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Abstract We hypothesized that a part of therapeutic
effects of endurance training on insulin resistance is me-
diated by increase in cardiac and skeletal muscle mito-
chondrial lactate transporter, monocarboxylate transporter
1 (MCT1). Therefore, we examined the effect of 7 weeks
endurance training on the mRNA and protein expression
of MCT1 andMCT4 and their chaperon, CD147, on both
sarcolemmal and mitochondrial membrane, separately, in
healthy and type 2 diabetic rats. Diabetes was induced by
injection of low dose of streptozotocin and feeding with
high-fat diet. Insulin resistance was confirmed by homeo-
stasis model assessment-estimated insulin resistance index
and accuracy of two membranes separation was con-
firmed by negative control markers (glucose transporter
1 and cytochrome c oxidase. Real-time PCR and western
blotting were used for mRNA and protein expression,

respectively. Diabetes dramatically reduced MCT1 and
MCT4 mRNA and their expression on sarcolemmal
membrane whereas the reduction in MCT1 expression
was less in mitochondrial membrane. Training increased
the MCT1 mRNA and protein expression in both mem-
branes and decreased insulin resistance as an adaptive
consequence. In both tissues increase in CD147 mRNA
was only parallel to MCT1 expression. The response of
MCT1 on sarcolemmal and mitochondrial membranes
was different between cardiac and skeletal muscles
which indicate that intracellular lactate kinetic is tissue
specific that allows a tissue to coordinate whole organ-
ism metabolism.
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Introduction

Insulin resistance—the decreased ability of insulin to
regulate glucose utilization by tissue—is a major feature
of noninsulin-dependent diabetes mellitus (NIDDM)
[12]. The pathophysiological mechanism of insulin re-
sistance in type 2 diabetic patients is multifactorial [4].
Substrate availability and substrate competition between
lactate, free fatty acids, and glucose for oxidation have
been suggested as two mechanisms to exacerbate muscle
insulin resistance and glucose intolerance [12]. An in-
crease in blood lactate is often seen in type 2 diabetic
patients, ranging from 0.6 mmol/l in lean subjects to 0.8
and 1.1 mmol/l in obese and NIDDM patients, respec-
tively [14]. This hyperlactatemia is also present in skel-
etal muscle that suppresses the uptake and intracellular
metabolism of glucose by impairment in insulin signal-
ing pathways [11].

The lactate concentration in muscle is a result of its
flux into and out of the muscle cells. Transport of lactate
across the plasma membrane is performed in a pH-
dependent manner and mediated by a family of proton-
coupled monocarboxylate transporters (MCTs) [1, 5].
The two most common isoforms found in cardiac and
skeletal muscles are MCT1 and MCT4, and their distri-
bution is tissue specific [1, 7]. MCT1 is highly expressed
in oxidative tissue and facilitates lactate uptake at both the
sarcolemmal andmitochondrial membranes [5]; whereas,
MCT4 is found predominantly in glycolytic fibers and its
putative role is lactate extrusion [5]. MCTs expressions
are regulated by variety of stimuli. Contractile activity
[6], exercise [15], and hypoxia [35] increase their expres-
sion while denervation [30], hind limb suspension [16],
and hyperlactatemia have a negative effect [23].

The latter have been reported in type 2 diabetic pa-
tients in both plasma [31] and skeletal muscle [33], and
disturbance in whole body lactate turnover appears to be
important in the development on insulin resistance. The
increased plasma lactate level accelerates hepatic gluco-
neogenesis and elevates fasting plasma glucose as a
consequence [31]. On the other hand, elevated concen-
tration on lactate in skeletal muscle can compete with
glucose for aerobic oxidation in peripheral tissue [12].

It has been suggested that diabetic hyperlactatemia
found in type 2 diabetes could be more related to a
decreased in lactate uptake [17] and the decrease in
MCT1 and MCT4 expressions in cardiac and skeletal
muscles as the major consumers of lactate [17].
Coexpression studies in cultured cells suggest that

CD147, a ubiquitous type I single-span transmem-
brane glycoprotein of the Ig superfamily [13], is re-
quired for normal expression of MCT1 and MCT4
[13]. A previous study showed that CD147 play an
important role for delivery of MCT1 and MCT4 to the
plasma membrane [24] and CD147 knockout mice fail
to express MCT1, MCT3, and MCT4 in retinal cells,
even when their mRNAs are present [36]. However,
there is little information about the CD147 expression
in type 2 diabetes, and the role of CD147 in the
regulation of MCT1 and MCT4 expressions in type
2 diabetes remains elusive. Therefore, the aim of this
study is to investigate (1) the MCT1, MCT4, and their
chaperon CD147 expression in heart and skeletal mus-
cle of type 2 diabetic rats and (2) the effects of endur-
ance training on MCT1 and MCT4 expressions in both
sarcolemmal and mitochondrial membranes as rate-
limiting sites for lactate uptake and oxidation, respec-
tively and their consequences on plasma and muscle
lactate concentration and insulin resistance.

Method

Animals

Male Wistar rat (5 weeks old) were purchased from
Pastor Institute (Tehran) and housed in an air-
conditioned room (temperature, 22±3 °C) on a 12-h
light–12-h dark cycle. All rats were fed rat chow for
2 weeks ad libitum, and their body weights were mea-
sured daily. After an acclimation period of 2 weeks, the
animals were assigned randomly into four groups,
according to their body weight: control (C; n=10),
trained (T; n=10), diabetic control (DC; n=15), and
trained diabetic (TD; n=15). Four animals—three and
one from DC and TD, respectively—were died during
the experiment and nine rats from each group were used
for final measurements. Ethical approval for experimen-
tal protocol was obtained from the ethical Committees
on Animal Care at the endocrinology and metabolism
research center of Tehran University.

Diabetes induction procedure

At the onset of 8 weeks of age, the rats from diabetic
groups were fed high-fat diet (Table 1) for 2 weeks and
then diabetes was induced by intraperitoneal injection
of streptozotocin (STZ; 35 mg/kg, ip) in a 0.1-M
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citrate buffer (pH 4.5) [43]; 48 h after the STZ injec-
tion, nonfasting glucose concentrations were deter-
mined via blood sample that were taken from the
orbital sinus. Blood collected via heparinized tube
and plasma separation was performed by centrifuga-
tion at 3,000×g for 10 min at 4 °C. Plasma glucose
concentration was determined by glucose oxidase
method [48], and the animal showing FBG of
≥300 mg/dl were considered as type 2 diabetic [43].
Feeding high-fat diet was continued for 7 weeks for
diabetic groups; whereas, the animals of the C and T
groups were given standard pellet diet.

Training intervention

Endurance training was started at 10 weeks of age and
performed every day for 7 weeks. Initially, the TD and T
groups were familiarized with a motor-driven treadmill
running at low speeds (15–20m/min) for 20min/day for
the first 5 days. Thereafter, the speed and duration were
increased progressively over the 7-week period until the
animals were running at 30 m/min for 35min for the last
2 weeks. The control and sedentary diabetic animals
remained sedentary in their cages for the duration of
the 7-week training program.

Collection of blood and tissue samples

After the end of experimental protocol, all the animals
were fasted overnight but allowed free access to water.
The following morning, animals were anesthetized
(ketamin (90 mg/kg) and xylazin (10 mg/kg), ip),
and the soleus, extensor digitorumlongus (EDL) mus-
cles, and heart were excised rapidly, frozen in liquid
nitrogen, and stored at −80 °C for subsequent analysis.
Blood sample was withdrawn by heart puncture,

plasma separated as above, and stored at −80 °C.
These samples were used for measurement of FBG,
fasting plasma insulin, fasting serum lactate concen-
tration, and plasma lipid profile.

Insulin resistance confirmation

Two following conditions were considered for selec-
tion of insulin resistance type 2 diabetes rats:

1. Fasting plasma insulin concentration above
60 pmol/l

2. homeostasis model assessment-estimated insulin
resistance (HOMA-IR) index of >2.5 [29].
HOMA-IR values were estimated using the fol-
lowing formula:

HOMA� IR index

¼ fasting plasma insulin μU
.
ml

� �

� fasting plasma glucose mmol
.
l

� �.
22:5

Normal if <2.5, marker of insulin resistance if
≥2.5 [29]

Biochemical measurement

Plasma glucose was determined by the glucose oxi-
dase method [48]. Plasma insulin concentration was
measured by ELISA technique (mouse/rat insulin
ELISA kit, cat. No. EZRMI-13K). The sensitivity of
the assay was 0.1 ng/ml and the intra- and inter-assay
coefficients were lower than 10 %. Total cholesterol
and triglycerides were determined by the clinical lab
of our research center. Plasma and muscle lactate
concentrations were determined by lactate assay kit
(cat. No. K607-100, Biovision) as follows: 50 μl of
serum sample aliquot was mixed with 200 μl of ice-
cold 7 % perchloric acid and muscle lactate content
was determined from perchloric acid extracts. Approx-
imately 50 mg of muscle samples were powdered and
incubated for 10 min in 8 vol. of ice-cold 6 %
perchloric and centrifuged at 1,500×g for 10 min at
4 °C [21]. The supernatant was removed and then
lactate concentration was measured according to man-
ufacturer’s instructions for both muscle and serum
samples.

Table 1 Composition of high fat diet

Ingredients Diet (g/kg)

Powdered NPD 365

Tallow 310

Casein 250

Cholesterol 10

Vitamin and mineral mix 60

DL-methionine 03

Yeast powder 01

Sodium chloride 01
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Western blotting

Approximately 150–200 mg from each tissue was
powdered with cold mortar and pestle in liquid nitro-
gen and sarcolemmal fractions (SL) and mitochondrial
fractions (MI) were isolated as previously described
[10]. Briefly, tissue were homogenized in ice-cold
solution A (210 mM sucrose, 2 mM EGTA, 40 mM
NaCl, and 30 mM HEPES, pH 7.4). The homogenate
was centrifuged at 1,000×g for 10 min at 4 °C to
eliminate erythrocyte material. Pellet was removed
and centrifuged at 10,000×g for 20 min at 4 °C. The
pellet was washed in 1 ml of buffer B (1 mM EDTA
and 10 mM Tris, pH 7.4) and then resuspended in
100 μl of buffer C and 33 μl of 16 % SDS and
centrifuged at room temperature for 20 min to remove
any insoluble materials. This sample was considered
as MI fraction. Supernatant was diluted with 0.75 ml
of buffer C (1.167 M KCl and 58.3 mM
Na4P2O7·10H2O, pH 7.4) and centrifuged in a
Beckman ultracentrifuge at 230,000×g for 120 min at
4 °C to remove contractile proteins. The pellet was
washed in 1 ml of buffer B and resuspended in 100 μl
of buffer C and 33 μl of 16 % SDS and centrifuged at
room temperature for 20 min to remove any insoluble
materials. Supernatants containing SL were aliquoted
and stored at −80 °C for subsequent analysis. Total
protein was determined via Bradford technique using
bovine serum albumin as a standard; 20 μg total protein
of each sample was loaded and separated on 12 % SDS-
PAGE and transferred by electroblotting onto
polyvinylidenedifluoride membranes (Amersham).
Membranes were incubated for 1 h at room temperature
on an orbital shaker in 10 % blocking buffer (150 mM
NaCl, 0.1 % Tween 20, and 50 mM Tris; pH 7.5
(TTBS)), 5 % skimmed milk and incubated in primary
antibody overnight at 4 °C (in Tris-buffered saline).
Membranes were washed once for 15 min and then
twice for 5 min in TTBS and then incubated for
90 min at room temperature with secondary antibody
in Tris-buffered saline. Membranes were washed as
above, and protein expression was then detected by
enhanced chemiluminescence according to manufacture
instructions. Autoradiographic film were exposed to
membranes and developed. Molecular weight standards
were used to identify appropriate antibody binding.
Band densities were determined with ImageJ densitom-
eter software. Rat erythrocyte ghost was used as a pos-
itive control and to fix an arbitrary unit to allow

comparison between experiments (1 equals the MCT1
signal generated by 5 μg of rat erythrocyte ghost).

Rat erythrocyte ghost preparation

Fresh blood from a rat was mixed with 7 vol. of acid-
citrate-dextrose buffer (75 mM sodium citrate, 38 mM
citric acid, and 138 mM D-glucose) and centrifuged at
16,000×g. The supernatant and buffy coat are re-
moved and pellet washed thrice in 66 mM NACL.
The sedimented cell was diluted in 66 mM NaCl for
25 % cell suspension. Cell suspension mixed with
hemolyzed buffer (1 mM EDTA, 9.64 mM NaCl,
3.61 mM Na2HPO4, and 1.2 mM KH2PO4; pH 7.2)
in 1:7 volume ratio and placed on ice for 20 min. The
solution was centrifuged at 20,000×g for 15 min at
4 °C, and pellet diluted with ten times volume of
buffer containing 9.6 mM Tris-HCl, 20 mM NaCl;
pH 7.2) and washed once in this buffer and again in
buffer containing 4.8 mM Tris-HCl and 10 mM NaCl.
Pellet washed once in 100 mM KCl and two times in
water and diluted in CO2-free water [41].

Real-time PCR

Tissue was powdered with cold mortar and pestle and
total RNAwas isolated using Isol RNA-Lysis reagent.
Approximately 50 mg of powdered tissue was added
to 1 ml ice-cold Isol and homogenized. Homogenates
were centrifuged at 12,000×g for 10 min at 4 °C to
remove pellet. Chloroform (200 μl) was added to the
supernatant fraction and shaken vigorously for 15 s.
The organic and aqueous phases were separated by
centrifugation at 12,000×g for 15 min. The aqueous
phase was removed, 600 μl isopropanol was added,
and RNAwas isolated according to the manufacturer’s
instructions. RNA concentration and purity was
estimated by OD 260/280.

cDNA synthesis was performed with 1 μg RNA in a
total reaction volume of 20 μl using random hexamer
oligonucleotides. Reverse transcriptase reactions were
performed according to the manufacturer’s instructions.
Quantitative real-time PCRwas performed using a 7300
Real-Time PCR System (Applied Biosystems, Step
One, Germany). The PCR reaction was carried out using
SYBR Green II, and ROX was used as a reference dye.
The thermocycling conditions were: 10 min at 95 °C,
followed by 40 cycles of 95 °C for 15 s and 60 °C for
60 s. The primer sequences used are listed in Table 2.
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Gene expressions were expressed relative to the
expression of the 18S housekeeping gene. To avoid
detection of nonspecific PCR products, the purity of
each amplified product was confirmed using a melting
curve analysis. Data quantification was carried out
using the 2−ΔΔCT method [26]. Primer amplification
efficiencies were determined using serial cDNA di-
lutions and should be approximately equal [26].

Statistical analysis

Data are expressed as means±SE. The difference be-
tween variables calculated using one-way ANOVA
completed with Tukey’s post hoc test. In all compar-
isons, the significant level was set at α=0.05.

Results

Body weight

At the start of the study, there were no differences in
body weight between the four groups of animals. In-
crease in the bodyweights of the diabetic groups slightly
decreased in the first few days after the onset of diabetes,
and then body weight continue to increase normally.

After 3 weeks, the difference in body weight between
the DC group and others was significant (P<0.05) and
did not return to a nonsignificant level up to the end of
the study.

Plasma glucose and insulin concentration and HOMA-IR
index

The plasma glucose, insulin, TG, total cholesterol, and
HOMA-IR index values in four groups are shown in
Table 3. As expected, at the end of the study, in the DC
and TD groups, plasma glucose concentrations were
higher than both C and T groups (P<0.01; Table 3).
Compared with the DC, endurance training signifi-
cantly reduced plasma glucose concentrations in the
TD, but the difference was still significant between the
TD and both C and T groups. Plasma insulin and
HOMA-IR index, measured at the end of the 7-week
study were significantly higher in the DC and TD
groups, in comparison to sedentary and trained ani-
mals (P<0.01; Table 3). However, with training,
both plasma insulin and HOMA-IR index at rest
were significantly decreased in the TD group than
DC animals (P<0.05; Table 3). The difference was
still significant between the TD and both C and T
groups (P<0.01; Table 3).

Table 2 Primer sequences used for real-time PCR

Gene Forward primer (5′ to 3′) Reverse primer (5′ to 3′) Size (bp)

MCT1 GCTGTCATGTATGCCGGAG CAATCATAGTCAGAGCTGGG 204

MCT4 GCTGGCTATGCTGTATGGC TTGAGAGCCAGACCCAAGC 185

CD147 AGGACCGGCGAGGAATAGGA TGCAAGCACTGGGAGTGGAC 201

18S GTTGGTTTTCGGAACTGAGGC GTCGGCATCGTTTATGGTCG 206

Table 3 Groups characteristic at the end of the study

Variable Control Trained Diabetic control Trained diabetic

Weight (g) 299.79±30.81a 303.82±26.06a 18.14±331.7 291.17±25.21a

Fasting glucose (mg dl−1) 106.4±9.26a 101.62±9.02a 394.44±48.74 301.7±47.95a, b

Fasting insulin (nmol/l) 6.25±1.15a 5.73±.68a 1.12±10.55 8.95±.78a, b

HOMA-IR index 1.62±.24a 1.45±.19a 1.44±10.48 1.31±6.68a, b

Triglyceride (mg dl−1) 33.8±4.4a 35.7±7.1a 114.6±12.4 46.14±5.1a

Cholesterol (mg dl−1) 48.4±5.3a 43.5±6.07a 108.3±10.1 47.6±9.1a

a Significant difference with diabetic control
b Significant difference with control
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Plasma and lactate concentration

Blood lactate concentrations, measured at rest at
the onset of the study did not significantly differ
among four groups although higher values were
found in diabetic groups in comparison to healthy
animals (Table 4). In contrast, at the end of the 7-
week study in the DC animals, the resting plasma
lactate concentration was significantly higher than
the T and C groups (P<0.01; Table 4). Endurance
training decreased plasma lactate concentrations in
the TD but the difference was not significant with
DC.

At the end of the study, soleus lactate concen-
tration in the DC was significantly higher than
the T and C (P<0.01; Table 4) and TD groups
(P<0.05). However, with training, the soleus
lactate concentration at rest was lowered to the
levels observed in the C animals where no sig-
nificant difference was observed (Table 4). Sim-
ilar results were found for EDL muscle.

In cardiac, no significant difference was observed
between DC and C groups and endurance training
significantly decreased the cardiac lactate concentra-
tion in the T groups in comparison to the TD and DC
(P<0.01; Table 4) and C groups (P<0.05).

MCT1 and MCT4 expressions

Diabetes-induced changes on MCT1 expression In
SL fraction, after 7 weeks of type 2 diabetes induction,
the MCT1 expression of the soleus (P<0.01), EDL
(P<0.01), and heart (P<0.01) were significantly less
in the DC in comparison to the C group (Fig. 1). No
difference was observed among MCT1 expression in
MI fractions in any of the above tissues in DC than C
group.

Effects of training on MCT1 expression After 7 weeks
of endurance training, the MCT1 expression in SL
fractions of the soleus (P<0.05), EDL (P<0.01), and
heart (P<0.01) were significantly higher in T in com-
parison to DC group. Also in MI fractions, significant
differences, soleus (P<0.01), EDL (P<0.01), and
heart (P<0.01), were found between DT and CD.

There were also training-induced increases in MCT1
expression in SL fractions of the soleus (P<0.01) and
EDL (P<0.05) in the T group in comparison to C. The
significant differences soleus (P<0.05), EDL (P<0.01),
and heart (P<0.01) were also observed between these
groups (P<0.01; Fig. 1).

Diabetes-induced changes on MCT4 expression After
7 weeks of type 2 diabetes induction, the MCT4 expres-
sion of the soleus (P<0.01) and EDL (P<0.05) were
significantly less in the DC in comparison to theC group
(Fig. 2).

Effects of training on MCT4 expression After 7 weeks
of endurance training, the MCT4 expression in the
soleus (P<0.05) and EDL (P<0.01) were significantly
higher in the T in comparison to DC group. Also,
significant differences in MCT4 expression only ob-
served in the EDL (P<0.01) between T and C groups
(P<0.05).

MCT1 and MCT4 mRNA

mRNA content was determined among tissue, and for
below analyses, the data in the C control group have
been set to 100 % for each tissue. After 7 weeks of type
2 diabetes induction, the MCT1 mRNA content of so-
leus (P<0.01), EDL (P<0.01), and heart (P<0.05) de-
creased in DC as compared with the C group (Fig. 3).

Table 4 The plasma, soleus, EDL, and heart lactate concentration at the end of the study

Variable Control Trained Diabetic control Trained diabetic

Plasma lactate concentration 1.91±0.31a 1.7±0.48a 3.84±0.56b 3.5±0.47b

Soleus lactate concentration 15.68±1.33 13.98±1.14a 17.31±1.54 15.79±0.78a

EDL lactate concentration 18.01±0.97a 16.56±0.71a, b 20.71±0.93b 18.97±0.48a

Heart lactate concentration 10.89±0.98 9.36±0.63a, b 12.04±1.37 11.79±0.73

a Significant difference with diabetic control
b Significant difference with control
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Effects of training on MCT1 mRNA After 7 weeks of
endurance training, the MCT1 mRNA content of so-
leus (P<0.05), EDL (P<0.01), and heart (P<0.01)

were significantly higher in the T than DC group
(Fig. 3). Significant difference was also found for the
MCT1 mRNA in EDL (P<0.01) in the T and TD.

Fig. 1 MCT1 expression of EDL, soleus, and heart at both SL and
MI fractions at the end of the study relative to control:MCT1 signal
generated by 5 μg of rat erythrocyte ghost. Values are means±SD,

C (n=9), T (n=9), DC (n=9), and TD (n=9). *P<0.05; **P<0.01,
significant difference between groups

Fig. 2 MCT4 expression of
EDL and soleus at the end of
the study relative to control:
MCT1 signal generated by
5 μg of rat erythrocyte
ghost. Values are means±
SD, C (n=9), T (n=9), DC
(n=9), and TD (n=9).
*P<0.05; **P<0.01, signif-
icant difference between
groups
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After 7 weeks of type 2 diabetes induction, the
MCT4 mRNA content of soleus (P<0.01) and EDL
(P<0.05) decreased in the DC as compared with the C
group (Fig. 4) and after 7 weeks of endurance training,
significant increase in MCT4 mRNA was observed in
soleus (P<0.01) and EDL (P<0.05) in the T than DC
(Fig. 4). Significant increase (P<0.01) was also found after
7 weeks of endurance training in the TD than TC (Fig. 4).

CD147 mRNA

After the end of the experiment, the CD147 mRNA
content of soleus (P<0.01) and heart (P<0.01) were

significantly decreased in the DC than T group
(Fig. 5).

Membranes cross-contamination control

To assess cross contamination of the membrane frac-
tions, we used cytochrome c oxidase (COX) as a
marker of the mitochondrial membrane and as markers
of the SL fraction. Contamination of the SL fraction
by mitochondrial remnants was negligible because of
the relatively lower amount of COX measured in the
SL fraction, as suggested by the low ratios of COX in
the SL fraction to COX in the MI fraction. On the
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other hand, the abundance of glucose transporter
(GLUT)-1 in the SL fraction confirms that plasma mem-
brane proteins were concentrated in that fraction (Fig. 6).

Discussion

We have examined the effects of type 2 diabetes
on MCT1 and MCT4 mRNA and protein expres-
sion and their chaperone CD147 in rat cardiac and
skeletal muscles. The novel results in this study
are as follows: (1) type 2 diabetes markedly de-
creases MCTs and their chaperone CD147 expres-
sion at both transcriptional and translational level
in cardiac and skeletal muscle in a fiber type-
specific manner, (2) exercise-induced increase in
cardiac and skeletal muscles mitochondrial MCT1
attenuate their resting lactate concentration and
decrease insulin resistance as a consequence, and
(3) exercise-induced alterations in MCT1 expres-
sion on sarcolemmal and mitochondrial membrane
are tissue specific.

In the present study, diabetes was induced by con-
sumption of high-fat diet and low-dose injection of
STZ. The fat used in our experiment was tallow which
mainly consists of saturated (43 %), monounsaturated
fatty acids (50 %), and polyunsaturated fatty acids
(5 %). So in our experiment, the unwanted changes
in oxidative stress resulting from polyunsaturated fatty
acids consumption could be negligible. Induction of
type 2 diabetes was confirmed by the very high con-
centrations of glucose and occurrence of insulin resis-
tance was established by the high values of HOMA-IR
index, plasma fasting insulin concentration [42, 50].
High-fat diet in combination of low-dose STZ injec-
tion influenced the blood level of glucose, triglyceride,
and cholesterol, as was indicated in animals of the C
group. Due to substrate competition among fatty acids
and glucose metabolic-related production, hyperglyce-
mia increased the lipid level in blood [37], and the
triglycerides and glucose level increased in sedentary
diabetic animal. Since the incessant existence of hyper-
glycemia and hypertriglyceridemia would confuse the
metabolic pathways of other lipids [37] and the blood
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Fig. 6 Cytosolic cross contamination was controlled by negative control marker. GLUT-1 as a marker of sarcolemma membrane was not
found in MI fraction. COX IV as mitochondrial loading control only was also found in MI fraction
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cholesterol level increased in sedentary diabetic ani-
mals. During the course of this study, the nondiabetic
animals gained weight at a normal rate, as reported
elsewhere [17], whereas the DC animals gained weight
at a faster rate, as has been shown previously [38, 43,
50]. Thus, the feeding of HFD for a period of 9 weeks
produced rats with insulin resistance syndrome as was
characterized by the increased body weight (obesity),
hyperglycemia, hypertriglyceridemia, hypercholesterol-
emia, and compensatory hyperinsulinemia which can
confirm the development of type 2 diabetes in this study.

In the other hand, 7 weeks of endurance training
decreased fasting plasma glucose concentration in TD
animals. Endurance training can decrease the plasma
glucose concentration via increase in insulin sensitiv-
ity [2, 20], GLUT-4 expression in skeletal muscle
sarcolema membrane [25], and its translocation to
plasma membrane [25]. Also at the end of study,
plasma insulin concentration decreased in TD animals.
This exercise-induced reduction can occur via increase
in IRS-2 expression [34], PI3P pathway activity [19],
and MAPK [19], all together these changes can lead to
improve insulin signaling pathway and decrease rest-
ing blood insulin concentration as a consequence.

Diabetes induction increased the resting plasma
lactate concentrations in both diabetic groups where
the values were significantly higher than healthy
groups. This result has been reported and confirmed
by previous studies [17, 33]. Surprisingly, we did not
find any significant decrease in plasma lactate concen-
tration in TD in comparison to CD, despite a tendency
to decrease with training. As we found the significant
increase in sarcolemmal MCT1 expression, it can be
speculated that factors other than the decrease in lac-
tate uptake contribute to hyperlactatemia in NIDDM.
In fact, adipose tissues have been shown to release
abnormal amounts of lactate in obesity [33]. There-
fore, we also measured MCT1 gene expression in
adipocytes and found that MCT1 mRNA was signifi-
cantly higher in diabetic groups (unreported data). As
we did not observe significant difference in MCT1
expression in adipocytes between CD and TD, we
can hypothesize that this tissue did not benefit from
endurance training to the same extent as muscle and
still released lactate into the circulation. According to
literature, in this cell type MCT1 may be the predom-
inant isoform and it has been reported that under
certain condition such as hypoxia MCT1 can export
lactic acid into the circulation [35]. This could partially

explain why we did not find a significant decrease of
plasma lactate level after training. Also, the elevation of
plasma lactate concentration in diabetic animals might
be a consequence of increase in fat mass in these groups.
Although we did not determine the fat mass, more
weight gain occurred in DC animals, and possible ex-
panded fat mass in this group can also partially explain
the increased plasma lactate concentration.

However, skeletal muscle lactate concentration was
significantly decreased following training. This can be
explained by the increase in muscle oxidative activity,
reflected by an increase in cytochrome oxidase content
(unreported data), which could have led to an increased
skeletal muscle lactate clearance. Also, we observed the
significant increase in mitochondrial MCT1 expression
in both heart and skeletal muscle that lead to increase of
lactate uptake by mitochondria and its oxidation as a
consequence. This exercise-induced reduction in skele-
tal muscle has physiological implications as elevated
muscle lactate has been implicated in the development
of insulin resistance. Indeed, lactate infusion in animals
has been shown to induce insulin resistance in skeletal
muscle, decreasing glucose utilization [47] and
impairing insulin signaling [11]. Moreover, competition
between glucose and FFA was introduced by Randle,
and a similar competitive effect has also been shown
between glucose and lactate [28]. In skeletal muscle,
lactate can be converted to pyruvate and added to the
glucose-derived pyruvate and both may be further oxi-
dized in the tricarboxylic acid cycle. From a point of
view based on energy, lactate appears to be a more
efficient substrate compared with glucose and can be
directly oxidized via the PDH complex [28] which leads
to a decrease in the glucose uptake promoting insulin
resistance as a consequence.

This study showed thatMCT1 andMCT4 belonged to
a class of metabolic genes that are responsible to exercise
training. However, the decrease in MCT1 and MCT4
expressions in the DC animals also indicate that other
factors such as endocrine (hyperinsulinemia) or metabol-
ic changes may be involved in their expression. The
former was shown in the study by Bonen et al. where
the injection of testosterone for 1 week changed the
MCT1 and MCT4 expressions in skeletal muscle [18].

In this study, the effects of diabetes and exercise
occurred at both transcriptional and translational level
but vary in a different way between MCT1 and MCT4.
MCT4 was more affected by transcriptional mecha-
nisms than MCT1. The very long 3′ untranslated
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region of MCT1 (1.6 kb) may be involved in the
translational repression [32]. However, exercise train-
ing lead to increase in the MCT1 and MCT4 mRNA. It
has been shown that exercise training can increase the
expression of MCT1 by upregulating PGC1-α expres-
sion. The upregulation of PGC1-α was reported pre-
viously in other studies by contractile activity [3] or
exercise training in rat [44] and human [39]. The
release of Ca2+ by exercise training can promote
Ca2+-activated pathway and lead to an increase in
PGC1-α expression by phosphorylation and activation
of ATF-2 by p38 MAPK signaling pathway [49].

Also, exercise can upregulate several metabolic
genes via hypoxia through HIF-1α-dependent mecha-
nism (hypoxia-induced factor 1α). Other studies have
shown an increase in both MCT4 protein and mRNA
expression in response to hypoxia and demonstrated
that the promoter is activated by hypoxia [45].This
contraction/exercise-induced upregulation of MCT4
appears to be attributable to increase HIF-1α that
binds the identified HRE sites on MCT4 promoter
and stimulates MCT4 promoter activity [45].

As it has been reported that mitochondrial mem-
brane has MCT1 [11, 15, 22, 46] which can highly be
correlated to the mitochondrial oxidative function [8,
10], we separated an MI and a SL fraction from whole
muscle homogenate by using differential centrifuga-
tion as previously described by Brooks et al. [10].
Cross contamination of the membrane fractions was
controlled using negative control markers. COX was
used as a marker of the mitochondrial membrane and
GLUT-1 as marker of the SL fraction. The high COX
content in the MI fraction along with the absence of
any GLUT-1 confirmed the mitochondrial origin of the
MI fraction. Despite the dramatic effect of diabetes on
sarcholemmal MCT1, mitochondrial MCT1 was not
affected by diabetes because no significant difference
was found between the DC and C groups. This result
again suggests that MCTs expression is regulated by
different mechanisms. Both the mitochondrial and
sarcholemmal MCT1 increased in response to endur-
ance training, but the responses were different and
increase of the mitochondrial MCT1 was higher in
comparison to sarcholemmal. These exercise-induced
changes can lead to an increase lactate gradient from
cytosolic to mitochondria and promote lactate oxida-
tion as a consequence that partially explain the de-
crease of muscle lactate concentration after adaptation
to exercise. The sensitivity and different response of

mitochondrial MCT1 to endurance training can con-
firm its role in cell–cell lactate shuttle.

Surprisingly, the response of the mitochondrial
MCT1 was tissue specific. In cardiac muscle, the
amount of increase in MCT1 expression on both mi-
tochondrial and sarcholemmal membranes were al-
most alike whereas different in skeletal muscle. The
properties of tissue can partially modulate the expres-
sion of mitochondrial MCT1. On the basis of the high
oxidative capacity of cardiac tissue, this is a net lactate
consumer whereas skeletal muscle can simultaneously
produce, consume, and oxidize lactate that has been
explained by the lactate shuttle mechanism [9]. Lac-
tate production in one cell compartment and its re-
moval in another can change cell redox that increases
transcription of some genes through redox-dependent
transcription regulation [27]. As mitochondria has a
capacity of direct lactate oxidation [9] and this organ-
elle do not produce this substrate, the oxidation of
lactate in mitochondria can lead to less change in
redox state in comparison to skeletal muscle where
the production of lactate from pyruvate can occur.
These findings all together can help us in introducing
the intracellular lactate kinetic hypothesis in which the
extent of lactate kinetic in each tissue can cause the
specific changes in a positive manner. However, more
well-designed studies focusing exactly on lactate ki-
netic in metabolically heterogeneous tissues are need-
ed to confirm this hypothesis.

CD147 and MCTs belonged to a class of heteromeric
membrane proteins being assembled in the endoplasmic
reticulum prior to further transportation to the mem-
brane via the Golgi complex. CD147 is an ancillary
protein required for the expression of MCTs and the
interaction between CD147 and MCT1 or MCT4 may
be required for their translocation and correct localiza-
tion to plasma membrane [40]. In addition, MCT1 and
MCT4 have been demonstrated to be required for gly-
cosylation and cell surface expression of CD147. For
the first time, in the current study, it has been shown that
diabetes decreases the CD147 expression in cardiac and
skeletal muscles. This can partially explain the re-
duction in MCT1 and MCT4 expressions seen in
type 2 diabetes. Surprisingly, the effect of diabetes
and training-induced effects were more predomi-
nant in the oxidative tissue in comparison to gly-
colytic fibers which is possibly due to their high
oxidative capacity. It is likely that suppression of
mitochondria biogenesis be related to the decrease
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in CD147 expression; however, more studies are
needed to clear it.

In summary, our results showed that MCT1 and
MCT4 expressions have a dramatic reduction in type
2 diabetes, and endurance training can alleviate this
reduction to normal levels via transcriptional and
translational modifications. In addition, the decrease
in CD147 expression that has occurred in type 2
diabetes can partially explain the reduction in MCT1
and MCT4 expressions.
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