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HIGHLIGHTS

e L-carnitine supplementation and performing High-intensity interval training (HIIT) showed beneficial
effects in rats.

e L-carnitine + HIIT reduced lipogenic genes expression.

e The combination of L-carnitine and HIIT caused a significant weight control in rats.

Abstract: Metabolic flexibility is the capacity of a system to adjust fuel (primarily glucose and fatty acids) oxidation
based on nutrient availability. Pyruvate Dehydrogenase Kinase 4 (PDK4) is one of the main enzymes that plays a critical
role in metabolic flexibility. In the current study, we examined the expression of genes involved in metabolism in the liver
of male rats. Thirty-two male Wistar rats (8 week-old) were randomly divided into 4 groups (n = 8); 1. Control, 2. Training
(do HIIT training for 4 weeks), 3. LCAR (received 200 mg / kg of L-carnitine, daily), 4. Training + L-carnitine (LCAR-
HIIT). The gene expression was measured by Real-time PCR and quantified by 2-22¢t method. Sterol regulatory element-
binding protein-1c (SREBP-1c) expression was significantly higher in the LCAR (p = 0.018) and HIIT (p = 0.001) group
than in the LCAR- HIIT group. Stearoyl-Coenzyme A desaturase-1 (SCD1) expression in HIIT (p = 0.007, p < 0.001)
and LCAR-HIIT (p < 0.001, p = 0.003) groups was significantly increased and decreased compared to the control group
and LCAR group, respectively. PDK4 expression was significantly reduced by combination of LCAR-HIIT compared to
the control group. In sum, the administration of carnitine and HIIT is very useful and can conduct this by reducing the
expression of lipogenic genes such as SREBP-1c and SCD1 as well as increasing the expression of Carnitine
palmitoyltransferase 1 (CPT1).
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INTRODUCTION

Metabolic flexibility is the capacity of a system to regulate the oxidation of either glucose or fatty acids
(FAs) based on the availability of these energy sources. It is the result of the activity of various enzymes,
among which pyruvate dehydrogenase complex (PDC) is of particular importance. The PDC complex
performs oxidative decarboxylation of pyruvate, linking the metabolism of FAs and carbohydrates [1]. PDC
inactivation is catalyzed by 4 isoenzymes of pyruvate dehydrogenase kinase (PDK). PDK4 is abundant in the
liver, heart, and skeletal muscle [1-3]. PDK activity can be regulated by levels of metabolic intermediates
such as pyruvate and Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) under
different conditions [1]. PGC-1a has been shown to be a key regulator of cellular energy metabolism along
with AMP-activated protein kinase (AMPK). PGC-1a has roles in the mitochondrial biogenesis, FAs oxidation,
and hepatic gluconeogenesis [4-6]. Expression of PGC-1a rapidly increases in the liver and heart following
short-term starvation, and in skeletal muscle following exercise. Previous studies showed that PGC-1a is
used to increase mitochondrial content, and aerobic capacity in response to stimulation of the skeletal muscle
and the heart tissues [4-7]. AMPK plays a vital role in maintaining energy balance. AMPK affects PGC-1a
activity, but its consequences are not yet well understood, but overall, AMPK activation increases PGC1a
expression [8].

Carnitine palmitoyl transferase | (CPT1) mediates the entry of FAs into the mitochondria, and helps
initiate the oxidation of those energy sources. Short-chain acyl-CoA dehydrogenase (SCAD) and Medium-
chain acyl-CoA dehydrogenase (MCAD) play an important role in the oxidation of FAs, and SCAD catalyzes
the first reaction in this pathway. Other genes involved in lipid metabolism are Liver X receptor alpha (LXR-
a) and Sterol regulatory element-binding protein-1c (SREBP-1c). LXR nuclear receptor is also an important
and upstream regulator of SREBP-1, thereby increasing hepatic lipogenesis [9, 10].

L-carnitine (beta-hydroxy-gamma trimethylammonium butyrate) is well known as a vitamin and amino
acid-like substance, and the L-isoform of carnitine has physiological activity. The main role of carnitine in the
body is to facilitate the oxidation of lipids by transferring long-chain fatty acids (LCFA) into the mitochondrial
matrix (the site of 3-oxidation). Therefore, without carnitine, most dietary lipids cannot be used as a food
source, and FAs accumulate in the body [11]. Carnitine administration has shown beneficial effects in
metabolic diseases such as diabetes and has also been reported to reduce triglyceride and cholesterol levels
[12, 13]. Carnitine administration has also been reported to be useful in the prevention and treatment of
metabolic disorders [14].

Exercise training increases PGC-1a expression [15], and also affects PDK4 levels [1]. It was reported
that exercise decreased SREBP-1C, ACC1, and SCD-1 expression, and up regulated the expression of
SCAD and CPT1-« [9]. High-intensity interval training (HIIT) has been shown to increase HDL-c and reduced
TG and VLDL levels [16]. A study by Carnevali and coauthors showed that HIIT increases mitochondrial lipid
transfer capacity (by increasing the activity of the enzyme CPT-1), which facilitates the oxidative process
[17]. Overall, HIIT increases energy efficiency and physical function [18, 19].

People who took carnitine supplements and exercised had improved lipid profile. Carnitine has also been
reported to improve athletic performance [11]. Previous data over the combination effects of carnitine and
high intensity-interval training are limited and there is the lack of comprehensive study to evaluate its effects
on the expression of genes involved in metabolism [11, 12], therefore we presented this study to evaluate
the combination effects of HIIT and carnitine on the expression of PGC1, PDK4, AMPK, MCAD, CPT1, CS,
LXR-a, SREBP1, SCD1, SCAD genes in the liver of male rats. The results of the present study can provide
the interactive effect of HIIT and carnitine administration as a new proposed alternative to improve metabolic
status during exercise.

MATERIAL AND METHODS

Material

L-carnitine hydrochloride (C0283-100g, SIGMA, USA), Total RNA Mini-Prep extraction kit (Bs1361,
BioBasic, Canada), Prime Script RT Reagent cDNA synthesis kit (RR037A, TAKARA, Japan), RealQ Plus
Master Mix Green High ROX (A325406, Ampligon, Denmark), Primers (Metabion, Germany).
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Animals

All the animal procedures were in accordance with the requirements of the Animal Research: Reporting
in Vivo Experiments used for experimental and other scientific purposes. This study was approved by the
ethic committee of Kerman Medical University Research Council (No. IR.KMU.REC1398.015). Thirty-two
male Wistar rats in the age range of 8 weeks were purchased from the animal center of Physiology Research
Center of Kerman and kept in the laboratory with a temperature of 22 + 20C and a light-dark cycle of 12:12
h. Animals have free access to water and food. Rats will first be examined for two weeks to familiarize
themselves with the laboratory environment and determine their health. After obtaining the license of the
University Ethics Committee and matching based on body weight, rats will be randomly divided into 4 groups
(n = 8) as follows: 1. Control 2. Training (do HIIT training for 4 weeks) 3. LCAR (received 200 mg / kg of L-
carnitine, daily) 4. Training + LCAR [20].

Exercise protocol

Group 2 and 4 consisted in 10 bouts of high-intensity treadmill running (20 m/min, 30° inclination),
separated by 1 min of active rest, 5 days/week (HIIT, N =8). Sample size was calculated by a Power analysis
based on previous results. The intensity of exercise training was assessed by measuring the maximum speed
of rats on the treadmill and blood lactate levels directly after exercise with a lactometer (Lactate Scout
Company/Code: 37), and Levels >4 mmol / | lactate were considered HIIT. In addition, in each session, the
lactate was the criteria for evaluating the exercise training intensity. After each session of exercise training,
the levels of lactate was measured and based on the lactate levels the intensity of exercise training was
optimized [21, 22].

RNA extraction, cDNA synthesis and Real-time PCR

Liver tissue (30 mg) was dissected and homogenized at lysis buffer by Sonicator (Heilscher-H200,
Germany). Total RNA was extracted according to kit protocol. Then, complementary DNA (cDNA) was
synthesized from extracted RNA (500 ng) by cDNA synthesis kit according to kit's procedure. Real-time PCR
was performed by specific primer and the primers’ sequences are listed below (Table 1).

Table 1. Primers sequence which used for gene expression measurements by Real-Time PCR

Gene Forward Sequence Reverse Sequence

AMPK TTAAACCCACAGAAATCCAAACAC CTTCGCACACGCAAATAATAG
CPT1 GTGCTGGAGGTGGCTTTGGT TGCTTGACGGATGTGGTTCC

Cs CGGTTCTTGATCCTGATGAGGG ACTGTTGAGGGCTGTGATGGC
LXR-a CCTGATGTTTCTCCTGACTC TGACTCCAACCCTATCCTTA
MCAD CGCCCCAGACTACGATAAAA CAAGACCACCACAACTCTCC
PDK4 AAGCCCTGATGGACACCTC GAAGCCTGGGATGCTCTTG
PGC-1a ACCCACAGGATCAGAACAAACC GACAAATGCTCTTTGCTTTATTGC
SCAD TGCCCTATGTTTCGCACCTC TTCAATGCCCATCATCCCTT
SCD1 AAAGTTTCTAAGGCCGCTG GTCTGAGCCAGCAATCTCAA
SREBP-1c GACGACGGAGCCATGGATT GGGAAGTCACTGTCTTGGTTGTT
18S GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA

The real-time PCR reaction was contained 10 yL SYBR green, forward and reverse primers (1uL of each
primer), cDNA (100 ng), and reach the reaction volume to 20 pL by distilled DNase free water. The annealing
temperatures were according to each primers Tm. The thermal protocol was as follow; 95 °C (5min), 95 °C
(15 s), annealing temperature (45 s), 40 cycles and after the thermal cycles were finished the melt curve
analysis was performed automatically by ABI Step One Plus instrument. We used 18S rRNA as
housekeeping gene. The relative expression of genes were determined by 244t method [23].
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Statistical analysis

Statistical analysis performed by SPSS software (SPSS version 20, SPSS Inc., Chicago, USA) and the
data expressed as mean £ SEM. For comparison between groups, we used one-way analysis of variance
(ANOVA) followed by the Tukey’s post hoc test. The p values < 0.05 were considered significant.

RESULTS

Rat weight values on the first day of the study were determined. We analyzed the data in different groups
and no significant difference was observed. Therefore, the weight values of first day of all animals included
in the study were considered as “baseline” (167.75 = 1.0 g). The weight values also measured in the final
day of the study and for examined the means between different groups we used baseline value. The results
are given in Table 2. The combination of carnitine and HIIT caused significant weight loss compared to the
control and the HIIT groups (p = 0.018; p = 0.015, respectively). In the control (p = 0.015) and HIIT (p = 0.013)
groups, the amount of weight compared to baseline showed a significant increase. Also, we calculate the
body weight gain (BWG) (as Weight Day 30-Weight Day 1). The data showed that LCAR (p = 0.009) and
combination of LCAR-HIIT (p < 0.0001) significantly reduced BWG compared to control group. The
combination of LCAR-HIIT showed that there was almost no BWG during the study and the BWG was
increased in control (p < 0.0001), LCAR (p = 0.02), and HIIT (p < 0.0001) groups compared to combination
of LCAR-HIIT (Table 2).

Table 2. Weight gain after 30 days of treatment in 4 studies groups.

Control (CTL) L-carnitine (LCAR) HIIT LCAR-HIIT
Weight Day 1 165.916.5 169.0+12.1 169.4+5.7 168.7+4.3
Weight Day 30 194.616.5 181.849.2 191.0+4.7 168.9+3.9%t
Weight Gain 29.0+1.4 12.8+3.5* 21.6+2.1 0.22+3.1*tt

Data are expressed as Mean+SEM, p<0.05 was considered as significant, n=8. * Statistically significant
compared to CTL group, T statistically significant compared to LCAR group,  Statistically significant
compared to HIIT group.

The results showed that AMPK expression was significantly decreased in the LCAR-HIIT group
compared to the control group (p = 0.047) (Figure 1a). The expression of PGC-1a in the LCAR-HIIT group
was significantly reduced compared to the LCAR group as well as the group that underwent HIIT training (p
=0.042 [LCAR], p = 0.027 [HIT]) (Figure 1b). PDK4 expression was significantly decreased by combination
of LCAR-HIIT (p = 0.004) compared to the control group (Figure 2c). Changes in LXR-a gene expression
were not significant among the study groups (Figure 2d).
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Figure 1. Relative AMPK (A) and PGC-1a (B) gene expression quantified by Real-Time PCR method in liver of studied
groups. The groups were as follow; Untreated Control (CTL); received L-carnitine (LCAR), performed High intensity
interval training (HIIT) and L-carnitine + HIT (LCAR-HIIT), Data are expressed as Mean+SEM, p<0.05 was considered
as significant, n=8. * Statistically significant compared to CTL group, tstatistically significant compared to LCAR group,
T statistically significant compared to HIIT group.
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Figure 2. Relative PDK4 (C) and LXR-a (D) gene expression quantified by Real-Time PCR method in liver of studied
groups. The groups were as follow; Untreated Control (CTL); received L-carnitine (LCAR), performed High intensity
interval training (HIIT) and L-carnitine + HIT (LCAR-HIIT), Data are expressed as Mean+SEM, p<0.05 was considered
as significant, n=8. * Statistically significant compared to CTL group.
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SREBP-1c expression was significantly higher in the carnitine (p = 0.018) and HIIT (p = 0.001) group
than in the LCAR-HIIT group (Figure 3e). SCD1 expression in HIIT (p = 0.007) and LCAR-HIIT (p < 0.001)
groups was significantly increased and decreased compared to the control group, respectively. SCD1
expression in HIIT (p < 0.001) and LCAR-HIIT (p = 0.003) groups was significantly increased and decreased
compared to LCAR group (Figure 3f). CS expression in the HIIT group was not increased to the control (p =
0.015), LCAR (p = 0.001) and LCAR-HIIT (p < 0.001) groups (Figure 4g). SCAD expression was significantly
decreased in the LCAR-HIIT group compared to the LCAR group (p = 0.003) (Figure 4h).
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Figure 3. Relative SREBP-1c (E) and SCD1 (F) gene expression quantified by Real-Time PCR method in liver of studied
groups. The groups were as follow; Untreated Control (CTL); received L-carnitine (LCAR), performed High intensity
interval training (HIIT) and L-carnitine + HIIT (LCAR-HIIT), Data are expressed as Mean+SEM, p<0.05 was considered
as significant, n=8. * Statistically significant compared to LCAR group, tstatistically significant compared to LCAR group,
T statistically significant compared to HIIT group.
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Figure 4. Relative CS (G) and SCAD (H) gene expression quantified by Real-Time PCR method in liver of studied
groups. The groups were as follow; Untreated Control (CTL); received L-carnitine (LCAR), performed High intensity
interval training (HIIT) and L-carnitine + HIT (LCAR-HIIT), Data are expressed as Mean+SEM, p<0.05 was considered
as significant, n=8. * Statistically significant compared to LCAR group, tstatistically significant compared to LCAR group,
T statistically significant compared to HIIT group.

Carnitine administration increased MCAD expression and LCAR-HIIT decreased MCAD expression (p <
0.001) (Figure 5i). CPT1 expression was increased by carnitine administration and HIIT, and the LCAR-HIIT
combination also increased CPT1 expression (p < 0.05) (Figure 5j).
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Figure 5. Relative MCAD (1) and CPT1 (J) gene expression quantified by Real-Time PCR method in liver of studied
groups. The groups were as follow; Untreated Control (CTL); received L-carnitine (LCAR), performed High intensity
interval training (HIIT) and L-carnitine + HIIT (LCAR-HIIT), Data are expressed as Mean+SEM, p<0.05 was considered
as significant, n=8. * Statistically significant compared to CTL group, tstatistically significant compared to LCAR group.

DISCUSSION

HIIT improves the physical function, cardiovascular health and energy metabolism [24]. But, it is not yet
clear how HIIT affects the transcription factors involved in lipid metabolism and which pathways are most
influenced by performing HIIT [25]. In current study, we have evaluated carnitine, HIIT, and a combination of
both on the expression of genes involved in metabolism. We found that the combination of LCAR-HIIT result
in significant alterations in genes expression that we discussed here.

The results of previous studies show that there is ho agreement on the expression of PGC-1a after HIIT.
Twelve weeks of HIIT in obese / overweight individuals increased PGC-1a expression [26]. Eight weeks of
HIIT in mice increased hepatic expression of PGC-1a, PPARa and CPT1 [10]. Little and coworkers have
reported that PGC-1a expression was increased in the liver of female rats after 8 weeks of HIIT [27]. On the
other hand, 10 weeks of HIIT training in mice did not cause a significant change in PGC-1a expression [28].
Another study showed that 10 weeks of HIIT increased PGC-1a expression but failed to reverse the decrease
in HFD diet-induced PGC-1a expression in skeletal muscle [29]. Interestingly, the combination of carnitine-
HIIT led to a significant reduction in PGC-1a gene expression in this study. However, carnitine
supplementation and HIIT alone slightly increased its expression but it was not significant.

AMPK expression was similar to PGC-1a expression, combination of carnitine-HIIT significantly reduced
AMPK expression, while no significant change was observed between other 3 groups. Gibala and coauthors
showed that HIIT increased the expression of PGC-1a and AMPK in skeletal muscle [15]. In young men, 4
weeks of HIIT resulted in significant elevation of AMPK expression, but PGC-1a expression was not changed
significantly [30]. AMPK in the liver increases the expression of PGC-1a [31]. Therefore, the decrease in
PGC-1a expression in the present study can be attributed to the decrease in hepatic AMPK expression. The
combination of carnitine-HIIT leads to metabolic adaptations that reduce AMPK expression. It is possible that
carnitine increases ATP levels by increasing lipid catabolism [32] during HIIT (it in turn increases the need
for an energy source), which can lead to down-regulation of AMPK expression.

PDK4 expression decreased under the influence of the combination of carnitine-HIIT. It has previously
been reported that HIIT increases PDC activity and possibly one of the mechanisms involved may be a
decrease in PDK4 expression [33, 34]. In the study of Aguiar and coauthors, although the expression of
PDK4 decreased after 4 weeks of HIIT training but this decrease was not significant, which is similar to the
separate effect of either carnitine or HIIT on the expression of PDK4 in current study [30]. It seems that the
combination of carnitine-HIIT by reducing PDK4 expression, tends to increase the conversion of lactate to
pyruvate and increase PDC activity [34].

CPT1 gene expression was increased in the 3 treatment groups compared to the control group. Jiang
and coauthors and Ishikawa and coauthors showed that carnitine supplementation increased CPT1
expression [35, 36]. The results of Aguiar and coauthors and Oh and coauthors studies [30, 37] are in contrast
to the findings of the present study because in these two studies exercise did not affect CPT1 expression,

Brazilian Archives of Biology and Technology. Vol.66: €23220100, 2023 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Shahouzehi, B.; et al. 9

whereas we showed that HIIT increased CPT1 expression. Performing 10 weeks of HIIT in rats fed a high-
fat diet significantly increased CPT1 expression in skeletal muscle [19] that confirmed our finding over CPT1
expression in the liver. Regarding the administration of carnitine, the results obtained from the present study
are consistent with previous studies [35, 36]. In the carnitine-HIIT group, we did not see any additive or
synergistic effect of carnitine and HIIT (each one alone increased CPT1 expression), and it appears that
carnitine supplementation and HIIT may be used same pathway to increase CPT1 expression. But this needs
further consideration in future studies.

HIIT significantly increased SCD1, but not SREBP-1c expression. Carnitine did not show any significant
effect on the expression of these two lipogenic genes. Interestingly, the combination of carnitine-HIIT caused
a significant decrease in the expression of SCD1 and SREBP-1c. The study by Costa and coauthors (2021)
showed that HIIT reduces hepatic SREBP-1c expression [25]. Another study in obese individuals showed
that HIIT reduced the lipogenic genes SREBP-1c and ACC [37]. Shen and coauthors also showed that HIIT
had no significant effect on muscle SCD1 expression [19]. The findings of those studies are contrary to the
findings of the present study. On the other hand, another study showed that HIIT increases muscle
lipogenesis by increasing the expression of FAS, ACC and SCD1, and despite the fact that the target tissue
was muscle, the findings are consistent with the results of our study [38]. In general, according to the above
mentioned studies, there is no general agreement on the effect of HIIT on lipogenesis. Carnitine significantly
increased MCAD expression and HIIT did not show any significant effect on MCAD and SCAD expression.
However, the combination of carnitine-HIIT reduced the expression of MCAD and SCAD in the liver compared
to the carnitine group. Ishikawa and colleagues showed that carnitine increased MCAD expression in the
liver which confirmed our findings [36]. In HIIT, the need for energy increases which is met by the anaerobic
glycolytic system that leads to an increase in blood lactate. When HIIT is continued the lactate production will
no longer be at higher and will decrease over time due to metabolic adaptations [38]. On the other hand,
lactate increases the expression of PGC-1a and in general, lactate is involved in HIIT-induced adaptations
[40].

CONCLUSION

Administration of carnitine and HIIT is very useful and conduct this by reducing the expression of
lipogenic genes such as SREBP-1c and SCD1 as well as increasing the expression of CPT1. The higher
content and natural configuration of mitochondria performed by HIIT increase the rate of FA oxidation and
ultimately reduce the overall lipid deposition in the liver which confirmed by the weight of animal at the final
day of the study.

Funding: This study was financially supported by Kerman Medical University Research Council (Grant number:
97000996). The funder had no role in study design, data collection/analysis/interpretation or manuscript preparation.
Acknowledgments: This research was financially supported by Kerman University of Medical Sciences, Research
Council and Physiology Research Center.

Conflicts of Interest: There is no conflict of interest.

REFERENCES

1. Zhang S, Hulver MW, McMillan RP, Cline MA, Gilbert ER: The pivotal role of pyruvate dehydrogenase kinases in
metabolic flexibility. J Nutr Metab. 2014;11:1-10.

2. Huang B, Wu P, Bowker-Kinley MM, Harris RA: Regulation of pyruvate dehydrogenase kinase expression by
peroxisome proliferator-activated receptor-alpha ligand, glucocorticoids, and insulin. Diabetes. 2002;51:276-83.

3. Sugden MC, Holness MJ: Mechanisms underlying regulation of the expression and activities of the mammalian
pyruvate dehydrogenase kinases. Arch. Physiol. Biochem. 2006; 112:139-49.

4. Herzig S, Long F, Jhala US, Hedrick S, Quinn R, Bauer A, et al. CREB regulates hepatic gluconeogenesis through
the coactivator PGC-1. Nature. 2001; 13;413(6852):179-83

5. Yoon JC, Puigserver P, Chen G, Donovan J, Wu Z, Rhee J, et al. Control of hepatic gluconeogenesis through the
transcriptional coactivator PGC-1. Nature. 2001;13(6852):131-8

6. Vega RB, Huss JM, Kelly DP: The coactivator PGC-1 cooperates with peroxisome proliferator-activated receptor
alpha in transcriptional control of nuclear genes encoding mitochondrial fatty acid oxidation enzymes. Mol. Cell
Biol. 2000; 20(5):1868-76.

7. Baar K, Wende AR, Jones TE, Marison M, Nolte LA, Chen M, et al. Adaptations of skeletal muscle to exercise:
rapid increase in the transcriptional coactivator PGC-1. FASEB J. 2002;16(14):1879-86.

8. Canto C, Auwerx J. PGC-1a, SIRT1 and AMPK, an energy sensing network that controls energy expenditure.
Curr. Opin. Lipidol. 2009;20:98-105.

9. Zhang Q, Xu L, Xia J, Wang D, Qian M, Ding S: Treatment of diabetic mice with a combination of diet and aerobic
exercise via modulations of PPARs gene programs. PPAR Research. 2018; 4827643.

Brazilian Archives of Biology and Technology. Vol.66: €23220100, 2023 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Shahouzehi, B.; et al. 10

Motta VF, Bargut TL, Aguila MB, Mandarim-de-Lacerda CA: Treating fructose-induced metabolic changes in mice
with high-intensity interval training: insights in the liver, white adipose tissue, and skeletal muscle. J. Appl. Physiol.
2017; 123: 699-709.

Cha Y-S: Effects of L-carnitine on obesity, diabetes, and as an ergogenic aid. Asian Pac. J. Clin. Nutr. 2008; 17
(S1): 306-8.

Muniyappa R. Oral carnitine therapy and insulin resistance. Hypertension. 2010; 55: e13.

Rajasekar P, Kaviarasan S, Anuradha CV. L-Carnitine administration prevents oxidative stress in high fructose-fed
insulin resistant rats. Diabetol Croat. 2005;34(1):21-8.

Rahbar AR, Shakerhosseini R, Saadat N, Taleban F, Pordal A, Gollestan B: Effect of L-carnitine on plasma
glycemic and lipidemic profile in patients with type Il diabetes mellitus. Eur. J. Clin. Nutr. 2005; 59(4):592-6.
Gibala MJ, McGee SL, Garnham AP, Howlett KF, Snow RJ, Hargreaves M. Brief intense interval exercise
activates AMPK and p38 MAPK signaling and increases the expression of PGC-1a in human skeletal muscle. J.
Appl. Physiol. 2009; 106: 929-34.

Lira FS, Carnevali LC Jr, Zanchi NE, Santos RV, Lavoie JM, Seelaender M. Exercise intensity modulation of
hepatic lipid metabolism. J. Nutr. Metab. 2012; 2012: 809576

Carnevali LC Jr, Eder R, Lira FS, Lima WP, Gongalves DC, Zanchi NE, et al. Effects of high-intensity intermittent
training on carnitine palmitoyl transferase activity in the gastrocnemius muscle of rats. Braz. J. Med. Biol. Res.
2012;45(8):777-83.

Fallahi AA, Shekarfroush S, Rahimi, Jalali A, Khoshbaten A. Alteration in cardiac uncoupling proteins and eNOS
gene expression following high-intensity interval training in favor of increasing mechanical efficiency. Iran. J. Basic
Med. Sci. 2016; 19:258-64.

Shen Y, Huang G, McCormick BP, Song T, Xu X: Effects of high-intensity intervalversus mild-intensity endurance
training onmetabolic phenotype and corticosterone responsein rats fed a high-fat or control diet. PLoS ONE. 2017,
12(7): e0181684.

Masoumi-Ardakani Y, Aminizadeh S, Shahouzehi B. The adaptations induced by Estrogen Related Receptor
alpha (ERRa) disruption and exercise training on healthy and diabetic rat’s liver. Biologia. 2020; 75: 2341-50.
Astorino TA, DeRevere JL, Anderson T, Kellogg E, Holstrom P, Ring S, et al. Blood Lactate Concentration Is Not
Related to the Increase in Cardiorespiratory Fitness Induced by High Intensity Interval Training. Int. J. Environ.
Res. Public Health. 2019;16(16):2845.

Verboven M, Cuypers A, Deluyker D, Lambrichts I, Eijnde BO, Hansen D, et al. High intensity training improves
cardiac function in healthy rats. Sci Rep. 2019;9(1):5612.

Mohammadi A, Fallah H, Shahouzehi B, Najafipour H. miR-33 inhibition attenuates the effect of liver X receptor
agonist T0901317 on expression of liver X receptor alpha in mice liver. ARYA Atheroscler. 2017;13(6):257-63.
Akmali A, Saghebjoo M. High-intensity interval training with long duration intervals is more effective than short
duration intervals for improving glycolytic capacity in the rats' gastrocnemius muscle. Horm. Mol. Biol. Clin.
Investig. 2019;41(2). doi: 10.1515/hmbci-2019-0035

Costa LR, de Castro CA, Marine DA, Fabrizzi F, Furino VO, Malavazi I, et al. High-Intensity Interval Training Does
Not Change Vaspin and Omentin and Does Not Reduce Visceral Adipose Tissue in Obese Rats. Front. Physiol.
2021;12:564862.

Asilah Zadon NH, Muhammad Kamal AF, Ismail F, Othman SIT, Appukutty M, Fauzi NFM, et al. High-intensity
interval training induced PGC-1a and AdipoR1 gene expressions and improved insulin sensitivity in obese
individuals. Med. J. Malaysia. 2019;74(6):461-7.

Little JP, Safdar A, Bishop D, Tarnopolsky MA, Gibala MJ. An acute bout of high-intensity interval training
increases the nuclear abundance of PGC-1alpha and activates mitochondrial biogenesis in human skeletal
muscle. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011;300:R1303-10.

Chavanelle V, Boisseau N, Otero YF, Combaret L, Dardevet D, Montaurier C, et al. Effects of high-intensity
interval training and moderate-intensity continuous training on glycaemic control and skeletal muscle
mitochondrial function in db/db mice. Sci. Rep. 2017;7:204.

Martinez-Huenchullan SF, Maharjan BR, Williams PF, Tam CS, Mclennan SV, Twigg SM: Differential metabolic
effects of constant moderate versus high intensity interval training in high-fat fed mice: possible role of muscle
adiponectin. Physiol. Rep. 2018;6(4):e13599.

Aguiar PF, Magalhdes SM, Fonseca IA, da Costa Santos VB, de Matos MA, Peixoto MF, et al. Post-exercise cold
water immersion does not alter high intensity interval training-induced exercise performance and Hsp72
responses, but enhances mitochondrial markers. Cell Stress Chaperones. 2016;21(5):793-804.

Foretz M, Viollet B: Regulation of hepatic metabolism by AMPK. J Hepatol. 2011;54:827-9

Longo N, Frigenti M, Pasquali M: Carnitine transport and fatty acid oxidation. Biochim. Biophys. Acta.
2016;1863(10):2422-35.

Shannon CE, Ghasemi R, Greenhaff PL, Stephens FB: Increasing skeletal muscle carnitine availability does not
alter the adaptations to high-intensity interval training. Scand J Med Sci Sports. 2018;28(1):107-15.

Larsen RG, Befroy DE, Kent-Braun JA. High-intensity interval training increases in vivo oxidative capacity with no
effect on P(i)—>ATP rate in resting human muscle. Am. J. Physiol. Regul. Integr. Comp. Physiol.
2013;304(5):R333-42.

Brazilian Archives of Biology and Technology. Vol.66: €23220100, 2023 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

35.

36.

37.

38.

39.

40.

Shahouzehi, B.; et al. 11

Jiang F, Zhang Z, Zhang Y, Wu J, Yu L, Liu S. L-carnitine ameliorates the liver inflammatory response by
regulating carnitine palmitoyltransferase I-dependent PPARYy signaling. Mol. Med. Rep. 2016;13(2):1320-8.
Ishikawa H, Takaki A, Tsuzaki R, Yasunaka T, Koike K, Shimomura Y, et al. L-carnitine prevents progression of
non-alcoholic steatohepatitis in a mouse model with upregulation of mitochondrial pathway. PLoS One.
2014;9(7):e100627.

Oh S, So R, Shida T, Matsuo T, Kim B, Akiyama K, et al. High-Intensity Aerobic Exercise Improves Both Hepatic
Fat Content and Stiffness in Sedentary Obese Men with Nonalcoholic Fatty Liver Disease. Sci. Rep.
2017;7:43029.

Davis RAH, Halbrooks JE, Watkins EE, Fisher G, Hunter GR, Nagy TR, et al. High-intensity interval training and
calorie restriction promote remodeling of glucose and lipid metabolism in diet-induced obesity. Am J Physiol
Endocrinol Metab. 2017;313(2):E243-56.

Muller GY, Ernandes de Amo AH, Vedovelli KS, Ramos Mariano I, Cristina Bueno G, Pedrosa Furlan J, et al.
Resistance High-Intensity Interval Training (HIIT) Improves Acute Gluconeogenesis from Lactate in Mice. Am. J.
Sports Sci. 2019;7(2):53-9.

Hoshino D, Kitaoka Y, Hatta H: High-intensity interval training enhances oxidative capacity and substrate
availability in skeletal muscle. J Phys Fitness Sports Med. 2016;5(1):13-23.

© 2022 by the authors. Submitted for possible open access publication under the terms and
‘@ @ @ \conditions of the Creative Commons Attribution (CC BY NC) license

(https://creativecommons.org/licenses/by-nc/4.0/).

Brazilian Archives of Biology and Technology. Vol.66: €23220100, 2023 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

