ SDs. *P < 0.05
versus SED; **P <0.01 versus SED; #P<0.05 versus MICT;
#P<0.01 versus MICT

group. Moreover, PPAR-y mRNA levels were significantly
higher (P <0.0001) in the HIIT group than in the MICT and
SED groups.

As shown in Fig. 4f, western blot analysis further con-
firmed this effect on the protein expression of HSL, ATGL,
PPAR-y, and TNF-«, suggesting that HIIT may be more ef-
fective for improving the expression of lipolytic enzymes in
PAT than MICT in aged rats. Additionally, the protein levels
of p450scc (P =0.011) were higher in the HIIT group than in
the MICT group, consistent with the results of downstream
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Fig. 3 Multivariate statistical analysis. PCA of PAT metabolites from
MICT versus SED (a), OPLS-DA of PAT metabolites from MICT
versus SED (b), S-PLOT analysis of 10 metabolites from MICT versus
SED (c¢), PCA of PAT metabolites from HIIT versus SED (d), OPLS-DA

pregnenolone (Fig. 2f, n), cortisol (Fig. 2g, 0), and corticoste-
rone (Fig. 2h, p). Similar results were found for mRNA levels
in the MICT and HIIT groups, and exercise significantly im-
proved steroid hormone biosynthesis pathways in aging adi-
pose tissue.

Discussion
In this study, we identified several similar metabolites in-
volved in glycerolipid metabolism and antioxidants in the

MICT and HIIT groups and showed that steroid hormone
biosynthesis pathways were upregulated by HIIT.
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of PAT metabolites from MICT versus SED (e), and S-PLOT analysis of
nine metabolites from HIIT versus SED (f). SED sedentary control group,
MICT moderate-intensity continuous training group, HIIT high-intensity
interval training group, PAT perirenal adipose tissue

Additionally, HIIT improved body composition in aged rats,
potentially through upregulation of the PPAR-y-dependent
functional regulatory node of the lipolytic axis in aged adipo-
cytes. Moreover, we confirmed HIIT may contribute to posi-
tive regulation of anti-inflammatory activity via induction of
steroid hormone biosynthesis pathways.

Using GC/MS analysis, we determined the metabolic pro-
files of adipose tissues in order to elucidate the metabolite-
specific changes in response to HIIT and MICT. Our results
showed that palmitic acid, octadecadienoic acid, stearic acid,
lumichrome, and alpha-tocopherol exhibited similar changes
induced by both exercise modalities. In contrast, urea, 1-
heptadecanol, palmitoleic acid, and glycerol were specifically
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Table 3 Changes in metabolites
in adipose tissue between the
MICT and SED groups

MICT/SED
RT VIP*  FC®  Log pvalue!  MF Category
(FC)*
Glycerol 9.17 2615 1.767 0.25 0.025 90.59  Lipid metabolism
1-Heptadecanol 1824 4.1 0.748 —0.13 0.011 81.48  Lipid metabolism
Palmitic acid 1823 5366 0.578 —0.24 0.0001 84.66  Lipid metabolism
Palmitoleic acid 18.03 1.175 0443 -0.35 0.0005 83.26  Lipid metabolism
Stearic acid 20.04 2513 0458 -0.34 5.95E-05 86.58  Lipid metabolism
Octadecadienoic 19.76 2309 0.298 —0.53 496E-05 91.88 Lipid metabolism
acid
Urea 8.76 1.016 0346 -046 0.011 83.54  Amino acid
metabolism

Lumichrome 10.02  1.368 1.31 0.12 0.02 9434  Oxidative stress
Alpha-tocopherol 2712 2.747 2.044 031 0.047 97.54  Oxidative stress

SED sedentary control, MICT moderate-intensity continuous training, R7 retention time, V/P variable importance
in the projection, FC fold change, MF match factor

# Only metabolites with VIP values of greater than 1.0
°Fold change was calculated as the logarithm of the average mass response (area)

“Ratio between the two classes (i.e., fold change = log,[MICT/SED]); positive and negative values indicate
higher and lower levels in MICT

9P <0.05 was considered statistically significant by Student’s ¢ test

induced by MICT, whereas cholesterol was specifically up-
regulated by HIIT, suggesting that HIIT and MICT interven-
tions had different effects on metabolic changes in adipose
tissue in aged rats.

Palmitic acid, octadecadienoic acid, and stearic acid are
three major free fatty acids in adipose tissue. Palmitic acid is
the most abundant circulating saturated fatty acid and the main
product of de novo lipogenesis in positive energy balance;
thus, increasing dietary palmitic acid causes decreased fat ox-
idation and increased body fat gain during lipogenesis [20]. In
a sedentary lifestyle, palmitic acid has detrimental health ef-
fects, and accumulation of tissue palmitic acid results in

dyslipidemia, hyperglycemia, and increased ectopic fat accu-
mulation, further accelerating these deleterious effects [8].
Moreover, 8 weeks of endurance exercise reduces palmitic
acid content in white adipose tissue in male SD rats at 6 weeks
of'age [31]. A previous study showed that decreased palmitic
acid contents are associated with the alleviation of obesity-
related features [10], such as reduced visceral adiposity.
Stearic acid, an intermediate in mitochondrial 3-oxidation of
long-chain saturated fatty acids, is involved in the regulation
of adipogenesis and lipogenesis and tends to be associated
with decreased cardiovascular disease risk [18]. We also ob-
served decreased body fat gain following HIIT and a

Table 4 Changes of the

metabolites in adipose tissue Metabolites HIIT/SED

between HIIT and SED groups RT vIP? FC® Log(FC)*  Pvalue® MF Category
Cholesterol 2724 4124 3506  0.545 0.006 84.82  Lipid metabolism
Palmitic acid 18.23 4038 0.784 —0.106 0.012 84.66  Lipid metabolism
Stearic acid 20.04 2224 0.644 —0.191 0.004 86.58  Lipid metabolism
Octadecadienoic acid 19.76  2.171 0499  -0.302 0.002 91.88  Lipid metabolism
Lumichrome 10.02  2.089 1.458 0.164 0.01 9434 Oxidative stress
Alpha-tocopherol 27.12 373 2.285 0.359 0.04 97.54  Oxidative stress

SED sedentary control, HIIT high-intensity interval training, R7 retention time, VIP variable importance in the
projection, FC fold change, MF match factor

*Only metabolites with VIP values of greater than 1.0
® Fold change was calculated as the logarithm of the average mass response (area)

¢ Ratio between the two classes (i.e., fold change = log,[HIIT/SED]); positive and negative values indicate higher
and lower levels in HIIT

9P <0.05 was considered statistically significant by Student’s ¢ tests
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Fig.4 Metabolic pathway enrichment analysis and lipolysis metabolism-
related protein and mRNA expression. Correlation analysis of 9
metabolites (a); metabolic pathway analysis in MICT versus SED (b);
mRNA levels of PPAR-y, HSL, ATGL, and TNF-« in adipose tissues (c);
correlation analysis of 6 metabolites (d); metabolic pathway analysis in
HIIT versus SED (e); and contents of PPAR-y, HSL, ATGL, TNF-«, and
P450scc protein (f). SED sedentary control group, MICT moderate-
intensity continuous training group, HIIT high-intensity interval training

decreased tendency for body fat gain following MICT, which
may be associated with reduced production of palmitic acid
and stearic acid, from aging PAT (Table 5). Additionally,
stearic acid enhances lipogenesis during the maturation stages
of bovine adipocyte and blocks lipolysis by decreasing key
lipolytic enzyme ATGL mRNA [39]. Indeed, age-related de-
fective lipolysis is associated with inhibition of key lipolytic
enzymes, such as adipose ATGL and HSL, resulting in defec-
tive FFA mobilization and reduced levels of circulating FFA
in the elderly [6].

Our current study showed that both exercise modalities
induced ATGL and HSL mRNA and protein expression in
the PAT, whereas circulating FFA and adipocyte sizes were
significantly increased and reduced, respectively, in the HIIT
group when compared with the SED group, consistent with a
study in aged hamsters by Campbell et al. [7], who showed
that exercise-induced weight loss and lipolysis increase the
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0.20

0.25

group, PPAR-y peroxisome proliferator activated receptor gamma, HSL
hormone-sensitive lipase, ATGL adipose triacylglyceride lipase, TNF-o
tumor necrosis factor-alpha, P450scc cholesterol-side-chain cleavage
enzyme. The data were analyzed by one-way ANOVA followed by
Tukey’s post-hoc test. Data are presented as means = SD. *P <0.05
versus SED; **P<0.01 versus SED; #P<0.05 versus MICT;
#P<0.01 versus MICT

expression of HSL and ATGL protein in perirenal and subcu-
taneous adipose tissue. Furthermore, PPAR~y may also coor-
dinate the balance between fat deposition and mobilization
through its effects on upregulation of ATGL and HSL expres-
sion in adipose tissue [24, 32, 33]. In the current study, HIIT
increased PPAR-y mRNA and protein expression in the PAT,
and upregulation of PPAR-y mRNA was positively correlated
with HSL mRNA, ATGL mRNA, and circulating FFA
(Table 5). These findings were consistent with a previous
study demonstrating that PPAR-y activation upregulated
ATGL and HSL mRNA in 3T3-L1 adipocytes [32], supporting
the hypothesis that PPAR~y may be required for HIIT to pro-
mote ATGL and HSL expression in aging adipose tissue.

In this study, «-tocopherol, a lipid-soluble antioxidant that
protects cell membranes from oxidative attack, was signifi-
cantly increased in both exercise modalities. Our previous
study demonstrated that 4-hydroxynonenal and 8-
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Table 5 Correlation analysis among various parameters
Maximum run Exhaustion to FFA PPAR-gamma HSL ATGL Stearic Alpha-tocopherol
speed time mRNA mRNA mRNA acid
Maximum run 0.98%* 045 0.10 0.18 0.29 —0.76%*  0.48*
speed
Exhaustion to time ~ 0.98%* 0.50*  0.19 0.29 0.46 —0.78 **  0.46*
FFA 0.45 0.50* 0.89%* 0.86%* 0.63 * -048* 043
PPAR-gamma 0.10 0.19 0.897%* 0.93%* 0.74 ** —0.24 0.03
mRNA
HSL mRNA 0.18 0.29 0.86%* (0.93** 0.76 * -0.27 —-0.05
ATGL mRNA 0.29 0.46 0.63*%  0.74%* 0.76* -0.59% 027
Stearic acid —0.76%* —0.78%* —048% —0.24 -0.27 —0.59* —0.50*
alpha-Tocopherol ~ 0.48%* 0.46* 043 0.03 —0.05 0.27 —0.50%

*P<0.05; **P<0.01

hydroxydeoxyguanosine decreased significantly after MICT
and HIIT in serum and skeletal muscle [22]. Indeed, oxidative
stress biomarkers, such as H,O,, were reduced in tocopherol-
treated animals, whereas antioxidants, such as superoxide dis-
mutase 2, were upregulated [4]. Our current findings were
consistent with those of a previous study showing increases
in plantaris -tocopherol analyzed by GC/MS following en-
durance exercise [37]. In cross-sectional studies, higher plas-
ma «-tocopherol levels were found to be associated with
greater grip and knee strength in elderly women [35].
Previous studies have shown that «-tocopherol improves mi-
tochondrial efficiency, muscle mass, muscle contractile prop-
erties, and exercise capacity, thus attenuating sarcopenia in
humans [9]. Furthermore, our current data demonstrated that
elevation of o-tocopherol in aging adipose tissue was posi-
tively correlated with exhaustion to time and maximum run
speed (Table 5). Thus, both exercise modalities improved
muscle function or mitigated functional decline during aging,
and these effects could be mediated by «-tocopherol-
dependent suppression of age-related oxidative stress.
Lumichrome, a photodegradation product of riboflavin, is im-
portant in cellular oxidation and energy metabolism.
Lumichrome and riboflavin have protective effects against
ischemia-reperfusion injury in rat hearts, and supplementation
with dietary riboflavin results in significant amelioration of
oxidative stress in white adipose tissue [2]. Thus, the roles
of lumichrome in alleviation of oxidative stress in aging adi-
pose tissue, particularly during exercise training, should be
evaluated in future studies.

Palmitoleic acid, urea, 1-heptadecanol, and glycerol were
specifically altered by MICT. Palmitoleic acid, an unsaturated
fatty acid, is formed from palmitic acid by desaturation via
stearoyl-CoA desaturase 1 activity and is associated with in-
creased risk of myocardial infarction [18]. Our current find-
ings were consistent with a previous report demonstrating that
endurance-training interventions decreased palmitoleic acid in
visceral adipose tissue in the high fat diet-fed groups and
standard rats [31]. Glycerol, an intermediate of glycerolipid

metabolism, has important primary functions in adipocytes
involving mobilized triglycerides when energy demands arise
[7]. In this study, we observed increased levels of glycerol in
visceral adipose tissue, consistent with our biochemical anal-
ysis of plasma FFA levels in the MICT and SED groups,
supporting the metabolism of triglycerides through the hydro-
philic metabolite glycerol from adipose tissue. As previously
described, endurance training decreases adipose tissue mass
and increases lipolytic rates in older hamsters [7]. These re-
sults supported our finding that MICT may upregulate lipoly-
sis through a postreceptor mechanism, possibly involving
HSL and ATGL, in aged adipose tissue. Additionally, we
could not differentiate 1-heptadecanol, a long-chain alcohol,
from exogenously provided heptadecanoic acid, which is a
fatty acid of exogenous origin found in adipose tissue [18].
Although the potential role of 1-heptadecanol is unclear,
heptadecanoic acid is inversely associated with mortality
[18]. In addition, white adipose tissue can convert 2-amino
N to ammonium and finally urea, particularly under condi-
tions of obesity/inflammation [28], indeed, an increase in
white adipose tissue mass and upregulation of genes related
to the urea cycle [1, 28]. These results supported our finding
that MICT may downregulate urea levels and the urea cycle in
PAT possibly involving a decrease in adipose tissue mass.
Upregulation of cholesterol was specifically induced by
HIIT. Although cholesterol is a known risk factor of arterio-
sclerosis, particularly in the context of obesity, this metabolite
is a valuable source of metabolic energy and participates in
membrane synthesis and steroid hormone biosynthesis, there-
by contributing to anti-inflammatory effects and glycolipid
metabolism [7]. As is shown in Fig. 5, the conversion of
cholesterol to pregnenolone by p450scc, a rate-limiting step
of steroid hormone biosynthesis, results in progressive decline
in aged mice and subsequent decrease in steroidogenesis [16].
One anti-inflammatory mechanism of action for exercise
training may be its stimulation of endogenous corticosterone
secretion in obese mice [12] and old Syrian golden hamsters
[7, 11] via its function as a natural anti-inflammatory agent
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in the levels of the metabolites in aging rats, respectively

against various types of stress. Surprisingly, in our study, these
metabolites were mainly involved in steroid hormone biosyn-
thesis in the HIIT group, and p450scc protein levels were
increased in the PAT. Moreover, serum and PAT pregneno-
lone, cortisol, and corticosterone were elevated accompanied
with lower serum hsCRP levels and adipose tissue pro-
inflammatory factor TNF-o expression, and higher serum
anti-inflammatory factor IL-10 levels in the HIIT group com-
pared with those in the SED group, suggesting that HIIT may
favorably regulate anti-inflammatory activity via steroid hor-
mone biosynthesis pathways. Furthermore, in our study, we
observed downregulation of leptin, a pro-inflammatory factor,
and increases in estradiol levels, but not adiponectin levels, in
PAT. Both of these molecules are anti-inflammatory factors
found in PAT after HIIT and have anti-inflammatory effects
associated with increased IL-10 production in the serum [23].
Taken together, the results of the current study strongly sup-
port a HIIT-induced moderate increase in corticosterone con-
centrations by P450scc-meditated steroid hormone biosynthe-
sis, which may protect against age-related inflammation.
Both exercise modalities shared common metabolic path-
ways involved in glycerolipid metabolism, whereas MICT did
not have strong anti-inflammatory effects. The results were
consistent with a study of high-fat diet-induced obese animals,
indicating that adipose tissue glycolipid metabolism, but not
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the anti-inflammatory phenotype, was altered in response to
endurance training [31]. Owing to the complexity of the data,
we cannot explain why both exercise modalities shared com-
mon metabolic pathways with the SED group. However, this
was the first substantial study of exercise-induced metabolo-
mics in aged adipose tissue, and further studies are needed to
elucidate the involvement of metabolic pathways associated
with inflammation and lipid metabolism in aged adipose tis-
sues following HIIT or MICT.

Because this was a descriptive study, there were some lim-
itations that should be discussed. First, preclinical and human
studies are needed to fully characterize the different benefits of
HIIT compared with those of volume-matched MICT. Second,
metabolomic profiling and physiological adaptations of adi-
pose tissue types, such as subcutaneous fat, should be per-
formed under different exercise training protocols.
Additionally, our study was restricted to female rats, and we
cannot exclude the possibility that PAT metabolomic profiles
may differ in male rats. Indeed, sex steroid hormone produc-
tion by adipose tissues differs between sexes during aging,
and age-associated declines in estrogen are more prominent
in females [5]. Based on translational significance and practi-
cal implications, we used female rats that were naturally aged
(18 months of age) because these rats have been shown to
better reflect changes in estrogen metabolism during exercise
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training that may protect against age-related inflammation and
metabolic disorders. Finally, the exact mechanisms were not
directly determined; therefore, future studies are required to
identify associations between inflammation and PAT metabo-
lites involved in lipolysis induced by HIIT and MICT.

Conclusions

In summary, our findings provided insights into the distinct
differences in specific metabolites, body composition,
adipocytokines, lipolysis metabolism, and inflammation-
related markers induced by HIIT versus MICT and highlight-
ed the value of metabolomic analysis for elucidating the con-
tributions of HIIT to regulation of anti-inflammatory activity
via steroid hormone biosynthesis pathways in aging adipose
tissue.
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