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Abstract
Colorectal cancer is a signiﬁcant public health concern. As a multistage and multifactorial disease,
environmental and genetic factors interact at each stage
of the process, and an individual's lifestyle also plays a
relevant role. We set out to review the scientiﬁc evidence
to study the need to investigate the role of the peroxisome
proliferator–activated receptor gamma coactivator 1 alpha
(PGC-1a) gene as a biomarker of the physical activity's
(PA) effect on colorectal cancer. PA is a protective factor
against colorectal cancer and usually increases the
expression of PGC-1a. This gene has pleiotropic roles
and is the main regulator of mitochondrial functions.
The development of colorectal cancer has been associated with mitochondrial dysfunction; in addition,
alterations in this organelle are associated with colorectal cancer risk factors, such as obesity, decreased muscle
mass, and the aging process. These are affected by
PA acting, among other aspects, on insulin sensitivity
and oxygen reactive species/redox balance. Therefore,
this gene demands special attention in the understanding of its operation in the consensual protective effect of
PA in colorectal cancer. A signiﬁcant amount of indirect
evidence points to PGC-1a as a potential biomarker in

the PA-protective effect on colorectal cancer. The article
focuses on the possible involvement of PGC-1a in the
protective role that physical activity has on colorectal
cancer. This is an important topic both in relation to
advances in prevention of the development of this
widespread disease and in its therapeutic treatment. We
hope to generate an initial hypothesis for future
studies associated with physical activity–related
mechanisms that may be involved in the development
or prevention of colorectal cancer. PGC-1a is
highlighted because it is the main regulator of mitochondrial functions. This organelle, on one hand, is
positively stimulated by physical activity; on the other
hand, its dysfunction or reduction increases the probability of developing colorectal cancer. Therefore, we
consider the compilation of existing information
about the possible ways to understand the mechanisms of this gene to be highly relevant. This study is
based on evidence of PGC-1a and physical activity,
on PGC-1a and colorectal cancer, on colorectal cancer
and physical activity/inactivity, and the absence of
studies that have sought to relate all of these variables.
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Colorectal cancer is a multistage and multifactorial disease. Different environmental and genetic factors interact
at each stage of the process (1); the individual's lifestyle
also plays a signiﬁcant role (1). From a public health point
of view, it needs attention, as it is estimated that about 1.5
million new cases and 700,000 deaths occur every year (2),
and it is more prominent in the more developed countries.
Its incidence is increasing in many countries, especially
those in economic transition (3). It has a higher incidence
in people older than 50 years. It is also observed to be more
frequent in men, whose mutations have been related to the
environment, especially to lifestyle, with a higher incidence
of sporadic cases (1). Physical inactivity is a signiﬁcant risk
factor for presenting with colorectal cancer (4). In fact, it is
thought to increase the chances of developing colorectal
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Figure 1.
Physical inactivity and risk factors of
colorectal cancer. Physical inactivity
impacts health in a negative way,
encouraging sedentary behavior as
well as an increase of the fat mass and
a decrease of muscle mass with their
respective consequences. In addition,
the aging process reinforces those
negative aspects, largely with
alterations in muscle mass. The aging
process, physical inactivity, sedentary
behavior, obesity, metabolic
syndrome, and diabetes type II are
all risk factors of colorectal cancer,
and they are all interconnected in
some way.

Colorectal cancer

cancer by 33% and has been suggested to be a causal factor
in 10% of cases (5). It has been estimated that approximately 43% of people with colorectal cancer have a very
low level of physical activity (PA; ref. 5), which could lead
to an increased risk of mortality (6).
The fact that physical inactivity has been related to the
probability of developing colorectal cancer is supported by
a whole series of risk factors for the disease, such as
overweight and obesity, type II diabetes, and metabolic
syndrome (7, 8), which are a result of sedentary behavior.
Recently, it has also been determined that loss of muscle
mass may be a factor of incidence in colorectal cancer
(ref. 9; Fig. 1).
PA is considered a protective factor against colorectal
cancer (10) not only because it contributes to combating
the risk factors previously mentioned but also because it
acts on other precancerous forms, such as adenomas and
polyps in the colon (11).
Although the relationship between PA and colorectal
cancer is well established, the mechanisms that support it
still need attention (12). It is thought to be relevant to
mechanisms related to insulin sensitivity, adiposity, and
inﬂammatory processes (13, 14). These factors have several
characteristics in common, highlighting the fact that they
are all related to mitochondrial functions (15, 16). Considering that mitochondrial dysfunction is involved in
cancer (17, 18) and that the peroxisome proliferator–activated
receptor gamma coactivator 1 alpha (PGC-1a) is a mitochondrial regulator (19), which one can observe in a wide
variety of biological processes—such as thermogenesis,
circadian rhythm, fatty acid oxidation, glucose metabolism, mitochondrial organization, and biogenesis—it
responds to reactive oxygen species (ROS) or conformation
of muscle ﬁber types (20, 21). Taking into account that its
expression is altered by energy demand, PGC-1a is related
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to a whole series of risk factors linked to physical (in)
activity. Thus, it is important to study the relationship
between colorectal cancer, physical (in)activity, and
PGC-1a. This article reviews the scientiﬁc evidence to justify
the need to investigate the role of PGC-1a as a biomarker in
colorectal cancer prevention.
The role of PGC-1a
Among the great variety of biological processes in which
PGC-1a is involved, it is the main regulator of mitochondrial biogenesis (MB), oxidative metabolism, and antioxidant defenses (22, 23). PGC-1a performs its functions by
interacting with transcription factors of both nuclear [i.e.,
PPARg and estrogen-related receptor (ERRa)] and nonnuclear (i.e., cAMP response element binding and Forkhead
Box protein O1) receptors through the modulation of their
target genes, which are implicated in various metabolic
pathways, such as gluconeogenesis, fatty acid synthesis or
oxidation, or glycolysis (23, 24). Speciﬁcally, regarding
MB, PGC-1a coactivates nuclear respiratory factors 1 and 2,
which are regulators of mitochondrial transcription factor
(TFAM) expression. TFAM is a recognized nuclear encoding
factor that develops functions essential for the replication,
maintenance, and transcription of mitochondrial deoxyribonucleic acid (25).
The activity developed by PGC-1a in the tissues is
extremely varied, because it does not present common
target genes in each tissue (26). Thus, its expression is
the reﬂection of the cellular energy demands in different
tissues (24). As a consequence, PGC-1a presents greater
expression in tissues with high energy demand such as the
heart, skeletal muscle, liver, central nervous system, and
fatty tissue (21, 27, 28). It has minor, but not less important, expression in other tissues, such as the intestinal
epithelium (29).
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The regulation of PGC-1a occurs in different ways,
depending on the target organ in which its activity takes
place (21, 30). Thus, in the skeletal muscle, PGC-1a is
phosphorylated by both p38MAPK and AMP-activated
protein kinase (AMPK), allowing greater molecular stability and activation of that protein (24, 27). In the liver, the
regulation of PGC-1a occurs via the insulin signaling
pathway (Akt/protein kinase B), producing the opposite
result via its phosphorylation (reduction of stability and
decrease in its activity; ref. 27). In brown adipose tissue,
PGC-1a interacts with PPARg, activating the promoter of
the gene coding for uncoupling protein 1 (UCP1), whereas
in adipocytes, it activates the adipocyte lipid–binding
protein gene, a well-known PPARg target (31). Several
triggers for its activation, both environmental (i.e., low
temperatures) and lifestyle related (i.e., nutrient restriction
or physical exercise), have been identiﬁed (24).
Colorectal cancer and PGC-1a
As a carcinoma, colorectal cancer is triggered by an
imbalance between proliferation and programmed cell
death (32), which are both dependent on adequate regulation of energy metabolism (33). This dependence results
in the relationship among some of the mechanisms proposed for the association of mitochondrial dysfunction
and cancer, such as high production of ROS, alterations in
glucose metabolism, and alterations in apoptotic function
(34). All of these factors are related to the reported PGC-1a
functions and suggest a relationship between this gene and
colorectal cancer, as described previously (ref. 35; Fig. 2).
The increase in ROS concentration is considered to be of
vital importance in the development of colorectal cancer,
because it can lead to genomic instability, which translates
into an imbalance between the development of mutations
and the mechanisms of control of the cell cycle (36).
Genomic instability is present in the development of
colorectal cancer (37), either through chromosomal instability or microsatellite instability (37), associated with

Energetic metabolism

crypt cells and intestinal surface (29). Considering that
PGC-1a is poorly expressed at the bottom of the crypt and
highly expressed in the upper part of the villi, where the
highest concentration of ROS exists, it suggests that a
relationship exists between this gene and the main pathways that allows the development of colorectal cancer.
However, this relationship is not fully understood. On one
hand, PGC-1a is the regulator of oxidative phosphorylation by activation of the nuclear respiratory factors previously discussed, and the respiratory chain is the point of
greatest cellular production of ROS (22). On the other
hand, PGC-1a is an important regulator of antioxidant
defenses, promoting cellular homeostasis. However, it has
been suggested that the high accumulation of ROS in the
intestinal epithelial surface is owing to an imbalance
between the increase in mitochondrial respiration and the
reduced activity of the antioxidant enzymes, thus being
protective against colorectal cancer, which would affect the
increase of apoptosis and cell renewal (38).
Corroborating this ﬁnding, Feilchenfeldt and colleagues
(39), after analyzing dysplastic and normal mucosal samples in patients with colorectal cancer, found that the
former had a reduction in the expression of PGC-1a of
around 60%. As we can see, D'Errico and colleagues (29)
observed a reduction of 70% and 90% in the PGC-1a
mRNA in dysplastic intestinal mucosa of rats. However,
conﬂicting ﬁndings have been reported. Thus, Bhalla and
colleagues (40), comparing the overexpression and low
expression of PGC-1a in rats, observed that the decrease in
PGC-1a levels also reduced the formation of intestinal
polyps, which could indicate a promoter role in colorectal
cancer. In addition, when colorectal cancer is established, it
has been reported that PGC-1a may contribute to cell
survival, whereas it acts against large amounts of ROS
generated by chemotherapy treatments (41). These differences could be due to several mechanisms still being
investigated: (i) PGC-1a acts on both catabolic and anabolic functions (33); (ii) the coordination between the

Carcinogenesis

PGC-1a

Mitochondrial dysfunction

- High ROS production
- Alterations in glucose metabolism
- Alterations in apoptotic function

Figure 2.
Mitochondrial dysfunction and carcinogenesis. Mitochondrial dysfunction is related to a high ROS production, glucose metabolism alterations, and
alterations in apoptotic function. These are factors that increase carcinogenesis. Carcinogenesis alters the energy metabolism. Energy metabolism is linked
with mitochondrial function that is regulated mainly by PGC-1a. When this gene is in the normal condition, it decreases the probability of mitochondrial dysfunction.
This could help to decrease carcinogenesis.

www.aacrjournals.org

Cancer Prev Res; 11(9) September 2018

Downloaded from cancerpreventionresearch.aacrjournals.org on September 20, 2019. © 2018 American Association for
Cancer Research.

525

Published OnlineFirst May 22, 2018; DOI: 10.1158/1940-6207.CAPR-17-0329

de Souza-Teixeira et al.

proteins encoded in the nucleus and in the mitochondria
is altered (42); (iii) methodologic differences are
employed in the studies (43), mainly those related to
the stages of development of colorectal cancer (44); and
(iv) heterogeneity in PGC-1a expression among tumor
subpopulations (45).
Furthermore, it could be in agreement with the Warburg
effect, in which tumor cells primarily use glycolysis for
ATP generation (46), and then, with cancer progression,
in addition to glycolysis, via the oxidative pathway is
increased to maintain the necessary energy input required
for the proliferation of cancer cells (16), with an exacerbated increase in the number of mitochondria (19).
Recent ﬁndings indicate that mitochondrial dysfunction,
rather than having a causal effect on cancer, may be the
consequence of the mitochondrial reprogramming that it
requires (47). In this line of reasoning, Jones and colleagues (32) make clear the importance of MB for cellular
processes or for the maintenance of functional mitochondria capable of meeting energy demands or as an adaptive
mechanism in response to the variation of energy requirements. In addition, they emphasize the importance of
the PGC family not only in functions related directly to
the mitochondria but also in those indirect functions
concerning cellular metabolic activity, emphasizing that
the dysfunction in the PGC family can be the basis of
pathologies such as cancer. This ﬁnding is reinforced by the
works of Luo and colleagues (45) and Alonso-Molero and
colleagues (48), which also highlight the importance of
identiﬁcation of various pathways regulated by the PGC-1
family as well as the different components that are inﬂuenced and affected by it.
PGC-1a and PA
PA, understood as any voluntary movement that generates energy expenditure, has a signiﬁcant impact on body
tissues, speciﬁcally on skeletal muscle, which is both the
generator of movement and an endocrine organ (49).
Muscle under insulin-stimulated conditions can remove
70% to 90% of a glucose load (23) and has a high plasticity
capacity (50). Energy status is central to body systems'
functioning and the physiologic responses derived from
muscle actions, and promotes MB (51). PGC-1a is the
major regulator of MB; its activation and expression is
enhanced by both the AMPK pathway and p38MAPK, as
well as by response to calcium-dependent nerve stimulation by activation of calcium/calmodulin-dependent protein kinase (CaMK) and calcineurin A (52, 23). These
pathways respond to an increase in AMP and diphosphate
and ROS or calcium, respectively, which, in turn, are
increased by different types of muscle contractions
(53, 54). When endurance is prioritized, PGC-1a promotes
phenotypic adaptations in skeletal muscle toward a more
oxidative phenotype (23, 50), and, in response to acutealtered energy demands, PGC-1a relocalizes into nuclear
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and mitochondrial compartments, where it works as a
transcriptional coactivator for both nuclear and mitochondrial DNA transcription factors promoting MB (55).
Increased PGC-1a expression results in improved mitochondrial respiratory function, enzymatic activity, and
mitochondrial content (43). There are other physiologic
responses derived from PA in which a fundamental role of
PGC-1a is indicated, such as increased angiogenesis, a
regulation pattern of substrate selection, and an antiinﬂammatory effect (27, 56, 57). This assumption is based
on the fact that PGC-1a is a promoter of angiogenesis by
VEGF (58) and aids in the uptake of glucose by increased
expression of glucose transporter isoform 4 (GLUT4; refs. 59,
60), which is involved in the metabolism of acids, fatty acid
by PPAR(28), and reduced phosphorylation of p65 (member of the NFkB family; ref. 57). MB and fatty acid oxidation induced by PGC-1a allows integrated upregulation in
fatty acid oxidation with improvements in insulin sensitivity (23). Note also that PGC-1a appears to be involved in
preserving the integrity of the neuromuscular junction
[ref. 61; a factor that, when altered, may promote sarcopenia (62)] and its expression is related to preservation of
muscle mass, decreasing proteolysis (63).
Scientiﬁc evidence indicates that PGC-1a is also related
to physical deconditioning processes that accompany an
inactive lifestyle. For example, in rats, it was veriﬁed that
the absence of PA results in the loss of muscle oxidative
phenotype (mitochondrial fragmentation, loss of mitochondria, reduction of mitochondrial oxygen consumption, and decreased expression of mitochondrial respiratory chain genes), which is accompanied by a decrease in
levels of PGC-1a (64). As a consequence, this decrease is
more pronounced in muscles with a greater oxidative
component (65). The absence of this gene reduces the
muscular mitochondrial content, as has been veriﬁed in
laboratory animals with a PGC-1a knockout model (66).
This physiologic response may induce muscular atrophy as
a consequence of the existence of ﬁbrillary damages and an
increase in inﬂammatory markers along with worsening
glucose tolerance, thus affecting the capacity to engage in
PA (65, 67).
It should be noted that muscular deconditioning is
frequently observed in people with colorectal cancer,
which could be palliated thanks to the protective role that
PGC-1a plays on protein catabolism and muscle homeostasis (63). Actually, Zampieri and colleagues (68) found a
surprisingly high percentage of myoﬁbers with internalized
or central nuclei in patients at clinical onset of colorectal
cancer with a higher percentage of fast-twitch ﬁbers compared with slow type.
Finally, engaging in exercise is a stimulus that leads to an
increase in the activation and expression of PGC-1a, which
has consequences beyond muscle tissue. It has been
suggested that PGC-1a may act on other tissues through
myokines such as irisin, stimulated by PGC-1a by
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expressing various muscle genes, such as ﬁbronectin type III
domain containing protein 5 (69, 70). This myokine has been
described as a promoter of UCP1 expression, which, in
turn, signiﬁcantly increases total body energy expenditure
and reduces obesity-related insulin resistance (71). Perhaps this is one of the reasons that in transgenic rats, the
increase in muscle PGC-1a concentration generated resistance to the development of obesity related to age and
diabetes and an increase in life expectancy (72).
In addition, it is probable that people who do not
engage in PA may become overweight or even obese in
relation to people who do exercise. It is important to
understand that, in adipose tissue, expression of PGC-1a
seems to be lower in morbidly obese than in slim
subjects (73). Moreover, this low expression could be
correlated with low expression of genes such as UCP-1 in
this tissue, supporting previous observations and suggesting that the differential expression of PGC-1a may be
involved in the regulation of adipose tissue and skeletal
muscle, as has been proposed by Hammarstedt and
colleagues (74).
Another important factor is the contribution of PGC-1a
in decreasing inﬂammatory markers, linking metabolic
and immune pathways (57). In this sense, the association
of colorectal cancer with chronic inﬂammatory processes is
known, although these processes may have a double function: they may act to promote the eradication of the
growing tumor cells or they may help the development
of the tumor, making it difﬁcult for the immune system to
recognize tumor cells, thus creating a proper medium for
their progression (75). In addition, Olesen and colleagues
(76), based on a study with rats, suggest that lower levels of
PGC-1a in the muscle decrease the effectiveness of the
body's responses to infections.
According to Kruk and Czerniak (77), PA can impact all
stages of carcinogenesis through different mechanisms,
such as decreased adiposity, decreased insulin resistance,
improved immune function, and reduced inﬂammation—
processes that, according to the studies mentioned here, are
associated with PGC-1a. In fact, PA increases PGC-1a
expression in all adipose tissue types. It results in increased
expression of genes involved in MB, increased mitochondrial activity, increased beiging of subcutaneous white
adipose tissue (WAT), and an altered adipokine proﬁle
(78). However, the mechanisms are different among each
type of adipose tissue and are also still to be determined.
The most described mechanism is in brown adipose tissue,
which is a potential therapeutic strategy for weight loss in
obesity, and is related to heat production (79). Accumulation of visceral WAT is associated with insulin resistance
and an increased risk of type II diabetes. This is in
contrast with what is observed in subcutaneous WAT
(78). Compared with visceral WAT, subcutaneous WAT
has a higher expression of many genes involved in
glucose homeostasis and insulin action, such as PPARg,
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coactivated by PGC-1a. Furthermore, genes involved in
Wnt signaling (colorectal cancer via) and PGC-1a–related
pathways were signiﬁcantly increased in subcutaneous
WAT with physical exercise (78).
Therefore, an increase in gene expression appears to be
an important response of the adaptive process to PA,
which, to a large extent, is related to the mechanisms or
factors present in the development of colorectal cancer.
PA and colorectal cancer
Current scientiﬁc evidence indicates that inactive individuals are at increased risk for colorectal cancer (4, 10).
Thus, for example, Moore and colleagues (80) observed
that both moderate and vigorous recreational PA is a
protective factor both for colon cancer and for rectal cancer
[HR, 0.84; 95% conﬁdence interval (CI), 0.77–0.91 and
HR, 0.87; 95% CI, 0.80–0.95, respectively]. Simons and
colleagues (81) found that occupational activities with
higher levels of energy expenditure (>12 kJ/minute vs.
<8 kJ/minute) and shorter sitting times (<2 vs. 6–8 h/d)
were associated with a lower propensity to develop colon
cancer. Similarly, Kyu and colleagues (82) observed that
people who accumulated more than the 600 MET min/wk
of PA recommended by the World Health Organization,
independently of the domain to which it refers, presented a
lower risk of developing this type of cancer (82).
However, there is still scant scientiﬁc evidence regarding
the impact of the factors related to PA (type, volume,
intensity), how it is performed, the individual histories of
participants (PA experience), and its cost–beneﬁt ratio in
relation to colorectal cancer (83). In this sense, over the
past few years, increasing scientiﬁc research has been conducted regarding the effects of different physical activities
on colorectal cancer. Nevertheless, the vast majority is
focused on the effects of PA on survivors of this type of
cancer without clear evidence of how to proceed (84).
Moreover, in survivors, the mechanisms that justify the
beneﬁts of PA in colorectal cancer patients are uncertain.
Insulin alterations, visceral adipose tissue, adiponectin,
TNFa levels, and fatigue have been proposed (85, 86).
Regarding prevention, an interesting study was carried out
by Campbell and colleagues (87), who, through a randomized intervention based on aerobic exercise (6 d/wk
for 12 months, with an intensity of 60% to 85% of
maximal heart rate) with a group of sedentary adults,
observed an increase in the apoptotic potential of the crypt
only in men who participated in training versus controls
(those who followed their normal routines). This result
could be in line with the maintenance of the balance
between cell proliferation and apoptosis to avoid the
development of neoplastic tissue, largely responsible for
the Bcl-2 and Bax proteins in the colon. Bax protein, a
promoter of apoptosis through mitochondrial membrane
permeabilization (88), was identiﬁed as a fundamental
molecule for the performance of PGC-1a in the intestine
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(38), and it could be an important link between PA and its
protective effect in colorectal cancer through that gene.
However, in the study by Campbell and colleagues (87),
this result was not observed in women, which highlights
what was suggested by epidemiologic studies describing
that PA has a greater protective effect against colorectal
cancer in men.
Regarding the inﬂuence that PA might have on the
expression of PGC-1a, it seems that the intensity of PA is
one of the main factors to take into account. Thus, in
healthy young men, it has been observed that after 4 weeks
of training with different matched for total work protocols,
those who participated in the more intense protocol
(200% of peak power output) obtained greater expressions
of the gene when compared with the protocols performed
at 90% and 65% of peak power output (89). Similarly, in a
study carried out with a comparable sample that analyzed
the effect of just one exercise session on the expression of
PGC-1a, they veriﬁed that at higher intensities, the highest
increase of the mRNA of PGC-1a is manifested 3 hours after
cessation of the stimulus (90). A similar result was
observed by Gibala and colleagues (91) following an acute
protocol of four sets of 30 seconds all-out with a 4-minute
interval between them. The results of these studies invite
us to consider that exercise intensity modiﬁes PGC-1a
expression levels.
PGC-1a, PA, and colorectal cancer
In the absence of investigations that simultaneously
relate PA, PGC-1a, and colorectal cancer prevention at the

molecular level, and taking into account the previous
discussion, we considered some possible factors in common among these three variables, highlighting the following risk factors of colorectal cancer: obesity, decreased
muscle mass, and the aging process (Fig. 3). We highlight
these risk factors because they respond positively to the
performance of PA and because they share two common
points: they affect insulin sensitivity and alter the ROS/
redox cellular balance with their respective consequences.
In muscle, PGC-1a expression levels, in addition to
responding to the pathways discussed (AMPK, CaMK,
p38MAPK), also appear to be regulated by the insulin
signaling pathway with complex regulatory mechanisms
that are not yet completely clear. Although some studies
report that insulin increases the transcription of PGC-1a,
others theorize that it may have the opposite effect, as
insulin media stores energy and decreases catabolic pathways (24).
According to Keku and colleagues (92), it has been
observed that the lack of insulin sensitivity causes an
increase in insulin concentration. This promotes the
appearance of colorectal adenomas by decreasing the cellular apoptosis of the normal intestinal mucosa (92). Thus,
it seems essential to understand that physical exercise, as a
stressor that demands energy, stimulates PGC-1a expression, increasing both MB and glucose uptake (increase of
GLUT4; 93). In response to this increase and to the respective mitochondrial functions, we observed an improvement in insulin sensitivity (94), which can lead to a
decrease in the risk of colorectal cancer. Therefore, the
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Figure 3.
Insulin sensitivity and ROS/Redox balance as a binding factor among physical activity, PGC-1a, and colorectal cancer. Physical inactivity stimulates the
loss of muscle mass, does not contribute to slowing the aging process, and promotes an increase in obesity; it also tends to increase inﬂammatory factors
and tends to be associated with lower levels of PGC-1a, impacting sensitivity to insulin and ROS/Redox balance. This, in turn, promotes cellular damage and
increases the likelihood of colorectal cancer. In the opposite direction, physical activity increases PGC-1a and interferes with the sensitivity to insulin and
balance ROS/Redox positively, thus reducing the likelihood of colorectal cancer.
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absence of PA, mitochondrial dysfunction, and alterations
in the functioning of the insulin hormone will have an
opposite effect—an increase of this risk.
On the other hand, ROS is associated with cellular
damage that, if not repaired or controlled, contributes to
the development of colorectal cancer. PGC-1a, although
stimulated by ROS and able to increase its production by
oxidative phosphorylation, is involved in the regulation of
antioxidant defenses, contributing to a good ROS/Redox
balance. Therefore, with aging, a decrease in the number of
mitochondria and their ability to function can be observed,
which leads to a greater accumulation of cellular damage
(63, 95). These supposedly increase ROS and alterations in
energy production that increase the probability of developing colorectal cancer.
ROS increase may lead to increased proteolysis, autophagy, and apoptosis, contributing to a classic aging or
disuse process and signiﬁcant loss of muscle mass and
function (sarcopenia; ref. 63). However, skeletal muscle
acts as an endocrine organ, which provides a molecular link
between muscles' function and body physiology (70).
Thus, the reduction of muscle mass is associated, inter
alia, with three main factors: (i) greater resistance to
insulin, (ii) the development of a low-grade chronic
inﬂammation state (63), and (iii) poor prognosis in people
with cancer or in the process of recovery from this disease
(96). At this point, as previously mentioned, PGC-1a is
associated with a protective role against protein catabolism
and the establishment of homeostasis, which reduces
loss of muscle mass, protecting against tumor development (63).
Obesity, which is an important risk factor for the development of colorectal cancer, is also associated with the
factors just described. In fact, adipose tissue plays a major
role in the development of systemic insulin resistance,
mostly because of proinﬂammatory cytokines and macrophages. This resistance might also involve mitochondrial
dysfunction in the adipocytes of obese patients (31).
Another alteration observed with obesity is an elevated
PGC-1a level in the liver and diminished level in skeletal
muscle. This tissue-speciﬁc pattern of dysregulated PGC-1a
activity is predicted to potentially also contribute to systemic insulin resistance, glucose intolerance, and insulin
deﬁciency (85). As in skeletal muscle, where PGC-1a is
involved in muscle ﬁber conversion, it may also be
involved in the conversion of mature WAT into brown
adipose tissue, where it has been found to coactivate PPARg
to strongly induce UCP1. Levels of UCP1 in subcutaneous
WAT seem to be dependent on PGC-1a expression in
response to PA. This suggests that white fat can be converted to a brown fat–like phenotype, that PA has a
signiﬁcant inﬂuence on PGC-1a pathways, and that
PGC-1a may be a novel therapeutic strategy for obesity
(31, 97). Physical inactivity increases the likelihood of
obesity or worsening of the clinical condition, and it is a
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risk factor in colorectal cancer development. Therefore,
deregulation of energy metabolism with the consequent
establishment of low-grade chronic inﬂammation, with its
respective physiologic impacts, seems to be the focus of the
theme.
Our study attempted to review an important research
area. However, it is limited because it presents many weak
associations of fairly isolated observations that could be
important.

Future Research
We considered the hypothesis that there is a relationship
among PGC-1a, PA, and colorectal cancer prevention and
veriﬁed that there are still many gaps in our understanding
of the disease process. It was also emphasized that it is
necessary to consider the various pathways and biologic
reactions involved; thus, the activated crosstalk processes
must be taken into account. The complexities of these
pathways and reactions necessitate further studies to provide solid scientiﬁc evidence for deeper understanding.
To better understand the role of PGC-1a in the protective effect of PA on colorectal cancer, future studies
must address the following: (i) which variables related to
PA are preponderant in the development of colorectal
cancer (e.g., intensity?); (ii) which mechanisms, primary
and secondary, are responsible for the beneﬁcial effects
of PA in colorectal cancer (PGC-1a is a good biomarker;
however, it has pleiotropic functions with a wide range
of interaction depending on the tissue—a more complete
understanding of longevity regulating pathway could be
of help); (iii) with regard to the different biologic processes and metabolic pathways in which PGC-1a is
involved, which are the most preponderant in the development of colorectal cancer (PGC-1a, depending on
circumstances, can be a promoter or a protective agent
in colorectal cancer, and a better understanding of this is
fundamental); (iv) which are the primary and/or secondary pathways in the activation and expression of
PGC-1a by PA and to which stimulus does it effectively
correspond (AMPK, p38MAPK, CaMK, and Akt/protein
kinase B are pathways related to PGC-1a; can one of
these have more impact with one or another kind of PA?
Which one could have a stronger association with colorectal cancer protection?); and (v) what is the impact of
PGC-1a on colorectal cancer in humans (more studies in
humans regarding prevention and therapy could help).
Complementing what has just been described, it seems
that if the beneﬁts of PA in colorectal cancer depend partly
on PGC1a even though they may pass through this gene,
they seem to extend beyond it (30). It would be interesting
to analyze the role of PGC-1a in relation to genes with
potential similar properties that were not addressed in this
study. An example is TP53, which, despite being a wellknown tumor-suppressor gene, is being targeted as a modulator of MB and appears to respond to PA stimuli (98).
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Sirtuin 1 is one of the regulators of the longevity pathway
interacting with p53, NFkB, Bax, and PPAR and, by
deacetylation, activates PGC-1a, which is also inﬂuenced
by PA (99). Other possible routes of interest are hormonal
(thyroid, sexual, metabolic). An example is ERRa (which
interacts with PGC-1a) that interacts with receptor 140
(RIP140), a transcriptional coregulator that regulates intestinal homeostasis and tumorigenesis. It has been observed
in cellular models and in mice that RIP140 stimulates
adenomatous polyposis coli transcription and inhibits the
activation of b-catenin, thus has a tumor-suppressor role
(100). In addition, among other factors, it may help to
form the complex map of interconnection between the
different processes that may be involved in the protective
mechanism of PA in colorectal cancer.

Conclusions
This study analyzed the protective role of PA in the
development of colorectal cancer and existing scientiﬁc
evidence on the risk factors linked to the biologic processes
that are regulated by PGC-1a and the effect that PA presents
on the activation and expression of this gene. The results of
this study create a basis on which future research on the role

of this gene can be built on the protective effect of PA on the
development of colorectal cancer.

Authors' Contributions
Conception and design: F. de Souza-Teixeira, J. Alonso-Molero,
A.J. Molina, V. Martín
Development of methodology: V. Martín, A.J. Molina, F. de SouzaTeixeira, T. Fernandez-Villa
Analysis and interpretation of data (e.g., statistical analysis,
biostatistics, computational analysis): F. de Souza-Teixeira,
C. Gonzalez-Donquiles, V. Davila-Batista, T. Fernandez-Villa,
V. Martín
Writing, review, and/or revision of the manuscript: F. de SouzaTeixeira, J. Alonso-Molero, C. Ayan, L. Vilorio-Marques, A.J. Molina,
C. Gonzalez-Donquiles, V. Davila-Batista, T. Fernandez-Villa,
J. Antonio de Paz
Administrative, technical, or material support (i.e., reporting or
organizing data, constructing databases): F. de Souza-Teixeira,
J. Alonso-Molero
Study supervision: C. Ayan, V. Martín

Disclosure of Potential Conﬂicts of Interest
No potential conﬂicts of interest were disclosed.
Received October 16, 2017; revised February 8, 2018; accepted May
15, 2018; published ﬁrst May 22, 2018.

References
1. Aran V, Victorino AP, Thuler LC, Ferreira CG. Colorectal
cancer: epidemiology, disease mechanisms and interventions
to reduce onset and mortality. Clin Colorectal Cancer
2016;15:195–203.
2. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M,
et al. Cancer incidence and mortality worldwide: sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer
2015;136:359–86.
3. Center MM, Jemal A, Ward E. International trends in colorectal
cancer incidence rates. Cancer Epidemiol Biomarkers Prev
2009;18:1688–94.
4. World Cancer Research Fund/American Institute for Cancer
Research. Food, nutrition, physical activity, and the prevention
of cancer: a global perspective. Washington, DC: American
Institute for Cancer Research; 2007. Available from: http://
www.aicr.org/assets/docs/pdf/reports/Second_Expert_Report.
pdf.
5. Lee IM, Shiroma EJ, Lobelo F, Puska P, Blair SN, Katzmarzyk PT.
Lancet Physical Activity Series Working Group. Effect of physical
inactivity on major non-communicable diseases worldwide: an
analysis of burden of disease and life expectancy. Lancet
2012;380:219–29.
6. Arem H, Pfeiffer RM, Engels EA, Alfano CM, Hollenbeck A, Park
Y, et al. Pre- and postdiagnosis physical activity, television
viewing, and mortality among patients with colorectal cancer
in the national institutes of health-AARP diet and health study.
J Clin Oncol 2015;33:180–8.
7. Harding J, Sooriyakumaran M, Anstey KJ, Adams R, Balkau B,
Briffa T, et al. The metabolic syndrome and cancer: is the
metabolic syndrome useful for predicting cancer risk above and
beyond its individual components? Diabetes Metab 2015;41:
463–9.
8. Trabulo D, Ribeiro S, Martins C, Teixeira C, Cardoso C,
Mangualde J, et al. Metabolic syndrome and colorectal neo-

530 Cancer Prev Res; 11(9) September 2018

9.

10.

11.

12.

13.

14.

15.

16.

17.

plasms: an ominous association. World J Gastroenterol 2015;
21:5320–7.
Jung YS, Kim NH, Ryu S, Park JH, Park DI, Sohn CI. Association
between low relative muscle mass and the risk of colorectal
neoplasms. J Clin Gastroenterol 2016;51:e83–e89.
World Cancer Research Fund/American Institute for Cancer
Research. Continuous update project. Report summary. Food,
nutrition, physical activity, and the prevention of colorectal
cancer 2011. Available from: http://www.wcrf.org/sites/default/
ﬁles/Colorectal-Cancer-2011-Report.pdf.
Song JH, Kim YS, Yang SY, Chung SJ, Park MJ, Lim SH, et al.
Physical activity and other lifestyle factors in relation to the
prevalence of colorectal adenoma: a colonoscopy-based study
in asymptomatic Koreans. Cancer Causes Control 2013;24:
1717–26.
Leitzmann M, Powers H, Anderson AS, Scoccianti C, Berrino F,
Boutron-Ruault MC, et al. European code against cancer 4th
Edition: physical activity and cancer. Cancer Epidemiol 2015;
39S:46–55.
Handschin C, Spiegelman B. The role of exercise and PGC1a
in inﬂammation and chronic disease. Nature 2008;454:
463–9.
Molmenti CL, Hibler EA, Ashbeck EL, Thomson CA, Garcia DO,
Roe D, et al. Sedentary behavior is associated with colorectal
adenoma recurrence in men. Cancer Causes Control 2014;25:
1387–95.
Schwartz B, Yehuda-shnaidman E. Putative role of adipose tissue
in growth and metabolism of colon cancer cells. Front Oncol
2014;4:1–7.
Ksiezakowska-Lakoma K, Zyla M, Wilczynski JR. Mitochondrial dysfunction in cancer. Prz Menopauzalny 2014;13:
136–44.
Hsu CC, Tseng LM, Lee HC. Role of mitochondrial dysfunction
in cancer progression. Exp Biol Med 2016;241:1281–95.

Cancer Prevention Research

Downloaded from cancerpreventionresearch.aacrjournals.org on September 20, 2019. © 2018 American Association for
Cancer Research.

Published OnlineFirst May 22, 2018; DOI: 10.1158/1940-6207.CAPR-17-0329

PGC-1a in the Physical Activity–Protective Effect on CRC

18. Sanchez-Pino MJ, Moreno P, Navarro A. Mitochondrial dysfunction in human colorectal cancer progression. Front Biosci
2007;12:1190–9.
19. Ussakli CH, Ebaee A, Binkley J, Brentnall TA, Emond MJ,
Rabinovitch PS, et al. Mitochondria and tumor progression in
ulcerative colitis. J Natl Cancer Inst 2013;105:1239–48.
20. Liang H, Ward WF. PGC-1a: a key regulator of energy metabolism. Adv Physiol Educ 2006;30:145–51.
21. Villena JA.New insights into PGC-1 coactivators: redeﬁning their
role in the regulation of mitochondrial function and beyond.
FEBS J 2015;282:647–72.
22. Bellafante E, Morgano A, Salvatore L, Murzilli S, Di Tullio G,
D'Orazio A, et al. PGC-1b promotes enterocyte lifespan and
tumorigenesis in the intestine. Proc Natl Acad Sci USA 2014;
111:4523–31.
23. Lira VA, Benton CR, Yan Z, Bonen A. PGC-1a regulation by
exercise training and its inﬂuences on muscle function and
inulin sensitivity. Am J Physiol Endocrinol Metab 2010;299:
E145–61.
24. Fernandez-Marcos PJ, Auwerx J. Regulation of PGC-1a, a nodal
regulator of mitochondrial biogenesis. Am J Clin Nutr 2011;
93:884–90.
25. Scarpulla RC. Metabolic control of mitochondrial biogenesis
through the PGC-1 family regulatory network. Biochim Biophys
Acta 2011;1813:1269–78.
26. Adamovich Y, Shlomai A, Tsvetkov P, Umansky KB, Reuven N,
Estall JL, et al. The protein level of PGC-1a, a key metabolic
regulator, is controlled by NADH-NQO1. Mol Cell Biol 2013;
33:2603–13.
27. Sugden MC, Caton PW, Holness MJ. PPAR control: it's SIRTainly
as easy as PGC. J Endocrinol 2010;204:93–104.
28. Alaynick WA. Nuclear receptors, mitocondria, and lipid metabolism. Mitochondrion 2008;8:329–37.
29. D'Errico I, Salvatore L, Murzilli S, Lo Sasso G, Latorre D, Martelli
N, et al. Peroxisome proliferator-activated receptor-gamma
coactivator 1-alpha (PGC1alpha) is a metabolic regulator of
intestinal epithelial cell fate. Proc Natl Acad Sci USA 2011;
108:6603–8.
30. Chan MC, Arany Z. The many roles of PGC-1a in muscle–recent
developments. Metabolism 2014;63:441–51.
31. Besseiche A, Riveline JP, Gautier JF, Brant B, Blondeau B.
Metabolic roles of PGC-1a and its implications for type 2
diabetes. Diabetes Metab 2015;41:347–57.
32. Jones AW, Yao Z, Vicencio JM, Karkucinska-wieckowska A,
Szabadkai G. PGC-1 family coactivators and cell fate: roles in
cancer, neurodegeneration, cardiovascular disease and retrograde mitochondria–nucleus signalling. Mitochondrion 2012;
12:86–99.
33. Girnun GD. The diverse role of the PPARg coactivator 1 family of
transcriptional coactivators in cancer. Semin Cell Dev Biol
2012;23:381–8.
34. Fogg VC, Lanning NJ, Mackeigan JP. Mitochondria in cancer: at
the crossroads of life and death. Chin J Cancer 2011;30:526–39.
35. Gaustadnes M, Orntoft TF, Jensen JL, Torring N. Validation of
the use of DNA pools and primer extension in association
studies of sporadic colorectal cancer for selection of candidate
SNPs. Hum Mutat 2006;27:187–94.
36. Zoratto F, Rossi L, Verrico M, Papa A, Basso E, Zullo A, et al. Focus
on genetic and epigenetic events of colorectal cancer pathogenesis: implications for molecular diagnosis. Tumor Biol 2014;35:
6195–206.
37. Tezcan G, Tunca B, Ak S, Cecener G, Egeli U. Molecular approach
to genetic and epigenetic pathogenesis of early-onset colorectal
cancer. World J Gastrointest Oncol 2016;8:83–98.

www.aacrjournals.org

38. D'Errico I, Lo Sasso G, Salvatore L, Murzilli S, Martelli N,
Cristofaro M, et al. Bax is necessary for PGC-1a pro-apoptotic
effect in colorectal cancer cells. Cell 2011;10:2937–45.
39. Feilchenfeldt J, Br€
undler MA, Soravia C, T€
otsch M, Meier CA.
Peroxisome proliferator-activated receptors (PPARs) and associated transcription factors in colon cancer: reduced expression
of PPARgamma-coactivator 1 (PGC-1). Cancer Lett 2004;203:
25–33.
40. Bhalla K, Hwang BJ, Dewi RE, Ou L, Twaddel W, Fang H, et al.
PGC-1a promotes tumor growth by inducing gene expression programs supporting lipogenesis. Cancer Res 2011;71:
6888–98.
41. Vellinga TT, Borovski T, de Boer VC, Fatrai S, van Schelven S,
Trumpi K, et al. SIRT1/PGC1a-dependent increase in oxidative
phosphorylation supports chemotherapy resistance of colon
cancer. Clin Cancer Res 2015;21:2870–9.
42. Mazzanti R, Giulivi C. Coordination of nuclear- and mitochondrial-DNA encoded proteins in cancer and normal colon tissues.
Biochim Biophys Acta 2006;1757:618–23.
43. Philp A, Schenk S. Unraveling the complexities of SIRT1-mediated mitochondrial regulation in skeletal muscle. Exerc Sport Sci
Rev 2013;41:174–81.
44. Sporn MB, Liby KT. NRF2 and cancer: the good, the bad and the
importance of context. Nat Rev Cancer 2012;12:564–571.
45. Luo C, Widlund HR, Puigserver P. PGC-1 coactivators: shepherding the mitochondrial biogenesis of tumors. Trends Cancer
2016;2:619–631.
46. St John JC. Mitochondrial DNA copy number and replication in
reprogramming and differentiation. Semin Cell Dev Biol 2016;
52:93–101.
47. Lund M, Melbye M, Diaz LJ, Duno M, Wohlfahrt J, Vissing J.
Mitochondrial dysfunction and risk of cancer. Br J Cancer
2015;112:1134–40.
48. Alonso-Molero J, Gonzalez-Donquiles C, Fernandez-Villa T, de
Souza-Teixeira F, Vilorio-Marques L, Molina AJ, et al. Alterations
in PGC1a expression levels are involved in colorectal cancer risk:
a qualitative systematic review. BMC Cancer 2017;17:731–43.
49. Hawley JA, Hargreaves M, Joyner MJ, Zierath JR. Integrative
biology of exercise. Cell 2014;159:738–49.
50. Russell AP, Feilchenfeldt J, Schreiber S, Praz M, Crettenand A,
Gobelet C, et al. Endurance training in humans leads to ﬁber
type-speciﬁc increases in levels of peroxisome proliferator-activated receptor-gamma coactivator-1 and peroxisome proliferator-activated receptor-alpha in skeletal muscle. Diabetes 2003;
52:2874–81.
51. Wright DC, Han DH, Garcia-Roves PM, Geiger PC, Jones TE,
Holloszy JO. Exercise-induced mitochondrial biogenesis begins
before the increase in muscle PGC-1a expression. J BiolChem
2007;282:194–9.
52. Coffey VG, Hawley JA. The molecular bases of training adaptation. Sports Med 2007;37:737–63.
53. Irrcher I, Ljubicic V, Hood DA. Interactions between ROS and
AMP kinase activity in the regulation of PGC-1a transcription in
skeletal muscle cells. Am J Physiol Cell Physiol 2009;296:
116–23.
54. Combes A, Dekerle J, Webborn N, Watt P, Bougault V, Daussin
FN. Exercise-induced metabolic ﬂuctuations inﬂuence AMPK,
p38-MAPK and CaMKII phosphorylation in human skeletal
muscle. Physiol Rep 2015;3:pii:e12462.
55. Safdar A, Little JP, Stokl AJ, Hettinga BP, Akhtar M, Tarnopolsky MA. Exercise increases mitochondrial PGC-1alpha
content and promotes nuclear-mitochondrial cross-talk to
coordinate mitochondrial biogenesis. J Biol Chem 2011;286:
10605–17.

Cancer Prev Res; 11(9) September 2018

Downloaded from cancerpreventionresearch.aacrjournals.org on September 20, 2019. © 2018 American Association for
Cancer Research.

531

Published OnlineFirst May 22, 2018; DOI: 10.1158/1940-6207.CAPR-17-0329

de Souza-Teixeira et al.

56. Skovgaard C, Brandt N, Pilegaard H, Bangsbo J. Combined
speed endurance and endurance exercise amplify the exerciseinduced PGC-1a and PDK4 mRNA response in trained human
muscle. Physiol Rep 2016;3:pii:e12864.
57. Eisele PS, Salatino S, Sobek J, Hottiger MO, Handschin C. The
peroxisome proliferator-activated receptor y coactivator 1a/b
(PGC-1) coactivators repress the transcriptional activity of
NF-kB in skeletal muscle cells. J Biol Chem 2013;288:
2246–60.
58. Taylor CW, Ingham SA, Hunt JE, Martin NR, Pringle JS, Ferguson
RA. Exercise duration-matched interval and continuous sprint
cycling induce similar increases in AMPK phosphorylation,
PGC-1a and VEGF mRNA expression in trained individuals.
Eur J Appl Physiol 2016;116:1445–54.
59. Holloszy JO. Regulation by exercise of skeletal muscle content of
mitochondria and GLUT4. J Physiol Pharmacol 2008;59:5–18.
60. Stuart CA, Howell ME, Baker JD, Dykes RJ, Duffourc MM,
Ramsey MW, et al. Cycle training increased GLUT4 and activation of mammalian target of rapamycin in fast twitch muscle
ﬁbers. Med Sci Sports Exerc 2010;42:96–106.
61. Gouspillou G, Picard M, Godin R, Burelle Y, Hepple RT. Role of
peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a) in denervation-induced atrophy in aged
muscle: facts and hypotheses. Longev Healthspan 2013;2:13.
62. Arnold AS, Gill J, Christe M, Ruiz R, McGuirk S, St-Pierre J, et al.
Morphological and functional remodeling of the neuromuscular junction by skeletal muscle PGC-1a. Nat Commun
2014;5:3569–95.
63. Ji LL, Kang C. Role of PGC-1a in sarcopenia: etiology and
potential intervention – a minireview. Gerontology 2015;61:
139–48.
64. Remels AH, Pansters NA, Gosker HR, Schols AM, Langen RC.
Activation of alternative NF-Kb signaling during recovery of
disuse-induced loss of mucle oxidative phenotype. Am J Physiol
Endocrinol Metab 2014;306:615–26.
65. Liu J, Peng Y, Cui Z, Wu Z, Qian A, Shang P, et al. Depressed
mitochondrial biogenesis and dynamic remodeling in mouse
tibialis anterior and gastrocnemius induced by 4-week hindlimb
unloading. IUBMB Life 2012;64:901–10.
66. Adhihetty PJ, Uquccioni G, Leick L, Hidalgo J, Pilegaard H, Hood
DA. The role of PGC-1alpha on mitochondrial function and
apoptotic susceptibility in muscle. Am J Physiol Cell Physiol
2009;297:217–25.
67. Handschin C, Chin S, Li P, Liu F, Maratos-Flier E, Lebrasseur NK,
et al. Skeletal muscle ﬁber-type switching, exercise intolerance,
and myopathy in PGC-1alpha muscle-speciﬁc knock-out animals. J Biol Chem 2007;282:30014–21.
68. Zampieri S, Doria A, Adami N, Biral D, Vecchiato M, Savastano S, et al. Subclinical myopathy in patients affected with
newly diagnosed colorectal cancer at clinical onset of disease:
evidence from skeletal muscle biopsies. Neurolog Res 2010;
32:20–5.
69. Chen N, Li Q, Kiu J, Jia S. Irisin, an exercise-induced myokine as a
metabolic regulator: an updated narrative review. Diabetes
Metab Res Rev 2016;32:51–9.
70. Schnyder S, Handschin C. Skeletal muscle as an endocrine
organ: PGC-1a, myokines and exercise. Bone 2015;80:
115–125.
71. Bostr€
om P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, et al. A
PGC-1-a-dependent myokine that drives brown-fat-like development of white fat and thermogenesis. Nature 2012;481:
463–8.
72. Wenz T, Rossi SG, Rotundo RL, Spiegelman BM, Moraes CT.
Increased muscle PGC-1alpha expression protects from sarco-

532 Cancer Prev Res; 11(9) September 2018

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

penia and metabolic disease during aging. Proc Natl Acad Sci
USA 2009;106:20405–10.
Semple RK, Crowley VC, Sewter CP, Laudes M, Christodoulides
C, Considine RV, et al. Expression of the thermogenic nuclear
hormone receptor coactivator PGC-1alpha is reduced in the
adipose tissue of morbidly obese subjects. Int J Obes Relat Metab
Disord 2004;28:176–9.
Hammarstedt A, Jansson PA, Wesslau C, Yang X, Smith U.
Reduced expression of PGC-1 and insulin-signaling molecules
in adipose tissue is associated with insulin resistance. Biochem
Biophys Res Commun 2003;301:578–82.
Rizzo A, Pallone F, Monteleone G, Fantini MC. Intestinal
inﬂammation and colorectal cancer: a double-edged sword?
World J Gastroenterol 2011;17:3092–100.
Olesen J, Larsson S, Iversen N, Yousafzai S, Hellsten Y, Pilegaard
H. Skeletal muscle PGC-1a is required for maintaining an acute
LPS-induced TNFa response. PLoS One 2012;7:e32222.
Kruk J, Czerniak U. Physical activity and its relation to cancer
risk: updating the evidence. Asian Pac J Cancer Prev 2013;
14:3993–4003.
Stanford KI, Middelbeek RJW, Goodyear LJ. Exercise effects on
white adipose tissue: beiging and metabolic adaptations.
Diabetes 2015;64:2361–68.
Carey AL, Vorlander C, Reddy-Luthmoodoo M, Natoli AK,
Formosa MF, Bertovic DA, et al. Reduced UCP-1 content in
vitro differentiated beige/brite adipocytes derived from preadipocytes of human subcutaneous white adipose tissues in obesity. PLoS ONE 2014;9:e91997.
Moore SC, Lee IM, Weiderpass E, Campbell PT, Sampson JN,
Kitahara CM, et al. Association of leisure-time physical activity
with risk of 26 types of cancer in 1.44 million adults. JAMA
Intern Med 2016;176:816–25.
Simons CC, Hughes LA, van Engeland M, Goldbohm RA, van
den Brandt PA, Weijenberg MP. Physical activity, occupational
sitting time, and colorectal cancer risk in the Netherlands cohort
study. Am J Epidemiol 2013;177:514–30.
Kyu HH, Bachman VF, Alexander LT, Mumford JE, Afshin A,
Estep K, et al. Physical activity and risk of breast cancer, colon
cancer, diabetes, ischemic heart disease, and ischemic stroke
events: systematic review and dose-response meta-analysis for
the Global Burden of Disease Study 2013. BMJ 2016;354:
i3857.
Ashcraft KA, Peace RM, Betof AS, Dewhirst MW, Jones LW.
Efﬁcacy and mechanisms of aerobic exercise on cancer initiation,
progression, and metastasis: a critical systematic review of in
vivo preclinical data. Cancer Res 2016;76:4032–50.
Cramer H, Lauche R, Klose P, Dobos G, Langhorst J. A systematic
review and meta-analysis of exercise interventions for colorectal
cancer patients. Eur J Cancer Care 2014;23:3–14.
Lee MK, Kim JY, Kim DI, Kang DW, Park JH, Ahn KY, et al. Effect
of home-based exercise intervention on fasting insulin and
adipocytokines in colorectal cancer survivors: a randomized
controlled trial. Metabolism 2017;76:23–31.
Brown JC, Zemel BS, Troxel AB, Rickels MR, Damjanov N, Ky B,
et al. Dose-response effects of aerobic exercise on body composition among colon cancer survivors: a randomised controlled trial. Br J Cancer 2017;117:1614–20.
Campbell KL, McTiernan A, Li SS, Sorensen BE, Yasui Y, Lampe
JW, et al. Effect of a 12-month exercise intervention on the
apoptotic regulating proteins Bax and Bcl-2 in colon crypts: a
randomized controlled trial. Cancer Epidemiol Biomarkers Prev
2007;16:1767–74.
Khodapasand E, Jafarzadeh N, Farrokhi F, Kamalidehghan B,
Houshmand M. Is Bax/Bcl-2 ratio considered as a prognostic

Cancer Prevention Research

Downloaded from cancerpreventionresearch.aacrjournals.org on September 20, 2019. © 2018 American Association for
Cancer Research.

Published OnlineFirst May 22, 2018; DOI: 10.1158/1940-6207.CAPR-17-0329

PGC-1a in the Physical Activity–Protective Effect on CRC

89.

90.

91.

92.

93.

marker with age and tumor location in colorectal cancer? Iran
Biomed J 2015;19:69–75.
Granata C, Oliveira RSF, Little JP, Renner K, Bishop DJ. Training
intensity modulates changes in PGC-1a and p53 protein content and mitochondrial respiration, but not markers of mitochondrial content in human skeletal muscle. FASEB J 2016;
30:959–70.
Egan B, Carson BP, Garcia-Roves PM, Chibalin AV, Sarsﬁeld FM,
Barron N, et al. Exercise intensity-dependent regulation of
peroxisome proliferator-activated receptor gcoactivator1amRNA abundance is associated with differential activation
of upstream signalling kinases in human skeletal muscle.
J Physiol 2010;588:1779–90.
Gibala MJ, McGee SL, Garnham AP, Howlett KF, Snow RJ,
Hargreaves M. Brief intense interval exercise activates AMPK
and p38MAPK signaling and increases the expression of PGC-1a
in human skeletal muscle. J Appl Physiol 2009;106:929–34.
Keku TO, Lund PK, Galanko J, Simmons JG, Woosley JT, Sandler
RS. Insulin resistance, apoptosis, and colorectal adenoma risk.
Cancer Epidemiol Biomarkers Prev 2005;14:2076–81.
Holloszy JO. Regulation of mitochondrial biogenesis and
GLUT4 expression by exercise. Compr Physiol 2011;1:921–40.

www.aacrjournals.org

94. Reznick RM, Shulman GI. The role of AMP-activated protein
kinase in mitochondrial biogenesis. J Physiol 2006;574:
33–9.
95. Lanza IR, Nair KS. Regulation of skeletal muscle mitochondrial
function: genes to proteins. Acta Physiol 2010;199:529–47.
96. Mei KL, Batsis JA, Mills JB, Holubar SD. Sarcopenia and sarcopenic obesity: do they predict inferior oncologic outcomes after
gastrointestinal cancer surgery? Perioper Med 2016;5:30–42.
97. Ringholm S, Knudsen JG, Leick L, Lundgaard A, Nielsen MM,
Pelegaard H. PGC-1a is required for exercise- and exercise
training-induced UCP1 up-regulation in mouse white adipose
tissue. Plos One 2013;8:e64123.
98. Bartlett JD, Close GL, Drust B, Morton JP. The emerging role of
p53 in exercise metabolism. Sports Med 2014;44:303–9.
99. Edgett BA, Foster WS, Hankinson PB, Simpson CA, Little J,
Graham RB, et al. Dissociation of increases in PGC-1a and its
regulators from exercise intensity and muscle activation following acute exercise. PLoS One 2013;8:e716293.
100. Lapierre M, Bonnet S, Bascoul-Mollevi C, Ait-Arsa I, Jalaguier S,
Del Rio M, et al. RIP140 increases APC expression and controls
intestinal homeostasis and tumorigenesis. J Clin Invest 2014;
124:1899–913.

Cancer Prev Res; 11(9) September 2018

Downloaded from cancerpreventionresearch.aacrjournals.org on September 20, 2019. © 2018 American Association for
Cancer Research.

533

Published OnlineFirst May 22, 2018; DOI: 10.1158/1940-6207.CAPR-17-0329

Downloaded from cancerpreventionresearch.aacrjournals.org on September 20, 2019. © 2018 American Association for
Cancer Research.

Published OnlineFirst May 22, 2018; DOI: 10.1158/1940-6207.CAPR-17-0329

PGC-1α as a Biomarker of Physical Activity-Protective Effect on
Colorectal Cancer
Fernanda de Souza-Teixeira, Jéssica Alonso-Molero, Carlos Ayán, et al.
Cancer Prev Res 2018;11:523-534. Published OnlineFirst May 22, 2018.

Updated version

Cited articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/1940-6207.CAPR-17-0329

This article cites 98 articles, 18 of which you can access for free at:
http://cancerpreventionresearch.aacrjournals.org/content/11/9/523.full#ref-list-1

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerpreventionresearch.aacrjournals.org/content/11/9/523.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerpreventionresearch.aacrjournals.org on September 20, 2019. © 2018 American Association for
Cancer Research.

