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Abstract
The metabolic syndrome is characterized by a state of metabolic dysfunction resulting in the
development of several chronic diseases that are potentially deadly. These metabolic deregulations
are complex and intertwined and it has been observed that many of the mechanisms and pathways
responsible for diseases characterizing the metabolic syndrome such as type 2 diabetes and
cardiovascular disease are linked with cancer development as well. Identification of molecular
pathways common to these diverse diseases may prove to be a critical factor in disease prevention
and development of potential targets for therapeutic treatments. This review focuses on several
molecular pathways, including AMPK, PPARs and FASN that interconnect cancer development,
type 2 diabetes and cardiovascular disease. AMPK, PPARs and FASN are crucial regulators
involved in the maintenance of key metabolic processes necessary for proper homeostasis. It is
critical to recognize and identify common pathways deregulated in interrelated diseases as it may
provide further information and a much more global picture in regards to disease development and
prevention. Thus, this review focuses on three key metabolic regulators, AMPK, PPARs and
FASN, that may potentially serve as therapeutic targets.
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INTRODUCTION
Metabolic syndrome describes a state of metabolic dysfunction in a subgroup of patients
sharing risk for several chronic diseases such as obesity, diabetes, hypertension, stroke,
hyperinsulinemia, atherosclerosis and other disorders [1]. The major components involved
in the diagnosis of metabolic syndrome include insulin resistance, obesity, dyslipidemia and
endothelial dysfunction (reviewed in [2, 3]). According to the definition proposed by the
World Health Organization (WHO), insulin resistance is a requirement for a diagnosis of
metabolic syndrome [4], The underlying causes associated with these potentially deadly
metabolic deregulations are complex and intertwined. Recently, it has been observed that
many of the mechanisms and pathways deemed responsible for development and
progression of diseases are also linked with cancer development. These commonalities
suggest that the metabolic deregulation observed in individuals suffering from diseases such
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as obesity, type 2 diabetes and cardiovascular disease may be associated with a
predisposition to cancer. Identification of molecular pathways common to these seemingly
diverse diseases may prove to be a nexus of focus for preventions on a broader scale of
human health.

Cancer, which is characterized by a cell’s ability to undergo uncontrollable proliferation, is a
leading cause of death among both men and women worldwide [5]. In 2009, it was
estimated that there would be a total of 1,479,350 new cancer cases and 562,340 deaths from
cancer in the United States alone, which corresponds to more than 1,500 deaths per day [5].
The dominant characteristic of cancer is its ability to grow uncontrollably and facilitate the
division of abnormal cells. The events which lead to dysregulation of critical homeostatic
signaling pathways are key to understanding the biology of cancer and its development. To
date, there is evidence supporting the idea that a major factor responsible for cancer
initiation and tumor formation appears to be a subset of biologically distinct clonogenic cells
termed cancer stem cells which have been identified in a variety of cancers [6–12]. Cancer
stem cells are defined by their ability to self-renew, initiate tumor formation and
differentiate into the heterogeneous populations of cells present within the parental tumors
[13–16]. Additionally, it is hypothesized that this subset of cancer cells is responsible for
chemotherapeutic resistance often seen among cancer patients, thereby contributing to
relapse [16].

Currently in the United States alone, more than one third of all adults are obese [17].
Obesity has been recognized as a risk factor for the development of type 2 diabetes,
cardiovascular disease and cancer based malignancies such as cancers of the endometrium,
kidney, liver, pancreas, prostate, breast and of hematopoietic tissues like non-Hodgkin’s
lymphoma, multiple myeloma and leukemia [18–21]. The excess adipose tissue found in an
obese individual is thought to influence the development of obesity related diseases as it is
an active metabolic organ responsible for the production of adipokines that function as pro-
inflammatory molecules [21]. Type 2 diabetes is often associated with obesity and develops
as a result of insulin resistance and reduced secretion of insulin by pancreatic (β-cells [3, 22,
23]. Based on the definition provided by the WHO, insulin resistance is an absolute
requirement for a metabolic syndrome diagnosis [4]. The metabolic and epidemiological
links found between obese individuals diagnosed with type 2 diabetes and cancer incidence,
specifically in the case of aggressive cancers such as colorectal, liver and pancreatic cancers,
are vast and must be further investigated [24–30].

Cardiometabolic diseases, characterized by complications such as hypertension and
atherosclerosis, are associated with metabolic syndrome and in individuals suffering from
both obesity and type 2 diabetes [20, 31, 32]. The interrelationship between vascular
dysfunction, obesity and type 2 diabetes is based on common deregulations in homeostatic
pathways, mainly involved in metabolic signaling, that are necessary for the maintenance of
a healthy physiological state. The co-occurrence of these diseases in individuals implies
there is common ground and direct links which must be further investigated. Recently, the
links between these metabolic disturbances have also been tied to the promotion and
development of cancer as well [2, 33–35]. It is imperative to understand the biology of these
abnormalities and identify the common mediators involved in these conditions to properly
prevent, target and treat damages which are inflicted on the individual at a cellular level.

This emerging link between cancer development, obesity, diabetes and cardiovascular
disease is currently under investigation. In this article, we review several molecular
pathways that interconnect cancer development, type 2 diabetes and cardiovascular disease.
We also discuss potential targets that share the trait of dysfunction between these
malignancies, revealing possible targets for therapeutic treatments.
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THE LINKS BETWEEN CANCER, TYPE 2 DIABETES AND
CARDIOVASCULAR DISEASE
1. AMPK and its Role in Human Disease

The adenosine 5′-monophosphate (AMP)-activated protein kinase (AMPK) is a critical
factor in the regulation of energy generating pathways. It is becoming apparent that AMPK
is a central factor involved in the development of many diseases associated with metabolic
syndrome such as type 2 diabetes and cardiovascular dysfunctions such as cardiac ischemia,
arrhythmias and cardiac cellular growth [36–38]. Furthermore, AMPK is a known
contributor to cancer development [1, 34, 39, 40]. AMPK, a serine/threonine protein kinase,
is a heterotrimeric complex consisting of a catalytic α subunit and regulatory (β and γ
subunits, encoded by multiple genes [37–43]. AMPK is activated, regulated by and sensitive
to a rise in the AMP/ATP ratio, which is a characteristic response to metabolic stress.
AMPK in an activated state is responsible for the inhibition of anabolic processes including
lipid, protein and glycogen synthesis and the activation of catabolic processes such as fatty
acid oxidation and glycolysis (Fig. 1) [1, 34, 37, 38, 40, 41, 43]. Inactivation of AMPK has
been implicated in a variety of human metabolic disorders and is reflective of its importance
as a therapeutic target.

1.1. AMPK as a Major Regulator of Cancer Development—The mechanism(s) by
which deregulation of homeostatic signaling pathways prompt malignant cellular changes
are under intense investigation. The ability of AMPK to regulate cellular energy pathways;
coupled with its ability to regulate processes significant in cancer development such as
protein synthesis, glycolysis and hypoxia implicate AMPK as a potential therapeutic target
[1]. Normally, AMPK inhibits tumorigenesis by controlling key regulators downstream
which are involved in cellular proliferation, cell cycle progression and cellular survival [1,
34, 40]. These key regulators include well known cancer associated signaling pathways such
as PI3K, mTOR and p53 signaling [1, 40]. It has previously been demonstrated that AMPK
activation can result in inhibition of several cancers including glial [44], breast [45], lung
[46], liver [47], stomach [48] and prostate [44, 49] cancers (Table 1). AMPK activation is
dependent upon phosphorylation by the tumor suppressor serine threonine 11 (STK11/
LKB1), which is often associated with cancer development. LKB1 loss is often associated
with sporadic cancers including neuroendocrine lung, papillary breast, non-small cell lung,
endometrial, pancreatic and testicular cancers [50]. LKB1 inactivation is most commonly
linked with Peutz-Jeghers cancer syndrome, an autosomal dominant disorder characterized
by an increased risk of epithelial tumors and benign hamartomas [1, 34, 39, 42]. LKB1, a
kinase upstream of AMPK, is stimulated by AMP binding to AMPK which in turn activates
AMPK via phosphorylation on Thr172 [1, 34, 39, 42]. Additionally, the calmodulin-
dependent kinase kinase-β (CAMKKβ) is an upstream activator of AMPK as well.
CAMKKβ is activated in response to an intracellular increase of Ca2+, a general second
messenger responsible and necessary for a variety of cellular processes, including cellular
proliferation and regulation of gene transcription [51]. Calmodulin regulates the cell cycle
and tumorigenesis [51, 52] and calmodulin agonists can inhibit breast cancer cell
proliferation [53]. Additionally, calmodulin can bind to the androgen receptor (AR) in
prostate cancer cells possibly contributing to AR-responsive prostate cancer cell
proliferation, which implies that calmodulin agonists may inhibit prostate cancer cell
proliferation [54]. Activation of AMPK by CAMKKβ differs in comparison to LKB1-
dependent activation as CAMKKβ can activate AMPK independent of changes in the AMP/
ATP ratio [55–57]. Regardless of the upstream mechanism used to activate AMPK,
activation is necessary in cancer prevention as downstream targets of AMPK are involved in
the regulation of protein metabolism, cellular growth and apoptosis. Inactivation of AMPK
as a result of mutation or deletion of LKB1 [58] or the increased activation of CAMKKβ,
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which has been reported in some cancer types such as breast cancer [52], can result in
deregulation of AMPK activity thereby contributing to cancer development.

Downstream targets of AMPK regulate protein metabolism, cellular growth and apoptotic
pathways which are known to be involved in cancer development. The mammalian target of
rapamycin (mTOR), a well-studied regulatory pathway involved in the control of cellular
growth by monitoring cellular energy levels and mitogenic signals, is a major downstream
target of AMPK activation. Tuberous sclerosis 1 and 2 (TSC1 and TSC2) are two tumor
suppressors downstream of AMPK which are involved in the development of tuberous
sclerosis complex (TSC), a disorder characterized by the development of benign tumors in
multiple organs [40]. Activation of AMPK results in the phosphorylation and activation of
TSC2 which in turn activates GTPase-activation protein (GAP), resulting in the inactivation
of Ras homolog enriched in brain (RHEB), a Ras family GTPase involved in activation of
the mTOR complex [39, 40]. The inactivation of RHEB results in an inhibition of mTOR,
which is necessary to control protein synthesis in a stressed cellular environment (Fig. 2A).
Inactivation of AMPK leads to a constant activation of mTOR, resulting in continued
proliferation as well as providing the necessary environment needed for survival. It is well-
established that overactive mTOR signaling is a shared characteristic in a variety of cancers,
including prostate, breast, lung, bladder, melanoma, renal, endometrial, thyroid, glial and
chronic myeloid leukemia (CML) [59].

An additional downstream target of AMPK is the well-known tumor suppressor p53. p53 is
the most frequently identified tumor suppressor and functions in defense mechanisms
against cellular damage or stress by inducing apoptosis or growth arrest (reviewed in [60–
62]). The regulation of p53 by AMPK results in a mechanism that regulates the cell cycle.
AMPK activation results in phosphorylation and activation of p53 resulting in the regulation
of p53 downstream targets p21 and cyclin dependent kinase (CDK). The activation of p21
inhibits CDK activity which results in cell cycle arrest (Fig. 2A) [39, 40].

This cellular stress sensed by AMPK results in cell cycle regulation. Additionally, the ability
of p53 to regulate the transcription of a tumor suppressor such as the phosphatase and tensin
homolog (PTEN), a negative regulator of mTOR signaling and antagonist of the
phosphoinositol-3 kinase (PI3K) signaling pathway, demonstrates the importance of proper
p53 regulation [60]. However, inactivation of AMPK may result in improper cellular
proliferation contributing to malignant cell development as p53 may not be activated in
response to cellular stress or inappropriate mitogenic stimuli.

It is established that the processes associated with AMPK activation/inactivation are critical
in maintaining homeostatic cellular metabolism and that loss of these functions contribute to
tumor development. An additional function of AMPK is to ensure proper chromosomal
segregation during mitosis (reviewed in [63]). It is speculated that the inability of AMPK to
regulate proper cell cycle progression can result in abnormal cellular proliferation thus,
contributing to malignancy [63]. Furthermore, there are specific signaling pathways such as
the Wnt/β-catenin, Notch or Hedgehog pathways that if deregulated may provide advantages
to a specific subset of cells that represent a tumor-initiating population [64, 65]. As
previously mentioned, it is recognized that there is a population of cells within a tumor
which are responsible for tumor formation, these cells are termed cancer stem cells (CSC) or
tumor-initiating cells [6–12]. CSCs are defined by their ability to self-renew, initiate tumor
formation and differentiate into the heterogeneous populations of cells present within the
parental tumors [13–16]. The aforementioned pathways are implicated in the regulation of
self-renewal and maintenance of CSCs. The exact mechanism(s) by which tumor-initiating
cells develop is currently under investigation. In relation to AMPK, it is plausible to
speculate that deregulation of AMPK may provide the key factor(s) necessary to give rise to
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a population of cells with tumor-initiating abilities [63]. For example, it has been
demonstrated that the maternal embryonic leucine zipper kinase (MELK), an AMPK-related
kinase activated by autophosphorylation [66], has been shown to regulate neural stem cell
self-renewal through control of the cell cycle [67]. MELK expression has also been shown
to correlate with high-grade glioma and can regulate the survival and proliferation of neural
progenitor cells [67, 68]. MELK is an AMPK-related kinase that shares sequence homology
with the protein kinase domain of the AMPK-α catalytic subunit [66]. Although there has
been no direct correlation made between AMPK signaling and cancer stem cells, the ability
of an AMPK-related kinase such as MELK to regulate stem cell self-renewal implies that
AMPK may have a possible role in self-renewal as well, and thus, it will be interesting to
investigate the role of AMPK.

1.2. AMPK, Type 2 Diabetes and Clinical Modulation—Since AMPK is a major
metabolic regulator and is associated with the metabolic syndrome, the potential role it plays
in the development of type 2 diabetes is an area of investigation as well. Type 2 diabetes is a
major worldwide epidemic characterized by both insulin resistance and reduced secretion of
insulin by pancreatic β-cells [3, 22, 23]. The events leading to type 2 diabetes development
are complex and appear to be multi-causal. Recently, it has come to light that
pharmacological agents often used to target type 2 diabetes act upon the AMPK pathway as
well.

AMPK plays a critical role in maintaining glucose homeostasis and insulin antagonizes
activation of AMPK [50]. High glucose levels lead to a decrease of AMPK activity in both
skeletal and β-cells and low glucose levels in fact improve AMPK activity [50]. As
previously discussed, inhibition of AMPK activity can have detrimental effects on
downstream targets involved in critical cellular processes. Additionally, the evidence
demonstrating that high glucose levels inhibit AMPK activity further show that those
individuals diagnosed with type 2 diabetes have an increased risk of cancer development
(Table 1).

Although there is evidence demonstrating that individuals with type 2 diabetes or increased
insulin serum levels are at high risk of developing human malignancies such as cancer [69–
71], there are numerous observational studies arguing that patients with type 2 diabetes
appear to have a decreased incidence of cancer, specifically prostate cancer [72, 73].
Recently, this decrease of cancer incidence has been linked to the therapeutic agent
metformin. In individuals diagnosed with type 2 diabetes, the drug metformin is often used
as an antihyperglycemic agent that inhibits hepatic gluconeogenesis and directly inhibits
complex 1 of the mitochondrial respiratory chain [74, 75]. Metformin has been identified as
an activator of the AMPK pathway in hepatocytes, myocytes [76, 77] and skeletal muscle
cells [78]. This activation of the AMPK pathway, specifically in hepatocytes, decreases
acetyl-CoA carboxylase (ACC) activity, curtails the expression of lipogenic enzymes and
induces fatty oxidation as well (Fig. 2B) [78]. The ability of metformin to indirectly activate
AMPK in hepatocytes is dependent upon LKB1 [79]. Additionally, it has been demonstrated
that metformin can suppress p53-deficient tumor cell growth [80]. Studies have
demonstrated that metformin use is associated with a decrease risk of cancers of the colon or
pancreas and can also be used as an anticancer agent and is a candidate for adjuvant therapy,
specifically in the case of breast cancer [81–85]. It was recently demonstrated that
metformin is capable of selectively targeting and killing breast cancer stem cells and it was
further shown that in combination with doxorubicin, both the cancer stem cell and non-
cancer stem cell population were killed [86]. However, the exact mechanism(s) by which
this occurs is unknown. This study provides further support to the idea that patients with
type 2 diabetes treated with metformin have lower incidence of cancer development. It is
reasonable to speculate that diabetic patients specifically using the anti-diabetic drug

Cabarcas et al. Page 5

Curr Mol Med. Author manuscript; available in PMC 2012 September 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



metformin have lower incidence of cancer because these drugs exhibit the capability of
targeting the small subpopulation of cells driving tumor formation and cancer initiation.
Additionally, the use of metformin as an anti-diabetic agent as well as its role as an AMPK
activator and its demonstrated role in cancer development, demonstrates the critical role of
AMPK in human disease and shows a relationship between the pathways regulating type 2
diabetes and cancer.

1.3. AMPK and Incidence of Cardiometabolic Disease—The incidence of
cardiometabolic diseases including hypertension or atherosclerosis is higher among patients
diagnosed with metabolic syndrome [1, 87]. The prevalence of cardiometabolic disease is
also increased in individuals suffering from both obesity and type 2 diabetes, common traits
among those diagnosed with metabolic syndrome [20, 31, 32].

AMPK is expressed in many tissues including heart muscle and specifically, cardiomyocytes
contain large quantities of AMPK [36]. Both LKB1 and CAMKK are responsible for AMPK
activation in the heart [88] and during cardiovascular complications such as cardiac
hypertrophy and ischemia, there is an activation of AMPK (Fig. 2C). However, during
normal cardiac function there is an abundance of ATP and an inactivation of AMPK [88].
Normal smooth muscle cells reside in a G0 phase cell cycle and numerous events such as a
growth-stimulating event or serum stimulation must occur to activate a proliferation.
Interestingly, it has been reported that AMPK activation in serum stimulated smooth muscle
cells results in cell cycle arrest at the G1 phase and inhibits cells proliferation [34, 89]. To
date, it is disputed if AMPK activation during ischemia is indeed harmful or beneficial, but
it appears that AMPK activation is beneficial (Table 1). AMPK activation increases fatty
acid uptake, oxidation, and increases glucose uptake and glycolysis [36] which implicates it
is a major regulator in the cardiovascular system (Fig. 2C).

AMPK is up-regulated in response to an increased AMP/ATP ratio which is increased in a
stressed cellular state. It has been shown that 5-amino-4-imidazole-carboxamide riboside-1-
β-D-ribofuranoside (AICAR), an AMPK activator, increases glucose uptake in an in vitro
rat model via glucose transporter type 4 (GLUT-4) translocation independent of the PI3K
signaling pathway [90]. GLUT-4 translocates to the plasma membrane in response to insulin
and in circumstances of cellular stress, such as hypoxia or ischemia this translocation
facilitates an increase in rapid glucose uptake and glycolysis [91]. This increase in both
glucose uptake and glucose transport in cardiac myocytes has a cardioprotective effect in
animal models and cell culture [90, 91]. The connection between AMPK activation and
GLUT-4 translocation further supports the role of AMPK signaling as a critical regulator of
cardiovascular homeostasis.

AMPK activation also results in an increase in the activity of endothelial nitric oxide
synthase (eNOS) that is responsible for promotion of vasodilation, inhibition of platelet
aggregation and proliferation of vascular smooth muscle [92]. The ability to perform these
actions is critical in the regulation and maintenance of proper cardiovascular function.
AMPK activation by AICAR results in nitric oxide (NO) production in endothelial cells
thereby, resulting in vascular tone maintenance [92]. Metformin has also been demonstrated
to decrease myocardial injury in both diabetic and non-diabetic mice via AMPK-eNOS
activation [93]. This evidence supports a cardioprotective role for AMPK activation which is
necessary to ensure proper cardiovascular function in response to cellular stress (Table 1).

Inactivation of AMPK results in the deregulation of fundamental processes such as the
PI3K, mTOR and eNOS signaling pathways that are deemed necessary for cellular
homeostasis and are interconnected across several diseases [36, 38, 40, 41]. There is
substantial evidence that implicates inactivated AMPK as a critical factor in human disease
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development including cancer, type 2 diabetes and cardiovascular disease which
demonstrates the potential of AMPK to function as a therapeutic target. The beneficial
effects of AMPK activation must be further investigated to aid in the development of
therapeutics for treatment and prevention of the diseases discussed here. Interestingly,
AMPK is only one of several common links which connect cancer, type 2 diabetes and
cardiometabolic disease.

2. PPAR and Human Disease Development
Peroxisome proliferator-activated receptors (PPARs) are members of a nuclear hormone
receptor family responsible for the regulation of a wide variety of genes involved in cellular
and metabolic processes such as fatty acid metabolism, lipid metabolism, glucose and
insulin homeostasis. The distinct subtypes of PPARs which have been identified to date
include PPARα, PPARβ/δ and PPARγ [94–97]. PPARs display broad range tissue
distribution and receptor function appears to be specific to each subtype. PPAR activity can
be modulated by a variety of ligands including endogenous compounds such as fatty acids,
eicosanoids and is also a receptor for a variety of drugs used in treatment of human disease
[94, 95]. Activation of PPARs is followed by the formation of heterodimers with the retinoid
X receptor (RXR) which, in turn, recognizes DNA at sequence specific regions on target
gene promoters or PPAR response elements (PPRE); thus, allowing activation or repression
of gene transcription (Fig. 3) [94, 96, 98, 99]. PPARs regulate critical metabolic processes
that function in maintaining normal homeostasis and deregulation of these processes may
contribute to the development of metabolic syndrome as explained in further detail below
(Fig. 3) [98]. The central role of PPAR in metabolic processes implicates PPAR in human
diseases such as cancer, diabetes and cardiovascular disease. The exact function PPAR has
in disease development is currently under investigation.

2.1. PPAR and its Function in Cancer Development—The role PPARs play in
specific cancer types and oncogenesis is important to further elucidate the mechanism(s)
which function in the promotion of cancer development. PPAR activation can result in
antiproliferative, proapoptotic, prodifferentiation and antiangiogenic effects in cancer cells
[96, 97, 100, 101]. Most recently, PPARβ/δ and PPARγ have been considered as potential
therapeutic targets in cancer prevention.

PPARβ/δ is expressed in most tissues and functions in various physiological processes
including inflammation, fatty acid catabolism and insulin sensitivity [97, 100]. Interestingly,
there is controversial evidence demonstrating a role for PPARβ/δ in cellular proliferation in
various cancer models including colon, breast and lung cancers. In the case of colon cancer,
the most studied cancer with regard to the role of PPARβ/δ, there are conflicting reports
suggesting a role for PPARβ/δ in cellular proliferation [101]. As there is high expression of
PPARβ/δ in both the small and large intestine, it is known that this receptor plays a critical
role in gastrointestinal tract maintenance. However, the controversy lies in the conflicting
evidence which shows that PPARβ/δ activation can either inhibit or promote colon
tumorigenesis (extensively reviewed in [101]). In the case of breast cancer development,
PPARβ/δ has both proliferative and anti-apoptotic effects in estrogen receptor-positive cells
[102]. Lung cancer cell models have shown that PPARβ/δ is expressed in primary airway
epithelial cells [103]; however, the exact result of PPARβ/δ activation is unclear as it can
either result in the inhibition or activation of lung cancer cell growth (reviewed in [97]).
Although the exact role of PPARβ/δ in cancer development remains controversial due to the
discrepancy in the published data sets, it is clear that PPARβ/δ ligand activation has some
importance in cancer development and requires further investigation (Table 2).

Cabarcas et al. Page 7

Curr Mol Med. Author manuscript; available in PMC 2012 September 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PPARγ expression, which is largely limited to adipose tissue and stimulates fatty acid
storage, is involved in both lipid and glucose homeostasis and is a major receptor for the
thiazolidinedione (TZD) class of insulin-sensitizing drugs [104, 105]. Similar to the other
PPARs, PPARγ functions in cell differentiation, proliferation and apoptosis. PPARγ is
expressed in a wide variety of cancers including colon, breast, bladder, lung and gastric
cancers [100, 106] (Table 2) and it is speculated that it may function as a tumor suppressor
by inhibiting replication of malignant cells (extensively reviewed in [100, 106]). PPARγ can
exert antiproliferative effects in many of these cancers and is currently under investigation
as a target in drug development.

Interestingly, PPARγ agonists have been shown to interact with pathways involved and
implicated in stem cell signaling such as the Wnt signaling pathway which functions in the
self-renewal of both embryonic and hematopoietic stem cells [107–109]. β-catenin, a
nucleocytoplasmic protein, is stabilized by the binding of a Wnt signal to its receptor
Frizzled (Fz). This binding results in the recruitment of disheveled (DSH) to the membrane
which in turn inhibits GSK3 activation, thereby, resulting in activation of β-catenin and its
translocation to the nucleus [108]. The translocation of β-catenin to the nucleus results in
binding to the TCF/LEF family of transcriptional regulators leading to activation of gene
transcription [108]. It has been demonstrated that both β-catenin-dependent and -
independent Wnt signaling is involved in the inhibition or stimulation of adipogenesis,
which is controlled by PPARβ [110, 111]. Activation of PPARγ results in an induction of β-
catenin degradation, thereby resulting in suppression of β-catenin activity. It is established
that aberrant β-catenin activity is linked to cancer development and contributes to
malignancy as well [112, 113]. More specifically, the link between PPARγ and β-catenin
has been demonstrated in breast cancer development [112]. Jiang et al demonstrated that
both PPARγ and β-catenin are expressed in patient-derived human breast tumors and were
able to correlate PPARγ deregulation with abnormal β-catenin signaling by investigating
both protein level expression and their molecular interaction [112]. Interestingly, aberrant
Wnt signaling and deregulated β-catenin activity have been implicated as key players
involved in the self-renewal capability of cancer stem cells including prostate, colon and
breast [112–114]. The ability of PPARγ to control β-catenin activity, an important player in
stem cell development, in combination with its known expression in a wide variety of
cancers, leads one to speculate that abnormal PPARγ expression may play a role in cancer
stem cell development. This hypothesis must be tested and it must be determined if this
would serve as a useful target in developing pharmacological targets aimed at cancer stem
cells.

2.2. PPAR and its Role in the Development of Type 2 Diabetes—PPARs have
emerged as critical transcriptional regulators of metabolism. The role of PPARs in
development of the metabolic syndrome, specifically with a focus on obesity and type 2
diabetes, is of increasing interest especially with regards to identifying insulin-sensitizing
drugs for diabetic treatment. Specifically, there has been focus on PPARα and PPARγ with
regard to type 2 diabetes.

The most studied PPAR in relation to type 2 diabetes is PPARγ as it is essential for proper
glucose homeostasis. It is well established in a clinical setting that the class of insulin-
sensitizing drugs, TZDs, specifically rosiglitazone and pioglitazone express high affinity for
PPARγ and function in the treatment of type 2 diabetes [115]. Activation of PPARγ in
adipose tissue can result in suppression of hepatic glucose production and in the reversal of
hyperinsulinemia, further supporting the link between PPARγ, obesity and the development
of type 2 diabetes (Table 2) [115].
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The activation of PPARα results in the transcriptional regulation of several key enzymes
involved in lipid transport [100]. PPARα agonists have been shown to function in lowering
both triglycerides and low density lipoprotein metabolism, specifically via β-oxidation
stimulation [98]. In terms of PPARα and insulin sensitivity, the ability of PPARα activators,
such as fibrates, to reduce both triglyceride levels and adiposity result in a reduction of
insulin resistance in mice [116] (Table 2). Fibrates are PPARα agonists commonly used in
the treatment of dyslipidemia, which often occurs in conjunction with type 2 diabetes.
Interestingly, Guerre-Millo et al demonstrated that in two models of diet-induced and
genetic obesity-linked insulin resistance, PPARα activators, such as fibrates, are capable of
increasing insulin action on glucose utilization resulting in a decrease of elevated serum
glucose and insulin concentrations [116]. As type 2 diabetes is characterized by an increase
in glucose blood levels, the ability to decrease glucose levels by PPARα agonists implicates
PPARα activation as a potential mechanism in the treatment of insulin resistance.

2.3. PPAR and its Role in the Prevention of Cardiovascular Disease—In
addition to the role of PPARs in both cancer and type 2 diabetes, there is overwhelming
evidence indicating that PPAR agonists may be useful therapeutic targets in the prevention
or treatment of cardiovascular disease. PPARs have emerged as potential targets in clinical
use in relation to cardiovascular disease because of their ability to regulate homeostatic
processes such as fatty acid oxidation, lipid metabolism, inflammatory and vascular
responses [98]. Proper regulation of these processes is essential to maintaining normal and
healthy vascular function.

PPARα activation through its direct effect on both glucose and lipid homeostasis, is capable
of indirectly influencing both inflammation and atherosclerosis. PPARα activation results in
the regulation of a variety of pathways which function in the promotion of vascular health
[98] (Table 2). The ability of PPARα to regulate lipid metabolism allows for the decrease of
atherogenic dense LDL-cholesterol, the prevention of foam cell formation, an increase in
cholesterol efflux, a decrease in both vasoconstriction and thrombosis and an increase in
plaque stability (extensively reviewed in [98]). The ability of specific drugs which trigger
PPARα activation, such as fibrates, can function in decreasing atherosclerosis risk which
further highlights the potential of PPARα as a pharmacological target in cardiovascular risk
prevention.

The link existing between the activation of PPARs, obesity, insulin resistance and cancer
implies that PPAR agonists may serve as useful therapeutics having the ability to target a
wide variety of pathways interconnected between these diseases. PPARs display broad range
tissue distribution and have the ability to regulate a large variety of genes involved in
processes that ensure proper metabolic homeostasis. The ability of PPARs to function in
common signaling pathways that intertwine these diseases makes it a strong candidate for
pharmacological agents.

3. Fatty Acid Synthase and its Role in Human Disease
Fatty acids are major sources of energy and comprise critical components of membrane
lipids functioning as cellular signaling molecules. Fatty acids are derived from food sources
or from the synthesis of acetyl-coenzyme A (acetyl-CoA) via reactions such as glycolysis
and the citric acid cycle [117]. The process responsible for the metabolism of glucose to
fatty acids is extensive, however, the major players include acetyl-CoA, the major rate-
limiting enzyme responsible for pathway regulation, citrate lyase, the pentose phosphate
pathway, NADPH and fatty acid synthase (pathway reviewed in [118, 119]). The major
function of fatty acid synthesis in normal humans is to store excess energy ingested in
carbohydrates, convert it to fatty acids which then undergo esterification to store
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triacylglycerols. However, it has recently been shown that fatty acids are potential targets in
the regulation of human disease such as diabetes, cancer and cardiovascular disease.

3.1. Fatty Acid Synthase and its Role in Cancer Metabolism—The ability of
cancer cells to utilize anaerobic metabolism as a means of survival is known as the
“Warburg Effect” which is further defined by a shift from oxidative phosphorylation to
glycolysis, a trait thought to be a requirement of all cancer cells [119]. The relationship
between fatty acids and cancer development was further supported by studies performed in
human cancer patients which demonstrated that overall these patients had an increase in
metabolic rate and an increase in free fatty acid turnover and oxidation [120, 121].
Specifically, there has been a focus on the role of fatty acid synthase (FASN), a vital
enzyme involved in fatty acid synthesis, and its abundance in many human carcinomas
[118]. FASN expression is highly expressed in human cancers including carcinomas of the
breast, prostate, colon, ovary, endometrium and thyroid [118, 119] (Table 3). As FASN has
a role in the synthesis of membrane lipids which function as cellular signaling molecules, it
is plausible to expect that overexpression of FASN may contribute to deregulation of a
variety of cellular signaling pathways (Fig. 4). As a means of survival, cancer cells have the
ability to manipulate normal homeostatic processes for cellular growth. Specifically, the
ability of a cancer cell to overexpress FASN is advantageous to its growth and survival as it
provides a protective mechanism against hypoxic conditions and harsh microenvironments
often seen in tumors. It is also hypothesized that the overexpression and synthesis of fatty
acids is necessary for the demand of rapidly proliferating tumor cells.

FASN is typically expressed at minimal levels in normal human tissue and the
overexpression or upregulation of FASN in tumor cell lines and tumors has been
interconnected with various other pathways and processes often deregulated in a variety of
cancers. FASN inhibition results in a decrease in DNA synthesis and inhibition of cell cycle
progression, specifically halting progress into the S-phase [122], Additionally, inhibition of
FASN synthesis induces programmed cell death in human breast cancer cells [123] and
delays progression of ovarian cancer in a xenograft model [124]. Activation of the
phosphatidylinositol 3′-kinase (PI3K) pathway, established as a critical pathway typically
involved in human prostate cancer development, results in an increase in FASN transcription
[125]. Expression of the tumor suppressor PTEN, an antagonist of the PI3K pathway and the
most commonly mutated tumor suppressor in prostate cancer, is inversely correlated with
FASN levels and targeting of both FASN and the PI3K pathway results in enhanced tumor
cell death [126].

Additionally, there has been a significant link made between FASN and the Wnt/β-catenin
pathway as palmitic acid, a product of FASN synthesis, is responsible for palmitoylation, a
specific type of lipid modification resulting in activation of the Wnt/β-catenin pathway [127,
128]. Activation and stabilization of the Wnt/β-catenin pathway as a result of an increase in
palmitoylation due to FASN overexpression has been shown to occur, specifically in
prostate cancer cells [127]. Additionally, knockdown of FASN results in a decrease of (β-
catenin activation [127], further demonstrating that overexpression of FASN effects the
Wnt/ β-catenin pathway. This data suggested a possible oncogenic role for FASN in the
prostate as well. As the Wnt/β-catenin pathway plays a significant role in the maintenance
and self-renewing capability of cancer stem cells [64], it is plausible to speculate that the
stabilization of this pathway due to FASN overexpression may contribute to aggressiveness
and ability of cancer stem cells to initiate tumor formation. It will be interesting to examine
whether there is a direct connection between these two critical pathways specifically in the
cancer stem cell population. The connection between FASN and the Wnt/β-catenin pathway
has been demonstrated specifically in the case of prostate cancer however, it is unclear if
this holds true in other cancer subtypes and will be interesting to investigate as well.
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The abundance of FASN in a variety of human cancers reflects the importance of this
enzyme in cancer cell survival. FASN overexpression is necessary to manipulate metabolic
processes, such as fatty acid synthesis, which provides a source of energy to cancer cells
[129], FASN overexpression provides cancer cells with advantages of both growth and
survival mechanisms; therefore setting the stage for dominance. The ability of cancer cells
to utilize anaerobic metabolism as a means of survival and the common overexpression of
fatty acid synthase in human carcinomas, implies that development of therapeutics targeting
FASN overexpression would be beneficial.

3.2. Fatty Acid Synthase Overexpression and Type 2 Diabetes Regulation—
Insulin resistance is an absolute requirement for a diagnosis of metabolic syndrome. The
factors and mechanism(s) that are involved in the switch from insulin resistance to type 2
diabetes are still unclear. However, as of recent, FASN overexpression has been shown
regulate the expression of several genes involved in insulin-related disorders [129].

The association that exists between insulin resistance and a high level of fat in tissues among
individuals suffering from obesity is widely accepted. FASN transcription is often induced
among those individuals with diets high in carbohydrates [129] and there is a positive
correlation among obese individuals diagnosed with type 2 diabetes and high fat diets.
FASN is required for fatty acid synthesis and it comes as no surprise that FASN levels are
often overexpressed in these cases. The expression of FASN at the transcriptional level is
controlled by key transcription factors which respond to various growth factors including
steroid hormone receptors such as the estrogen (ER), androgen (AR) and progesterone (PR)
receptors [130], and growth factors receptors such as the epidermal growth factor receptor
(EGFR) and HER2 [130]. The activation of these receptors results in activation of
downstream pathways such as PI3K and the mitogen-activated protein kinase (MAPK)
which mediates FASN expression. FASN expression is mediated by these pathways via the
sterol regulatory element-binding protein 1c (SREBP-1c) [130]. Most importantly, FASN
expression is regulated in response to both glucose and insulin levels via sterol response-
element binding proteins (SREBP-1 and SREBP-2) and carbohydrate-responsive element-
binding proteins (ChREBP) [117]. Interestingly, FASN expression can modulate critical
genes which are involved in the glucose and insulin signaling pathways (Table 3) (reviewed
in [129]). To date, the exact mechanism(s) which connect FASN overexpression and insulin
resistance leading to type 2 diabetes is unknown. However, there is evidence demonstrating
a strong correlation between FASN overexpression and insulin-resistant disorders [129].
FASN is a critical factor involved in energy storage and it may be beneficial to further
investigate how FASN overexpression influences a variety of cellular signaling pathways
contributing to metabolic disorder.

3.3. Fatty Acid Synthase Overexpression and Cardiovascular Disease—The
development of cardiometabolic diseases, as previously mentioned, is characteristic of
individuals diagnosed with metabolic syndrome. The increase in cardiovascular disease
among individuals suffering from both obesity and type 2 diabetes appears to be a result of
the deregulation of various signaling pathways coupled together. FASN overexpression is
strongly associated with cancer development and appears to be a key factor in the
development of insulin resistance resulting in type 2 diabetes. The strong correlation which
exists between FASN overexpression and diseases such as obesity and type 2 diabetes where
there is a significant increase in cardiometabolic disorder prognosis leads us to believe
FASN overexpression may directly influence cardiovascular disease as well.

As discussed, FASN is a key player in maintaining whole body homeostasis by regulating
lipid metabolism. Often times, in obesity-related cardiovascular disease, there are atypical
quantities of specific hormones and cytokines released by adipose tissue such as tumor
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necrosis alpha (TNF-α), interleukin-6 (IL-6), leptin, adiponectin and plasminogen activator
inhibitor-1 (PAI-1) [131]. The primary function of adipose tissue is to store and release free
fatty acids as an energy source [22], FASN, one of the key enzymes involved in de novo
fatty acid synthesis, is responsible for the synthesis of palmitate, a fatty acid which plays a
role not only in post-translational modification but in triglyceride synthesis as well [132].
Palmitate may also induce programmed cell death in human cardiomyocytes [133] and
breast cancer cells [134]. Cardiovascular diseases are often characterized by loss of
cardiomyocytes due to apoptosis or programmed cell death, increased storage of
triglycerides and accumulation of toxic lipids. Thus, it is plausible to speculate that FASN
overexpression or deregulation may result in unnecessary or aberrant apoptosis of
cardiomyocytes thereby contributing to cardiovascular disease development. The role which
FASN overexpression may possibly play in cardiovascular disease development should be
investigated.

FASN is a common link which exists between cancer development, type 2 diabetes and
cardiovascular disease. The role of fatty acid synthase as a key player in fatty acid
metabolism demonstrates that strict regulation of this enzyme is necessary for normal
homeostasis. Improper regulation of FASN results in human malignancy and its
involvement in critical metabolic processes make it a potential target for therapeutics.

CONCLUSION
Human diseases such as cancer, type 2 diabetes and cardiovascular disease are often the
result of severe deregulations which are interlinked. Metabolic syndrome is a disease which
is characterized by a diagnosis of several chronic diseases such as obesity, diabetes,
hypertension and cardiovascular disease [1]. The underlying causes associated with these
metabolic deregulations are complex and multicausal. However, individuals plagued by
these diseases are at an increased risk for cancer development. This common link comes to
no surprise as many of the pathways often deemed responsible for cancer development and
progression are also associated with many of the diseases which characterize metabolic
syndrome such as type 2 diabetes and cardiovascular disease. In this review, we have
analyzed three common links which are often deregulated in these diseases: the AMPK
signaling pathway, PPARs and FASN (Fig. 5). The common thread between them is the
regulation of key metabolic processes necessary for proper homeostasis. The ability to
identify common pathways which can be potential targets for treatment of several diseases is
necessary as often times metabolic dysfunction presents itself with different faces. The key
to understanding disease development from cancer, type 2 diabetes and cardiovascular
disease is to unveil the commonalities which contribute to the deterioration and disruption of
healthy normal physiological states. The ability to step back and reveal a more global picture
in regards to disease development will be a major step in the development of
pharmacological agents which can target multiple interlinked diseases.
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Fig. 1. AMPK activation
AMPK activation is responsible for both the inhibition and stimulation of critical
homeostatic pathways. AMPK activation results in the inhibition of processes such as lipid,
protein and glycogen synthesis, hepatic gluconeogenesis and insulin secretion, AMPK
activation results in the activation of processes such as fatty acid oxidation, glycolysis and
glucose uptake.
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Fig. 2. AMPK activation in human disease
(A) AMPK in cancer. Upon cellular stress, the activation of AMPK results in the
phosphorylation of both p53 and TSC2. p53 activation results in activation of p21 which
then results in inhibition of CDK leading to cell cycle arrest. Additionally, p53 activation
also results in activation of PTEN which functions as an antagonist of the PI3K pathway,
leading to mTOR activation, resulting in the inhibition of protein synthesis and cellular
growth. TSC2 activation by AMPK results in GAP activation leading to the inactivation of
RHEB. RHEB inactivation leads to the inhibition of the mTOR pathway resulting in the
inhibition of protein synthesis and cellular growth as well. (B) AMPK in type 2 diabetes.
High glucose levels result in the inhibition of AMPK activation leading to the development
of type 2 diabetes. The anti-hyperglycemic agent metformin leads to AMPK activation
resulting in inhibition of ACC leading to either activation of fatty acid oxidation or
inhibition of lipogenic enzymes. (C) AMPK in cardiovascular disease. Cardiac
hypertrophy, LKB1 and CAMKK lead to AMPK activation resulting in the activation of
critical pathways involved in cardiovascular disease. AICAR activates AMPK resulting in
GLUT4 translocation and results in an increase in glucose uptake and glycolysis which is
cardioprotective.
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Fig. 3. PPARs
PPAR α, PPAR β/δ and PPAR γ must form a heterodimers with RXR to function in
controlling metabolic processes needed to maintain critical regulatory processes. PPARα
controls peroxisome proliferation, fatty acid metabolism and lipid homeostasis. PPARβ/δ
controls inflammation, fatty acid catabolism, insulin sensitivity and lipid homeostasis.
PPARγ controls fatty acid storage, lipid and glucose homeostasis, cellular differentiation,
cellular proliferation and apoptosis.
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Fig. 4. FASN
FASN is a critical enzyme that functions downstream of both the pentose phosphate and
glycolysis pathways. FASN is responsible for energy storage by functioning as the main
enzyme in the fatty acid synthesis pathway.
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Fig. 5. The links between cancer, cardiovascular disease and type 2 diabetes
AMPK, PPARs and FASN are some of the links interconnecting cancer, cardiovascular
disease and type 2 diabetes. These diseases are linked via these signaling pathways that are
responsible for proper regulation of critical homeostatic processes as described. It must be
further investigated if there are other essential pathways which interlink these diseases as
well.
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Table 1

AMPK and Human Disease

Pathological State AMPK Result Reference

Cancer

Lung Activation Inhibition of cellular growth [46]

Prostate Activation Inhibition of cellular growth [49]

Glial Activation Inhibition of cellular growth [44]

Gastric Activation Inhibition of cellular growth [48]

Liver Activation Inhibition of cellular growth [47]

Breast Activation Inhibition of cellular growth [45]

Type 2 Diabetes

Type 2 Diabetes Inactivation High glucose levels [50]

Cardiovascular Disease

Cardiac hypertrophy Activation Functions in prevention and regression [36]

Ischemia Activation Lesser cardiac injury [36]

Cardiovascular maintenance (i.e. platelet aggregation, vascular smooth
muscle cell proliferation and vascular tone)

Activation Regulation of cardiovascular function [36]
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Table 2

PPARs and Human Disease

Pathological State PPARs Result Reference

Cancer

Colon PPARβ/δ activation
PPARγ overexpression

Inhibits and promotes [97,101,106]

Breast PPARβ/δ activation
PPARγ overexpression

Proliferative and anti-apoptotic [97,102,106]

Lung PPARβ/δ activation Inhibits and promotes [97,103]

Type 2 Diabetes

Insulin resistance PPARα activation Reduces insulin resistance [116]

Hyperinsulinemia PPARγ activation Reverses hyperinsulinemia [115]

Cardiovascular Disease

Vascular health PPARα activation Promotes vascular health [98]
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Table 3

FASN and Human Disease

Pathological State FASN Result Reference

Cancer

Breast Overexpression Cell survival [118,119]

Prostate Overexpression Cell survival [118,119]

Ovary Overexpression Cell survival [118,119]

Thyroid Overexpression Cell survival [118,119]

Endometrium Overexpression Cell survival [118,119]

Colon Overexpression Cell survival [118,119]

Type 2 Diabetes

Insulin-related disorders Overexpression Control of glucose and insulin signaling pathways – exact mechanism(s) unknown [129]
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