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lactate accumulation can activate the pathways of mitochondrial biogenesis in the heart muscle. The
purpose of this study was to investigate the effects of Pyruvate Dehydrogenase Kinase 4 (PDK4) inhibition
and endurance training on the gene expression of lactate carriers (MCT1 and CD147) in the cardiac muscle
of STZ-diabetic rats. In this experimental study, 64 male Wistar rats were selected and randomly divided into
eight groups after induction of diabetes with streptozotocin (STZ). The endurance training protocol was performed on a treadmill for 6 weeks. Intraperitoneal injection of DCA of 50 mg/ kg body weight was used for the
inhibition of PDK4 in the myocardium. Gene expression were measured using real-time PCR. The two-way
ANOVA test was used to analyze the data. The results of the study showed that after endurance training, the
expression of MCT1, PDK4, and CD147 genes increased significantly in line with each other (P < 0.05), and
by inhibition of PDK4 in the heart muscle, the expression of MCT1 and CD147 genes in the endurance training group + diabetes + DCA and in the diabetes group + DCA decreased significantly (P < 0.05). According
to the results of this study, it can be concluded that the repeated accumulation of lactate caused by exercise
training in diabetic patients decrease through mitochondrial adaptation by DCA injection and subsequently
oxidative stress can be reduced in cardiac tissue of diabetic patients and heart efficacy can be increased.
K e y w o r d s: gene expression, diabetes, lactate, endurance training, DCA.

P

atients with diabetes are at risk of death for
cardiovascular diseases [1, 2]. It has earlier been shown that the causes of death for
chronic heart failure in diabetic patients are approximately twice as high as those patients without
diabetes [1]. The term cardiomyopathy has recently
been used to diagnose cardiovascular dysfunction in
diabetics [3]. Physical activity affects many physio
logical systems in the body, including the structure
and function of the heart muscle [4]. Research has
shown that the heart muscle is adapted structurally
and efficiently to the type of stimulus provided by
physical activity (endurance or strength) (5). Lactate

can be oxidized into oxidative muscle and cardiac
muscle, converted to glycogen in fast contractions,
or converted to glucose in the liver and kidney
through the process of gluconeogenesis and returned
to the bloodstream. So, the substrate is constantly
exchanging in different cells and between different
tissues [6]. This transfer is carried out among different pH-dependent tissues and in the manner of
transporting the hydrogen ion via transporter monocarboxylates (MCTs) [7, 8]. MCT1 and MCT4 are
the isoforms that play the most important role in
regulating lactate flow through the cell membrane,
and it is expressed in cardiac muscle and skeletal
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muscles of humans and animals with a specificity
of movement and different locations [9]. The studies
have shown that physical activity [10], electrical
stimulation [11), and hypoxia have a significant effect on the expression of MCT1 in the heart muscle
[12]. MCT1 is mainly expressed through endurance
training and is related to the oxidative capacity of
the muscle [6]. The role of CD147, a glycoprotein,
is more prominent in investigating the mechanisms
that are effective in expressing lactate transporter. In
confirmation of this, cell culture studies have shown
that CD147 plays an important role in the expression
of normal MCT1 on the cell surface membrane [13].
Also, the role of CD147 in the delivery of MCT1 to
the surface of the membrane has been confirmed in
previous studies [14]. On the other hand, in rats that
the CD147 gene has been muted, the expression of
this transmitter has been reduced in spite of the presence of MCT1 mRNA [13]. On the other hand, the
heart demands very high energy and basically has no
energy reserves. Therefore, it must continuouslyrebuild the high levels of energy or adenosine triphosphate (ATP) at high speeds to maintain contractile
function and ion hemostasis [15]. Most ATP in mitochondria which are produced by oxidative phosphorylation and fatty acids and carbohydrates are primary energy substrates, with fatty acids representing
respectively 50-70 percent of ATP production [15].
But the diabetic heart cannot completely use glucose
due to insulin deficiency and therefore it needs to
use almost exclusively fatty acids for energy sources
[16, 17]. Previous research has shown that the decrease of glucose was done by DCA stimulation in
diabetic rats; it was also associated with stimulation
of glucose oxidation and inhibition of fatty acids oxidation in peripheral tissues of diabetic rats [18]. DCA
and some of its derivatives by activatingthe PDC,
which is a multifunctional set in the mitochondrial
matrix, and has the role of the gatekeeper in the association of cytoplasmic glycolysis with the tricarboxylic acid (TCA) cycle and oxidative phosphorylation; it is along with regulatingdiabetes and other
conditions that increase beta-oxidation of fatty acids
(such as endurance training) [19]. Also, the results of
research by Tobina et al. emphasize on the hypothesis that lactate accumulation during exercise is associated with mitochondrial biogenesis of exerciseinduced [20]. However, in spite of studies on lactate
carriers and its effects on the metabolism of diabetic
patients as well as DCA use, some research findings
are still highly controversial; and no research has
done to investigate the effect of DCA's use on the lac112

tate carriers' gene expression and its association with
aerobic training. So, considering the need to develop
therapeutic strategies for the prevention or treatment
of diabetes-related complications, and assuming that
the use of DCA after endurance training can be helpful in improving the changes of lactate carriers' gene
expression in the heart of diabetic patients, the need
for further research in this field is felt.
Materials and Methods
The present study is experimental (ethical code:
EE/97.24.3.70001/scu.ac.ir) and was conducted by a
post-test with the control group. In this study, 64
male Wistar rats at 8 weeks of age and weighing
200 ± 12 g were bought from the Physiology Research Center, Ahvaz Jundishapur University of
Medical Sciences, Iran. Rats were kept under the
conditions of 12-12 (the even split of 12 h of light and
12 hours of darkness) at 22 ± 2°C and 50% humidity,
fed with water and rats special food.
After one week and familiarity with the laboratory environment, rats were matched based on
the weight and were randomly divided into eight
healthy control groups (n = 7), healthy control group
+ dichloroacetate (n = 7), healthy endurance training
group (n = 7), healthy endurance training group + dichloroacetate (n = 8), diabetes control group (n =7),
diabetes control group + dichloroacetate (n = 8),
diabetes endurance training group (n = 8), diabetes
endurance training group + dichloroacetate (n = 8).
In the present study, to control PDK4 in the myocardium, daily intraperitoneal injection of DCA of
50 mg/kg body weight was used in normal saline
solution [21]. After completing the identification
protocol and following 12 hours of food deprivation,
induction of diabetes was done by intraperitoneal
injection of 50 mg/kg body weight of the streptozotocin solution (STZ) dissolved in citrate buffer
0.05 M with 4.5 pH [22]. The equivalent volume of
citrate buffer (M = 0.05, pH = 4.5) was also intraperitoneally injected to non-diabetic rats. 48 hours after
injection, with a small injury by lancet on the tail
vein, a drop of blood was placed on the glucometer
strip and the strip was measured by the glucometer
(Glucotrend 2, Roche Germany). Rats whose blood
sugar was higher than 300 mg/ dl were considered
diabetic. To ensure that rats' blood sugar did not return, it was measured at the end of the training program [23].
DCA. DCA was injected to rats intraperitoneally at 50 mg/kg body weight in the form of 24-hour

H. Rezaeinasab, A. Habibi, M. Nikbakht et al.

intervals, dissolved in methyl cellulose 400 cP and
combined with calcium gluconate[24].
Endurance training protocol. The protocol
was carried out for six weeks (five days/week). First,
training groups were trained for seven days with
a treadmill (model LE7800; Harvard Apparatus,
France) at a speed of 15 m/min for 20 min. Then, the
duration and speed were gradually increased over
the course of six weeks, so that in the final week
the speed reached 30m/min and the training time
reached 50 min/day, which was equivalent to 75%
of the maximum oxygen consumed. Electric shocks
were performed on the rats to make them complete
the training during the course of the experiment.
Control groups were kept in cages untreated during
the training period (Table 1) [25].
Seventy two hours after the last training session, 64 rats were anesthetized by intraperitoneal
injection of ketamine (90 mg/kg body weight) and
Xylazin (90 mg/kg body weight) and the myocardium was immediately removed and frozen in liquid
nitrogen and transferred to -80°C until used for further analysis.
qRT-PCR. Isol-RNA was used to extract
mRNA. About 100 milligrams of myocardium tissue was ground and homogenized in one milliliter of
Isol-RNA Lysis Reagent. Afterwards, the homogeneous product was centrifuged for 10 min at 12 000 g
and 4°C, the supernatant was removed, and transferred to a new micro tube. In the next step, 200 μl
of chloroform was added to the separated supernatant and vigorously stirred for 15 sec. Then, micro
tubes were re-centrifuged for 15 min at 12 000 g and
4°C. The aqueous phase was removed and 600 μl
of isopropyl alcohol was added and centrifuged at
12 000 g to extract total RNA. The concentration of
RNA and its purity were calculated by controlling
the ratio of 260/280 nm OD where values between
1.8 to 2 were defined as acceptable purity. Synthesis
of cDNA was carried out using Takara's cDNA synthesis kit, according to the manufacturer’s instructions. Expression of the desired genes was measured
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using real-time PCR and the results were quantified
using the 2-ΔΔCT formula [26]. PCR reactions were
performed using AMPLIQON RealQ Plus 2x Master
Mix Green High ROX. 40 cycles were considered for
each cycle of Real-Time PCR. And the temperatures
of each cycle were set at 94°C for 20 sec, 60-58°C for
30 sec and 72°C for 30 sec. GAPDH was used as the
referencegene to measure relative gene expression
and meltingcurve analysis was performed to control
the specificit y of the product. The sequence of the
primers used in the study is reported in Table 2.
Sequences for the forward and reverse primers
used in qRT-PCR are given with their length in base
pairs (bp), the Gene Bank Accession Number and
name for the gene. Table 2.
Statistical method. Shapiro-Wilk test was used
to determine the normality of the data and Levine’s
test was used to test the homogeneity of the varian
ces. Comparisons of variables between studied
groups were carried out by using Two-Way analysis
of variance (TWO-WAY ANOVA) test. When a significant effect was found, post-hoc Tukey’s analysis
was performed in order to pair wise comparison. All
statistical analyses were done at a significance level
of p = 0.05.
Result and Discussion
The results of the study showed that PDK4 gene
expression in the diabetes group (P = 0.001), control
+ DCA group (P = 0.002), diabetes + DCA group
(P = 0.001), endurance training group (P = 0.022),

T a b l e 2. Mouse-specific primer pairs used for quantitative RT-PCR

GAPDH
MCT1
CD147
PDK4

Forward
CATACTCAGCACCAGCATCACC
TCAGTGTTGGATGTGGTGAATGG
TTCACCTTCCCCACACACTTC
TATCGACCCCAACTGCGATG

Reverse
AAGTTCAACGGCACAGTCAAGG
TTGGACTAGAGGGTTAGGG
TTCACCTTCCCCACACACTTC
TGGATTGGTTGGCCTGGAAA

bp
121
102
146
243
113
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T a b l e 3. Physical characteristics of groups
DM+
TRA

DM+
TRA+
DCA

211 ± 5

205 ± 11

209 ± 6

208 ± 10

209 ± 7

188 ± 10

168 ± 11

216 ± 14

182 ± 12

163 ± 12

149 ± 6

103 ± 6

107 ± 8

108 ± 10

440 ± 81

490 ± 61

412 ± 77

472 ± 58

111 ± 6

107 ± 8

108 ± 10

407 ± 69

328 ± 52

274 ± 32

178 ± 28

TRA

TRA+
DCA

207 ± 8

208 ± 9

223 ± 14

198 ± 11

104 ± 11

110 ± 14

114

9

PDK4

8
7
6
5
4
3
2
1

C

A

A
A+
D

D

M

+T
R

A+
D

+T
R

TR

M
D

C

A

A
TR

C
+D
M

D

N
C

O

A

A
C

M

T+
D

D

T

0

N

diabetes + endurance training group (P = 0.009), endurance training + DCA group (P = 0.027) and diabetes + endurance training + DCA group (P = 0.001)
was higher compared to the control group. Also
PDK4 gene expression in the control + DCA group
(P = 0.003), endurance training group (P = 0.001),
diabetes + endurance training group (P = 0.007) and
endurance training + DCA group (P = 0.006) was
lower compared to the control group (Fig. 1).
The MCT1 gene expression in the diabetes
group was higher compared to the control group
(P = 0.011) but in diabetes + DCA group (P = 0.011),
endurance training group (P = 0.022), and diabetes
+ endurance training + DCA group (P = 0.001) was
lower compared to the control group. Also the MCT1
gene expression in control + DCA group (P = 0.028),
diabetes + DCA group (P = 0.003), endurance
traininggroup (P = 0.006), diabetes + endurance
traininggroup (P = 0.008), endurance training +
DCA group (P = 0.033) and diabetes + endurance
training + DCA group (P = 0.001) was lower compared to the diabetes group (Fig. 2).
The CD147 gene expression in the diabetes
group (P = 0.002) and diabetes + endurance training
group (P = 0.028) was higher compared to the control group but in diabetes + DCA group (P = 0.001),
endurance training group (P = 0.024) and diabetes + endurance training + DCA group (P = 0.018)
was lower compared to the control group. Also the
CD147 gene expression in control + DCA group
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Fig. 1. The normalized gene expression of PDK4 in
different groups. From left to right, control group
(CONT) (n = 7); diabetes group (DM) (n = 7); control + DCA group (CONT+DCA) (n=7); diabetes
+ DCA group (DM+DCA) (n=8); healthy group +
training group (TRA) (n=7); diabetes + training
group (DM+TRA) (n = 8); healthy + training + DCA
group (TRA+DCA) (n = 8); diabetes + training +
DCA group (DM+TRA+DCA) (n = 8). Data are expressed as mean ± SD. *P < 0.05 and **P < 0.01
compared with the control group. #P < 0.05 and
##
P < 0.01 compared with the diabetic group
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fig. 2. The normalized gene expression of MCT1 in
different groups. From left to right, control group
(CONT) (n = 7); diabetes group (DM) (n = 7); control + DCA group (CONT+DCA) (n = 7); diabetes
+ DCA group (DM+DCA) (n = 8); healthy group +
training group (TRA) (n = 7); diabetes + training
group (DM+TRA) (n = 8); healthy + training + DCA
group (TRA+DCA) (n = 8); diabetes + training +
DCA group (DM+TRA+DCA) (n = 8). Data are expressed as mean ± SD. *P < 0.05 and **P < 0.01
compared with the control group. #P< 0.05 and
##
P < 0.01 compared with the diabetic group

Fig. 3. The normalized gene expression of CD147 in
different groups. From left to right, control group
(CONT) (n = 7); diabetes group (DM) (n = 7); control + DCA group (CONT+DCA) (n = 7); diabetes
+ DCA group (DM+DCA) (n = 8); healthy group
+ training group (TRA) (n = 7); diabetes + training group (DM+TRA) (n = 8); healthy + training +
DCA group (TRA+DCA) (n = 8); diabetes + training + DCA group (DM+TRA+DCA) (n=8). Data
are expressed as mean ± SD. *P < 0.05 and **P <
0.01 compared with the control group. #P < 0.05 and
##
P < 0.01 compared with the diabetic group

(P = 0.008), diabetes + DCA group (P = 0.001),
endurance traininggroup (P = 0.004), diabetes +
endurance training group (P = 0.036), endurance
training + DCA group (P = 0.007) and diabetes +
endurance training + DCA group (P = 0.001) was
lower compared to the diabetes group (Fig. 3).
The present study was conducted to investigate
the role of DCA (inhibition of PDK4) on expression of MCT1 and CD147 genes following endurance training. The most important results were that
the expression of PDK4, MCT1, and CD147 genes
increased in line with each other after enduran
ce trainingand the expression of lactate carriers
decreased both in the endurance training group +
diabetes + DCA and in the diabetes group + DCA
by inhibiting PDK4. In the present study, DCA has
been used which is a halogenated carboxylic acid
and which lead to increased PDC activity in animal
[27], human muscle [28], and inhibition of PDK4,
has been used. It performs this action competitively

by inhibiting PDK2 and PDK4. DCA is known as a
PDC activator [29]. Among the more important features of DCA was its ability to reduce blood glucose
levels in diabetic rats, but there was no changes in
the level of DCA-induced glucose in the non-diabetic
animals [30]. DCA activates PDC in the mitochondria, followed by PDK4 leads to possible glucose
control and increase of aerobic metabolic in mitochondria [19]. On the other hand, fatty acids and
glucose are the main fuel in the heart of ordinary
people (non-diabetic), while lactic acid, ketones, and
amino acids play a minor role [31, 32]. The natural
heart has a significant amount of metabolic flexibili
ty that allows changing the type of fuel between
fatty acid and carbohydrate oxidation depending on
the workload of the heart, the energy consumed in
proportion to the hormonal and nutritional activity
and mode [31, 32]. The diabetic heart cannot fully
utilize glucose due to its insulin resistance, and may
therefore be forced to use almost exclusively fatty
115
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acids as an energy source [33]. The diabetic heart
compared to non-diabetic heart increases the level of
fatty matter or cardiac steatosis which results in oxidative stress and cardiac dysfunction [34]. However,
it is not clear how the conditions of heart oxidation
and metabolic flexibility change in diabetic patients.
The study of Mizuno Y et al. shows that plasma
levels of FFAs and glucose are higher in the heart
and the amount of absorption of glucose, lactate and
myocardial pyruvate is lower [35]. The results of
this study were consistent with the current research.
These findings suggest that the heart of diabetes
uses some of the carbohydrates (glucose, lactate
and pyruvate) as energy sources [17]. However, the
pathophysiological mechanism of insulin resistance
in diabetic patients of second type can be verified
by several factors [36]. The availability of substrate
and substrate competition between lactate, the free
fatty acids and glucose for oxidation are proposed
as two mechanisms for increasing insulin resistance
and glucose intolerance [37]. The increase of lactate
carriers' expression has been seen in diabetic patients (36) which is in line with the results of this
study. On the other hand, the induction of diabetes in
the present study increased the expression of MCT1,
CD147 in the diabetic group and their mean was significantly higher than the control group. This result
is confirmed by previous studies [38, 39]. It has also
been shown in previous study that since the CD147
is needed for natural expression of MCTs, the studies
that used the inhibition of CD147 expression have
reported a clear reduction in the MCT1 expression
and have confirmed that the CD147 is an auxiliary
protein that is required for the natural expression of
MCTs [40]. recent studies have suggested that the
MCT1 is a carrier of lactate heteromeric, consisting
of a monocarboxylated transducer unit and a CD147
subunit [38, 39]. In this study, the DCA injection following endurance training reduced the expression of
MCT1 and CD147 in the heart muscle. In the present
study, the expression of CD147 in the heart muscle
decreased in the diabetic groups by inhibiting PDK4
which could express this factor as a regulatory factor in the MCT1 expression in the heart muscle in
response to exercise. Prescription of DCA leads to
enhance mitochondrial mRNA genes that are as a
part of metabolism adaptation induced by aerobic
exercise. These adaptations are expressed in terms
of enhancement of mitochondrial enzyme activi
ty and fatty acid transfer protein (FAT/CD36), and
glycogen concentration. These results indicate that
116

repeated lactate accumulation in sports exercises in
diabetic patients may decrease with mitochondrial
adaptation due to exercise training. In the present
study after DCA injection for 6 weeks and inhibition
of PDK4 enzyme, the expression of PDK4 increased
at the mRNA level which is a natural response to
inhibit this key enzyme in the metabolism of aerobic
energy [29]. However, Tomohiro Matsuhashi et al.
showed in a study that the stable activation of PDH
enzyme by DCA leads to excessive CoA production
(increased oxidation in the Krebs cycle) and leads
to histone acetylation which is one of the important
epigenetic processes that regulates the expression
of genes. Hence, DCH activation by DCA helps to
change the heart proteins which at least partly form
a molecular basis for the DCA anti-rebuilding effect.
It can be aligned with the results of the present study
to use DCA injection [29].
Conclusion. Overall, the results of this study
showed that endurance training increased the expression of MCT1 and CD147 in the heart muscle
of diabetic rats that was decreased with PDK4 inhibition by DCA, the MCT1 and CD147 gene expression declined to some extent. Since lactate is
used in conjunction with other non-carbohydrate
sources as an energy source rather than glucose in
the diabetic heart of humans, but the high levels of
lactate in diabetic patients can lead to a potentially
life-threateningevent due to repeated accumulation
of lactate and it also increases oxidative stress in
the heart tissue. Therefore, according to the results
of this study, it can be expected that by inhibiting
PDK4 through DCA injection, the repeated accumulation of lactate from sport exercises reduce in
diabetic patients by mitochondrial adaptation. And
subsequently reduced oxidative stress in the heart
tissue of diabetic patients and increased cardiac efficiency.
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Накопичення лактату може активувати
мітохондріальний біогенез в серцевому м’язі.
Метою цього дослідження було вивчити вплив
інгібування
піруватдегідрогенази
кінази-4
(PDK4) і фізичних навантажень (тренування на
витривалість) на експресію генів транспортерів
лактату (MCT1 і CD147) в серцевому м’язі щурів зі стрептозотоциніндукованим діабетом.
Експеримент проводили на 64 щурах-самцях
лінії Wistar, які після індукування діабету було
випадковим чином розділено на вісім груп. Тренування на витривалість виконували на біговій
доріжці протягом 6 тижнів. Активність PDK4 в
міокарді інгібували введенням дихлороцтової
кислоти (DCA), 50 мг/кг маси тіла. Експресію
генів вимірювали за допомогою ПЛР у реальному часі. Статистичну обробку даних здійснювали за допомогою двофакторного тесту ANOVA.
Результати дослідження показали, що після тренувань на витривалість експресія генів MCT1,
PDK4 та CD147 вірогідно зростала (P < 0,05), а
за інгібування PDK4 у серцевому м’язі експресія
генів MCT1 та CD147 статистично зменшувалась
(Р < 0,05) у групах: фізичне навантаження + діабет + DCA та діабет + DCA. Дійшли висновку,
що накопичення лактату за фізичного наванта-

ження у хворих на цукровий діабет зменшується
завдяки мітохондріальній адаптації за ін’єкції
DCA, що зумовлює зниження окислювального
стресу і збільшує ефективність роботи серця.
К л ю ч о в і с л о в а: експресія генів, піруватдегідрогенази кіназа-4 (PDK4), цукровий діабет, лактатні транспортери, тренування на витривалість, дихлороцтова кислота.
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