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Abstract

Background
Physical activity is one of the modulators of the cancer risk and survival factors. Therefore, the aim of
this study was considering of pre and post interval exercise training on expression of MCT-1, GLUT-1, PFK-
1 and p53 as a key metabolic regulators in azoxymethane-induced experimental colon cancer

Methods
Forty-eight male BALB/c mice were equally randomized into 6 groups: I: control (C); healthy animals, II:
Exercise (E), III: tumor induction (T); animals received AOM for inducing colon cancer, IV: AOM + exercise
(TE); animals with colon cancer underwent 8 weeks of the interval training protocol after tumor
establishment, V: exercise + AOM (ET); animals received exercise protocol one week before AOM
consumption, and (VI) exercise + AOM + exercise (ETE); animals received exercise protocol one week
before and after AOM consumption (about 15 weeks) Groups III-VI were weekly-received AOM (as a
carcinogenic agent, 10 mg/kg s.c) in three consecutive weeks to induce colon cancer. Interval exercise
training was begun at 16–18 m/min, 10–14 min, 5 days/week for 6 weeks.

Results
The results showed that the tumor signi�cantly increased mRNA and protein of MCT1 in the tumor group
compared to the control group (p < 0.001), Also, exercise before and after tumor induction reduced MCT1
(and other glucose regulators) in the colon (respectively: p < 0.02 and p < 0.01). While the p53 gene
decreased signi�cantly in the tumor group compared to the control group (p < 0.01). Exercise before
tumor induction and after tumor induction increased signi�cantly (p < 0.01 and p < 0.04 respectively) in
p53 compared to the tumor group. ETE group also downregulate the expression of glucose metabolism
genes in colon tumor (p < 0.05).

Conclusion
Long-term aerobic interval exercise (pre, post, pre&post tumor) can contribute to inhibition of tumor
progression and treatment against colon cancer. It seems that these preventive and treatment effects
exercise training can attribute to the regulation of lactate and glucose transporters by up-regulation of
p53 colorectal cancer cells.

Key Points
Exercise before and after tumor induction signi�cantly increased p53 in colon.
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Exercise pre and post tumor induction down regulate the expression of glucose metabolism genes in
colon tumor

Introduction
In today's world, with increases risk factors for health, the incidence of various cancers has increased
dramatically [1]. One of the common cancers in men is colon cancer [2]. Each year, 1 million people in the
world diagnosed with colon cancer [3]. Alteration of cellular energy metabolism is one of the most
important signs of cancer cells [4]. Mitochondrial dysfunction, loss of tumor suppressors, hypoxia
microenvironments, and oncogene-driven metabolic reprogramming considered as early abnormal events
in energy metabolism of cancer cells [5]. In more than 70% of human cancers, glycolytic genes are often
overexpressed [6], Because cancer cells mainly produce energy by increasing glycolysis (the amount of
glycolysis in the cancer cell is 200 times higher than normal cells), that it results production of lactate in
the cytosol of the cell, even in the presence of oxygen. These conditions provide bioenergetics and
biosynthetic needs to support rapid proliferation in cancer cells. This operation called Warburg's effect in
oncology conditions [7].

According to the Warburg hypothesis, cancer cells, instead of oxidative phosphorylation, select aerobic
glycolysis as the main method of glucose metabolism. New studies on cancer therapy have been
targeted inhibitor of aerobic glycolysis. Also other new drugs, target enzymes, and metabolic enhancers
that have great potential to block the progression of cancer [8]. The consumption of glucose is a limiting
step for the aerobic glycolysis of cancer cells. In cancer cells, glucose are absorbed from the
microenvironment into the cytoplasm from plasma membrane occurs with facilitated transfer of glucose
by transporter / solute carrier (GLUT / SLC2A). Under hypoxic conditions, cancer cells often express the
high amount of metabolic regulators such as GLUTs including GLUT1 and GLUT3. About the GLUT1,
numerous studies have examined the inhibitory role of this marker in treating of cancer[9]. The GLUT-1
has a potential target for cancer therapy, as inhibiting the expression of this protein is associated with a
decrease in tumor growth[10]. Various studies have also shown that �avonoids can have an inhibitory
role in GLUT-1 and inhibit tumor growth[11]. Consequently, inhibiting this protein in cancer cells can be
effective in inhibiting of tumor growth. After transferring of glucose into the tumor cell, the glycolysis
pathway triggered, and just in three phases of this pathway be control by key enzymes, one of the most
important of these enzymes being PFK. Two types of PFK include PFK-1 and PFK-2. It stated that under
the conditions of colon, berest, ovarian and thyroid cancer, the pattern of expression of PFK increases[12].
However, studies limited on the effect of various factors on inhibiting and reducing the activity of this
enzyme under conditions of tumor colon.

At the end of the aerobic glycolysis pathway, pyruvate is converted to lactic acid by lactate
dehydrogenase-A (LDHA). The accumulation of lactic acid in cancer cells promotes the transfer of lactic
acid by the Monocarboxylate transporter (MCT), especially MCT1[13] and MCT4[14]. Disruption of MCT
as a metabolic regulator has been observed in the pathologic and tumor conditions. In the tumor, MCTs
control the transfer of lactate and other carboxylates between glycolytic and oxidative in cancer cells. It
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reported that up regulation of MCT1 and MCT4 occur in several solid tumors such as glioblastoma, chest,
colon, ovarian, and liver cancer[15]. Inhibition of MCT1 reduces lactate access for cellular oxidative
activity and forcing them to use glucose. This leads to glucose starvation and cell death of hypoxia cells
and subsequently leads to stopping tumor growth[16]. MCT1 and MCT4 have potential targets for cancer
therapy. Boidot et al. (2011) revealed a direct relationship between the function of p53 and the expression
of MCT1 in cancer therapy[17].

P53 is one of the most important inhibitors of cancer, and it has been suggested that the reduction of this
gene is effective in the further development of cancers[18]. The p53 tumor-inhibiting marker prevents the
development of cancer by various mechanisms, including induction of apoptosis, stopping the cell cycle.
Recently, the relationship between p53 and tumor metabolism has been shown[19]. Under hypoxia
conditions, p53 de�ciency, promotes the expression of MCT1 and transmission of lactate produced from
rising glycolytic �occulation. p53 interacts directly with the promoter of the MCT1 gene and it changed
MCT1 mRNA stabilization. And it can be effective in treating of cancer. It has been arguing that p53
de�ciency promotes the expression of MCT1 in hypoxia conditions, thereby facilitating the release of
lactate, which leads to an increase in glycolytic �ux in cancer cell. When p53 is active, expression of
MCT1 is very low[17]. In other words, p53 controls the levels of lactate in tumor cells through the
repression of MCT1[17]. Studies have shown that physical activity with effect on these enzymes and
metabolic controllers able to prevent and control the growth of the tumor[20] (Fig. 1).

It has been argued that exercise reduce the risk of breast, colon, and prostate cancers [20–22]. In other
words, exercise can prevent and protect from cancers. Regarding the preventive role of exercise training, it
is stated that Exercise before inducing injuries such as stroke and tumors can minimize the subsequent
damage caused by these injuries, which is known as exercise preconditioning. In relation to tumor cancer
it is stated that expression of Netrin-1 and its receptors deleted in colon cancer (DCC) and uncoordinated
gene 5B (Unc5B), known mediators of neural and vascular activities, are also regulated in the exercise
preconditioning in vascular activity[23]. In addition, Epidemiological evidence supports a protective effect
of physical activity after colon cancer. For example, regular moderate to vigorous physical activity was
shown to be associated with a lower risk for developing proximal (24%) and distal (23%) colon in colon
cancer[24]. In addition to numerous studies that showed that exercise with an effect on myokine and
catecholamine were effective in preventing of cancer, it also directly regulates tumor growth[25]. Due to
the very high glycolytic activity of cancer cells, known as one of the main symptoms of cancer cells, it
may be one of the treatment options in cancer therapy[26]. Evidence indicates that exercise may also be
directly linked to the control of tumor biology by targeting of tumor glycolysis[27]. Physical activity is
effective in increasing metabolism of total body and intracellular metabolism. Several studies have
suggested that tumors, including colon tumors, which inherently have a high metabolism rate, can be
affected of under the in�uence of energy stress caused by exercise such as fasting and caloric restriction
[28–30]. In recent studies, Devin et al (2019) show that acute high intensity interval exercise (HIIE)
reduced colon cancer cell number in vitro and promoted increases in in�ammatory cytokines immediately
following exercise.[20]. Hojman et al. (2018) suggested that regular exercise could reduce cancer by
controlling tumor growth. Consequently, the control of caloric intake of the tumor through exercise may
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be a more feasible approach for lowering and control of cancer[27]. Because one of the major effects of
exercising is targeting the speci�c metabolism of tumor cells(namely the Warburg-type highly glycolytic
metabolism) [31] (Fig. 1). Also tumors metabolism as well as the tumor host interaction may be
selectively in�uenced by exercise training, dependent on exercise intensity, duration, frequency, and mode
[32].

Studies with multiple exercise interventions including voluntary wheel running, running on treadmill, and
swimming in rodents showed that exercise training is effective in reducing tumor incidence, tumor
growth, and metastasis in animal models By inducing cancer Or genetically [33] Some studies also
suggested that some cancers with a genetic background have a different sensitivity to exercise[34]. For
example, genetic defect in p53 is an animal model with breast cancer did not show a regulation with
physical activity[35]. In 2008, McTiernan (2008) suggested that physical activity can be effective in
protecting cancer by reducing the risk factor associated with cancer, such as reducing in�ammatory
markers[33]. In relation to the effect of exercise before and after tumor, Different research has been done
on human and animal samples. Aveseh et al. (2015) showed that exercise can affect in reducing lactate
levels in the tumor through impact on LDH [36]. However, About the MCT1 changes in colon cancer with
exercise studied is limited. Therefore, the aim of this study was to investigating the preventive
(preconditioning) and treatment effects of exercise training with considering key marker involved in colon
cancer cells metabolism.

Results
Body weight, colon and tumor changes

The results of weight changes showed that induction of a colon tumor caused a signi�cant increase in
animal weight (p < 0.05). Although pre- and post-exercise with tumor and ETE caused weight loss
compared to the tumor group, these changes were not signi�cant (p > 0.05), (table 2).

Examination of the colon's weight changes also revealed that the tumor group had a signi�cant increase
in colon weight (p < 0.05), while only the ETE group showed a signi�cant decrease compared to the tumor
group (p < 0.05), (table 2).

The results of colon length changes also showed that, the tumor group had a signi�cant reduction in
colon length compared to the colon group. But compared to the colon group, the ET and ETE groups had
a longer colon length (p < 0.05), (table 2).

Examination of the tumor size also showed that TE and ETE groups showed a signi�cant decrease in
tumor volume compared to tumor group (p < 0.05), (table 2).

mRNA and protein of MCT-1 in colon

The results of the MCT-1 gene expression showed that tumor induction caused a signi�cant increase in
MCT-1 mRNA compare to healthy control group (p < 0.05). However, all training groups show a signi�cant
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decrease in MCT-1 mRNA, compare to T group (p < 0.05) (Table 3).

The MCT-1 protein content of colon tissue was signi�cantly increased in group T (P < 0.001) and TE (P <
0.03) groups compared to C group (Fig. 2). However, compared to the T group, the TE (P < 0.01), ET (P <
0.02) and ETE (p < 0.01) groups show a signi�cant decrease of MCT-1 protein content in colon tissue
(Fig. 2).

mRNA and protein of GLUT-1 in colon

The results of GLUT-1 mRNA in colon are also shown in Table 3. These results showed that the tumor
group showed a signi�cant increase in GLUT-1 mRNA compared to healthy groups (control and exercise)
(p < 0.05). However, only TE and ETE groups showed a signi�cant decrease in GLUT-1 mRNA compared to
the tumor group (Table 3).

As show in �gure 3, The level of GLUT-1 protein signi�cantly increased in T (P < 0.001), TE (P < 0.05), ET
(P < 0.01), and ETE (P < 0.01) groups compared with healthy control group. It was also found that the TE
(P < 0.04), ET (p < 0.05) and ETE (P < 0.05) groups show a signi�cant decrease in colon GLUT-1 compare
to T group (Fig. 3).

mRNA and protein of PFK-1 in colon

similar to the MCT-1 and GLUT-1 gene expression in colon mouse, Also PFK-1 mRNA signi�cantly
increased in tumor group compare to control group (p<0.001). However, all training groups showed a
signi�cant decrease (p<0.05) in PFK-1 mRNA compared to the tumor group (Table 3).

The protein content of the PFK-1 enzyme in the colon tissue show at �gure 4. Based on this results, PFK-1
signi�cantly increased in T (P < 0.001) and TE (P < 0.01) groups, compared with control group. The E, ET
(P < 0.01 for both) and ETE groups (P < 0.02) had a signi�cant decrease compared to the T group. Also,
the T and the TE groups showed a signi�cant increase compared to the ET and ETE groups (p<0.05).

P53 mRNA

The results showed that P53 mRNA in colon tissue was signi�cantly decreased in T group compare to
healthy control group (P < 0.001). As show in �gure 5, E (P < 0.001), TE (P < 0.05), ET group (P < 0.001),
and ETE (P < 0.05) groups signi�cantly increased p53 mRNA in colon tissue compare to T group. Also
Exercise group (in healthy mouse) show a signi�cant increase in colon p53 compare to all groups
(p<0.001).

Discussion
Studies on the effects of exercise on cancer have dramatically increased since the 1990s. According to
many studies, there is a link between physical activity and a reduction in the risk of colon cancer[37]. It
shows that performing of physical activity before the diagnosis of colon cancer reduces about 50% of the
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risks of this cancer (compared with those who are not active)[38]. In relation to the affecting biological
mechanisms on the effect of exercise on colon cancer Studies are limited. Therefore, the purpose of this
study was to investigate the effect of aerobic interval training before and after tumor induction in the
colon and its effect on the metabolism of lactate and glucose by regulation of p53.

Induction of a colon tumor caused a signi�cant increase in animal weight. Also tumor group had a
signi�cant increase in colon weight and colon length. Examination of the tumor size also showed that TE
and ETE groups showed a signi�cant decrease in tumor volume compared to tumor group (Table 1).
Thus all of this change show induction of tumor compares to control group and prove tumor induction.

Increasing lactate exchange in tumor cells increases the metabolic rate of cancer cells and increases the
function of these cells. One of the most important regulators in the transfer of lactate between cancer
cells, especially colon cancer, is monocarboxylate transporter, especially MCT-1. According to the results
of this study, it was found that the colon tumor has an increase in MCT-1 (Fig. 2). As stated, the increase
in MCT-1 in tumor cells leads to an increase in lactate in the tumor microenvironment[39]. Lactate causes
expression of HIF-1 in many cancer cells[40] and HIF-1 itself are effective in increasing MCT-1[40]. On the
other hand, the increase in lactate for tumor cells is critical because lactate increases cellular migration,
angiogenesis, immune escape, and radio resistance[41]. These conditions are suitable for cancer
development and reduction of this agent can be a therapeutic target. In the present study, it was
determined that aerobic interval training before and after tumor induction signi�cantly decreased MCT-1,
that this reduction was higher in the pre-tumor exercise group (ET) (Fig. 2). Stopping or reducing the
activity of the MCT-1 Restricted Feeding the cancer cells and places these cells in starvation state.
Because in cancer cells, MCTs allow to lactate travel outside the cell and play important role as a
mediator of carcinogenesis in other adjacent cancer cells. For this reason, targeting MCTs has a
therapeutic role in cancer cells. Inhibition of MCT-1 inhibits tumor growth and carcinogenesis [42, 43].
Therefore, exercise at the cellular level of tumor has limited lactate transport, which is very suitable for
cancer treatment. It has been shown that MCT-1 expression regulate by c-MYC in a variety of cancers[42].
However, exercise can reduce the degradation activity of c-MYC[44]. However, in the present study, c-MYC
activity was not investigate. Several studies have been conduct on the effect of exercise (in healthy
subjects) and colon cancer prevention[27, 45]. In human studies, it has been con�rmed that exercises
usually accompanied with increasing the quality of life and improve of mental states. These factors
although reducing the risk factors of cancer, they effective in improving the physical �tness before the
onset of cancer. However, studies are limited in relation to the signaling pathways affecting the MCT-1
with exercise. One of the most effective genes in tumor suppression is p53[46]. Studies show that
exercise can cusses increase the tumor suppressor gene, i.e P53[47]. In fact, the mutation of tumor
suppressor, directly increases the expression of MCTs, which has been shown this action reprogram the
cancer cells towards glycolysis and produce lactate only because the effect of Warburg does not end[47].

P53 controls the levels of lactate in tumor cells by controlling MCT-1[17]. There is a direct correlation
between p53 function and MCT-1 expression[39]. Under hypoxic conditions, reduction in p53, promotes
the expression of MCT-1 and, export of lactate produced by the rise of glycolytic �ux in both vitro and
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vivo. In the present study, changes in p53 mRNA and MCT-1 con�rmed this issue. P53 interacted directly
with the MCT-1 gene promoter and altered MCT1 mRNA stabilization. Under hypoxic conditions and
reducing p53 in tumor cells, NF-KB promotes expression of MCT-1, which increases its levels. Following
an increase in glucose consumption in tumor cell, up regulation of MCT-1 under reduced p53 conditions,
promotes lactate Import and enhances cell proliferation by increasing mitochondrial respiration[17, 39].
The researchers suggested that increasing the MCT-1 in conditions of p53 de�ciency, allows the tumors
to adapt to metabolic needs by facilitating lactate export [17].That these results are consistent with the
results of this study. In this study, levels of p53 mRNA were also evaluated. In the healthy groups of the
present study, exercise showed a signi�cant increase in colon p53 mRNA compared to healthy animal in
control group (Fig. 5). However, tumor induction severely reduced p53 mRNA. Comparing exercise before
and after the tumor, was found that exercise before tumor induction had better control in improvement of
inhibiting p53 mRNA and increase in p53 mRNA was higher in the ET group. Although exercise after
tumor induction (TE) also increased signi�cantly in the p53 mRNA compared to the tumor group, but this
increase was lower than the ET group. P53 directly activates the expression of many genes that are used
to regulate the cell cycle and apoptosis through binding to p53 DNA-binding sites. P53 plays a vital role in
regulating the stopping of the cell cycle and inducing carcinoma cell apoptosis[48]. Thus it can have an
anticancer role[49]. P53 inhibits cell cycle progression in the G1 or G2 / M phase by inducing p21 cell
cycle inhibitors and enhancing apoptosis by inducing Bax preopoptotic expression[50]. Previous studies
have shown that treatment through polyphenols causes p53 up regulation, and p53 can regulate p21,
PUMA, and Bax in human colon cancer, which is effective in stopping the tumor[51]. It has been state that
p53 activation plays a role in the reduction of glycolysis[52]. Protein P53 inhibits the expression of
several carriers of glucose, including GLUT-1 and GLUT4[53].

In consideration of GLUT-1, it was also found that the tumor caused a signi�cant increase in this protein
in the colon tissue compared with healthy control and exercise groups (Fig. 3). This increase is normal,
due to the high metabolism of cancer cells and the Warburg effect. GLUT-1 is an important isoform in
human colon cancer cells[54]. It is stated that under hypoxic conditions, cancer cells often express high
amount of GLUT-1. Hypoxic microenvironment of tumor cusses induces of hypoxia induce factor and
overexpression of HIF-1a and HIF-1B subunit. HIF-1 activates several signaling pathways in cancerous
cells. It has been shown that GLUT-1 levels increase both mRNA levels and protein levels in hypoxia
conditions[8]. In other words, HIF-1 causes upregulation expression of GLUT-1 in tumor cell
environments[55]. That increased the GLUT-1 tumor group in present study is also justi�able. However,
the extent of tumor microenvironment hypoxia, was not investigated in this study. Also, in line with the
results of this study, Graziano et al. (2017) showed that GLUT-1 increased in colorectal cancer[56], which
increased glucose consumption in cancer cells. These researchers increase of GLUT-1 attributed to
increase in RAS oncogenes, because there is a correlation between the positive mutation of the RAS
tumor and the expression of the GLUT-1 mRNA[56]. It is stated that inhibition and reduction of GLUT-1
activity in tumor cells through various supplements and medications is effective in the treatment of
cancer, and it restricts tumor growth[11]. In the present study, it was found that exercise activity prior to
tumor induction (ET) did not signi�cantly decrease in GLUT-1 colon tumor, but when animal’s �rst tumor
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and then exercise (TE), the amount of GLUT-1 tumors decreased, that this decrease was signi�cant
(Fig. 2). In experimental examples it is stated that down regulation or inhibition of glycolysis through the
GLUT blocker[57]. Which it was con�rmed in the present study and exercise can block or decrease the
GLUT-1 in tumor colon (in TE group).

Regarding Fig. 3, in addition to the results of GLUT-1 and MCT-1, in the tumor group, a signi�cant increase
in PFK-1 was found in the tumor group as a key regulator of glycolysis. However, aerobic interval training
before and after tumor induction reduced the amount of this enzyme (signi�cant decrease) (Fig. 4).
AMPK activates PFK[58]. Exercise by AMPK can also change the PFK-1 levels in tumor cells. It can also
be assumed that changes in levels of tumor PFK-1 with aerobic interval training can be attributed to p53
changes. Because a recent study has shown that p53 causes dermalogue of PFKFB4, one of the enzymes
controlling levels of fructose 2–6 bisphosphate, which is the major alloystic regulator of glycolysis[59].
One of the metabolic genes regulated with p53 is TP53-induced Glycolysis and Apoptosis Regulator
(TIGAR) that inhibits glycolysis in the allosteric manner through PFK-1 [60]. Inhibition of PFK-1 with
TIGAR can indirectly increase the antioxidant capacity by shunting glucose to the pentose phosphate
pathway for glutathione biosynthesis. Therefore, TIGAR inhibits tumor DNA by reducing the oxidative
damage[60]. On the other hand, a subsequent study has shown that the overexpression of TIGAR in
human colon cancers can promote both tumor genesis and the regeneration of normal tissue,
demonstrating that cancer cells can also bene�t from the metabolic activities of TIGAR[61]. Despite this,
the studies are controversial. On the other hand, only p53 mRNA was consider in this study and TIGAR
levels of the tumor was not measured. Therefore, it is suggested that the PFK variations in the present
study may be in�uenced by p53 and TIGAR, but it’s suggested that in subsequent studies, TIGAR values
should also be evaluated.

Aerobic interval training can be countered with progression of Warburg effects of cancer cell. Several
evidence has shown that cancer patients who are exercising can had better cope with cancer [62],
Because the survival rate of cancer patients increases with physical activity and exercise[63]. However,
the molecular and cellular mechanism how that exercise is involved in cancer is still unclear. It has been
argued that aerobic exercise improves mitochondrial function and lactate clearance capacity, as it
increases fat oxidation capacity and decreases glycolysis[64] in cancer cell. In fact, exercise can have
anti-Warburg effects in tumor microenvironment. Christine et al (2002) argued that the biologic effects of
exercise on tumor cell can be different and limited research has been done on this issue. The researchers
showed that in colon cancer, gastrointestinal transit time is reduced, which exercise can increase the
activity of intestinal movements. On the other hand, colon cancer decreases the proportion of
prostaglandins. Studies have shown that it high intensity exercise increases the of prostaglandin F
activity, that this action suppressing the proliferation of colonic cells, increases the gat mobility, while not
increasing PGE2, which can affect the proliferation of colonic cells [65].

Conclusion
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Therefore, aerobic interval training can counteract with metabolic changes and glycolytic metabolism in
cancer cells and produce an epigenocytic response that can help to restore p53 mRNA. According to the
results of this study, this was con�rmed. Because in our study showed that, positive changes of p53
mRNA were consistent with the changes in the metabolic controller of tumor cells, especially the MCT-
1with pre-and post-tumor and also pre + post tumor exercise.

Methods
Chemical

Azoxymethane (AOM) was purchased from Sigma Aldrich Co. (St Louis, MO. USA). Ketamine and
Xylazine were also purchased (Sigma Aldrich, USA). Total RNA was isolated with a miTotal RNA
extraction kit (VIOGENE). Template cDNAs were synthesized using SuperScript III (Invitrogen).
Quantitative RT-PCR was performed with a quantitative PCR mix (THUNDERBIRD; TOYOBO) using a real-
time PCR detection system (CFX96; Bio-Rad Laboratories).

Animals and study design

Forty-eight Balb/c male mice (6-8 weeks old, Pasteur Institute of Iran) were randomly assigned to one of
sex groups: Control (C, n=8); healthy animals with neither tumor induction nor exercise training protocol,
Exercise (E, n=8); healthy animals received exercise protocol, Tumor induction (T, n=8); animals received
AOM for inducing colon cancer, Tumor + Exercise (TE, n=8); animals with colon cancer underwent 6
weeks of the exercise training protocol [66] after tumor establishment, Exercise + Tumor (ET, n=8);
animals received exercise protocol one week before AOM consumption, and exercise + Tumor + exercise
(ETE, n=8); animals received exercise protocol one week before and after AOM consumption(about 15
weeks). Groups III - VI were weekly received AOM (as carcinogenic agent, 15 mg/kg s.c) in three
consecutive weeks to induce colon cancer together with DSS 1% for three consecutive weeks after the
last injection of AOM [67]. All mice were housed individually and fed standard chow and water ad libitum
and maintained on a 12:12 h light: dark cycle. The study was conducted in accordance with relevant
Helsinki guideline and approved by the animal care and use committee of Iran University of Medical
Sciences.

Exercise training protocol

All animals were equally randomized into the mentioned groups, and the body and colon weight, tumor
size and colon length of animals in different groups were measured (Table 1). Prior to the initiation of the
exercise training, the mice were assigned to the treadmill for 5 days. Acclimation entailed running at the
end of their dark cycle (0700) at gradually increasing speeds (10, 12, 16, and 18 m/min) and 0%
inclination. Following the acclimation, the interval exercise training protocol was begun at 16-18 m/min,
0% grade, 10-14 min, 5 days/week for 6 weeks [68]. The exercise intensity (running speed) gradually was
increased each week because of strong relationship between treadmill running speed and VO2 from sub
maximal intensities up towards maximal levels in mouse and rat [69]. However, weekly increase in
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running speed during a training period could only be used as a guide to assess adaptation to the exercise
training; therefore, control of the exercise intensity and the integrated effects of training require regulation
of running speed based on serial measurements of VO2max. All animals performed the same intensity
and duration in each session. No electrical stimulation was used, and the mice were encouraged to run by
a gentle tap on their tail or hindquarters. The untrained control animals were put on the switched-off
treadmill during the same 6 weeks as the exercise-trained groups. The exercise training protocol was
stopped 48 h before sacri�ce [70].

Depiction of tumors

All animals were monitored closely for general health during the study period. Mice were weekly weighed
and observed for evidence of rectal bleeding and death during study. At the end of the present study,
almost 1.5 ml of blood was intra-cardiacally aspirated under the general anesthesia. Blood samples were
then centrifuged for 10 min at 4,000 rpm, and stored at -80 °C for further analysis. The animals were
�nally euthanized using cervical dislocation. A thorough necropsy was then made, and vital organs
including the lung, the liver, the spleen, the small bowel intestinal, the brain and the colon were scrutinized
for lesions and metastatic deposits. Tumors weight and their number, size and location were
characterized.

RNA extraction AND real-time quantitative PCR

All tissue samples were immediately stored in liquid nitrogen and kept frozen at −80 °C until RNA
extraction. Isolation of RNA from all tumor samples and corresponding normal controls was
simultaneously carried out using the miTotal RNA extraction kit (VIOGENE). The RNA concentration and
purity of all samples were measured with NanoDrop (ND-1000 Spectrophotometer V3.5, USA), and cDNA
synthesis was performed using Qiagen  cDNA synthesis kit (Qiagen, Germany) according to the
manufacturer’s instructions. Brie�y, 1 μg of RNA was added to the reaction mixture (gDNA Wipeout Buffer,
Quantiscript Reverse-Transcriptase, Quantiscript RT Buffer, RT Primer Mix, and RNase-free water)
followed by incubation at 42 °C for 15 min. Reverse transcription was terminated at 95 °C for 3 min and
the RT products were then ampli�ed by PCR on a GeneAmp PCR 9700 Thermocycler (Applied
Biosystems) and then samples were stored at –20 °C until used for Real-time PCR analysis. Quantitative
�uorescence PCR (QF-PCR) was used to amplify the MCT1, GLUT-1, PFK1, and P53 genes product in a 25
μl reaction system, with the use of SYBR-Green mix (12.5 μl), upstream and downstream primers (1 μl),
cDNA (2 μl) and RNase-free H2O (8.5 μl). Thermal cycling program was as follows: 94 °C for 3 min
followed by 30 cycles of 94 °C for 0.5 min, 54 °C for 1 min, and 72 °C for 0.5 min. GAPDH mRNA was
used for normalization of the gene expression analysis. For primer design, the gene sequences were
extracted from NCBI gene bank (www.NCBI.nlm.nih.gov). We used Primer 3 software to design PCR
primers, and then submitted them to the selected BLAST databases for checkpoint. The primers were
designed for ampli�cation of 88 to 120 bp by the Rotor-Gene Q PCR device. The lyophilized primers were
synthesized by Cinnagen Co. PCR primers sequences used for the ampli�cation of the protein coding
genes have been shown in Table 1.
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The 2−ΔΔCT method was used to evaluate the quantitative expression of P53 gene. All analyzes were
performed separately for four sample groups [71].

Relative fold change in gene expression = 2-ΔΔCT

ΔCT = CT target gene – CT reference gene

ΔΔCT = ΔCT test sample – ΔCT Control sample

Measuring levels of MCT-1, GLUT-1 and PFK-1 protein

For measuring the amount of protein MCT-1 (monocarboxylate transporter 1) in the colon tumor tissue
from a commercial kit (ZellBio made in Germany with a sensitivity of 0.103ng / ml),the amount of GLUT-1
(glucose transporter 1) in the colon tumor tissue from commercial kit (ZellBio made in Germany with a
sensitivity of 0.103 ng/ml) and the protein content of the PFK1 (phosphorus kinase 1) enzyme in the
colon tumor was also utilized from the commercial kit (ZellBio GmbH, Ulm in Germany with a sensitivity
of 0.095 ng/ml) were used. All of this protein measurement in the tumor tissue was performed by ELISA
methods.

Statistical analysis

Analysis of variance (ANOVA) and tukey test were used for comparison among groups. Values were
represented as mean ± SD. P<0.05 was considered to be statistically signi�cant. Statistical analysis was
done using SPSS statistical software, version 20.

Abbreviations
GLUT Glucose transporter
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Tables
Table 1

Real-time RT-PCR primer sequences
Genes Primers

MCT-1 F: 5’-GGCCCGATTGGTCGCATGAGGGCT-3’

R: 5’-GGCTGGGCAGTGGTAATTGGAGCT-3’

GLUT-1 F: 5’-CACATGCCTTGTTCTTTGCCAAG-3’

R: 5’-TCTATACACAGCAGGGCAGGA-3’

PFK-1 F: 5’-AGGAACGGCCAGATCGATA − 3’

R: 5’- AGTCTCTGAGATCTTACCT-3’

P53 F: 5’-CACCTGCACAAGCGCCTCTCC-3’

R: 5’-CTGCTGTCTCCAGACTCCTCTGTAGC-3’

GADPH F: 5’-TCAACAGCAACTCCCACTCTTCC-3’

R: 5’-ACCCTGTTGCTGTAGCCGTATTC-3’



Page 18/22

Table 2
body and colon weight, tumor size and colon length of animals in different groups (Mean ± SD).

groups Body Weight

(g)

Colon Weight

(mg/cm2)

Colon length

(cm)

Tumor Size

(mm)

C 17.69 ± 1.23 45.11 ± 1.55 15.07 ± 1.33 -

E 18.18 ± 0.72 45.85 ± 0.76 16.11 ± 0.83b -

T 20.10 ± 0.45a 51.21 ± 2.08a 11.02 ± 1.44a 2.41 ± 0.83

TE 19.02 ± 1.51 48.39 ± 1.28 13.45 ± 1.94 1.98 ± 0.42b

ET 19.57 ± 1.73 47.33 ± 1.12 14.66 ± 0.76b 2.04 ± 0.38

ETE 19.18 ± 0.91 46.95 ± 2.13b 14.08 ± 1.63b 1.89 ± 0.53b

Data were show as means ± SD. a sign of signi�cant difference compared with C group (P < 0.05), b
sign of signi�cant difference compared with T group (P < 0.05). Abbreviations: C, control; E, exercise
training; T, tumor; TE, tumor + exercise training; ET, exercise training + tumor; and ETE, exercise
training + tumor + exercise training.

Table 3
Effects of exercise training and tumor induction on the MCT-1, GLUT-1 and PFK-1 mRNA expression in

mouse colon tumor cells.
Groups MCT-1 mRNA

(Change in fold to control)

GLUT-1 mRNA

(Change in fold to control)

PFK-1 mRNA

(Change in fold to control)

C 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00

E 1.80 ± 0.22 b 2.11 ± 0.31 b 1.46 ± 0.20 b

T 8.20 ± 1.32 a 7.38 ± 1.52 a 9.11 ± 1.12 a

TE 4.31 ± 0.81 a,b 4.13 ± 0.71 a,b 5.80 ± 0.89 a,b

ET 3.81 ± 0.91 a,b 5.51 ± 0.82 a 5.23 ± 0.66 a,b

ETE 2.44 ± 0.75 a,b 3.84 ± 0.78 a,b 3.43 ± 0.84 a,b

Data were show as means ± SD. a sign of signi�cant difference compared with C group (P < 0.05), b
sign of signi�cant difference compared with T group (P < 0.05). Abbreviations: C, control; E, exercise
training; T, tumor; TE, tumor + exercise training; ET, exercise training + tumor; and ETE, exercise
training + tumor + exercise training.

Figures
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Figure 1

The regulation of cancer cell metabolism by p53. p53 regulates glycolysis and mitochondrial oxidative
phosphorylation. p53 represses glycolysis through repressing the expression of GLUT1, PFK and MCT1.
Physical activity and exercise are effective in upregulation of P53.
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Figure 2

Effects of exercise training and tumor induction on the MCT-1 protein content in mouse colon. Data were
show as means ± SD. a sign of signi�cant difference compared with C group (P<0.05), b sign of
signi�cant difference compared with T group (P<0.05). Abbreviations: C, control; E, exercise training; T,
tumor; TE, tumor + exercise training; ET, exercise training + tumor; and ETE, exercise training + tumor +
exercise training.

Figure 3
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Effects of exercise training and tumor induction on the GLUT-1 protein content in mouse. Data were show
as means ± SD. a sign of signi�cant difference compared with C group (P<0.05), b sign of signi�cant
difference compared with T group (P<0.05). Abbreviations: C, control; E, exercise training; T, tumor; TE,
tumor + exercise training; ET, exercise training + tumor; and ETE, exercise training + tumor + exercise
training.

Figure 4

Effects of exercise training and tumor induction on the FPK-1 protein content in mouse colon. Data were
show as means ± SD. a sign of signi�cant difference compared with C group (P<0.05), b sign of
signi�cant difference compared with T group (P<0.05). Abbreviations: C, control; E, exercise training; T,
tumor; TE, tumor + exercise training; ET, exercise training + tumor; and ETE, exercise training + tumor +
exercise training.
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Figure 5

Effects of exercise training and tumor induction on the gene expression of P53 in mouse colon. Data
were show as means ± SD. a sign of signi�cant difference compared with C group (P<0.05), b sign of
signi�cant difference compared with T group (P<0.05). Abbreviations: C, control; E, exercise training; T,
tumor; TE, tumor + exercise training; ET, exercise training + tumor; and ETE, exercise training + tumor +
exercise training.


