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Ketone bodies [beta-hydroxybutyrate (bHB) and acetoacetate] are mainly produced in
the liver during prolonged fasting or starvation. bHB is a very efficient energy substrate for
sustaining ATP production in peripheral tissues; importantly, its consumption is preferred
over glucose. However, the majority of malignant cells, particularly cancer cells of neuro-
ectodermal origin such as glioblastoma, are not able to use ketone bodies as a source of
energy. Here, we report a novel observation that fenofibrate, a synthetic peroxisome pro-
liferator-activated receptor alpha (PPARa) agonist, induces bHB production in melanoma
and glioblastoma cells, as well as in neurospheres composed of non-transformed cells.
Unexpectedly, this effect is not dependent on PPARa activity or its expression level. The
fenofibrate-induced ketogenesis is accompanied by growth arrest and downregulation
of transketolase, but the NADP/NADPH and GSH/GSSG ratios remain unaffected. Our
results reveal a new, intriguing aspect of cancer cell biology and highlight the benefits
of fenofibrate as a supplement to both canonical and dietary (ketogenic) therapeutic
approaches against glioblastoma.

Keywords: peroxisome proliferator-activated receptor alpha, beta-hydroxybutyrate, 3-hydroxy-3-methylglutaryl-
CoA synthetase 2, transketolase

INTRODUCTION

Adaptation to limited nutritional resources due to a constantly changing environment is the most
elementary challenge for organisms that are subjected to the pressures of natural selection. Metabolic
flexibility that enables fitness and survival in cases of food shortage constitutes the basis of evolution-
ary success in terms of reproduction and preservation of offspring. Creativity in the substitution of
glucose as a source of carbon and energy with other substrates has been the main driving force in
prokaryotic evolution, as well as a necessity in the course of the development of multicellular organ-
isms. Warm-blooded animals, such as mammals, which have a constantly highly active metabolism,
are particularly prone to the detrimental effects of prolonged food shortages. Development of highly
complex structures like the human brain, which consumes about 20% of the body’s entire energy
resources, complicated the matter even further. Therefore, tightly regulated metabolic processes
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such as ketone body generation evolved as a rescue program
during starvation and provided a significant survival advantage
in environments where resources were short.

Ketone bodies, namely acetoacetate, acetone, and beta-
hydroxybutyrate (bHB) are produced in the liver during an exten-
sive fatty acid oxidation. They are the products of acetoacetyl-CoA
and acetyl-CoA condensation. This reaction, a rate-limiting step
of ketogenesis, leads to the formation of 3-hydroxy-3-methyl-
glutaryl-CoA (HMG-CoA) and is catalyzed by mitochondrial
HMG-CoA synthetase (HMGCS2). Acetoacetate and bHB
serve as highly efficient metabolic substrates and are utilized by
peripheral tissues for energy production, at an even higher rate
than glucose. Ketogenesis is regulated by several proteins that
act as energy sensors, such as peroxisome proliferator-activated
receptor alpha (PPARa), peroxisome proliferator-activated
receptor gamma coactivator 1 alpha (PGC-1a), sirtuins, and
AMP-dependent protein kinase (AMPK) (1-4).

Peroxisome proliferator-activated receptor alpha is a nuclear
receptor that acts as the key transcription factor responsible for
the mobilization of lipid stores, fatty acid oxidation, and ketogen-
esis during fasting (5, 6). PPARa is activated by free fatty acids and
their derivatives (particularly CoA-SH esters and amides), which
are released during fat mobilization; therefore, it acts as a meta-
bolic switch. Pharmacological agonists of PPARa, especially the
hypolipidemic drug fenofibrate, are also able to induce fatty acid
oxidation and ketogenesis in hepatocytes (7-9). PPARa is directly
responsible for driving the transcription of HMGCS?2 during fast-
ing or in response to a ketogenic diet (KD). Additionally, there is
a functional peroxisome proliferator response element (PPRE) in
the HMGCS2 promoter (—105 to —92) (10). Further regulation
of HMGCS2 expression is unique, as it involves the binding of
the HMGCS2 protein itself to the PPARa receptor. The resulting
complex is then translocated into the nucleus, where it triggers
HMGCS?2 transcription (11). Further, HMGCS?2 activity is also
upregulated by post-translational modifications like deacetyla-
tion and desuccinylation on multiple lysine residues by the mito-
chondrial sirtuins Sirt3 and Sirt5, respectively, and palmitoilation
of cysteine in the active site (12-14). Interestingly, HMGCSI1, a
cytosolic counterpart of HMGCS2 involved in steroid synthesis,
is neither transcriptionally regulated by PPARa nor does it physi-
cally interact with this receptor (15, 16).

Principally hepatocytes and to a lesser extent epithelia from
the kidneys and intestines are responsible for ketogenesis under
physiological conditions, as these tissues possess the proper enzy-
matic machinery. Ketogenesis is switched on during prolonged
fasting (over 1 day), when the glucose level in the blood is very
low and higher levels of glucagon stimulate lipolysis and fatty acid
flux from the adipose tissue. Glycogen from the liver and skeletal
muscles is sufficient to sustain blood glucose levels for approxi-
mately 24 h, but after glycogen stocks are used up, reserves of fat
are mobilized and free fatty acids released (17-19). Fatty acids are
taken up by the liver and peripheral tissues and metabolized by
beta-oxidation to acetyl-CoA, which is then oxidized completely
in the TCA cycle. Lipid catabolism is carried out at a high rate,
especially in the liver, where accumulated acetyl-CoA is trans-
formed to beta-HB and released into the blood. All extrahepatic
tissues including cardiac and skeletal muscles absorb and oxidize

ketone bodies readily. The hierarchy of energy metabolite con-
sumption causes ketone bodies to be used instead of glucose,
which is spared for the brain (19). Utilization of ketone bodies
significantly reduces the need for gluconeogenesis, the substrates
for which are mostly provided by catabolism of protein-derived
aminoacids (this process causes slow muscle wasting) or glycerol
through the process of triglyceride de-esterification.

Interestingly, in contrast to other peripheral tissues, the brain
is very limited in its capacity to utilize free fatty acids. There are
a few reasons for this: (i) fatty acid oxidation generates large
amounts of reduced flavin adenine dinucleotide (FADH,) that
leads to enhanced generation of ROS by electron transport fla-
voprotein-ubiquinone oxidoreductase, which causes membrane
peroxidation; (ii) fatty acid transport to the brain and oxidation
within the brain is far too slow to provide enough ATP during
periods of rapid neuronal synaptic activity and impulse genera-
tion; (iii) oxygen concentration in brain tissue is low, whereas the
amount of oxygen needed for complete oxidation of long chain
fatty acids is high - therefore complete oxidation could increase
the risk of hypoxia in adjacent regions (20). Metabolism of ketone
bodies eliminates all these drawbacks and provides a high-energy
yield - roughly 23-26 ATP/one bHB molecule. Moreover, bHB
is the most efficient fuel per molecule of oxygen consumed when
compared to glucose, pyruvate, or free fatty acids, due to its ability
to widen the redox potential gap between the respiratory complex
I (NADH/NAD) and CoQ/CoQH, (21-24).

Utilization of ketone bodies as a source of energy requires
expression of enzymes involved in acetoacetate and bHB
catabolism, such as succinyl-CoA:acetoacetate-CoA transferase
(SCOT), also known as 3-oxoacid-CoA transferase (OXCT1)
(EC 2.8.3.5); 3-oxoacyl-CoA thiolase, also known as acetyl-CoA
actyltransferase (ACAT) (EC 2.3.1.9); and bHB dehydrogenase
(EC 1.1.1.30). All of these enzymes are present in peripheral
tissues at various levels; however, SCOT is absent in the liver to
prevent a futile cycle of bHB synthesis and utilization (25).

In general, oncogenic transformation is associated with
increased glucose consumption - a high rate of glycolysis, even
in normoxia (the so-called Warburg effect), as well as avid
consumption and metabolism of glutamine (glutaminolysis)
(26, 27). Neoplastic cells, however, are not capable of ketone
body consumption because the majority of cancers do not
express the required enzymatic machinery. This phenomenon
has been particularly well studied in brain tumor models.
Malignant cells derived from brain tissue (neuroblastomas,
glioblastomas multiforme, astrocytomas, and schwannomas)
either do not express SCOT and ACAT or express these enzymes
at very low levels, making them incapable of using ketone body
oxidation for ATP production (25, 28). In fact, neuroblastoma
and glioblastoma cells are only able to utilize ketone bodies
as substrates for lipid synthesis (29-31). Cancer cells that are
not able to metabolize bHB and acetoacetate frequently suffer
from ketone body-induced toxicity, which has already been
reported in neuroblastoma (30). Moreover, ketone bodies exert
strong anti-proliferative and pro-apoptotic effects in melanoma,
pancreatic, gastric, colon, and cervical cancer cells, as well as in
transformed lymphoblasts (32-35). These observations provide
a rationale for proposing a dietary restricted KD as a supportive
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therapy against malignant glioma. Calorie/dietary restriction
combined with a high fat/low carbohydrate (ketogenic) diet
decreases blood glucose levels and simultaneously elevates bHB
levels (36). This type of dietary intervention has already been
shown to have very encouraging effects, namely inhibition of
both tumor growth and neovascularization, as well as improved
overall survival in patients and in various in vivo models of brain
cancers (37-41). The Scheck team was able to achieve remark-
able results, when they applied radiation therapy along with the
KD, they were able to achieve complete remission of malignant
glioma (42). In addition, the ability to synthesize ketone bodies
is frequently lost during oncogenic transformation of colonic
epithelia, where the c-Myc oncogene transcriptionally repressed
transcription of the HMGCS2 gene in 90% of colon carcinoma
samples tested (43).

All these lines of evidence strongly suggest that ketogenesis is a
process that is observed only under very particular physiological
circumstances, which are absent in cancer cells. Furthermore,
cancer cells neither prefer this kind of energy substrate nor flour-
ish in a ketogenic environment, which does not suit the needs
of highly proliferating cells. However, in this paper, we present
a novel observation that malignant cells of neuroectodermal
origin, namely melanoma and glioblastoma cells, are capable
of efficient synthesis and release of bHB when treated with a
synthetic PPARa agonist, fenofibrate. Unexpectedly, the induced
ketogenesis seems to be independent of PPARa expression level
or its activity in these cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatment

Murine melanoma B16 F10 (ATCC# CRL-6475) cells were
cultured in RPMI 1640 medium (Pan-Biotech, Germany) sup-
plemented with 10% fetal bovine serum (FBS, Pan-Biotech,
Germany), mixture of antibiotics and antimycotics (penicillin
50 U/ml, streptomycin 50 pg/ml, and amphotericin B 250 ng/
ml), and 2 mM glutamine (Sigma Aldrich, Germany). Human
glioblastoma cell line LN-229 (ATCC# CRL-2611) cultures were
maintained in DMEM (Gibco, Thermo Fischer, USA) supple-
mented with antibiotics, 10% FBS, and 2 mM glutamine. Both cell
lines were kept at 37°C and 5% CO, atmosphere. Primary neuro-
spheres cultures were obtained by isolating neural progenitor cells
from whole-brains of embryonic day 17 C57BL/6 mice according
to the previously published protocol (44). Isolated progenitor
cells were cultured in poly-2-hydroxyethyl methacrylate (Sigma
Aldrich, USA)-coated dishes in Neurobasal media supplemented
with B27, Glutamax, N2, bFGF (Gibco, Thermo Fischer, USA),
heparin (Stem Cell Technologies, USA), and 20 ng/ml EGF (Sigma
Aldrich, USA). Neursopheres were passaged and plated on poly-
D-lysine/laminin (Sigma Aldrich, USA)-coated glass chamber
slides. Following 4 days of differentiation, cells were treated with
a vehicle (DMSO, Sigma Aldrich, USA) or fenofibrate (FF, Sigma
Aldrich, USA) for 48 h, and media was collected for f-HB assay.
FF was added to the fresh cell culture media at final concentration
of 50 pM (Sigma Aldrich, USA, diluted from DMSO stock), and
the PPARa inhibitor MK886 (Merck Millipore, USA) was used

at 10 pM (45), whereas the final concentration of vehicle when
added to the control cultures did not exceed 0.05% v/v.

Plasmids and Transfections

In order to knock down the PPARa protein level, a commercially
available plasmid driving shRNA against PPARa was used (Santa
Cruz Biotechnology, sc-36307-sh, USA), along with a plasmid
producing irrelevant, control stRNA molecules (Control sShRNA
Plasmid A, Santa Cruz Biotechnology, sc-108060, USA) to gener-
ateareference cellline. The B16 F10 cells were plated on the 60-mm
dishes (200,000 cells per dish) transiently transfected with 1.75 pg
of plasmids using Lipofectamine 2000 (Thermo Fisher, USA)
reagent, and for the stable clones, the selection with puromycin
(10 pg/ml) was applied, starting 72 h after the transfection. The cell
lines with PPARa overexpression was prepared by the transient
or stable transfections with pcDNA6.2/N-EmGFP-DEST vector
(Thermo Fisher, USA) with inserted human PPARa ORF under
the control of CMV promoter. The expression vector was prepared
using Gateway® Cloning System (Thermo Fisher, USA). Briefly,
PPARa ORF sequence (CR456547_1) was synthesized, optimized
for the expression in human cells, and cloned into the pPDONR221
Entry Vector (GeneArt, Thermo Fisher, USA). Subsequently, the
ORF insert was transferred into the pcDNA6.2/N-EmGFP-DEST
Destination Vector via Clonase II Recombination Reaction. The
stable clones were selected with blasticidin-S (20 pg/ml), starting
72 h after the transfection. Transfection efficiency (in the cells co-
transfected with pDsRed2-Mito plasmid, Clontech laboratories,
USA) and the expression of PPARa-EmGFP fusion protein were
monitored in living cells or in fixed slides counterstained with
DAPI in the fluorescent confocal microscope (Olympus Fluoview
FV1000 laser scanning biological microscope).

Beta-Hydroxybutyrate Assay

The cells seeded in 12-well plates were treated with DMSO
(control) or fenofibrate and/or MK886 for 48 h. The media were
collected and centrifuged to eliminate any possible cell debris
and then processed immediately or frozen in —80°C. The con-
centration of bHB in the cell culture media aliquots of 50 pL was
measured using bHB colorimetric assay kit (Biovision #K632,
USA), according to the manufacturer’s instructions. The bHB
concentrations were calculated from the 450 nm absorbance
recorded from the microplate reader and the standard curve
prepared with the 1 mM bHB solution included in the kit. Every
time the bHB production was normalized to the total cell number
in each well. For this purpose and for assessment of cell prolif-
eration, cells were fixed and stained with crystal violet solution,
and the cell numbers were determined by a spectrophotometric
method, according to Kueng et al. (46).

Immunoblotting

Total protein extracts were isolated from LN-229 and B16 F10
cells using cell lysis buffer from Cell Signaling Technology, USA
(#9803) supplemented with 1 mM PMSE, protease, and phos-
phatase inhibitor cocktails (Roche Applied Science Complete®
and PhosphoStop®). Sample preparation and immunoblotting
were performed according to the standard procedures described
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in our previous studies (47). The following primary antibodies
were used: anti-PPARa, rabbit polyclonal SAB2104354 (1:2,000
dilution) Sigma Aldrich, USA; anti-PGC-1a; anti-HMGCS]I;
anti-HMGCS2 rabbit polyclonal from Santa Cruz Biotechnology
(all in 1:1,000 dilution), USA; anti-phospho- and total ATP-
citrate lyase (ACL); anti-Acetyl-CoA synthetase (AceSl);
anti-pyruvate kinase M2 (PKM2); and anti-transketolase (TKT)
rabbit monoclonal from Cell Signaling Technology (USA, all in
1:1,000 dilution). For loading control, anti-Grb2 mouse mono-
clonal antibody (1:3,000, BD Bioscience, San Jose, CA, USA)
was used. For the signal detection anti-rabbit IgG HRP-linked
antibodies (#7074 Cell Signaling Technology, USA), anti-mouse
IgG (H + L), HRP conjugated antibodies (Thermo Fisher, USA),
and a chemiluminescent peroxidase substrate SignalFire (Cell
Signaling Technology, USA) were used. Densitometric analysis
of immunoblots was performed using Image] software (NIH,
USA).

Mitochondrial Oxygen Consumption

The mitochondrial oxygen consumption rates in the immediate
response to fenofibrate were evaluated in the B16 F10 Ctrl shRNA
or PPARa shRNA cells using the Extracellular Flux Analyzer
XF24 (Seahorse Biosciences, North Billerica, MA, USA), as
previously described (48). Briefly, the day before each assay, the
cells were plated in 24-well plates (Seahorse Biosciences, USA)
in growth-supporting medium (25,000 cells/well). At the time
of measurement, growth media were replaced with serum-free
XF assay medium (Seahorse Biosciences, USA), and cartridges
equipped with oxygen-sensitive and pH-sensitive probes
(Seahorse Biosciences, USA) were placed above the cells. The
oxygen consumption rate (OCR; indicative of mitochondrial
respiration) and extracellular acidification rate (ECAR; indicative
of glycolysis) were evaluated after injecting FF (50 pM) or vehicle
(DMSO), followed by injections of metabolic toxins: oligomycin
(inhibitor of ATP synthase; complex V of the Electron Transport
Chain, ETC; 0.5 pM), carbonyl cyanide-p-trifluoromethoxyphe-
nylhydrazone (FCCP; uncoupling factor; 0.75 pM), and rotenone
(inhibitor of mitochondrial complex I of ETC; 0.75 pM).

Cell Cycle and Clonogenic Assays

Cell cycle distribution was assessed by flow cytometry (GUAVA
EasyCyte8HT, Merck Millipore, USA). Briefly, the aliquots of
1 X 10° cells/ml were fixed in 70% ethanol at —20°C overnight.
Next, cells were centrifuged at 1,600 rpm for 5 min, and the
resulting pellets resuspended in Guava Cell Cycle reagent (Merck
Millipore, USA). Cell cycle was evaluated using specialized soft-
ware CellCycle included in GuavaSoft 1.1.

LN-229 and wt B16 F10, PPARa shRNA, Ctrl shRNA, or
PPARa-GFP cells were plated at the clonal density (1,000 cells
per well in a 6-well plate). After 24 h, cells were treated with FF
and/or MK-886. Fresh media with tested compounds were given
every second day for the course of 12 days. Control cells were
treated with DMSO. At the end of each experiment, cells were
fixed and stained with the 0.25% crystal violet solution in metha-
nol, air dried, and the colonies were counted. All the conditions
were tested in duplicates or triplicates, and the experiments were
performed at least three times.

NADP/NADPH and GSH/GSSG Assays

For the calculation of the NADP/NADPH and GSH/GSSG ratios,
cells were plated in 24-well plates (20,000/well) and treated with
DMSO (control) or FF for 48 h. Next, cells were lysed, followed by
the luminometric assays for NADP, NADPH, GSH and total GSH,
and GSSG using the NADP/NADPH-Glo and GSH/GSSG-Glo
kits (Promega, Germany), according to the attached instructions.
The luminescence signal was recorded with the tube GloMax
20/20 luminometer (Promega, Germany).

Statistical Analysis

Each experimental data points were done in triplicate, and the
independent experiments were repeated two or three times. The
data were analyzed using Statistica 10 StatSoft (USA) software,
performing one-way or two-way ANOVA and post hoc Tukey
tests; differences between the control and experimental groups
were considered significant for P values lower than 0.05.

RESULTS

Fenofibrate Triggers bHB Production
Regardless of PPARa Expression or
Activity Status
Although fenofibrate is a well-known PPARa agonist used
clinically to normalize blood lipoprotein profiles, many of
its recently described anticancer activities do not involve the
PPARa-driven transactivation mechanism. Our previous in vitro
and in vivo studies conducted on various malignant cell lines of
neurocetodermal origin demonstrated that fenofibrate inhibited
proliferation, migration, invasion, metastatic tumor formation,
and affected energy homeostasis, which led to metabolic catas-
trophe (48, 49). The latter effects seem to be promising and might
aid the dietary ketogenic regimens currently being developed to
support the conventional chemotherapies and radiotherapies
used against gliomas. Therefore, in order to further investigate
the strong impact that fenofibrate has on the cellular metabolism
and to distinguish the receptor dependent and independent
effects, we performed the experiments on neoplastic cell lines
with varying levels of PPARa expression. The cell lines used were
aggressive B16 F10 murine melanoma and human glioblastoma
LN229, which both show detectable levels of endogenous PPARa
expression (Figure 1A). PPARa knock down in B16 F10 cells was
achieved through transcriptional silencing with specific sShRNA,
which resulted in an 85% decrease in its protein level, as estimated
by densitometric analysis (not shown). The B16 F10 clone that
stably overexpressed the PPARa-EmGFP fusion protein showed
an over 12-fold increase in the level of receptor expression when
compared to wt B16 F10 (Figure 1B). In the case of LN229 cells,
transient transfection with a PPARa-EmGFP expression vec-
tor resulted in an enrichment of the population of cells which
expressed high levels of nuclear PPARa-EmGFP (Figure 1C).
Treatment with fenofibrate (50 pM) induced ketogenesis in
both B16 F10and LN229 cells, which manifested in the production
and release of bHB into the cell culture medium (Figure 2).The
amount of bHB in the medium of FF-treated samples was 24-fold
higher compared to DMSO-treated B16 F10 cells. Incubation
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FIGURE 1 | Detection of the PPARa protein (A) in various human
melanoma cell lines (Lu1205, WM9, A375P), human glioblastoma
(LN229), and various clones of murine melanoma B16 F10 sublines
expressing PPARa shRNA (shPPAR#1 and shPPAR#5, shown as
examples) or control shRNA (Ctrl#2). Wt B16 F10 whole cell extract
served as a reference. In the shPPAR#1 clone, the silencing was not
successful, and for further experiments, B16 shPPAR#5 subline showing
about 85% reduction of PPARa expression was chosen. The B16 F10 stable
cell line overexpressing PPARa-EmGFP fusion protein (#5) was selected (B),
wt B16 F10 whole cell extract is used for comparison of PPARa levels.
Fenofibrate (FF, 50 uM, 48 h) and MK886 (10 uM, 48 h) do not affect PPARa
protein level; DMSO was used as a control (B). The expression and
subcellular (nuclear) localization of the fusion protein PPARa-EmGFP (green)
is shown in B16 F10 and LN229 cells (C). Transfection with pDsRed2-Mito
plasmid (red) indicated the transfection efficiency; nuclei are counterstained
with DAPI (blue). Scale bar — 10 pm.

with the synthetic PPARa inhibitor MK886 did not reverse
this effect (Figure 2A). Similarly, the cells treated with shRNA
against PPARa and control cells showed the same trend as wt B16
F10, whereby fenofibrate efficiently induced ketogenesis, which
resulted in a 24-fold increase in bHB production compared to
DMSO-treated cells (Figure 2B). In B16 F10 cells transiently over-
expressing PPARa, fenofibrate was also able to trigger ketogenesis
(Figure 2A). LN229 glioblastoma cells responded to fenofibrate

similarly to the melanoma cells, with enhanced bHB production,
regardless of the presence of the PPARa inhibitor MK886 or the
level of PPARa expression (Figure 2C). Noteworthy was that the
basal level of bHB production in DMSO-treated LN229 cells was
about three to four times higher than in B16 F10 cells. This may
be explained by the retained intrinsic capability of ketogenesis
observed in normal astrocytes, which is absent in melanocytes.

Intrigued by these observations, we tested whether fenofibrate
had a similar effect on normal cells. We used neurospheres, which
are multicellular organoids of neurons and glia and serve as a
simplified model of the normal brain tissue. Indeed, fenofibrate
treatment (50 pM, 48 h) induced a statistically significant increase
in bHB production (Figure 2D), albeit the differences between
control and fenofibrate stimulated cultures were less pronounced
than in case of malignant cells. Due to the difficulty in assessing the
cellnumber precisely, the bHB concentrations measured in neuro-
sphere culture samples were normalized to the amount of protein.
Thus, in order to compare the values obtained for neurospheres
with those from melanoma and glioblastoma cells, we performed
a recalculation. Assuming that one cell contains approximately
240 pg of protein [in mammalian cells proteins account for 60%
dry mass and average dry mass of a mouse embryonic fibroblast
is 400 pg (50)], we can estimate the mean bHB production by
control wt B16 F10 cells as 2.83 nmol/(pL*mg of protein) and
18.28 nmol/(pL*mg of protein) in the fenofibrate-treated group;
in LN229 glioblastoma cells, it was 3.66 and 7.82 nmol/(pL*mg
of protein) for the control and fenofibrate groups, respectively.
These results are considerably higher than the mean values for
neurospheres that yielded 0.117 and 0.207 nmol/(pL*mg of pro-
tein) in control and fenofibrate-treated groups, respectively. This
may be explained by the fact that astrocytes, which are capable of
ketogenesis, make up only a fraction of the total cell population
in the neurosphere. Nevertheless, it seems that the pro-ketogenic
activity of fenofibrate is not restricted to malignant cells; rather, it
appears that healthy cells can also respond similarly.

Ketogenesis in B16 F10 Cells Is
Accompanied by a Time-Dependent
Increase in the HMGCS2 Protein Level

Both ketogenesis and fatty acid beta-oxidation take place in
the mitochondria; thus, properly functioning mitochondria
are essential for these processes. Mitochondrial HMGCS?2 is
the rate-limiting enzyme of the ketogenesis pathway (14), so
we checked if its level increases after fenofibrate treatment.
Indeed, HMGCS2 was upregulated in the cells treated with
fenofibrate, regardless of the presence of MK886. Surprisingly,
the basal HMGCS?2 level was even higher in the B16 F10 cells
with reduced PPARa expression (Figure 3A). This suggests that
in the melanoma cells we studied, either PPARa does not play
a role as an HMGCS2 transactivator or that the process might
also be regulated downstream of transcription — perhaps through
altered protein stability or turnover rate. Nevertheless, this
observation drew our attention, and so we decided to examine
both the ketogenic response of B16 F10 cells to fenofibrate and
the levels of HMGCS?2 following various periods of incubation
with fenofibrate. As shown in Figure 3B, although the increase
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FIGURE 2 | Beta-hydroxybutyrate (bHB) production in melanoma
(A,B), glioblastoma cells (C) varying in the PPARa level and in the
neurosphere culture (D). FF — fenofibrate, MK886 — the PPARa inhibitor
MK886, cell line names: PPARa shRNA — PPARa downregulation, PPARa-
EmGFP — PPARa overexpression. Statistical significance of the observed
differences are shown as asterisks: “P < 0.05, **P < 0.001, **P < 0.0001.

in HMGCS?2 synthesis was triggered after only a 6-h incubation
with fenofibrate, a significant accumulation of bHB in the cell
culture medium was not detected until 48 h after the start of the

treatment (Figure 3C). The time course of bHB production was
similar in both B16 F10 ctrl shRNA and PPARa shRNA generat-
ing cells (Figure 3C), which suggests that although HMGCS2
expression can be triggered quite rapidly, metabolic adaptation
to the fenofibrate challenge takes nearly 2 days.

The increased HMGCS?2 expression induced by fenofibrate was
accompanied by the upregulation of PGC-1a levels (Figure 3A),
which may be reflected in the stimulated mitochondrial biogen-
esis and intensification of mitochondrial metabolism. This could
also serve as a compensatory mechanism, since our previous
experiments showed that in LN229 cells, fenofibrate penetrated
the mitochondria and acutely - albeit reversibly - repressed
oxygen consumption through inhibition of the respiratory
complex I, in a manner similar to rotenone (48). Indeed, similar
observations were made for B16 F10 cells expressing normal or
reduced PPARa levels (Figure 3D). Within minutes of fenofibrate
addition to the monolayer culture, the oxygen consumption rate
dropped significantly. Next, exposure to several metabolic toxins,
such as oligomycin (complex V — ATP synthase inhibitor), FCCP
(uncoupler that depolarizes mitochondrial inner membrane),
and rotenone (irreversible complex I inhibitor) was used in order
to obtain a respiratory profile of the cells following fenofibrate
treatment. We demonstrated that fenofibrate-treated cells lost the
ability to respond to oligomycin (as if ATP synthesis was already
very weak) and barely responded to FCCP due to the lack of a
proton gradient in the mitochondria (Figure 3D). Noteworthy,
the reduction of PPARa levels did not significantly change the
respiratory profiles of B16 F10 cells in either vehicle or fenofibrate
treated cells.

HMGCSI - the cytoplasmic counterpart of mitochondrial
HMGCS2 - is involved in cholesterol biosynthesis but not
ketogenesis. Transcription of HMGCS1 is not normally regulated
by PPARa; thus, the observed positive effect of both fenofibrate
and MK886 on HMGCSI1 protein level was quite unexpected,
particularly the additive stimulation of HMGCS1 expression in
the cells treated with both fenofibrate and MK886 in wt B16 F10
(Figure 3E).

Fenofibrate Treatment Affects Glucose
Catabolism and Lipid Synthesis Pathways

Recently published results from experiments on mice treated
with fenofibrate revealed the complex transcriptional response in
hepatocytes, which included: the activation of canonical PPARa
regulated processes, such as mitochondrial and peroxisomal
fatty acid oxidation and ketogenesis; de novo fatty acid synthesis,
elongation, and desaturation; as well as an increase in pentose
phosphate pathway (PPP) flux at the expense of suppressed
glycolysis (51). Although the PPP is indispensable in all normal
cells, including hepatocytes, it has recently gained recognition
as being far more important to transformed cells. It not only
provides NADPH for macromolecule biosyntheses and antioxi-
dant protection but also provides monosaccharide intermediates
for nucleotide synthesis, both of which are the major require-
ments to carry on proliferation (52, 53). Therefore, we decided
to inspect the level of some of the critical enzymes involved in
the PPP and lipid biosynthesis in the B16 F10 sub-lines with
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different PPARa expression. We noticed an intriguing, inverse
correlation between HMGCS?2 expression, which is upregulated
by fenofibrate, and TKT - the key PPP enzyme - linking the
oxidative and non-oxidative branches of this pathway. Figure 4
shows that the wt B16 F10 and Ctrl shRNA cells expressed higher
levels of HMGCS?2 after fenofibrate treatment. At the same time,
in all cell lines fenofibrate had significantly downregulated the
TKT level. Consequently, lower TKT levels were accompanied by
lower levels of acetyl-CoA synthetase 1 (AceS1), phospho- and
total ACL, and pyruvate kinase isoform M2 (PKM2) (Figure 4;
Table 1). AceS1 is a cytoplasmic enzyme that catalyzes the con-
version of acetate into acetyl-CoA, which is necessary for lipid
synthesis, while ACL facilitates the transport of acetyl-CoA from
the mitochondria to the cytoplasm to provide substrates for lipid
synthesis and gluconeogenesis. ACL phosphorylation at Ser 455
(by PKA and Akt) enhances its enzymatic activity (54-56). PKM2

is an isoform of suboptimal affinity for the substrate, so the reac-
tion rate is not as high as with other pyruvate kinase isoforms.
PKM2 is highly expressed in embryonic and cancer cells, where
it is believed to help them to spare glycolytic intermediates for
the synthesis of macromolecules, such as lipids. Taken together,
it appears that intensive ketogenesis, induced by fenofibrate,
is associated with a downregulation of fatty acid biosynthetic
pathways.

Ketogenesis Is Accompanied by an Arrest

in Proliferation

Similarly to our previously reported results (49, 57), fenofibrate
induced growth arrest and blocked proliferation of both B16
F10 and LN229 cells. Fenofibrate increased the percentage of
quiescent cells (GO/G1 phase) while concomitantly reducing the
fraction of cells in S and G2/M phases (Figure 5A). Moreover,
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FF treatment also blocked colony formation (Figures 5B-F) in a
PPARa-independent manner, since the PPARa inhibitor MK886
was not able to reverse this effect (Figures 5B-D). Nucleotide and
lipid biosynthesis are indispensable for sustaining proliferation
and both require a supply of NADPH. Downregulation of TKT
may negatively influence the course of PPP and consequently
NADPH generation. We suspected that such a decrease in the
NADPH/NADP ratio might be responsible for the slowdown in
macromolecule synthesis and impaired antioxidant protection,
which largely relies on both GSH levels and NADPH-dependent
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o‘*%o & & @*'XQQ ¥ « o&o & o\@o &
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FIGURE 4 | HMGCS2 expression is inversely correlated with the level
of enzymes involved in pentose phosphate pathway, transketolase
(TKT) and the glycolytic enzyme pyruvate kinase PKM2, as well as
lipogenic enzymes acetyl-CoA synthetase (AceS1) and ATP-citrate
lyase (total and phospho-Ser455). Fenofibrate reduces the ATP-citrate
lyase phospho- and total protein levels. Grb2 detection is a loading control.
The relative changes (comparing to the signal from the DMSO-treated wt B16
F10 cells) of the protein band intensities in each condition (Table 1).

glutathione peroxidase activity. A shortage of macromolecules
for membrane and DNA synthesis as well as reduced protection
from oxidative stress are both sufficient to induce growth arrest;
thus, we decided to estimate changes in NADP/NADPH and
GSH/GSSG ratios in B16 F10 cells treated with fenofibrate. We
did not detect any statistically significant changes in the NADP/
NADPH ratio (Figure 6A). In the case of glutathione, fenofibrate
indeed moderately decreased the GHS/GSSG ratio in cells with
normal PPARa levels (ctrl shRNA); however, the changes were
insignificant (Figure 6B). In cells with PPARa depletion or over-
expression, the effect of fenofibrate was hardly visible. Altogether,
this suggests that the oxidative branch of the PPP, which directly
produces NADPH or NADPH-generating malic enzyme, is active
enough to maintain NADPH/NADP homeostasis, despite the
fenofibrate-driven reduction of TKT levels. The cells also cope
quite well and maintain a fairly constant GSH/GSSG ratio, which
suggests that an oxidative stress is not the reason for the inhibi-
tion of proliferation.

DISCUSSION

Production and release of ketone bodies has never been observed
in any transformed cells. It was believed that not only particular
types of normal cells and primarily hepatocytes but also kidney
and intestinal epithelial cells, as well as astrocytes, were able to
carry out ketogenesis in particular physiological conditions, such
as prolonged fasting, a KD, or a calorie restricted ketogenic diet
(CRKD).

In this study, we show that cancer cells of neuroepithelial
origin, namely melanoma and glioblastoma, can abundantly
produce bHB when treated with fenofibrate, a potent PPARa
pharmacological agonist and a hypolipidemic drug. Fenofibrate
promotes ketogenesis not only in the malignant cells but also
in neurospheres composed of neurons and glia (Figure 2D).
Although it is generally established that PPARa is the main
transcription factor responsible for the induction of fatty acid
catabolism and subsequent ketogenesis, in our experimental
setting, the fenofibrate-induced bHB production seemed to be
a PPARa-independent phenomenon. Neither the knock down of
PPARa protein level nor its overexpression affected the ability of

TABLE 1 | Densitometry of the immunoblotting results from Figure 4: protein band densitometry (band intensity normalized to Grb2 signal and wt

B16 F10 DMSO, mean+SD).

Cell line Treatment Transketolase Pyruvate kinase Acetyl-CoA synthetase Phospho-ATP-citrate ATP-citrate lyase
(TKT) (n=3) (PKM2) (n=5) (AceS1) (n=3) lyase (n=3) (n=3)
wtB16 F10  DMSO 1.00 1.00 1.00 1.00 1.00
FF 50 uM 0.20 + 0.078 0.74 + 0.286 0.90 +0.119 0.54 + 0.208 0.76 + 0.296
MK886 10 pM 0.93 + 0.361 1.06 +£0.412 0.94 +0.131 0.98 + 0.381 0,99 + 0.383
FF + MK886 0.16 + 0.063 0.78 + 0.302 0.88 + 0.226 0.84 + 0.327 0.73 £ 0.082
Ctrl shRNA DMSO 1.18 £ 0.420 0.96 + 0.371 0.79 + 0.458 0.62 + 0.239 1.00 + 0.390
FF 50 uM 0.08 + 0.033 0.69 + 0.267 1.01 £0.102 0.55+0.214 0.55+0.212
PPARa DMSO 0.43 £ 0.167 0.48 + 0.184 0.92 + 0.049 0.76 + 0.293 0.42 + 0.164
shRNA FF 50 uM 0.18 + 0.068 0.62 + 0.240 1.01 £ 0.344 0.65 + 0.252 0.42 + 0.164
PPARa- DMSO 0.88 + 0.343 0.45+0.175 0.93 + 0.086 0.72 + 0.281 0.51 £ 0.197
EmGFP FF 50 uM 0.22 +0.084 0.38 +0.148 0.59 +0.113 0.34 + 0.134 0.52 + 0.201
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cells to produce and release bHB. Similarily, the effect of fenofi-
brate was not reversed when the PPARa transcriptional activity
was blocked by MK886. Ketogenesis activated by fenofibrate
started after only 6 h of treatment as manifested by HMGCS2
upregulation, but the cells needed about 48 h to fully adapt to
this process (Figure 3B). Interestingly, both fenofibrate and the
PPARa inhibitor MK886 also upregulated the levels of cytoplas-
mic HMGCS]1, an enzyme involved in cholesterol synthesis.

The capacity of cancer cells to produce ketone bodies described
here is quite different from previous reports, including series of
papers (58-60) by the Lisanti group and coworkers regarding the
possibility of ketogenesis in stromal fibroblasts surrounding breast
cancer lesions. In those papers, the authors showed that cancer
cells actively contributed to the stromal fibroblasts’ metabolic
reprograming and took advantage of the subsequent ketone body
consumption for energy generation. This is a special property of
epithelia-derived tumors, such as breast carcinomas, since other
cancer types do not express the proper enzymatic machinery for
ketone body utilization as a source of energy (25, 28, 34). More
often, cancers such as neuroblastomas or astrocytomas do absorb
ketone bodies, but they use them for lipid synthesis rather than
energy production (61-63). We cannot exclude the possibility
that the cells in our study reabsorb and utilize some bHB, but
neither B16 F10 melanoma nor LN229 glioblastoma employ it to
obtain a growth advantage.

Recently, it has emerged that ketone bodies play much more
complex roles than merely providing energetic substrates or

metabolic intermediates, as they can also act as signaling mol-
ecules (64). On one hand, absorption and utilization of bHB
decreases the intracellular NAD to NADH ratio and therefore
affects the activity of sirtuins, but on the other hand, bHB is an
inhibitor of class I histone deacetylases (HDAC 1, 2, 3, 8) and
class IIa histone deacetylases (HDAC 4, 5, 7, 9) that bind zinc
atoms at the active site (24, 64). The suppression of HDAC activity
leads to various epigenetic modulations associated with global
histone hyperacetylation. In this way, bHB exerts pleiotropic
effects. For example, it induces the stress response gene FOXO3A,
which is a tumor suppressor gene responsible for cell cycle arrest,
reactive oxygen species detoxification, and apoptosis in various
stressogenic conditions (65, 66). Indeed, in our previous stud-
ies, we observed the accumulation of FOXO3A in the nucleus
and enhanced transcriptional activity of this protein in LN229
glioblastoma cells treated with fenofibrate. We also noted that
FOXO3A was responsible for triggering apoptosis following
prolonged exposure to fenofibrate (49). In light of our results, it is
possible that bHB released by LN229 cells treated with fenofibrate
can activate an autocrine loop and drive FOXO3A translocation
and activation.

Melanoma and glioblastoma cells rarely derive a significant
amount of energy from fatty acid beta-oxidation, although
some advanced melanoma cells have been shown to upregulate
enzymes involved in fatty acid catabolism and OXPHOS (67).
In this study, however, we did not detect changes in the protein
levels of enzymes involved in mitochondrial and peroxisomal
fatty acid oxidation, namely acyl-CoA dehydrogenase and acyl-
CoA oxidase, respectively (our unpublished data). Moreover,
fenofibrate severely reduced mitochondrial oxygen consumption
(Figure 3D), which suggests possibility that the peroxisomal
beta-oxidation was actually responsible for the generation
of acetyl-CoA needed for ketone bodies synthesis. The non-
mitochondrial oxygen consumption level (the level that was
retained after rotenone injection, Figure 3D) was not affected
by fenofibrate treatment. This would suggest that fenofibrate
forces the cancer cells to oxidize fatty acids in peroxisomes,
which does not result in ATP production (ATP is not generated
in peroxisomes). This may lead to the severe energetic stress
that we have observed previously (48, 49). This energetic stress
certainly contributes to the slowdown of proliferation and cell
growth arrest as demonstrated by cell cycle analysis and colony
formation assays (Figure 5).

Puzzled by the cellular response to fenofibrate, we tried to
determine which other metabolic pathways are altered following
treatment. We found that there was a strong downregulation of
TKT, the main enzyme of the non-oxidative branch of the PPP.
The non-oxidative branch of the PPP is responsible for monosac-
charide backbone conversions leading to the synthesis of ribose
precursors, but is not a source of NADPH. Indeed, the NADP to
NADPH ratio in the cells treated with fenofibrate remained unaft-
fected (Figure 6A). Importantly, the non-oxidative PPP branch
is indispensable for ribose synthesis in tumor cells, where it
provides between 70 and 85% of ribose stocks (52, 68). Therefore,
the downregulation of TKT by fenofibrate and subsequent limita-
tion of ribose flux may be another factor contributing to the cell
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growth arrest seen following fenofibrate treatment. The PPP is
active in most tissues and almost all cells need sugar phosphate
intermediates to produce not only nucleotides for nucleic acid
synthesis but also crucial nucleotide derivatives, such as NAD(P),
FAD, ATP, and CoA-SH.

Melanoma cells are able to sustain NADPH levels and maintain
a fairly constant NADP/NADPH ratio, most likely through other
NADPH reducing reactions either by NADP-dependent malic
enzymes or nicotinamide nucleotide transhydrogenase (NNT).
Malic enzyme catalyzes the oxidative decarboxylation of malate
to pyruvate with a concomitant reduction of NADP to NADPH.
Malic enzyme’s isoforms ME2 and ME3 reside in mitochondria
whereas MEI is cytosolic, and all of them are frequently over-
expressed in tumor tissues of diverse origin (69-73). Recently, a
reciprocally opposite regulation between p53 and ME1 and ME2
has been reported, showing that p53 knock out increases malic
enzymes expression and that this gives the tumor cells a growth
advantage, facilitating glutaminolytic flux and lipogenesis (74).
Transhydrogenase NNT is a mitochondrial inner membrane
protein that functions as a proton pump and simultaneously
transfers protons and electrons from one type of reducing
equivalent (NADH) to another (NADPH) (75). This enzyme
has also garnered interest in the context of cancer metabolism,
because it replenishes mitochondrial NADPH stocks required
for isocitrate dehydrogenase-driven reductive carboxylation of
a-ketoglutarate to isocitrate, which is employed by cancer cells to
enhance lipogenesis (76).

In conclusion, it is quite surprising that fenofibrate is able to
reprogram melanoma and glioblastoma metabolic pathways in
such a way that they suffer from an energy deficit but are still
forced to produce ketone bodies. This finding is important
because, as far as we are aware, ketogenesis in cancer cells has not

REFERENCES

1. Rhee ], Inoue Y, Yoon JC, Puigserver P, Fan M, Gonzalez FJ, et al. Regulation
of hepatic fasting response by PPARgamma coactivator-lalpha (PGC-1):
requirement for hepatocyte nuclear factor 4alpha in gluconeogenesis. Proc
Natl Acad Sci U S A (2003) 100(7):4012-7. doi:10.1073/pnas.0730870100

2. Vila-Brau A, De Sousa-Coelho AL, Mayordomo C, Haro D, Marrero PE
Human HMGCS2 regulates mitochondrial fatty acid oxidation and FGF21
expression in HepG2 cell line. J Biol Chem (2011) 286(23):20423-30.
doi:10.1074/jbc.M111.235044

3. Blazquez C, Woods A, de Ceballos ML, Carling D, Guzman M. The
AMP-activated protein kinase is involved in the regulation of ketone
body production by astrocytes. | Neurochem (1999) 73(4):1674-82.
doi:10.1046/.1471-4159.1999.731674.x

4. Li Y, Wong K, Giles A, Jiang J, Lee JW, Adams AC, et al. Hepatic SIRT1
attenuates hepatic steatosis and controls energy balance in mice by inducing
fibroblast growth factor 21. Gastroenterology (2014) 146(2):539.e-49.e.
doi:10.1053/j.gastro.2013.10.059

5. Guzman M, Lo Verme J, Fu J, Oveisi F Blazquez C, Piomelli D.
Oleoylethanolamide stimulates lipolysis by activating the nuclear receptor
peroxisome proliferator-activated receptor alpha (PPAR-alpha). J Biol Chem
(2004) 279(27):27849-54. doi:10.1074/jbc.M404087200

6. Pyper SR, Viswakarma N, Yu S, Reddy JK. PPARalpha: energy combustion,
hypolipidemia, inflammation and cancer. Nucl Recept Signal (2010) 8:¢002.
doi:10.1621/nrs.08002

7. Porta N, Vallee L, Lecointe C, Bouchaert E, Staels B, Bordet R, et al.
Fenofibrate, a peroxisome proliferator-activated receptor-alpha agonist, exerts

been described before and the underlying mechanism still waits
to be revealed. The ketone bodies released by glioblastoma cells
could serve not only as a fuel but also as a cytoprotective signal-
ing molecule for neurons in the microenvironment surrounding
the tumor tissue. The inability of neuroectodermal cancers to
metabolize ketone bodies for their own benefit was long ago
put forth as the rationale for the implementation of a KD as a
therapeutic option for brain tumors, and it was later supported
with experimental and clinical evidence (41, 77-80). Our results
seem to further support this notion, as well as suggest some
pharmacological agents, such as fenofibrate, as a supplement for
such dietary therapeutic regimens.

AUTHOR CONTRIBUTIONS

MG: involved in research design, preparation of the manuscript,
and experimental work including cell culture, clonogenic growth
and immunoblotting; AW: design and execution of metabolic
profiles using Extracellular Flux analyzer; AA and EW-T: assisted
Dr. Grabacka in all experimental aspects of the work; PB: cloning
strategies for of PPAR vectors; MD: evaluation of ketone bodies
in cells following fenofibrate treatment; MP: imaging and immu-
nocytofluorescence; KR: research design and editorial work on
the manuscript.

FUNDING

This work has been supported by the Foundation for Polish
Science grant to MG in the POMOST program co-financed by the
European Union within European Regional Development Fund
and NIH grants to KR: R01-CA095518, P20-GM103501, as well
as LSUHSC startup funds to KR.

anticonvulsive properties. Epilepsia (2009) 50(4):943-8. doi:10.1111/.1528-
1167.2008.01901.x
8. Yamamoto K, Fukuda N, Zhang L, Sakai T. Altered hepatic metabolism of fatty
acids in rats fed a hypolipidaemic drug, fenofibrate. Pharmacol Res (1996)
33(6):337-42. doi:10.1006/phrs.1996.0046
9. Badman MK, Pissios P, Kennedy AR, Koukos G, Flier JS, Maratos-Flier E.
Hepatic fibroblast growth factor 21 is regulated by PPARalpha and is a key
mediator of hepatic lipid metabolism in ketotic states. Cell Metab (2007)
5(6):426-37. doi:10.1016/j.cmet.2007.05.002
Rodriguez JC, Gil-Gomez G, Hegardt FG, Haro D. Peroxisome pro-
liferator-activated receptor mediates induction of the mitochondrial
3-hydroxy-3-methylglutaryl-CoA synthase gene by fatty acids. J Biol Chem
(1994) 269(29):18767-72.
Meertens LM, Miyata KS, Cechetto JD, Rachubinski RA, Capone JP. A mito-
chondrial ketogenic enzyme regulates its gene expression by association with
the nuclear hormone receptor PPARalpha. EMBO ] (1998) 17(23):6972-8.
doi:10.1093/emboj/17.23.6972
Rardin MJ, He W, Nishida Y, Newman JC, Carrico C, Danielson SR, et al. SIRT5
regulates the mitochondrial lysine succinylome and metabolic networks. Cell
Metab (2013) 18(6):920-33. doi:10.1016/j.cmet.2013.11.013
Hirschey MD, Shimazu T, Capra JA, Pollard KS, Verdin E. SIRT1 and SIRT3
deacetylate homologous substrates: AceCS1,2 and HMGCS1,2. Aging (Albany
NY) (2011) 3(6):635-42.
Kostiuk MA, Keller BO, Berthiaume LG. Palmitoylation of ketogenic
enzyme HMGCS?2 enhances its interaction with PPARalpha and transcrip-
tion at the Hmgcs2 PPRE. FASEB ] (2010) 24(6):1914-24. doi:10.1096/
1.09-149765

10.

11.

12.

13.

14.

Frontiers in Endocrinology | www.frontiersin.org

February 2016 | Volume 7 | Article 5


http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://dx.doi.org/10.1073/pnas.0730870100
http://dx.doi.org/10.1074/jbc.M111.235044
http://dx.doi.org/10.1046/j.1471-4159.1999.731674.x
http://dx.doi.org/10.1053/j.gastro.2013.10.059
http://dx.doi.org/10.1074/jbc.M404087200
http://dx.doi.org/10.1621/nrs.08002
http://dx.doi.org/10.1111/j.1528-1167.2008.01901.x
http://dx.doi.org/10.1111/j.1528-1167.2008.01901.x
http://dx.doi.org/10.1006/phrs.1996.0046
http://dx.doi.org/10.1016/j.cmet.2007.05.002
http://dx.doi.org/10.1093/emboj/17.23.6972
http://dx.doi.org/10.1016/j.cmet.2013.11.013
http://dx.doi.org/10.1096/fj.09-149765
http://dx.doi.org/10.1096/fj.09-149765

Grabacka et al.

Ketogenesis in Melanoma and Glioblastoma

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hegardt FG. Mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase:
a control enzyme in ketogenesis. Biochem ] (1999) 338(Pt 3):569-82.
doi:10.1042/bj3380569

Hsu MH, Savas U, Griffin KJ, Johnson EFE. Identification of peroxisome pro-
liferator-responsive human genes by elevated expression of the peroxisome
proliferator-activated receptor alpha in HepG2 cells. J Biol Chem (2001)
276(30):27950-8. doi:10.1074/jbc.M100258200

Cahill G Jr, Felig P, Owen O, Wahren J. Metabolic adaptation to prolonged
starvation in man. Nord Med (1970) 83(3):89.

Cahill GF Jr. Starvation in man. N Engl ] Med (1970) 282(12):668-75.
doi:10.1056/NEJM197003192821209

Cahill GF Jr. Fuel metabolism in starvation. Annu Rev Nutr (2006) 26:1-22.
doi:10.1146/annurev.nutr.26.061505.111258

Schonfeld P, Reiser G. Why does brain metabolism not favor burning of
fatty acids to provide energy? Reflections on disadvantages of the use of free
fatty acids as fuel for brain. J Cereb Blood Flow Metab (2013) 33(10):1493-9.
doi:10.1038/jcbfm.2013.128

Veech RL. The therapeutic implications of ketone bodies: the effects of ketone
bodies in pathological conditions: ketosis, ketogenic diet, redox states, insulin
resistance, and mitochondrial metabolism. Prostaglandins Leukot Essent Fatty
Acids (2004) 70(3):309-19. doi:10.1016/j.plefa.2003.09.007

Kozak LP, Harper ME. Mitochondrial uncoupling proteins in energy expen-
diture. Annu Rev Nutr (2000) 20:339-63. doi:10.1146/annurev.nutr.20.1.339
Veech RL, Chance B, Kashiwaya Y, Lardy HA, Cahill GF Jr. Ketone
bodies, potential therapeutic uses. I[UBMB Life (2001) 51(4):241-7.
doi:10.1080/152165401753311780

Cahill GF Jr, Veech RL. Ketoacids? Good medicine? Trans Am Clin Climatol
Assoc (2003) 114:149-63. discussion 162-3

Tisdale MJ, Brennan RA. Loss of acetoacetate coenzyme A transferase activity
in tumours of peripheral tissues. Br ] Cancer (1983) 47(2):293-7. doi:10.1038/
bjc.1983.38

DeBerardinis RJ, Mancuso A, Daikhin E, Nissim I, Yudkoff M, Wehtli S, et al.
Beyond aerobic glycolysis: transformed cells can engage in glutamine metab-
olism that exceeds the requirement for protein and nucleotide synthesis. Proc
Natl Acad Sci U S A (2007) 104(49):19345-50. doi:10.1073/pnas.0709747104
Wise DR, DeBerardinis RJ, Mancuso A, Sayed N, Zhang XY, Pfeiffer HK,
et al. Myc regulates a transcriptional program that stimulates mitochondrial
glutaminolysis and leads to glutamine addiction. Proc Natl Acad Sci U S A
(2008) 105(48):18782-7. doi:10.1073/pnas.0810199105

Maurer GD, Brucker DP, Bahr O, Harter PN, Hattingen E, Walenta S, et al.
Differential utilization of ketone bodies by neurons and glioma cell lines: a
rationale for ketogenic diet as experimental glioma therapy. BMC Cancer
(2011) 11:315. doi:10.1186/1471-2407-11-315

Patel MS, Russell J], Gershman H. Ketone-body metabolism in glioma
and neuroblastoma cells. Proc Natl Acad Sci U S A (1981) 78(11):7214-8.
doi:10.1073/pnas.78.11.7214

Skinner R, Trujillo A, Ma X, Beierle EA. Ketone bodies inhibit the viability of
human neuroblastoma cells. J Pediatr Surg (2009) 44(1):212-6. doi:10.1016/j.
jpedsurg.2008.10.042 discussion 216,

Poff AM, Ari C, Arnold P, Seyfried TN, D’Agostino DP. Ketone supplemen-
tation decreases tumor cell viability and prolongs survival of mice with
metastatic cancer. Int ] Cancer (2014) 135(7):1711-20. doi:10.1002/ijc.28809
Magee BA, Potezny N, Rofe AM, Conyers RA. The inhibition of malignant
cell growth by ketone bodies. Aust J Exp Biol Med Sci (1979) 57(5):529-39.
doi:10.1038/icb.1979.54

Shukla SK, Gebregiworgis T, Purohit V, Chaika NV, Gunda V, Radhakrishnan P,
et al. Metabolic reprogramming induced by ketone bodies diminishes pancre-
atic cancer cachexia. Cancer Metab (2014) 2:18. doi:10.1186/2049-3002-2-18
Tisdale MJ, Brennan RA. Metabolic substrate utilization by a tumour cell line
which induces cachexia in vivo. Br | Cancer (1986) 54(4):601-6. doi:10.1038/
bjc.1986.215

Sawai M, Yashiro M, Nishiguchi Y, Ohira M, Hirakawa K. Growth-inhibitory
effects of the ketone body, monoacetoacetin, on human gastric cancer cells
with succinyl-CoA: 3-oxoacid CoA-transferase (SCOT) deficiency. Anticancer
Res (2004) 24(4):2213-7.

Oleksyszyn J. The complete control of glucose level utilizing the composi-
tion of ketogenic diet with the gluconeogenesis inhibitor, the anti-diabetic
drug metformin, as a potential anti-cancer therapy. Med Hypotheses (2011)
77(2):171-3. doi:10.1016/j.mehy.2011.04.001

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Seyfried TN, Sanderson TM, El-Abbadi MM, McGowan R, Mukherjee P. Role
of glucose and ketone bodies in the metabolic control of experimental brain
cancer. Br ] Cancer (2003) 89(7):1375-82. doi:10.1038/sj.bjc.6601269

Zhou W, Mukherjee P, Kiebish MA, Markis WT, Mantis JG, Seyfried TN. The
calorically restricted ketogenic diet, an effective alternative therapy for malig-
nant brain cancer. Nutr Metab (Lond) (2007) 4:5. d0i:10.1186/1743-7075-4-5
Nebeling LC, Lerner E. Implementing a ketogenic diet based on medi-
um-chain triglyceride oil in pediatric patients with cancer. ] Am Diet Assoc
(1995) 95(6):693-7. doi:10.1016/S0002-8223(95)00189-1

Nebeling LC, Miraldi E Shurin SB, Lerner E. Effects of a ketogenic diet on
tumor metabolism and nutritional status in pediatric oncology patients: two
case reports. ] Am Coll Nutr (1995) 14(2):202-8. doi:10.1080/07315724.199
5.10718495

Mukherjee P, Abate LE, Seyfried TN. Antiangiogenic and proapoptotic effects
of dietary restriction on experimental mouse and human brain tumors. Clin
Cancer Res (2004) 10(16):5622-9. doi:10.1158/1078-0432.CCR-04-0308
Abdelwahab MG, Fenton KE, Preul MC, Rho JM, Lynch A, Stafford P, et al. The
ketogenic diet is an effective adjuvant to radiation therapy for the treatment
of malignant glioma. PLoS One (2012) 7(5):e36197. doi:10.1371/journal.
pone.0036197

Camarero N, Mascaro C, Mayordomo C, Vilardell F, Haro D, Marrero PE
Ketogenic HMGCS?2 Is a c-Myc target gene expressed in differentiated cells of
human colonic epithelium and down-regulated in colon cancer. Mol Cancer
Res (2006) 4(9):645-53. doi:10.1158/1541-7786.MCR-05-0267

Pacifici M, Peruzzi F Isolation and culture of rat embryonic neural cells: a
quick protocol. ] Vis Exp (2012) (63):€3965. doi:10.3791/3965

Kehrer JP, Biswal SS, La E, Thuillier P, Datta K, Fischer SM, et al. Inhibition of
peroxisome-proliferator-activated receptor (PPAR)alpha by MK886. Biochem
] (2001) 356(Pt 3):899-906. doi:10.1042/0264-6021:3560899

Kueng W, Silber E, Eppenberger U. Quantification of cells cultured on 96-well
plates. Anal Biochem (1989) 182(1):16-9. doi:10.1016/0003-2697(89)90710-0
Drukala J, Urbanska K, Wilk A, Grabacka M, Wybieralska E, Del Valle L,
et al. ROS accumulation and IGF-IR inhibition contribute to fenofibrate/
PPARalpha -mediated inhibition of glioma cell motility in vitro. Mol Cancer
(2010) 9:159. doi:10.1186/1476-4598-9-159

Wilk A, Wyczechowska D, Zapata A, Dean M, Mullinax J, Marrero L, et al.
Molecular mechanisms of fenofibrate-induced metabolic catastrophe and
glioblastoma cell death. Mol Cell Biol (2015) 35(1):182-98. doi:10.1128/
MCB.00562-14

Wilk A, Urbanska K, Grabacka M, Mullinax J, Marcinkiewicz C, Impastato
D, et al. Fenofibrate-induced nuclear translocation of FoxO3A triggers
Bim-mediated apoptosis in glioblastoma cells in vitro. Cell Cycle (2012)
11(14):2660-71. doi:10.4161/cc.21015

Feijo Delgado F, Cermak N, Hecht VC, Son S, Li Y, Knudsen SM, et al.
Intracellular water exchange for measuring the dry mass, water mass and
changes in chemical composition of living cells. PLoS One (2013) 8(7):e67590.
doi:10.1371/journal.pone.0067590

Oosterveer MH, Grefhorst A, van Dijk TH, Havinga R, Staels B, Kuipers F, et al.
Fenofibrate simultaneously induces hepatic fatty acid oxidation, synthesis, and
elongation in mice. J Biol Chem (2009) 284(49):34036-44. doi:10.1074/jbc.
M109.051052

Boros LG, Lee PW, Brandes JL, Cascante M, Muscarella P, Schirmer W7, et al.
Nonoxidative pentose phosphate pathways and their direct role in ribose
synthesis in tumors: is cancer a disease of cellular glucose metabolism? Med
Hypotheses (1998) 50(1):55-9. doi:10.1016/5S0306-9877(98)90178-5

Jiang P, Du W, Wu M. Regulation of the pentose phosphate pathway in cancer.
Protein Cell (2014) 5(8):592-602. d0i:10.1007/s13238-014-0082-8

Pierce MW, Palmer JL, Keutmann HT, Hall TA, Avruch J. The insulin-directed
phosphorylation site on ATP-citrate lyase is identical with the site phosphor-
ylated by the cAMP-dependent protein kinase in vitro. J Biol Chem (1982)
257(18):10681-6.

Berwick DC, Hers I, Heesom KJ, Moule SK, Tavare JM. The identification of
ATP-citrate lyase as a protein kinase B (Akt) substrate in primary adipocytes.
] Biol Chem (2002) 277(37):33895-900. doi:10.1074/jbc.M204681200
Potapova IA, El-Maghrabi MR, Doronin SV, Benjamin WB. Phosphorylation
of recombinant human ATP:citrate lyase by cAMP-dependent protein kinase
abolishes homotropic allosteric regulation of the enzyme by citrate and
increases the enzyme activity. Allosteric activation of ATP:citrate lyase by phos-
phorylated sugars. Biochemistry (2000) 39(5):1169-79. doi:10.1021/bi992159y

Frontiers in Endocrinology | www.frontiersin.org

February 2016 | Volume 7 | Article 5


http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://dx.doi.org/10.1042/bj3380569
http://dx.doi.org/10.1074/jbc.M100258200
http://dx.doi.org/10.1056/NEJM197003192821209
http://dx.doi.org/10.1146/annurev.nutr.26.061505.111258
http://dx.doi.org/10.1038/jcbfm.2013.128
http://dx.doi.org/10.1016/j.plefa.2003.09.007
http://dx.doi.org/10.1146/annurev.nutr.20.1.339
http://dx.doi.org/10.1080/152165401753311780
http://dx.doi.org/10.1038/bjc.1983.38
http://dx.doi.org/10.1038/bjc.1983.38
http://dx.doi.org/10.1073/pnas.0709747104
http://dx.doi.org/10.1073/pnas.0810199105
http://dx.doi.org/10.1186/1471-2407-11-315
http://dx.doi.org/10.1073/pnas.78.11.7214
http://dx.doi.org/10.1016/j.jpedsurg.2008.10.042
http://dx.doi.org/10.1016/j.jpedsurg.2008.10.042
http://dx.doi.org/10.1002/ijc.28809
http://dx.doi.org/10.1038/icb.1979.54
http://dx.doi.org/10.1186/2049-3002-2-18
http://dx.doi.org/10.1038/bjc.1986.215
http://dx.doi.org/10.1038/bjc.1986.215
http://dx.doi.org/10.1016/j.mehy.2011.04.001
http://dx.doi.org/10.1038/sj.bjc.6601269
http://dx.doi.org/10.1186/1743-7075-4-5
http://dx.doi.org/10.1016/S0002-8223(95)00189-1
http://dx.doi.org/10.1080/07315724.1995.10718495
http://dx.doi.org/10.1080/07315724.1995.10718495
http://dx.doi.org/10.1158/1078-0432.CCR-04-0308
http://dx.doi.org/10.1371/journal.pone.0036197
http://dx.doi.org/10.1371/journal.pone.0036197
http://dx.doi.org/10.1158/1541-7786.MCR-05-0267
http://dx.doi.org/10.3791/3965
http://dx.doi.org/10.1042/0264-6021:3560899
http://dx.doi.org/10.1016/0003-2697(89)90710-0
http://dx.doi.org/10.1186/1476-4598-9-159
http://dx.doi.org/10.1128/MCB.00562-14
http://dx.doi.org/10.1128/MCB.00562-14
http://dx.doi.org/10.4161/cc.21015
http://dx.doi.org/10.1371/journal.pone.0067590
http://dx.doi.org/10.1074/jbc.M109.051052
http://dx.doi.org/10.1074/jbc.M109.051052
http://dx.doi.org/10.1016/S0306-9877(98)90178-5
http://dx.doi.org/10.1007/s13238-014-0082-8
http://dx.doi.org/10.1074/jbc.M204681200
http://dx.doi.org/10.1021/bi992159y

Grabacka et al.

Ketogenesis in Melanoma and Glioblastoma

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Grabacka M, Plonka PM, Urbanska K, Reiss K. Peroxisome prolifera-
tor-activated receptor alpha activation decreases metastatic potential of
melanoma cells in vitro via down-regulation of Akt. Clin Cancer Res (2006)
12(10):3028-36. doi:10.1158/1078-0432.CCR-05-2556

Bonuccelli G, Tsirigos A, Whitaker-Menezes D, Pavlides S, Pestell RG,
Chiavarina B, et al. Ketones and lactate “fuel” tumor growth and metastasis:
evidence that epithelial cancer cells use oxidative mitochondrial metabolism.
Cell Cycle (2010) 9(17):3506-14. doi:10.4161/cc.9.17.12731

Chiavarina B, Whitaker-Menezes D, Martinez-Outschoorn UE, Witkiewicz
AK, Birbe R, Howell A, et al. Pyruvate kinase expression (PKM1 and
PKM2) in cancer-associated fibroblasts drives stromal nutrient production
and tumor growth. Cancer Biol Ther (2011) 12(12):1101-13. doi:10.4161/
cbt.12.12.18703

Martinez-Outschoorn UE, Lin Z, Whitaker-Menezes D, Howell A, Lisanti MP,
Sotgia F. Ketone bodies and two-compartment tumor metabolism: stromal
ketone production fuels mitochondrial biogenesis in epithelial cancer cells.
Cell Cycle (2012) 11(21):3956-63. doi:10.4161/cc.22136

Roeder LM, Poduslo SE, Tildon JT. Utilization of ketone bodies and glucose
by established neural cell lines. ] Neurosci Res (1982) 8(4):671-82. doi:10.1002/
jnr.490080412

Hildebrandt L, Spennetta T, Ackerman R, Elson C, Shrago E. Acyl CoA
and lipid synthesis from ketone bodies by the extramitochondrial fraction
of hepatoma tissue. Biochem Biophys Res Commun (1996) 225(1):307-12.
do0i:10.1006/bbrc.1996.1171

Hildebrandt LA, Spennetta T, Elson C, Shrago E. Utilization and preferred
metabolic pathway of ketone bodies for lipid synthesis by isolated rat hepa-
toma cells. Am ] Physiol (1995) 269(1 Pt 1):C22-7.

Newman JC, Verdin E. Ketone bodies as signaling metabolites. Trends
Endocrinol Metab (2014) 25(1):42-52. doi:10.1016/j.tem.2013.09.002
Shimazu T, Hirschey MD, Newman J, He W, Shirakawa K, Le Moan N, et al.
Suppression of oxidative stress by beta-hydroxybutyrate, an endogenous
histone deacetylase inhibitor. Science (2013) 339(6116):211-4. doi:10.1126/
science.1227166

Greer EL, Brunet A. FOXO transcription factors at the interface between lon-
gevity and tumor suppression. Oncogene (2005) 24(50):7410-25. doi:10.1038/
sj.onc.1209086

Xu K, Mao X, Mehta M, Cui ], Zhang C, Xu Y. A comparative study of
gene-expression data of basal cell carcinoma and melanoma reveals new
insights about the two cancers. PLoS One (2012) 7(1):e30750. doi:10.1371/
journal.pone.0030750

Boros LG, Puigjaner ], Cascante M, Lee WN, Brandes JL, Bassilian S, et al.
Oxythiamine and dehydroepiandrosterone inhibit the nonoxidative synthesis
of ribose and tumor cell proliferation. Cancer Res (1997) 57(19):4242-8.
Wen D, Liu D, Tang J, Dong L, Liu Y, Tao Z, et al. Malic enzyme 1 induces
epithelial-mesenchymal transition and indicates poor prognosis in hepa-
tocellular carcinoma. Tumour Biol (2015) 36(8):6211-21. doi:10.1007/
§13277-015-3306-5

Csanadi A, Kayser C, Donauer M, Gumpp V, Aumann K, Rawluk J, et al.
Prognostic value of malic enzyme and ATP-citrate lyase in non-small cell

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

lung cancer of the young and the elderly. PLoS One (2015) 10(5):e0126357.
doi:10.1371/journal.pone.0126357

Chang YL, Gao HW, Chiang CP, Wang WM, Huang SM, Ku CE, et al.
Human mitochondrial NAD(P)(+)-dependent malic enzyme participates
in cutaneous melanoma progression and invasion. J Invest Dermatol (2015)
135(3):807-15. doi:10.1038/jid.2014.385

Mazurek S, Grimm H, Oehmke M, Weisse G, Teigelkamp S, Eigenbrodt E.
Tumor M2-PK and glutaminolytic enzymes in the metabolic shift of tumor
cells. Anticancer Res (2000) 20(6D):5151-4.

Rao KN, Elm MS, Kelly RH, Chandar N, Brady EP, Rao B, et al. Hepatic hyper-
plasia and cancer in rats: metabolic alterations associated with cell growth.
Gastroenterology (1997) 113(1):238-48. doi:10.1016/S0016-5085(97)70101-X
Jiang P, Du W, Mancuso A, Wellen KE, Yang X. Reciprocal regulation of p53
and malic enzymes modulates metabolism and senescence. Nature (2013)
493(7434):689-93. doi:10.1038/nature11776

Gameiro PA, Laviolette LA, Kelleher JK, Iliopoulos O, Stephanopoulos G.
Cofactor balance by nicotinamide nucleotide transhydrogenase (NNT) coor-
dinates reductive carboxylation and glucose catabolism in the tricarboxylic
acid (TCA) cycle. J Biol Chem (2013) 288(18):12967-77. doi:10.1074/jbc.
M112.396796

Mullen AR, Hu Z, Shi X, Jiang L, Boroughs LK, Kovacs Z, et al. Oxidation
of alpha-ketoglutarate is required for reductive carboxylation in cancer cells
with mitochondrial defects. Cell Rep (2014) 7(5):1679-90. doi:10.1016/j.
celrep.2014.04.037

Mukherjee P, El-Abbadi MM, Kasperzyk JL, Ranes MK, Seyfried TN. Dietary
restriction reduces angiogenesis and growth in an orthotopic mouse brain
tumour model. Br J Cancer (2002) 86(10):1615-21. doi:10.1038/sj.bjc.6600298
Mulrooney TJ, Marsh J, Urits I, Seyfried TN, Mukherjee P. Influence of caloric
restriction on constitutive expression of NF-kappaB in an experimental
mouse astrocytoma. PLoS One (2011) 6(3):e18085. doi:10.1371/journal.
pone.0018085

Woolf EC, Scheck AC. The ketogenic diet for the treatment of malignant
glioma. J Lipid Res (2015) 56(1):5-10. doi:10.1194/jlr.R046797

Schwartz K, Chang HT, Nikolai M, Pernicone J, Rhee S, Olson K, et al.
Treatment of glioma patients with ketogenic diets: report of two cases treated
with an IRB-approved energy-restricted ketogenic diet protocol and review of
the literature. Cancer Metab (2015) 3:3. doi:10.1186/s40170-015-0129-1

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Grabacka, Wilk, Antonczyk, Banks, Walczyk-Tytko, Dean,
Pierzchalska and Reiss. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

13

February 2016 | Volume 7 | Article 5


http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://dx.doi.org/10.1158/1078-0432.CCR-05-2556
http://dx.doi.org/10.4161/cc.9.17.12731
http://dx.doi.org/10.4161/cbt.12.12.18703
http://dx.doi.org/10.4161/cbt.12.12.18703
http://dx.doi.org/10.4161/cc.22136
http://dx.doi.org/10.1002/jnr.490080412
http://dx.doi.org/10.1002/jnr.490080412
http://dx.doi.org/10.1006/bbrc.1996.1171
http://dx.doi.org/10.1016/j.tem.2013.09.002
http://dx.doi.org/10.1126/science.1227166
http://dx.doi.org/10.1126/science.1227166
http://dx.doi.org/10.1038/sj.onc.1209086
http://dx.doi.org/10.1038/sj.onc.1209086
http://dx.doi.org/10.1371/journal.pone.0030750
http://dx.doi.org/10.1371/journal.pone.0030750
http://dx.doi.org/10.1007/s13277-015-3306-5
http://dx.doi.org/10.1007/s13277-015-3306-5
http://dx.doi.org/10.1371/journal.pone.0126357
http://dx.doi.org/10.1038/jid.2014.385
http://dx.doi.org/10.1016/S0016-5085(97)70101-X
http://dx.doi.org/10.1038/nature11776
http://dx.doi.org/10.1074/jbc.M112.396796
http://dx.doi.org/10.1074/jbc.M112.396796
http://dx.doi.org/10.1016/j.celrep.2014.04.037
http://dx.doi.org/10.1016/j.celrep.2014.04.037
http://dx.doi.org/10.1038/sj.bjc.6600298
http://dx.doi.org/10.1371/journal.pone.0018085
http://dx.doi.org/10.1371/journal.pone.0018085
http://dx.doi.org/10.1194/jlr.R046797
http://dx.doi.org/10.1186/s40170-015-0129-1
http://creativecommons.org/licenses/by/4.0/

	Fenofibrate Induces Ketone Body Production in Melanoma and Glioblastoma Cells
	Introduction
	Experimental Procedures
	Cell Culture and Treatment
	Plasmids and Transfections
	Beta-Hydroxybutyrate Assay
	Immunoblotting
	Mitochondrial Oxygen Consumption
	Cell Cycle and Clonogenic Assays
	NADP/NADPH and GSH/GSSG Assays
	Statistical Analysis

	Results
	Fenofibrate Triggers bHB Production Regardless of PPARa Expression or Activity Status
	Ketogenesis in B16 F10 Cells Is Accompanied by a Time-Dependent Increase in the HMGCS2 Protein Level
	Fenofibrate Treatment Affects Glucose Catabolism and Lipid Synthesis Pathways
	Ketogenesis Is Accompanied by an Arrest in Proliferation

	Discussion
	Author Contributions
	Funding
	References


