
Abstract
Background: T Liver oxidative metabolism disorder is dependent on several factors that lead to liver diseases like non-alcoholic fatty liver 
disease. Our hypothesis was that the combination of high-intensity interval training (HIIT) and  L-carnitine affects the expression of citrate 
synthase (CS), PGC-1α, and monocarboxylate transporter 1 (MCT1) in the liver of male Wistar rats.
Methods: Thirty-two male Wistar rats were divided into four groups (n = 8): control, L-carnitine (200 mg/kg/d, four weeks, IP), HIIT, and 
HIIT + L-carnitine (200 mg/kg/d, four weeks, IP). HIIT training was performed for four weeks (five days a week); then, the animals were 
anesthetized, and their liver tissues were extracted for real-time PCR to measure MCT1, PGC-1α, and CS. SPSS 22 software was used to 
analyze the data obtained in different groups, with P < 0.05 considered statistically significant.
Results: MCT1 expression significantly increased in the HIIT and HIIT + L-carnitine groups compared to the control group (P < 0.001). PGC-
1α expression significantly increased in the HIIT + L-carnitine group compared to the control and L-carnitine groups (P < 0.001). Also, PGC-
1α expression significantly increased in the HIIT group compared to the control group (P < 0.001). Furthermore, CS expression significantly 
increased in all groups compared to the control group (P < 0.001).
Conclusion: HIIT exercise combined with L-carnitine supplementation increases the expression of MCT1, PGC-1α, and CS in the liver. 
Therefore, it seems that performing HIIT exercises and taking L-carnitine supplements can prevent the consequences of fat accumulation 
in the liver.
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Introduction
A metabolically flexible system can adapt its energy source 
(glucose and fatty acids) oxidation to the availability of 
fuel. Tissues can regulate their use of substrates based on 
the balance between fuel oxidation, the capacity of the 
tissue to store the substrate, and the metabolic demands 
resulting from this balance (1). There is competition 
between glucose, lipids, and their derivatives regarding 
their oxidation (2). For example, increasing glucose stores 
or other fuels, such as lactate, can reduce the oxidation of 
fatty acids in some tissues (3). Deficiencies in regulating 
metabolic interactions between fuel substrates are often 
associated with insulin resistance, accumulation of lipids, 
and mitochondrial defects (4). Among the cell energy 

metabolism regulators most effective in the biogenesis 
of liver mitochondria, one can point to peroxisome 
proliferator-activated receptor-γ coactivator-1α (PGC-
1α) (5). Hepatocyte nuclear factor 4 alpha (HNF4α) and 
a glucocorticoid receptor called FOXO1 are two of the 
factors that PGC-1α can activate.

Moreover, PGC-1α can increase gluconeogenesis-related 
gene expression, including genes associated with oxidative 
phosphorylation, lipid transport, and fatty acid oxidation 
(6). Due to the role of PGC-1α in gluconeogenesis and lipid 
oxidation in the liver, increasing its levels in the liver could 
be a treatment strategy for fatty acid oxidation in patients 
with fatty liver. Studies have shown that complete loss of 
PGC-1α in the liver leads to starvation-induced steatosis, 
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which, along with decreased gluconeogenesis, increases 
insulin sensitivity and increases glucose tolerance (7). 

A member of the SLC (solute carrier) transporter 
superfamily, monocarboxylate transporter 1 (MCT1), 
has an unclear role in liver function. MCT1 can transport 
L-lactate, a hepatic substrate used in gluconeogenesis, to the 
parenchymal cells of the liver (8). Another key regulatory 
enzyme in the metabolic pathway of energy production 
is citrate synthase (CS), which is commonly used as a 
marker to measure aerobic capacity and mitochondrial 
density in skeletal muscles (9). Furthermore, Liu et al. 
2019 showed that exercise training restored renal function 
via activating CS and NADH: ubiquinone oxidoreductase 
(complex I) (10).

The physiological effect of the L-form of beta-hydroxy-
gamma trimethylammonium butyrate, an amino acid-
like molecule better known as carnitine, can be used to 
treat diabetes and liver and cardiovascular diseases. Some 
of its effects include a decrease in liver enzyme levels, an 
improvement in liver inflammation, and an increase in fat 
oxidation (11). L-carnitine facilitates lipid oxidation by 
transferring long-chain fatty acids to the mitochondrial 
matrix. L-carnitine is absorbed through active sodium-
dependent transport and inactive transport through the 
intestines (12). It reduces triglyceride and cholesterol 
levels and improves heart and metabolic disorders (13). 
L-carnitine is a supplement that reduces weight gain and 
increases lipid catabolism (so-called lipid burning) (12).

Lipid profiles have been reported to improve in 
people who have received L-carnitine as a supplement 
and performed exercise training. It has been reported 
that L-carnitine improves training performance (12). 
The effects of exercise include increased mitochondrial 
content and improved muscle oxidative capacity (14) 
and insulin sensitivity (15). Glucose transporter, MDA, 
and PPAR-gamma in the liver and muscles also decrease 
(16). Liver tissue apoptosis rates are decreased by aerobic 
exercise in combination with L-carnitine in patients 
with type 2 diabetes (17). Acute sports exercises have 
been demonstrated to elevate the expression of PGC-
1α, AMPK, and IRS-2 genes in the liver (18). HIIT can 
increase the fat transfer capacity of mitochondria by 
increasing the activity of carnitine palmitoyl transferase, 
an oxidative process-facilitating enzyme (19). It has also 
been reported that HIIT improves the oxidative direction 
in the muscles of animals with hypertension (20). 

L-carnitine decreases fat mass and increases insulin 
sensitivity (13,21-23). Nevertheless, how the expression of 
genes involved in exercise and mitochondrial biogenesis is 
affected by L-carnitine is yet to be determined. Therefore, 
we conducted this study to investigate the effects of HIIT 
on the expression of MCT1, PGC-1α, and CS in the 
presence of L-carnitine in the liver of male Wistar rats.

Materials and Methods 
Experimental protocols
Groups
Thirty-two male Wistar rats (185 ± 10 g) were kept 
at 24 ± 2 °C, 30–50% humidity, and a 12 h dark/light 
cycle with ad libitum access to water and food during 
the acclimatization and test period. The animals were 
randomly assigned to four groups (n = 8 in each group): 1) 
control, 2) L-carnitine, 3) HIIT, and 4) HIIT + L-carnitine. 
L-carnitine (Sigma, C0283) was used at 200 mg/kg/d IP 
for four weeks in all carnitine groups.

Training protocols
All groups were first acclimatized to the treadmill (speed 
of 15 m/min). The animals underwent an incremental 
running test to determine the training group’s maximum 
speed (Vmax). In each run (speed of 6 m/min for two 
minutes), 2 m/min was added to their speed every 2 
minutes, and this exercise continued until exhaustion. 
The last minute the rats could tolerate the applied speed 
was considered Vmax. The training protocol was repeated 
five times weekly for six weeks (24). Vmax was measured 
weekly, and the new Vmax was taken as the animals’ 
relative speed for that week. Furthermore, in addition 
to the time spent on the main workout, 5 minutes for a 
warm-up and 5 minutes for cooling were also included 
in the protocol. Forty-eight hours after the end of the 
last training session, the animals were anesthetized with 
ketamine (100 mg/kg, IP) (Alfasan, Netherland) and 
xylazine (8 mg/kg) (Alfasan, Netherland), the liver tissues 
were extracted and stored at -80 °C until use.
 
Gene expression studies
 RNA isolation, cDNA synthesis, and real-time PCR
For RNA extraction, according to the manufacturer’s 
instructions (BioBasic, Total RNA EZ-10 Spin Column 
Kit, BS82312), the liver tissue (40 mg) was homogenized 
in a specific lysis buffer using a sonicator (Heilscher 
H200, Heilscher Inc., Germany). To synthesize the 
cDNA, 500 ng of total RNA was used according to the 
kit’s instructions (Parstous, A101161). Real-time PCR 
was performed using an ABI StepOnePlus device. Each 
real-time PCR contained 10 μL SYBR green (Ampliqon, 
A325402), synthesized cDNA (100 ng), and forward and 
reverse primers (1μl from each primer), and the reaction 
volume was raised to 20 μL by adding distilled water. 
The annealing temperature was determined according 
to each primer’s Tm and by gradient PCR performed in 
a Bio-Rad thermocycler (18s: 59 °C; CS: 60 °C; MCT1: 
60 °C; PGC-1α: 62 °C). The thermal protocol in real-
time PCR was as follows: 95 °C (5 min), 95 °C (15 sec), 
annealing temperature (45 seconds), 40 cycles, and after 
the thermal cycles were finished, the melt curve analysis 
was performed. We used 18S rRNA as a housekeeping 
gene. The relative expression of genes was determined 
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by the 2-∆∆Ct method (20, 21). Specific primers (Sinacolon 
Inc.) were used to perform real-time PCR measurements 
(Table 1) (25).

Statistical analysis
The collected data were analyzed using SPSS 22 software. 
Tukey’s post hoc and one-way ANOVA tests were used 
to assess inter-group relationships between the variables, 
and P < 0.05 was the criterion for statistical significance 
in all tests.

Results
MCT1 expression significantly increased in the HIIT and  
HIIT + L-carnitine groups compared to the control group 
(P < 0.001) (Figure 1). PGC-1α expression significantly 
increased in the HIIT + L-carnitine group compared to 
the control and L-carnitine groups (P < 0.001). Also, PGC-
1α expression significantly increased in the HIIT group 
compared to the control group (P < 0.001) (Figure 2). 
Moreover, CS expression significantly increased in all 
three groups, HIIT + L-carnitine, HIIT, and L carnitine, 
compared to the control group (P < 0.001) (Figure 3).

Discussion
The effect of HIIT exercise was assessed in the presence 
of L-carnitine on the expression of MCT1, PGC-1α, and 
CS genes in the liver of male Wistar rats. The study results 
showed that the expression of PGC-1α and CS genes 
increased in the HIIT + L-carnitine group compared to 
the control group. 

The present study showed increased PGC-1α expression 
in liver tissue following HIIT training and HIIT 
combined with L-carnitine. PGC-1α is a key regulating 
factor of mitochondrial biogenesis (26) by affecting a 
signaling pathway that involves PPAR-α, mitochondrial 
transcription factor A (TFAM), nuclear respiratory 
factor-1, and 2 (NFR-1 and -2). PGC-1α needs SIRT1 
to be regulated, which also requires AMPK activation 
by exercise or drugs (27); PGC-1α  deacetylation (28) 
through SIRT1 is facilitated by the increase in intracellular 
NAD + (26,29) caused by phosphorylated AMPK. PGC-
1α increases following the increase of AMPK with 
L-carnitine consumption, probably due to AMPK leading 
to the expression of PGC-1α (30).

Moreover, we demonstrated that the HIIT + L-carnitine 
group significantly increased MCT1 expression compared 

to other groups. Exercising above the lactate threshold 
causes lactate accumulation; the liver is necessary for 
drawing the lactate produced by exercise from the blood 
via the Cori cycle, and the MCT1 gene carries lactate to 
hepatocytes via the gluconeogenesis pathway (31). In our 
study, the expression of MCT1 as a lactate transporter 
increased in the HIIT group along with L-carnitine. HIIT 
exercise seems to allow lactate to be eliminated through 
gluconeogenesis. L-carnitine is an essential nutrient that 
protects cells in metabolic disorders through various 
physiological functions, such as antioxidant effects (32). 
We revealed that L-carnitine consumption in combination 
with HIIT increases the relative expression of MCT1, 
probably due to the antioxidant effect of L-carnitine, 
which has been reported in previous studies to prevent 
liver mitochondrial damage in favor of energy production 
(32). In the process of essential fatty acid beta-oxidization, 
fatty acids in the form of acyl-CoA cannot pass the 
mitochondrial membrane. However, their passage is 
made possible by the carnitine acyltransferase in the 
mitochondrial membrane after conjugating with carnitine 
to form CoA derivatives. L-carnitine accumulates to 
metabolize mitochondrial energy and its acyl derivatives, 
which increases mitochondrial function. L-carnitine also 
has antioxidant and free radical scavenging effects to 
prevent mitochondrial damage (33). 

Our findings showed that the expression of the CS 
gene in all three groups, HIIT + L-carnitine, HIIT, and L 
carnitine, increased significantly compared to the control 
group. The increase in PGC-1α expression is probably 
responsible for increased CS expression following exercise 
and L-carnitine intake. In support of our results, Merrill 
et al demonstrated that increased expression of AMPK-
PGC-1α is a possible reason for increased CS (34). CS is 
a valid biomarker for mitochondrial density and cellular 
metabolism, and the higher the CS activity, the higher 
the mitochondrial biogenesis. Moreover, CS activity as a 
biochemical marker is an oxidative adaptation in training 
intervention, and there is a relationship between changes 
in whole-body aerobic capacity and changes in CS activity 
(35). Also, acetylcholine can be transported to the cytosol 
as citrate and converted to fatty acids when the ATP and 
NADH ratio is disturbed in post-workout conditions. The 
increase in the CS gene is due to changes in mitochondrial 
enzymes that increase during exercise, which is associated 
with changes in oxygen delivery in favor of increased fat 

Table 1. The primer sequences used to evaluate the effect of  high-intensity interval training (HIIT) in the presence of L-carnitine on the expression of 
monocarboxylate transporter 1 (MCT1), peroxisome proliferator-activated receptor-γ coactivator-1α; (PGC-1α), and citrate synthase (CS) in the liver of male 
Wistar rats

Genes name Forward primer Reverse primer 

CS CGGTTCTTGATCCTGATGAGGG ACTGTTGAGGGCTGTGATGGC

MCT1 GCTGTCATGTATGCCGGA CAATCATAGTCAGAGCTGGG

PGC-1a ACCCACAGGATCAGAACAAACC GACAAATGCTCTTTGCTTTATTGC

18s GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA
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intake and a lower increase in lactate levels (36). 

Conclusion
The overall results show that performing HIIT exercises 
combined with L-carnitine supplementation can improve 
the response of markers of oxidative metabolism in the 
liver. This improvement is associated with increased 
MCT1, CS, and PGC-1α expression. Moreover, although 
L-carnitine supplementation was associated with 
increased MCT1, CS, and PGC-1α, the changes were not 
significant. Increasing these factors in the liver can play a 
protective role against some liver diseases, including non-
alcoholic fatty liver. 
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Figure 1. MCT1 gene expression relative to 18S rRNA. Gene expression was 
performed by real-time PCR in the studied groups (n = 8). Data are expressed as 
mean ± SED. P < 0.05 was considered as significant. # Statistically significant 
compared to the control group. MCT1: monocarboxylate transporter 1; HIIT: 
high-intensity interval training; LCAR: L-carnitine
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was performed by real-time PCR in the studied groups (n = 8). Data are 
expressed as mean ± SD. P < 0.05 was considered as significant. *Statistically 
significant compared to the control group. # statistically significant compared 
to the L-carnitine group. HIIT: high-intensity interval training; PGC1α: 
peroxisome proliferator-activated receptor-γ coactivator-1α; LCAR:L-carnitine

Figure 3. Citrate synthase gene expression relative to 18S rRNA. Gene 
expression was performed by real-time PCR in the studied groups (n = 8). 
Data are expressed as mean ± SED. P < 0.05 was considered significant. 
*Statistically significant compared to the control group. HIIT: high-intensity 
interval training; LCAR: L-carnitine
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