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Summary

Recovery from exercise refers to the period between the end of a bout of exercise and
the subsequent return to a resting or recovered state. It is a dynamic period in which
many physiological changes occur. A large amount of research has evaluated the effect
of training on intramuscular lipid metabolism. However, data are limited regarding
intramuscular lipid metabolism during the recovery period. In this study, lipid
metabolism-related proteins were examined after a single bout of exercise in a time-
dependent way to explore the mechanism of how exercise induces intramuscular lipid
metabolism adaptation. Firstly, all rats in the exercise group underwent a five-week
training protocol (HIIT, five times/week), and then performed a more intense HIIT
session after 72h of the last-time five-week training. After that, rats were sampled in a
time-dependent way, including 0 h, 6 h, 12 h, 24 h, 48 h, 72 h, and 96 h following the
acute training session. Our results discovered that five weeks of HIIT increased the
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content of intramuscular triglyceride (IMTG) and enhanced the lipolytic and
lipogenesis-related proteins in skeletal muscle. Furthermore, IMTG content decreased
immediately post HIIT and gradually increased to baseline levels 48h postexercise,
continuing to over-recover up to 96h postexercise. Following acute exercise, lipolytic-
related proteins showed an initial increase (6-12h) before decreasing during recovery.
Conversely, lipogenesis-related proteins decreased following exercise (6-12h), then
increased in the recovery period. Based on the changes, we speculate that skeletal
muscle is predominated by lipid oxidative at the first 12 hours postexercise. After this
period, lipid synthesis-related proteins increased, which may be the result of body
recovery. Together, these results may provide insight into how the lipid metabolism-
related signaling changes after chronic and acute HIIT and how protein levels lipid
metabolism correlates to IMTG recovery.

Keywords: High-Intensity Interval Trainingi; Lipid Metabolismz; Recoverys;
Adaptations; Intramuscular Triglycerides.

Introduction

Although exercise is a critical stress that drives the beneficial adaptations associated
with routine physical activity, it is during the recovery period in which these adaptations
take place. A fundamental and longstanding focus of exercise physiology has been the
elucidation of the mechanisms underlying training adaptations. These adaptations are
reflected by changes in contractile protein and function(Widrick et al., 2002),
mitochondrial function(Spina et al., 1996), metabolic regulation(Green et al., 1992),
intracellular signaling(Benziane et al., 2008), and transcriptional responses(Pilegaard
et al., 2003). The molecular and cellular events that underpin adaptations to exercise
are fundamental aspects of exercise biology(Egan et al., 2013). The responsiveness of
signaling pathways to divergent exercise stimuli is essential for understanding the
process of how our body adapts to exercise(Hawley et al., 2014). Over the last two
decades, many intricacies of recovery have been uncovered through mechanistic
studies(Halliwill et al., 2013). Some of these changes observed in recovery may be
necessary for long-term adaptation to exercise training, yet some can lead to instability
during recovery. Thus, it could be argued that the recovery period is equally important
as the exercise stimulus. However, compared with the long-lasting beneficial effects of
exercise, the underlying mechanisms of how exercise induces adaptation have not been
thoroughly explored(Hughes et al., 2018). Therefore, this study aims to investigate the
underlying causes of intramuscular lipid recovery after exercise.

Exercise-induced adaptations generally respond to changes in exercise volume, which
is the combination of exercise intensity (i.e., work per unit time), exercise duration (i.e.,
time per session), and training frequency (i.e., sessions per week). Cellular stress also
occurs in proportion to exercise intensity. There is strong evidence that higher
intensities of exercise elicit a more significant metabolic signal than moderate
intensities(Egan et al., 2013). In various forms, HIIT is today one of the most effective
means of improving cardiorespiratory and metabolic function and, in turn, athletes'
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physical performance(Buchheit et al., 2013). Nevertheless, there is less evidence
available regarding HIIT's role in mediating lipid recovery in skeletal muscle. Therefore,
this study used HIIT as the intervention method to investigate acute and chronic HIIT's
effect on intramuscular lipid metabolism.

Skeletal muscle stores a large amount of fat in lipid droplets, especially in physically
trained individuals. The adaptation of intramuscular triglyceride (IMTG) storage after
exercise may benefit exercising tissue by supplying free fatty acids at the site of the
energy demand(Hargreaves et al., 2018). However, our understanding of the regulation
of fat metabolism in skeletal muscle during exercise lags behind that of muscular
carbohydrate metabolism(Hargreaves et al., 2018). The mechanism controlling the
increase in IMTG postexercise has not been fully determined. Therefore, the purpose
of this study was to examine the time-course changes of selected IMTG controlling
proteins after acute and chronic HIIT. The primary emphasis will be placed on the time-
dependent postexercise lipid metabolism during the recovery period. Studies have
reported that trained individuals have more efficient and stable intramuscular
triglyceride metabolism, and have recommended the use of well-trained subjects when
IMTG utilization is examined(Watt et al., 2002). Hence, we trained the rats in the acute
training group for five weeks before performing the acute training. Firstly, the content
of intramuscular triglyceride was measured after the acute and chronic intervention.
Also, several muscular lipolytic proteins were examined, including p-CREB, CREB, p-
AMPK, AMPK, and CPT-1B. The activity of CREB and AMPK has been proved to
play an important role in skeletal muscle fat metabolism(Thomson et al., 2009). Besides,
CPT-1B is responsible for the transfer of free fatty acids into the mitochondria (Ratner
et al., 2015) and muscular lipid oxidation(Joseph et al., 2017). In addition to lipolysis,
lipid storage also requires numerous other processes, such as lipogenesis. We detected
several proteins involved in the regulation of intramuscular lipogenesis(Corbet et al.,
2020, Eberle et al., 2004, Knobloch et al., 2013), including PPAR-y, TGF-32, and FASN.
We hypothesized that the change of IMTG is likely to be associated with the time-
course change of lipid metabolism-related proteins.

Materials and Methods

Animals

The experiment was performed with SD rats (seven weeks of age, obtained from
Chengdu DaShuo Biological Technology Co., Ltd. China). Rats were maintained on a
standard rodent chow diet and water ad libitum under 12-h light and dark cycles. After
the acclimation period, the animals were assigned randomly into two groups: the control
group (C, N= 6) and the exercise group (N=41), which performed a five-week training
protocol (HIIT, five times/week). After 72h of the last-time five-week training, rats
were challenged with an acute bout of HIIT. The rats in the exercise group were
subdivided into 8 groups: control group(CE, N= 6), which only underwent the five-
week training, and acute exercise groups(N=35), which were sampled at Oh, 6h, 12h,
24h, 48h, 72h, and 96h after the acute HIIT session.
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Training protocols

All animals were initially familiarized with a motor-driven treadmill (Duan Animal
Treadmill Co.Ltd, Huangzhou, China) for four days to avoid novelty and/or stress
effects. Studies have highlighted the importance of utilizing well-trained individuals
when IMTG utilization is examined(Watt et al., 2002). Hence, we trained the rats in the
acute group for five weeks before performing the acute training. The five-week HIIT
protocol consisting of running on a treadmill (6 sets at 25 m.min-1 for 3min followed
by 3min at 14.5 m.min-1 with, five days/week). Each set of training was preceded by a
warm-up (5 min at 14.5 m.min-1). After this chronic training, the rats in the acute
exercise group performed a more intense HIIT session (6 sets at 29.5 m.min-1 for 3min
followed by 3min at 16.5 m.min-1) after 72h of the five-week protocol. After that, rats
in the acute exercise group were sampled in a time-dependent way, including 0 h, 6 h,
12 h, 24 h, 48 h, 72 h, and 96 h after the acute training session.

Western blot

Firstly, the entire gastrocnemius was homogenized, with different muscle types mixed.
Then, approximately 180 mg of mixed whole gastrocnemius muscle each group was
homogenized again in ice-cold RIPA buffer and then centrifuged at 12000 RPM for 30
min at 4°C. The supernatant’s protein concentration was determined by BCA assay
(Thermo) and trimmed by PBS for western blotting analysis. 40-50ug protein for each
lane was separated on a 10/12% SDS—-PAGE gel and transferred onto a PVDF
membrane. Then, blocked with 5% skimmed milk for 30-60min. Antibodies used for
western blotting were p-CREB (Abcam, ab7540), PPAR-y (Abcam, ab272718), p-
AMPK a1 a 2 (Abcam, ab133448), AMPK o 1 a 2 (Abcam, ab207442), TGF- 3 2
(Abcam, ab113670), FASN (CST, 31805), CPTIB (Abcam, 5-79065); GAPDH
(Affinity, AF7021), CREB (Affinity, AF6188). Blots were developed using Western
Lightning ECL (Affinity). All the bands were analyzed with Image J. GAPDH was
used for the normalization of each protein to ensure the loading of equal quantities of
protein.

Triglyceride assay

Intracellular triglycerides were assayed using a triglyceride assay kit (GPO-POD;
Applygen Technologies Inc., Beijing, China). According to the manufacturer's
recommended protocol. 50mg+5 of the gastrocnemius muscle of each rat was weighed
and lysed on ice. After a 70°C heating for 10mins, each sample was placed in a 96-well
plate with two duplicates and then mixed with the kit’s A+B solution. After a 15mins
incubation at 37°C and cooling to room temperature, the resultant purple color is
measured using a spectrometer at 492 nm. Then the final values are normalized by each
sample’s protein concentration measured by the BCA assay.

Ethical approval



All procedures in the present study were approved by the Sichuan University animal
ethics committee and carried out according to the criteria outlined in the “Guide for the
Care and Use of Laboratory Animals.”

Statistical analysis

Statistical analyses were performed using GraphPad Prism software (version 8.0;
GraphPad Software, Inc., La Jolla, CA, USA). The data are presented as the mean +
standard deviation. Significant differences between the two groups were analyzed with
the unpaired student test. The comparison among the multiple groups was assessed by
one-way analysis of variance (ANOVA). P<0.05 was considered to indicate a
statistically significant difference.

Results

The chronic and acute effect of HIIT on intramuscular triglycerides abundance

As shown in Fig. 1A, the five-week HIIT intervention induces significant increases in
the abundance of triglycerides in rats' gastrocnemius. After the acute training, the
content of IMTG significantly declines immediately after the training and gradually
over-recovered to a level beyond pre-exercise in the gastrocnemius of trained rats (Fig.
1B).

The chronic and acute effect of HIIT on muscular lipolytic-related proteins

As shown in Fig. 2A, compared to the control rats, the five-week HIIT intervention
induces significant increases in the expression of lipolytic-related proteins, including
p-CREB/CREB, p-AMPK/AMPK, and CPT-1b. As for the acute training group, the
expression of lipolytic-related proteins, including p-AMPK/AMPK, p-CREB/CREB,
are upregulated after the acute HIIT and then gradually decline at the recovery period
in the gastrocnemius of trained rats (Fig. 1B). Simultaneously, the expression of CPT-
Ib remains unchanged after exercise but suppresses at the recovery period and
recovered at 72h after the acute training.

The chronic and acute effect of HIIT on muscular lipogenesis-related proteins

As shown in Fig. 3A, compared to the control rats, five-week HIIT intervention induces
significant increases in lipogenesis-related proteins, including PPAR-y, FASN, and
TGF-B2. As for the acute training group, the expression of lipogenesis-related proteins,
including PPAR-y and TGF-B2, declines after acute HIIT and then gradually increases
at the recovery period in the gastrocnemius of trained rats (Fig. 2B). At the same time,
the expression of FASN increases after acute training and gradually returns to the
baseline level after the peak is reached. This tendency is in line with the changes of
postexercise IMTG.
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In the present study, we have examined, in rats’ skeletal muscle, the effects of a single
bout of HIIT and chronic HIIT on the expression of proteins involved in lipid
metabolism, as well as the content of IMTG. We discovered that five weeks of HIIT
increased the content of IMTG and enhanced the lipid metabolism-related proteins in
skeletal muscle. Furthermore, the content of IMTG was declined after acute HIIT and
gradually over-recovered to a level beyond pre-exercise. Besides, intramuscular lipid
metabolism-related proteins changed differently after acute HIIT training. Based on the
changes, we speculate that skeletal muscle is predominated by lipid oxidative at the
first 12 hours postexercise. After this period, lipid synthesis-related proteins increased,
and lipolytic-related proteins declined, which may be the result of body recovery.
Together, these results may provide insight into how the lipid metabolism-related
signaling changes after chronic and acute training, and how lipid metabolism-related
proteins correlate to IMTG.

Fatty acid derived from intramuscular triglycerides is a significant energy source during
exercise. Moderate-to-high intensity exercise results in higher energy demand in the
exercising muscle. Thus, the adaptation of intramuscular triglyceride storage after
exercise may benefit exercising tissue by supplying free fatty acids at the site of the
energy demand(van Loon et al., 2003). However, the molecular mechanism underlying
this adaptation is unknown (Bergman et al., 2020). It is established in previous studies
that chronic HIIT induces intramuscular triglyceride storage(Zacharewicz et al., 2018).
Our data is consistent with these studies, which show a significant increase in IMTG
after five weeks of HIIT. Also, it is proved that exercise induces the consumption of
intramuscular triglyceride storage during exercise and the recovery to the pre-exercise
level usually takes 3-7 days(Kiens et al., 1998). Our data indicate that intramuscular
triglyceride content declined immediately after exercise and gradually over-recovered
to a level beyond pre-exercise at 72h after the acute training.

IMTG replenishment via skeletal muscle lipogenesis is influenced by intramuscular
lipid metabolism, including lipolytic and lipogenesis(Lundsgaard et al., 2020). This
necessitates metabolic recovery contributes to restoring substrate stores in recovery. To
achieve that, a plethora of metabolic changes will occur to regain substrate
homeostasis(Lundsgaard et al., 2020, Tsiloulis et al., 2015). However, the molecular
mechanisms involved herein have not been subject to a thorough evaluation. To
determine the intramuscular lipid metabolism condition during recovery, several
proteins involved in the regulation of lipolysis and lipogenesis in skeletal muscle were
examined after acute and chronic training. Lipolysis-related protein includes CPT-1B,
which is responsible for the transfer of free fatty acids into the mitochondria(Ratner et
al., 2015), AMPK, which is involved in regulating intramuscular triglyceride
breakdown during exercise and is thought to be a crucial rate-limiting enzyme in
intramuscular triglyceride breakdown(Kiens, 2006), and CREB, which plays an
indispensable role in maintaining lipid homeostasis via protein kinase A-mediated
phosphorylation of CREB and positively associate with lipolysis(Altarejos et al., 2011).
It is well established that regular exercise increases the expression of lipolytic-related
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proteins in skeletal muscle(Ray Hamidie et al., 2015, Ziaaldini et al., 2017). Our results
are in accordance with previous research and showed that five-week HIIT is effective
in increasing intramuscular lipolytic-related proteins. As for the acute protocol, since
endurance exercise induces transient upregulation of the pro-oxidative intracellular
mediators involved in stimulating fat oxidation and energy expenditure, it is well
recognized that whole-body fatty acid oxidation remains increased for several hours
following aerobic endurance exercise(Lundsgaard et al., 2020). In line with previous
studies, our data show that in immediate and early recovery (0-12h), intramuscular lipid
oxidative-related proteins, including the activity of AMPK and CREB, are sustained at
a high level, which seems mainly to be a result of the increased energy demand at the
post-exercise oxygen consumption (EPOC) period. After this period, the suppressed
activity of AMPK and CREB may be the result of body recovery. However, the
expression of CPT-1b has not been changed immediately after acute HIIT but
suppressed during the recovery period. In summary, the declined expression of CPT-
1b, AMPK, and CREB may favor the postexercise body recovery. Notably, data
regarding the mechanisms underlying EPOC after HIIT is limited(Borsheim et al.,
2003). Here, this study provides some evidence about the molecule changes in the HIIT-
induced EPOC period. Our data show that the increased lipolytic-related proteins within
the muscle may be one mechanism of the increased oxidation post-exercise. In terms of
duration, some studies have shown that EPOC may last for several hours after exercise,
others have concluded that EPOC is transient and minimal(Borsheim et al., 2003). The
conflicting results may be resolved if differences in exercise intensity and duration are
considered, since this may affect the metabolic processes underlying EPOC. In our
study, the protein-level changes of lipid metabolism proteins indicate that the HIIT-
induced EPOC period lasts for 12h. After the EPOC period, lipolytic-related proteins
were suppressed, this change is conducive to the post-exercise energy recovery in
skeletal muscles.

In addition, we also detected several key lipogenesis-related proteins including PPAR-
Y, FASN, and TGF-B2. They have been reported to play a crucial role in the muscular
lipogenesis and the formation of lipid droplets (Corbet et al., 2020, Eberle et al., 2004,
Knobloch et al., 2013). The changes in lipogenesis-related proteins after regular
training is still controversial(Huang et al., 2017, Morifuji et al., 2005, Zheng et al.,
2019). On the one hand, exercise has the effect of promoting weight loss, but on the
other hand, there are also studies reporting that exercise upregulates lipogenesis-related
proteins in skeletal muscle. Our results show that chronic HIIT is able to induce an
increase in lipogenesis-related proteins. It was reported that after regular exercise, the
upregulated expression of PPARy and FASN correlate with the increase of IMTG
(Dobrzyn et al., 2010). This is in line with our result in the chronic training group.
Studies regarding how TGF-B2 responds to regular exercise are limited(Takahashi et
al., 2019). Our chronic group’s results show that five weeks of HIIT increases the
expression of TGF-B2 in skeletal muscle. As for the acute group, our time-point data
provide evidence that two major lipogenesis-related proteins, TGF-B2 and PPARYy,
declined immediately after exercise and then gradually over-recovered to a pre-exercise
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level in the recovery period. It is reported that PPAR-y negatively regulates lipid
oxidation(Yan et al., 2016). Therefore, the decrease of lipogenesis-related proteins
during the EPOC period coupled with the increases of lipolytic-related proteins together
may act as a signaling pathway for the increased post-exercise oxidation. After the
EPOC period, these lipid synthesis-related proteins increased, which may be a result of
intramuscular lipid recovery. Besides, the expression of FASN slightly increased after
exercise and reached a peak level at 12h after training. Previous studies have shown
that the increase of lipogenesis-related proteins is able to promote the recovery of
intramuscular triglycerides (Moseti et al., 2016). Therefore, the physiological
significance of the maintained elevation in lipogenesis-related proteins might favor the
resynthesis of skeletal muscle triglyceride stores.

The highlight of this study is that during exercise-induced recovery, the change
tendency of lipid metabolism-related proteins is consistent with the change of IMTG.
At the first 12h after HIIT, IMTG declined with the predominance of EPOC. After this
period, IMTG gradually recovered with the increase of lipogenesis-related proteins and
suppression of lipolytic-related proteins. Together, these results may provide insight
into the timeline information for studies examining aspects of lipid metabolism and
IMTG with HIIT. Such knowledge could aid the timing of biopsies for future human-
based exercise studies and provide a greater understanding of the molecular responses
to exercise. However, it is essential to mention that the specific time points in the
current study may not have caught the actual peak inductions due to the transient nature
of the responses. The timing of the peak may have been different between
protocols(Brandt et al., 2016) and our finding only provided the effects of HIIT on
postexercise intramuscular lipid metabolism in rats.

Conflict of interest
There is no conflict of interest.
Acknowledgments

This study is supported by The National Natural Science Foundation of China
(31801002).

References

Altarejos JY, Montminy M: CREB and the CRTC co-activators: sensors for hormonal
and metabolic signals. Nat Rev Mol Cell Biol 12: 141-151, 2011.

Benziane B, Burton TJ, Scanlan B, Galuska D, Canny BJ, Chibalin AV, Zierath JR,
Stepto NK: Divergent cell signaling after short-term intensified endurance training in
human skeletal muscle. Am J Physiol Endocrinol Metab 295: E1427-1438, 2008.
Bergman BC, Goodpaster BH: Exercise and Muscle Lipid Content, Composition, and
Localization: Influence on Muscle Insulin Sensitivity. Diabetes 69: 848-858, 2020.
Borsheim E, Bahr R: Effect of exercise intensity, duration and mode on post-exercise
oxygen consumption. Sports Med 33: 1037-1060, 2003.

8



Brandt N, Gunnarsson TP, Hostrup M, Tybirk J, Nybo L, Pilegaard H, Bangsbo J:
Impact of adrenaline and metabolic stress on exercise-induced intracellular signaling
and PGC-1lalpha mRNA response in human skeletal muscle. Physiol Rep 4: E12844,
2016.

Buchheit M, Laursen PB: High-intensity interval training, solutions to the programming
puzzle: Part I: cardiopulmonary emphasis. Sports Med 43: 313-338, 2013.

Corbet C, Bastien E, Santiago de Jesus JP, Dierge E, Martherus R, Vander Linden C,
Doix B, Degavre C, Guilbaud C, Petit L, Michiels C, Dessy C, Larondelle Y, Feron O:
TGFbeta2-induced formation of lipid droplets supports acidosis-driven EMT and the
metastatic spreading of cancer cells. Nat Commun 11: 454, 2020.

Dobrzyn P, Pyrkowska A, Jazurek M, Szymanski K, Langfort J, Dobrzyn A: Endurance
training-induced accumulation of muscle triglycerides is coupled to upregulation of
stearoyl-CoA desaturase 1. J Appl Physiol (1985) 109: 1653-1661, 2010.

Eberle D, Hegarty B, Bossard P, Ferre P, Foufelle F: SREBP transcription factors:
master regulators of lipid homeostasis. Biochimie 86: 839-848, 2004.

Egan B, Zierath JR: Exercise metabolism and the molecular regulation of skeletal
muscle adaptation. Cell Metab 17: 162-184, 2013.

Green HJ, Helyar R, Ball-Burnett M, Kowalchuk N, Symon S, Farrance B: Metabolic
adaptations to training precede changes in muscle mitochondrial capacity. J Appl
Physiol (1985) 72: 484-491, 1992.

Halliwill JR, Buck TM, Lacewell AN, Romero SA: Postexercise hypotension and
sustained postexercise vasodilatation: what happens after we exercise? Exp Physiol 98:
7-18, 2013.

Hargreaves M, Spriet LL: Exercise Metabolism: Fuels for the Fire. Cold Spring Harb
Perspect Med 8: A029744, 2018.

Hawley JA, Hargreaves M, Joyner MJ, Zierath JR: Integrative biology of exercise. Cell
159: 738-749, 2014.

Huang KH, Hao L, Smith PB, Rogers CJ, Patterson AD, Ross AC: Lipid Emulsion
Added to a Liquid High-Carbohydrate Diet and Voluntary Running Exercise Reduce
Lipogenesis and Ameliorate Early-Stage Hepatic Steatosis in Mice. J Nutr 147: 746-
753,2017.

Hughes DC, Ellefsen S, Baar K: Adaptations to Endurance and Strength Training. Cold
Spring Harb Perspect Med 8: A029769, 2018.

Joseph JS, Ayeleso AO, Mukwevho E: Role of exercise-induced calmodulin protein
kinase (CaMK)II activation in the regulation of omega-6 fatty acids and lipid
metabolism genes in rat skeletal muscle. Physiol Res 66: 969-977, 2017.

Kiens B: Skeletal muscle lipid metabolism in exercise and insulin resistance. Physiol
Rev 86: 205-243, 2006.

Kiens B, Richter EA: Utilization of skeletal muscle triacylglycerol during postexercise
recovery in humans. Am J Physiol 275: E332-337, 1998.

Knobloch M, Braun SM, Zurkirchen L, von Schoultz C, Zamboni N, Arauzo-Bravo MJ,
Kovacs WJ, Karalay O, Suter U, Machado RA, Roccio M, Lutolf MP, Semenkovich CF,
Jessberger S: Metabolic control of adult neural stem cell activity by Fasn-dependent
lipogenesis. Nature 493: 226-230, 2013.



Lundsgaard AM, Fritzen AM, Kiens B: The Importance of Fatty Acids as Nutrients
during Post-Exercise Recovery. Nutrients 12: 280, 2020.

Morifuji M, Sakai K, Sanbongi C, Sugiura K: Dietary whey protein downregulates fatty
acid synthesis in the liver, but upregulates it in skeletal muscle of exercise-trained rats.
Nutrition 21: 1052-1058, 2005.

Moseti D, Regassa A, Kim WK: Molecular Regulation of Adipogenesis and Potential
Anti-Adipogenic Bioactive Molecules. Int J] Mol Sci 17: 124, 2016.

Pilegaard H, Saltin B, Neufer PD: Exercise induces transient transcriptional activation
of the PGC-1alpha gene in human skeletal muscle. J Physiol 546: 851-858, 2003.
Ratner C, Madsen AN, Kristensen LV, Skov LJ, Pedersen KS, Mortensen OH, Knudsen
GM, Raun K, Holst B: Impaired oxidative capacity due to decreased CPT1b levels as a
contributing factor to fat accumulation in obesity. Am J Physiol Regul Integr Comp
Physiol 308: R973-982, 2015.

Ray Hamidie RD, Yamada T, Ishizawa R, Saito Y, Masuda K: Curcumin treatment
enhances the effect of exercise on mitochondrial biogenesis in skeletal muscle by
increasing cAMP levels. Metabolism 64: 1334-1347, 2015.

Spina RJ, Chi MM, Hopkins MG, Nemeth PM, Lowry OH, Holloszy JO: Mitochondrial
enzymes increase in muscle in response to 7-10 days of cycle exercise. J Appl Physiol
(1985) 80: 2250-2254, 1996.

Takahashi H, Alves CRR, Stanford KI, Middelbeek RJW, Pasquale N, Ryan RE, Xue
R, Sakaguchi M, Lynes MD, So K, Mul JD, Lee MY, Balan E, Pan H, Dreyfuss JM,
Hirshman MF, Azhar M, Hannukainen JC, Nuutila P, Kalliokoski KK, Nielsen S,
Pedersen BK, Kahn CR, Tseng YH, Goodyear LJ: TGF-beta2 is an exercise-induced
adipokine that regulates glucose and fatty acid metabolism. Nat Metab 1: 291-303, 2019.
Thomson DM, Winder WW: AMP-activated protein kinase control of fat metabolism
in skeletal muscle. Acta Physiol (Oxf) 196: 147-154, 2009.

Tsiloulis T, Watt MJ: Exercise and the Regulation of Adipose Tissue Metabolism. Prog
Mol Biol Transl Sci 135: 175-201, 2015.

van Loon LJ, Koopman R, Stegen JH, Wagenmakers AJ, Keizer HA, Saris WH:
Intramyocellular lipids form an important substrate source during moderate intensity
exercise in endurance-trained males in a fasted state. J Physiol 553: 611-625, 2003.
Watt MJ, Heigenhauser GJ, Spriet LL: Intramuscular triacylglycerol utilization in
human skeletal muscle during exercise: is there a controversy? J Appl Physiol (1985)
93: 1185-1195, 2002.

Widrick JJ, Stelzer JE, Shoepe TC, Garner DP: Functional properties of human muscle
fibers after short-term resistance exercise training. Am J Physiol Regul Integr Comp
Physiol 283: R408-416, 2002.

Yan Y, Wang ZB, Tang CK: [PPARs Mediate the Regulation of Energy Metabolism By
Long-Chain Fatty Acids]. Sheng Li Ke Xue Jin Zhan 47: 1-6, 2016.

Zacharewicz E, Hesselink MKC, Schrauwen P: Exercise counteracts lipotoxicity by
improving lipid turnover and lipid droplet quality. J Intern Med 284: 505-518, 2018.
Zheng F, Cai Y: Concurrent exercise improves insulin resistance and nonalcoholic fatty
liver disease by upregulating PPAR-gamma and genes involved in the beta-oxidation
of fatty acids in ApoE-KO mice fed a high-fat diet. Lipids Health Dis 18: 6, 2019.

10



Ziaaldini MM, Hosseini SR, Fathi M: Mitochondrial adaptations in aged skeletal
muscle: effect of exercise training. Physiol Res 66: 1-14, 2017.

Figure legends
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Fig. 1 The chronic and acute effect of HIIT on intramuscular triglycerides
abundance in gastrocnemius. Experiments were performed with control group (C,
n=6), five-week HIIT group (CE, n=6), and acute training group (Oh, 6h, 12h, 24h, 48h,
72h, and 96h; n=5/each time-point). Two replicates were used for each sample. The data
were presented as the mean + standard deviation. Each postexercise timepoint data are
compared with CE and significant differences were analyzed with one-way ANOVA.
*P<0.05.
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Fig. 2 Western blot analysis and relative fold protein expression of p-CREB/CREB,
p-AMPK/AMPK, and CPT-1b. Relative expression levels were normalized to
GAPDH. The acute group’s protein level is normalized to GAPDH at first and then
relative to the group of CE, which did not perform the acute training. Three bands are
used for statistics. The data were presented as the mean + standard deviation. Each
postexercise timepoint data are compared with CE and significant differences were
analyzed with one-way ANOVA. *P<0.05.
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Fig. 3 Western blot analysis and relative fold protein expression of PPAR-y, FASN,
and TGF-p2. Relative expression levels were normalized to GAPDH. The acute
group’s protein level is normalized to GAPDH at first and then relative to the group of
CE, which did not perform the acute training. Three bands are used for statistics. The
data were presented as the mean + standard deviation. Each postexercise timepoint data
are compared with CE and significant differences were analyzed with the one-way
ANOVA. *P<0.05.
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