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Background. The dependence of tumor cells, particularly those originating in the brain, on glucose is the target of the ketogenic
diet, which creates a plasma nutrient profile similar to fasting: increased levels of ketone bodies and reduced plasma glucose
concentrations. The use of ketogenic diets has been of particular interest for therapy in brain tumors, which reportedly lack the
ability to oxidize ketone bodies and therefore would be starved during ketosis. Because studies assessing the tumors’ ability to
oxidize ketone bodies are lacking, we investigated in vivo the extent of ketone body oxidation in 2 rodent glioma models.

Methods. Ketone body oxidation was studied using **C MR spectroscopy in combination with infusion of a 13C-labeled ketone body
(beta-hydroxybutyrate) in RG2 and 9L glioma models. The level of ketone body oxidation was compared with nontumorous cor-
tical brain tissue.

Results. The level of *3C-beta-hydroxybutyrate oxidation in 2 rat glioma models was similar to that of contralateral brain. In ad-
dition, when glioma-bearing animals were fed a ketogenic diet, the ketone body monocarboxylate transporter was upregulated,
facilitating uptake and oxidation of ketone bodies in the gliomas.

Conclusions. These results demonstrate that rat gliomas can oxidize ketone bodies and indicate upregulation of ketone body
transport when fed a ketogenic diet. Our findings contradict the hypothesis that brain tumors are metabolically inflexible and
show the need for additional research on the use of ketogenic diets as therapy targeting brain tumor metabolism.
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A ketogenic diet (KD)—high fat, adequate protein, minimal car-
bohydrate—leads to increased levels of ketone bodies in plas-
ma while reducing the glucose concentration, creating a
nutrient profile similar to that of long-term fasting. Such a nu-
tritional condition could be energetically challenging for tissues
that heavily rely on glucose for their energy metabolism, such
as the brain. However, neurons (and glial cells) can replace a
substantial part of their oxidative energy (ATP) production
from glucose by oxidation of ketone bodies."? Brain tumors,
on the other hand, are believed to lack the enzymes to oxidize
ketone bodies.? ~® High-grade brain tumor energy metabolism
presumably relies heavily on the Warburg effect: a high rate
of glucose metabolism through glycolysis accompanied by lac-
tic acid production in the presence of ample oxygen. The War-
burg effect is often explained as caused by dysfunctional

mitochondria. The idea of dysfunctional mitochondria and
the supposed lack of ketolytic enzymes have led to the conclu-
sion that brain tumors have limited ability to oxidize ketone
bodies.>” With reduced capacity to produce ATP from ketone
body oxidation, a KD could result in a glucose-dependent
brain tumor being starved. This “metabolic inflexibility” of
brain tumors has led to promoting KDs as alternative or adju-
vant treatment for standard brain tumor therapies.* 12

The interest in applying KDs as part of brain tumor manage-
ment is evident from feasibility studies and clinical trials that
are currently recruiting participants®®~*° (clinicaltrials.gov).
Data in support of the cancer-inhibiting effect of a KD in
humans are limited to case reports.*® =!8 Several, but not all,
studies of animal models of various cancer types have shown
positive effects of KDs on tumor growth and survival, either as
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single treatment or in combination with other therapies 510192

Evidence of impaired ketone body oxidation in tumors is mostly
based on in vitro data, and acquired under nutritional conditions
different from when fed a KD.>%12%27 Furthermore, recent met-
abolic data of tissue excised from patients infused with
13C-labeled glucose and acetate have clearly shown oxidative
metabolism in brain tumors.?%2° Therefore, in vivo data on brain
tumor ketone body metabolism when fed a standard diet and
under KD conditions are warranted to validate the mechanism
of a KD as nutritional therapy targeting brain tumor metabolism.
We applied **C magnetic resonance spectroscopy (MRS), a
method that uniquely allows the study of metabolic pathways
in vivo, in combination with infusion of !3C-labeled
p-beta-hydroxybutyrate (BHB), the ketone body with the high-
est plasma level during (diet-induced) ketosis. We used in vivo
'H-[*3C] MRS to measure the fractional *3C enrichment of glu-
tamate as proof of [2,4-13C,]-BHB oxidation in 2 rat glioma cell
lines, 9L and RG2, after orthotopic implantation (Fig. 1).>° The
9L model, a gliosarcoma model, is the most commonly studied
rat brain tumor model, while RG2 shows histopathological fea-
tures resembling human glioblastoma.®! In vivo BHB transport
and metabolism in the gliomas were compared with the con-
tralateral, nontumorous brain. The effect of a calorie-restricted
KD on tumor growth was also investigated. In accordance with
the current paradigm, we hypothesized that both tumor mod-
els would show substantially reduced oxidative ketone metab-
olism during infusion of [2,4-'3C,]-BHB compared with
nontumorous brain tissue, reflected by low levels of glutamate
13C-labeling (Fig. 1). We also hypothesized that analogous to
mouse brain tumor models, tumor growth would be slower
when fed a KD and animals would live longer.*&810:25:32

Materials and Methods

Cell Lines

The 9L and RG2 cells were purchased from American Type Cul-
ture Collection (ATCC) and not further tested or authenticated.

Working stocks were created from cells at an early passage (be-
tween 4 and 7) by freezing in medium with dimethyl sulfoxide
as cryopreservant and stored in liquid nitrogen. No cells were
used beyond 30 passages. Cells were grown in 75 cm? flasks
at 37°C in humidified air and 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco), supplemented with 10%
heat-inactivated fetal bovine serum (Gibco) and 1% penicillin-
streptomycin (Gibco).

Orthotopic Xenograft Tumor Model

Male Fischer rats (F344/DuCrl, Charles River Laboratories) were
anesthetized with isoflurane using O, as carrier gas via a nose-
cone and fitted in a stereotactic rodent frame (David Kopf In-
struments). After shaving and antiseptic treatment, an incision
was made along the midline of the scalp. A burr hole was made
using a drill (0.6 mm bit) 3 mm to the right of bregma and
1 mm anterior to the coronal suture. The amount of tumor
cells (ATCC) injected was 10° and 1250 for the 9L and RG2
tumor models, respectively, suspended in 5 uL serum-free
DMEM. A 25 pL Hamilton syringe with 25 gauge needle was in-
serted 3 mm below the cortical surface by lowering 3.5 mm
and retracting 0.5 mm. The burr hole was covered with bone
wax (Ethicon) and the incision closed with 3.0 suture thread
(Monocryl Plus Antibacterial, Ethicon). All animal procedures
were approved by the Yale University Institutional Animal
Care and Use Committee.

Ketogenic Diet

Animals were randomly put on a KD (91% fat and 9% protein,
Harlan Teklad #TD96355) 1 week after tumor cell inoculation.
The diet was provided in the animals’ cage daily in a
calorie-restricted way. The amount of KD was increased in
case body weight was reduced >20% from baseline. The com-
position of the standard diet (Harlan Teklad #2018) was 23%
protein, 17% fat, and 60% carbohydrates.
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Fig. 1. Oxidative metabolism of ketone bodies. Schematic overview of [2,4-13C,]-BHB metabolism in brain showing *3C-labeling of glutamate C4
(for first turn of the TCA cycle). Filled circles represent '3C, open circles represent '2C. BHBdh, BHB dehydrogenase; SCOT, succinyl-CoA
acetoacetyl-CoA transferase; Co-A, co-enzyme A; a-KG, a-ketoglutarate; (m), mitochondrial; (c) cytosolic; TCA, tricarboxylic acid; AAT, aspartate
amino transferase; GDH, glutamate dehydrogenase; BBB, blood-brain barrier.
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MRI/MR Spectroscopy

In vivo nuclear MR measurements were performed using a 9.4T
horizontal bore magnet interfaced to an Agilent spectrometer.
MR images were acquired between 9 and 25 days post-
inoculation using a quadrature *H radiofrequency surface coil
after intravenous injection of 200 wL of the T, contrast agent
gadopentetate dimeglumine (Magnevist, Bayer). In animals
used for MRS, a femoral vein and artery were catheterized for
infusion of [2,4-'C,]-BHB and blood sampling, respectively. A
combined quadrature *C and single loop H surface coil
setup was used to acquire MR spectra from voxels (32-90 pl)
positioned in tumor and contralateral, nontumorous brain
(Fig. 2A and B). A proton-observed carbon-edited (POCE) se-
quence with laser localization was used with repetition time/
echo time of 2.5 s/25(17 + 8) ms (Fig. 2D-F).>° MRS acquisition
started together with infusion of [2,4-'3C,]-BHB and continued
for 96 min. At the end of the infusion and MRS acquisition,
animals were quickly removed from the MR scanner and
euthanized using focused-beam microwave irradiation.?® The
brain was removed and tumor and tissue samples of nontumo-
rous cortex dissected and stored at —80°C until extract prepa-
ration. All extracts and plasma analyses were performed in
mixtures containing phosphate buffer (100 mM), D0 (60 plL),
Na-formate (2 mM) as chemical shift reference, and imidazole
(2 mM) using a 500 MHz MR spectrometer (Bruker Avance).

Histology

Histochemical analysis was performed on 4-um-thick sections
of perfusion-fixed tissue (4% paraformaldehyde) embedded in
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paraffin. Immunostaining was performed as previously de-
scribed.®* In short, staining procedures included hematoxylin
and eosin (H&E) for determining brain and glioma structure.
Other stains performed were glial fibrillary acidic protein
(GFAP) to visualize reactive gliosis, and Ki-67 as marker for pro-
liferation. An antibody against CD68 was used to identify cells
with a macrophage background. Staining for the monocarbox-
ylic transporter 1 (MCT1) was performed on RG2 tumors from
animals fed the standard diet and the KD, respectively. Details
on antibody source, dilutions, and incubation times are de-
scribed in the Supplementary material.

Statistics

Statistical analysis was performed using SPSS 21 (IBM). Group
differences were investigated using dependent and indepen-
dent t-tests. Survival was analyzed using the log-rank test.
Statistical significance was set at P=.05. All data are presented
as mean=+SD.

Results

In vitro BHB Metabolism in 9L and RG2 Cells in
High-Glucose Medium

Both 9L and RG2 cell lines were cultured in high-glucose medi-
um (25 mM) and switched to relatively low glucose medium
(5.6 mM) with 4 mM [2,4-'3C,]-BHB for 6 h. Glucose and BHB
consumption and lactate production were calculated from
media samples, and data are shown in Supplementary
Fig. S1. In RG2 cells there was evidence of low BHB uptake
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Fig. 2. MRIand MRS in glioma-bearing rats. (A) Coronal gradient-echo MRI of 9L-bearing rat with MRS voxels located in tumor and contralateral brain. (B)
TH MR spectra acquired in brain (black) and tumor (red) from voxels depicted in (A). (C) T,-weighted coronal spin-echo MRI after i.v. injection of
gadolinium contrast agent in RG2-bearing rat. (D) Example of POCE spectra from 9L following [2,4-'3C,]-BHB infusion. Top spectra originate from H
attached to *2C and *3C (black), and 'H attached to *?C only (red). The difference spectrum (below) reveals signal from **C-bound *H only. In vivo (E and

F) and tissue extract (G and H)

TH-[*3C] MR difference spectra acquired from RG2 glioma tissue from rats fed the standard diet (E and G) and a KD (Fand

H) after 96 min of [2,4-'3C,]-BHB infusion. Insets: zoom of spectral region of glutamate H-C, and BHB H-C,. PPM, parts per million; peak annotations;
tCho, total choline; tCr, total creatine; NAA, N-acetylaspartate; Lac, lactate; lip, lipid; AcAc, acetoacetate; BHB, 3-hydroxybutyrate; Glu, glutamate.
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and BHB oxidation, indicated by **C-labeling of glutamate C4 in
cell extracts (*3C fractional enrichment: 7.9% +0.5%). RG2 cells
therefore had sufficient mitochondrial enzyme capacity to oxi-
dize ketone bodies in vitro. Similar results were reported by Elo-
qayli et alin C6 rat glioma cells.*® In 9L cells, uptake of BHB was
not detectable, and no substantial *3C fractional enrichment
was detected above the 1.1% natural abundance level
(1.9%+0.9%). These data accordingly identify 9L cells as lack-
ing observable capacity to oxidize BHB in vitro.

Rat Glioma Models 9L and RG2

Orthotopic implantation of 9L and RG2 cells resulted in the ex-
pected development of brain tumors, which could be observed
on MRI (Fig. 2). *H MR spectra acquired from tumors show fea-
tures typically observed in human gliomas: increased choline/
creatine and reduced levels of N-acetyl aspartate (NAA) com-
pared with normal brain (Fig. 2B). Examples of immunohisto-
logical staining of rat brains with 9L and RG2 gliomas are
shown in Fig. 3. The staining revealed the well-described ap-
pearance of 9L and RG2 tumors with high cell density (H&E),
high degree of proliferation (Ki-67), and signs of reactive gliosis

oL

H&E

GFAP

Ki67

CD68

at the border of the tumors (GFAP). No immunoreactivity was
observed with the marker for macrophage lineage cells
(CD68), indicating negligible infiltration of immune cells. Suc-
cessful staining of macrophages in rat spleen (Fig. 3P) assured
that lack of positive CD68 staining in glioma tissue was not a
false-negative result.

In vivo [2,4-13C,]-BHB Metabolism in 9L and RG2 Gliomas

Plasma levels of glucose and BHB were significantly different
between standard diet and KD conditions and confirmed the in-
tended plasma nutrient profile of low glucose and high BHB
when fed the KD to metabolically challenge the gliomas
(Fig. &4A).

Infusion of [2,4-3C,]-BHB increased blood plasma levels of
both BHB and acetoacetate in all rats, while *°C label incorpo-
ration into glucose C; by systemic metabolism was low (<3%)
and similar for both tumor types (Supplementary Table S1).
Upon infusion of **C-BHB in 9L- and RG2-bearing rats fed the
standard diet, tissue BHB levels trended to be higher in gliomas
compared with cortical tissue (Fig. 4B), yet the level of variabil-
ity prevented reaching statistical significance (0.05<P <.07).

RG2

Fig. 3. Immunohistochemistry. (A-H) Staining results from rat brains containing 9L and (I-0) RG2 gliomas. Hematoxylin (blue, cell nuclei) and
eosin (pink, cytoplasm) staining on top row shows gliomas embedded in brain tissue. Other stains included hematoxylin to indicate cell nuclei in
addition to diaminobenzidine (brown) for visualizing antibodies targeting reactive gliosis (GFAP, C, D, K, L), cell proliferation (Ki-67, E, F, M, N), and
macrophages (CD68, G, H, O, P). The bottom row shows staining results for macrophages in gliomas (G, H, O) and spleen (P). Note the very low
immunoreactivity for CD68 (brown) in brain and tumor tissue, but high signal in spleen tissue (P). Scale bar represents 100 wm.
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Tissue BHB concentration increased following feeding the KD in
both 9L and RG2 gliomas and cortex. The KD-induced BHB in-
crease was more pronounced in gliomas, resulting in signifi-
cantly higher BHB levels in gliomas compared with normal
brain (Fig. 4B).

Glutamate fractional *3C enrichment, the indicator of
13C-BHB oxidation, was substantial (15%-20%) and similar
(or slightly higher) in 9L and RG2 gliomas compared with nor-
mal cortex when fed the standard diet (Fig. 4C). In a pattern
similar to the increase of tissue BHB, glutamate fractional en-
richment doubled in both cortex and gliomas after animals
were fed the KD (Fig. 4C). Estimates of BHB oxidation from
the steady state metabolic model indicate the similar relative
levels of BHB oxidation (Vgus/Vrca) in cortex and gliomas and
confirmed the increase in BHB oxidation in both tissues follow-
ing the KD intervention (Supplementary Table S2).

MCT1 Immunohistochemistry

To clarify the increased BHB tumor levels in the KD condition, we
investigated the level of MCT1. MCT1 allows passive bidirec-
tional transport of monocarboxylic acids (ie, lactate, pyruvate,
acetate, and BHB). Stronger MCT1 immunoreactivity was ob-
served in RG2 glioma tissue of animals fed the KD (Fig 5A and
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30.9%+12.9%, P=.057).

Effect of KD-Mimicking Cell Culture Conditions, and
Explanted 9L Cells

The prominent feature of a KD is the lowered glucose and in-
creased levels of ketone bodies in plasma. Standard cell culture
media contain very high levels of glucose (25 mM) and little to
no ketone bodies compared with the in vivo condition. We
therefore tested the hypothesis that relatively low glucose
and high BHB levels in the cell culture medium could induce
BHB uptake and metabolism and explain the discrepancies be-
tween the in vitro and in vivo results. Tumor cells were first
grown in low glucose conditions (5.6 mM), and later BHB
(4 mM) was added to the medium. After 3-4 passages, no in-
crease in BHB uptake or metabolism was observed in either low
glucose or low glucose with BHB compared with high glucose
(25 mM) growth conditions (Supplementary Fig. S1).

To further investigate the differences in metabolism be-
tween in vitro and in vivo cell growth, we explanted a 9L
tumor and created a cell line (9L-expl). We challenged all the
cell lines (9L, RG2, and 9L-expl) to very low glucose conditions
(2.5 mM) and added 8 mM BHB. In none of the cell lines did the
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Fig. 4. Plasma nutrients and BHB uptake and metabolism. (A) Plasma concentration of glucose and BHB measured in venous blood at 11, 15, and
18 days post-inoculation of glioma cells. SD, standard diet, KD, ketogenic diet. SD after 11 and 15 days: n= 7, after 18 days: n=17; KD after 11 and
15 days: n =8, after 18 days: n = 18. (B) BHB concentration in cortex (open bars) and tumor tissue (black bars) of 9L and RG2-bearing rats fed SD or
ketogenic KD measured at the end of the 96 min [2,4-'3C,]-BHB infusion. (C) Glutamate *3C fractional enrichment (FE; %) in cortex and tumor
tissue of 9L and RG2-bearing rats fed SD and KD measured at the end of the 96 min [2,4-13C2]-BHB infusion. (B and C) Group sizes n= 7. Data
presented as mean +standard deviation and relevant P-values indicated.

Fig. 5. Immunohistology of MCT1. Immunohistological staining of MCT1 (brown) and cell nuclei (light blue) in RG2 glioma tissue of rats fed (A) the
standard diet and (B) the ketogenic diet. Black arrows indicate nonspecific staining of red blood cells in vessels/hemorrhagic lesions in the tumors.

Red arrows point to prominent immunoreactivity in cell membranes. Notice the increased MCT1 immunoreactivity in RG2 glioma tissue of a rat fed
the ketogenic diet (B). Bar represents 100 pm.
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Fig. 6. Tumor volume and survival. (A) MRI-based tumor volume 21 days post-inoculation and (B) Kaplan-Meier survival analysis for 9L-bearing
rats (9L SD: n=11, 9L KD: n= 10, P=.42). (C) MRI-based tumor volume 18 days post-inoculation and (D) Kaplan-Meier survival analysis for
RG2-bearing rats (RG2 SD: n =9, RG2 KD: n= 10, P=.48). SD, standard diet, KD, ketogenic diet. Data presented as mean + standard deviation.

addition of BHB rescue reduced cell growth induced by 2.5 mM
glucose levels (Supplementary Fig. S2).

Effect of KD on Plasma, Body Weight, and RG2 Glioma
Growth

We evaluated the anticancer effect of the KD in both 9L- and
RG2-bearing rats. For the KD to be effective in targeting the pro-
posed metabolic inflexibility of brain tumors, high BHB and low
glucose levels in plasma need to be established. In rodents, this
can require feeding a KD in a calorie-restricted way. Yet, a
calorie-restricted diet can result in significant loss of body
weight. To reduce the potentially confounding effect of severe
weight loss, we adjusted the amount of KD provided to the an-
imals day-to-day based on the measured body weight. Feeding
the KD this way resulted in lowered glucose levels and in-
creased BHB concentrations in plasma (Fig. 3A); however,
body weight was also significantly affected (Supplementary
Fig. S4). Despite fulfilling the conditions for a KD to be success-
ful, there was no effect on MRI-based tumor volume measured
21 (9L) or 18 days (RG2) after tumor cell inoculation, nor was a
survival benefit observed in animals fed the KD (Fig. 6). Similar-
ly, the cumulative survival for both glioma models (Fig. 6) did
not show a positive effect of the KD (log-rank analysis; 9L:
P=.415; RG2: P=.476).

Discussion

There is a growing interest to use KDs as metabolic therapy for
(brain) tumors. The main proposed mechanism for a
KD-induced metabolic anticancer effect relies on the ideas

that (brain) tumor cells have a high obligatory need for glucose,
are metabolically relatively inflexible, and have limited capacity
to oxidize ketone bodies. By lowering glucose and elevating ke-
tone bodies through a KD, such tumors could effectively be
starved of energy. A limitation of previous work on KDs as
brain tumor therapy has been the absence of in vivo metabolic
studies. Here we investigated ketone body metabolism in 2 rat
glioma models using *H-[*3C] MRS and the '*C-labeled ketone
body [2,4-'3C,]-BHB.

As depicted in Fig. 1, oxidative metabolism of [2,4-*3C,]-BHB
requires BHB dehydrogenase (BHBdh, EC1.1.1.30), succinyl-CoA
acetoacetyl-CoA transferase (SCOT, EC2.8.3.5), and acetoacetyl-
CoA thiolase (EC2.3.1.9) to produce two [2-*3C]-acetyl-CoA
molecules; [2-13C]-0cetyl-CoA can then enter the tricarboxylic
acid cycle, labeling the intermediate metabolites, which through
fast exchange with a-ketoglutarate leads to *3C-labeling of
glutamate. In the present study *C-labeling of glutamate was
therefore the primary outcome parameter in vitro and in vivo
to determine the presence of ketone body oxidation in RG2 and
9L cells.

Our main findings were the in vivo evidence of ketone body
oxidation in both 9L and RG2 glioma models at similar levels as
normal brain tissue and the adaptive nature of MCT1 expression
that facilitated ketone body transport and metabolism. We
hypothesized that oxidative metabolism of BHB would be
significantly reduced in the 9L and RG2 rat gliomas. However,
during infusion of [2,4-'3C,]-BHB in both 9L and RG2 gliomas
13C-labeling of glutamate was detected in vivo (Figs 2 and 4).
Therefore, the premise that brain tumors have limited enzyme
capacity to oxidize ketone bodies does not apply to these tumor
models when studied in vivo. Steady state metabolic modeling
confirmed that ketone bodies contributed approximately 20%
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of oxidative metabolism in both 9L and RG2 tumors when an-
imals were fed a standard diet, which increased to 35%-40%
when fed the KD, similar to normal brain (Supplementary
Table S2). In other words, the tumor cells and neural cells oxi-
dized the same amount of BHB relative to all of the substrates
available (primarily glucose, lactate, glutamine). Therefore, the
premise that brain tumors have limited enzyme capacity to ox-
idize ketone bodies does not apply to the 9L and RG2 tumor
models when studied in vivo.

The in vivo and ex vivo MRS methods used in this study do not
have the spatial resolution to allow discriminating different cell
types that could contribute to the observed *3C-BHB oxidation.
A first indication that the tumor volumes selected for in vivo
MRS do not contain a fraction of neuronal cells sufficient to ex-
plain the labeling results is the lack of the neuronal marker NAA
in the 'H MR spectra, analogous to *H MR spectra acquired in gli-
oma patients (Fig. 2B). Histological evaluation using multiple
stains of rat brains containing 9L and RG2 gliomas (Fig. 3) indi-
cates that tumor cells make up the vast majority of the tissue. Gli-
oma tissue also contained minimal amounts of reactive glial cells
and invading immune cells. The histological staining results there-
fore confirm that glioma cells are responsible for the vast majority
of 3C-BHB oxidation detected in tumors using *H-[*3C] MRS.

The capacity of tumor cells to oxidize ketone bodies has so
far been investigated by evaluating enzymes of the ketolysis
pathway using extraction methods, mRNA detection, enzyme
protein levels in animal models and cell lines,*%2® and histology
in human glioma tissue.?’ The expression levels of ketolytic en-
zymes were reported to be mostly lower compared with control
tissue, and these data led to justify a KD as a metabolic therapy
to starve brain tumors.>® 112627 Notably, none of the previous
studies have investigated ketone body metabolism in tumors in
vivo and after being exposed to a KD. The differences found
here between the in vivo and in vitro metabolism of ketone bod-
ies underscore the relevance of studying tumors in their actual
microenvironment.

Our MRS data not only showed clear evidence of oxidative
ketone body metabolism in the rat gliomas but also revealed
an adaptation induced by the KD that promoted uptake of
BHB from the blood. BHB transport across the blood-brain bar-
rier of normal brain occurs along the BHB concentration gradi-
ent via MCT1, which facilitates proton-linked transport of
monocarboxylates.>® An increase in the plasma-tissue concen-
tration gradient could therefore explain the higher tissue BHB
levels following the [2,4-13C,]-BHB infusion in KD-fed animals.
Infusion of [2,4-'3C,]-BHB adds to the existing blood-borne
BHB, which is higher in animals fed the KD. However, in both
9L and RG2 KD-fed animals, higher levels of plasma BHB com-
pared with animals fed the standard diet (1.2 times higher for
9L and 2.5 times higher for RG2; Supplementary Table S1) fol-
lowing infusion of [2,4-13C,]-BHB cannot completely account
for the increased tissue BHB levels in 9L gliomas (2.8 times
higher) or RG2 gliomas (3 times higher). Therefore, another
mechanism besides an increased BHB concentration gradient
must add to higher BHB levels observed following a KD. Feeding
rats a KD has been shown to induce an increase in MCT1 in the
endothelial cells lining the blood-brain barrier.” Similarly, we
observed increased immunoreactivity for MCT1 in a KD-fed rat
glioma, indicating a KD-induced adaptation that facilitates up-
take of blood-borne BHB. Recently De Saedeleer et al*® showed

in human cervix cancer cells that glucose lowering in growth
media dose-dependently (<1 mM) upregulated MCT1 and
CD147 expression. CD147 (basigin) is the chaperone protein re-
quired for functioning of MCT1.3 Because the KD used in the
present study led to lower plasma glucose concentrations com-
pared with the standard diet (Fig. 4A), it is possible that the gli-
oma cells upregulated the activity of MCT1 and/or CD147 in a
similar glucose level-dependent manner as reported by De
Saedeleer et al.*®

Studies on the KD as anticancer therapy vary in diet compo-
sition, start of the diet, and calorie restriction. To accomplish
significant lowering of plasma glucose in rodents, a KD needs
to be combined with calorie restriction. This complicates iden-
tifying whether reduced glucose or calorie restriction in general
is dominant when observing a therapeutic effect. Despite es-
tablishing low glucose and high BHB levels in plasma—at the
cost of some body weight loss—our KD did not result in a slow-
ing down of tumor growth or increase in survival in either glio-
ma model. These results are not in line with the successful
growth-inhibiting effect reported in mouse astrocytomas and
gliomas.®810:20:2532 potentially the cancer cell lines used in
the mouse models did lack ketolytic activity, in contrast to
RG2 and 9L gliomas in vivo. Another possible explanation is
the timing of the KD: we started the diet one week after implan-
tation for tumor cells to grow because this resembles more
closely the scenario that patients would encounter. Previous
studies have started animals on the KD closer to the time of
tumor cell implantation.*®81%2532 However, the lack of
tumor growth inhibition is not a completely unique observation.
Dang et al“® did not see an effect in a mouse model of hedge-
hog pathway medulloblastoma. Similarly, Woolf et al,*! while
reporting KD-induced effects on several proteins involved in
malignant progression, observed no tumor growth inhibition.
We currently cannot identify whether differences in the applica-
tion of KDs, differences in tumor models, or other unknown fac-
tors are the culprit of the varying results.

Alimitation of the present study is the inclusion of rat glioma
models only. Following the unanticipated observation that a KD
did not inhibit tumor growth and had no effect on survival, in-
clusion of mouse models in which KDs are successful as anti-
cancer therapy is warranted. However, given that we did not
see an inhibiting effect on tumor growth or animal survival
when fed a KD, one could argue that our data do not dismiss
the proposed mechanism: lack of ketolytic activity could be a
requirement for a KD to be successful in slowing down tumor
growth. More studies are needed to resolve the relation be-
tween tumor growth inhibition and diet-induced ketosis in
other in vivo tumor models, and particularly in patients. The
noninvasive character of MRS could be exploited to evaluate
the degree of BHB oxidation in patients’ gliomas analogously
to the present study. If the capacity to oxidize BHB in gliomas
varies with tumor type and/or molecular background, presence
or absence of glioma ketolysis could be a selection criterion for
clinical trials investigating the KD, as suggested by Chang
et al.?” However, the question remains whether adaptations
occur in tumors that initially show apparent low ketolytic en-
zyme activity to increase ketone body metabolism when ex-
posed to a KD, analogous to the increased MCT1 expression
observed in this study. An example of potential KD-induced
changes in brain could come from observations in a subset of
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type I diabetes subjects. Hypoglycemia-unaware type I diabe-
tes patients have been shown to have increased transport ca-
pacity in the blood-brain barrier for monocarboxylic acids
(primarily acetate, lactate, BHB, acetoacetate).“? Type I diabe-
tes patients become “hypoglycemia unaware” when they expe-
rience recurrent periods of low plasma glucose levels, and the
increased transport capacity is believed to involve the MCT1/
(D147 complex.*? Similar to the mechanism discussed by De
Saedeleer et al and the observation in hypoglycemia-unaware
patients, KD-induced low plasma glucose levels could stimulate
the MCT1/CD147 complex and thereby facilitate ketone body
oxidation in both normal and neoplastic brain tissue in
humans. 384

Other potential effects of a KD, yet beyond the scope of this
paper, are the role of BHB as an inhibitor of class I histone
deacetylases and the neuroprotective role of BHB through bind-
ing to the hydroxy-carboxylic acid receptor 2 (HCA2, GPR109A)
on monocytes and macrophages.*>“® We did not investigate
the presence of such nonmetabolic effects of BHB in our glioma
models, as tumor growth was not obviously affected.

In conclusion, our in vivo data showed that there was no dif-
ference in the relative levels of ketone body oxidation between
gliomas and normal brain tissue. Based on the present data,
the main proposed rationale to use a KD as brain tumor thera-
py—the lack of ketolytic activity in brain tumors*~'?—does not
apply to our rat glioma models. Additionally, the KD can stim-
ulate ketone body uptake in gliomas, presumably via an in-
crease in MCT1, thereby facilitating ketone body oxidation.
These results indicate that brain tumors can have a high degree
of metabolic flexibility that needs to be taken into account in
the design of metabolism-targeted therapies. Future studies
should take advantage of the noninvasive character of *3C
MRS and study brain tumor metabolism in vivo to reveal the
level of ketone body oxidation in human brain tumors.

Additional information and data are available in the Supple-
mentary material.

Supplementary material

Supplementary material is available online at Neuro-Oncology
(http://neuro-oncology.oxfordjournals.org/).
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