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Abstract

Tumor cells show metabolic features distinctive from normal tissues, with characteristically
enhanced aerobic glycolysis, glutaminolysis and lipid synthesis. Peroxisome proliferator activated
receptor a (PPAR a) is activated by nutrients (fatty acids and their derivatives) and influences
these metabolic pathways acting antagonistically to oncogenic Akt and c-Myc. Therefore PPAR a
can be regarded as a candidate target molecule in supplementary anticancer pharmacotherapy as
well as dietary therapeutic approach. This idea is based on hitting the cancer cell metabolic weak
points through PPAR a mediated stimulation of mitochondrial fatty acid oxidation and
ketogenesis with simultaneous reduction of glucose and glutamine consumption. PPAR a activity
is induced by fasting and its molecular consequences overlap with the effects of calorie restriction
and ketogenic diet (CRKD). CRKD induces increase of NAD*/NADH ratio and drop in ATP/
AMP ratio. The first one is the main stimulus for enhanced protein deacetylase SIRT1 activity; the
second one activates AMP-dependent protein kinase (AMPK). Both SIRT1 and AMPK exert their
major metabolic activities such as fatty acid oxidation and block of glycolysis and protein,
nucleotide and fatty acid synthesis through the effector protein peroxisome proliferator activated
receptor gamma 1 a coactivator (PGC-1a)). PGC-1a cooperates with PPAR a and their activities
might contribute to potential anticancer effects of CRKD, which were reported for various brain
tumors. Therefore, PPAR a activation can engage molecular interplay among SIRT1, AMPK, and
PGC-1a that provides a new, low toxicity dietary approach supplementing traditional anticancer
regimen.
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1. INTRODUCTION

The increasing incidence of cancer and various metabolic diseases such as diabetes, obesity
and cardiovascular disease in modern society has become a challenge for public health care
in developed countries. The urge to create new approaches to prevent and fight with these
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disorders require a better understanding of their molecular background. Impairment of
cellular energetic homeostasis, imbalance of nutrient provision and utilization evoked by
genetic and/or environmental conditions are the common observed symptom in these
diseases. Simultaneously, extensive research data provide a deeper insight into the role of
diet as a direct factor controlling gene expression on transcriptional or epigenetic level.

This review attempts to outline how the peroxisome proliferator-activated receptor a (PPAR
a.) activation with synthetic agonists or dietary regimens could be applied to target cancer
cells through their metabolic weak points with particular emphasis on mitochondrial
function. First, the biological role of PPARs and anticancer activities of their natural and
synthetic ligands are briefly introduced. Next, the function of two molecular sensors: sirtuins
and AMP-dependent protein kinase (AMPK) is discussed in the context of cellular response
to nutritional factors, as well as their role in carcinogenesis. The further parts of the paper
concentrate on the metabolic characteristics of cancer cells and discuss how calorie
restricted ketogenic diet enhanced by PPAR a ligands administration could overthrow their
energetic strategies impeding tumor proliferation or progression. This approach might be a
safe and effective supplement to the canonical anticancer therapies, including chemo- and
radio-therapy.

2. MOLECULAR MECHANISM OF PPARS ACTIONS

PPARs are considered to be the main transcription factors which govern lipid, carbohydrate
and aminoacid metabolism. They belong to the nuclear hormone receptor superfamily and
share their common structure pattern: DNA binding domain (DBD), ligand binding domain
(LBD), amino- and carboxyterminal transactivation domains AF-1 and AF-2 [1, 2]. Upon
ligand binding, PPARs associate with the partner receptor: retinoid x receptor (RXR) and
this heterodimer induces transcriptional activation of target genes possessing the consensus
peroxisome proliferator response element (PPRE) in the promoter region Fig. (1).
Transcriptional repression is also possible in the absence of a ligand, when PPARs
physically interact and sequester other factors from forming the transcriptional complex or
by recruiting histone deacetylases (HDAC) which induce chromatin condensation [3-5].
Transrepression may take place in the presence of a ligand after PPAR sumoylation, when
nuclear corepressor NCoR is recruited to the promoter [6, 7]. For the full activity, the
cooperation with other nuclear receptors or coactivators like peroxisome proliferator-
activated receptor y coactivator 1a (PGC-1a) is necessary.

PPAR a is mainly responsible for fat mobilization during fasting and activates
mitochondrial and peroxisomal fatty acid - and w-oxidation and ketogenesis,
simultaneously inhibiting glycolysis and fatty acid synthesis. PPAR a is a chief transcription
factor that controls expression of genes involved in these processes: fatty acid binding
proteins (FATBP), fatty acid transporters (FAT), carnitine palmitoyltransferase I,
mitochondrial acyl-CoA dehydrogenase, peroxisomal acyl-CoA oxidase, microsomal
cytochrome P450 related enzymes etc. [8-10].

PPAR 1 activation is a necessary step leading to adipocyte differentiation and enhances
insulin sensitivity. Synthetic PPAR +y ligands from the class of thiazolidinediones are
effective antidiabetic drugs. PPAR B together with PPAR a are known to induce oxidative
metabolism and mitochondrial fatty oxidation in myocytes in response to exercise and
mitochondrial biogenesis in cardiomyocytes [11-13]. All the PPAR isoforms have strong
antiinflammatory activity and they exert antitumorigenic effects due to antiproliferative and
proapoptotic activites [14-21].
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3. NATURAL AND SYNTHETIC PPAR A LIGANDS AND THEIR ANTICANCER

ACTIONS

Dietary fatty acids and their derivatives are the most recognizable ligands for all the three
PPAR isoforms, which make them nutrient sensors important for coordinating the cellular
response to feeding / fasting state [2, 22]. Medium and long chain fatty acids possessing 12
to 20 carbon atoms in the molecule are ubiquitous PPAR a agonists. Particularly, health-
promoting effects of dietary n-3 polyunsaturated fatty acids (n-3 PUFA), such as
docosahexaenoic acid (DHA) or eicosapentaenoic acid (EPA), are attributed to their ability
to activate PPAR a.. They upregulate the expression of the enzymes that control fatty acid
catabolism in PPAR a dependent fashion. The special class of endogenous PPAR a ligands
contains arachidonic acid derivatives, the products of lipoxygenases:
hydroxyeicosatetraenoic acids (HETE), especially 8(S)-HETE and leukotriene B4 (LTB4)
and the products of cytochrome P450 enzymes, namely epoxyeicosatrienoic acids (EETS)
and dihydroxyeicosatrienoic acids (DHETS) [23-27]. The chemical nature of these ligands
determines existence of so called “metacrine’ metabolic signaling loop: the ligands activate
the transcription of the enzymes that degrade them: eicosanoids that activate PPAR a are
broken down by the products of genes which are the transactivated by the receptor [27, 28].
This negative feedback loop is a part of inflammation resolution process [27, 28].

N-3 PUFA, in contrast to n-6 fatty acids, have been reported to show interesting anticancer
properties as chemopreventive agents. They decrease incidence of chemically induced
tumors in animal /n vivo models [29-32] and in epidemiological studies describing the
correlation between n-3 PUFA intake and reduced risk of prostate, breast and colorectal
cancer development in humans [33].

Synthetic PPAR a agonists, such as the fibrates (fenofibrate, clofibrate, ciprofibrate,
bezafibrate, gemfibrozil), are widely applied in clinic as hypolipidemic drugs, since they
efficiently reduce plasma triglyceride and low density lipoproteins (LDL) levels and
improve blood HDL to LDL ratio. Among other ligands, Wy14,643 (4-chloro-6-(2,3-
xylidino)-2-pirymidinylthioacteic acid), is a frequently used as a very potent PPAR a
activator. The compounds mentioned above have been reported to induce proliferation of
peroxisomes and promote hepatocellular carcinogenesis in mice and rats and therefore were
described as “peroxisome proliferators' (PP) and nongenotoxic carcinogens [34]. However,
no liver oriented activity of PPAR a has been observed in humans. The species related
differences in the susceptibility to peroxisome proliferators have been attributed to the level
and activity of oncogenic c-Myc [35]. In PP sensitive rodent species (but not in humans),
PPAR a activation represses the microRNA let-7c gene, which controls c-Myc protein
levels by destabilizing its MRNA [35]. Upon chronic exposure to PPAR a ligands, mouse
liver cells lack let-7c and overexpress c-Myc, which leads to the cellular transformation
[35].

In contrast to the effects on murine liver, hypolipidemic drugs including fibrates, have been
shown to significantly reduce the risk of death from cancer in patients. Ten year all-cause
mortality study carried out on the population of over 7800 French subjects treated with
hypolipidemic drugs of fibrate or statin type, revealed that the use of these drugs is
associated with a significantly lower total mortality and a significantly reduced probability
of death from cancer in the group of subjects treated with fibrate, compared to untreated
dyslipidemic group [36]. Some large randomized trials on gemfibrozil and lovastatin
reported their potential chemopreventive effects towards melanoma, nevertheless, other
studies have not confirmed unequivocally those observations [37-39].
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In the numerous cell culture studies, various members of fibrate family were shown to exert
interesting anticancer properties. Clofibrate inhibits human ovarian cancer cell proliferation
in vitro and in mouse xenograft model [40, 41]. Additionally, this drug synergistically
enhances clioquinol action against ovarian cancer [42]. Fenofibrate induces apoptosis and
slows down the proliferation rate in Ishikawa endometrial cancer cells and in mantle cell
lymphoma [43, 44]. Growth arrest and apoptotic response were also noted in glioblastoma
cells treated with gemfibrozil [45].

The molecular mechanisms of fenofibrate anticancer activity have been investigated by our
group. First, we observed highly encouraging effects of orally administered fenofibrate in
Syrian hamsters bearing subcutaneous Bomirski Hamster Melanoma (BHM) tumors. The
treated animals developed significantly fewer metastatic foci in lungs and these secondary
tumors were much smaller in size comparing to the control group [18]. Hamsters are a
convenient model to study PPAR a activity because, unlike mice and rats, they are similar
to humans in their response to fibrates or other peroxisome proliferators and do not show the
signs of hepatocarcinogenesis.

In order to shed the light on the background of this potential antimetastatic phenomenon, we
carried on cell culture experiments with B16 F10 melanoma cell line, which showed that
fenofibrate, in a PPAR a dependent fashion, strongly inhibited cell migration, proliferation
in anchorage-dependent and —independent conditions, and sensitized the cells to the
proapoptotic activity of staurosporine. All these effects were mediated by the repression of
Akt phosphorylation [20].

Next, we asked the question, whether other tumor cell lines which share the common
neuroectodermal origin with melanoma, are sensitive to fenofibrate as well. Indeed, various
medulloblastoma and glioma cell lines responded to fenofibrate with growth arrest,
increased apoptosis and repressed motility which correlated with the attenuation of
IGF-1receptor (IGF-1R) signaling [21, 46]. Interestingly, the experiments on glioma cells
demonstrated that the treatment with a reactive oxygen species (ROS) scavenger N-
acetylcysteine restores cell motility, suggesting that the mechanism of fenofibrate action
involves, at least in part, PPAR a-dependent ROS accumulation [21]. These new findings
encourage the idea of using fenofibrate as a candidate drug for supportive therapies against
growth factor mediated cell proliferation, survival and migration events in tumors derived
from neuroectodermal tissues.

Fibrate drugs are responsible for a rare but severe side effect in the form of rhabdomyolysis
[47]. This fact supported the idea of using these compounds against rhabdomyosarcoma
[48]. Indeed, the specific toxicity toward human rhabdomyosarcoma cells have been
observed, while no harm to microvascular endothelial cells was detected [48]. Although,
vascular cells viability was not affected by fenofibrate, one of its anticancer activities seems
to operate through blocking the tumor angiogenesis [49, 50]. A very interesting report by
Kaipainen and coworkers suggested an unexpected role of PPAR a in tumor progression
[49]. In this study, in PPAR a (/=) and wild type mice were compared, showing that the
absence of PPAR a in the tumor-infiltrating inflammatory cells lead to the striking
inhibition both of primary tumor and of metastasis development in melanoma (B16-BLS6,
B16-F10) and Lewis Lung Carcinoma mouse models. The tumor growth suppression was
mediated by enhanced thrombospondin-1 (TSP-1) production by infiltrating PPAR a
deficient immunocompetent cells and subsequent angiogenesis inhibition [49].

Interestingly, the next study by this group demonstrated tumor suppressive action of
fenofibrate /n vivo, which was dependent on PPAR a expression in the tumor stroma, but
not on the receptor expression in the tumor itself [50]. Fenofibrate and Wy14,643 inhibited
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neovascularization via strong reduction of VEGF and FGF2 secretion with simultaneous
enhancement of TSP-1 production [50]. These two studies emphasize the role of PPAR a
expression and activity not only in the cancer cells, but also in the host cells present in the
tumor bed, such as the infiltrating immune cells and the stromal connective tissue. Taken
together, PPAR a ligands can target variety of cells and exert multiple biological actions in
the tumor microenvironment. The pleiotropic effects of PPAR a agonists, that can affect
both the host and the tumor tissue, include also specific modulations at the level of normal
and tumor cell energy metabolism.

4. MOLECULAR BASIS OF CELLULAR RESPONSE TO DIETARY FACTORS:
ROLE OF SIRTUINS, AMPK AND PPAR a

The impact of diet on the pattern of metabolic gene expression includes the regulatory
mechanisms on both genetic and epigenetic levels. In general, epigenetic alterations in gene
expression are those which are not determined by the sequence of genomic DNA, but rather
related to the differences in chromatin stability or structure. The main two epigenetic modes
of action, that play crucial role in genomic imprinting, embryonic organogenesis and fetal
programming, comprise DNA methylation and histone modifications (especially
acetylation). Fetal programming refers to mechanisms by which environmental conditions
affecting a mother determine the realization of certain genetic program in the offspring.
Numerous epidemiological studies describe the correlation of metabolic disorders
prevalence like diabetes, cardiovascular disease and obesity with maternal nutrition quality
during pregnancy [51]. An experimental animal model developed to study this phenomenon
employs a moderate protein restriction in pregnant rats, and was shown to permanently
decrease methylation of hepatic PPAR a and glucocorticoid receptor genes in offspring [52,
53]. This hypomethylation resulted in upregulation of genes involved in fatty acid oxidation
and gluconeogenesis in young rats and this pattern persisted after weaning until adulthood
[54]. The example of fetal programming illustrates how effective dietary treatment can be in
modulating the metabolism. Fetal programming in response to mother's dietary choices is
important from the evolutionary point of view, as it gives the fetus the chance to adapt to the
conditions it would likely come across after birth. The protein restriction or other types of
mother undernourishment induce metabolic alterations in offspring that improve survival
after birth provided that the environmental conditions are still unfavorable. This is so called
'thrifty phenotype' hypothesis that assumes the metabolic changes to conserve the glucose
pool for the brain development and function [55]. However, when after birth the child is
exposed to caloric and nutrient excess the existing epigenetically forced gene expression
pattern predisposes to type Il diabetes mellitus, cardiovascular disease and obesity or all of
them in form of the metabolic syndrome, independently of lifestyle risk factors [56, 57].

As excessive nutrient supply is to blame, the first and the simplest recommendation
prescribed in such metabolic disorders and obesity is calorie restriction (CR). CR has
profound consequences which result in a significant increase of a lifespan observed
universally in eukaryotes (yeast, nematodes - Caenorhabditis elegans, insects - Drosophila
melanogaster and vertebrates) [58, 59]. Experiments with rodents demonstrated that besides
living longer, CR delayed incidence of various aging-associated diseases including cancer,
diabetes, cardiomyopathy, atherosclerosis or autoimmune disorders [60]. Calorie restricted
mammals show decreased blood glucose, insulin growth factor 1 (IGF-1) and insulin levels
and the inhibition of adipogenesis. On the cellular level, the repression of glycolysis and
IGF-1 signaling pathway and activation of gluconeogenesis and mitochondrial biogenesis is
observed [61]. Insulin/ IGF-1/ Akt/ mammalian target of rapamycin (mTOR) signaling axis
participates in endocrine response to nutritional factors and the turning down these pathways
has been shown to prolong life span in C. elegansand mice [62, 63]. On the level of cellular
energy supply, CR accelerates the rise in NAD*/NADH and AMP/ATP ratios. The first one

Curr Pharm Biotechnol. Author manuscript; available in PMC 2013 April 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

triggers a strong activation of sirtuins, NAD* dependent protein deacetylases, and the
cecond one activates AMPK [64, 65] Fig. (2).

4.1. The Role of AMPK

AMPK acts as a metabolic check point sensitive to intracellular ATP content, and its main
function is to block anabolic processes, such as protein and nucleotide biosynthesis by the
activation the tumor suppressor tuberous sclerosis complex 2 (TSC2) - an indirect inhibitor
of mTOR [65]. AMPK activation affects also lipid and cholesterol synthesis by
phosphorylation - mediated inactivation of the enzymes: acetyl-CoA carboxylase 1 (ACC1)
and 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) [66]. The second aspect of
AMPK activity is to mobilize the alternative energy supply in form of fatty acid oxidation
and autophagy, with concurrent inhibition of glycolysis by phosphorylation of multiple
forms of phosphofructo-2-kinase (PFK2) and by mTOR inhibition [67, 68].

This spectrum of AMPK activity overlaps with the actions mediated by PGC-1a / PPAR a
axis, which indicates a functional cooperation among these three proteins. Indeed, the
striking convergence in upregulation of fatty acid oxidation has been demonstrated in cell
culture experiments with PPAR a and AMPK activators: fibrates and n-3 PUFA increased
fatty acid oxidation in AMPK- dependent manner [69, 70], and similarily, 5-
aminoimidazole-4-carboxamide-1-p-D-riboside (AICAR), an AMPK activator, stimulated
this metabolic pathway through PPAR a and PGC1 a [71].

4.2. The Biological Significance of Sirtuins

Sirtuins are homologs of yeast protein Sir2p (silencing information regulator 2), which were
discovered in bacteria and in various species of the animal kingdom, including humans.
They act as NAD™ dependent protein lysine deacetylases, originally known as class 111
histone deacetylases, as their first identified substrates were histones [72]. SIRT1 is the most
studied sirtuin, although in mammals SIRT1 — 7 have been described [59]. SIRTSs catalyze
the transfer of acetyl group from the protein lysine residue to NAD* molecule, which is
being broken to 2'- or 3'-O-acetyl-ADP-ribose and nicotinamide. SIRT4 mainly shows ADP-
ribosyltransferase instead of deacetylase activity [73]. Nicotinamide and NADH are the
inhibitors of sirtuins. The list of SIRT1 substrates reflects the role SIRT1 plays in epigenetic
regulation by chromatin modification, and also modulation of gene transcription. It includes
histones H1, H3, H4 and numerous transcription factors and proteins involved in signal
transduction, like p53, FOXOs, MyoD, PPAR -y, PGC-1a, p300 and nuclear factor kappa B
(NFxB) [63].

The sirtuins involvement in the CR - induced lifespan elongation has been best studied in
yeast of S/IRZwild type and with S/R2deletion. CR increases both replicative (number of
cell divisions before reaching senescence) and chronological lifespan (period of cell
viability), but Sir2p takes part only in the first one (reviewed in [59]). Yeast mutants with
additional copies of S/RZreplicate over 30 % longer than wild type yeast, and S/R2deletion
decreases replicative lifespan by half [74]. Sir2p (=/-) mutants do not show any lifespan
increase when subjected to CR. Sir2p mediates epi-genetic silencing by condensing
heterochromatin in telomeres, mating type loci and genes coding ribosomal RNA,;
additionally it contributes to cell cycle control, DNA replication and repair [72, 74, 75].

In mammalian cells SIRT1 is upregulated by CR and shows pleiotropic activities, which in
general fall into two main categories: energy sparing and cellular stress managing. The first
category includes SIRT1 mediated induction of the tumor suppressor LKB1, the direct
upstream regulatory kinase of AMPK; inhibition of PPAR <y dependent adipogenesis;
induction of PGC-1a and mitochondrial biogenesis; induction of autophagy and

Curr Pharm Biotechnol. Author manuscript; available in PMC 2013 April 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Grabacka et al.

Page 7

transcriptional repression of uncoupling protein (UCP2). AMPK, as mentioned above,
inhibits glycolysis by blocking IGF-1/Akt/mTOR pathway, and induces fatty acid oxidation
in cooperation with PGC-1a and PPAR a [65] Fig. (2).

The second category of stress protecting SIRT1 activities include activation of forkhead box
O (FOXO) transcription factors, especially FOXO1, deacetylation of p53, promotion of
heterochromatin condensation mediated by histone deacetylation and multidirectional
protection of genomic stability by DNA double strand breaks repair through both
homologous recombination or nonhomologous end joining (MRE11-RAD50-NBS1,
GADDA45, Ku70) [59]. In addition, deacetylation of lysine residues in p53 carboxy terminus
by SIRT1 impairs p53 DNA binding capability [76].

Regulation of p53 activity by SIRT1 has gained much attention because it may suppress p53
mediated apoptosis and senescence, and was instantly linked to carcinogenesis. However,
the role of SIRT1 in transformation and tumor progression is controversial and complex. On
one hand, p53 is inactivated, but on the other the inhibition of antiapoptotic PI3K/Akt
pathway, as well as activation of transcription factors FOXO takes place. The latter would
antagonize growth factor signals by transactivating the genes encoding proapoptotic (BIM),
cell cycle inhibitory (p27Kip) and ROS protecting (superoxide dysmutase, MnSOD)
proteins [63]. Even though elevated levels of SIRT1 were detected in numerous types of
cancer: prostate cancer, non-melanoma skin carcinomas, acute myeloid leukemia and colon
cancer, there is a similarly long list of tumors: glioblastoma, bladder carcinoma, ovarian
carcinoma and 263 cases of hepatic carcinoma, where SIRT1 level is lower than in
respective normal tissues [77, 78]. Therefore, it is still difficult to discriminate if increased
SIRT1 expression is a cause or a result of oncogenic transformation. More detailed studies
by Lim and coworkers indicate that the SIRT1 contribution to the malignant phenotype is
not meaningful, since overexpression of deacetylase silent SIRT1 mutant (H36Y) which
leads to abundance of hyperacetylated p53, has no impact on replica-tive life span and DNA
damage response [77]. Doubtless, the increased longevity and lower cancer occurrence in
animals subjected to CR, the main SIRT1 activator, comparing to those fed ad /ibitum,
points to rather beneficial actions of SIRTL.

Additionally, activities of other members of sirtuin family may be attributed to cancer
protection. For example, SIRT2 blocked cell cycle during mitotic stress induced by
microtubule disrupting agents [79], it has a proapoptotic activity and is downregulated in
some cancers [80-82]. SIRT6 activates tumor suppressor gene GCIP and supresses NFxB
[83, 84]. Moreover, the mitochondrial sirtuins SIRT3 — 5 may be considered as tumor
supressors as they show multiple activities counteracting the cellular transformation.

SIRT3 deacetylases cyclophilin D, a peptidyl-prolyl cistrans isomerase residing in
mitochondrial matrix [85]. This isomerase has various biological activities, for example
regulates protein folding and the formation of mitochondrial permeability transition pore
(MPTP). MPTP possesses three main components: voltage-dependent anion channel
(VDAQC) in the outer mitochondrial membrane, adenine nucleotide translocator in the inner
membrane and cyclophilin D in the mitochondrial matrix in the proximity of the inner
membrane. The pore opens in case of cellular stress and causes loss of mitochondrial
membrane potential and swelling, which finally causes cell death [86]. In cancer cells
VDAC is frequently bound to hexokinase Il and this complex is believed to protect from
apoptosis, as well as downregulates the mitochondrial oxidative phosphorylation [87]. When
cyclophilin D is deacetylated by SIRT3, it relocates from the mitochondrial inner membrane
and induces the breakage of VDAC / hexokinase 1l complex. This event leads to
redistribution of hexokinase 11 from mitochondria to cytoplasm and increased susceptibility
of cancer cells to apoptosis [85]. This process is accompanied by the increase in oxidative
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phosphorylation intensity [85]. Additionally, SIRT3 plays a role in genotoxic and oxidative
stress protection by deacetylation of Ku70 [88]. It also upregulates fatty acid oxidation by
deacetylation of long chain acyl-CoA dehydrogenase (LCAD) [89], activates the
mitochondrial enzymes: glutamate dehydrogenase, isocitrate dehydrogenase succinate
dehydrogenase and acetyl-CoA synthetase 2 [90, 91]. Acetyl-CoA synthetases 1 and 2 (a
mitochondrial and a SIRT1 activated cytoplasmic one, respectively) are especially important
for the production of acetyl-CoA from excessive amounts of acetate formed during fasting
induced ketogenesis [73]. The role of the ketogenesis in cancer cells has a therapeutic
significance and will be commented below. On the other side, glutamate dehydrogenase is
ADP-ribosylated and inactivated by mitochondrial SIRT4 [92]. Glutamate dehydrogenase is
an enzyme of glutaminolytic pathway, which is important for cancer cells, as will be
discussed in the section devoted to the cancer cell metabolic characteristics. SIRT5
cooperates with SIRT3 in the enhancement of oxidative metabolism by deacetylation and
activation of cytochrome c oxidase [91].

5. METABOLIC CHARACTERISTICS OF TUMOR CELLS

Recently, growing number of attempts has emerged towards understanding of metabolic
behavior of cancer cells and to find particular weak points, which in perspective may
become a targets for new therapeutic approaches. Metabolic alterations observed within
cancer cells result from specific genetic program forced by oncogene expression or are
induced by tumor associated microenvironment. The most characteristic feature of tumor
cell metabolism is dependency on glucose as the main energetic substrate. It is a
consequence of enhanced aerobic glycolysis (known as "Warburg effect') and is frequently
accompanied by a high demand and consumption of glutamine (for excellent comprehensive
reviews see [93-96].

Glycolysis, despite of being much less efficient in producing energy than oxidative
phosphorylation, is far quicker than oxidation of pyruvate in mitochondria. As long as there
is unlimited access to glucose, glycolytic tumor cells gain advantage over normal quiescent
cells in energy supply. Pyruvate derived from glycolysis is either reduced to lactate or enters
the tricarboxylic acid (TCA) cycle, which is a major source of intermediates for fatty acid,
cholesterol and isoprenoid biosynthesis (so called cataplerosis) [93]. In cancer cells the
balance is shifted towards export of citrate from mitochondria to cytoplasm rather than its
oxidation to CO», and therefore the pathway is often called “truncated TCA cycle”.
Cytoplasmic citrate converted by ATP-citrate lyase (ACL) to acetyl-CoA is a main
precursor for fatty acid synthesis. Other TCA intermediates: oxaloacetate and a
ketoglutarate are the sources of nonessential aminoacid for protein biosynthesis. This
excessive TCA intermediate utilization creates the need for their regeneration termed
anaplerosis. Oxaloacetate is generated from pyruvate and nonessential amino acids, such as
asparaginate. Alpha ketoglutarate is produced in oxidative deamination of glutamine in the
process of glutaminolysis.

Glutaminolysis ends up in converting glutamine to pyruvate, which is then reduced to lactate
by lactate dehydrogenase [97]. Intensity of anaplerotic flux is actually a better prognostic of
proliferation rate than glycolytic flux, as it indicates the presence of macromolecular
synthesis rate and is independent of microenvironmental factors like oxygen concentration
[93]. Glutamine is intensely consumed by normal proliferating and tumor cells; the latter
uptake the amounts of glutamine that far exceeds the needs for protein and nucleotide
biosynthesis. Recently, it has been revealed that the oncogene c-Myc is responsible for
enhanced glutamine utilization in glioblastoma cells [97] and restores glutaminase
expression by downregulation of repressing miR-23a/b microRNA [98]. In consequence, c-
Myc overexpressing cancer cells have their mitochondria programmed to carry on intensive
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glutamine catabolism, which can rescue cells from starvation in the state of glucose
deprivation [99].

Glucose avidity manifested by an increased glucose uptake and enhanced glycolytic flux
result from hyperactivity of oncogenes such as c-Myc, or signaling pathways e.g. IGF-1R/
PI3K/Akt/mTOR, and are frequently accompanied by mitochondrial dysfunction [100].
Mitochondrial defects are not only the consequence of hyperactivity of oncogenes but may
lead to their activation, as was shown on lymphoma and leukemia cells, which responded to
mitochondrial respiration injury by Akt activation [101]. Another circumstance generally
regarded as predisposing to enhanced glycolysis is low oxygen concentration inside solid
tumors. However, oxygen concentration in the hypoxic regions of human tumors was
estimated at 8 — 57 M, whereas only the concentration lower than 1 wM could significantly
affect oxidative phosphorylation efficiency [102]. Indeed, there are relatively few examples
of experimental tumor cell lines which rely exclusively on glycolysis, and certain level of
oxidative phosphorylation, although lower than in normal tissues, exists in majority of
tumors. This means that glycolysis is not merely a mean for generating ATP, but it provides
glucose derived intermediates for pentose phosphate pathway which produce ribose-5-
phosphate for nucleotide synthesis and NADPH for fatty acid biosynthesis [96, 103].

Avid glucose uptake and consumption by transformed cells is facilitated by abnormally high
levels of membrane glucose transporters GLUTS, especially GLUT1 and increased activities
of glycolytic enzymes [102]. Oncogenic Akt and its downstream effector mTOR kinase play
a central role in programming the glycolytic phenotype by induction of GLUT1 expression
and its membrane localization [104], as well as induction of hexokinase | and Il association
with mitochondria [105]. Akt overexpression is capable of forcing the Warburg effect in
both normal and cancer cells [106, 107]. Additionally, Akt is responsible for enhanced fatty
acid and cholesterol synthesis by activating the transcription of sterol regulatory element
binding protein 1 (SREBP-1) and the lipogenic enzymes: FAS, HMGCR and ACL [108].
Increased lipogenesis in proliferating tumor cells is associated with their high demand for
phospholipids as new plasma membrane components and substrates for protein acylation.

Oncogenic c-Myc is a broad functional metabolic regulator which also induces expression of
GLUT]1, as well as a panel of glycolytic enzymes: hexokinase, PFK, enolase, GAPDH and
LDH [109, 110]. In addition to glutaminase upregulation, c-Myc has been reported to
regulate glutamine uptake by direct transactivation of glutamine transporters ASCT2 and
SN2 [97]. Interestingly, glutaminolysis in c-Myc transformed cells is induced in case of
glucose withdrawal or Akt inhibition [99, 111]. Therefore, active glutamine catabolism
serves as an energetic rescue pathway which promotes survival in glucose starved cancer
cells.

Importantly, metabolic reprogramming of cancer cells results not only from the genetic
alterations, but can be induced by tumor microenvironment. A recent study by Sanchez-
Arago and colleagues [112] revealed the existence of “bioenergetic signature' in colon
carcinoma, which includes downregulation of p-F1 ATPase, increased expression of
glycolytic enzymes and repressed mitochondrial respiration. This signature appears in the
process of clonal selection at the tumor site in host organism. The decrease of mitochondrial
bioenergetic activity in the aggressive clones of colon cancer cells was associated with
abnormalities in mitochondrial morphology and resulted from repression of genes involved
in mitochondrial biogenesis and function. Such phenotype was required for the tumor
progression, accelerated growth, improved cell survival and increased mortality of host
animals. The most striking was the observation that in cell culture conditions all the colon
carcinoma clones, wild type cells, those with activated oxidative mitochondrial metabolism
and those with repressed respiration had the same growth parameters. The conclusion that
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might be drawn from these results is that genetic background of transformed cells is not the
only factor determining their metabolic preferences, and that the bioenergetic signature of
the cancer cell can be modulated by the microenvironment. The influence of the tumor
surroundings is at least equally significant, and if so, it opens a possibility for
pharmacological treatment targeted at both tumor cells and the stroma.

6. DIETARY AND PHARMACOLOGICAL MODULATION OF TUMOR
METABOLISM: A ROLE OF PPARa

The concept of influencing the tumor by inducing changes in its environment lead to the
development of various dietary regimens for cancer patients. As this may seem obsolete in
comparison to the cutting edge modern drugs designed to hit very specific molecular targets,
still this approach may be beneficial for patients. It certainly presents several advantages
over the standard chemotherapy: it is much less expensive and practically free of side
effects. Moreover, the above mentioned epigenetic and transcriptional mechanisms activated
in response to the environmental nutrient availability seem to be able to exert impacts, which
are strong enough to effectively supplement canonic anticancer therapies. PPARs with a
special emphasis on PPAR a, are good candidates to serve as mitochondria targeted
molecular tools for attacking metabolic weak points of the cancer cell.

First, PPAR a is the key inducer of fatty acid oxidation and oxidative metabolism in most
tissues, with liver, brain and muscle being the most important ones, where it transactivates
numerous genes involved in these pathways, most of which operate in mitochondria: fatty
acid binding proteins (FABP), carnitine palmitoyltransferase 1 (CPT1), acyl-CoA oxidase
(ACO), acyl-CoA dehydrogenase (ADH), mitochondrial thioesterase 1 (MTEL), just to list
few. Next, as reviewed before [113], PPAR a activation contributes to the inhibition of
glycolysis by antagonizing IGF-1/Akt signaling [20, 46] and decreasing GLUT1, GLUT?2,
GLUT4 expression [114-116]. PPAR a blocks specific anabolic pathways: lipogenesis and
fatty acid synthesis by a double action. One is the transcriptional repression of FAS, ACC,
SREBP-1 and SREBP-2 [117] and the other is through induction of pyruvate dehydrogenase
kinase 4 (PDK4) [118] Fig. (3). This kinase is important for the choice of the destination of
glycolysis-derived cellular pyruvate pool. Acetyl-CoA molecules generated in oxidative
decarboxylation of pyruvate in mitochondria are the building blocks for fatty acid synthesis.
This reaction is catalyzed by pyruvate dehydrogenase complex (PDC) and constitutes the
rate limiting step for pyruvate entry to mitochondria. Pyruvate dehydrogenase activity is
tightly regulated by phosphorylation carried on by pyruvate dehydrogenase kinase
isoenzymes PDK1 — PDK4. Phosphorylation makes PDC inactive and this event blocks the
glycolysis-derived pyruvate transport to mitochondria and slows down glycolysis. PPAR a
synthetic ligands (Wy14,643) and natural PPAR a ligands generated during fasting, increase
PDK4 expression and further suppress PDC and acetyl-CoA generation for anaplerosis and
fatty acid biosynthesis [118].

Finally, PPAR a decreases mitochondrial aminoacid catabolism by suppressing the
transcription of glutaminase and glutamate dehydrogenase in liver [119, 120]. PPAR a
activation and fasting state in mice decrease blood urea levels, which reflect the rate of total
aminoacid catabolism [119, 121]. These facts indicate that PPAR a activity may counteract
c-Myc induced glutaminolysis in cancer cells, and reduce anaplerotic flux from glutamine
consumption.

Ultimately PPAR a is activated in fasting and the scope of its molecular targets largely
overlaps with SIRT1 and AMPK activities under CR conditions. Actually, PPAR a was
shown to act downstream of SIRT1 and mediate SIRT1 — induced promotion of fatty acid
oxidation in hepatocytes [5, 122]. The main link between all these players is PGC-1a, which
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is downstream element of SIRT1 and AMPK pathways and a partner and coactivator of
PPAR a involved in transcriptional regulation Fig. (2).

In attempt to modulate cancer cell metabolism, an interesting dietary approach has been
proposed for the treatment of terminal brain tumors that were unsuccessfully managed by
conventional therapies [123]. The authors present the idea that the calorie restricted
ketogenic (high fat, low carbohydrate) diet (CRKD) in case of malignant glioma and
glioblastoma may be far more advantageous than chemotherapy or radiation therapy, which
are highly toxic and frequently ineffective. Brain tumors strongly rely on glucose supply
from surrounding tissues and usually present a highly glycolytic phenotype. In contrast to
normal neurons and glia, which can metabolize ketone bodies (acetoacetate and -
hydroxybutyrate), the tumor cells lack genomic and metabolic flexibility and cannot adapt to
the drop in circulating glucose levels. In consequence, they undergo massive apoptosis in the
state of energy deprivation. Utilization of ketone bodies as a respiratory substrate is based on
functional mitochondria and this requirement is often not supported in glycolytic brain
tumors, which therefore would be sensitive to starvation induced by CRKD.

Enhanced oxidative metabolism and ketogenesis are the hallmarks of PPAR a activation
induced by fasting [124]. Ketogenesis takes place in mitochondria and refers to the
conversion of fatty acid oxidation-derived acetyl-CoA to actoacetate and p-hydroxybutyrate.
The enzyme critical for this process is 3-hydroxy-3-methylglutaryl-CoA synthase
(HMGCS), which transcription is PPAR a dependent [124]. PPAR a agonist ciprofibrate
and broader specificity PPAR ligand valproate induce its expression in brain and liver [125].
These facts imply possible efficacy of PPAR a ligands in the treatment of brain tumors.

The CRKD indeed lowers blood glucose and increases ketone bodies levels in patients, and
improves the mitochondrial respiratory activity and glutathione redox state in normal cells
and therefore may have a neuroprotective effect [126]. Decreased glucose concentrations in
brain tissues translate to reduction of glycolysis intensity and lactate production by tumor
cells and therefore potentially inhibits inflammatory response at the tumor site, since lactate
has been shown to have proinflammatory activity [127, 128].

The experimental verification of CRKD was performed on mice with implanted malignant
astrocytoma (CT-27) or human malignant glioma cell line U87-MG, fed on KetoCal, a new
diet specially formulated for children with epilepsy [129]. Calorie restricted KetoCal diet
significantly decreased the intracerebral growth of both tumor types and decreased the
intratumoral microvessel density. Implementation of this diet resulted in elevation of plasma
concentrations of ketone bodies, which might trigger the energetic imbalance in the tumors,
since tumor tissue showed reduced activity of the enzymes required for ketone body
oxidation: B-hydroxybutyrate dehydrogenase and succinyl-CoA: 3-ketoacid-CoA transferase
comparing to conlateral normal brain tissue [129]. Moreover, in some cases of advanced
malignant tumors (anaplastic astrocytoma and cerebellar astrocytoma), patients respond well
to CRKD dietary regimen [123]. The question about the safety of CRKD in patients who are
likely to develop cachexia due to tumor burden may arise, nevertheless malnutrition or
undernourishment have not been reported [123].

Remarkably, ketogenic diet is also beneficial for patients with neurological disorders,
especially in epilepsia [130]. The first observations revealed that starvation — mimicking
diet, and CRKD in particular, have anti seizure properties [131, 132]. Further investigation
stated that both high fat content and reduced total caloric intake are important because they
induce hormonal responses favoring ketogenesis: low insulin and high glucagon, as well as
increased cortisol blood levels promote acetyl-CoA conversion to ketone bodies and release
to circulation [131]. Increase in blood fatty acid concentration, which physiologically
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activates PPAR a, was observed in CRKD as a result of fat reserves mobilization and high
fat intake [131] Fig. (3). Ketone bodies are avidly consumed by brain tissue during glucose
deprivation. In limited glucose availability, astrocytes protect neurons from the energetic
stress by performing fatty acid oxidation and ketogenesis and supply the surrounding
neurons with ketone bodies [133-136]. Ketone bodies are prioritized energetic substrates
and they are metabolized before glucose and free fatty acids. Their cellular uptake is
mediated by monocarboxylate transporter MCT1, which transcription is positively regulated
by PPAR a [137]. Importantly, both endogenous (free fatty acids) and synthetic PPAR a
ligands are free to flow through the blood-brain barrier and they may reach high levels in the
brain tissue [136].

In addition to the role in brain tumors, ketogenesis may also become a prognostic factor in
colon carcinoma. 3-Hydroxy-3-methylglutaryl-CoA synthase is severely down-regulated by
c-Myc in colon cancer cell lines with high activity of Wnt/ B-catenin/ T cell factor 4
(TCF-4)/ c-Myc pathway [138]. Ketogenic capability and HMGCS expression levels are
positively correlated with enterocyte differentiation and decreased in colon or rectal
carcinomas, especially those poorly differentiated [138].

In theory, PPAR a activation could counteract c-Myc induced alterations of mitochondrial
metabolism by restoring the HMGCS and ketogenesis levels and by inhibiting
glutaminolysis through transcriptional repression of the two enzymes crucial for this
pathway: glutaminase and glutamate dehydrogenase. Moreover, PPAR a and pan-PPAR
agonists like bezafibrate stimulate oxidative phosphorylation and respiratory capacity by
inducing PGC-1a mediated mitochondrial biogenesis [139]. Although this activity goes in
line with c-Myc action, which was reported to stimulate mitochondrial proliferation, this
could cause either normalization of cancer cell energetic balance or induce a “metabolic
catastrophe' in the cells with genetically impaired mitochondrial function.

Recent studies on mice bearing different tumors revealed that dietary restrictions do not
affect those with constitutive activation of PI3K/Akt pathway [140]. Other cancer
characterized by transformed HRASI KRAS, BRAF or with loss of 7P53, show a significant
decrease of the growth rate and increased apoptosis when the host animals were subjected to
dietary restriction. Resistance to dietary restriction depended on the Akt phosphorylation
status and its activation, which lead to FOXO1 phoshorylation and cytoplasmic
sequestration [140]. When arrested in the cytoplasm, FOXO1 is unable to exert its
proapoptotic functions [141].

There are several proteins that negatively affect Akt activity, namely protein phosphatases
PTEN, SHIP and PPA2 that directly dephoshorylate Akt; and TRB3 (mammalian homolog
of Drosophila protein tribbles), a protein that binds to Akt and blocks its phosphorylation
[142-147]. TRB3 expression in liver rises during fasting and is driven by PGC-1a in PPAR
a dependent manner, as there are functional PPRE elements in the TRB3 promoter [148].
Metabolic function of TRB3 is to block insulin dependent Akt activation in fasting, in
parallel to PGC-1a / PPAR a induced gluconeogenesis and fatty acid oxidation. This seems
to be a part of a SIRT1/ LKB1/ AMPK/ PGC-1a pathway which constitutes an adaptive
response to CR, because in mice with muscle — specific LKB1 knockout in which the
PGC-1a, PPAR a and TRB3 were severely decreased [149]. Interestingly, TRB3
upregulation in lymphocytes is induced by fibrates in PPAR a independent fashion with
utilization of C/EBP and C/EBP homologous proteins [150].

Therefore it is reasonable to speculate that pharmacological PPAR a activation together
with CRKD might improve the anticancer outcome in case of dietary restriction resistant
tumors with overactive PI3K or nonfunctional PTEN. The situation would probably be
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different in tumors with constitutively active plasma membrane associated Akt mutants
(with activating Akt mutations or in model systems with the introduction of myristoylated
Akt), as in these cases TRB3 possibly would not affect the already phosphorylated Akt.
Although these hypotheses need to be verified, the negative influence of TRB3 on Akt
phosphorylation seems to be a general phenomenon.

7. CONCLUSION

PPAR a activators have a great potential of supplementing conventional anticancer
therapies by modulating cancer cell energy metabolism and signaling pathways. This notion
is based on multiple observations, which include PPAR a-mediated inhibition of two
prominent oncogenes: c-Myc and Akt Fig. (3). In this inhibitory action, PPAR a suppresses
glutaminolysis and glutamine catabolism in mitochondria, as well as activates ketogenesis
by promotion of fatty acid oxidation and transactivation of HMGCS. In cancer cells these
processes are c-Myc regulated. Next, PPAR a actions slow down glycolysis by inhibiting
Akt and blocks Akt induced fatty acid synthesis by repressing PDH activity in mitochondria
via PDK4 upregulation. Finally PPAR a functionally cooperates with AMPK, SIRT1 and
PGC-1a in regulating the cellular response to calorie restriction. In perspective, it would be
important to elucidate the details of possible interplay between these regulatory proteins, and
to verify the role of PPAR a activation in the of CRKD applied to /7 vivo cancer models.

Of note, the potential use of clinically tested synthetic ligands for PPAR a against cancer,
although seems to be a straightforward and fairly safe procedure, it still requires our careful
consideration. There are still debates over fibrate drugs safety and three main caveats have
been are presented [151]: (1) fibrate ability to bind hemoglobin which reduces its affinity to
oxygen; (2) fibrates may disrupt mitochondrial electron transfer chain particularly by
inhibiting complex I; and (3) fibrates induce mitochondrial ROS production. These
potentially harmful activities are presently understood to be receptor-independent, which
implies the need for new generation of PPAR a ligands which would possess improved
physiological and pharmacological characteristics.
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Fig. (1).
Peroxisome proliferator activated receptors (PPARS) general structure and functions. (A)
PPARs are nuclear receptors and share the same general pattern of structure with other
members of the steroid hormone receptor superfamily: N- and C- terminal regulatory
regions AF-1 and AF-2 (activation function), respectively, DBD — DNA binding domain
with zinc finger motives, LDB - ligand binding domain, hinge region in the middle. (B)
PPARs act as ligand — activated transcription factors which bind the DR1 consensus
sequence together with retinoid X receptors (RXR) [129]. PPAR / RXR heterodimer
facilitates the recruitment of other transcriptional activators and the complex including RNA
polymerase and general transcription factors. (C) Three PPAR isoforms have been
identified, each with different physiological areas of activity. The arrows indicate up- or
downregulation of the mentioned processes.
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Molecular interplay between the proteins activated in response to fasting, calorie restriction
and ketogenic diet. Limited availability of nutrients induces the decrease of ATP to AMP
ratio, which activates AMP-dependent protein kinase (AMPK) and its downstream effectors;
and the increase of NAD* to NADH ratio, which activates protein deacetylase SIRTL1.
AMPK and SIRT1 reprogram the cellular metabolism from high rate of glucose
consumption to fatty acid oxidation; simultaneously the anabolic pathways like lipid
biosynthesis are downregulated. SIRT1 deacetylates and activates PGC-1a [152, 153]. A
positive feedback loop between SIRT1 and AMPK has been reported. A potent AMPK
activator 5-aminoimidazole-4-carboxamide-1-p-D-riboside (AICAR) induces a strong
activation of SIRT1 through the increase of intracellular NAD*/NADH ratio. This is an
indirect process as these proteins do not interact physically and AMPK does not
phosphorylate SIRT1 [64]. The activation is reciprocal because SIRT1 deacetylates and
activates LKB1, a direct upstream kinase that phosphorylates AMPK on Thr 172 and
enhances its activity [154, 155]. Both AMPK and SIRT1 employ PGC-1a as their
downstream effector, that is phosphorylated on Ser 538 and Thr 177 by AMPK [156] and
deacetylated by SIRT1 [153]. Phosphorylation by AMPK improves PGC-1a stability and
activity, in contrast to Akt phosphorylation on Ser 570, which leads to protein
destabilization[157, 158]. PGC-1a cooperates with PPAR a in regulation of certain
signaling pathways as insulin / IGF-1 / Akt. During the energetic stress, SIRT1 induces
FOXO01 and FOXO03a transcription factors. On the epigenetic level, SIRT1 deacetylates
histones which leads to formation of transcriptionally silent regions of condensed
heterochromatin.
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Fig. (3).

PPAR a activation in response to calorie restricted ketogenic diet (CRKD). Endogenous
ligands like free fatty acids or drugs from fibrate class may have a therapeutic impact on
cancer cell's mitochondrial processes: fatty acid oxidation, ketogenesis, glutaminolysis and
pyruvate conversion to acetyl-CoA. PPAR a activity counteracts metabolic changes exerted
by oncogenes: c-Myc driving glutaminolysis (anaplerosis) and Akt enforcing aerobic
glycolysis and lipid synthesis (cataplerosis). For more details see the text.
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