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Abstract: Neuroblastoma (NB) is a childhood cancer in which amplification of the MYCN gene is the
most acknowledged marker of poor prognosis. MYCN-amplified NB cells rely on both glycolysis
and mitochondrial oxidative phosphorylation (OXPHOS) for energy production. Previously, we
demonstrated that a ketogenic diet (KD) combined with metronomic cyclophosphamide (CP) delayed
tumor growth in MYCN-amplified NB xenografts. The anti-diabetic drug metformin (MET) also
targets complex I of the OXPHOS system. Therefore, MET-induced disruptions of mitochondrial
respiration may enhance the anti-tumor effect of CP when combined with a KD. In this study, we
found that MET decreased cell proliferation and mitochondrial respiration in MYCN-amplified
NB cell lines, while the combination of KD, MET, and low-dose CP (triple therapy) also reduced
tumor growth and improved survival in vivo in MYCN-amplified NB xenografts. Gene ontology
enrichment analysis revealed that this triple therapy had the greatest effect on the transcription of
genes involved in fatty acid ß-oxidation, which was supported by the increased protein expression
of CPT1A, a key mitochondrial fatty acid transporter. We suspect that alterations to ß-oxidation
alongside the inhibition of complex I may hamper mitochondrial energy production, thus explaining
these augmented anti-tumor effects, suggesting that the combination of MET and KD is an effective
adjuvant therapy to CP in MYCN-amplified NB xenografts.

Keywords: neuroblastoma; ketogenic diet; metformin; MYCN; β-oxidation

1. Introduction

Neuroblastoma (NB) is an embryonal tumor derived from progenitor cells of the
sympathetic nervous system [1]. Although NB accounts for only 6% of all pediatric cancer
cases, whereby the 5-year survival rate is 81% [2], there is still a subpopulation of high-risk
patients with a 5-year event free survival (EFS) of approximately 50% [3]. Almost half of
these patients harbor an amplification of the MYCN oncogene, which is the most well-
characterized marker of poor prognosis in NB [4]. However, therapeutic strategies aimed
at direct or indirect targeting of MYCN are not clinically available at present [5].

Tumor cells become metabolically reprogrammed to sustain the biomass and energy
production required for rapid cellular growth [6]. MYCN has been shown to increase these
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growth demands by upregulating fundamental metabolic pathways such as glycolysis,
oxidative metabolism, and lipogenesis, and the metabolism of glutamine, serine, and
glycine [7–9]. Such alterations highlight the ability of cancerous cells to hijack cellular
metabolism to cater to growth and proliferation. Indeed, cancer cells not only rely heavily
on glucose metabolism, a phenomenon known as the Warburg effect, but frequently possess
appreciable metabolic ‘flexibility’ [10]. The latter confers to cancer cells the capability to
leverage alternate metabolic pathways to gain a survival advantage in the face of stress
arising from the hypoxic and nutrient-deprived tumor microenvironment [11]. This may
explain why some patients fail to respond to, or relapse following, intense multi-modal
therapy [12]. In that regard, targeting metabolic vulnerabilities induced by MYCN may
represent an innovative and otherwise unexplored approach to tackle high-risk NB.

A very low carbohydrate, low protein, and high fat ketogenic diet (KD) has emerged
as a potential therapeutic intervention in cancer, with several pre-clinical studies demon-
strating an anti-tumor effect, especially when combined with conventional cytotoxic
therapies [13]. Indeed, the KD appears to have the most beneficial effect in cancer treat-
ment as an adjuvant therapy [14]. KDs have the potential to ‘rewire’ multiple metabolic
pathways simultaneously. Low glucose availability combined with elevated ketone bodies
are candidate metabolic variables to drive the anti-proliferative effect of KDs, inter alia,
brain tumors [15,16]. In addition, KDs have been shown to alter amino acid and lipid
metabolism [13,17]. Yang and colleagues demonstrated that a KD enhanced the anti-tumor
effect of classical chemotherapy in pancreatic cancer, conferring a survival advantage associ-
ated with a higher NADH/NAD ratio in tumor cells. This suggests alterations to the redox
state as a potential contributor to the anti-tumor effect of the KD when combined with
chemotherapy [18]. We previously reported that a KD in combination with CP reduced
tumor growth in NB xenografts, but failed to induce complete remission [19].

Targeting the oxidative phosphorylation (OXPHOS) system has been shown to be
a potential therapeutic approach in cancer treatment [20,21]. Given the emerging role
of OXPHOS in MYCN-amplified NB metabolism [8], exploiting its inhibition may repre-
sent a rational therapeutic approach for NB treatment. Metformin (MET) is a common
anti-diabetic drug that targets mitochondrial respiration by inhibiting complex I (NADH
dehydrogenase) of the OXPHOS system [22–24]. The inhibition of complex I has been
demonstrated to reduce tumor growth in divergent tumor xenograft models [22,25]. In this
regard, MET alone was also shown to suppress tumor growth in MYCN-amplified and
non-amplified NB-bearing mice [26]. Therefore, the aim of this study was to determine
whether MET could enhance the efficacy of a KD combined with low-dose CP in MYCN-
amplified NB xenografts. To elucidate the mechanism by which the combination of KD, CP,
and MET (triple therapy) reduced tumor growth, we measured plasma pro-inflammatory
factors and metabolic biomarkers potentially involved in cancer progression. Then, we
performed RNA-seq analysis to reveal alterations at the transcriptional level, with a view
to uncover the anti-tumor mechanism effect of the therapy.

2. Materials and Methods
2.1. Cell Lines

MYCN-amplified NB cell lines SKNBE(2) (CRL-2271, ATCC, Manassas, VA, USA) and
KELLY (92110411, Sigma-Aldrich, Darmstadt, Germany) were selected for cell proliferation
and xenograft studies. The cells were cultured as previously described in a standard
medium containing a 1:1 mixture of Eagle’s Minimum Essential Medium (M5650, Sigma-
Aldrich, Irvine, UK) and Ham’s F12 (N4888, Sigma-Aldrich, Irvine, UK), supplemented
with 10% fetal bovine serum (10500064, Gibco, Paisley, UK), Glutamax (35050038, Thermo
Fisher Scientific, Paisley, UK), MEM Non-essential amino acid solution (M7145, Sigma-
Aldrich, Irvine, UK), and penicillin/streptomycin/amphotericin (US17-745E, Lonza, Basel,
Switzerland) [27]. The cell lines were tested for mycoplasma contamination, and were
maintained at 37 ◦C with 5% CO2.
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2.2. Cell Proliferation Assays

The MET (PHR1084, Sigma-Aldrich, Laramie, WY, USA) stock solution was pre-
pared in standard NB cell culture medium. The acetyl CoA carboxylase (ACC) inhibitor
PF 05175157 (5790, Tocris, Bristol, UK) was dissolved in DMSO and stored at −80 ◦C.
1.9 × 104 cells/well of SKNBE(2) cells and 8 × 103 cells/well of KELLY cells were seeded
in 96-well plates. Then, the cells were treated with different concentrations of MET (1 to
20 mM) for 72 h, or with PF 05175157 (3–33 µM) for 48 h. Standard medium was used as
a vehicle control of the MET-treated cells, whereas DMSO was used as a vehicle control
of the PF 05175157-treated cells. Cell viability was measured via a crystal violet assay, as
previously described [28].

2.3. Bioenergetic Analysis

For the bioenergetic analysis, 1.4 × 103 cells/well of SKNBE(2) and 7 × 103 cells/well
of KELLY cells were seeded in Seahorse XF cell culture microplates (102601-100, Agilent,
Santa Clara, CA, USA) using standard cell culture medium. The NB cells were cultured
for 72 h and subsequently treated with varying concentrations of MET (1–10 mM) for
24 h. Alternatively, the NB cells were grown for 24 h following seeding, and then treated
with PF 05175157 (3 µM to 33 µM) for 72 h. On the day of the experiment, the medium
was changed to Seahorse assay medium consisting of XF DMEM (103575-100, Agilent,
Santa Clara, CA, USA) supplemented with 1 mM pyruvate, 10 mM glucose (Agilent, Santa
Clara, CA, USA) and 2 mM glutamine. The Seahorse XF Cell Mito Stress Test was then
performed according to the manufacturer’s protocol and specifications of the Seahorse
XFe96 Analyzer (Agilent, Santa Clara, CA, USA). Following the assay, the Seahorse XF cell
culture microplates were placed at −80 ◦C, and the data was normalized to the nucleic acid
content using a CyQUANT cell proliferation assay (C7026, Thermo Fisher, Eugene, OR,
USA) in accordance with the manufacturer’s protocol.

2.4. Animal Models and Sample Preparation

The animals were maintained under specific pathogen-free conditions in accordance
with the Salzburg Animal Care and Use Committee (20901-TVG/115/21-2020) and the
Austrian Federal Ministry of Education, Science and Research (BMBWF) (2021-0.711.738).
Xenografts were established by injecting 200 µL of a 1:1 mixture of NB cells (2 × 107 cells
per mouse) in serum-free medium and Matrigel (356234, Corning, New York, NY, USA)
in the right flank of 5- to 6-week-old female CD-1 nude mice (Charles River, Sulzfeld,
Germany). Once the tumor reached ~100 mm3, the tumor-bearing mice were randomized
into the different therapy groups (n = 6–10). The tumor-bearing mice were group-housed,
and received ad libitum access to food and water. The tumor volumes were measured twice
weekly using a caliper, which was calculated with the formula width × height × length/2.
The body weight was monitored two times per week, and the blood glucose and ketone
bodies (β-hydroxybutyrate) were assessed once per week using the enzyme-based Precision
Xceed System (Abbott, Chicago, IL, USA). The mice were anesthetized once the tumor
volume reached ~1500 mm3, or when the termination criteria based on the health status
were reached. To calculate the overall survival, the SKNBE(2) xenografts were kept for a
maximum of 33 days, and the KELLY xenografts were kept for 36 days. Then, the mice were
euthanized, and plasma and tissue samples were collected as previously described [27].

2.5. Diet Composition and In Vivo Treatments

The mice were randomly assigned to the different therapy regimens. All of the
diets were provided ad libitum. The diets were ordered from Ssniff and fortified with
specific amounts of vitamins and mineral supplements to administer the same quantity to
each therapy group. Detailed information on the diet composition and energy content is
presented in Supplementary Table S1. As we previously reported, the food intake of CD-1
nude mice fed with a KD ad libitum was approximately half compared to mice fed with a
control diet [27]. For this reason, although the diets were not isocaloric, the mice consumed
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comparable amounts of energy. CP (C0768, Sigma-Aldrich, Darmstadt, Germany) was
administered via drinking water, according to the study by Man and colleagues [29]. The
CP dose was selected to induce a mild but not significant effect on tumor growth, in order
to enable the evaluation of any additive or synergistic effects of the different therapeutic
interventions. The SKNBE(2) xenografts were treated with 13 mg/kg/day according to our
previously published protocol [30], and KELLY xenografts were treated with 20 mg/kg/day
(Figure S1). The selected dose of MET (100 mg/kg) was based on dose response experiments
initially performed in the SKNBE(2) and KELLY xenografts (Figure S2).

2.6. Western Blot (WB) Analysis

SKNBE(2) xenograft tissue (20–30 mg) was homogenized with an Ultra-Turrax homog-
enizer (IKA) in 300 µL of RIPA lysis buffer (MFCD02100484, Sigma-Aldrich, St. Louis, MO,
USA) supplemented with protease/phosphatase inhibitors (A32961, Thermo Scientific,
Rockford, IL, USA) and 1 mM EDTA. The homogenates were centrifuged at 4 ◦C for 10 min,
and the supernatant was collected. A total of 15 µg of protein was used for Western blot
analysis. The primary antibodies were diluted in tris-buffered saline 0.5% Tween-20 (TBS-T)
and 10% blocking reagent (11921673001, Roche, Mannheim, Germany). The following
antibodies were used: heat shock protein A6 (HSPA6) (1:1000, 13616-1-AP, Proteintech,
Wuhan, China), carnitine palmitoyltransferase 1A (CPT1A) (1:1000, 12252, Cell Signaling,
Danvers, MA, USA), voltage-dependent anion channel (VDAC) (1:1000, ab15895, Ab-
cam, Cambridge, UK), and β-actin (1:2000, ab8227, Abcam, Cambridge, UK). Horseradish
peroxidase-labelled secondary antibodies were used (K400311-2, Dako, Glostrup, Den-
mark). The band densitometry was calculated using Image Lab Software 5.2.1 (Bio-Rad,
Hercules, CA, USA) and normalized to β-actin.

2.7. Determination of Pro-Inflammatory and Metabolic Peptides in Plasma

The plasma levels of the murine pro-inflammatory factors (Table 1A) and metabolic
peptides (Table 1B) were measured using V-plex and customized U-plex assays from Meso
Scale Discovery (MSD, Rockville, MD, USA), according to the manufacturer’s instructions
(Table 1). In the V-plex plate, the samples were measured in duplicate, whereas in the
U-plex assay, only one replicate per sample was measured.

Table 1. Murine pro-inflammatory factors and metabolic peptides measured via MSD.

V-Plex (A) U-Plex (B)

Interferon-γ (IFN-γ) Leptin
Interleukin-1β (IL-1β) Macrophage inflammatory protein-2 (MIP-2)

Interleukin-2 (IL-2) Fibroblast growth factor-21 (FGF-21)

Interleukin-4 (IL-4) Granulocyte-macrophage colony-stimulating
factor (GM-CSF)

Interleukin-5 (IL-5) Ghrelin
Interleukin-6 (IL-6) Human interferon-inducible protein-10 (IP-10)

Interleukin-10 (IL-10) Monocyte chemoattractant protein-1 (MCP-1)
Interleukin-12p70 (IL12p70) Pancreatic peptide YY (PYY)

Keratinocyte chemoattractant (KC)/human
growth-regulated oncogene (GRO)

chemokine (KC/GRO)
Tumor necrosis factor-α (TNF-α)

2.8. Molecular Analysis of the Microbiota from Fecal Content

DNA was extracted from the colon fecal content of NB-bearing mice, as described
previously [31]. The total DNA was measured using Quant-iT PicoGreen reagent (Thermo
Fisher, Eugene, OR, USA) and adjusted to 1 ng/µL. Specific 16S rRNA primers (Tib MolBiol,
Berlin, Germany) were used to identify different species, genera, or groups of bacteria via
qPCR [32,33]. The overall gene copy numbers per ng of DNA were calculated.
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2.9. RNA Extraction, Sequencing, and Data Analysis

RNA was extracted from the SKNBE(2) xenograft tissue using the AllPrep
DNA/RNA/Protein Mini Kit (80004, Qiagen, Germantown, MD, USA) according to the
manufacturer´s instructions. Six samples per therapy group were randomly selected. Se-
quencing libraries were prepared at the Genomics Core Facility of the Medical University of
Vienna using the NEBNext Poly(A) mRNA Magnetic Isolation Module, and the NEBNext
UltraTM II Directional RNA Library Prep Kit for Illumina according to manufacturer’s
protocol (New England Biolabs, Ipswich, MA, USA). The libraries were QC-checked on
a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) using a high sensitivity DNA kit for
correct insert size, and quantified using a Qubit dsDNA HS Assay (Invitrogen, Eugene, OR,
USA). The pooled libraries were sequenced on two flow cells of a NextSeq500 instrument
(Illumina, San Diego, CA, USA) in 1 × 75 bp single-end sequencing mode. Per sample,
an average of 27 million reads were generated. Reads in a fastq format were generated
using the Illumina bcl2fastq command line tool (v2.19.1.403), including trimming of the
sequencing adapters. Since the samples were human xenografts inoculated in mice, an
additional stringent pre-alignment was performed where all of the reads in fastq format
were aligned to the murine reference genome version GRCm38/mm10 using the STAR
aligner [34] version 2.6.1a in 2-pass mode, in order to computationally remove reads that
originated from the mouse portion in the tissue sample. Reads that remained unmapped
in the pre-alignment step were recovered and aligned to the human reference genome
version GRCh38 with Gencode 29 annotations using the STAR aligner, version 2.6.1a, in
2-pass mode. The raw reads per gene were counted with STAR [34]. The differential gene
expression was calculated using DESeq2 version 1.22.2 [35]. The transcripts per million
(TPM) were generated by RNA-Seq with Expectation Maximization (RSEM) [36]. The genes
were considered significantly differentially transcribed with an adjusted p-value of <0.05.
Then, we conducted gene ontology (GO) enrichment analysis using the ClusterProfiler
R package v4.8 [37]. Pathways were considered significantly enriched when p < 0.05.

2.10. Statistics

Statistical analysis was performed using GraphPad Prism 9.0.0. The group variations
are indicated as mean ± SD. The group differences were considered significant at p < 0.05.
We performed a differential gene expression analysis with the DESeq2 package in R to
identify genes that were significantly deferentially expressed between our experimental
conditions. The DESeq2 package uses a model based on the negative binomial distribution
to estimate the variance–mean dependence in count data, and tests for differential expres-
sion using the Wald test. Genes with an adjusted p-value < 0.05 (Benjamini & Hochberg)
were considered significantly deferentially transcribed.

We conducted our enrichment analysis with the R package ClusterProfiler using Fisher’s
exact test. GO or pathways were considered significantly enriched with a q-value < 0.05.

3. Results
3.1. Effect of MET on Respiration and Proliferation of MYCN-Amplified NB Cell Lines

To determine if MET, as an inhibitor of mitochondrial complex I, could affect the
respiration of MYCN-amplified NB cells, the SKNBE(2) and KELLY cells were treated
with increasing concentrations of MET, and the oxygen consumption rate (OCR) was
measured (Figure 1A,D). MET reduced both the basal (Figure 1B,E) and maximal respiration
(Figure 1C,F) in a concentration-dependent manner. In the KELLY cells, 1 mM MET reduced
the basal and maximal respiration to 31.4% and 38%, respectively. In the SKNBE(2) cells,
however, the same concentration of MET reduced the basal and maximal respiration to
58.2% and to 51.4%, respectively, suggesting a higher sensitivity of the KELLY cells to MET.
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Figure 1. Effect of MET on oxygen consumption rate (OCR) was measured in SKNBE(2) (A–C) and
KELLY cells (D–F). Cells were treated for 24 h with MET (1 mM to 10 mM) or vehicle (CTRL).
The scatter plot of mitochondrial respiration indicates basal (B,E) and maximal respiration (C,F).
Values represent mean ± SD of two independent experiments normalized to the DNA content
per cell (CyQUANT). One-way ANOVA followed by Dunnett’s multiple comparison test; p-value
**** p < 0.0001. Graphs (A,D) are representative for one of two independent experiments.

To determine if the reduction in respiration had a direct effect on proliferation, the NB
cells were treated with MET (1–20 mM) for 72 h. The anti-proliferative effect of MET was
more pronounced in the KELLY (3 mM) versus the SKNBE(2) cells (20 mM) (Figure 2). This
suggests that the KELLY cell line has a greater reliance upon mitochondrial respiration to
drive cellular proliferation.
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Figure 2. Effect of MET treatment (1–20 mM) for 72 h on cell proliferation of MYCN-amplified NB
cell lines. Cell proliferation of SKNBE(2) (A) and KELLY (B) cells is indicated as percentage of CTRL
as mean ± SD; statistical significance was determined by a one-way ANOVA with Dunnett’s multiple
comparison test; p-value ** p < 0.01, **** p < 0.001 (n = 12 from 3 independent experiments).

3.2. MET Enhanced the Anti-Tumor Effect of a KD and Low-Dose Chemotherapy on
MYCN-Amplified NB Xenografts

We previously reported that a KD in combination with low-dose, cytotoxic CP slowed
tumor growth in MYCN-amplified SKNBE(2) xenografts [19]. To enhance the anti-tumor
efficacy of KD + CP, with a view to exploit the OXPHOS capacity of MYCN-amplified
cells [8], we also treated NB-xenograft-bearing mice with a triple therapy combination
of KD, CP, and MET. The triple therapy lowered plasma glucose in the SKNBE(2) and
KELLY xenograft-bearing mice (Figure 3A,C). The levels of β-hydroxybutyrate increased
in all of the KD groups, confirming that the KD induced ketosis in our xenograft models
(Figure 3B,D). Moreover, the different therapy regimens did not induce any adverse effects
in tumor-bearing mice, and their body weight was constant throughout therapy (Figure S4),
confirming that the therapy regimens were well-tolerated.

Although MET in combination with CP did not reduce tumor growth in both xenograft
models, the triple therapy consisting of KD, CP, and MET significantly reduced tumor
growth (Figure 4B,E) and enhanced survival (Figure 4C,F) in both the SKNBE(2) and KELLY
tumor-bearing mice. Individual growth curves of the xenografts treated with the different
therapy regimens are presented in Figure S3.
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Figure 3. Effects of a KD (ketogenic ratio 8:1), MET (100 mg/kg administered by oral gavage), and
low-dose CP (13 mg/kg/day in SKNBE(2) and 20 mg/kg/day in KELLY administered via drinking
water) on blood glucose (A,C) and β-hydroybutyrate levels (B,D) in SKNBE(2) and KELLY xenograft-
bearing mice. Statistical significance was evaluated using two-way ANOVA mixed effect analysis
(Dunnett). Data are represented as mean ± SD. p-value ** p < 0.01, **** p < 0.0001 compared to
CTRL + CP (n = 6–10).
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Figure 4. Effects of a KD (ketogenic ratio 8:1), MET (100 mg/kg administered by oral gavage), and
low-dose CP (13 mg/kg/day in SKNBE(2) and 20 mg/kg/day in KELLY-bearing mice via drinking
water) on the growth of SKNBE(2) and KELLY xenografts. Mean tumor volume ± SD is shown for
each group until the first CTRL mouse tumor reached termination size (A,D); for statistical analysis
of tumor growth data shown in (A,D), the area under the growth curve (AUC) was calculated for
every mouse (B,E). AUCs are shown as mean ± SD. Statistical significance was determined by one-
way ANOVA with Dunnett’s multiple comparisons. Survival analysis in SKNBE(2) (C) and KELLY
(F) bearing mice was determined with log rank (Mantel–Cox) compared to CTRL + CP; p-value
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 (n = 6–10).

3.3. Metabolic Peptide Levels in Plasma of MYCN-Amplified NB-Bearing Mice

Inflammation is a crucial factor driving tumor progression, by orchestrating funda-
mental neoplastic processes such as cell proliferation, survival, and migration [38]. Since
both the KD and MET have been shown to regulate inflammation [39,40], an altered sys-
temic inflammatory state may explain, in part, the anti-tumor effect observed upon triple
treatment of the NB xenografts. Thus, ten different inflammatory markers (IL-1β, IL-2, IL-4,
IL-5, IL-6, IL-12p70, IL-10, IFN-γ, KC/GRO, TNF-α) were measured in plasma samples
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of SKNBE(2)-bearing mice. Overall, these inflammatory factors were not affected by the
different therapy regimens (Figure S5).

Since NB progression may also be affected by metabolic perturbations induced by the
triple treatment, we measured the plasma levels of several metabolic peptides conceivably
involved in NB progression, including leptin, MIP-2, FGF-21, GM-CSF, ghrelin, IP-10,
MCP-1, and PYY (Figure 5). FGF-21 was the only metabolic peptide augmented by the
triple therapy.
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Figure 5. Effect of a KD, MET, and CP on the concentration of metabolic peptides (leptin, MIP-2,
FGF-21, GM-CSF, ghrelin, IP-10, MCP-1, and PYY) in plasma of SKNBE(2) xenograft-bearing mice.
Statistical significance between CTRL + CP and the other therapy groups was determined by one-way
ANOVA with Dunnett´s multiple comparison test. Data are represented as mean ± SD; p-value
**** p < 0.0001; (n = 8–10).

3.4. RNA-Seq Analysis and GO Enrichment Analysis in SKNBE(2) Tumor Tissue

To gain a better understanding of which metabolic pathways are altered by the com-
bination of the triple KD + CP + MET treatment, we performed bulk RNA-seq analysis
on tumor samples from the SKNBE(2) xenografts. Principal component analysis (PCA)
revealed a clear separation between samples obtained from CTRL- or KD-fed animals
(Figure S6), suggesting that diet is the main driver of the inter-sample variability in gene
expression. The RNA-seq analysis identified 326 differentially expressed genes due to
the combined effect of KD and MET (i.e., additive effect), and 651 genes exclusively reg-
ulated by their combination (i.e., exclusive effect). HSPA6 was the most downregulated
gene exclusively by the combination of KD, CP, and MET compared to the CTRL + CP
group (Figure 6).
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Figure 6. Volcano plot of differential gene expressions comparing triple treatment (KD + MET + CP)
and control (CTRL + CP) conditions. Genes with significantly differential expression (adjusted
p-value < 0.05) are classified into three categories: (1) KD-driven (dark grey dots); (2) additive effect
(green dots)—significantly regulated in both combined treatment KD + MET + CP vs. CTRL + CP
and KD + CP vs. CTRL + CP comparisons, with larger absolute fold changes in the presence of MET;
(3) exclusive (purple dots)—differentially regulated only in the combined treatment KD + MET + CP
vs. control comparison but not in KD + CP vs. CTRL + CP.

Notably, GO enrichment analysis revealed that fatty acid ß-oxidation, including solute
carrier family 25 member 17 (SLC25A17), CPT1A, sterol carrier protein 2 (SCP2), acyl-CoA
dehydrogenase medium chain (ACADM), and carnitine palmitoyltransferase 2 (CPT2)
transcripts, was the most upregulated process by both KD groups (KD + CP + MET and
KD + CP) compared to the CTRL + CP group, and MET augmented this effect (Figure 7,
Tables S2 and S3).
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Figure 7. Gene ontology (GO) enrichment analysis for genes with additive effects (green dots in
volcano plot) (n = 326, adjusted p-value < 0.05). Enriched genes and the corresponding ten most
enriched GO biological processes are highlighted in the same color. Fold changes of GO enrichment
analysis are shown next to the respective pathways. Genes found in several pathways are shown in
one bar with different corresponding color codes. The remaining significantly differentially expressed
genes are highlighted as grey barcodes on the bottom (Log2 FC triple treatment KD + MET + CP vs.
CTRL + CP).

Moreover, the genes DnaJ heat shock protein family (Hsp40) member B1 (DNAJB1),
heat shock transcription factor 1 (HSF1), heat shock protein family A (Hsp70) member 1B
(HSPA1B), and heat shock protein family A (Hsp70) member 1A (HSPA1A) involved in
the “negative regulation of inclusion body assembly” were the genes most downregulated
exclusively by the triple combination of KD, CP, and MET, but not by the combination of
KD and CP, compared to CTRL + CP group (Table S5).

3.5. Triple Therapy with KD, CP, and MET Augmented the Expression of CPT1A

HSPA6 was the most downregulated gene by the triple therapy. Although the role of
HSPA6 in cancer progression needs to be clarified [41], its expression has been shown to
correlate with malignant progression in gliomas [42]. Therefore, we evaluated if the triple
treatment also induced the downregulation of HSPA6 at the protein level. Surprisingly,
Western blot analysis revealed that HSPA6 expression was in fact increased in all of the
therapy groups (Figure 8A,C). As it was shown in the GO enrichment analysis, fatty acid
β-oxidation was the most upregulated pathway by both KD groups (KD + CP + MET and
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KD + CP) compared to the CTRL + CP group, and MET increased this effect (Figure 7 and
Table S2). Thus, we evaluated if the protein expression of CPT1A, a crucial enzyme involved
in fatty acid β-oxidation, paralleled its upregulation at the protein level. Indeed, CPT1A
protein expression was augmented by both therapies, KD + CP and KD + CP + MET, al-
though the latter did not further enhance its expression, which was evident at the transcript
level. The protein levels of CPT1A were normalized to the VDAC, a marker of mitochon-
drial content (Figure 8B,C). The unaltered VDAC expression confirmed that mitochondrial
content was not affected by the different therapy regimens.
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Figure 8. Western blot analysis of HSPA6 (A,C) and CPT1A (B,D) of SKNBE(2) xenografts. The rela-
tive expressionx of HSPA6 and CPT1A were normalized to β-actin and VDAC, respectively. Statistical
significance was evaluated using one-way ANOVA followed by Dunnett’s multiple comparison test;
p-value * p < 0.05, ** p < 0.01 (n = 5–8).

CPT1A is a rate-limiting enzyme for the β-oxidation of long-chain fatty acids in
mitochondria. Therefore, a higher expression of CPT1A could indicate a greater uptake
of long-chain fatty acids into mitochondria. The post-translational regulation of CPT1A
induced by malonyl-CoA, the product of a reaction requiring the enzyme acetyl-CoA
carboxylase (ACC), is a well-acknowledged mechanism that modulates this activity [43].
Therefore, we determined whether the higher CPT1A activity induced by the inhibition of
ACC might affect mitochondrial energy metabolism and cellular respiration in NB cells.
The SKNBE(2) and KELLY cells were treated with the ACC inhibitor PF 05175157 for 72 h,
and the oxygen consumption rate (OCR) was measured using the Seahorse XF Cell Mito
Stress Test.

PF 05175157 reduced basal respiration in both cell lines, whereas maximal respiration
was only lower in the KELLY cells (Figure S7). The 33 µM PF 05175157 decreased cell
proliferation of the SKNBE(2) cells, with no effect observed in the KELLY cells (Figure S8).
Taken collectively, while the inhibition of ACC alone is not sufficient to disrupt NB cell
growth, we cannot preclude the impact of upregulating CPT1A in vivo.

3.6. Effect of KD, CP, and MET on the Microbiota of MYCN-Amplified NB Xenografts

The role of the gut microbiota in cancer development is well-established [44,45]. MET
has been associated with the maintenance of a healthy gut microbiome [46], whereas the role
of KD on the microbiota is not fully elucidated [47]. To reveal if different therapy regimens
could alter the gut microbiota composition, the total eubacterial loads and the abundance
of the main commensal gut bacterial phyla such as Enterobacteriaceae, Enterococcus genus,
Lactobacillus group, Bifidobacterium genus, Bacteroides/Prevotella spp., Clostridium coccoides
group, Clostridium cluster IV, and Mouse Intestinal Bacteroides were quantitatively surveyed
using qRT-PCR. Bacteria from the Lactobacillus group were reduced in all of the KD groups in
both xenografts. Conversely, the total eubacterial loads, as well as the gene numbers of the
Clostridium coccoides group and Clostridium cluster IV Enterococcus genus, were differentially
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affected by the therapy regimens in the SKNBE(2) and KELLY xenografts-bearing mice
(Figure 9). The bacterial groups that were not affected by their respective regimens are
reported in Figure S9. Hence, these differences between the two NB models suggest that
not only is the gut microbiota altered by the therapy regimen, but also by the intrinsic
properties of the tumor.
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Figure 9. Effect of KD, CP and MET on gut microbiota of SKNBE(2) (A) and KELLY (B) xenograft-
bearing mice. Statistical significance between (copies/ng DNA) of CTRL + CP and the other treatment
groups was evaluated using one-way ANOVA with Dunnett´s multiple comparison test. Data are
represented as mean ± SD; p-value * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (n = 5–10).

4. Discussion

MYCN-induced metabolic reprogramming is a hallmark of NB [9], and has been shown
to promote NB growth and proliferation by rewiring glutamine [48,49], glucose [50–52],
and oxidative metabolism [8]. However, all efforts to date that aimed at either directly or
indirectly targeting MYCN have not translated into clinical use [5].

In the present study, we demonstrated that MET inhibited oxidative metabolism of
MYCN-amplified NB cells by blunting cellular respiration. Despite the striking effects on
respiration, this was not paralleled by similar reductions in cell proliferation, pointing to
the metabolic flexibility of MYCN-amplified NB cells to sustain growth when challenged
by metabolic impairments. This phenomenon is in agreement with other studies showing
that the metabolic environment may determine sensitivity of cancer cells to MET [53–56].
In support of this notion, we observed either a partial disruption to tumor growth, or no
response at all, in MYCN-amplified NB xenografts treated with MET alone (Figure S2) or in
combination with CP (Figure 4). In contrast to our findings, Kumar at al. showed that MET
alone was capable of inhibiting the growth of MYCN-amplified and non-amplified NB
tumors, including SKNBE(2) xenografts [26]. However, when we combined MET with a
KD and low-dose CP, there was an appreciable disruption of tumor growth associated with
improved survival in mice bearing SKNBE(2) and KELLY xenografts. Although the in vitro
data demonstrated a higher sensitivity of KELLY cells to MET, metabolic therapy in vivo
induced a stronger survival advantage in the SKNBE(2) compared to KELLY xenografts-
bearing mice. Interestingly, the growth of KELLY tumors appeared to be faster compared
to the SKNBE(2) tumors, suggesting higher anabolic demands to sustain tumor growth.
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Despite the aggressiveness of this model, both KD + CP and KD + CP + MET were
able to counteract the rapid tumor growth of the KELLY xenografts, extending mouse
survival significantly.

It is noteworthy that in the present study as well as in previous studies [26,57], the con-
centration of MET required to reduce cell respiration in vitro (millimolar) is a magnitude of
order higher than the plasma levels of MET detected in vivo (micromolar) [58]. Although
MET can accumulate in tumor and normal lung tissue, the concentrations are still 100- to
1000-fold lower than effective doses in the in vitro studies [59]. Moreover, MET accumu-
lation has been shown to be associated with organic cation transporter 2 (OCT2) protein
expression, and may predict anti-cancer effects in vivo [60]. As previously mentioned,
the heterogeneous tumor microenvironment appears to dictate the sensitivity to MET. In
that regard, the nutrient composition (e.g., glucose concentration of 7.8 mM) and growth
factor abundance of standard cell culture media evidently fails to faithfully recapitulate
the nutritional conditions of poorly vascularized tumors [61]. Indeed, in tumor interstitial
fluid, the glucose levels of mice treated with a KD were reported to range between 1.3 and
4.5 mM [17]. Chandel et al. suggested that the use of millimolar concentrations of MET
in vitro cannot be used to predict its biological activity in vivo or in the clinic [58]. This has
been confirmed by Wheaton and colleagues, who showed that plasma concentrations of
MET eliciting an anti-tumor effect through inhibition of OXPHOS are in the micromolar
range in a murine model [22]. Altogether, these data support the fact that the reduction in
tumor growth observed in our xenograft models is attributable to the addition of MET to
the KD and CP, and conceivably a result of MET-induced inhibition of complex I.

Inflammation is known to drive crucial processes related to tumor progression [62]. De-
spite this, our triple therapy approach did not alter the levels of systemic pro-inflammatory
factors, suggesting that changes in the inflammatory status are unlikely to explain the
anti-tumor effect observed in our NB xenograft models. It should be pointed out, however,
that CD-1 immuno-deficient mice do not possess T-lymphocytes. Hence, the inflammatory
response measured in the present murine xenograft models may not accurately reflect that
of an immunocompetent individual. Screening of metabolic peptides revealed that the
triple therapy increased the level of FGF-21. The hepatokine FGF-21 has been shown to
be therapeutically beneficial for the treatment of metabolic diseases via reducing fat mass,
hyperglycemia, insulin resistance, dyslipidemia, and non-alcoholic steatohepatitis in ro-
dents and non-human primates [63]. Furthermore, FGF-21 regulates fatty acid metabolism
by promoting lipolysis, fatty acid oxidation, and thermogenic energy dissipation [64–66],
and is crucial for the full adaptation to a KD [67]. It is noteworthy that one study demon-
strated that the anti-tumor effect of a KD was FGF-21-independent in a model of Lewis
lung carcinoma [68].

Thus, to reveal how different therapy regimens and metabolic alterations may alter tu-
mor metabolism and pinpoint potential mechanisms underpinning the anti-cancer effect(s)
of the triple combination of KD, CP, and MET, we performed RNA-seq analysis on the more
therapeutically-responsive SKNBE(2) xenografts. The RNA-seq analysis demonstrated
that HSPA6 was the most downregulated gene by the triple therapy, although this did
not correspond to a reduction at the protein level, which actually increased. Although
the role of HSPA6 in cancer progression needs to be clarified [41], its expression was pre-
viously correlated with malignant progression in glioma [42]. GO enrichment analysis
indicated that fatty acid β-oxidation was the most upregulated process by both KD groups
(KD + CP + MET and KD + CP) compared to the CTRL + CP group, and MET augmented
this effect. This finding was supported by a higher expression of CPT1A at the protein level.

The role of β-oxidation in cancer development remains controversial, yet several
studies have demonstrated a pro-tumor effect via inhibition of the apoptotic cascade,
sustaining OXPHOS, and preserving mitochondrial function [69–74]. Indeed, Tao et al.
recently showed that higher fatty acid uptake can sustain the growth of MYCN-amplified
NB [75]. In our hands, we observed a survival advantage in xenografts treated with a
KD, although the most prominent effect was induced by the triple combination of KD,
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CP, and MET. GO enrichment analysis revealed a higher expression of genes related to
β-oxidation in tumors treated with KD. This may indicate that the KD-induced glucose
limitation promotes a greater dependency on β-oxidation. In that regard, there may
be an elevated demand to recycle cofactors derived from β-oxidation, i.e., NADH and
FADH2, which are unlikely to be efficiently re-oxidized by complex I due to exposure to
MET. Thus, NB cells treated with the triple therapy may not be capable of maintaining a
balanced redox state to thereby sustain the high-energy demands of cancer cells. Liu et al.
demonstrated that fatty acid oxidation (FAO) could fuel the tricarboxylic acid cycle (TCA
cycle) in the condition of glucose deprivation. Interestingly, cancer cells were sensitive
to MET when FAO was augmented, likely due to a slower capacity of FAO to fuel the
TCA cycle compared to glucose or glutamine [76]. The metabolic intermediates of the
TCA cycle are required for the production of building blocks for nucleotide, lipid, and
amino acid synthesis to sustain the greater anabolic and energetic demands of cancer
cells [6,77]. Thus, a hindered TCA cycle may cause a survival disadvantage in cancer
cells. Moreover, Yang et al. demonstrated that the combination of a KD and cytotoxic
chemotherapy significantly increased NADH, suppressed tumor glucose levels, and TCA
intermediates, ultimately leading to a substantially improved survival in a pancreatic
cancer model [18]. Together, these data support the hypothesis that the triple therapy might
hamper the capacity of MYCN-amplified NB to efficiently utilize β-oxidation due to the
inhibition of complex I, compromising the ability of mitochondria to sustain the elevated
energy and anabolic demands of MYCN-amplified NB.

This unique metabolic state induced by the combination of KD, CP, and MET might
explain the augmented anti-tumorigenic effect observed in MYCN-amplified NB xenografts.
Although MET alone may elicit anti-cancer activity in some contexts, it appears to have
the greatest anti-tumor potential as an adjuvant therapy. The present study examined
MYCN-amplified NB xenografts established in CD-1 nude mice that are unable to produce
T-cells, creating immune responses that may not accurately reflect an immunocompetent
individual. However, KDs have been demonstrated to inhibit tumor growth by enhancing
the immune response in different immunocompetent models [78,79], suggesting that an
improved immune response may augment the anti-tumor effect of the metabolic therapies
applied in our model. In that regard, KDs have already shown promising results as
adjuvant therapy to immunotherapies [80,81]. Our study adds to the increasing evidence
that the multi-modal metabolic targeting of cancer is a promising adjuvant therapy to tackle
MYCN-amplified NB.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/metabo13080910/s1, Figure S1: Effect of CP (10–40 mg/kg) on
growth of KELLY xenografts; Figure S2: Effect of MET (50, 100, 250 mg/kg) on growth of SKNBE(2)
and KELLY xenografts; Figure S3: Effect of a KD (ketogenic ratio 8:1), MET (100 mg/kg administered
by oral gavage) and low-dose CP (13 mg/kg/day in SKNBE(2) and 20 mg/kg/day in KELLY-bearing
mice via drinking water) on the growth of SKNBE(2) and KELLY xenografts; Figure S4: Effect
of a KD (ketogenic ratio 8:1), MET (100 mg/kg administered by oral gavage) and low-dose CP
(13 mg/kg/day in SKNBE(2) and 20 mg/kg/day in KELLY-bearing mice via drinking water) on the
body weight of single CD-1 nude mice bearing SKNBE(2) (A–E) and KELLY (G–K) NB xenografts;
Figure S5: Effect of KD, MET and CP on the concentration of inflammatory markers in plasma
of SKNBE(2) xenograft bearing mice at the day of termination; Figure S6: Principle component
analysis (PCA) based on the whole transcriptome data, showing sample clustering for the different
experimental groups; Figure S7: Oxygen consumption rate (OCR) measured in SKNBE(2) (A–C) and
KELLY (D–G) cells; Figure S8: Effect on cell proliferation of MYCN-amplified NB cell lines treated
with the ACC inhibitor PF 05175157; Figure S9: Effect of KD, MET and CP on the gut microbiome of
SKNBE(2) (A) and KELLY (B) xenograft bearing mice at the day of termination. Table S1: Composition
of the CTRL and Ketogenic diet; Table S2: Genes with significant differential expression (adjusted
p-value < 0.05) upregulated in both combined treatment (KD + MET + CP) vs. control and (KD + CP)
vs. control comparisons, with larger absolute fold changes in the presence of MET (additive effect);
Table S3: Genes with significant differential expression (adjusted p-value < 0.05) downregulated in
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both combined treatment (KD + MET + CP) vs. control and (KD + CP) vs. control comparisons, with
larger absolute fold changes in the presence of MET (additive effect); Table S4: Genes with significant
differential expression (adjusted p-value < 0.05) differentially upregulated only in the combined
treatment (KD + MET + CP) vs. control comparison but not in (KD + CP) vs. control; Table S5: Genes
with significant differential expression (adjusted p-value < 0.05) differentially downregulated only in
the combined treatment (KD + MET + CP) vs. control comparison but not in (KD + CP) vs. control.

Author Contributions: Conceptualization, L.C., S.A.-G. and B.K.; methodology, L.C., R.G.F. and
M.B.; validation, L.C.; formal analysis, L.C., S.D. and R.P.; investigation, L.C., S.A.-G., D.D.W., V.E.S.,
S.B. and M.M.H.; resources, S.D. and M.M.H.; data curation, L.C. and R.P.; writing—original draft
preparation, L.C. and R.P.; writing—review and editing, L.C., W.J.S., S.A.-G., D.D.W., V.E.S., M.M.H.,
J.T., S.D., S.B., R.G.F. and B.K.; visualization, L.C. and V.E.S.; supervision, S.A.-G., W.J.S. and B.K.;
funding acquisition, B.K. and L.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Austrian Science Fund (FWF), grant number P 31228-B33,
by the Paracelsus Medical University (PMU-RIF), grant number 2022-PRE-006-Catalano, and the
Children Cancer Foundation Salzburg, Austria.

Institutional Review Board Statement: The animal study protocol was approved by Salzburg Ani-
mal Care and Use Committee (20901-TVG/115/21-2020; 16 January 2020) and the Austrian federal
ministry of education, science and research (BMBWF) (2021-0.711.738; 19 October 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw RNAseq data and processed files were submitted to GEO
NCBI (GSE236677).

Acknowledgments: RNA sequencing was performed at the Core Facilities of the Medical University
of Vienna, a member of Vienna Life-Science Instruments (VLSI). Also thanks for “Open Access
Funding by the Austrian Science Fund (FWF)”.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Park, J.R.; Eggert, A.; Caron, H. Neuroblastoma: Biology, prognosis, and treatment. Hematol. Oncol. Clin. N. Am. 2010, 24, 65–86.

[CrossRef]
2. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef]
3. Irwin, M.S.; Naranjo, A.; Zhang, F.F.; Cohn, S.L.; London, W.B.; Gastier-Foster, J.M.; Ramirez, N.C.; Pfau, R.; Reshmi, S.;

Wagner, E.; et al. Revised Neuroblastoma Risk Classification System: A Report From the Children’s Oncology Group. J. Clin.
Oncol. 2021, 39, 3229–3241. [CrossRef] [PubMed]

4. Matthay, K.K.; Maris, J.M.; Schleiermacher, G.; Nakagawara, A.; Mackall, C.L.; Diller, L.; Weiss, W.A. Neuroblastoma. Nat. Rev.
Dis. Primers 2016, 2, 16078. [CrossRef] [PubMed]

5. Fletcher, J.I.; Ziegler, D.S.; Trahair, T.N.; Marshall, G.M.; Haber, M.; Norris, M.D. Too many targets, not enough patients:
Rethinking neuroblastoma clinical trials. Nat. Rev. Cancer 2018, 18, 389–400. [CrossRef] [PubMed]

6. DeBerardinis, R.J.; Chandel, N.S. Fundamentals of cancer metabolism. Sci. Adv. 2016, 2, e1600200. [CrossRef]
7. Ruiz-Perez, M.V.; Sainero-Alcolado, L.; Oliynyk, G.; Matuschek, I.; Balboni, N.; Ubhayasekera, S.; Snaebjornsson, M.T.; Makowski,

K.; Aaltonen, K.; Bexell, D.; et al. Inhibition of fatty acid synthesis induces differentiation and reduces tumor burden in childhood
neuroblastoma. iScience 2021, 24, 102128. [CrossRef]

8. Oliynyk, G.; Ruiz-Perez, M.V.; Sainero-Alcolado, L.; Dzieran, J.; Zirath, H.; Gallart-Ayala, H.; Wheelock, C.E.; Johansson,
H.J.; Nilsson, R.; Lehtio, J.; et al. MYCN-enhanced Oxidative and Glycolytic Metabolism Reveals Vulnerabilities for Targeting
Neuroblastoma. iScience 2019, 21, 188–204. [CrossRef]

9. Bansal, M.; Gupta, A.; Ding, H.F. MYCN and Metabolic Reprogramming in Neuroblastoma. Cancers 2022, 14, 4113. [CrossRef]
10. DeBerardinis, R.J.; Chandel, N.S. We need to talk about the Warburg effect. Nat. Metab. 2020, 2, 127–129. [CrossRef]
11. Palm, W. Metabolic plasticity allows cancer cells to thrive under nutrient starvation. Proc. Natl. Acad. Sci. USA 2021,

118, e2102057118. [CrossRef]
12. London, W.B.; Castel, V.; Monclair, T.; Ambros, P.F.; Pearson, A.D.; Cohn, S.L.; Berthold, F.; Nakagawara, A.; Ladenstein, R.L.;

Iehara, T.; et al. Clinical and biologic features predictive of survival after relapse of neuroblastoma: A report from the International
Neuroblastoma Risk Group project. J. Clin. Oncol. 2011, 29, 3286–3292. [CrossRef] [PubMed]

https://doi.org/10.1016/j.hoc.2009.11.011
https://doi.org/10.3322/caac.21654
https://doi.org/10.1200/JCO.21.00278
https://www.ncbi.nlm.nih.gov/pubmed/34319759
https://doi.org/10.1038/nrdp.2016.78
https://www.ncbi.nlm.nih.gov/pubmed/27830764
https://doi.org/10.1038/s41568-018-0003-x
https://www.ncbi.nlm.nih.gov/pubmed/29632319
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1016/j.isci.2021.102128
https://doi.org/10.1016/j.isci.2019.10.020
https://doi.org/10.3390/cancers14174113
https://doi.org/10.1038/s42255-020-0172-2
https://doi.org/10.1073/pnas.2102057118
https://doi.org/10.1200/JCO.2010.34.3392
https://www.ncbi.nlm.nih.gov/pubmed/21768459


Metabolites 2023, 13, 910 18 of 20

13. Weber, D.D.; Aminzadeh-Gohari, S.; Tulipan, J.; Catalano, L.; Feichtinger, R.G.; Kofler, B. Ketogenic diet in the treatment of
cancer—Where do we stand? Mol. Metab. 2020, 33, 102–121. [CrossRef] [PubMed]

14. Klement, R.J. The emerging role of ketogenic diets in cancer treatment. Curr. Opin. Clin. Nutr. Metab. Care 2019, 22, 129–134.
[CrossRef]

15. Seyfried, T.N.; Sanderson, T.M.; El-Abbadi, M.M.; McGowan, R.; Mukherjee, P. Role of glucose and ketone bodies in the metabolic
control of experimental brain cancer. Br. J. Cancer 2003, 89, 1375–1382. [CrossRef]

16. Poff, A.M.; Ari, C.; Arnold, P.; Seyfried, T.N.; D’Agostino, D.P. Ketone supplementation decreases tumor cell viability and
prolongs survival of mice with metastatic cancer. Int. J. Cancer 2014, 135, 1711–1720. [CrossRef]

17. Lien, E.C.; Westermark, A.M.; Zhang, Y.; Yuan, C.; Li, Z.; Lau, A.N.; Sapp, K.M.; Wolpin, B.M.; Vander Heiden, M.G. Low
glycaemic diets alter lipid metabolism to influence tumour growth. Nature 2021, 599, 302–307. [CrossRef]

18. Yang, L.; TeSlaa, T.; Ng, S.; Nofal, M.; Wang, L.; Lan, T.; Zeng, X.; Cowan, A.; McBride, M.; Lu, W.; et al. Ketogenic diet and
chemotherapy combine to disrupt pancreatic cancer metabolism and growth. Med 2022, 3, 119–136. [CrossRef] [PubMed]

19. Aminzadeh-Gohari, S.; Feichtinger, R.G.; Vidali, S.; Locker, F.; Rutherford, T.; O’Donnel, M.; Stoger-Kleiber, A.; Mayr, J.A.; Sperl, W.;
Kofler, B. A ketogenic diet supplemented with medium-chain triglycerides enhances the anti-tumor and anti-angiogenic efficacy of
chemotherapy on neuroblastoma xenografts in a CD1-nu mouse model. Oncotarget 2017, 8, 64728–64744. [CrossRef] [PubMed]

20. Greene, J.; Segaran, A.; Lord, S. Targeting OXPHOS and the electron transport chain in cancer; Molecular and therapeutic
implications. Semin. Cancer Biol. 2022, 86, 851–859. [CrossRef]

21. Sica, V.; Bravo-San Pedro, J.M.; Stoll, G.; Kroemer, G. Oxidative phosphorylation as a potential therapeutic target for cancer
therapy. Int. J. Cancer 2020, 146, 10–17. [CrossRef] [PubMed]

22. Wheaton, W.W.; Weinberg, S.E.; Hamanaka, R.B.; Soberanes, S.; Sullivan, L.B.; Anso, E.; Glasauer, A.; Dufour, E.; Mutlu, G.M.;
Budigner, G.S.; et al. Metformin inhibits mitochondrial complex I of cancer cells to reduce tumorigenesis. eLife 2014, 3, e02242.
[CrossRef] [PubMed]

23. El-Mir, M.Y.; Nogueira, V.; Fontaine, E.; Averet, N.; Rigoulet, M.; Leverve, X. Dimethylbiguanide inhibits cell respiration via an
indirect effect targeted on the respiratory chain complex I. J. Biol. Chem. 2000, 275, 223–228. [CrossRef]

24. Owen, M.R.; Doran, E.; Halestrap, A.P. Evidence that metformin exerts its anti-diabetic effects through inhibition of complex 1 of
the mitochondrial respiratory chain. Biochem. J. 2000, 348 Pt 3, 607–614. [CrossRef]

25. Kisfalvi, K.; Moro, A.; Sinnett-Smith, J.; Eibl, G.; Rozengurt, E. Metformin inhibits the growth of human pancreatic cancer
xenografts. Pancreas 2013, 42, 781–785. [CrossRef]

26. Kumar, A.; Al-Sammarraie, N.; DiPette, D.J.; Singh, U.S. Metformin impairs Rho GTPase signaling to induce apoptosis
in neuroblastoma cells and inhibits growth of tumors in the xenograft mouse model of neuroblastoma. Oncotarget 2014,
5, 11709–11722. [CrossRef]

27. Morscher, R.J.; Aminzadeh-Gohari, S.; Feichtinger, R.G.; Mayr, J.A.; Lang, R.; Neureiter, D.; Sperl, W.; Kofler, B. Inhibition of
Neuroblastoma Tumor Growth by Ketogenic Diet and/or Calorie Restriction in a CD1-Nu Mouse Model. PLoS ONE 2015,
10, e0129802. [CrossRef] [PubMed]

28. Vidali, S.; Aminzadeh-Gohari, S.; Vatrinet, R.; Iommarini, L.; Porcelli, A.M.; Kofler, B.; Feichtinger, R.G. Lithium and Not
Acetoacetate Influences the Growth of Cells Treated with Lithium Acetoacetate. Int. J. Mol. Sci. 2019, 20, 3104. [CrossRef]

29. Man, S.; Bocci, G.; Francia, G.; Green, S.K.; Jothy, S.; Hanahan, D.; Bohlen, P.; Hicklin, D.J.; Bergers, G.; Kerbel, R.S. Antitumor
effects in mice of low-dose (metronomic) cyclophosphamide administered continuously through the drinking water. Cancer Res.
2002, 62, 2731–2735.

30. Morscher, R.J.; Aminzadeh-Gohari, S.; Hauser-Kronberger, C.; Feichtinger, R.G.; Sperl, W.; Kofler, B. Combination of metro-
nomic cyclophosphamide and dietary intervention inhibits neuroblastoma growth in a CD1-nu mouse model. Oncotarget 2016,
7, 17060–17073. [CrossRef]

31. Heimesaat, M.M.; Reifenberger, G.; Vicena, V.; Illes, A.; Horvath, G.; Tamas, A.; Fulop, B.D.; Bereswill, S.; Reglodi, D. Intestinal
Microbiota Changes in Mice Lacking Pituitary Adenylate Cyclase Activating Polypeptide (PACAP)—Bifidobacteria Make the
Difference. Eur. J. Microbiol. Immunol. 2017, 7, 187–199. [CrossRef]

32. Weschka, D.; Mousavi, S.; Biesemeier, N.; Bereswill, S.; Heimesaat, M.M. Survey of Pathogen-Lowering and Immuno-Modulatory
Effects Upon Treatment of Campylobacter coli-Infected Secondary Abiotic IL-10(-/-) Mice with the Probiotic Formulation
Aviguard((R)). Microorganisms 2021, 9, 1127. [CrossRef]

33. Rausch, S.; Held, J.; Fischer, A.; Heimesaat, M.M.; Kuhl, A.A.; Bereswill, S.; Hartmann, S. Small intestinal nematode in-
fection of mice is associated with increased enterobacterial loads alongside the intestinal tract. PLoS ONE 2013, 8, e74026.
[CrossRef] [PubMed]

34. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. [CrossRef] [PubMed]

35. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

36. Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinform. 2011, 12, 323. [CrossRef]

37. Wu, T.; Hu, E.; Xu, S.; Chen, M.; Guo, P.; Dai, Z.; Feng, T.; Zhou, L.; Tang, W.; Zhan, L.; et al. ClusterProfiler 4.0: A universal
enrichment tool for interpreting omics data. Innovation 2021, 2, 100141. [CrossRef]

https://doi.org/10.1016/j.molmet.2019.06.026
https://www.ncbi.nlm.nih.gov/pubmed/31399389
https://doi.org/10.1097/MCO.0000000000000540
https://doi.org/10.1038/sj.bjc.6601269
https://doi.org/10.1002/ijc.28809
https://doi.org/10.1038/s41586-021-04049-2
https://doi.org/10.1016/j.medj.2021.12.008
https://www.ncbi.nlm.nih.gov/pubmed/35425930
https://doi.org/10.18632/oncotarget.20041
https://www.ncbi.nlm.nih.gov/pubmed/29029389
https://doi.org/10.1016/j.semcancer.2022.02.002
https://doi.org/10.1002/ijc.32616
https://www.ncbi.nlm.nih.gov/pubmed/31396957
https://doi.org/10.7554/eLife.02242
https://www.ncbi.nlm.nih.gov/pubmed/24843020
https://doi.org/10.1074/jbc.275.1.223
https://doi.org/10.1042/bj3480607
https://doi.org/10.1097/MPA.0b013e31827aec40
https://doi.org/10.18632/oncotarget.2606
https://doi.org/10.1371/journal.pone.0129802
https://www.ncbi.nlm.nih.gov/pubmed/26053068
https://doi.org/10.3390/ijms20123104
https://doi.org/10.18632/oncotarget.7929
https://doi.org/10.1556/1886.2017.00021
https://doi.org/10.3390/microorganisms9061127
https://doi.org/10.1371/journal.pone.0074026
https://www.ncbi.nlm.nih.gov/pubmed/24040152
https://doi.org/10.1093/bioinformatics/bts635
https://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1186/s13059-014-0550-8
https://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1016/j.xinn.2021.100141


Metabolites 2023, 13, 910 19 of 20

38. Singh, N.; Baby, D.; Rajguru, J.P.; Patil, P.B.; Thakkannavar, S.S.; Pujari, V.B. Inflammation and cancer. Ann. Afr. Med. 2019,
18, 121–126. [CrossRef]

39. Stubbs, B.J.; Newman, J.C. Ketogenic diet and adipose tissue inflammation-a simple story? Fat chance! Nat. Metab. 2020, 2, 3–4.
[CrossRef]

40. Feng, Y.Y.; Wang, Z.; Pang, H. Role of metformin in inflammation. Mol. Biol. Rep. 2023, 50, 789–798. [CrossRef]
41. Song, B.; Shen, S.; Fu, S.; Fu, J. HSPA6 and its role in cancers and other diseases. Mol. Biol. Rep. 2022, 49, 10565–10577.

[CrossRef] [PubMed]
42. Zhou, X.; Ji, Q.; Li, Q.; Wang, P.; Hu, G.; Xiao, F.; Ye, M.; Lin, L.; Luo, M.; Guo, Y.; et al. HSPA6 is Correlated With the Malignant

Progression and Immune Microenvironment of Gliomas. Front. Cell Dev. Biol. 2022, 10, 833938. [CrossRef]
43. Saggerson, D. Malonyl-CoA, a key signaling molecule in mammalian cells. Annu. Rev. Nutr. 2008, 28, 253–272. [CrossRef] [PubMed]
44. Elinav, E.; Garrett, W.S.; Trinchieri, G.; Wargo, J. The cancer microbiome. Nat. Rev. Cancer 2019, 19, 371–376. [CrossRef]
45. Lee, K.A.; Luong, M.K.; Shaw, H.; Nathan, P.; Bataille, V.; Spector, T.D. The gut microbiome: What the oncologist ought to know.

Br. J. Cancer 2021, 125, 1197–1209. [CrossRef]
46. Induri, S.N.R.; Kansara, P.; Thomas, S.C.; Xu, F.; Saxena, D.; Li, X. The Gut Microbiome, Metformin, and Aging. Annu. Rev.

Pharmacol. Toxicol. 2022, 62, 85–108. [CrossRef] [PubMed]
47. Klement, R.J.; Pazienza, V. Impact of Different Types of Diet on Gut Microbiota Profiles and Cancer Prevention and Treatment.

Medicina 2019, 55, 84. [CrossRef]
48. Wang, T.; Liu, L.; Chen, X.; Shen, Y.; Lian, G.; Shah, N.; Davidoff, A.M.; Yang, J.; Wang, R. MYCN drives glutaminolysis in

neuroblastoma and confers sensitivity to an ROS augmenting agent. Cell Death Dis. 2018, 9, 220. [CrossRef]
49. Qing, G.; Li, B.; Vu, A.; Skuli, N.; Walton, Z.E.; Liu, X.; Mayes, P.A.; Wise, D.R.; Thompson, C.B.; Maris, J.M.; et al. ATF4 regulates

MYC-mediated neuroblastoma cell death upon glutamine deprivation. Cancer Cell 2012, 22, 631–644. [CrossRef]
50. Shulkin, B.L.; Mitchell, D.S.; Ungar, D.R.; Prakash, D.; Dole, M.G.; Castle, V.P.; Hernandez, R.J.; Koeppe, R.A.; Hutchinson, R.J.

Neoplasms in a pediatric population: 2-[F-18]-fluoro-2-deoxy-D-glucose PET studies. Radiology 1995, 194, 495–500. [CrossRef]
51. Levy, A.G.; Zage, P.E.; Akers, L.J.; Ghisoli, M.L.; Chen, Z.; Fang, W.; Kannan, S.; Graham, T.; Zeng, L.; Franklin, A.R.; et al. The

combination of the novel glycolysis inhibitor 3-BrOP and rapamycin is effective against neuroblastoma. Investig. New Drugs 2012,
30, 191–199. [CrossRef]

52. Tjaden, B.; Baum, K.; Marquardt, V.; Simon, M.; Trajkovic-Arsic, M.; Kouril, T.; Siebers, B.; Lisec, J.; Siveke, J.T.; Schulte, J.H.; et al.
N-Myc-induced metabolic rewiring creates novel therapeutic vulnerabilities in neuroblastoma. Sci. Rep. 2020, 10, 7157.
[CrossRef] [PubMed]

53. Gui, D.Y.; Sullivan, L.B.; Luengo, A.; Hosios, A.M.; Bush, L.N.; Gitego, N.; Davidson, S.M.; Freinkman, E.; Thomas, C.J.;
Vander Heiden, M.G. Environment Dictates Dependence on Mitochondrial Complex I for NAD+ and Aspartate Production and
Determines Cancer Cell Sensitivity to Metformin. Cell Metab. 2016, 24, 716–727. [CrossRef] [PubMed]

54. Alhourani, A.H.; Tidwell, T.R.; Bokil, A.A.; Rosland, G.V.; Tronstad, K.J.; Soreide, K.; Hagland, H.R. Metformin treatment
response is dependent on glucose growth conditions and metabolic phenotype in colorectal cancer cells. Sci. Rep. 2021, 11, 10487.
[CrossRef]

55. Elgendy, M.; Ciro, M.; Hosseini, A.; Weiszmann, J.; Mazzarella, L.; Ferrari, E.; Cazzoli, R.; Curigliano, G.; DeCensi, A.;
Bonanni, B.; et al. Combination of Hypoglycemia and Metformin Impairs Tumor Metabolic Plasticity and Growth by Modulating
the PP2A-GSK3beta-MCL-1 Axis. Cancer Cell 2019, 35, 798–815.e795. [CrossRef]

56. Liu, S.; Washio, J.; Sato, S.; Abiko, Y.; Shinohara, Y.; Kobayashi, Y.; Otani, H.; Sasaki, S.; Wang, X.; Takahashi, N. Rewired Cellular
Metabolic Profiles in Response to Metformin under Different Oxygen and Nutrient Conditions. Int. J. Mol. Sci. 2022, 23, 989.
[CrossRef]

57. Costa, D.; Gigoni, A.; Würth, R.; Cancedda, R.; Florio, T.; Pagano, A. Metformin inhibition of neuroblastoma cell proliferation is
differently modulated by cell differentiation induced by retinoic acid or overexpression of NDM29 non-coding RNA. Cancer Cell
Int. 2014, 14, 59. [CrossRef] [PubMed]

58. Chandel, N.S.; Avizonis, D.; Reczek, C.R.; Weinberg, S.E.; Menz, S.; Neuhaus, R.; Christian, S.; Haegebarth, A.; Algire, C.; Pollak,
M. Are Metformin Doses Used in Murine Cancer Models Clinically Relevant? Cell Metab. 2016, 23, 569–570. [CrossRef]

59. Phillips, J.D.; Pooler, D.B.; Ness, D.B.; Fay, K.; Tau, S.; Demidenko, E.; Hampsch, R.A.; Lewis, L.D.; Miller, T.W. Tumour,
whole-blood, plasma and tissue concentrations of metformin in lung cancer patients. Br. J. Clin. Pharmacol. 2023, 89, 1027–1035.
[CrossRef]

60. Checkley, L.A.; Rudolph, M.C.; Wellberg, E.A.; Giles, E.D.; Wahdan-Alaswad, R.S.; Houck, J.A.; Edgerton, S.M.; Thor, A.D.;
Schedin, P.; Anderson, S.M.; et al. Metformin Accumulation Correlates with Organic Cation Transporter 2 Protein Expression and
Predicts Mammary Tumor Regression In Vivo. Cancer Prev. Res. 2017, 10, 198–207. [CrossRef]

61. Ackermann, T.; Tardito, S. Cell Culture Medium Formulation and Its Implications in Cancer Metabolism. Trends Cancer 2019,
5, 329–332. [CrossRef]

62. Coussens, L.M.; Werb, Z. Inflammation and cancer. Nature 2002, 420, 860–867. [CrossRef]
63. Geng, L.; Lam, K.S.L.; Xu, A. The therapeutic potential of FGF21 in metabolic diseases: From bench to clinic. Nat. Rev. Endocrinol.

2020, 16, 654–667. [CrossRef]
64. Zhang, Y.; Li, L.; Wang, Q.; Zhan, S.; Wang, L.; Zhong, T.; Guo, J.; Zhang, H. Fibroblast growth factor 21 induces lipolysis more

efficiently than it suppresses lipogenesis in goat adipocytes. Cytotechnology 2018, 70, 1423–1433. [CrossRef]

https://doi.org/10.4103/aam.aam_56_18
https://doi.org/10.1038/s42255-019-0164-2
https://doi.org/10.1007/s11033-022-07954-5
https://doi.org/10.1007/s11033-022-07641-5
https://www.ncbi.nlm.nih.gov/pubmed/35666422
https://doi.org/10.3389/fcell.2022.833938
https://doi.org/10.1146/annurev.nutr.28.061807.155434
https://www.ncbi.nlm.nih.gov/pubmed/18598135
https://doi.org/10.1038/s41568-019-0155-3
https://doi.org/10.1038/s41416-021-01467-x
https://doi.org/10.1146/annurev-pharmtox-051920-093829
https://www.ncbi.nlm.nih.gov/pubmed/34449247
https://doi.org/10.3390/medicina55040084
https://doi.org/10.1038/s41419-018-0295-5
https://doi.org/10.1016/j.ccr.2012.09.021
https://doi.org/10.1148/radiology.194.2.7824731
https://doi.org/10.1007/s10637-010-9551-y
https://doi.org/10.1038/s41598-020-64040-1
https://www.ncbi.nlm.nih.gov/pubmed/32346009
https://doi.org/10.1016/j.cmet.2016.09.006
https://www.ncbi.nlm.nih.gov/pubmed/27746050
https://doi.org/10.1038/s41598-021-89861-6
https://doi.org/10.1016/j.ccell.2019.03.007
https://doi.org/10.3390/ijms23020989
https://doi.org/10.1186/1475-2867-14-59
https://www.ncbi.nlm.nih.gov/pubmed/25120382
https://doi.org/10.1016/j.cmet.2016.03.010
https://doi.org/10.1111/bcp.15546
https://doi.org/10.1158/1940-6207.CAPR-16-0211-T
https://doi.org/10.1016/j.trecan.2019.05.004
https://doi.org/10.1038/nature01322
https://doi.org/10.1038/s41574-020-0386-0
https://doi.org/10.1007/s10616-018-0237-1


Metabolites 2023, 13, 910 20 of 20

65. De Sousa-Coelho, A.L.; Relat, J.; Hondares, E.; Perez-Marti, A.; Ribas, F.; Villarroya, F.; Marrero, P.F.; Haro, D. FGF21 mediates the
lipid metabolism response to amino acid starvation. J. Lipid Res. 2013, 54, 1786–1797. [CrossRef] [PubMed]

66. Lu, W.; Li, X.; Luo, Y. FGF21 in obesity and cancer: New insights. Cancer Lett. 2021, 499, 5–13. [CrossRef]
67. Watanabe, M.; Singhal, G.; Fisher, F.M.; Beck, T.C.; Morgan, D.A.; Socciarelli, F.; Mather, M.L.; Risi, R.; Bourke, J.;

Rahmouni, K.; et al. Liver-derived FGF21 is essential for full adaptation to ketogenic diet but does not regulate glucose
homeostasis. Endocrine 2020, 67, 95–108. [CrossRef]

68. Stemmer, K.; Zani, F.; Habegger, K.M.; Neff, C.; Kotzbeck, P.; Bauer, M.; Yalamanchilli, S.; Azad, A.; Lehti, M.; Martins, P.J.; et al.
FGF21 is not required for glucose homeostasis, ketosis or tumour suppression associated with ketogenic diets in mice. Diabetologia
2015, 58, 2414–2423. [CrossRef]

69. Li, Y.J.; Fahrmann, J.F.; Aftabizadeh, M.; Zhao, Q.; Tripathi, S.C.; Zhang, C.; Yuan, Y.; Ann, D.; Hanash, S.; Yu, H. Fatty acid
oxidation protects cancer cells from apoptosis by increasing mitochondrial membrane lipids. Cell Rep. 2022, 39, 110870. [CrossRef]

70. Aiderus, A.; Black, M.A.; Dunbier, A.K. Fatty acid oxidation is associated with proliferation and prognosis in breast and other
cancers. BMC Cancer 2018, 18, 805. [CrossRef]

71. Rodriguez-Enriquez, S.; Hernandez-Esquivel, L.; Marin-Hernandez, A.; El Hafidi, M.; Gallardo-Perez, J.C.; Hernandez-Resendiz,
I.; Rodriguez-Zavala, J.S.; Pacheco-Velazquez, S.C.; Moreno-Sanchez, R. Mitochondrial free fatty acid beta-oxidation supports
oxidative phosphorylation and proliferation in cancer cells. Int. J. Biochem. Cell Biol. 2015, 65, 209–221. [CrossRef]

72. Yao, C.H.; Liu, G.Y.; Wang, R.; Moon, S.H.; Gross, R.W.; Patti, G.J. Identifying off-target effects of etomoxir reveals that carnitine
palmitoyltransferase I is essential for cancer cell proliferation independent of beta-oxidation. PLoS Biol. 2018, 16, e2003782.
[CrossRef]

73. Ma, Y.; Temkin, S.M.; Hawkridge, A.M.; Guo, C.; Wang, W.; Wang, X.Y.; Fang, X. Fatty acid oxidation: An emerging facet of
metabolic transformation in cancer. Cancer Lett. 2018, 435, 92–100. [CrossRef]

74. He, W.; Liang, B.; Wang, C.; Li, S.; Zhao, Y.; Huang, Q.; Liu, Z.; Yao, Z.; Wu, Q.; Liao, W.; et al. MSC-regulated lncRNA
MACC1-AS1 promotes stemness and chemoresistance through fatty acid oxidation in gastric cancer. Oncogene 2019, 38, 4637–4654.
[CrossRef]

75. Tao, L.; Mohammad, M.A.; Milazzo, G.; Moreno-Smith, M.; Patel, T.D.; Zorman, B.; Badachhape, A.; Hernandez, B.E.; Wolf, A.B.;
Zeng, Z.; et al. MYCN-driven fatty acid uptake is a metabolic vulnerability in neuroblastoma. Nat. Commun. 2022, 13, 3728.
[CrossRef]

76. Liu, X.; Romero, I.L.; Litchfield, L.M.; Lengyel, E.; Locasale, J.W. Metformin Targets Central Carbon Metabolism and Reveals
Mitochondrial Requirements in Human Cancers. Cell Metab. 2016, 24, 728–739. [CrossRef]

77. Zong, W.X.; Rabinowitz, J.D.; White, E. Mitochondria and Cancer. Mol. Cell 2016, 61, 667–676. [CrossRef]
78. Lussier, D.M.; Woolf, E.C.; Johnson, J.L.; Brooks, K.S.; Blattman, J.N.; Scheck, A.C. Enhanced immunity in a mouse model of

malignant glioma is mediated by a therapeutic ketogenic diet. BMC Cancer 2016, 16, 310. [CrossRef]
79. Kesarwani, P.; Kant, S.; Zhao, Y.; Miller, C.R.; Chinnaiyan, P. The Influence of the Ketogenic Diet on the Immune Tolerant

Microenvironment in Glioblastoma. Cancers 2022, 14, 5550. [CrossRef]
80. Ferrere, G.; Tidjani Alou, M.; Liu, P.; Goubet, A.G.; Fidelle, M.; Kepp, O.; Durand, S.; Iebba, V.; Fluckiger, A.; Daillere, R.; et al.

Ketogenic diet and ketone bodies enhance the anticancer effects of PD-1 blockade. J. Clin. Investig. 2021, 6, e145207. [CrossRef]
81. Dai, X.; Bu, X.; Gao, Y.; Guo, J.; Hu, J.; Jiang, C.; Zhang, Z.; Xu, K.; Duan, J.; He, S.; et al. Energy status dictates PD-L1 protein

abundance and anti-tumor immunity to enable checkpoint blockade. Mol. Cell 2021, 81, 2317–2331.e2316. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1194/jlr.M033415
https://www.ncbi.nlm.nih.gov/pubmed/23661803
https://doi.org/10.1016/j.canlet.2020.11.026
https://doi.org/10.1007/s12020-019-02124-3
https://doi.org/10.1007/s00125-015-3668-7
https://doi.org/10.1016/j.celrep.2022.110870
https://doi.org/10.1186/s12885-018-4626-9
https://doi.org/10.1016/j.biocel.2015.06.010
https://doi.org/10.1371/journal.pbio.2003782
https://doi.org/10.1016/j.canlet.2018.08.006
https://doi.org/10.1038/s41388-019-0747-0
https://doi.org/10.1038/s41467-022-31331-2
https://doi.org/10.1016/j.cmet.2016.09.005
https://doi.org/10.1016/j.molcel.2016.02.011
https://doi.org/10.1186/s12885-016-2337-7
https://doi.org/10.3390/cancers14225550
https://doi.org/10.1172/jci.insight.145207
https://doi.org/10.1016/j.molcel.2021.03.037

	Introduction 
	Materials and Methods 
	Cell Lines 
	Cell Proliferation Assays 
	Bioenergetic Analysis 
	Animal Models and Sample Preparation 
	Diet Composition and In Vivo Treatments 
	Western Blot (WB) Analysis 
	Determination of Pro-Inflammatory and Metabolic Peptides in Plasma 
	Molecular Analysis of the Microbiota from Fecal Content 
	RNA Extraction, Sequencing, and Data Analysis 
	Statistics 

	Results 
	Effect of MET on Respiration and Proliferation of MYCN-Amplified NB Cell Lines 
	MET Enhanced the Anti-Tumor Effect of a KD and Low-Dose Chemotherapy on MYCN-Amplified NB Xenografts 
	Metabolic Peptide Levels in Plasma of MYCN-Amplified NB-Bearing Mice 
	RNA-Seq Analysis and GO Enrichment Analysis in SKNBE(2) Tumor Tissue 
	Triple Therapy with KD, CP, and MET Augmented the Expression of CPT1A 
	Effect of KD, CP, and MET on the Microbiota of MYCN-Amplified NB Xenografts 

	Discussion 
	References

