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ABSTRACT 

Prostate and colorectal cancer are among the cancer types with the highest recurrence 
and mortality rates. The emergence of drug resistance poses a considerable challenge 
for effective treatment, especially in the advanced stages of the disease. Metabolic 
reprogramming is a crucial contributor to the adaptative process of drug resistance and 
a key hallmark of cancer that enables tumor cells to meet the metabolic and energetic 
requirements for tumor survival and progression. Then, targeting metabolic 
reprogramming represents a promising anti-cancer strategy, and understanding the 
metabolic alterations acquired after drug resistance can provide valuable insights for 
developing effective combination therapies.  

In this work, we study metabolic alterations underlying Oxaliplatin, an alkylating agent 
that impairs DNA replication and transcription by promoting DNA damage through the 
generation of platinum crosslinks, and Palbociclib, a selective inhibitor of cyclin-
dependent kinases 4 and 6 (CDK4/6) that arrests cells in the G1/G0 phase of the cell 
cycle. Both compounds are commonly employed in cancer therapies and have exhibited 
efficacy in several types of cancer. This work assesses the metabolic characterization of 
drug resistance acquisition after these treatments in advanced stages of colorectal and 
prostate cancer cells, focusing on the aggressive SW620 and PC-3 cell lines, 
respectively. Based on the metabolic characterization, transcriptomic, and respiratory 
data, or applying cell-line-specific metabolic reconstructions after data integration using 
Genome-Scale Metabolic Models (GSMM), our results identify metabolic vulnerabilities 
in drug-adapted phenotypes and reveal key metabolic pathways on which cancer cells 
rely to adapt and survive, serving as attractive targets for therapeutic interventions. 
These pathways include but are not limited to glycolysis, fatty acid metabolism, amino 
acid metabolism, and oxidative phosphorylation. Our strategy proposes rational 
therapeutic combinations with Oxaliplatin or Palbociclib to overcome drug resistance in 
advanced-stage prostate and colorectal cancers based on drug repurposing. These 
findings include the interaction between metabolic reprogramming and cell cycle 
regulation, promoting cell cycle arrest in the G1/G0 phase to address Oxaliplatin 
resistance, and targeting oxidative phosphorylation, mitochondrial metabolism, and 
reactive oxygen species (ROS) modulation to sensitize cells to Palbociclib. Notably, 
Palbociclib combination with a ROS modulator represents a successful approach that 
expands the potential of application across different colorectal models, showing efficacy 
in preclinical models, significantly compromising in vivo tumor progression in NOD/SCID 
mice with SW620 tumors and in vitro cell proliferation in both the metastatic SW620 and 
the primary colorectal cancer HCT116 cell lines. 

Based on the metabolic reprogramming underlying Oxaliplatin and Palbociclib 
treatments, this work provides alternative combination therapies by targeting metabolic 
vulnerabilities that could be further explored to improve treatment outcomes and 
overcome drug resistance in advanced stages of prostate and colorectal cancers. 
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1. INTRODUCTION 

1.1. Cancer: general insights 

1.1.1. Cancer Overview 

Cancer is a highly intricate disease involving the transformation of normal cells to 
malignant cells through aberrant cell growth, tumor development, and, ultimately, 
metastatic spread. It represents the second leading cause of death in the world, after 
cardiovascular diseases (Ferlay et al., 2020). Close to 19.3 million new cancer cases 
were diagnosed in 2020, and almost 10 million deaths were registered in the same year 
(Ferlay et al., 2020). Because of this, a significant portion of scientific research is 
dedicated to broadening the understanding of tumor initiation, progression and survival, 
flexibility and metastatic spread capacity, drug response, drug resistance mechanisms, 
genetic profile, cancer cell metabolism and signaling, tumor microenvironment, and 
cancer immunology. Besides, a renewed interest has emerged in utilizing genetic 
analysis of tumors to categorize patients (Fontana et al., 2019, Pal et al., 2018, Sveen 
et al., 2017) and to incorporate dietary interventions alongside metabolic-targeting 
therapies (Elia & Haigis, 2021, Martínez-Reyes & Chandel, 2021, Tajan & Vousden, 
2020). The ultimate goal is to decrease mortality rates associated with cancer 
development by improving prevention and detection and expanding treatment options 
with more targeted, individualized, and efficient therapies. 

In this thesis, targetable metabolic vulnerabilities are explored to improve drug response 
by identifying potential synergistic combinations with conventional therapy used 
nowadays.  

1.1.2. Cancer Initiation, Progression, and Metastasis 

Cancer initiation involves interaction in genetic mutations, epigenetics, and external 
sources contributing to tumor formation. Cancer origin is usually associated with a 
progenitor cancer cell that acquires a proliferating phenotype with continuous cell 
division, capable of avoiding programmed cell death and promoting tumor invasion and 
proliferation to other body parts. 

Different cancer types are described and classified depending on the tissue of tumor 
initiation. Uncommon types are myelomas, which develop in the plasma cells of bone 
marrow; leukemia, which starts in the white cells of the blood; and lymphoma, which 
appears in the nodes of the lymphatic system. Sarcomas, the second type of cancer with 
more incidence, arise in supportive and connective tissues. The most frequent cancer 
type is carcinoma, which emerges in the epithelial tissue and can be initiated in organs 
and glands (adenocarcinomas) such as breast, lung, colorectal, bladder, and prostate 
cancer, (Cancer Research UK 2020, Siegel et al., 2023, Ferlay et al., 2020). 

According to the risk assessments studied over the years, the external factors strongly 
associated with tumor development are age, obesity, environmental pollution exposition, 
substance abuse (e.g., tobacco, alcohol, opium), poor nutrition, or lack of physical 
activity. In this regard, cancer incidence correlates positively with the Human 
Development Index (HDI) due to the lifestyle of higher-income regions, whereas mortality 



4 
 

correlates negatively with HDI. Lower-income areas often face a lack of resources and 
higher carcinogens exposition, such as biological infections, which cause 30% of cancers 
diagnosed in these areas (Ferlay et al., 2020). Carcinogens are physical (e.g., ionizing 
and UV radiation), chemical (e.g., arsenic, formaldehyde, tobacco components, estrogen 
therapy or contraceptives), and biological agents (toxins or Hepatitis B, HPV, HIV, 
Epstein-Barr, or Helicobacter pylori infections) (IARC 2023) associated to mutagenesis, 
DNA damage, or hormone-like behavior, serving as ligands for specific receptors 
promoting favorable responses for tumorigenesis (IARC 2023, Chatterjee & Walker, 
2017). 

However, tumor development is also influenced by inherited factors such as the genetic 
predisposition to suffer hereditary cancer syndromes. Family history is linked to germline 
mutations, notably mutations affecting DNA damage response (DDR) pathways 
responsible for DNA repair and DNA genome stability maintenance. Deficiencies in DDR 
are accountable for the majority of these hereditary syndromes, such as hereditary 
breast-ovarian cancer (mutations in BRCA1/2), prostate cancer (mutations in BRCA2 
and HOXB13), or hereditary non-polyposis colorectal cancer also known as Lynch 
syndrome (HNPCC; mutations in MLH1 and MSH2) (Chatterjee & Walker, 2017, 
Imyanitov et al., 2023).  

Disease progression results from the sequential accumulation of genetic mutations 
affecting oncogenes, tumor suppressor genes (TSG), and DNA repair systems that alter 
tightly regulated processes within cells that control cell homeostasis. Cancer cells benefit 
from corrupted cell growth and division, adapted metabolic responses, and higher 
cellular stress tolerance, which are responsible for tumor progression and survival. In 
this context, the tumor microenvironment (TME), composed of cancer cells, stromal cells, 
and immune cells, could also influence tumor behavior through the interaction of 
signaling molecules, inflammatory responses, vessel formation, or nutrient and oxygen 
availability (Brunne & Finley, 2022, Elia & Haigis, 2021).  

The metastatic spread is the ultimate consequence of disease progression when tumor 
cells acquire the ability to migrate and colonize other nearby tissues or distant organs 
until impairing normal organ functions. Mutations correlated with metastatic progress are 
usually expressed in primary tumors. The multistep process of metastasis is termed the 
metastatic cascade. Cancer cells usually alter epithelial cell-to-cell adhesion, promoting 
cell migration. In this regard, the epithelial-to-mesenchymal transition (EMT) mechanism 
plays an important role in metastatic dissemination. Cancer cells achieve local invasion 
and intravasation through the blood or lymphatic system, circulation until extravasation 
in distant tissues, successful stroma invasion, and micrometastasis formation, leading to 
tumor and vessel growth and resulting in distant organ colonization (Ganesh & 
Massagué, 2021). In this regard, metastatic mutations involving epigenetics, DNA 
methylation, and chromatin modification are usually found in most aggressive tumors. 
Frequently, drug resistance and cancer recurrence emerge due to intratumoral 
heterogeneity associated with specific mutations, genomic instability, or phenotypic 
plasticity acquired by cancer cells that present the most aggressive and adaptive 
phenotypes, such as cancer stem cells (Ganesh & Massagué, 2021). The complexity 
around cancer and, notably, metastasis and drug resistance represent the most 
challenging events. Metastatic disease is the major cause of death in cancer, responsible 
for more than 90% of cases (Ganesh & Massagué, 2021).  
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1.1.3. Cancer fundamentals: features, DNA damage and repair mechanisms, 

and cell cycle 

1.1.3.1. The hallmarks of cancer 

Tumor development, survival, and progression are complex processes entailing inherent 
and external factors; however, common features across a wide range of cancer types 
have been observed over the years and were described as the hallmarks of cancer by 
Hanahan and Weinberg (Hanahan & Weinberg, 2000). To this date, eight hallmarks of 
cancer are defined as acquired capabilities of pathogenic cancer cells and two enabling 
characteristics contributing to the acquisition of core hallmarks (Hanahan, 2022, 
Hanahan & Weinberg, 2011) (Figure 1.1.1.).  

 

Figure 1.1.1. Hallmarks of cancer. The core hallmarks of cancer (black) and the enabling characteristics 
contributing to pathogenic acquisition (turquoise). Figure adapted from “Hallmarks of cancer: Circle” by 
https://www.biorender.com/ (2023) (Hanahan, 2022, Hanahan & Weinberg, 2011), and retrieved from 
https://app.biorender.com/biorender-templates. 

Genome instability provides advantages to cancer cells supporting tumor proliferation 
through genomic alterations that could affect the expression of genes involved in cell 
division, DNA repair machinery, TSG, and oncogenes, contributing to core hallmarks 
acquisition. Also, cancer cells take advantage of the immune cells within TME for tumor-
promoting inflammation, supporting tumor growth and survival. The inflammatory 
mediators secreted can suppress the immune system and prevent immune destruction, 
while the growth factors provided (such as EGF and VEGF, chemokines, cytokines, or 
matrix metalloproteinases) are used by cancer cells for tumor proliferation, angiogenesis, 
and metastatic spread.  
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Cancer cells sustain proliferative signaling by decreasing their dependence on mitogenic 
growth signals that tightly control cell growth, survival, and differentiation. There is a 
dysregulation of important signaling pathways such as the PI3K/AKT/mTOR and 
MAPK/ERK. Also, cancer cells can display mechanisms to evade growth suppressors by 
altering TSG to facilitate uninterrupted cell proliferation and overcome growth inhibition. 
The most frequently altered regulators of cell cycle or programmed cell death (apoptosis) 
in all cancer types are RB and TP53. In fact, the loss of TP53, which plays a crucial role 
in triggering apoptosis, is the most common mechanism for avoiding cell death (Aubrey 
et al., 2018). 

Cell proliferation is limited in normal cells where telomerase expression is tightly 
regulated, leading to a finite replicative capacity and ultimate senescence. However, 
cancer cells achieve replicative immortality through telomerase overexpression and 
maintaining telomeres length, promoting an unlimited replicative process. Consequently, 
cancer cells continuously divide and increase the risk of DNA damage and genetic 
instability.  

The activation of invasion and metastasis is another hallmark of cancer. Frequently, with 
disease progression, tumor cells can grow and survive beyond the tumor initiation site, 
promoting migration and invasive phenotypes. One of the most common mechanisms in 
this process is cell-cell adhesion impairment via altering E-cadherin expression 
(Janiszewska et al., 2020). 

In the tumor niche, oxygen and nutrient supply are essential for cell growth. Hence, 
cancer cells activate vasculogenesis and angiogenesis to sprout new vessels across the 
tumor. This process is mainly regulated by the vascular endothelial growth factor-A 
(VEGF-A) and upregulated by hypoxia or oncogenic signaling promoted by disease 
progression, invasion, and metastasis.  

Cancer cells reprogram their metabolism to fulfill the energetic and biosynthetic 
demands, providing metabolic precursors and macromolecules (e.g., membrane lipids, 
nucleic acids, or proteins) to sustain their aberrant proliferation and survival. Also, 
metabolic reprogramming is an essential mechanism to generate reducing equivalents 
and increase tolerance against cellular stress-associated events, such as redox 
imbalance, hypoxia, or nutrient deprivation. The most frequent metabolic alteration 
associated with malignant transformation is an increase in aerobic glycolysis, first 
described by Otto Warburg in 1920s (Warburg, 1924). The Warburg effect describes a 
metabolic shift in cancer cells characterized by increased reliance on glycolysis under 
normoxic conditions, providing ATP and metabolic intermediates required to meet the 
biosynthetic demand imposed by the uncontrolled tumor cell proliferation (DeBerardinis 
& Chandel, 2016). This hallmark, metabolic reprogramming, represents this thesis’s 
main focus of attention since metabolic changes are crucial for enabling adaptive 
processes conferring drug resistance and promoting cancer recurrence.  

Also, new emerging hallmarks of cancer have been proposed, including unlocking 
phenotypic plasticity to evade differentiation and inducing senescence by arresting cell 
cycle while stimulating morphological and metabolic changes, which activates a 
senescence-associated secretory phenotype (SASP) that contributes to cell signaling, 
cell survival, and drug resistance. In the same context, two enabling characteristics have 
been identified; the non-mutational epigenetic reprogramming considering the influence 
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of the environment, intratumor heterogeneity or TME on gene expression regulation, and 
the polymorphic microbiomes which may mediate immunological response and 
mutagenesis (Hanahan, 2022). 

1.1.3.2. DNA damage and repair mechanisms 

Correct transcription of DNA is essential for maintaining normal cell function and genomic 
stability. After DNA damage, normal cells activate specific DDR pathways that recognize 
and repair damage depending on the lesion type and origin (Figure 1.1.2.). Defective 
DDR causes alterations in cell cycle checkpoints and cell division, senescent state, and 
tolerance to programmed cell death. DNA damage leads to genomic instability, and 
mutagenesis acquisition contributes to cancer development and tumor progression 
(Chatterjee & Walker, 2017). 

 

Figure 1.1.2. Major DNA damage response (DDR) mechanisms. Small DNA lesions in single-strand 
breaks (SSBs) activate the base excision repair (BER) mechanism. Multiple and bulky lesions generating 
SSBs activated the nucleotide excision repair (NER) during the replicative phase or mismatch excision repair 
(MMR). Double-strand breaks (DSBs) are addressed through homologous recombination (HR) using DNA 
templates during the replicative phase of the cell cycle or non-homologous end joining (NHEJ) in the absence 
of DNA templates. Interstrand crosslink repair (ICL) and translation synthesis (TLS) (not shown) are active 
in more specific lesions and are cooperative repair pathways using common machinery for NER or HR. 
Figure adapted from “DNA Repair mechanisms” by https://www.biorender.com/ (2023) (Bohen et al., 2018, 
Morgan & Lawrence, 2015) and retrieved from https://app.biorender.com/biorender-templates. 

One source of DNA damage is endogenous processes such as replication errors, base 
DNA damage originates from endogenous processes like replication errors, base 
deamination, and excessive reactive oxygen species (ROS) production, which can lead 
to oxidative reactions affecting DNA, proteins, and lipids. Exogenously, DNA lesions can 
result from factors such as ionizing and UV radiation, which generate ROS-like damage 
and add alkyl groups to specific base ring nitrogen, creating dimers or DNA adducts, 
along with other electrophilic compounds, contributing to carcinogenic and mutagenic 
properties. 

Small lesions such as O- and N-alkylated DNA are addressed through O6-
methylguanine-DNA methyltransferase (MGMT) and α-ketoglutarate-dependent 
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dioxygenase (ALKB), respectively, which remove DNA adducts in a stoichiometric 
manner. For instance, cancer cells regulate MGMT expression to increase tolerance to 
DNA alkylating agents (Chatterjee & Walker, 2017, Sabharwal & Middleton, 2006). In 
case of oxidative, deamination, alkylation, and abasic sites affecting a single nucleotide 
base during the G1 phase of the cell cycle, cells activate the base excision repair (BER) 
mechanism. DNA glycosylases, like OGG1, recognize and excise damaged DNA, 
generating apurinic/apyrimidinic (AP) sites, subsequently repaired through AP 
endonuclease (APE1), base substitution, and ligation. Via DNA ligase. OGG1 
downregulation has been linked to cancer progression (Baquero & Benítez-Buelga, et 
al., 2021, Chatterjee & Walker, 2017, Huang & Zhou, 2021).  

Multiple and bulky base damage on single-strand breaks (SSBs) of DNA is tackled 
through more complex mechanisms, including nucleotide excision repair (NER) system, 
mismatch excision repair (MMR), interstrand crosslink repair (ICL), and translation 
synthesis (TLS): 

 The nucleotide excision repair system repairs single-strand breaks promoted by 
UV radiation and bulky DNA adducts from chemotherapies, addressing covalent 
bonds that distort the DNA helix. NER involves two branches to recognize DNA 
lessons through the global genome NER (GG-NER), which uses the damage 
sensor complex XPC, and the transcription-coupled NER (TC-NER), through the 
CSA-CSB complex. The final NER steps imply enzymatic recruitment to promote 
transcription factor IIH (TFIIH) initiation for DNA repair, involving endonucleases 
XPF-ERCC1 and XPG, replication proteins PCNA and RFC, polymerases and 
ligases (Chatterjee & Walker, 2017, Huang & Zhou, 2021, Kusakabe et al., 2019). 
In this regard, overexpression of XPF-ERCC1 has been associated with 
Oxaliplatin resistance in several solid tumors (Yin et al., 2011, Hatch & Swift, 
2014). 

 Errors not detected during the replicative pathway are addressed by the 
mismatch repair (MMR) system. In MMR, the MutS and MutL homologs 
(commonly MutSα/ꞵ and MutLα) recognize and incise the DNA lesion. 
Exonuclease I (EXO1) removes damaged DNA for DNA repair depending on 
PCNA/RFC for subsequent synthesis and ligation (Chatterjee & Walker, 2017, 
Huang & Zhou, 2021).  

 DNA interstrand crosslink repair (ICL) restores covalent bonds generated 
between DNA strands by crosslinking agents. Fanconi anemia (FA) proteins 
recognize and repair the ICL. Different FA proteins implicated are recruited and 
activated downstream through phosphorylation until other repair mechanisms, 
such as NER and homologous recombination (HR), get involved to accomplish 
ICL repair (Unno et al., 2016). Translation synthesis (TLS) is another cooperative 
repair pathway that recruits specialized TLS polymerases depending on the 
lesion type. TLS is recruited on the DNA damage site after an incomplete DNA 
repair process. They present specific structural properties that differ from DNA 
polymerases; however, the replication of DNA is achieved to the detriment of 
fidelity (Anand et al., 2023, Chatterjee & Walker, 2017). 

SSBs also differ from the major pathways to repair double-strand breaks (DSBs), which 
are repaired through homologous recombination (HR) and non-homologous end joining 
(NHEJ) pathways:  
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 HR is active during the replicative phase of the cell cycle, specifically the late S 
or G2 phase, requiring an identical sister chromatid as a template. Initiated with 
MRN complex recognition of DSBs, ATM recruitment activates resection. RAD51, 
the key protein in HR, binds to the 3’ overhangs generated through nucleotide 
degradation by EXO1 and DNA2 and performs homology DNA sequences 
search, D-loop formation, and DNA strand invasion, which involves association 
with BRCA1, BRCA2, and RAD54. Finally, DNA polymerase synthesizes the new 
DNA strands until DNA ligation. Holliday junction is resolved by cutting in a 
crossover or non-crossover manner for chromosome restoration (Chang 2017, 
Chatterjee & Walker, 2017, Huang & Zhou, 2021). 

 On the other hand, the absence of genomic templates activates the NHEJ 
pathway. 53BP1 is a positive regulator for DSBs via the NHEJ can be recruited 
at any point of the cell cycle. In the NHEJ mechanism, DSBs are efficiently 
recognized and protected by Ku70/Ku80 heterodimer, which forms a high-affinity 
complex with DNA-PKcs. This complex recruits necessary nucleases, 
polymerases, and ligases for repair. This complex recruits the nucleases, 
polymerases, and ligases for strand formation. Ku or DNA ligase IV complex 
absence leads to mutation due to a less efficient repair involving microhomology 
and polymerase Pol θ-mediated end joining (Chang et al., 2017, Chatterjee & 
Walker 2017, Huang & Zhou, 2021). 

Unrepaired DNA damage can induce a senescence or quiescent state by arresting the 
cell cycle to avoid further cell division or activate programmed cell death when DNA 
damage is overwhelming. Cancer cells frequently promote a deficient DDR, which 
increases DNA damage tolerance and favors the prevalence of advantageous mutations 
for tumor progression. 

1.1.3.3. Cell cycle 

Cell division is a tightly regulated process within normal cells where critical cellular events 
such as DNA replication, transcription, protein translation, and post-translational 
modifications occur in a coordinated manner and depending on the cell cycle stage to 
ensure their proper execution (Wang, 2022). 

The mitotic cell cycle comprises two main events: DNA replication during interphase and 
cellular content repartition during the segregation phase, yielding two genetically 
identical cell daughters. The interphase is, at the same time, comprised of three 
sequential phases; first, the gap 1 (G1) pre-replicative phase, which provides a decision 
window for either initiating a new cell cycle after division or exiting the cell cycle; second, 
the replicative or DNA synthesis phase (S phase) and third, the gap 2 phase (G2) or 
post-replicative that flanks the S phase to provide a second decision window for mitotic 
entry. Once interphase is overcome, during mitosis (M phase), cells promote cellular 
content segregation and cell division. Subsequently, cells decide whether they promote 
cell cycle exit or continue in the proliferative state (Bretones et al., 2015, Matthews et al., 
2022, Mughal et al., 2023) (Figure 1.1.3.).  

Cell cycle initiation, progression, and completion until cell division are sequential events 
regulated by cyclin-dependent kinases (CDKs), a family of serine/threonine protein 
kinases whose activity depends on cyclin binding. Cyclins are the regulatory subunits of 
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CDKs-cyclin complexes that are consecutively synthesized to drive the cell cycle phase 
progression (Bretones et al., 2015, Matthews et al., 2022) (Figure 1.1.3., B).  

 
Figure 1.1.3. Cell cycle progression and checkpoints. A) Cell cycle is comprised of interphase (G1, S, 
and G2) for DNA replication and mitotic phase (M) for cellular content segregation. Different phases are 
limited upon the achievement of decision windows for cell cycle entry and DNA replication initiation (green), 
mitotic entry (blue), and mitotic exit (red). Active cyclins-dependent kinases – cyclins complexes involved in 
different phases are indicated. B) Cyclins, regulatory subunits of CDKs, accumulation, and degradation drive 
cell cycle progression through different phases. G; gap 1 phase. S; synthesis phase. G2; gap 2 phase. M; 
mitotic phase. Figure adapted from “Cyclins: Cell Cycle Regulators” by https://www.biorender.com/ (2023) 
(Cancer Research Product Guide; Tocris Bioscience 2016, Hochegger et al., 2008, Wagener et al., 2016) 
and retrieved from https://app.biorender.com/biorender-templates. 

Normal cells usually are found in a non-proliferative but reversible state (quiescence, 
G0) until growth signals and mitogenic signaling activate cell division. For cell cycle 
induction, these signals involve the RAS/RAF/MAPK pathway for Cyclin D expression 
and the initiation of the pre-replication event upon binding to CDK4 and CDK6, which 
prevents cell cycle exit (Matthews et al., 2022). CDK4/6-Cyclin D complexes are required 
for retinoblastoma protein (RB) family inactivation by phosphorylation. RB remains 
attached to the transcriptional factor E2F upon partial phosphorylation by CDK4/6-Cyclin 
D that allows E2F release, Cyclin E-CDK2 expression, and increases CDKs activity until 
RB hyperphosphorylation. Then, Cyclin A expression allows the expression of genes 
required for DNA replication by the E2F-DP transcription factor. Cyclin E and Cyclin A-
CDK2 complexes are essential for overcoming the mitogen-dependent restriction point. 
This restriction point defines the first decision window for the G1 to S phase transition. 
Cell cycle phase exit decision is accompanied by the inactivation of the E3 ubiquitin 
ligase anaphase-promoting complex/cyclosome (APC/C) with CDH1 (APC/CCDH1), which 
is responsible for cyclin degradation, to prevent cyclin accumulation, and required to exit 
the G1 phase (Bretones et al., 2015, Matthews et al., 2022). The replicative phase (S) is 
initiated upon the accumulation of Cyclin A- and Cyclin B-CDK1 complexes, leading to 
mitotic entry after achieving a successful second decision window in the G2/M transition. 
APC/C and the activator protein CDC20 (APC/CCDC20) are activated for cyclin 
degradation and cell cycle completion with cell division (Matthews et al., 2022). Also, in 
order to regulate cell cycle progression and kinase activity of CDKs, the transcription 
factors that trigger the expression of particular members from the INK4 (P16INK4A, 
P15INK4B, P18INK4C, P19INK4D) or KIP/CIP (P21CIP1, P27KIP1, P57KIP2) families of the cyclin-
dependent kinase inhibitors (CKIs), the negative regulators of the kinase activity of 
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CDKs, are activated controlling Cyclin A-E/CDK2, Cyclin D/CDK4-6 and Cyclin A-
B/CDK1 functions(Bretones et al., 2015). 

Cell cycle progression depends on specific checkpoints along the cell cycle phases. 
During the decision windows, these checkpoints should be successfully overcome to 
prevent the accumulation of mutations during cell division and allow cell cycle 
progression. DNA damage, replication stress, and deficient spindle assembly promote 
either cell cycle slowdown or arrest by CDKs and APC/C activity inhibition. Specifically, 
DSBs generated during interphase activate ATM and phosphorylate checkpoint kinase 
2 (CHK2) and transcription factor P53, which, in turn, either activate P21 to prevent CDKs 
complex formation and progression to the S phase or degrade CDC25 phosphatases 
which have an important dephosphorylation role in CDK1 activation. DNA replication 
stress checkpoint during the S phase prevents mitotic entry as a response to address 
SSBs, activating ATR and sequentially CHK1 via CDC25 degradation or phosphorylation 
by WEE1 (Matthews et al., 2022). Functional mitotic checkpoint or spindle assembly 
checkpoint (SAC) is active during the M phase as a mechanism to ensure proper 
chromosome segregation. SAC forms the mitotic checkpoint complex (MCC) that inhibits 
APC/CCDC20 preventing further mitotic progression (Matthews et al., 2022) (Figure 
1.1.4.). 

 
Figure 1.1.4. Cell cycle regulation. Mitogen-dependent responses, including the RAS/RAF/MAPK pathway 
and MYC expression, promote cell cycle entrance. Negative regulators limit cell cycle entry and replication 
initiation through INK4 and CIP/KIP family (only shown P21CIP1). DNA damage prevents cell cycle 
progression via ATM and P53 or CDC25 during the interphase. The replication stress checkpoint prevents 
mitotic entry via ATR or CDC25 during the late S and G2 phases. The mitotic checkpoint slows mitotic 
progression until the SAC complex ensures proper DNA content separation prior to cell division. SAC; 
spindle assembly checkpoint. Figure created with https://www.biorender.com/ (2023), and adapted from 
Matthews et al., 2022. 

Cell cycle arrest implies a non-proliferative reversible (quiescent) or irreversible 
(senescent) state, depending on the phase of the cell cycle and the DNA damage extent. 
Aberrant damage triggers programmed apoptosis through P53-dependent pathways 
(Chatterjee & Walker, 2017, Matthews et al., 2022,). 
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Concerning cell cycle regulation, c-MYC is an important transcription factor directly 
correlated with cell cycle progression. MYC upregulation exerts a critical role in quiescent 
cells for entering in cell cycle and is also involved in the expression of other important 
genes regarding the cell cycle control, such as CDK4, CDK6, Cyclin D, Cyclin E, Cyclin 
A, E2F, and CDC25, and represses CDK inhibitory kinase WEE1. MYC also affects 
apoptosis regulation and promotes cell proliferation antagonizing with growth 
suppressors P21 and P27 by expressing components of the ubiquitin ligase SCF 
complex for its degradation. MYC influences the cell cycle at mitogenic control by 
encoding for CDK1 and cyclins involved in the M phase and also mediates the 
expression of APC/C components for mitotic progression (Bretones et al., 2015). 

1.1.3.3.1. Dysregulation of the cell cycle in cancer cells 

The continued division supporting highly proliferative rates in cancer cells due to cell 
cycle dysregulation is a hallmark of cancer. Usually, mutations affect P53, DNA damage 
checkpoint, and E2F transcription factor, thus preventing apoptosis and compromising 
the cell cycle exit. On the other hand, DNA replication stress checkpoint and SAC 
functions are rarely mutated since they are essential, even for cancer cells, to avoid 
aberrant genomic instability that leads to cell death (Matthews et al., 2022).  

The most common mutations stimulate G1 to S transition to provide autocrine production 
that affects the mitogen-dependent restriction point. Specifically, loss of RB, CDKs 
dysregulation, and c-MYC overexpression overcome mitogenic signaling that is usually 
limited in normal cells by growth inhibitory factors such as TGF-β and interferon-γ, which 
prevent RB phosphorylation by CDK inhibitors and c-MYC suppression (Bretones et al., 
2015, Evan & Vousden, 2001).  

Cancer mutations supporting aberrant cell proliferation represent therapeutic 
opportunities to explore drugs forcing cell cycle exit, inducing DNA damage or replication 
stress, or impairing SAC functions and causing mitotic defects. In this regard, Cyclin D-
CKD4/6 complexes represent an important therapeutic target for cancer treatment in 
many cancer types and proved to be effective in several solid malignancies (Goel & 
Bergholz et al., 2022, Matthews et al., 2022, Mughal et al., 2023). 

1.1.4. Types of cancer under study 

More than a hundred types and subtypes of cancer types have been identified (ASCO 
2023, National Cancer Institute 2023); among these, colorectal and prostate cancer are 
two of the most prevalent (Ferlay et al., 2020) and stand for the focus of this thesis. 

1.1.4.1. Colorectal Cancer 

To this date, available data collected by WHO reveals that colorectal cancer (CRC) is 
the third type of cancer in terms of the number of new cases emerging worldwide (Ferlay 
et al., 2020), meaning nearly two million people were diagnosed with CRC in 2020. 

Although some CRC tumors detected at early stages can be addressed with surgery, 
approximately 20% of patients exhibit metastatic CRC (mCRC) once diagnosed for the 
first time (SEER Explorer 2023, Biller & Schrag, 2021, La Vecchia & Sebastián, 2020). 
Colorectal cancer presents one of the highest incidence values and also entails higher 
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mortality rates, responsible for around 9% of cancer patient deaths, only behind the 18% 
promoted by lung cancer (Ferlay et al., 2020). These dreadful data denote CRC 
aggressiveness, current treatment limitations, and the high recurrence imposed by the 
great heterogeneity associated with this type of cancer (Fontana et al., 2019, Pal et al., 
2018, Sveen et al., 2017).  

1.1.4.1.1. Colorectal cancer initiation and tumor progression 

The cell origin of the colorectal tumor is the cycling crypt base columnar intestinal stem 
cells (ISCs) located in the bottom part of the intestinal crypts. The intestinal cells are 
subjected to constant exposure and abrasion. In this context, ISCs are highly self-
renewing and present the potential to differentiate into all cell types; thus, they are the 
main contributor to normal intestinal epithelium regeneration. Therefore, mutations 
affecting ISCs impair their primary function and promote uncontrolled epithelium 
formation (Ganesh et al., 2020, La Vecchia & Sebastián, 2020). The most common 
mutation is APC (adenomatous polyposis coli) loss-of-function (LoF), promoting a 
constant activation of the WNT/β-catenin pathway required for epithelium formation and 
migration, which is highly expressed in regenerative tissues. APC LoF appears at the 
early stages of CRC and is present in 70% of colorectal adenomas (La Vecchia & 
Sebastián, 2020, Novellasdemunt et al., 2015, Zhan et al., 2017).  

Upon WNT signaling activation during tumor initiation, important genetic alterations 
sequentially emerge affecting MAPK/ERK and PI3K/AKT/mTOR signaling cascades 
activated by Epidermal Growth Factor Receptor (EGFR), but also P53, and TGF-β 
pathways, involving cell proliferation, differentiation, migration, adhesion, cell cycle 
regulation, and apoptosis (Jung et al., 2017, Reya & Clevers, 2005). In this regard, 
PIK3CA overexpression, SMAD4, and PTEN LoF are commonly found in CRC (Eklöf et 
al., 2013, Jung et al., 2017). 

Also, the starting point for carcinogenic cascade in some CRC tumors is genetic 
instability alterations such as microsatellite instability (MSI) or deficiency in MMR genes 
(i.e. MLH1/2, MSH6, PMS2, EPCAM) (Biller & Schrag, 2021, Singh et al., 2019), which 
are responsible for the most frequent hereditary form of CRC, the Lynch syndrome 
(Boland et al., 2018, Imyanitov et al., 2023). Moreover, tumors may achieve other genetic 
alterations such as chromosomal instability (CIN), which is the most frequent phenotype 
diagnosed, and CpG island methylator phenotype (CIMP) (Singh et al., 2019).  

Notably, disease progression and more aggressive tumors affect the rat sarcoma viral 
oncogene (RAS) family of the MARPK/ERK pathways. The RAS family are small 
GTPase proteins that comprise three isoforms; KRAS (Kirsten-RAS), NRAS 
(Neuroblastoma-RAS), and HRAS (Harvey-RAS), which are involved in transcription 
factor activation of genes related to cell growth, differentiation, and survival. These are 
the predominant mutations in advanced CRC. Concretely, KRAS is considered a driver 
mutation in CRC accounting for 40% of cases diagnosed. KRAS mutation is present in 
around 25% of tumors and is particularly prevalent in the most lethal cancer types, 
including PDAC and NSCLC (Huang, 2021). 
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1.1.4.2. Prostate Cancer 

Prostate cancer is one of the most common cancers in men arising worldwide, according 
to the World Health Organization (WHO). It is ranked fourth in the number of new cases 
diagnosed in 2020, followed by breast, lung, and colorectal cancer (Ferlay et al., 2020). 
It is reported that prostate cancer affects 7.3% of total new cases, meaning 1.41 million 
people are diagnosed every year (Ferlay et al., 2020). Its incidence is strongly associated 
with age, i.e., 65 to 74 years old being the most affected range (SEER Explorer 2023). 
However, other factors are also involved in tumor development, such as hormone 
balance, genetics, family history, ethnicity, or environmental context (Desai et al., 2021, 
Ferlay et al., 2020, Parker et al., 2020, Rebello & Oing et al., 2021). 

Nevertheless, prostate cancer is not the most lethal type of cancer due to the early 
diagnoses in most patients with localized tumors when curative approaches can still be 
applied (SEER Explorer app 2023). However, a small percentage of patients are still 
diagnosed with regional and distant metastasis (SEER Explorer 2023). In these cases, 
advanced disease can only be addressed with palliative treatments. Disease progression 
is directly correlated with mortality cases, representing 7.7% of patients in 2020 (Ferlay 
et al., 2020). 

1.1.4.2.1. Prostate cancer initiation and tumor progression 

The prostate gland is part of the male reproductive organ whose function is to produce 
and secrete proteolytic enzymes into the seminal fluid to ensure sperm viability. Three 
zones could be anatomically differentiated in an adult prostate which is located below 
the bladder, being the central, transition, and peripheral zones (Rebello & Oing et al., 
2021, Wang, 2018). The peripheral zone is the largest part of the prostate (around 70% 
of the total gland volume) and the primary area where tumors emerge, representing 80% 
of cases diagnosed (Rebello & Oing et al., 2021, Wang, 2018). The prostatic duct, 
through which seminal fluid is expelled, is most notably composed of three types of 
differentiated epithelial cells, i.e., luminal (expressing androgen receptor (AR), prostate-
specific antigen (PSA), and cytokeratin 8 and 18 (CK8/18)), basal (expressing CK5, 
CK14, and P63), and neuroendocrine cells (expressing neuroendocrine markers such 
SYN, CGA, or NSE) (Rebello & Oing et al., 2021, Wang, 2018). Other cell types 
surrounding, such as smooth muscle or stroma cells, including fibroblast, play a role in 
the TME by supporting survival signaling (Rebello & Oing et al., 2021). 

Hormones produced and regulated by the hypothalamic-pituitary-gonadal axis, such as 
testosterone and DHT (5α-dihydrotestosterone), bind to AR, promoting its transcriptional 
activation, which regulates genes involved in the development and maintenance of a 
normal prostate function. Therefore, non-tumorigenic epithelial cells in a prostate gland 
usually express high levels of AR (Rebello & Oing et al., 2021).  

Current findings suggest that most of the prostate cancer diagnosed origin is usually 
associated with an accumulation of somatic mutations in the prostate gland's basal or 
luminal epithelial cells (Rebello & Oing et al., 2021). Initial abnormal cell growth is 
revealed as prostatic intraepithelial neoplasia (PIN), which could give rise to more 
advanced prostate adenocarcinoma. Prostate tumor progression is highly dependent on 
androgens and androgen receptor function (Desai et al., 2021, Gandaglia et al., 2014, 
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Germain & Lafront et al., 2023, Hugging & Hodges 1941, Parker et al., 2020, Rebello & 
Oing et al., 2021, Wang, 2018) since the androgen-induced transcriptional response of 
AR involves genes regulating cell growth (Desai et al., 2021, Rebello & Oing et al., 2021). 

The genetic profile in prostate cancer is highly heterogeneous. Among the most notable 
genetic changes is the fusion of transmembrane serine protease 2 (TMPRSS2) gene 
and erythroblast transformation-specific (ETS) related transcription factor (ERG) or 
TMPRSS2-ERG fusion, through chromosomal translocation, which occurs in 
approximately 50% of tumors (Adamo & Ladomey, 2015, Rebello & Oing et al., 2021, 
Wang, 2018). This mutation involves the promoter region of the AR regulator TMPRSS2 
and the encoding region of ERG, a member of the ETS family, which promotes malignant 
transformation and metastasis by increasing cell migration and invasion. Additionally, 
ERG overexpression and deletions or mutations in tumor suppressor genes PTEN, RB1, 
and TP53 lead to a high-risk carcinoma phenotype. MYC oncogene amplification is also 
frequently observed in prostate cancer, contributing to cell survival, invasion, androgen 
independence, and biochemical relapse (Adamo & Ladomey, 2015, Rebello & Oing et 
al., 2021, Wang, 2018).  

Localized and primary prostate cancer cells do not depend on AR expression; however, 
the genomic state of AR is indicative of the disease's evolution to a metastatic state as 
a natural response to evade hormonal therapy. The genomic alteration most commonly 
found in AR is AR amplification or overexpression by improving the enhancer region of 
AR. Less frequent are AR mutations affecting the specificity of the receptor, providing 
gain-of-function mutations on the ligand-binding domain, dysregulating microRNAs, or 
increasing AR gene sensitivity in response to other steroid hormones or low testosterone 
and DHT levels. Also, post-transcriptional modifications increase the production of AR 
structural variants (SVs) by alternative splicing, which can also act as an active 
transcription factor. In some cases, AR is not expressed, which implies the evasion of 
AR dependence for metastatic spread. This phenotype is associated with the most 
aggressive metastatic castration-resistant prostate cancer (mCRPC) (Rebello & Oing et 
al., 2021). 

1.2. Cancer Metabolism 

Metabolic reprogramming is described as one of the hallmarks of cancer (Hanahan & 
Weinberg, 2011) which is crucial for cell survival, supporting uncontrolled tumor growth 
and progression. Metabolic changes provide cell adaptability, even in hostile 
environments, against cellular stress, nutrient depletion, or hypoxic conditions, and 
promote interactions with oncogenes, tumor suppressor genes, and tumor 
microenvironment (TME). Hence, it is not surprising that metabolic reprogramming 
contributes significantly to adaptative processes such as metastasis, tumor 
heterogeneity, and drug resistance acquisition (La Vecchia & Sebastián, 2020). 

The most frequent metabolic distinctive traits described as hallmarks of cancer cells are 
related to bioenergetic, biosynthetic, and redox homeostasis pathways (Pavlova & 
Thompson, 2016, Pavlova & Thompson, 2022) (Figure 1.2.1.), and include: 

 Dysregulated glucose and amino acids uptake to increase carbon sources and 
support ATP production. This increased uptake is frequently boosted by aberrant 
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Figure 1.2.1. Metabolic and signaling pathways in cancer cells. Central metabolic pathways in cancer 
cells including glycolysis, serine biosynthesis, and one-carbon metabolism, comprised of the folate cycle, 
methionine and salvage pathways, polyamine synthesis, pentose phosphate pathway (PPP), urea cycle, the 
tricarboxylic acid (TCA) cycle, glutaminolysis, fatty acid oxidation (FAO) and fatty acid synthesis (FAS). Also, 
signaling pathways regulating metabolic genes (highlighted in green). Enzymes (highlighted in blue): ACLY; 
ATP citrate lyase, ACO; aconitase, ACS; acetyl-CoA synthetase, ALD; aldolase, AdoMetDC; 
adenosylmethionine decarboxylase, ARG; arginase, ASL; argininosuccinate lyase, ASS; argininosuccinate 
synthase, CPT1; carnitine palmitoyltransferase, CS; citrate Synthase, FH; fumarate hydratase, G6PD; 
glucose-6-phosphate dehydrogenase, GAPDH; glyceraldehyde-3-phosphate dehydrogenase, GDH; 
glutamate dehydrogenase, GLS; glutaminase, GPI; glucose-6-phosphate isomerase, HK; hexokinase, IDH; 
isocitrate dehydrogenase, LDH; lactate dehydrogenase, MAT; methionine adenosyltransferase, MDH; 
malate dehydrogenase, MTAPase; methylthioadenosine phosphorylase, MTHFR; 
methylenetetrahydrofolate reductase, MTs; Methyltransferases, MS; vitamin-B12 dependent methionine 
synthase, ODC; ornithine decarboxylase, OGDH; oxoglutarate dehydrogenase, OTC; ornithine 
transcarbamylase, PC; pyruvate carboxylase, PDH; pyruvate dehydrogenase, PFK; phosphofructokinase, 
PGAM; phosphoglycerate mutase, PGK; phosphoglycerate kinase, PK; pyruvate kinase, SCS; succinate-
CoA ligase, SDH; succinate dehydrogenase, SHMT; serine hydroxymethyltransferase, SPDSY; spermidine 
synthase, SPMSY; spermine synthase, TPI; triosephosphate isomerase. Abbreviations; 5,10-mTHF; 5,10-
metilentetrahydrofolate, ASA; argininosuccinate lyase, BCAAs; branched-chain amino acids, dSAM; 
decarboxylated SAM, F6P; fructose-6-phosphate, G3P; glyceraldehide-3-phosphate, G6P; glucose-6-
phosphate, hCys; homocysteine, MTA; 5'-methylthioadenosine, NEAAs; non-essential amino acids, OAA; 
oxaloacetate, PRPP; phosphoribosyl diphosphate, SAH; S-adenosylhomocysteine, SAM; S-
adenosylmethionine, SPD; spermine, SPM; spermidine, THF; tetrahydrofolate, α-KG; α-ketoglutarate. 
Figure created with https://www.biorender.com/ (2023), adapted from DeBerardinis & Chandel, 2016, Kerk 
et al., 2021, and Sanderson et al., 2019. 
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activation of signaling pathways such as PI3K/AKT/mTOR or PTEN and INPP4B 
loss.  

 Use of central carbon metabolism, including glycolysis, tricarboxylic acid (TCA) 
cycle, and oxidative phosphorylation (OxPhos), for the biosynthesis of fatty acids, 
cholesterol, and non–essential amino acids. 

 Use of autophagy and macromolecular lysosomal degradation via 
macropinocytosis as an alternative to nutrient acquisition, supported by 
PI3K/AKT/mTOR and RAS activation, independently of growth factor stimulation. 

 Dependence on constant regeneration of electron acceptors (NAD+ and FAD) by 
increasing glycolysis and lactate production (Warburg effect) or electron transport 
chain (ETC) activity to generate protein and nucleic acid synthesis precursors.  

 Increased cell defense mechanisms such as glutathione (GSH) and thioredoxin 
(TRX), or regulation through isocitrate dehydrogenase isoforms (IDHs) or 
pentose phosphate pathway (PPP) to increase ROS tolerance, NADPH 
regeneration, and to cope with cellular stress damage to prevent cell death. 

 Increased demand for nitrogen sources, commonly increasing glutamine 
dependence, essential for macromolecules and non-essential amino acid 
synthesis to maintain the aberrant proliferation of cancer cells. 

In this context, where cancer metabolism displays a specific phenotype, metabolic 
reprogramming is reported to contribute to cell malignant transformation and tumor 
initiation. However, whether metabolic alterations are a cause or a consequence of the 
malignant transformation is a debatable question (Seth Nanda et al., 2020).  

On the other hand, cancer therapy promotes heterogenic genetic and epigenetic 
alterations whose downstream effects converge in metabolic pathway alterations. 
Therefore, increasing evidence suggests that targeting the metabolic reprogramming 
resulting from cell adaptation to chemotherapy represents an effective anti-cancer 
strategy (DeBerardinis & Chandel, 2016, Porporato et al., 2018, Seth Nanda et al., 2020, 
Stine et al., 2022).  

1.2.1. Metabolic pathways altered in cancer cells 

1.2.1.1. Glucose metabolism 

Otto Warburg observed the altered energetic metabolism in cancer cells, describing the 
increased glucose uptake for lactate production despite oxygen presence as the 
Warburg effect or aerobic glycolysis (DeBerardinis & Chandel, 2016). Nowadays, it is 
reported that glycolysis is one of the most dysregulated pathways in cancer due to 
glucose being the primary energy and carbon source sustaining tumor proliferation 
(Hanahan & Weinberg, 2011, Martínez-Reyes & Chandel, 2021). It serves to derive 
intermediates to various biosynthetic pathways, such as serine biosynthesis or 
nucleotide metabolism, and also to produce reduced nicotinamide adenine dinucleotide 
phosphate (NADPH), which is an essential cofactor in cancer cells for FA, cholesterol 
synthesis, nucleic acids synthesis, and redox homeostasis (Shi et al., 2017, Stine et al., 
2022) (Figure 1.2.2.).  

Within this pathway, fructose-2,6-biphosphatase 3 (PFKFB3) is the most active among 
the PFKFB isoenzymes (PFKFB 1-4) and is considered a glycolytic orchestrator (Shi et 
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Figure 1.2.2. Glycolytic pathway in cancer cells. Glucose metabolic process upon complete oxidation 
generates ATP through Oxidative phosphorylation (OxPhos). Glycolytic intermediates serve for alternative 
biosynthetic pathways such as pentose phosphate pathway (PPP), hexosamine biosynthetic pathway 
(HBP), and serine biosynthesis. Enzymes (highlighted in blue): ALD; aldolase, ALT; alanine 
aminotransferase, G6PD; glucose-6-phosphate dehydrogenase, GAPDH; glyceraldehyde-3-phosphate 
dehydrogenase, GPI; glucose-6-phosphate isomerase., HK; hexokinase, LDH; lactate dehydrogenase, 
PDH; pyruvate dehydrogenase, PFK; phosphofructokinase, PFKFB; fructose-2,6-biphosphatase, PGAM; 
phosphoglycerate mutase, PGK; phosphoglycerate kinase, PK; pyruvate kinase, TPI; triosephosphate 
isomerase. Abbreviations; 3PG; 3-Phosphoglycerate, DHAP; dihydroxyacetone phosphate, F1,6P2; 
fructose-1,6-bisphosphate, F2,6P2; fructose-2,6-bisphosphate, F6P; Fructose-6-phosphate, G3P; 
Glyceraldehide-3-phosphate, G6P; Glucose-6-phosphate, PPP, Pentose phosphate pathway; α-KG; α-
ketoglutarate. Figure created with https://www.biorender.com/ (2023), adapted from DeBerardinis & 
Chandel, 2016, and Kerk et al., 2021. 

al., 2017). PFKFB3 is involved in both the synthesis and degradation of fructose-2,6-
bisphosphate (F2,6P2), a regulatory molecule whose intracellular concentration 
activates phosphofructokinase-1 (PFK-1). This latter enzyme catalyzes the first rate-
limiting step in the glycolytic process, fructose-6-phosphate (F6P) conversion to fructose-
1,6-bisphosphate (F1,6P2) (Shi et al., 2017, Yi et al., 2019). The isoform PFKFB4 also 
regulates the glycolytic byproduct F2,6P2, and together with PFKFB3, are the most 
highly expressed PFKFB isoforms in cancer cells (Kotowski et al., 2021, Yi et al., 2019). 
These enzymes regulate the glycolytic flux and are required for cell cycle progression 
and apoptotic avoidance (Kotowski et al., 2021, Shi et al., 2017). Also, 3-
phosphoglycerate (3PG) is an important intermediary that serves as an NADPH source 
while promoting serine biosynthesis, an essential amino acid for cell membranes, and is 
linked to folate and one-carbon metabolism for nucleotide synthesis, epigenetic 
modifications, and reductive metabolism (Ju & Lin et al., 2020, Stine et al., 2022).  
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The major contributor to NADPH generation is the flux deviation from the glucose 
pathway to the oxidative branch of the pentose phosphate pathway (PPP) (Ju & Lin et 
al., 2020). In this regard, glucose-6-phosphate dehydrogenase (G6PD) is one of the most 
important enzymes in PPP, contributing to ribose 5-P generation for nucleotide 
synthesis. G6PD activity is frequently increased in several cancer types, such as bladder, 
breast, prostate, or gastric cancer (Ju & Lin et al., 2020).  

The last rate-limiting step in glycolysis is catalyzed by pyruvate kinase, producing 
pyruvate and ATP from phosphoenolpyruvate (PEP), and promoting the Warburg effect 
in cancer cells (Dong et al., 2020). The muscle form of pyruvate kinase isoform 2 (PKM2) 
is frequently found upregulated in cancer, in comparison with PKM1 isoform, and it is 
associated with increased glycolytic flux (Dong et al., 2020). Also, PKM2 promotes the 
use of glycolytic intermediates in alternative biosynthetic pathways such as PPP or 
serine synthesis (Dong et al., 2020, Taniguchi et al., 2016). 

Pyruvate generated can enter the tricarboxylic acid (TCA) cycle and promote reducing 
equivalents generation by complete glucose oxidation through oxidative phosphorylation 
(OxPhos) by the electron transport chain (ETC) or through lactate production catalyzed 
by lactate dehydrogenase (LDH), which has a critical role in maintaining the 
NAD+/NADH ratio in cancer cells (Mullen et al., 2014, Stine et al., 2022). Glucose can 
also serve as an alanine precursor via the enzyme alanine aminotransferase (ALT), also 
known as glutamic-pyruvate transaminase (GPT), which has a significant function in the 
intermediate processing of glucose and amino acid metabolism (Stine et al., 2022). Also, 
a smaller glucose fraction enters the hexosamine biosynthesis pathway (HBP), which 
has a key role in protein glycosylation (Lam et al., 2021). 

Increased glycolysis is associated with activated oncogenes such as RAS, MYC, BRAF, 
and PI3K/AKT signaling, which, alongside hypoxia and TP53 depletion mutations, 
upregulate this pathway through glycolytic enzymes such as hexokinase 2 (HK2), the 
enzyme catalyzing the first step in glycolysis, or glucose transporters (GLUT) (Dong et 
al., 2020, Hanahan & Weinberg, 2011). 

1.2.1.2. Mitochondrial metabolism 

Mitochondrial metabolism is widely known for regulating programmed cell death, 
controlling mitochondrial outer membrane permeabilization, and preventing apoptotic 
events, but it also represents an essential contributor to tumor progression. The 
increased mitochondrial activity supports the rising bioenergetic demand and provides 
alternative carbon sources to glucose, such as acetate, lactate, serine, or glycine, as 
building blocks for cell proliferation while maintaining redox homeostasis (Porporato et 
al., 2018). 

In this regard, the TCA cycle is the core cycle in the mitochondrial network, supporting 
OxPhos for electron donor generation (i.e., NADH or FADH2) during GTP and ATP 
production (Yoo, Yu & Sung et al., 2020) (Figure 1.2.3.). Through the TCA cycle 
enzymes, which produce electron donors and direct them into the ETC complexes I 
through IV, OxPhos meets cells’ bioenergetic needs. Complexes I, III, and IV pump 
protons out into the intermembrane gap while electrons travel through them. Oxygen 
serves as the final electron acceptor in the production of ATP, which is produced after 
protons flow back into the mitochondrial matrix through Complex V (ATP synthase) 
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(Greene et al., 2022). Alternatively, the TCA metabolic intermediates, citrate, isocitrate, 
α-ketoglutarate (α-KG), succinate, fumarate, malate, and oxaloacetate (OAA), are 
essential to fuel biosynthetic pathways to produce lipids, proteins, and nucleic acids. The 
reversibility of enzymatic reactions within the TCA cycle coupled to OxPhos, and the 
diverse anaplerotic sources, makes this pathway responsible for the major metabolic 
adaptation in response to TME interactions and drug presence (Mullen et al., 2014, 
Porporato et al., 2018). Therefore, the increased reliance on OxPhos has emerged in 
numerous aggressive cancer types and has become an attractive therapeutic target in 
cancer research (Ashton et al., 2018, El-Botty et al., 2023, Machado et al., 2023). 

 

Figure 1.2.3. The tricarboxylic acid (TCA) cycle is coupled to oxidative phosphorylation (OxPhos). 
The TCA cycle follows the oxidative reaction, generating NADH and FADH2 toward OxPhos (comprised by 
APTase (Complex V), and Complex I to IV of the electron transport chain (ETC)), for ATP and reactive 
oxygen species (ROS) production. Reversible reactions allow the reductive function of the TCA through the 
reductive carboxylation upon citrate. Enzymes (highlighted in blue): ACLY; ATP citrate lyase, ACO1/2; 
aconitase 1 and 2, CS; citrate Synthase, FH; fumarate hydratase., GDH; glutamate dehydrogenase, GLS1/2; 
glutaminase 1 and 2, GOT1/2; glutamic-oxaloacetic transaminase 1, IDH1/2; isocitrate dehydrogenase 1 
and 2, IDH1/2mut; mutant isocitrate dehydrogenase 1 and 2, LDH; lactate dehydrogenase, ME1/2; malic 
enzyme 1 and 2, MDH1/2; malate dehydrogenase 1 and 2, OGDH; oxoglutarate dehydrogenase, PC; 
pyruvate carboxylase, PDH; pyruvate dehydrogenase, SCS; succinate-CoA ligase, SDH; succinate 
dehydrogenase subunits. Abbreviations; CoQ; Coenzyme Q, Cyt C; Cytochrome C, OAA; Oxaloacetate, 
α-KG; α-ketoglutarate. Figure created with https://www.biorender.com/ (2023), adapted from DeBerardinis 
& Chandel, 2016, Kerk et al., 2021, and Martínez-Reyes & Chandel, 2020. 

The TCA cycle also serves as a significant provider of aspartate, essential for nucleotide 
metabolism, and represents an important source of citrate, the metabolite in the 
intersection between the anabolic and catabolic directions in the TCA cycle (Stine et al., 
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2022). Citrate promotes the oxidative function for ATP production, OAA, and acetyl-CoA 
generation in the cytosol for fatty acid synthesis. On the other hand, citrate and ATP 
accumulation regulate the metabolic fluxes by increasing PPP deviation from glycolysis 
upon PFK-1 inhibition for NADPH production (Porporato et al., 2018). 

Mutations affecting mitochondrial enzyme-related genes, such as KRAS and APC, but 
also drug presence or hypoxia, lead to mitochondrial function alteration to sustain 
aberrant proliferation. Also, mutations in succinate dehydrogenase (SDH) and fumarate 
hydratase (FH) causing loss-of-function are frequently found in cancer cells displaying 
defective mitochondrial activity and promote succinate and fumarate accumulation. On 
the other hand, isocitrate dehydrogenases IDH1 and IDH2 gain-of-function mutations 
trigger 2-hydroxyglutarate (2-HG) synthesis. All these metabolites are defined as 
oncometabolites since they lead to epigenetic modifications promoting cell 
transformation and altering cancer-driver mutations and protein expression (Porporato 
et al., 2018, Yoo, Yu & Sung et al., 2020). 

Cancer cells overcome the mitochondrial impairment by increasing glutamine as a 
carbon source, promoting α-KG reductive carboxylation and conversion to isocitrate, 
taking advantage of the reversibility of NADPH-dependent isoforms of IDHs. Glutamine-
dependent reductive carboxylation promotes citrate production for lipogenesis and OAA 
to supply other TCA cycle intermediates pool, thus enabling cells to maintain biosynthetic 
precursors despite the impairment of mitochondrial metabolism (Mullen et al., 2014, Yoo, 
Yu & Sung et al., 2020). 

1.2.1.3. Amino acid metabolism 

Amino acids maintain structure and function in non-transformed cells but also play an 
important role in cancer metabolism together with central carbon metabolism. Amino 
acids can be either metabolized for protein and non-nitrogenous molecules, such as 
glucose, glycogen, and fatty acids production, or oxidized to generate ATP, contributing 
to redox balance, and energetic and epigenetic regulation (Lieu et al., 2020, Stine et al., 
2022). 

The essential amino acids (EAAs) histidine, lysine, methionine, phenylalanine, threonine, 
tryptophan, and branched-chain amino acids (BCAAs; isoleucine, leucine, and valine) 
cannot be synthesized de novo, and they should be taken on diet instead. Together with 
non-essential amino acids (NEAAs) such as glutamine and asparagine, BCAAs serve as 
alternative fuels in nutrient deprivation conditions or hypoxia for tumor progression 
providing anaplerotic substrates for TCA cycle or generating succinyl-CoA and acetyl-
CoA for further oxidation and lipogenesis (Lieu et al., 2020, Stine et al., 2022). These 
BCAAs are also implicated in epigenetics and post-transcriptional modifications 
promoting gene expression and cancer progression. Leucine, together with glutamine 
and arginine, mediates mTORC1 activation inducing amino acid transport for protein 
synthesis and ribosomal biogenesis, regulating growth signaling (Lieu et al., 2020, Ling 
et al., 2023, Stine et al., 2022).  

On the other hand, non-essential amino acids (NEAAs) are essential precursors for one-
carbon metabolism, nucleic acid, and protein synthesis (Stine et al., 2022). In this regard, 
aspartate, glycine, and glutamine are required for nucleobases in purine biosynthesis, 
which are conjugated to phosphoribosyl pyrophosphate (PRPP) yielding the 
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corresponding ribonucleotide in pyrimidine biosynthesis. Glycine, serine, and methionine 
provide one-carbon units through the methionine and folate cycles, comprising one-
carbon metabolism, for de novo nucleotide biosynthesis, DNA methylation, and NADPH 
generation, representing an important source of reducing potential together with PPP 
(Lieu et al., 2020, Stine et al., 2022). In this regard, a relevant function of amino acids is 
cellular protection and redox homeostasis, due to the close connection with one-carbon 
metabolism, but also due to amino acids are essential precursors for glutathione 
tripeptide synthesis, which is comprised of glutamate, glycine, and cysteine and is an 
important endogenous antioxidant within cells (Hayes et al., 2020, Lieu et al., 2020, Stine 
et al., 2022). 

Glutamine is a crucial non-essential amino acid in cancer cells, involved in many 
biosynthetic pathways supporting tumor growth and being their major carbon source 
(Lieu et al., 2020, Stine et al., 2022, Yoo, Yu & Sung et al., 2020). However, beyond 
glutamine, other NEAAs may also serve as alternative nitrogen and carbon donors, such 
as asparagine, which restores glutamine deprivation effects and protects cells from 
apoptosis upon mitochondrial impairment or hypoxia (Lieu et al., 2020, Pavlova et al., 
2018), and proline, necessary for collagen synthesis and acting as an electron source 
for energy production (Pavlova & Thompson, 2022).  

Considering the myriad of metabolic processes in which amino acids are involved, 
cancer cells frequently exhibit a high demand for amino acid uptake, promoting amino 
acid transporter upregulation (Lieu et al., 2020, Stine et al., 2022). This fact, also 
provides attractive therapeutic targets such as ASCT2 (SLC1A5), which is a neutral 
amino acid transporter essential for glutamine, alanine, serine, and cysteine transport, 
and cysteine/glutamate antiporter (xCT), indispensable for GSH synthesis (Lieu et al., 
2020, Tarrago-Celada & Cascante, 2021). In this regard, transaminases are especially 
important in providing amino acids through interconversion reactions, encouraging the 
production of NEAAs such as phosphoserine, aspartate, and alanine, including 
glutamate–oxaloacetate transaminase (GOT1 and 2), phosphoserine aminotransferase 
1 (PSAT1), glutamic-pyruvate transaminase (GPT1 and 2), and phosphoserine 
transaminase (PSAT) (Yang et al., 2017). 

Catabolism of amino acids generates other intermediates that also interfere with tumor 
progression, such as polyamines (putrescine, spermine, and spermidine), derived from 
arginine conversion to ornithine mediated by arginase (ARG), playing an important role 
in epigenetics modifications, nitric oxide (NO) favoring angiogenesis for invasive 
processes, activating caspases and the tumor-suppressor TP53, kynurenine from 
tryptophan, which mediates immune responses, and 1-pyrroline-5-carboxylic acid (P5C) 
from proline, linking ornithine production toward urea cycle from glutamate and α-KG 
from TCA cycle (Stine et al., 2022). 

1.2.1.3.1. Glutamine metabolism 

Glutamine is involved in several metabolic processes representing the major nitrogen 
source for nucleotides, lipids, and NEAAs biosynthesis in cancer cells. This amino acid 
is an alternative carbon source providing metabolic intermediates, such as glutamate, 
aspartate, asparagine, alanine, arginine, or proline, nourishing the TCA cycle, also 
involved in nucleotide metabolism and redox homeostasis (Ju & Lin et al., 2020, Yoo, Yu 



23 
 

& Sung et al., 2020) (Figure 1.2.4.). Glutamine is indispensable for adaptative processes 
conferring drug resistance in many cancer types since it is involved in nutrient supply, 
antioxidant defense, hypoxia adaptation, cell signaling, epigenetic modifications, and, in 
turn, tumorigenesis. As a consequence, glutamine dependence is frequently observed 
in cancer cells (Ju & Lin et al., 2020, Yoo, Yu & Sung et al., 2020). In fact, glutamine 
deprivation impairs cell proliferation and is currently exploited as a therapeutic 
opportunity (Chen et al., 2021, Conroy et al., 2020 Hudson et al., 2016, Tarrado-
Castellarnau et al., 2017, Wang et al., 2015).  

 
Figure 1.2.4. Glutamine metabolism in cancer cells. Glutamine takes part in several metabolic pathways 
serving as a carbon and nitrogen source fueling the TCA cycle, hexosamine biosynthetic pathway (HBP), 
and promoting non-essential amino acids (NEAAs), fatty acids, nucleotides, and glutathione synthesis. 
Enzymes (highlighted in blue): ASNS; asparagine synthetase, GDH; glutamate dehydrogenase, GLS1/2; 
glutaminase 1 and 2, GOT1/2; glutamic-oxaloacetic transaminase 1, GPT1/2; glutamic-pyruvate 
transaminase, 1 and 2, GS; glutamine synthetase, MDH1; malate dehydrogenase, ME1; malic enzyme, 
PSAT1; Phosphoserine Aminotransferase 1 (Abbreviations; OAA; Oxaloacetate, α-KG; α-ketoglutarate. 
Figure created with https://www.biorender.com/ (2023), adapted from Ju & Lin et al., 2020, Lieu et al., 2020 
and Yoo, Yu & Sung et al., 2020. 

Due to glutamine representing a pivotal role in cancer cells, increased glutamine uptake 
is normally observed by promoting glutamine transporters overexpression to enhance 
glutamine metabolism, notably the solute carrier ASCT2 (SLC1A5) (Stine et al., 2022, 
Zhang & Liu 2020). Cytosolic glutamine serves as nucleotide biosynthesis and NEAA 
precursor, required for highly proliferative cells, and also can be utilized in HBP, altering 
glycosylation and therefore affecting signaling transduction pathways, interfering in cell 
adhesion, migration, and invasion processes, and promoting cancer development and 
progression (Pinho & Reis 2015). 

Glutaminases (isoforms GLS1 and GLS2) catalyze the first reaction toward TCA 
replenishment by glutamine deamination to glutamate. GLS1 activity is frequently found 
more active in cancer cells as a consequence of MYC overexpression (Stine et al., 2022, 
Zhang & Liu 2020, Yoo, Yu & Sung et al., 2020). Glutamate is a crucial glutamine-derived 
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metabolite essential for GSH biosynthesis in the cytosol, and a precursor for the 
divergent reactions supplying the TCA cycle (Forman et al., 2009). For mitochondrial 
glutaminolysis, cytosolic glutamine is internalized to the mitochondria through the 
SLC1A5 variant. Interestingly, even though glutamate is the primary by-product of 
glutamine, reduced mitochondrial respiration or impaired cell development cannot be 
restored by supplementing with glutamate during glutamine deprivation. Glutamate-
derived glutamine is crucial for glutaminolysis (Yoo, Yu & Sung et al., 2020). Glutamate 
may be converted to α-KG supporting the TCA cycle but also can be exported to cytosol 
for GSH, NEAA, and nucleotides biosynthesis (Pavlova & Thompson, 2022, Stine et al., 
2022, Yoo, Yu & Sung et al., 2020). During glutamate conversion to α-KG, the NADPH-
dependent GDH represents an important source of reducing equivalents and generates 
glutamate-derived nitrogen as ammonia, that can be recycled by cancer cells for NEAA 
generation (Spinelli et al., 2017, Yoo, Yu & Sung et al., 2020). This α-KG conversion 
toward TCA replenishment is also performed through transaminases such as GOT2 and 
GPT2, producing NEAAs. α-KG generated to fuel the TCA cycle yields NADH or FADH2, 
GTP, and ATP, regulating histone and DNA methylation, and participating in fatty acid 
biosynthesis, or the reductive carboxylation pathway (Yoo, Yu & Sung et al., 2020). 
Glutamine-dependent reductive carboxylation supports cell proliferation inducing citrate 
production and lipogenesis, supporting cell proliferation, crucial under low-oxygen 
conditions or in cells presenting defective mitochondrial function (Metallo et al., 2011, 
Mullen et al., 2011). 

Glutamine plays a pivotal role in maintaining redox homeostasis by glutaminolysis-
derived NADPH generation, but also providing direct precursors for glutathione 
synthesis, being indirectly responsible for cystine uptake via the xCT antiporter for 
glutamate. Moreover, glutamine-derived aspartate is converted to OAA by GOT1, 
followed by transformation into malate, by malate dehydrogenase (MDH1) and is 
subsequently oxidized to pyruvate by malic enzyme (ME1), also contributing to NADPH 
generation (Ju & Lin et al., 2020, Yoo, Yu & Sung et al., 2020). 

During metabolic reprogramming cancer cells orchestrate the metabolic pathways to 
increase demand for glucose and glutamine for cell survival. Notably, enhanced 
glutamine consumption, essential in cancer cells, is closely connected with the 
dysregulation of oncogenes such as MYC, PIK3CA, or mTOR. MYC-driven cancer cells 
increase glutamine uptake and glutaminolysis enzymes, inducing glutamine transporter 
SLC1A5, and GLS1/GLS2 and GDH for TCA cycle anaplerosis. With the same purpose, 
the oncogenic PIK3CA promotes the transamination reaction toward α-KG and alanine 
through upregulates of GPT2. Essential amino acids availability, and especially leucine, 
together with NEAAs derived from glutamine lead to mTORC1 activation, contributing to 
oncogenic growth (Yoo, Yu & Sung et al., 2020). 

1.2.1.4. One-carbon metabolism 

One-carbon metabolism comprises folate and methionine cycle, involved inde novo 
nucleotide biosynthesis, methylation, epigenetic regulation, and antioxidant defense 
(Affronti et al., 2020, Casero & Stewart et al., 2018, Lieu et al., 2020, Stine et al., 2022) 
(Figure 1.2.5.). 
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Figure 1.2.5. One-carbon metabolism, nucleotide synthesis, polyamine metabolism, and urea cycle. 
Metabolic pathways including one-carbon metabolism, comprised of folate and methionine cycles, 
nucleotide metabolism, methionine salvage pathway, polyamine synthesis, and urea cycle, indicating 
interconnected pathways and most important metabolic implications. Enzymes (highlighted in blue): 
AdoMetDC; adenosylmethionine decarboxylase, ARG; arginase, ASL; argininosuccinate lyase, ASS; 
argininosuccinate synthase, BHMT; betaine-homocysteine S-methyltransferase, DHFR; dihydrofolate 
reductase, MAT; methionine adenosyltransferase, MTAPase; methylthioadenosine phosphorylase, MTHFR; 
methylenetetrahydrofolate reductase, MTs; Methyltransferases, MS; vitamin-B12 dependent methionine 
synthase, NOS; nitric oxide synthase, ODC; ornithine decarboxylase, OTC; ornithine transcarbamylase, 
PAOX; polyamine oxidase, SHMT; serine hydroxymethyltransferase, SMOX; spermine oxidase, SPDSY; 
spermidine synthase, SPMSY; spermine synthase, SSAT; spermidine/spermine N1-acetyltransferase, TS; 
thymidylate synthetase. Abbreviations; 5-mTHF; 5-methyltetrahydrofolate, 5,10-mTHF; 5,10-
metilentetrahydrofolate, ASA; argininosuccinate lyase, DHF; dihydrofolate, dSAM; decarboxylated SAM, 
dTMP; deoxythymidine monophosphate, dUMP; deoxyuridine monophosphate, F6P; fructose-6-phosphate, 
G6P; glucose-6-phosphate, MTA; 5'-methylthioadenosine, OAA; oxaloacetate, PRPP; phosphoribosyl 
diphosphate, SAH; S-adenosylhomocysteine, SAM; S-adenosylmethionine, SPD; spermine, SPM; 
spermidine, THF; tetrahydrofolate. Figure created with https://www.biorender.com/ (2023), adapted from 
Stine et al., 2022, Casero & Stewart et al., 2018 and Sanderson et al., 2019.  

Serine conversion to glycine, catalyzed by serine hydroxymethyltransferases (SHMT1 
and SHMT2), initiates one-carbon transfer to tetrahydrofolate (THF). The folate cycle is 
further completed by the NADP+-dependent methylenetetrahydrofolate dehydrogenases 
(MTHFD1/1L and MTHFD2/2L), entailing three sequential reactions. These reactions 
provide substrates for methionine and thymidylate, required for de novo synthesis of 
purines and serve as the primary source for NADPH regeneration, maintaining a high 
NADPH/NADP+ ratio which is crucial for the antioxidant defense molecules regeneration 
(Stine et al., 2022, Lieu et al., 2020). Both enzymes SHMT and MTHFD are usually found 
upregulated in several cancer types. Anti-folate treatment has a significant impact as an 
anti-cancer strategy in several cancer types such as different types of leukemia (ALL, 
CLL, CML), non-small-cell lung cancer (NSLCL), CRC, head and neck squamous cell 
carcinoma (HNSCC), gastric, pancreatic, breast, and ovarian cancers (Visentin et al., 
2013, Stine et al., 2022).  
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Purine and pyrimidine nucleotide synthesis is essential for mRNA and DNA synthesis, 
highly required in rapid proliferative cells, and crucial for immune evasion, metastasis, 
and therapy resistance. In fact, nucleotide biosynthesis is frequently driven by oncogenic 
regulation including KRAS, PI3K, or MYC (Mullen & Singh, 2023). De novo nucleotide 
synthesis requires amino acids and TCA intermediates, such as glutamine, glycine, 
glutamate, and aspartate to provide nitrogen and carbon atoms, glucose-derived ribose 
from PPP, and entails participation of different carbon oxidation states of tetrahydrofolate 
(THF) as the 1C carrier. De novo purine synthesis is a six-step process that requires 
formyl-THF (10-fomyl-TFH), while de novo pyrimidine synthesis is an eleven-step 
process requiring methylene-THF (5,10-mTHF) upon conversion of deoxyuridine 
monophosphate (dUMP) to deoxythymidine monophosphate (dTMP) mediated by 
thymidylate synthase (TS) (Stine et al., 2022). 

The methionine cycle is crucial for methylation events by producing the universal methyl 
donor s-adenosylmethionine (SAM). Methylation in DNA, RNA, proteins, or 
phospholipids alters gene expression regulation, molecule stabilization, and protein 
interactions (Shen et al., 2020). Also, the methionine cycle is connected to the 
transsulfuration pathway for GSH synthesis after S-adenosylhomocysteine (SAH) 
hydrolyzation to homocysteine, which can be regenerated via the folate cycle, therefore 
comprising an important role in redox homeostasis (Hayes et al., 2020, Mota-Martorell 
et al., 2021). Furthermore, methionine metabolism is closely related to polyamine 
synthesis through the methionine salvage pathway. SAM serves as a polyamine 
precursor mediated by S-adenosylmethionine decarboxylase (AdoMetDC), and the 5-
methylthioadenosine (MTA) generated is recycled through methionine salvage pathway, 
providing methionine and ATP catalyzed by 5′-methylthioadenosine phosphorylase 
(MTAPase) (Casero & Stewart et al., 2018).  

1.2.1.5. The Urea cycle and polyamine metabolism 

The urea cycle entails sequential biochemical reactions for the detoxification of the 
ammonia derived from proteins and amino acids, yielding urea for urinary secretion. The 
complete urea cycle only takes place in the liver; however, in other tissues, the urea 
cycle enzymes serve as source of endogenous arginine, citrulline, and ornithine, 
supporting anabolic reactions for carbon and nitrogen biosynthetic pathways in cancer 
cell metabolism (Keshet et al., 2018). 

The citrulline-arginine cycle provides the arginine essential for cell survival and 
progression, serving as a precursor for polyamines, nitric oxide (NO), and proline. This 
cycle is also closely connected to the TCA cycle since argininosuccinate synthase (ASS) 
utilizes aspartate as a nitrogen donor and nourishes the TCA cycle with fumarate, a by-
product from argininosuccinate lyase (ASL) (Keshet et al., 2018). ASS is the rate limiting 
enzyme in arginine biosynthesis, which encoding gene ASS1 is frequently dysregulated 
in several cancer types, in fact ASS1 is considered a tumor suppressor (Ding, et al., 
2023, Zou & Hu et al., 2021). 

Ornithine from the urea cycle is converted to putrescine by ornithine decarboxylase 
(ODC1), the rate-limiting enzyme for polyamine biosynthesis. In this regard, ODC1 and 
AdoMetDC activities are tightly regulated to preserve intracellular polyamine 
concentrations (Casero & Stewart et al., 2018) (Figure 1.2.5.). Polyamine metabolism 
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plays an important role in the normal prostate by secreting polyamines in the prostatic 
fluid and also participates in epigenetic regulation, cell signaling, antioxidant defense 
mechanism, apoptosis, and nucleotides synthesis, thus exerting advantageous functions 
to sustain rapid proliferation in cancer cells (Affronti et al., 2020, Casero & Stewart, 
2018). Therefore, polyamine metabolism is frequently dysregulated in several cancer 
types, including prostate cancer, but also leukemias, lung, neural, and breast cancers 
(Affronti et al., 2020, Casero & Stewart et al., 2018, Seth Nanda et al., 2020). 

Spermidine and spermine biosynthesis depends on SAM generated in the methionine 
pathway, which is converted into decarboxylated SAM (dSAM) by AdoMetDC and is the 
aminopropyl donor for spermidine synthase (SPDSY) and spermine synthase (SPMSY) 
(Casero & Stewart et al., 2018). MTA generated is recycled through the methionine 
salvage pathway by MTAPase, fueling one-carbon metabolism (Affronti et al., 2020, 
Casero & Stewart et al., 2018).  

The intracellular polyamine concentration is controlled by spermidine/spermine N1-
acetyltransferase (SSAT) activity, which catalyzes spermidine and spermine acetylation 
for back-conversion to putrescine by polyamine oxidase (PAOX) or secretion. Higher 
intracellular polyamines demand to sustain aberrant proliferation in cancer cells or 
polyamine deficit, induces SSAT activity, polyamine deacetylation by PAOX, or spermine 
oxidase (SMOX) for spermidine generation from spermine (Affronti et al., 2020, Babbar 
& Gerner, 2011, Casero & Stewart et al., 2018). Increased polyamine production implies 
additional pressure on other interconnected routes, such as one-carbon metabolism, and 
also is influenced by the interaction with important signaling pathways such as 
PI3K/AKT/mTOR, WNT, RAS, or MYC, which drives ODC transcription and has been 
reported as one of the major drivers of polyamine dysregulation on cancer cells (Casero 
& Stewart et al., 2018). 

1.2.1.6. Lipid metabolism 

Lipid metabolism is commonly found dysregulated in cancer because cells usually rely 
on either de novo fatty acid synthesis (FAS) or exogenous uptake to sustain rapid 
proliferation and provide energy under metabolic stress conditions through ꞵ-oxidation. 
Fatty acids play an essential role in cell membrane synthesis, homeostasis, and fluidity 
and serve as secondary messengers in signaling pathways such as PI3K/AKT/mTOR 
(Koundouros & Poulogiannis, 2020). In this regard, ceramides and sphingolipids are 
important bioactive lipids, such as the sphingosine-1-phosphate (S1P), regulating cancer 
cell signaling, taking part in both cancer cell death and survival, and in cellular stress 
response (Ogretmen, 2018). 

As commented, fatty acids could be incorporated from exogenous sources by increasing 
fatty acids transporters such as fatty acid translocase (FAT/CD36), fatty acid transport 
protein (FATP) family, which is formed by the solute carriers family 27 (SLC27) members, 
and membrane fatty acid-binding proteins (FABPpm) (Koundouros & Poulogiannis, 
2020). Once inside the cells, fatty acids could be either stored in droplets to provide 
reducing equivalents and ATP under cellular stress conditions or delivered for fatty acid 
oxidation (FAO), representing a major energy source. This process entails the 
participation of three connected metabolic pathways: the ꞵ-oxidation pathway, the TCA 
cycle, and the respiratory chain (Koundouros & Poulogiannis, 2020, Stine et al., 2022). 
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Then fatty acids are converted into acylcarnitines through carnitine palmitoyltransferase 
1 (CPT1) for fatty acids internalization to the mitochondria, being the rate-limiting step 
for FAO, and acylcarnitines are reconverted to acyl-CoA by carnitine 
palmitoyltransferase 2 (CPT2) for further acetyl-CoA oxidation and catabolism 
(Koundouros & Poulogiannis 2020, Stine et al., 2022) (Figure 1.2.6.). 

 
Figure 1.2.6. Fatty acid oxidation (FAO) and fatty acid synthesis (FAS) pathways. Fatty acids can be 
either de novo synthesized, internalized, and metabolized for energy and NAD(P)H production. Enzymes: 
ACCs; acetyl-CoA carboxylases, ACLY; ATP citrate lyase, ACS; acetyl-CoA synthetase, CPT1/2; carnitine 
palmitoyltransferase 1 and 2, respectively, CS; citrate synthase, FADs; fatty acid desaturases, FAS; fatty 
acid synthase, SCD; stearoyl-CoA desaturase. Figure created with https://www.biorender.com/ (2023), 
adapted from Melone et al., 2018, and Yoo, Yu & Sung et al., 2020. 

Increased de novo lipogenesis in cancer cells provides all types of lipids necessary for 
cell proliferation utilizing glucose and amino acids, notably glutamine, as carbon sources. 
In this case, acetyl-CoA represents the major substrate for fatty acid synthesis (FAS), 
which can be obtained from citrate, or via acetyl-CoA synthetase (ACS) from acetate. 
Citrate is converted in acetyl-CoA by ATP citrate lyase (ACLY) as the first step reaction 
for fatty acids and cholesterol synthesis. Acetyl-CoA carboxylases (ACCs) generate 
malonyl-CoA for further chain elongation by fatty acid synthase enzyme (FAS), requiring 
NADPH cofactor for saturated 16-carbon palmitate (C16:0) generation. Palmitate can 
produce additional and more complex lipids through the activity of desaturases such as 
stearoyl-CoA desaturase (SCD) or fatty acid desaturase (FADs) and elongases 
(ELOVLs) (Koundouros & Poulogiannis, 2020, Stine et al., 2022). 

1.2.2. Signaling pathways in cancer metabolism 

Signaling pathways such as the serine/threonine-specific protein kinases and mitogen-
activated protein kinase RAS/RAF/MAPK, phosphatidylinositol 3-kinase (PI3K) and its 
downstream components AKT and mammalian target of rapamycin (mTOR), and tumor 
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protein p53 (TP53) control the cell cycle, apoptosis, senescence, cell growth, and 
survival in normal cells, which activate transcriptional reprogramming by inducing MYC 
and other transcription factors stimulated by nutrients, oxygen, and amino acids 
availability (Figure 1.2.1.). Thus, these signaling pathways regulate metabolic, 
mitochondrial, and ribosomal genes as well as post-transcriptional modifications 
controlling the activity of metabolic enzymes. Therefore, signaling pathway dysregulation 
by aberrant activation independently of growth signals in cancer cells, e.g., PTEN loss, 
which is the major negative regulator of PI3K impairing AKT activation and consequent 
signaling cascade (Koundouros & Poulogiannis, 2020, Lee et al., 2018), or TP53 loss, 
leads to uncontrolled tumor proliferation and altered redox homeostasis (DeBerardinis & 
Chandel, 2016, Martínez-Reyes & Chandel, 2021, Seth Nanda et al., 2020, Stine et al., 
2022). 

In fact, PI3K/AKT/mTOR is the most dysregulated signaling pathway in cancer, 
controlling the biosynthesis of the three types of macromolecules essential for cancer 
metabolism: lipids, proteins, and nucleic acids (DeBerardinis & Chandel, 2016, 
Koundouros & Poulogiannis, 2020, Seth Nanda et al., 2020). AKT activation contributes 
to de novo lipogenesis by promoting anabolic reactions to provide carbon sources, 
increasing acetyl-CoA synthesis, and inducing the synthesis of reducing equivalents 
essential for redox homeostasis and fatty acid synthesis (Koundouros & Poulogiannis, 
2020, Stine et al., 2022), by activation of nuclear factor erythroid 2-related factor 2 
(NRF2) transcription factor driving the transcription of genes related to NADPH synthesis 
such as 6-phosphogluconate dehydrogenase (6PGD), glucose-6-phosphate 
dehydrogenase (G6PD) and malic enzyme 1 (ME1) (Koundouros & Poulogiannis, 2020). 
The mammalian target of rapamycin complex I (mTORC1) promotes amino acids, 
glucose, and fatty acids uptake mediated by MYC activation to drive lipogenesis and 
nucleotide and protein synthesis (DeBerardinis & Chandel, 2016, Stine et al., 2022). 
mTORC1, as well as oxygen depletion (hypoxia), activates the hypoxia-inducible factors 
(HIF1α and HIF2α), inducing the glycolytic flux and promoting lactate and serine 
production, therefore supporting one-carbon metabolism. MYC functions as a 
transcription factor exerting an important role in cell cycle progression and apoptosis but 
also induces glutamine catabolism, boosting the TCA cycle and providing precursors for 
fatty acids and nucleotide synthesis (Bretones et al., 2015, Stine et al., 2022).  

1.2.3. Reactive oxygen species and redox homeostasis in cancer 

Reactive oxygen species (ROS) are a group of compounds that comprises oxidant 
molecules, including superoxide radical (ꞏO2

-), hydrogen peroxide (H2O2), peroxynitrite 
(ONOO-), the hydrogen peroxide’s product from the Fenton reaction which leads to the 
most oxidizing type of ROS, i.e., hydroxyl radical (HOꞏ), organic hydroperoxides (ROOH), 
also peroxyl (ROOꞏ) and alkoxyl (ROꞏ) radicals, which are intermediates and by-products 
from lipid peroxidation, and other non-radical ROS such as ozone (O3) and singlet 
molecular oxygen (1O2) (Chatterjee & Walker, 2017, Sies & Jones, 2020). ROS is used 
as a general term that also encompasses the reactive nitrogen species (RNS), i.e., nitric 
oxide (NOꞏ), that similarly to oxygen species, are produced by normal cells in basal 
conditions as a consequence of cell metabolism (Hayes et al., 2020). 

The most common ROS, superoxide radicals and oxygen peroxide, are mainly generated 
by the electron transport chain (ETC) at complexes I and III (Sies & Jones, 2020, Hayes 
et al., 2020) (Figure 1.2.3.). They are also produced by the reduction of O2 by NADPH 
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oxidases, and there is a smaller contribution from cytochrome P450, cyclooxygenases 
(COX), and monoamine, xanthine, glycolate, hydroxy acid, aldehyde, and amino acid 
oxidases (Hayes et al., 2020). Increased ROS production is observed in cancer cells as 
a consequence of rapid cancer proliferation, allowing signaling pathways (PI3K and 
MAPK) and transcription factors (HIF and nuclear factor κβ (NF-κβ)) activation, 
regulating cell cycle progression, and supporting cell proliferation by promoting genetic 
instability, tumor growth, migration, and metastatic processes (Boonstra & Post, 2004, 
DeBerardinis & Chandel, 2016, Shah & Rogoff, 2015). 

 

Figure 1.2.7. Enzymatic cell defense system for superoxide scavenging. Electron transport chain (ETC) 
and NADPH oxidase (NOX) represent the major superoxide (ꞏO2

-) sources. This superoxide reacts with nitric 
oxide (NOꞏ) producing peroxynitrite (ONOO-). Superoxide dismutase (SOD) catalyzes the ꞏO2

 dismutation to 
hydrogen peroxide (H2O2). H2O2 generates the hydroxy radical (OHꞏ) through the Fenton/Haber-Weiss 
reaction, and can also be converted into water through catalysis by enzymes such as catalase (CAT), 
glutathione peroxidases (GPX), peroxiredoxins (PRX), or thioredoxin (TXN). Figure created with 
https://www.biorender.com/ (2023), adapted from Kitada et al., 2020, and Hamada et al., 2014. 

ROS, notably H2O2, are indispensable for cellular signaling and used as secondary 
messengers by growth factors and oncogenes, modulating cell proliferation, migration, 
and survival (DeBerardinis & Chandel, 2016). ROS also play a pivotal role in cell cycle 
progression depending on their concentration. Low ROS levels promote protein oxidation 
in cysteine residues, leading to positive regulation of cell proliferation and protection 
against cellular stress (DeBerardinis & Chandel, 2016), and can also activate signal 
transduction pathways serving as mitogens, inducing cell proliferation, regulating protein 
expression of essential proteins for the G1 to S phase and cell cycle progression 
(Boonstra & Post, 2004, Menon et al., 2003). On the other hand, moderate or prolonged 
ROS levels promote cell cycle arrest in the G1 phase of the cell cycle and contribute to 
the expression of some of the cyclin D isoforms. Finally, high ROS levels and the 
presence of the most reactive compounds, such as superoxide and peroxynitrite radicals, 
promote oxidative damage in nucleic acids, proteins, and lipids. DNA damage induces 
P53 activity leading to growth suppressor P21 expression and, in turn, preventing CDKs 
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complex formation and cell cycle progression. This cell cycle arrest may be transient or 
permanent depending on the lesion and P21 activation (Boonstra & Post, 2004). Thus, 
redox balance is essential to control cell cycle progression but also to maintain a reduced 
state and cell homeostasis to support cell growth and evade oxidative stress, which is 
the molecular damage promoted by excessive ROS, leading to inflammation, 
senescence, apoptosis, or ferroptosis (Hayes et al., 2020, DeBerardinis & Chandel, 
2016).  

Therefore, cancer cells frequently develop counterbalance mechanisms to increase ROS 
tolerance, preventing oxidative damage events mediated by ROS activation by relying 
on several pathways involved in ROS homeostasis such as the glycolytic intermediates 
participating in connected metabolic pathways that contribute to generating reducing 
equivalents, for instance, the NADPH derived from PPP or through ME and IDH1 in the 
cytosol but also the NADH and FADH2 generated from FAO during acetyl-CoA synthesis 
and ATP production. The folate cycle, the methionine cycle, and the transsulfuration 
pathway comprising one-carbon metabolism are also directly involved in ROS 
homeostasis by GSH synthesis and reducing potential generation (Lieu et al., 2020, 
Panieri & Santoro, 2023).  

One of the principal mechanisms exerting antioxidant response in cancer cells is NRF2 
activation, which induces the upregulation and transcription of many other antioxidant 
molecules and increases NADPH-producing metabolic pathways required to maintain 
the multiple antioxidant defense systems (Bansal & Simon, 2018, DeBerardinis & 
Chandel, 2016, Hayes et al., 2020). To overcome cellular stress damage, cells possess 
endogenous antioxidant cell defense mechanisms involving non-catalytic molecules, 
including α-lipoic acid, bilirubin, melanin, GSH, melatonin, and uric acid, and catalytic 
molecules that detoxify ROS to water (Hayes et al., 2020). The superoxide dismutase 
(SOD) family plays an important role in detoxifying the most common and damaging 
species that interfere with cell metabolism, i.e. ꞏO2

- and H2O2. SOD family comprises 
cytosolic copper/zinc superoxide dismutase (Cu/ZnSOD), also known as SOD1, 
mitochondrial manganese superoxide dismutase (MnSOD) or SOD2, and extracellular 
superoxide dismutase (Cu/ZnSOD) or SOD3 (Hayes et al., 2020). These enzymes 
scavenge specifically superoxide radicals to H2O2, which later are detoxified to O2 and 
water by catalase (CAT) or by peroxiredoxins (PRX), thioredoxin (TXN), and glutathione 
reductase (GR), requiring NADPH cofactor for oxidized glutathione (GSSG) regeneration 
to GSH (Hayes et al., 2020, DeBerardinis & Chandel, 2016) (Figure 1.2.7.). 

1.2.4. Tissue-specific metabolic profiling 

Despite the common metabolic hallmarks found in cancer cells, there is growing 
evidence that metabolic reprogramming enabling tumor formation and progression 
differs depending on the tissue, therefore making it essential to acknowledge the 
metabolic features of the tissue-of-origin as direct influences to tumor metabolism (Bader 
& McGuire, 2020, Pavlova & Thompson, 2016, Pavlova & Thompson, 2022). 

1.2.4.1. Colorectal cancer metabolism 

CRC is strongly associated with family history; however, these cases do not represent 
the most common type diagnosed. Most CRCs arise because of disease progression 
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caused by sequential mutation accumulation (La Vecchia & Sebastián, 2020). Normal 
intestinal epithelium faces constant exposure to external harmful factors, requiring a high 
turnover rate to maintain the integrity of the gut lining. This tissue is comprised of Paneth 
cells and ISCs, neighboring cells that exhibit distinct metabolic profiles, particularly 
regarding lipid and glucose metabolism, and engage in constant interactions to sustain 
the self-renewal processes. It is believed that any metabolic alteration within this 
crosstalk is involved in tumor initiation (Barker et al., 2009, La Vecchia & Sebastián, 
2020, Krausova & Korinek, 2014). In this regard, the enhancement of glycolysis, TCA, 
and cysteine and methionine metabolism observed in the early stages of CRC is 
mediated through WNT activating mutations, which regulate central carbohydrate 
metabolism, controlling glucose metabolism by transcriptional regulation of pyruvate 
dehydrogenase kinase 1 (PDK1) and the solute carrier transporter of pyruvate and 
lactate (MCT1), promoting angiogenesis, EMT, and cell migration (La Vecchia & 
Sebastián, 2020, Tarrago-Celada & Cascante, 2021). WNT activation, together with APC 
LoF mutation, is present in the majority of CRC and supports cell proliferation by 
contributing to ROS signaling modulation through TIGAR and RAC1 induction, which 
promote glutathione regeneration and increase ROS and apoptosis tolerance (Cheung 
et al., 2013, Myant et al., 2013, Zhang & Shay 2017). 

Sequential mutations in many oncogenic signaling pathways, such as KRAS, WNT, 
MYC, PI3K/AKT, and TP53 pathways, play a major role in CRC progression (Brown et 
al., 2018). Other cases of CRC emerge through different mechanisms, including 
activating mutations in BRAF in serrated lesions or defective DDR-related genes in MSI 
tumors. Although these mutations can also lead to metabolic alterations, KRAS 
mutations are the most common in CRC and are considered drivers of metabolic 
reprogramming (Kerk et al., 2021). Indeed, KRAS activation increases glucose 
metabolism and regulates glutamine, amino acid, and lipid metabolism, improving 
metabolic adaptability and flexibility response against cellular stress promoted by 
increased ROS or nutritional depletion (La Vecchia & Sebastián, 2020, Kerk et al., 2021). 

Altogether, the most common driver mutations described for CRC are also important 
metabolic regulators. This crosstalk promotes cancer stem cell phenotype, supporting 
cell survival, metabolic plasticity, tumor progression, and metastasis (La Vecchia & 
Sebastián, 2020). It has been reported that CRC metabolism is characterized by 
increased glycolysis, TCA cycle, and glutamine, amino acid, lipid, nucleotide, and steroid 
metabolisms, compared to benign tissue (Tarrago-Celada & Cascante, 2021). Increased 
aerobic glycolysis is associated with GLUT1, HIF-1α, hexokinase 1 and 2 (HK1/2), 
PKM2, and LDH upregulation. On the other hand, CRCs present an increased 
dependence on glutamine in anabolic and anaplerotic demands. In this regard, important 
core enzymes such as GLS1 and GDH are frequently upregulated, as well as the 
mitochondrial aspartate glutamate carrier (SLC25A13) (Tarrago-Celada & Cascante, 
2021). The transsulfuration enzyme cystathionine-β-synthase (CBS) is also aberrantly 
enhanced in CRC, contributing to the increased glycolytic and PPP fluxes, lipogenesis, 
and glutathione metabolism, required for ROS scavenging (La Vecchia & Sebastián 2020 
Phillips & Zatarain et al., 2017). Lipid metabolism is also commonly altered in CRC. 
Lipogenesis, elongation, and unsaturation of fatty acids are increased, as well as β-
oxidation, by enhancing the rate-limiting enzyme CPT1A (Tarrago-Celada & Cascante, 
2021, Wang et al., 2018). These events correlate with PPARγ, SREBP1/2, and FASN 
frequent upregulation in CRC, which, in turn, stimulates glycolysis and NADPH 
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production (La Vecchia & Sebastián, 2020). In fact, increased FAO in CRC has been 
associated with metastasis promotion in both the lymph node and the liver (Lee et al., 
2019, Wang et al., 2018), being the latter the most common metastatic site in mCRC 
(Zhou et al., 2022).  

Adaptation to hypoxic and oxidative damage conditions is essential for further metastatic 
progression and involves cystine import and folate metabolism for nucleotide and fatty 
acid synthesis and redox homeostasis (Tarrago-Celada & Foguet et al, 2021). Once in 
the metastatic site, the metabolic profile is also characteristic in mCRC. Hepatic cells 
increase lysine metabolism through the thrombopoietin (TPO) receptor CD110 to 
ultimately activate WNT signaling, fructose metabolism through aldolase B (ALDOB) to 
increase glycolysis, PPP, and gluconeogenesis fluxes, as well as phosphocreatine 
uptake through creatine kinase brain-type (CKB) induction to replenish the intracellular 
ATP pools (Bu et al., 2018, La Vecchia & Sebastián, 2020, Tarrago-Celada & Cascante, 
2021). 

Therefore, metabolic reprogramming plays a major role not only in tumor initiation and 
progression but also in metastatic adaptation in CRC. Hence, understanding CRC 
metabolism and identifying key players in metastatic development and drug resistance 
is crucial for improving CRC therapy (Bu et al., 2018, La Vecchia & Sebastián, 2020, 
Tarrago-Celada & Foguet et al., 2021). 

1.2.4.2. Prostate cancer metabolism 

Normal prostate function is controlled by the AR transcription factor, which is activated 
upon testosterone and DHT binding (Desai et al., 2021), expressing genes involved in 
cell survival, but also glycolysis, mitochondrial respiration, and lipid synthesis, as well as 
specific transporters such as zinc and aspartate solute carriers (i.e., SLC39A1 and 
SLC1A1, respectively) (Ahmad et al., 2021, Bader & McGuire, 2020). Aspartate, together 
with glucose, serves as a citrate precursor, and zinc acts as a mitochondrial aconitase 
(ACO2) specific inhibitor, preventing citrate entrance into the TCA cycle for further 
oxidation. Hence, citrate accumulation is a key component in the normal prostatic fluid, 
and the TCA cycle is found to be truncated in non-cancerogenic epithelial prostate cells. 
Due to this TCA depletion, prostate cells rely on glycolysis for ATP production to 
accomplish energy requirements (Ahmad et al., 2021, Bader & McGuire, 2020, Germain 
& Lafront et al., 2023). 

Unlike other cancer types where the Warburg effect emerges with tumor initiation, in 
prostate cancer, the aerobic glycolysis overlaps with the higher glycolytic rate already 
promoted in the benign prostate gland. Therefore, conversely to other cancer types, the 
primary tumors of prostate cancer cells depend on oxidative phosphorylation and 
lipogenesis rather than glycolysis. Oxidative phosphorylation is essential for aspartate 
generation, which plays a pivotal role in nucleotide metabolism and lipogenesis, and is 
correlated with prostate cancer progression, being a hallmark of this cancer type (Bader 
& McGuire, 2020, Cutruzzolà et al., 2017). Increased lipid synthesis is controlled by AR 
signaling, upregulating biosynthetic enzymes such as FASN or ACACA, providing 
structural lipids for cellular membranes and cholesterol synthesis (steroid hormone 
precursor), serving as an energy source, or acting as a secondary messenger promoting 
post-transcriptional modifications (Giunchi et al., 2019). Disease progression is 
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accompanied by the TCA cycle restoration to support increased oxidative 
phosphorylation, demonstrating increased TCA activity in prostate cancer compared to 
benign prostatic hyperplasia (BPH) and benign tissues (Bader & McGuire, 2020). ZIP 
proteins, mainly responsible for zinc transport, are lost during AR-mediated tumor 
progression, avoiding ACO2 inhibition. Then, prostate cancer cells reduce zinc 
accumulation and citrate secretion, promoting lipogenesis and amino acid metabolism 
instead, which are required for cell proliferation (Ahmad et al., 2021, Bader & McGuire, 
2020, Franklin et al., 2005). In fact, citrate and α-KG depletion in serum is associated 
with an increased risk of being diagnosed with aggressive prostate cancer, and these 
metabolites have been presented as metabolic biomarkers in a cancer prevention trial 
(Mondul et al., 2015). 

More advanced prostate cancers present higher glycolytic rates since prostatic fluid 
secretion depends on AR activity, which is altered in mCRPC. Genes related to glycolysis 
and PPP pathways (i.e., GLUT1, HK1/2, G6PD) are also regulated by AR, promoting this 
glycolytic activity. Glycolysis in primary and advanced prostate cancer is also supported 
by the main mutations found in this cancer type, such as PTEN and TP53 LoF, leading 
to PI3K/AKT/mTOR aberrant activation (Ahmad et al., 2021, Rebello & Oing et al., 2021). 
mTORC1, in turn, regulates polyamine synthesis pathways affecting AMD1 stability and 
promoting dcSAM (Casero & Stewart et al., 2018).  

Polyamine secretion is elevated in normal prostatic fluid, contributing to sperm 
maturation and motility. Dysregulation of the polyamine pathway is correlated with 
anchorage-independent cell growth and highly associated with disease progression in 
prostate cancer (Affronti et al., 2020, Seth Nanda et al., 2020, Zabala-Letona et al., 
2017). Polyamine secretion rate is intensified with disease progression due to AR 
regulating key enzymes involved in one-carbon metabolism. The methionine salvage 
pathway maintains the methionine pools essential for SAM replenishment and polyamine 
synthesis. Therefore, AR signaling alteration in advanced prostate cancer impacts not 
just polyamine synthesis but also one-carbon metabolic-related events such as 
nucleotide biosynthesis, redox homeostasis, and epigenetic alterations (Bistulfi et al., 
2016, Corbin et al., 2016). In fact, prostate cancer is correlated with aberrant DNA 
methylation altering AR expression but also affecting DNA damage repair genes (e.g. 
MGMT), the antioxidant response (e.g. glutathione S-transferases encoding gene 
GSTP1), cell-cycle regulation genes (e.g. CKIs family members), tumor-suppressor 
genes (e.g. APC) or apoptosis, invasion and metastasis-related genes (e.g. death-
associated protein kinase (DAPK), E-Cadherin, and metalloproteinases) (Majumdar et 
al., 2011). 

1.3. Cancer therapy 

To tackle this complex disease, there are different therapeutic strategies depending on 
cancer type, tissue, stage, family history, and genetic profile. Treatments include surgery, 
which implies tumor ablation from the body; radiotherapy, promoting localized DNA 
damage by external or internal beam; and chemotherapy, which entails systemic 
pharmacological therapy. Both radiotherapy and chemotherapy target highly proliferative 
cells based on the constant division of cancer cells as an effective anticancer strategy 
(National Cancer Institute 2023). Due to the mechanism of action, these approaches 
represent the most widespread strategies applied for many cancer types. Nevertheless, 
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hormone therapy, immunotherapy, and stem cell transplant are also used in specific 
scenarios (Ganesh & Massagué, 2021, National Cancer Institute 2023). Hormone 
therapy is effective in cancer types whose proliferation is supported by hormones, such 
as prostate or breast cancer, although hormone resistance development is its main 
limitation. Immunotherapy works to improve (via immune cell therapy, monoclonal 
antibodies, vaccines, or immune system modulators) or suppress (via immune 
checkpoint inhibitors) the immune system to increase its capacity to fight specifically 
against cancer cells (National Cancer Institute 2023). In this context, PD-1/PD-L1 
blockade immunotherapy is more likely to respond in high mutational burden or MSI 
tumors (Goodman et al., 2019), although they represent a minority of cancers diagnosed. 
Stem cell transplants improve the ability to produce stem cells destroyed after 
chemotherapy or radiotherapy; however, their usage is limited to targeting cancer cells 
in liquid cancer types such as leukemia, lymphoma, neuroblastoma, and myeloma 
(National Cancer Institute 2023).  

Chemotherapy is one of the main focuses of this work. It is based on cell division 
impairment and includes alkylating agents that directly target DNA, generating DNA 
adducts and crosslinks (i.e., Cisplatin, Carboplatin, or Oxaliplatin) promoting DNA 
damage, and ultimately, cell death (Di Francesco et al., 2002, Kang et al., 2015, 
Monneret, 2011). Despite its significant efficacy as an anticancer treatment, it is worth 
mentioning that chemotherapies do not target selectively cancer cells but rapidly dividing 
cells, thus leading to associated side effects upon treatment. To address this, targeted 
cancer therapies have been developed over the last decades, becoming a foundation of 
precision medicine.  

Targeted therapies are small-molecule drugs and monoclonal antibodies (mAbs) that 
target specific proteins or receptors in cancer cells (Baudino, 2015). This selective 
mechanism of action blocks proteins and/or signals essential for cancer cell growth, cell 
cycle control, or apoptosis regulation, specifically affecting cancer cells or the tumor 
microenvironment. Small molecules include several types of inhibitors targeting different 
proteins or pathways altered in cancer, such as tyrosine kinase (e.g., Imatinib, Gefitinic, 
or Sorafenic), CDKs (e.g., Palbociclib, Abemaciclib, or Ribociclib), proteasome (e.g., 
Carfilzomib) and PARP (e.g., Rucaparib). mAbs target extracellular proteins to interact 
with cell signaling, directly binding to antigens or cell receptors, targeting effector cells 
or phagocytosis. The most extensively utilized mAbs include Trastuzumab (targeting 
hormone receptor HER2) and Bevacizumab (anti-VEGF) (Lee et al., 2018). This category 
also contains novel gene therapy, providing, among other applications, a tool to introduce 
siRNA or antisense oligonucleotide to silence specific genes by knockout or correct the 
mutated sequence by CRISPR-Cas9 utilization, a very specific strategy to manipulate 
oncogenes or tumor suppressor genes identified as disease promoters (Chen et al., 
2022, Lee et al., 2018). Clinical trials targeting PD-1 in several solid malignancies are 
ongoing (e.g. NLM; NCT02793856, NLM; NCT03545815, NLM; NCT03747965), and 
other studies are exploring further applications, such as the insertion of the prodrug-
converting enzyme herpes simplex virus type 1 thymidine kinase (HSV1-tk) into the 
fusion genes TMEM135–CCDC67 (official symbol DEUP1) and MAN2A1–FER in 
prostate and hepatocellular carcinoma cancer cells to provide a potential lethal gene 
specifically targeting cancer cells (Chen et al., 2017). 
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Despite these options, therapy failure often arises upon chemotherapy and targeted 
therapies application due to therapy resistance (Di Francesco et al., 2002, Kang et al., 
2015, Lee et al., 2018, Matthews et al., 2022, Monneret, 2011, Otto & Sicinski, 2017, 
Zhu et al. 2022). However, understanding the mechanisms underlying therapeutic 
resistance allows for the design and application of combination therapies involving 
targeted therapy and chemotherapy, which have been reported to be more effective than 
single-drug treatments (Lee et al., 2018, Matthews et al., 2022, Otto & Sicinski, 2017). 

1.3.1. Therapeutic strategies in colorectal cancer and prostate cancer 

1.3.1.1. Colorectal cancer detection, tumor stages and treatment 

Colonoscopy-guided biopsy is the most commonly used tool to detect the primary tumors 
on the colorectal site since most CRCs diagnosed are localized or regional tumors 
(SEER Explorer 2023). However, a large percentage of cases (around 20%-30%) are 
diagnosed once the tumor has led to distant metastasis (SEER Explorer 2023, Biller & 
Schrag, 2021), usually found in lymph nodes and liver but also lung and peritoneum (La 
Vecchia & Sebastián, 2020, Biller & Schrag, 2021).  

To select the optimum treatment for CRC, due to its heterogeneity, it is necessary to 
consider the tumor stage based on the TNM staging system (Table 1.3.1.), the genetic 
instability status (MSI and deficient-MMR or microsatellite stable (MSS)), and the tumor-
driver mutations (e.g., RAS family). 

The consensus molecular subtypes (CMS) have been proposed as a new classification 
for CRC based on gene expression profiling and phenotype to address its high 
heterogeneity, aiming to predict disease biomarkers and personalized drug responses 
to improve treatment efficacy (Fontana et al., 2019, Linnekamp et al., 2017, Menter et 
al., 2019, Singh et al., 2019, Sveen et al., 2017). These CMSs comprise four groups for 
tumor stratification, including (1) CMS1, which presents immune activation, MSI+, and 
CpG island methylator phenotype (CIMP)-positive, (2) CMS2 with canonical pathways 
upregulation i.e., WNT/MYC-driven mutations, BRAFV600E, Chromosomal instability 
(CIN)-positive, and presenting epithelial phenotype, (3) CMS3, which presents metabolic 
pathways dysregulation, epithelial phenotype, and KRAS-driven mutations, and (4) 
CMS4, which displays a mesenchymal phenotype with high stromal density and active 
TGF-β and VEGF pathways, with CIN+ (Fontana 2019, Linnekamp et al,. 2017, Menter 
et al., 2019, Singh et al., 2019, Sveen et al., 2017). 

Regarding treatment options, localized stage I tumors are usually addressed by surgery. 
Early stages of CRC presenting MSI+ and MMR deficiency correlated with better patient 
outcomes since they are more likely to respond to immune checkpoint blockade therapy 
that is not effective for the rest of CRC variants (Seidel et al., 2018). Indeed, the standard 
of care treatment for MSS patients entails fluoropyrimidines-based chemotherapies, such 
as 5-Fluorouracil (5-FU) (Vodenkova et al., 2020). The treatment for more advanced 
disease stages frequently combines adjuvant therapy with fluoropyrimidine treatment to 
increase effectivity, with FOLFOX being the most common regimen (Van Cutsem et al., 
2016). FOLFOX is a combination of the antimetabolite 5-FU, which targets thymidylate 
synthetase; Folinic acid (LV, leucovorin), which potentiates 5-FU action; and Oxaliplatin, 
which directly targets DNA by crosslink formation. Altogether, targeting DNA synthesis 
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and replication leads to cell growth impairment and cell death (Biller & Schrag, 2021, Oki 
et al., 2018).  

Table 1.3.1. Colorectal tumor stages. Tumor stages are classified as stages I, II (A, B, C), III (A, B, C), 
and IV (A, B, C), classified in relation to location and spread to other body parts according to TNM staging. 
TNM, tumor-node-metastasis. T represents the size and extent of the primary tumor: T0, cannot be found; 
T1 (a,b,c sub-stages), localized in the submucosa; T2, localized in muscularis propria; T3, tumor growth 
reaching subserosa or pericolorectal tissue; T4 (a, b), regional spread to nearby tissues/organs. N describes 
the spread to lymph nodes: N0, not spread to lymph nodes; N1, spread to lymph nodes, affecting one (N1a), 
2 or 3 regional lymph nodes (N1b), or nodules in surrounding tissues such as mesenteric or pericolorectal 
(N1c); N2, affecting 4 to 6 regional lymph nodes (N2a), or more than 7 (N2b). M represents distant 
metastasis: M0, no distant spread to other body parts; M1, spread to other body parts, one distant site (M1a), 
2 or more (M1b), distant metastasis and peritoneum (M1c) (Amin et al., 2017). TNM, tumor-node-metastasis. 

 

Adjuvant chemotherapy varies depending on clinical recommendations. Based on 5-FU 
plus LV, the combination with Irinotecan (FOLFIRI) is also frequently used, and even 
triple treatment FOLFOXIRI is applied. CAPOX, which substitutes 5-FU with its prodrug 
Capecitabine, is another common chemotherapeutic regimen (Biller & Schrag, 2021, Oki 
et al., 2018). Other targeted therapies are also considered for colorectal cancer 
treatment; concretely, mAB anti-VEGF, anti-angiogenic inhibitor, or anti-EGFR are 
administered together with FOLFOX/FOLFIRI to improve progression-free survival (Pal 
et al., 2018). However, their application is limited by the KRAS mutation presented since 
it determines treatment response. KRAS wild-type patients are usually treated with anti-
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EGFR (upstream RAS GTPases) monoclonal antibodies (i.e., panitumumab and 
cetuximab), but they frequently develop drug resistance (Pal et al., 2018). On the 
contrary, the same treatment is inefficient for patients presenting KRAS+. Also, 
depending on codon location and the amino acid substitution in KRAS mutation (being 
the most common in CRC G12D, G12V, G13D, G13C, and G12A), the binding affinity 
with important effectors such as RAS or the sensitivity to targeted therapy could be 
affected. As an example, the targeted therapy KRASG12C inhibitor (Sotorasib) was 
approved for stage IV for NSCL (CodeBreaK201 phase II clinical trial, NCT04933695) 
(Huang, 2021). However, despite the therapeutic efforts, only a small percentage of 
patients who reach stage IV of the disease (around 18%) achieve a 5-year survival rate 
(Oki et al., 2018). Tumors, at the most advanced stages of the disease, frequently 
develop resistance, becoming refractory and presenting an extremely challenging clinical 
scenario. 

1.3.1.2. Prostate cancer detection, tumor stages, and treatment 

Determination of tumor stage is also crucial for treating prostate cancer. Several 
measurement tools are considered to determine prostate tumor aggressiveness and risk 
depending on the histopathological phenotype, size, location, patient context, and 
genetic predisposition. The most used are the PSA value in blood tests that positively 
correlates with disease progression, the Gleason grading system that assigns five 
different patterns depending on tumor histological features categorized from groups 1 to 
5 by the International Society of Urological Pathology (ISUP), and the tumor-node-
metastasis (TNM) staging system, clinically determined, that describes tumor size, 
location, and spread. Considering all these factors, tumor stages in prostate cancer have 
been defined as low-risk (grade 1, PSA<10 ng/mL, T1-T2a), medium-risk (grade 2 or 3, 
PSA 10-20 ng/mL, T2b), and high-risk (grade > 3, PSA > 20 ng/mL, > T2b) (Cancer 
Research UK 2022, National Cancer Institute 2023, Rebello & Oing et al., 2021) (Table 
1.3.2.). 

Prostate tumor presence is detected by measuring PSA serum level and/or via digital 
rectal examinations (DRE) (Germain & Lafront 2023, Rebello & Oing et al., 2021). PSA 
levels increase with prostate cancer development but also with benign prostate 
hyperplasia (BPH) of the transition zone of the prostate gland. Despite overdiagnosis, 
these early detection methods significantly have improved life expectancy and 
decreased up to 20% in mortality cases (Rebello & Oing et al., 2021). Localized low- and 
medium-risk tumors are usually controlled by active surveillance or physically removed 
by radical prostatectomy or radiotherapy (Parker et al., 2020, Rebello & Oing et al., 
2021). In spite of these therapeutic options, the high recurrence rates are still rising, and 
more than 25% of patients register recurrence after the first-line treatment (Germain & 
Lafront 2023). 

The standard approach for locally advanced tumors involves androgen deprivation 
therapy (ADT) to reduce gonadal androgen production based on androgen dependency 
of prostate cancer cells. This hormonal depletion can be achieved through either surgical 
castration (orchiectomy) or medical castration, which interferes with the gonadotropin-
releasing hormone (GnRH). The GnRH impairment includes the use of GnRH agonists, 
such as Leuprolide, Goserelin, Histrelin, and Triptorelin. Also, through the stimulation of 
GnRH receptors, thereby regulating negatively the GnRH (i.e., Degarelix, Relugolix), and 
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Table 1.3.2. Prostate tumor stages. Tumor stages are classified as stages I, II (A, B, C), III (A, B, C), and 
IV (A, B), defined as low-, medium-, or high-risk considering PSA levels (raging from <10 (low value), 10-20 
(medium value), to >20 ng/mL (high value), detection on DRE (yes/no), the histological pattern through GS 
observations where the final GS is a sum of the first and second most prominent patterns, scoring from 2 to 
10, being well-differentiated cells with GS ≤ 6 (ISUP grade 1), moderately differentiated cells GS 7 (ISUP 
grade 2-3), and poorly-differentiated cells GS 8 - 10 (ISUP grade 4-5), and TNM staging where T represents 
the size and extent of the primary tumor (T0, cannot be found; T1 (a,b,c sub-stages), cannot be detected by 
DRE; T2 (a,b,c), in situ located inside the prostate gland; T3 (a,b), localized; T4, regional spread to nearby 
tissues/organs), N describes the spread to lymph nodes (N0, not spread to lymph nodes; N1, spread to 
lymph nodes), and M distant metastasis (M0, no distant spread to other body parts; M1 (a,b,c), spread to 
other body parts) (Cancer Research UK 2022, National Cancer Institute 2023, Rebello & Oing et al., 2021). 
DRE, Digital rectal examination; PSA, Prostate-specific antigen; GS, Gleason Score; ISUP, International 
Society of Urological Pathology; TNM, tumor-node-metastasis.  

 

additionally, it involves the utilization of agents that inhibit GnRH receptors, like Degarelix 
and Relugolix, ultimately blocking testosterone production. Other current approaches 
impair extragonadal androgen production by inhibiting the CYP17A1 enzyme, a catalyzer 
for the synthesis of testosterone and DHT. This can be achieved using medications such 
as Abiraterone or Ketoconazole. Furthermore, there are next-generation AR antagonists, 
often referred to as androgen receptor signaling inhibitors (ARSIs), including 
Enzalutamide, Apalutamide, and Darolutamide. These ARSIs compete for the AR's 
ligand-binding domain, thereby impairing the attachment of testosterone or DHT to AR 
and downstream signaling processes (Desai et al., 2021). 

More advanced and aggressive phenotypes of prostate cancer can affect several regions 
close to the prostate gland, such as regional metastasis in lymph nodes, or lead to distant 
metastasis, commonly appearing in bone (up to 85% of cases) but also in liver or thorax 
(Gandaglia et al., 2014, Rebello & Oing et al., 2021). The metastatic disease is usually 
treated with ADT for tumor burden reduction, followed by Docetaxel chemotherapy and 
prednisolone or ARSIs to increase treatment response. Second-line treatment includes 
Cabazitaxel plus Prednisolone, approved for tumors insensitive to Docetaxel, and 
radiotherapy is also applied depending on the metastasis extent. However, ADT usage 
frequently leads to therapy resistance promoting mCRPC, the most challenging event 
associated with prostate cancer (Rebello & Oing et al., 2021). At this point, only palliative 
approaches are alternative therapeutic options to increase overall survival (OV), such as 
the bone-targeted radionuclide Radium-223 chloride, effective specifically for bone-
metastasis tumors, the 177Lu-PSMA-617 targeted radiation therapy against PSMA-617-
positive (prostate-specific membrane antigen) (VISION phase III trial, NCT03511664), or 
other targeted therapies such as Olaparib based on PARPi (poly(ADP-ribose) 
polymerase inhibition) for patients presenting deficient DDR, and monoclonal antibodies 
(Nivolumab (CheckMate 9KD phase II trial, NCT03338790) and Pembrolizumab), 
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effective for patients with MSI or MMR mutations in combination with PARPi (Parker et 
al., 2020, Rebello & Oing 2021).  

In brief, the most advanced cancer disease requires the search for novel therapies, that 
may be performed by employing drug repositioning strategies to repurpose effective 
existing drugs for combination therapies (Pushpakom et al., 2019). The study of cancer 
metabolism is a pivotal component of this approach, as emerging evidence highlights 
the intricate relationship between metabolic pathways and drug resistance (La Vecchia 
& Sebastián, 2020). To validate alternative drugs and treatment strategies, it is crucial to 
consider their metabolic effects, given the established connection between metabolic 
reprogramming and adaptive responses. 

1.3.2. Delving into Oxaliplatin and Palbociclib treatments 

1.3.2.1. Oxaliplatin treatment in cancer 

The first-generation platinum (Pt) II compound Cisplatin (Platinol®) was discovered 
serendipitously by Barnett Rosenberg in 1965 (Rosenberg et al., 1965) and exploited as 
a highly effective antitumor drug, which meant a significant improvement in 
chemotherapy efficiency, especially for bladder, testicular, and ovarian cancer. Despite 
platinum-based chemotherapy being widely used nowadays, the side effects and 
acquired resistance coexist with the highly effective cytotoxic effect on cancer cells 
(Monneret, 2011). To address this, the next generation of platinum agents has been 
developed over the years (Di Francesco et al., 2002, Kang et al., 2015, Monneret, 2011). 

In this regard, Oxaliplatin (Eloxatin®), the third-generation compound derived from 
Cisplatin, was approved by the FDA in 2002 and authorized in the European Union for 
the treatment of colorectal cancer upon failure with primary treatment. Later, in 2004, it 
was approved for treating advanced colorectal cancer in combination with 5-Fluorouracil 
and folinic acid (Leucovorin; LV), known as FOLFOX (U.S. Food and Drug Administration 
2015). Oxaliplatin differs from Cisplatin in the Pt atom complexed groups, oxalate, and 
the diaminocyclohexane (DACH) ring (Figure 1.3.1.).  
 

 

Figure 1.3.1. Platinum derivatives. Platinum compounds where the Platinum (II) atom is (A) tetracoordinate 
to four chloride anions in the Cisplatin molecule, (B) coordinated to oxalate and a diaminocyclohexane 
(DACH) ring in the Oxaliplatin molecule. (C) Schematic example of inter-crosslinks generated by Oxaliplatin 
covalent interaction with a DNA molecule between two adjacent guanines (GG). Figure created with 
https://www.biorender.com/ (2023). 

Cell uptake mechanisms include passive diffusion but also facilitated and active 
transport. Once inside the cell, the Pt atom binds covalently to the N7 position of purine, 
generating DNA intra- and inter-crosslinks between two adjacent guanines (GG) or 
guanine-adenine bases (AG) (Di Francesco et al., 2002, Monneret, 2011). DNA damage 
triggers repairing and apoptotic pathways involving p38 MAPK, c6ABL, ERK, INK, and 
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p53 (Monneret, 2011). Cisplatin-DNA adducts promote DNA damage that is recognized 
by the MMR system, which enhances Cisplatin tolerance and resistance, while the bulky 
DACH ring in Oxaliplatin generates a hydrophobic and steric impediment that impairs 
MMR binding. Therefore, the toxic effects of Oxaliplatin do not depend on MMR, resulting 
in a lack of cross-resistance with Cisplatin (Di Francesco et al., 2002, Kline & El-Deiry, 
2013). 

Nowadays, Oxaliplatin is a high antitumor drug commonly applied in several solid tumors 
such as colorectal, gastric, and pancreatic cancer (National Cancer Institute 2023) and 
extensively studied in clinical trials for other cancer types, including prostate cancer 
(Droz et al., 2003, Marzo et al., 2022, Zhou et al., 2017). 

1.3.2.1.1. Platinum drug resistance 

Despite the high clinical efficacy of Oxaliplatin-based chemotherapy, it remains limited 
by the significant adverse reactions and its acquired resistance. The mechanisms 
involved in platinum drug resistance acquisition entail drug detoxification and increased 
tolerance against the effects promoted by the platinum compound presence. In 
particular, alterations in transport, defective DNA damage-induced repair, failure in 
apoptotic responses, and epigenetic marks constitute the platinum resistance 
mechanisms (Martinez-Balibrea et al., 2015, Monneret, 2011). 

Cancer cells can develop several resistance strategies, such as decreasing drug uptake 
or increasing drug efflux by altering copper transporters like CRT1, involved in the 
accumulation of platinum drugs, p-type ATPases (ATP7A and ATP7B), responsible for 
copper transport and sequestration in Trans-Golgi network, or solute carriers (SLCs), 
notably SLC22 family, involved in detoxification of xenobiotics (Martinez-Balibrea et al., 
2015, Zhou et al., 2020). In the case of platinum agents, the mechanism of action 
involves DNA adduct and crosslink generation (Monneret, 2011), therefore in response 
to this DNA damage, Oxaliplatin-resistant cells activate DDR by NER (Di Francesco et 
al., 2002), notably involving XPF-ERCC1 overexpression and leading to cell survival (Yin 
et al., 2011, Hatch & Swift, 2014). Once inside the cell, platinum compounds are 
hydrated, becoming active compounds, susceptible to react not just with DNA but other 
macromolecules (lipids and proteins) and thiol-containing molecules such as GSH, which 
is able to neutralize the electrophilic molecules generated (Martinez-Balibrea et al., 
2015). Platinum-resistant cells display increased GSTP1 levels, the gene encoding for 
glutathione S-transferases, which catalyze scavenging reactions involving GSH (Sawers 
et al., 2014). Thus, platinum detoxification (Cisplatin and Carboplatin) could be mediated 
by glutathione export. As a consequence of the electrophilic compound presence, ROS 
levels are increased within cells (Martinez-Balibrea et al., 2015). Of note, ROS play an 
important role in cell signaling but also promote DNA damage (DeBerardinis & Chandel, 
2016). Accordingly, redox balance maintenance by increased ROS tolerance is also 
common in platinum-resistant cells (Martinez-Balibrea et al., 2015, Zhou et al., 2020).  

Beyond these mechanisms, aberrant DNA damage affects the P53 signaling; thus, 
platinum-resistant cells suppress caspase activity and increase PI3K/AKT pathway 
activity, conferring the ability to avoid programmed cell death (Martinez-Balibrea et al., 
2015). Central apoptotic regulator TP53 is mutated in 50% of human tumors and has 
been suggested as a possible intrinsic mechanism of resistance (Martínez-Jiménez et 
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al., 2023). Moreover, platinum treatment also alters anti- and proapoptotic protein 
expression, such as BCL-2, BCL-XL, BAX and BAK, conferring platinum-resistance 
(Beale at al., 2000, Guo et al., 2021, Zhou et al., 2020). On the other hand, the extrinsic 
or death receptor apoptotic pathway is also affected by Oxaliplatin resistance 
mechanisms since cells acquire resistance by promoting mesenchymal characteristics 
triggered by CD95 or MMP7 overexpression, which play an important role in EMT 
(Martinez-Balibrea et al., 2015). 

1.3.2.2. Palbociclib treatment in cancer 

The alterations of cell cycle progression in cancer cells lead to continuous division and 
are supported by mutations of proteins involved in cell cycle regulation. The most 
common modifications include increased levels of cyclin D protein by CCND1 (cyclin D1) 
amplification, usually found in several cancer types, and rarely CCND2 (cyclin D2) and 
CCND3 (cyclin D3). Also, activation of RAS/RAF/MAPK or PI3K/AKT pathways 
contributes to CCND1 transcription, as well as amplification of CDK4 and CDK6 
regulatory subunits that bind to cyclin D (Goel et al., 2017, Matthews et al., 2022, Otto & 
Sicinski, 2017). In addition, the loss of function of the CDK inhibitor P16INK4A by gene 
CDKN2A silencing through methylation or depletion is frequently found in cancer cells. 
All these alterations reflect that cell cycle dysregulation in the cancer cells promoting 
continuous division relies mainly on cell cycle initiation and G1/S checkpoint, providing 
a valuable therapeutic opportunity (Goel et al., 2017, Otto & Sicinski, 2017).  

In this regard, the CDKs inhibitors Palbociclib, Ribociclib, and Abemaciclib are the 
targeted therapies for inhibiting D-type cyclin-CDK4/6 complexes. (Matthews et al., 
2022). In particular, Palbociclib (IBRANCE®) was the first specific CDK4 and CDK6 
inhibitor approved in 2015 by the FDA and in 2016 by the EMA as the first-line treatment 
of estrogen receptor (ER)-positive, human epidermal growth factor receptor 2 (HER2)-
negative advanced breast cancer in combination with anti-estrogen therapy (European 
medicines agency 2021, U.S. Food and Drug Administration 2017). Mechanistically, 
Palbociclib alters continuous proliferation by promoting cell cycle arrest in the G1 phase 
by binding to and inhibiting cyclin-dependent kinases CDK4 and CDK6, thus impairing 
the canonical regulation for cell cycle progression. After Palbociclib binding to CDK4 and 
CDK6, cyclin D–CDK4 and cyclin D–CDK6 complexes cannot be activated, preventing 
RB family (RB1, RBL1, and RBL2) phosphorylation. Hence, E2F transcription factor 
activation is suppressed since RB remains attached until phosphorylation. Genes 
involved in the G1 to S phase transition, essential for replicative phase initiation, are no 
longer expressed, including E-type cyclins, which are necessary for CDK2 activation 
(Goel et al., 2017, Otto & Sicinski, 2017) (Figure 1.3.2.). 

Therefore, Palbociclib plays a crucial role in impairing cell cycle initiation as a targeted 
therapy against CDKs activity, tackling continuous proliferation in breast cancer but also 
demonstrating promising results in other malignancies such as glioblastoma, 
neuroblastoma, NSCLC, HNSCC, melanoma (Goel et al., 2017, Otto & Sicinski, 2017), 
CRC (Sorah et al., 2022, Zhang et al., 2017, NLM; NCT03446157), and prostate cancer 
(NLM; NCT02905318, NLM: NCT02494921). 
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Figure 1.3.2. Palbociclib effect over cell cycle progression. CDK4 and CDK6 inhibition by Palbociclib 
impairs CDK4/6-Cyclin D complex activation, preventing the phosphorylation of RB family proteins. RB-E2F 
complex remains attached to DNA, impairing cell cycle progression by transcriptional repression of genes 
required for G1 to S phase transition. Figure adapted from “Cyclins: Cell Cycle Regulators” by 
https://www.biorender.com/ (2023) (Cancer Research Product Guide; Tocris Bioscience 2016, Hochegger 
et al., 2008, Wagener et al., 2016) and retrieved from https://app.biorender.com/biorender-templates. 

1.3.2.2.1. Palbociclib drug resistance 

Even though Palbociclib has shown efficacy in the treatment of breast cancer and 
promising results in other solid malignancies, drug resistance remains a significant 
challenge. In this regard, several mechanisms have been identified that contribute to the 
cancer cell response to Palbociclib treatment. Cells with mutations that stimulate cell 
cycle entrance and progression do not present the same antiproliferative effect and are 
associated with Palbociclib resistance. These mechanisms include alterations in the 
retinoblastoma tumor suppressor gene (RB1) pathway by loss of RB1 function, E2F2 
overexpression, or hyperactivation of Cyclin E1 (CCNE1) that can activate CDK2 and 
bypass the inhibitory effects of Palbociclib via Cyclin E overexpression or loss of function 
of P21CIP1 and P27KIP1 CDKs inhibitors (Matthews et al., 2022, Otto & Sicinski, 2017). On 
the other hand, resistance to CDK4/6 inhibitors also includes intrinsic mechanisms such 
as drug sequestration in the tumor cell lysosomal compartment and changes in 
chromatin modifiers that enable the reactivation of E2F target genes (Goel & Bergholz 
et al., 2022). 

On the other hand, it is necessary to consider the complexity of CDK4/6 activity. Some 
studies suggest a compensatory function in CDKs, where the cell cycle progresses in 
the absence of D-type cyclins or CDK4 and 6 exhibiting redundancy and plasticity 
(Malumbres et al., 2004). Alternative cell cycle progression also proposes that CDK4/6-
mediated phosphorylation of RB is not essential for CDK2 activation and that CDK2 and 
CDK1 could also be responsible for cell cycle progression under certain circumstances 
(Santamaría et al., 2007). 

In summary, the mechanisms underlying Palbociclib-acquired resistance are poorly 
understood, and the responses of different tumors to CDK4/6 inhibition are 
heterogeneous. Further research is needed to explore additional pathways and identify 
novel therapeutic targets to address this limitation (Goel & Bergholz et al., 2022, Goel et 
al, 2017). 
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1.4. Metabolism in cancer therapy 

Cell metabolism plays an essential role in cancer development and progression since 
cancer cells undergo metabolic reprogramming to support their proliferation and survival. 
Particularities in cancer cell metabolism also represent therapeutic opportunities and 
vulnerabilities for cancer diagnosis, biomarkers, and targeted therapies, alone or in 
combination with other chemotherapies to improve drug response. 

Imaging techniques such as Positron Emission Tomography (PET) and Magnetic 
Resonance Imaging (MRI) are used to visualize highly metabolically active tissues by 
monitoring the radioactive molecules accumulation in specific locations and taking 
advantage of cancer cells’ constant proliferation. The most widely used substrate in PET 
is [18F]fluoro-deoxyglucose ([18F]FDG), a glucose analog that is more metabolized in 
highly glycolytic cancer cells, hence providing valuable information for diagnosis or 
metastatic spread. On the other hand, MRI allows the detection of 1H and 13C-enriched 
metabolites (Di Gialleonardo et al., 2017), providing information about the distribution 
and metabolism of these molecules along the body. 

Considering metabolism for targeted therapy, the first anti-folate developed was 
Aminopterin, reported by Farber & Diamond in 1948. This targeted therapy demonstrated 
significant remissions in childhood leukemia (ALL) patients, signifying an important 
change in the treatment of this disease and setting a precedent for antimetabolite usage 
in cancer therapy (Farber & Diamond, 1948). Targeting nucleotide metabolism (e.g., 
Pemetrexed, 5-Fluorouracil, Gemcitabine, or Methotrexate) has achieved successful 
results not just in liquid cancer but also in other solid cancer types such as NSLCL, CRC, 
HNSCC, gastric, pancreatic, breast, and ovarian cancers (Visentin et al., 2013, Stine et 
al., 2022). Some metabolic drugs have also been approved for non-cancer indications, 
such as targeting oxidative metabolism for type 2 diabetes (Metformin), pyrimidine 
metabolism or autophagy for chronic inflammatory disease rheumatoid arthritis 
(Leflunomide and Hydroxychlorquine), lipid synthesis for atherosclerotic cardiovascular 
disease (Bempedoic acid), or cysteine/glutamate exchange for ulcerative colitis 
(Sulfasalazine) (Zhao et al., 2022). 

On the other hand, specific oncogenic mutations affecting metabolic adaptations and 
contributing to or driving tumor progression, such as RAS or PI3K, MYC, and mTOR in 
many cancer types, also provide metabolic vulnerabilities that can be therapeutically 
exploited, for instance, with tyrosine kinase inhibitors already approved as anticancer 
drugs (Zhao et al., 2022), or genetic synthetic lethal interactions using small interfering 
RNAs (siRNAS), short hairpin RNAs (shRNAs), or CRISPR–Cas9 technology (Stine et 
al., 2022). 

Finally, short-term treatment exposition also induces cell metabolic reprogramming, 
promoting specific phenotypes that alter core metabolic pathways such as glycolysis, 
glutamine, or fatty acid metabolism. As described in the Hallmarks of Cancer section, 
these metabolic adaptations support cell survival for a specific population, conferring 
flexibility and advantages to overcome therapeutic effects by resistance acquisition, 
ultimately contributing to disease progression. A lot of clinical trials are focused on these 
metabolic vulnerabilities, targeting core metabolic alterations in cancer cells. For 
instance, exploring the tissue-specificity of metabolic particularities such as polyamine 
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dysregulation in prostate cancer can be addressed by inhibiting ODC and AdoMetDC 
using analog substrates such as DFMO or MGBF (Murray-Stewart et al., 2016). 
Metabolic adaptations are also important for the rational design of targeted therapy 
combinations. This consideration has already been exploited in approved drugs such as 
the double-hit on DNA synthesis in FOLFOX treatment, targeting nucleotide metabolism 
and promoting DNA damage (Van Cutsem et al., 2016, Xie et al., 2020). Other new 
therapeutic strategies under evaluation target glutamine metabolism, which is essential 
for cell survival in several cancer types, with glutaminase inhibitors such as CB-839 
(GLS1 inhibitor), with limited success as a single drug (Gross et al., 2014). Exploring 
glutamine dependence in specific scenarios allows the designing of combination 
therapies, for instance, by impairing both GLS1 and glutathione synthesis required to 
protect cells from cellular stress in PDAC (Biancur et al., 2017, Seth Nanda et al., 2020) 
or by targeting GLS1 after CDK4/6 inhibition, which promotes MYC upregulation and 
increases glutamine and mTOR pathways to support cell survival in colorectal cells 
(Tarrado-Castellarnau et al., 2017). Likewise, the application of CDK4/6 inhibitors in 
prostate cancer, considering the similar behavior of AR in prostate and ER in breast 
cancer in driving CCND1 transcription, displays promising results in both hormone-
sensitive and CRPC (Goel et al., 2017). 

Understanding metabolic reprogramming depending on cancer type, disease stage, and 
mutational burden allows for identifying targetable metabolic vulnerabilities and 
dependencies, which is crucial for developing effective therapies (Hanahan & Weinberg, 
2011, Pavlova & Thompson, 2022). 

1.4.1. System biology approach for metabolic-based therapy 

Systems biology integrates multi-omics data (genomics, transcriptomics, proteomics, 
and metabolomics), combining multidisciplinary fields to construct complex networks of 
interactions that allow studying an organism in a given condition (Karakitsou & Foguet et 
al., 2019).  

Advances in high-throughput technologies allow obtaining valuable information at the 
cellular level, such as whole genome sequencing to understand genetic mutations 
contributing to cancer development and progression, gene expression data through 
transcriptomic techniques such as microRNA (miRNA) and RNA sequencing (RNA-seq), 
which allow studying the differentially expressed genes and the gene enrichment 
considering a group of genes annotated in a predefined gene set using the Gene Set 
Enrichment Analysis (GSEA) (Subramanian et al., 2005). Characterization of proteins 
and metabolites has been an increasing interest in the last decades. Proteomics 
elucidates the interactions, function, composition, and structures of proteins and their 
cellular activities, while targeted metabolomics aims to the quantification of a known 
group of metabolites, providing information about reaction rates and allowing the 
construction of metabolic flux analysis. Metabolites can be measured through nuclear 
magnetic resonance (NMR) and mass spectrometry (MS) based techniques coupled to 
different separation instruments such as gas chromatography (GC-MS), capillary 
electrophoresis (CE-MS), or liquid chromatography (LC-MS), depending on the 
metabolism of interest (Heo et al., 2021, Zamboni et al 2015, Zhao et al., 2022). 
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All these data sets can be integrated into mathematical metabolic models to simulate the 
cell metabolic state and study the emerging properties or the response upon a 
perturbation in the system by predicting the metabolic fluxes. Constraint-based modeling 
assumes a metabolic steady-state flux distribution through stoichiometric linear 
equations to simplify the human metabolism reactions in the system. The Genome-Scale 
Metabolic Models (GSMM) are a collection of metabolic reactions, gene reaction 
associations, metabolites, and interactions translated to a single mathematical 
framework represented as a stoichiometric matrix. The reactions are a mass and charge 
balance, considering the subcellular location and transport and exchange reactions with 
the extracellular media (fluxomics). A unique solution for flux distribution is ultimately 
optimized by maximizing the biomass function, which is the objective function for cancer 
cells, through the Flux Balance Analysis (FBA) application. Human constraint-based 
GSMM reconstruction is obtained by Recon 3D. The integration of the available omic 
data to GSMM and the application of FBA leads to a condition-specific GSMM that 
provides valuable applications for drug discovery to explore metabolic capabilities, 
including essential genes and reactions for cell survival, also to identify synthetic lethal 
genes and simulate responses identifying putative biomarkers and drug targets (Heo et 
al., 2021, Karakitsou & Foguet et al., 2019). 

Different conditions can be simulated for drug discovery to explore the metabolic 
changes occurring in the transition from the reference or control state to the treatment 
condition, generating the resulting flux distribution. The best potential target should 
accomplish both requirements: to impair the metabolic transition to the resulting state 
and to revert the transition to the reference state. For this purpose, the Metabolic 
Transformation Algorithm (MTA) alongside the Minimization of Metabolic Adjustment 
(MOMA) are applied to the specific GSMM simulation, leading to the identification of 
putative targets and metabolic vulnerabilities to explore with therapeutic combinations 
(Foguet et al., 2022, Segrè et al., 2002, and Valcárcel et al., 2019) considering drug 
repurposing annotated in external databases such as DrugBank (Knox et al., 2024) or 
Therapeutic Target Database (Chen et al., 2002). 
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2. OBJECTIVES 

Metabolic reprogramming is a key hallmark of cancer that enables the tumor cells to 
accomplish the metabolic and energetic requirements for tumor survival and progression 
(Hanahan, 2022, Hanahan & Weinberg, 2011). It is a crucial contributor to adaptative 
events such as metastatic development and drug resistance. Thus, targeting metabolic 
reprogramming represents a promising antitumor strategy, and understanding the 
metabolic alterations acquired after drug resistance can provide valuable insights for 
developing effective combination therapies (DeBerardinis & Chandel, 2016, Seth Nanda 
et al., 2020, Stine et al., 2022, Porporato et al., 2018). 

In this thesis, the metabolic reprogramming underlying drug resistance is studied in two 
types of cancer, metastatic colorectal cancer (mCRC) and metastatic castration-resistant 
prostate cancer (mCRPC), which both present high rates of incidence and recurrence 
(Ferlay et al., 2020). The study is assessed in two in vitro models representing the most 
advanced and aggressive types of mCRC and mCRPC, being SW620 and PC-3 cell 
lines, respectively (Luo & Song et al., 2022, Germain & Lafront et al., 2023). The 
metabolic fingerprints of both cell lines are evaluated after incubation with two different 
treatments used for cancer therapy: Palbociclib, which is a CDK4 and CDK6 selective 
inhibitor that arrests cells in the G1/G0 phase of the cell cycle, and Oxaliplatin, which 
impairs replication and transcription of DNA by promoting DNA damage. Metabolic, 
transcriptomic, and respiratory data are used to identify metabolic vulnerabilities in drug-
adapted phenotypes to increase tumor sensitivity using combination therapies, which 
may improve treatment outcomes and overcome drug resistance (Lee et al., 2018, 
Matthews et al., 2022, Otto & Sicinski, 2017), also applying Genome-Scale Metabolic 
Models (GSMM) after data integration to generate cell-line-specific models and predict 
putative targets able to compromise cell proliferation in treatment-surviving cells 
(Tarragó-Celada & Foguet et al., 2021, Foguet et al., 2022). Therefore, the main 
objectives defined for this thesis are described below: 

1. Study of the metabolic reprogramming underlying short-term treatment with 
Oxaliplatin chemotherapy to unveil combined drug targets to address Oxaliplatin 
treatment resistance. 

2. Study of the metabolic reprogramming underlying short-term treatment with 
Palbociclib targeted therapy to unveil combined drug targets to address 
Palbociclib treatment resistance. 

3. Validation of the most promising combinations based on the metabolic 
characterization, transcriptomic, and respiratory data, or the metabolic targets 
proposed by the specific GSMM reconstructions. 
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3. RESULTS 

3.1. Chapter 1. Metabolic profiling reveals new drug combinations to sensitize 

colon and prostate adenocarcinoma cells to oxaliplatin therapy. 

3.1.1. Introduction. 

Oxaliplatin is one of the most common platinum derivatives applied in standard 
chemotherapy (Monneret, 2011, Zhang & Xu et al., 2022) for the treatment of several 
solid malignancies, mainly colorectal and gastric cancer (Di Francesco et al., 2002, Kang 
et al., 2015, Kline & El-Deiry, 2013, Monneret, 2011, Huang et al., 2016). It targets highly 
proliferative cells by promoting DNA damage through DNA crosslink generation and 
impairing DNA replication and transcription. Upon first chemotherapy applications, the 
strategy of drug combination appeared to overcome drug resistance responsible for the 
therapeutic failure. This strategy resulted from increased knowledge about cancer 
features supporting cell survival upon drug response (Jin et al., 2023, Stordal et al., 
2007). Oxaliplatin administrated together with 5-fluorouracil and folinic acid (a 
combination known as FOLFOX treatment), is one of the standard and most effective 
chemotherapies for metastatic colorectal cancer (mCRC) (Van Cutsem et al., 2016, Xie 
et al., 2020). This regimen was approved for targeting nucleotide metabolism while 
promoting DNA damage in colorectal cancer (CRC) (U.S. Food and Drug Administration 
2015). Clinical studies demonstrated the antiproliferative effect of FOLFOX rather than 
single drugs alone, improving drug resistance and overall survival (André et al., 2009). 
However, despite oxaliplatin-based therapies demonstrating effective results in several 
solid malignancies (Conroy et al., 2011, Lee et al., 2014, Park et al., 2021), the emerging 
chemoresistance is a major cause of mortality in CRC, especially challenging in the 
advanced stage of cancer disease. Further research into the mechanisms involved in 
drug resistance is necessary for the development of more effective therapeutic 
strategies, ultimately improving patient outcomes (Chen & Gong et al., 2022, Monneret, 
2011, Rottenberg et al., 2021). An increasing number of studies support an association 
between metabolic reprogramming and the acquisition of chemotherapy resistance (Tan 
& Li et al., 2022, Xu et al., 2020). Therefore, the determination of metabolic features 
specifically associated with cancer cell resistance upon Oxaliplatin treatment is critical 
for the development of new combined therapy strategies.  

This chapter aims to unveil the metabolic reprogramming of cancer cells upon Oxaliplatin 
short-term exposition to identify targetable metabolic pathways and improve Oxaliplatin 
sensitivity using new combined treatments. This strategy implies a cell metabolic 
characterization of cancer cells, including metabolomic and transcriptomic profiles, upon 
Oxaliplatin exposition and a computational approach integrating multi-omic data into 
condition-specific genome-scale metabolic flux models (GSMM). Finally, using the 
GSMM and a drug repurposing strategy, we identify druggable targets and validate new 
putative Oxaliplatin-combined therapies to avoid metabolic reprogramming associated 
with Oxaliplatin resistance. 

As a case study, this multidisciplinary strategy is applied to identify putative oxaliplatin-
combined therapies for two common advanced cancer types, metastatic colorectal and 
prostate cancers, since they represent two of the most lethal and recurrent tumors 
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nowadays (Ferlay et al., 2020). With this purpose, the most aggressive preclinical models 
have been selected: the PC-3 cell line, a metastatic prostate cell line (grade IV) isolated 
from the lumbar vertebra of a 62-year-old white male patient presenting AR, PTEN, and 
P53 negative mutations (Germain & Lafront et al., 2023), and the SW620 cell line, a 
metastatic colorectal cell line (Dukes C type) isolated from the lymph node metastasis of 
the large intestine of a 51-year-old male patient presenting KRAS positive mutation (Luo 
& Song et al., 2022). 

The study of metabolic reprogramming through this multidisciplinary strategy helps to 
understand the drug-acquired resistance to Oxaliplatin and propose alternative 
therapeutic approaches. Comparative analysis of Oxaliplatin adaptive responses in 
colon and prostate cancer cells reveals common mechanisms such as the reduction of 
the central carbon metabolism, mainly affecting glycolytic flux and amino acid 
dependence to maintain cell survival. However, Oxaliplatin treatment causes a different 
reprogramming of mitochondrial metabolism in both cancer types. The cancer type-
specific GSMM reconstruction for the resistant phenotypes effectively identifies 
metabolic vulnerabilities as putative drug targets, leading to the discovery of the 
combined treatment of Oxaliplatin with Cladribine, a nucleotide metabolism inhibitor (Wu 
& Gong 2022), causing synergistic antiproliferative effects in colon cancer cells. In 
addition, the combination of Oxaliplatin and Palbociclib, a cyclin-dependent kinase 4 and 
6 (CDK4/6) selective inhibitor that arrests cells in the G1/G0, is effective for both prostate 
and colon cancer cells. Altogether, the obtained results led to potential new therapeutic 
opportunities that need to be further explored in preclinical studies. 

3.1.2. Results. 

3.1.2.1. Oxaliplatin treatment impairs cell growth in metastatic colorectal 

and prostate cancer cell lines. 

To study the metabolic reprogramming after short-term treatment with Oxaliplatin in both 
cancer types, first was determined the drug concentration required to reduce 50 % of cell 
proliferation (IC50). With this aim, short-term resistance acquisition was assessed after 
48 h of treatment with Oxaliplatin in both the metastatic colorectal (mCRC) SW620 cell 
line and the metastatic prostate (mCRPC) PC-3 cell line. The percentage of alive, early 
apoptotic, and late apoptotic/necrotic cells was also measured after 48 h of Oxaliplatin 
treatment in both cell lines.  

Results determined 0.25 µM as the effective Oxaliplatin IC50 for SW620 (Figure 3.1.1., 
A), which notably differs from the concentration of 7 µM established for the PC-3 cell line 
(Figure 3.1.1., B). The difference in IC50 value exceeding one order of magnitude 
evidence that the metastatic colorectal cell line is more sensitive to the drug’s effects. 
Short-term incubation with IC50 caused a progressive decrease in cell proliferation over 
time in both cell models, displaying a significant impairment of duplication time. Indeed, 
Oxaliplatin-treated cells proliferate 2.25 times slower compared to the non-treated 
condition in both cell lines. The doubling time increases from 16 h (non-treated) to 37.5 
h (Oxaliplatin-treated) in the case of the SW620 cells (Figure 3.1.1., C) and from 21.5h 
to 48 h in the case of PC-3 cells (Figure 3.1.1., D). 
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Regarding the percentage of alive, early apoptotic, and late apoptotic/necrotic cells 
measured by flow cytometry after Oxaliplatin treatment, the results indicated a significant 
increase in the apoptotic response only in the prostate cell line (Figure 3.1.1., E). 
Although the percentages obtained in early apoptotic and late apoptotic/necrotic cells did 
 

 
Figure 3.1.1. Oxaliplatin effect on cell proliferation and apoptosis in colorectal and prostate cancer 
cells. A, B. Representative graphs showing cell proliferation curves after 48 h of Oxaliplatin treatment at 
increasing concentrations in A) the metastatic colorectal SW620 cell line, and B) the metastatic prostate PC-
3 cell line. C, D. Cell proliferation over time in non-treated and treated cells at fixed concentrations (IC50) C) 
using 0.25 µM of Oxaliplatin in SW620 cells, and D) using 7 µM of Oxaliplatin in PC-3 cells. E, F. Apoptosis 
assay after Annexin V-FITC incubation discerning cells found alive, in early apoptosis and late 
apoptosis/necrosis after 48 h measured in non-treated and Oxaliplatin-treated E) SW620 cells (0.25 µM), 
and F) PC-3 cells (7 µM). An independent sample t-test was applied for relative comparison between the 
two groups, * indicates significant differences (p < 0.05). 
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not reach more than 10% of the cell population. In the case of the colorectal SW620 cell 
line, short-term treatment with Oxaliplatin did not promote apoptosis compared to the 
non-treated condition (Figure 3.1.1., F). 

Therefore, Oxaliplatin treatment impairs cell proliferation in metastatic colorectal and 
prostate cancer cell lines, promoting a significant reduction in growth rate. Despite the 
increase in the apoptotic response upon Oxaliplatin treatment in the prostate cell line, 
the small percentage of cells displaying apoptosis in both cell lines suggests that 
apoptotic activation is not the primary mechanism responsible for the 50 % decrease in 
cell proliferation. 

3.1.2.2. Oxaliplatin treatment depletes glycolysis and central carbon 

metabolism in metastatic colorectal and prostate cancer cells.  

In order to evaluate Oxaliplatin's short-term treatment effect over the major metabolic 
pathways, the transcriptome differential expression (DE) analysis was performed using 
DEseq2 (Love et al., 2014). Transcriptomic data were analyzed based on the enrichment 
score of the genes distributed on gene set pathways employing the gene sets enrichment 
analysis (GSEA) (Subramanian et al., 2005) according to the metabolic individual 
pathways defined by the Kyoto Encyclopedia of Genes and Genomes (KEGG) database 
using a combination of 2-4 letter code and 5 digit number (the unique KEGG-pathways 
identifiers and the genes included in each pathway are described in detail in 
https://www.kegg.jp/) (Figure 3.1.2.). 

DE analysis results showed significant downregulation of “hsa01200 Carbon 
metabolism” in both SW620 (Figure 3.1.2., A) and PC-3 cell lines (Figure 3.1.2., B). 
This metabolic network of central carbohydrate metabolism includes 
glycolysis/gluconeogenesis, PPP, TCA cycle, pyruvate oxidation, serine biosynthesis, 
glycine cleavage system, and propionyl CoA metabolism. Also, in the SW620 cell line, 
biosynthesis of amino acids is significantly decreased by Oxaliplatin treatment which 
includes several pathways such as three-carbon glycolytic intermediates, the first carbon 
oxidation of the TCA cycle, PPP, 5-phosphoribosyl-1-pyrophosphate (PRPP) 
biosynthesis, serine, cysteine, arginine and proline biosynthesis, and enzymes from the 
urea cycle. 

Remarkably, no metabolic gene sets were positively enriched after Oxaliplatin treatment 
in any of the two cell lines. Therefore, these results indicate that cells treated with 
Oxaliplatin exhibit a downregulation in the cell metabolic pathways as an adaptation to 
this treatment. 

Searching for a common trait on central metabolism affectation upon Oxaliplatin 
treatment, further gene expression comparisons between the two cell lines have been 
performed, attending to the individual gene expression level. Therefore, genes encoding 
for the major proteins involved in glycolysis and pentose phosphate central metabolic 
pathways were evaluated (Figure 3.1.3.). Downregulation of central carbon metabolism 
in both cell types is reflected by a significant decrease in the expression of the genes 
encoding for the most important glycolytic enzymes. Notably, the glycolytic orchestrator 
6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 3 (PFKFB3) is downregulated in 
both cell types after 48 h of treatment with Oxaliplatin. Also, transketolase (TKT) or 
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transaldolase 1 (TALDO1), which are essential non-oxidative PPP genes, are found to 
be significantly downregulated in the two cancer models. 

 
Figure 3.1.2. Gene set enrichment analysis (GSEA) according to metabolic individual KEGG 
pathways classification. A, B. Differential expression is analyzed after 48 h of treatment with Oxaliplatin in 
A) SW620 and B) PC-3 cells. Stat represents enrichment score, being positive when it increases or negative 
when it decreases. White-colored bars indicate significant differences with respect to non-treated cells 
(adjusted p-value < 0.05), and black-colored bars indicate patterns with adjusted p-value < 0.25.  
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Figure 3.1.3. Differential gene expression of glycolytic and pentose phosphate pathway (PPP) 
enzymes after Oxaliplatin treatment. Differential gene expression in terms of Log 2 fold-change (Log2FC) 
after 48 h of treatment with Oxaliplatin regarding the principal encoding genes for glycolytic enzymes in A) 
SW620 cells, and B) PC-3 cells, and PPP enzymes in C) SW620 cells, and D) PC-3 cells. White-colored 
bars represent significant differences with respect to non-treated cells (adjusted p-value < 0.05). Glycolytic 
genes: HK1, HK2; hexokinase 1, and 2, respectively. GPI; glucose-6-phosphate isomerase. PFKFB2, 
PFKFB3, and PFKFB4; 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2, 3, and 4, respectively. 
PFKL, PFKM, PFKP; phosphofructokinase, liver type, muscle, and platelet, respectively. ALDOA, ALDOC; 
aldolase A, and C, respectively. TPI1; triosephosphate isomerase 1, GAPDH; glyceraldehyde-3-phosphate 
dehydrogenase. PGK1; phosphoglycerate kinase 1. PGAM1; phosphoglycerate mutase 1. ENO1, ENO2, 
ENO3; enolase 1, 2, and 3, respectively. PKM; pyruvate kinase M1/2. LDHA, LDHB; LDHC; lactate 
dehydrogenase A, B, and C respectively. PPP genes: G6PD; glucose-6-phosphate dehydrogenase. H6PD; 
hexose-6-phosphate dehydrogenase/glucose 1-dehydrogenase. PGD; phosphogluconate dehydrogenase. 
TKT; transketolase. TALDO1; transaldolase 1. RPIA; ribose 5-phosphate isomerase A. RPE; ribulose-5-
phosphate-3-epimerase. 

Then, glucose and lactate, the most abundant metabolites in the extracellular media 
associated with the glycolytic pathway, were measured to confirm the metabolic pathway 
alteration observed with the transcriptomic analysis after Oxaliplatin treatment. The 
assessment of the consumption and production rates evidenced a decrease in glucose 
consumption and lactate production after 48 h of treatment with Oxaliplatin in both cell 
types (Figure 3.1.4., A, B). These results are in agreement with the gene set enrichment 
analysis results, demonstrating a decrease in central carbon metabolism (Figure 3.1.2.). 
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Also, the ratio of lactate/glucose, which indicates the lactate production derived from the 
Warburg effect, did not change with respect to the control condition in none of the cell 
types (Figure 3.1.4., C, D), suggesting an even decrease of the glycolytic pathway and 
lactate production. 

 
Figure 3.1.4. Reduction in glycolytic pathway and lactate production in Oxaliplatin-treated cells. A, 
B. Extracellular glucose consumption and lactate production rates measured after 48 h in A) control and 
Oxaliplatin-treated (0.25 µM) SW620 cells and B) control and Oxaliplatin-treated (7 µM) PC-3 cells. C, D. 
Ratio of lactate production to glucose consumption in C) SW620 cells and D) PC-3 cells. An independent 
sample t-test was applied for relative comparison between the two groups, * indicates significant differences 
(p < 0.05). 

Therefore, short-term Oxaliplatin treatment alters central carbon metabolic pathways by 
significantly decreasing the glycolytic pathway in both the metastatic colorectal and the 
prostate cancer cell lines. 

3.1.2.3. Oxaliplatin treatment induces a distinct effect on amino acid and 

polyamine metabolism in prostate and colorectal cancer cells. 

As stated in the previous section, short-term Oxaliplatin treatment promoted a decrease 
in central carbon metabolism and impaired cell proliferation in metastatic prostate and 
colorectal cells. However, cells were able to survive by overcoming the Oxaliplatin 
cytotoxic effect and displaying a resistant phenotype. In order to identify other carbon 
and nitrogen sources that may be contributing to resistance acquisition and cell survival, 
we evaluated the metabolite fingerprint in both Oxaliplatin-resistant cancer cell lines. 

First, we measured the extracellular glutamine consumption and glutamate production 
rates, since they are the most abundant metabolites after glucose and lactate and are 
closely related to tumor progression and resistance phenotype acquisition (Yoo, Yu & 
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Sung et al., 2020). Results showed an increase in glutamine consumption after 
Oxaliplatin treatment in the colorectal SW620 cell line (Figure 3.1.5., A), accompanied 
by a greater glutamine dependence (Figure 3.1.5., B). However, glutamate production 
was not significantly increased (Figure 3.1.5., A), and the ratio of glutamine consumption 
to glutamine not committed to glutamate production (estimated as Gln/(Gln-Glu)) was 
slightly decreased (Figure 3.1.5., C). These results suggest that glutamine consumption 
in Oxaliplatin-treated colorectal cells is increased for other purposes beyond glutamate 
production. On the other hand, in the PC-3 cell line, neither the extracellular glutamine 
consumption nor the glutamate production rate calculated after Oxaliplatin treatment 
displayed significant changes compared to the control condition (Figure 3.1.5., D). 
Likewise, the ratio of glutamine usage for glutamate production was not altered (Figure 
3.1.5., E). However, since there were no significant changes in glutamine consumption 
and a reduction in glucose uptake after Oxaliplatin treatment, prostate cancer PC-3 cells 
exhibited an increase in glutamine dependence (Figure 3.1.5., F). 

 
Figure 3.1.5. Effects of Oxaliplatin treatment in glutaminolysis. A, D. Extracellular glutamine 
consumption and glutamate production rates measured after 48 h in A) control and Oxaliplatin-treated (0.25 
µM) SW620 cells and D) control and Oxaliplatin-treated (7 µM) PC-3 cells. B, F. Ratio of glucose with respect 
to glutamine utilization in B) SW620 cells and F) PC-3 cells. C, E. Ratio of glutamine consumption to 
glutamine not committed to glutamate production (estimated as Gln/(Gln-Glu)) in C) SW620 cells and E) PC-
3 cells. An independent sample t-test was applied for relative comparison between the two groups, * 
indicates significant differences (p < 0.05). 

These findings indicate that both cell lines display an increase in glutamine dependence 
as a common trait, which suggests that glutamine metabolism plays an important role in 
Oxaliplatin-resistant cells’ metabolism, together with the glycolytic flux reduction 
observed in the previous results. 
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By analyzing the extracellular consumption and production rates of amino acids after 48 
h of treatment with Oxaliplatin, we did not observe alterations in essential amino acids 
(EAAs) (results are displayed in Appendix I, Section I.1.) in the colorectal cancer 
SW620 cell line. However, our results showed a significant increase in asparagine, 
aspartate, glycine, and proline production rates (Figure 3.1.6., A). These increments 
indicate that these non-essential amino acids (NEAAs) were more produced and 
secreted to the extracellular medium after Oxaliplatin treatment. In contrast, we observed 
that both EAAs and NEAAs exhibited significant changes after Oxaliplatin treatment in 
the PC-3 cell line (Figure 3.1.6., B). Notably, serine, tyrosine, phenylalanine, tryptophan, 
and valine were significantly less consumed from the extracellular media after Oxaliplatin 
treatment, while there was an augmented asparagine, glycine, ornithine, and proline 
production rates.  

 
Figure 3.1.6. Extracellular consumption and production rates of amino acids after Oxaliplatin 
treatment. A) Extracellular consumption and production rates of NEAAs measured after 48 h in control and 
Oxaliplatin-treated (0.25 µM) SW620 cells. B) Extracellular consumption and production rates of NEAAs and 
EAAs measured after 48 h in control and Oxaliplatin-treated (7 µM) PC-3 cells. NEAAs. Non-essential amino 
acids. EAAs: Essential amino acids. Only amino acids that were significantly produced or consumed from 
the medium are shown. An independent sample t-test was applied for relative comparison between the two 
groups, * indicates significant differences (p < 0.05). 
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These results indicate the importance of amino acid metabolism in Oxaliplatin-resistant 
cells, in which glutamine plays a central role. Notably, this amino acid is correlated with 
non-essential amino acid biosynthesis, one-carbon metabolism for nucleotide 
biosynthesis, epigenetic regulation, or urea cycle for ammonium detoxification, which, in 
turn, is linked to polyamine metabolism (Ju & Lin et al., 2020, Yoo, Yu & Sung et al., 
2020), which plays an important role in prostate cancer and seminal fluid (Affronti et al., 
2020, Casero & Stewart et al., 2018). Therefore, we explored one-carbon, urea cycle, 
and polyamine metabolisms in order to determine the contribution of these pathways to 
cell survival after Oxaliplatin treatment in both cell lines. 

To this end, we evaluated the differential gene expression of the most important enzymes 
belonging to the folate cycle, methionine cycle, methionine salvage pathway, polyamine 
metabolism, and urea cycle after 48 h of Oxaliplatin treatment in colorectal and prostate 
cell lines (Figure 3.1.7.). In SW620 cells, the most significant gene expression 
increments after Oxaliplatin treatment were found in methylenetetrahydrofolate 
dehydrogenase (MTHFD1), together with adenosylmethionine decarboxylase 1 (AMD1) 
and ornithine decarboxylase 1 (ODC1) (gene expression values are specified in 
Appendix I, Table I.1.). Also, there was a remarkable overall decrease in the expression 
of genes encoding for the mitochondrial isoforms of one-carbon (folate) metabolism 
(MTHFD1L, MTHFD2, and in serine hydroxymethyltransferase 2 (SHMT2)). In 
agreement with the overexpression of polyamine metabolism rate-limiting enzymes 
AMD1 and ODC1, the putrescine production rate was also increased after treatment 
(Figure 3.1.8., A). Also, downregulation of spermidine/spermine N1-acetyltransferase 1 
(SAT1) might impair polyamine catabolism due to the increased polyamine synthesis 
induced by Oxaliplatin treatment. Regarding the prostate cell line, we observed a 
significant overexpression of MTHFD2L, and in the catabolic genes SAT1 and spermine 
oxidase (SMOX). At the same time, there was a substantial decrease in the expression 
of genes involved in methionine salvage pathway (methylthioadenosine phosphorylase 
(MTAP)), methionine cycle (5-methyltetrahydrofolate-homocysteine methyltransferase 
(MTR), and adenosylhomocysteinase (ACHY)), and notably, in polyamine synthesis 
including downregulation of spermidine and spermine synthase (SRM and SMS, 
respectively), and ODC1 (Figure 3.1.7.). The tendency observed in the reduction of 
putrescine extracellular secretion in Oxaliplatin-resistant prostate cells was also in line 
with the observed downregulation of polyamine synthesis (Figure 3.1.8., B). Despite the 
downregulation in polyamine synthesis, we observed an increase in ornithine secretion 
to the extracellular media by Oxaliplatin treatment in prostate cancer cells which is in 
accordance with the decrease in ODC1, the enzyme that catalyzes the conversion of 
ornithine into putrescine (Figure 3.1.6., B). Furthermore, in agreement with the glycolytic 
impairment after Oxaliplatin treatment, there is a notable inhibition of genes encoding for 
enzymes of serine biosynthesis from 3-phosphoglycerate (3PG). This inhibition does not 
hinder the maintenance of the cytosolic folate cycle, either through an increase in serine 
consumption, resulting in augmented glycine production in the prostate cell line, or the 
overexpression of the MTHFD1 gene in the colon cell line. 
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Figure 3.1.7. Genes encoding for key enzymes involved in once-carbon (methionine and folate) 
metabolism, polyamine metabolism, and urea cycle. Significantly differentially expressed genes after 
Oxaliplatin treatment in SW620 and PC-3 for enzymes in A) the serine biosynthesis and folate cycle, and B) 
the methionine cycle, methionine salvage pathway, polyamine metabolism, and urea cycle. Colors refer to 
gene expression changes compared to control; green is downregulated, red is upregulated and grey 
indicates no significant differences (adjusted p-value > 0.05). Genes: AHCY; adenosylhomocysteinase, 
AMD1; adenosylmethionine decarboxylase 1, ARG2; arginase 2, ASL; argininosuccinate lyase, ASS1; 
argininosuccinate synthase 1, DHFR; dihydrofolate reductase, MTAP; methylthioadenosine phosphorylase, 
MTHFD1; methylenetetrahydrofolate dehydrogenase, MTHFD1L; methylenetetrahydrofolate 
dehydrogenase (NADP+ dependent) 1 like, MTHFD2; methylenetetrahydrofolate dehydrogenase (NADP+ 
dependent) 2, MTHFD2L; methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 2 like, MTHFR; 
methylenetetrahydrofolate reductase, MTR; 5-methyltetrahydrofolate-homocysteine methyltransferase, 
NOS1; nitric oxide synthase 1, ODC1; ornithine decarboxylase 1, OTC; ornithine transcarbamylase, PAOX; 
polyamine oxidase, PHGDH; phosphoglycerate dehydrogenase, PSAT1; phosphoserine aminotransferase 
1, PSPH; phosphoserine phosphatase, SAT1; spermidine/spermine N1-acetyltransferase 1, SHMT1; serine 
hydroxymethyltransferase 1, SHMT2; serine hydroxymethyltransferase 2, SMOX; spermine oxidase, SMS; 
spermine synthase, SRM; spermidine synthase. Figure adapted from Tedeschi et al., 2013, and Casero & 
Stewart et al., 2018, and created with https://www.biorender.com/ (2023).   
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Figure 3.1.8. Putrescine production in control and Oxaliplatin-treated cells. Extracellular putrescine 
production rate measured after 48 h in A) control and Oxaliplatin-treated (0.25 µM) SW620 cells and B) 
control and Oxaliplatin-treated (7 µM) PC-3 cells. An independent sample t-test was applied for relative 
comparison between the two groups, * indicates significant differences (p < 0.05). 

In brief, Oxaliplatin treatment promoted a distinct effect on amino acid metabolism, and 
causing a greater glutamine reliance in both cancer types. Oxaliplatin treatment also 
altered polyamine metabolism in opposite directions. These results indicate that 
Oxaliplatin treatment may impact mitochondrial metabolism, therefore prompting us to 
investigate the impact on cellular respiration and alternative energy sources such as fatty 
acids. 

3.1.2.4. Different impact on mitochondrial and fatty acid metabolism after 

Oxaliplatin treatment in prostate and colorectal cancer cells. 

To evaluate the impact on mitochondrial respiration capacity, energy production, and 
ability to respond to an energetic demand after Oxaliplatin treatment, we used the Mito 
Stress Test to calculate the mitochondrial function-related parameters by measuring the 
Oxygen Consumption Rate (OCR) and the glycolytic function through the Extracellular 
Acidification Rate (ECAR). These responses evidence the different behavior of the 
Oxaliplatin-resistant cells in comparison with the non-treated cells against the acute 
injection of glucose and different electron transport chain (ETC) inhibitors.  

The extracellular acidification is measured in the complete medium after glucose acute 
injection to obtain the basal ECAR (Figure 3.1.9., A, Figure 3.1.10., A). This parameter 
accounts for the protons produced from lactic acid through LDH activity and 
mitochondrial-derived CO2 (Romero et al., 2018, Romero et al., 2021). Therefore, a more 
direct correlation with the glycolytic function is given by the Proton Efflux Rate (PER) 
(glycoPER), which eliminates the additional acidification of the extracellular medium 
resulting from the mitochondrial activity. Our results, focusing on glycoPER, displayed 
significantly lower values in both Oxaliplatin-surviving cells in comparison with the non-
treated condition (Figure 3.1.9., B, Figure 3.1.10., B). These results correlate with the 
glycolytic depletion observed after Oxaliplatin treatment in both cell lines.  

On the other hand, mitochondrial respiration given by the OCR measured after 
Oxaliplatin treatment displays different patterns in both cell lines. First, the colorectal cell 
line did not show  any  significant  alteration in basal  respiration in  comparison with the 

A B
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Figure 3.1.9. Respiratory response in SW620 cells treated with Oxaliplatin. Characterization of the 
mitochondrial function in SW620 cells after 48 h in control and Oxaliplatin-treated (0.25 µM) SW620 cells. 
A) Normalized monitored values of Extracellular Acidification Rate (ECAR) over time. B) Glycolytic Proton 
Efflux Rate (glycoPER). C) Normalized monitored values of Oxygen Consumption Rate (OCR) over time. D) 
Quantification of OCR-related parameters, including basal respiration, maximal respiration, non-ATP linked 
oxygen consumption (proton leak), ATP production-associated respiration, and spare respiratory capacity. 
E) ATP production rate discerning mitochondrial ATP (mitoATP) and glycolytic ATP (glycoATP) production. 
Mito Stress test was performed in Seahorse XFe medium supplemented with glutamine (4mM), with and 
without Oxaliplatin (depending on the condition) prior to the sequential injection of glucose (Glc, 12.5 mM), 
Oligomycin (1.5 µM), CCCP (600 nM), and Rotenone (Rot, 2 µM) + Antimycin (AA, 2 µM). An independent 
sample t-test was applied for relative comparison between the two groups, * indicates significant differences 
(p < 0.05). 

control (Figure 3.1.9., C, D). Equally, some other OCR-related parameters, such as 
maximal respiration and respiration associated with ATP production, did not display 
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differences. However, the oxygen consumption not coupled to ATP production, also 
known as proton leak, was decreased after Oxaliplatin treatment. In addition, the spare 
respiratory capacity, which indicates the cells’ ability to respond to an energetic demand, 
was increased. Despite there were no differences in ATP production-related respiration, 
the total ATP production rate was found to decrease upon Oxaliplatin treatment (Figure 
3.1.9., E). This parameter comprises the ATP production rate from glycolysis (glycoATP) 
and mitochondrial oxidative phosphorylation (mitoATP). We determined that the 
decrease in total ATP production rate was only associated with less ATP production from 
glycolysis (glycoATP), in accordance with the significant decrease in glucose 
consumption. In contrast, the ATP production derived from mitochondria (mitoATP) was 
not altered after Oxaliplatin treatment. Therefore, the metabolic reprogramming arising 
from Oxaliplatin treatment in colorectal cells maintains the mitochondrial function, 
conferring metabolic flexibility against cellular stress and preventing a decrease in OCR 
and ATP production. 

In contrast, OCR-related parameters measured after Oxaliplatin response in prostate 
cancer cells indicated a significant increase in basal respiration, maximal respiration, 
respiration linked to ATP production, and spare respiratory capacity, with the only 
exception of proton leak that did not display changes with respect to the control condition 
(Figure 3.1.10., C, D). Even though the total ATP production rate did not reflect 
differences, there was an increase in mitoATP balanced with a decrease in glycoATP 
(Figure 3.1.10., E), which agreed with the glycolytic reduction promoted by Oxaliplatin 
treatment in the prostate cell line. Thus, results in Oxaliplatin-resistant PC-3 cells suggest 
the existence of carbon sources other than glucose fueling respiration, mitochondrial 
function, and cell flexibility. 

To sum up, mitochondrial function was maintained in the colorectal cell line and 
augmented in the prostate cell line despite the glycolytic depletion promoted by the 
Oxaliplatin treatment. Our findings in the previous section suggest that amino acid 
metabolism, notably glutamine, might be the major supporter of mitochondrial 
metabolism in both cell lines. Considering the increase in glutamine usage as opposed 
to glucose displayed in colorectal and prostate Oxaliplatin-resistant cells, we explored 
the main central pathways contributing to resistance linked to glutamine metabolism and 
oxidative phosphorylation (OxPhos) and, in turn, mitochondrial metabolism. Therefore, 
we evaluated the differential expression of individual genes regarding the TCA cycle in 
both cell types (Figure 3.1.11.). 

In the colorectal SW620 cell line, Oxaliplatin treatment caused a significant 
overexpression of pyruvate carboxylase (PC), and citrate synthase (CS) (Figure 3.1.11., 
A). In the case of prostate cancer PC-3 cells, a decrease is observed in the expression 
of the genes encoding for the enzymes related to the TCA cycle such as PC, CS, but 
also OGDH; the A subunit of succinate dehydrogenase (SDHA) and GTP-specific 
succinate-CoA ligase (SUCLG2), encoding for succinate dehydrogenase (SDH) and 
succinate-CoA ligase (SCS), respectively (Figure 3.1.11., B). Hence, TCA cycle enzyme 
regulation after Oxaliplatin treatment depends on the cancer tissue, and gene expression 
of TCA cycle enzymes is more affected in the prostate cancer cell line. 
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Figure 3.1.10. Respiratory response in PC-3 cells treated with Oxaliplatin. Characterization of the 
mitochondrial function in PC-3 cells after 48 h in control and Oxaliplatin-treated (7 µM) PC-3 cells. A) 
Normalized monitored values of Extracellular Acidification Rate (ECAR) over time. B) Glycolytic Proton Efflux 
Rate (glycoPER). C) Normalized monitored values of Oxygen Consumption Rate (OCR) over time. D) 
Quantification of OCR-related parameters, including basal respiration, maximal respiration, non-ATP linked 
oxygen consumption (proton leak), ATP production-associated respiration, and spare respiratory capacity. 
E) ATP production rate discerning mitochondrial ATP (mitoATP) and glycolytic ATP (glycoATP) production. 
Mito Stress test was performed in Seahorse XFe medium supplemented with glutamine (2 mM), with and 
without Oxaliplatin (depending on the condition) prior to the sequential injection of glucose (Glc, 10 mM), 
Oligomycin (1.5 µM), CCCP (600 nM) + Pyruvate (Pyr, 2 mM), and Rotenone (Rot, 2 µM) + Antimycin (AA, 
2 µM). An independent sample t-test was applied for relative comparison between the two groups, * indicates 
significant differences (p < 0.05). 
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Figure 3.1.11. Differential gene expression of mitochondrial TCA cycle enzymes after Oxaliplatin 
treatment. Differential gene expression in terms of Log 2 fold-change (Log2FC) after 48 h of treatment with 
Oxaliplatin regarding the principal encoding genes for TCA cycle enzymes in A) the colorectal SW620 cell 
line and B) the prostate PC-3 cell line. White-colored bars depict significant differences with respect to non-
treated cells (adjusted p-value < 0.05). ACO2; aconitase 2. CS; citrate synthase. FH; fumarate hydratase. 
IDH2; isocitrate dehydrogenases 2. MDH2; malate dehydrogenase 2. OGDH; oxoglutarate dehydrogenase. 
PC; pyruvate carboxylase. SDHA, SDHB, SDHC, and SDHD; succinate dehydrogenase essential subunits 
A, B, C, and D. SUCLA2, SUCLG1, SUCLG2; succinate-CoA ligase invariant subunit (G1), and substrate-
specific subunits ATP- specific (A2) and GTP-specific (G2). 

Together, our results indicate that Oxaliplatin promotes different mitochondrial function 
responses in both cancer cell lines. Since differential expression results suggest a 
depletion of the TCA cycle entrance from glycolysis due to the PC and CS decreased 
gene expression after Oxaliplatin treatment in the prostate cell line, we explored the gene 
expression associated with key enzymes controlling fatty acid metabolism to understand 
whether glutamine is the unique carbon source maintain the mitochondrial function. In 
this regard, the gene encoding for the isoform C of the CPT1 enzyme, responsible for 
long-chain amino acids internalization in the mitochondria for further β-oxidation (Li et 
al., 2019, Wang et al., 2020), was found to be significantly overexpressed (log2FC 
(CPT1C)=1.1±0.2, adjusted p-value 2.85ꞏ10-8). Moreover, transcriptomic data integration 
in the Pathview web server (Luo et al., 2017, Luo et al., 2013) indicated that fatty acid 
degradation was altered after Oxaliplatin treatment in PC-3 cells (Figure 3.1.12.), 
suggesting that fatty acid oxidation (FAO) plays a pivotal role in generating ATP and 
reducing potential after Oxaliplatin treatment in the prostate cell line. 

On the other hand, differential expression analysis in SW620 cells treated with 
Oxaliplatin suggested a greater entrance in the TCA cycle from pyruvate to oxaloacetate 
and toward an increased citrate production through PC and CS overexpression. Usually, 
citrate production is correlated to increased lipogenesis (Williams & O’Neill, 2018), and 
in this case, only ACLY encoding gene (ACLY; log2FC=0.17±0.06, adjusted p-value 
0.03) was slightly overexpressed after Oxaliplatin treatment in SW620 cells. Hence, we 
assessed the lipid metabolomic profile by measuring the intracellular concentration of 
sphingolipids, glycerophospholipids, and acylcarnitines after 48 h in control and 
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Oxaliplatin-treated SW620 cells. We used heatmaps to distribute the concentration of 
lipid metabolites based on non-supervised clusterization.  

 

 

Figure 3.1.12. KEGG Pathview analysis of Oxaliplatin treatment effect on Fatty acid degradation pathway. 
Pathview map displays the differential expression of genes involved in the ‘fatty acid degradation’ (KEGG) 
after 48 h of treatment with Oxaliplatin in PC-3 cells. Colors refer to the expression level; green is 
downregulated and red is upregulated after Oxaliplatin treatment compared to control (Gene names 
associated with each reaction are available at https://www.genome.jp/kegg-bin/show_pathway?hsa00071). 
The figure was downloaded from the Pathview web server (www.pathview.uncc.edu). 

Results discerned Oxaliplatin-resistant condition from the control in acylcarnitines 
(Figure 3.1.13., A) and glycerophospholipids (Figure 3.1.14.), indicating a lipid profile 
alteration correlated with the Oxaliplatin treatment. However, these changes were not 
observed in the intracellular concentration of sphingolipids (Figure 3.1.15.). 

After Oxaliplatin treatment, there was a notable decrease in the concentrations of short- 
and long-chain acylcarnitines, according to ratios of (C2+C3) / C0 (Figure 3.1.13., B), 
and (C16+C18) / C0 (Figure 3.1.13., C), respectively. These ratios indicated a reduction 
of fatty acid uptake and subsequent β-oxidation (Koundouros & Poulogiannis 2020, Stine 
et al., 2022), and a decrease in carnitine palmitoyl transferase 1 (CPT1) activity (Dossus 
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& Kouloura et al., 2021), indicating a drop in FAO. On the other hand, Oxaliplatin-treated 
cells displayed an increase in the overall intracellular glycerophospholipid 
concentrations, suggesting an enhanced synthesis of glycerophospholipids (Figure 
3.1.14.). 

 
Figure 3.1.13. Acylcarnitines profile in control and Oxaliplatin-treated colorectal cancer SW620 cells. 
A) Heatmap distribution after non-supervised clusterization of the intracellular acylcarnitines measured after 
48 h in control and Oxaliplatin-treated (0.25 µM) SW620 cells. Results expressed in nmol/µg protein were 
normalized by sum applying Pareto data scaling using Metaboanalyst 5.0 software. B) Ratio of short-chain 
acylcarnitines to free carnitine ((C2+C3)/C0), which is a measure of overall β-oxidation activity. C) Ratio of 
long-chain acylcarnitines to free carnitine ((C16+C18)/C0), which is correlated with the activity of carnitine 
palmitoyl transferase 1 (CPT1). An independent sample t-test was applied for relative comparison between 
the two groups, * indicates significant differences (p < 0.05). 

In brief, the metabolic and respiratory results in the PC-3 cell line and the observed 
differential gene expression in the fatty acid oxidation pathway, indicate that Oxaliplatin 
treatment caused increased respiration, ATP production, and metabolic flexibility, fueled 
by increased fatty acid oxidation together with enhanced amino acid metabolism. Thus, 
there is an increment in the mitochondrial function for cell survival to the detriment of the 
glycolytic response triggered by Oxaliplatin in the prostate cancer PC-3 cells. In the 
SW620 cells, Oxaliplatin treatment increases the entrance of pyruvate to the TCA cycle 
and induces lipogenesis rather than lipid oxidation toward energy production. In this 
case, glutamine and non-essential amino acids are the major supporters of mitochondrial 
metabolism, maintaining respiration and redox cell homeostasis through one-carbon 
metabolism despite the glycolytic depletion promoted by Oxaliplatin. 
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Figure 3.1.14. Glycerophospholipids profile in control and Oxaliplatin-treated colorectal cancer 
SW620 cells. Heatmap distribution after non-supervised clusterization of the intracellular 
glycerophospholipids measured after 48 h in control and Oxaliplatin-treated (0.25 µM) SW620 cells. Results 
expressed in nmol/µg protein were normalized by sum applying Pareto data scaling using Metaboanalyst 
5.0 software. 

 
Figure 3.1.15. Sphingolipids profile in control and Oxaliplatin-treated colorectal cancer SW620 cells. 
Heatmap distribution after non-supervised clusterization of the intracellular sphingomyelins (SM) measured 
after 48 h in control and Oxaliplatin-treated (0.25 µM) SW620 cells. Results expressed in nmol/µg protein 
were normalized by sum applying Pareto data scaling using Metaboanalyst 5.0 software. 
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3.1.2.5. Metabolic vulnerabilities and combinatory treatments predicted by 

GSMM in colorectal and prostate cancer cells after Oxaliplatin treatment. 

We integrated the transcriptomics and metabolomics data to construct a specific 
genome-scale metabolic model (GSMM) for Oxaliplatin-resistant cells in each cell line, 
SW620 and PC3 (see Appendix II for details). These simulations provided valuable 
information for flux balance analysis and estimated the final flux distribution after 
treatment. Flux distribution analysis identified the major fluxes upon Oxaliplatin treatment 
expressed in terms of Log2FC (Figure 3.1.16., A, Figure 3.1.17., A), and the final 
pathway-flux variation contribution to the resistant phenotype was defined in terms of 
µmol/(106cellꞏh) (Figure 3.1.16., B, Figure 3.1.17., B). This methodology was applied to 
evaluate the final contribution of the pathways with significantly altered flux after 
treatment.  

 
Figure 3.1.16. Flux variations of metabolic KEGG pathways after Oxaliplatin treatment in SW620 cells. 
Significant changes in Log2FC (Treated / Non-treated) and Total variation µmol/(106cellꞏh) (Treatment – 
Non-treated) have been considered (total_flux_vres  0.01) and filtered by fluxes with differences Log2FC 
 0.1. 
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Results indicated an increased flux of biosynthesis of unsaturated fatty acids and folate 
biosynthesis as significant contributors to metabolic reprogramming promoted by 
Oxaliplatin treatment in the SW620 cell line (Figure 3.1.16., A). However, the 
contribution of these flux variations to the total flux variation had a minor impact in 
comparison to the remarkable decrease in glycolysis (Figure 3.1.16., B). On the other 
hand, metabolic fluxes promoted by Oxaliplatin treatment in PC-3 cells had a greater 
contribution to the total variation than in SW620 cells. Notably, the TCA cycle, OxPhos, 
and fatty acid metabolism and degradation were the major cell survival supporters in 
Oxaliplatin-treated cells, presenting the highest increased fluxes and total variation. Also, 
GSMM in PC-3 described a great decrease in glycolysis, having the most notable total 
variation in this cell type after Oxaliplatin treatment (Figure 3.1.17., A, Figure 3.1.17., 
B). 

 
Figure 3.1.17. Flux variations of metabolic KEGG pathways after Oxaliplatin treatment in PC-3 cells. 
Significant changes in Log2FC (Treated / Non-treated) and Total variation µmol/(106cellꞏh) (Treatment – 
Non-treated) have been considered (total_flux_vres  0.01) and filtered by fluxes with differences Log2FC 
 0.1. 

Therefore, the GSMM reconstruction identifies the glycolytic decrease as the main 
metabolic pathway variation, in accordance with the experimental results obtained in 
both cell types. 

The GSMM reconstruction also revealed the metabolic vulnerabilities underlying 
Oxaliplatin adaptation and provided putative metabolic inhibitors able to revert and 
prevent the transition to the Oxaliplatin resistant phenotype. GSMM strategy involves 
drug repurposing to propose metabolic inhibitors whose mechanism of action and genes 
encoding for their target enzymes (denoted as target genes) are annotated in DrugBank 
(Knox et al., 2024) and Therapeutic Target (Chen et al., 2002) databases. In this regard, 
our results are filtered by a positive aggregate score, as indicated in Table 3.1.1. and 
Table 3.1.2., which denotes the potential capability to hinder the transition, where the 
highest values indicate a greater capacity to prevent or reverse drug resistance. 
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Table 3.1.1. Target genes and drug candidates predicted by GSMM for reverting Oxaliplatin 
resistance in SW620 cells. Target genes (NCBI number) and drugs proposed by GSMM, applying the 
quadratic metabolic transformation algorithm (qMTA) and the minimization of metabolic adjustment (MOMA) 
to revert or prevent Oxaliplatin-resistant phenotype in SW620 are filtered by positive aggregate score. Only 
drugs annotated in DrugBank (Knox et al., 2024) and Therapeutic Target (Chen et al., 2002) databases are 
shown. The metabolic inhibitors with positive aggregate scores are arranged in descending order based on 
their values up to the metabolic inhibitor with an aggregate score value closest to 50% of the highest 
aggregate score value. Gene IDs: 526, ATP6V1B2 ATPase H+ transporting V1 subunit B2. 1633, DCK 
deoxycytidine kinase. 4860, PNP purine nucleoside phosphorylase. 6240, RRM1 ribonucleotide reductase 
catalytic subunit M1. 6241, RRM2 ribonucleotide reductase regulatory subunit M2. 7296, TXNRD1 
thioredoxin reductase 1. 7298, TYMS thymidylate synthetase. 10587, TXNRD2 thioredoxin reductase 2. 
50484, RRM2B ribonucleotide reductase regulatory TP53 inducible subunit M2B. 

Drug Gene target  Aggregate Score  Target 

Motexafin gadolinium 10587, 6241, 7296 0.81383788 Nucleotide 
metabolism 

Cladribine 4860, 50484, 6240, 6241 0.75997523 
Clofarabine 50484, 6240, 6241 0.756686089 

Gemcitabine 6240, 7298 0.54335894 

Fludarabine 1633, 6240 0.54335728 

Hydroxyurea, Gallium maltolate, Clofarabine 6240 0.54334603 

Gemcitabine, Gallium maltolate 6241 0.54334603 

Gallium nitrate 526, 6241 0.54334603 

After Oxaliplatin treatment, GSMM reconstruction for the colorectal cancer cells identified 
nucleotide metabolism as the major metabolic vulnerability targetable by several 
metabolic inhibitors detailed in Table 3.1.1.. Cladribine, approved for multiple sclerosis 
(Pfeuffer et al., 2022) and effective in hematological disorders, is one of the metabolic 
inhibitors with the highest aggregate score. It is a prodrug that inhibits the adenosine-
deaminase (ADA) enzyme and also the ribonucleotide reductase isoforms (RRM1/2/2B), 
DNA Polymerase catalytic subunits (POLA1, POLE, POLE2/3/4), and purine nucleoside 
phosphorylase (PNP), which, in turn, interferes with DNA synthesis (Knox et al., 2024, 
Warnke et al., 2010). Indeed, the combination of Cladribine and Oxaliplatin in colorectal 
cancer SW620 cells for 48 h of treatment yielded synergistic antiproliferative results in a 
low concentration range (Figure 3.1.18.). 

Cladribine is a very similar drug to Fludarabine, listed in Table 3.1.1. with a lower 
aggregate score than Cladribine. Fludarabine is reported to inhibit DNA synthesis by 
targeting RRM1, POLA1, and deoxycytidine kinase (DCK) (Knox et al., 2024), which is 
also involved in nucleotide metabolism (Wu & Gong 2022). This drug has also displayed 
effective results in hematological disorders; however, depending on the features of the 
disease, the different combinations of Cladribine and Fludarabine lead to distinct survival 
outcomes (Park et al., 2016). Therefore, we tested the combination of Fludarabine and 
Oxaliplatin to evaluate the impact on cell proliferation. Our results for this combination 
showed no synergism after 48h of treatment (Figure 3.1.19.).  

Gemcitabine is a nucleoside analog that targets RRM1, thymidylate synthetase (TYMS), 
and cytidine/uridine monophosphate kinase 1 (CMPK1), hence, DNA synthesis. This 
drug is extensively utilized as an anticancer treatment in several cancer types, such as 
pancreatic, ovarian, bladder, NSCL, and breast cancers (Pandit & Royzen, 2022). In fact, 
gemcitabine has already been suggested as an alternative treatment in combination with 
Oxaliplatin (GEMOX) for advanced CRC (Chocry et al., 2022, Kim et al., 2012, Ziras et 
al., 2006), being also effective across several solid tumors (Meriggi  et  al.,  2010), 
validating  the  GSMM  prediction. These findings depicted that nucleotide metabolism 
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Figure 3.1.18. Synergistic antiproliferative effects of Oxaliplatin and Cladribine combined treatment 
in SW620 cells. A) Cell proliferation curves at increasing concentrations in the metastatic colorectal SW620 
cell line after 48h of treatment with Oxaliplatin and Cladribine alone or in combination with a constant 
concentration ratio [Oxaliplatin: Cladribine] (1:2), B) Combination index (CI) value calculated with Compusyn 
software and Chou-Talalay method (black squares represent CI values > 1). 

 
Figure 3.1.19. Antiproliferative effects of Oxaliplatin and Fludarabine combined treatment in SW620 
cells. Representative cell proliferation curves at increasing concentrations in the metastatic colorectal 
SW620 cell line after 48h of treatment with Oxaliplatin and Fludarabine alone or in combination with a 
constant concentration ratio [Oxaliplatin: Fludarabine] (1:50). 

is the main metabolic vulnerability identified through the specific GSMM reconstruction 
in SW620 Oxaliplatin-resistant cells, demonstrating compelling drug combination 
predictions to sensitize cells to Oxaliplatin treatment. 

On the other hand, GSMM reconstruction for the Oxaliplatin-resistant prostate cancer 
cells (Table 3.1.2.) predicted genes are related to L-type amino acids transporter, 
including L-cystine/L-glutamate exchanger the solute carrier family 7 member 11 
(SLC7A11). This prediction correlates with amino acids metabolism's pivotal role in cell 
survival and reprogramming after Oxaliplatin treatment, as observed in the previous 
section. Also, the reconstruction predicted the antioxidant defense mechanisms as 
targets, including the transsulfuration pathway for glutathione synthesis, thioredoxin 
reductase, and folate cycle, all of which are essential for reducing potential generation. 
These results indicated that the antioxidant defense systems are enhanced and critical 
after Oxaliplatin treatment in PC-3 cells. Finally, GSMM-based analysis also identified 
the metabolic inhibitors of carnitine palmitoyltransferase (CPTs), whose functions are 
internalizing L-cystine and fatty acids for maintaining the redox balance and long-chain 
fatty acids for β-oxidation and energetic supply. 

A B
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Table 3.1.2. Target genes and drug candidates predicted by GSMM for reverting Oxaliplatin 
resistance in PC-3 cells. Target genes (NCBI number) and drugs proposed by the GSMM, applying the 
quadratic metabolic transformation algorithm (qMTA) and the minimization of metabolic adjustment (MOMA) 
to revert or prevent the Oxaliplatin-resistant phenotype in PC-3. Only drugs annotated in DrugBank (Knox 
et al., 2024) and Therapeutic Target (Chen et al., 2002) Databases are shown. The metabolic inhibitors with 
positive aggregate scores are arranged in descending order based on their values up to the metabolic 
inhibitor with an aggregate score value closest to 1% of the highest aggregate score value. 38, ACAT1 
acetyl-CoA acetyltransferase 1. 240, ALOX5 arachidonate 5-lipoxygenase. 1374, CPT1A carnitine 
palmitoyltransferase 1. 1376, CPT2 carnitine palmitoyltransferase 2. 1491, CTH cystathionine gamma-lyase. 
2936, GSR glutathione-disulfide reductase. 3158, HMGCS2 3-hydroxy-3-methylglutaryl-CoA synthase 2. 
5319, PLA2G1B phospholipase A2 group IB. 5742, PTGS1 prostaglandin-endoperoxide synthase 1. 5743, 
PTGS2 prostaglandin-endoperoxide synthase 2. 6520, SLC3A2 solute carrier family 3 member 2. 6652, 
SORD sorbitol dehydrogenase. 6916, TBXAS1 thromboxane A synthase 1. 7296, TXNRD1 thioredoxin 
reductase 1. 113235; SLC46A1 solute carrier family 46 member 1. 23657, SLC7A11 solute carrier family 7 
member 11.  

Overall, targeting the metabolic reprogramming associated with Oxaliplatin short-term 
treatment based on GSMM-predicted targets was successful in colorectal cancer cells. 
Despite promising metabolic inhibitors provided by GSMM, further validation is needed 
in PC-3 cell line. Regarding this, Riluzole, the metabolic inhibitor presenting the highest 
aggregate score value (Table 3.1.2.), has been successfully administered in prostate 
cancer (Akamatsu et al., 2009, Wadosky et al., 2019) and showed promising results in 
combination with Oxaliplatin in colorectal cancer cells (Poupon et al., 2018), as well as 
Pemetrexed in combination with Oxaliplatin, which displayed effective results in 
castration-resistant prostate cancer (Dorff et al., 2013). Therefore, the computational 
GSMM predictions provide promising metabolic inhibitors to sensitize cells to Oxaliplatin 
in PC-3 cells since these combinations have demonstrated satisfactory outcomes in 
other models. 

Then, we wanted to explore the mechanism behind the promising results arising from 
Cladribine and Oxaliplatin combination in colorectal cancer since they were not 

Drug  Gene 
target  

Aggregate 
Score 

Target 

AKOS003197197, 5-Hydrazino-1H-tetrazole, Hydrazinoacetic acid, 
propargylglycine 

1491 1.44948 transsulfuration pathway 

IGN523  I6520 0.92349 L-type amino acids 
transporter, including L-
cystine/L-glutamate 
exchanger. L-cystine/L-
glutamate exchanger 

Riluzole 23657 0.90803 

Sulfasalazine 23657, 
240, 38, 
5319, 
5742, 
5743, 6916 

0.90796 

3-Sulfinoalanine  2936, 3158 0.90065 Antioxidant defense 
system, glutathione, and 
thioredoxin 

2,4,6 trinitrobenzene sulfonate 1,3-bis (2-chlorethyl)-1-nitrosourea, 
Oxidized glutathione, 3,6-Dihydroxy-Xanthene-9-Propionic Acid, 4-
nitrobenzoc1,2,5thiadiazole, Trans-(1S(R),2S(R))-2-
Hydroxycyclooctyl nitrate, N-6060, N-6547, 3-(Prop-2-Ene-1-
Sulfinyl)-Propene-1-Thiol, Meta-Nitro-Tyrosine, 
uGlutathionylspermidine Disulfide, Trans-(R(S))-2-Hydroxy-1-
phenylethyl nitrate, N-9xxx, 1-(2-chlorophenyl)penta-1,4-dien-3-one 

2936 0.90065 

Golden phosphorous acetyletic compound 1, Golden phosphorous 
acetyletic compound 2, Acyl oxymethyl acrylamide ester derivative 
1, Terpyridineplatinum(II) complexe 4, Terpyridineplatinum(II) 
complexe 3 

2936, 7296 0.86365 

CP-470,711 6652 0.56103 Sorbitol pathway 

HN5-methylfolate, Pemetrexed, 3Hfolinic acid 113235 0.17095 Folate cycle 

Perhexiline 1374, 1376 0.11494 Fatty acid metabolism 
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replicated when combining Oxaliplatin with Fludarabine, despite the similarities between 
Cladribine and Fludarabine. It is reported that Cladribine induces cell cycle arrest in the 
phase G1/G0 in leukemia cells (Ma et al., 2011, Xu & Jiao et al., 2020), while Fludarabine 
induces a cell cycle arrest in the G2 phase in animal models (Grégoire et al., 1994, Zhang 
et al., 1998). This observed distinction in cell cycle responses between Cladribine and 
Fludarabine suggests a possible mechanism of action related to the effectiveness 
exhibited in our results. Therefore, cell cycle phase distribution after treatment with 
Oxaliplatin was evaluated to explore a different strategy to target Oxaliplatin-resistant 
cells. The experiments were carried out in comparison with Palbociclib, a canonical 
inhibitor that is known to promote cell cycle arrest in G1/G0 (Huang et al., 2012, Cetrella 
et al., 2019, Whittaker et al., 2017, Tarrado-Castellarnau et al., 2017, Goel & Bergholz 
et al., 2022) (Figure 3.1.20.).  

 
Figure 3.1.20. Oxaliplatin causes G2 cell cycle arrest. Cell cycle analysis after DNA staining with 
propidium iodide (PI) indicating percentage distributed among the cell cycle phases, pre-replicative (G1/G0), 
synthesis (S), and post-replicative (G2) phases, after 96h of treatment in SW620 cells with A) Oxaliplatin 
and B) Palbociclib, and in PC-3 cells with C) Oxaliplatin and D) Palbociclib. An independent sample t-test 
was applied for relative comparison between the two groups, * indicates significant differences (p < 0.05). 
 
Results displayed a significant change in the distribution among the different phases of 
the cell cycle; Palbociclib promoted cell cycle arrest in G1/G0 similar to Cladribine (Ma 
et al., 2011, Xu & Jiao et al., 2020), while Oxaliplatin caused arrest in the G2 phase in 
both cell lines. 

Upon this observation, we evaluated the combination of Palbociclib with Oxaliplatin since 
they promote opposite effects in cell cycle arrest in both cell lines. In concordance with 
Cladribine and Oxaliplatin combined therapy, short-term treatment with the Palbociclib 
and Oxaliplatin combination caused a significant decrease in cell proliferation in both 
SW620 and PC-3 cell lines, with Combination Index (CI) values smaller than 1 (CI<1), 
indicating a synergistic antiproliferative effect in both cancer types (Figure 3.1.21.). 
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Figure 3.1.21. Oxaliplatin and Palbociclib combined treatment synergic inhibitory effects in SW620 
and PC-3 cell proliferation. A, C. Representative graphs of cell proliferation curves at increasing 
concentrations after 48h of treatment with Oxaliplatin and Palbociclib alone and in combination with a 
constant concentration ratio [Oxaliplatin: Palbociclib] (1:1) in A) SW620 cells and B) PC-3 cells. B,D. 
Combination index (CI) value calculated with Compusyn software and Chou-Talalay method (black squares 
represent CI values > 1) in B) SW620 cells, and D) PC-3 cells. 

Therefore, the short-term combined treatment of Palbociclib and Oxaliplatin displays 
synergism in both cell lines, providing an alternative strategy for combination therapy to 
overcome and forestall cancer cells’ resistance to Oxaliplatin chemotherapy. 

3.1.3. Discussion. 

Oxaliplatin treatment impairs cell proliferation in advanced colorectal and prostate cancer 
cells, even after short-term drug exposition. Its effect is in agreement with the great 
efficacy demonstrated as an anticancer agent widely reported in several cancer types 
(Di Francesco et al., 2002, Kang et al., 2015, Monneret, 2011, Stordal et al., 2007). In 
this work, the mCRC SW620 cell line shows greater sensitivity to Oxaliplatin and, 
therefore, lower concentrations are effective in inhibiting cell proliferation in comparison 
with treated mCRPC PC-3 cells, in agreement with the Genomics of Drug Sensitivity in 
Cancer (GDSC) database (Yang et al., 2013).  

The treatment with Oxaliplatin leads to significant perturbations in the whole cellular 
metabolism in both cancer cell types, as observed in other platinum-resistant cancer 
cells (Cruz-Bermúdez et al., 2019, Tan & Li et al., 2022, Sriramkumar et al., 2022), 
causing a marked downregulation of multiple metabolic pathways. Metabolic 
reprogramming after Oxaliplatin treatment is characterized by the notable impairment of 
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glycolytic function, a common trait in colorectal and prostate cell lines. There is an 
evident experimental correlation between the extracellular rates of glucose consumption 
and lactate production, the respiratory results associated with the glycolytic function, 
such as glycoPER, and the differential expression and gene set enrichment analysis 
(GSEA), which altogether evidence the impairment in the glycolytic function in 
Oxaliplatin-treated cells. This glycolytic decrease is also displayed by other cancer cell 
lines resistant to platinum compounds, including ovarian cancer and NSCLC (Cruz-
Bermúdez et al. 2019, Tan & Li et al., 2022). Concerning this, the glycolytic orchestrator 
PFKFB3 is found to be downregulated in both cancer cell lines after Oxaliplatin 
treatment. Indeed, PFKFB3 depletion has been reported to promote a glycolytic 
impairment in breast, and endometrial cancer, leukemia, and carcinoma (Clem et al., 
2008, O'Neal et al., 2016, Xiao et al., 2021), suggesting that this gene may mediate the 
glycolytic decrease in Oxaliplatin-surviving cells.  

Cell survival upon Oxaliplatin treatment is still possible even with the glycolytic 
impairment and the decrease in central metabolism. Despite this common response in 
SW620 and PC-3, the metabolic reprogramming relies on distinct metabolic pathways to 
support cell survival according to the cell type. The glycolytic impairment triggered by 
Oxaliplatin induces a metabolic switch to OxPhos or lipid metabolism as reported in other 
platinum-resistant cancer cells (Sriramkumar et al., 2022, Tan & Li et al., 2022). Our 
transcriptomic data revealed that genes PC, related to TCA cycle entrance, and CS, 
associated with citrate production, displayed significant alterations in both cell lines after 
Oxaliplatin treatment. Within the TCA cycle, citrate represents an intersection between 
anabolic and catabolic pathways. Once citrate is produced from oxaloacetate (OAA) and 
acetyl-CoA by CS, the citrate levels in the mitochondria and cytosol serve as regulators 
of important metabolic pathways including the TCA cycle, glycolysis, and fatty acid 
metabolism, representing a key intermediate for metabolic flexibility (Iacobazzi & 
Infantino, 2014, Porporato et al., 2018, Williams & O'Neill, 2018). These findings suggest 
that citrate might play a pivotal role underlying the metabolic reprogramming observed 
in these cell lines subjected to short-term Oxaliplatin treatment. 

Normal prostate cells exhibit a specific metabolic profile characterized by increased 
citrate secretion. Alterations in citrate usage are associated with a metabolic shift 
towards increased OxPhos reliance and lipogenesis, and correlate with disease initiation 
and progression in prostate cancer (Bader & McGuire, 2020). In this regard, prostate 
cancer cells treated with Oxaliplatin displayed CS and PC downregulation as well as 
CPT1C overexpression, which has been associated with glucose deprivation, FAO 
induction and ATP production for cell survival and cellular stress protection (Zaugg et al., 
2011). This isoform is a regulator of lipid metabolism reprogramming in cancer cells and 
mediates β-oxidation, exhibiting similar functions to canonical CPT1 isoforms, which 
includes fueling the TCA cycle (Fadó et al., 2023, Li et al., 2023, Qu et al., 2016). 
Therefore, these findings suggest an increment in FAO after Oxaliplatin treatment in the 
PC-3 cell line, which can increase the production of acetyl-CoA, FADH2 and NADH for 
TCA cycle entrance and ATP generation via ETC and induce citrate oxidation rather than 
promote lipogenesis, correlating with the observed increment in respiration and 
mitochondrial ATP production despite the glycolytic drop. Therefore, we hypothesized 
that Oxaliplatin alters TCA cycle regulation and funnels citrate toward oxidation through 
the TCA cycle to meet the energetic requirements in this model. In agreement, the 
induction of fatty acid catabolism has been also revealed as a metabolic vulnerability 
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observed upon CPTB1, and CPT2 upregulation in gastrointestinal cancers treated with 
Oxaliplatin (Wang et al., 2020). 

Our results also indicate that genes involved in polyamine biosynthesis such as ODC, 
SMS, and SRM are downregulated after Oxaliplatin treatment in the prostate cell line, 
promoting a decrease in the putrescine secretion and inducing the expression of the 
catabolic genes SAT1 and SMOX, which might face the polyamine deficit. The gene 
encoding for MTAP, which plays an important role in maintaining methionine pools in 
cells that require greater polyamine synthesis, such as prostate cancer cells (Bistulfi et 
al., 2016), was also found downregulated after Oxaliplatin treatment in PC-3 cells. 
Hence, these results indicate that both the methionine salvage pathway and methionine 
cycle directly correlate with the polyamine depletion observed in prostate cancer cells 
after Oxaliplatin treatment, which, in turn, might be altering the epigenetic modifications 
and cell signaling. 

In contrast, PC and CS were found to be overexpressed after Oxaliplatin treatment in 
SW620 cancer cells. Increased citrate levels secreted to the cytosol activate acetyl-CoA 
carboxylases (ACCs), stimulating lipogenesis and inhibiting fatty acids uptake for 
subsequent β-oxidation (Iacobazzi & Infantino, 2014, Williams & O'Neill, 2018). In 
correlation, we observed a decrease in CPT1 activity and β-oxidation after Oxaliplatin 
treatment in the colorectal cell line, suggesting the induction of lipogenesis following 
citrate production. Also, ACLY, the gene encoding for the first rate-limiting enzyme for 
lipogenesis, is found to be slightly but significantly upregulated in Oxaliplatin-resistant 
SW620 cells. This enzyme is also associated with chemoresistance acquisition in CRC 
(Zhou et al., 2013). Its gene overexpression is accompanied by an altered lipid profile 
concerning glycerophospholipids, which play major roles in the cell membrane, cell 
signaling, and energy metabolism (van der Veen et al., 2017), and acylcarnitines, which 
provide metabolic flexibility able to switch between glucose and fatty acid metabolism in 
cancer cells (Melone et al, 2018), thus contributing to the metabolic reprogramming after 
Oxaliplatin treatment.  

Differential expression analysis, targeted metabolomics, and metabolites consumption 
and production rates after Oxaliplatin treatment in the colorectal cell line suggest an 
increase in the TCA cycle entrance and lipogenesis, while OxPhos and mitochondrial 
metabolism are maintained by non-essential amino acids metabolism, notably, 
glutamine. Increased glutamine reliance is a frequent metabolic response associated 
with adaptative processes conferring drug resistance in many cancer types (Chen et al., 
2021, Hudson et al., 2016, Tarrado-Castellarnau et al., 2017, Wang et al., 2015, Conroy 
et al., 2020) since glutamine serves as a carbon source for TCA cycle and a nitrogen 
source for amino acid, nucleotide, and fatty acid synthesis (Yoo, Yu & Sung et al., 2020). 
Our findings indicate that glutamine provides metabolic intermediates, such as aspartate, 
asparagine, and proline, mainly involved in TCA replenishment, and nucleotide 
metabolism (Yoo, Yu & Sung et al., 2020). Greater glutamine utilization might be also 
involved in maintaining NADPH levels in the colorectal cancer cell line, through 
glutamate conversion to α-KG performed by NADPH-dependent glutamate 
dehydrogenases (GDH). Furthermore, glutamine-derived aspartate is converted to OAA 
by GOT1, followed by transformation into malate by malate dehydrogenase (MDH1), and 
subsequent oxidation to pyruvate by malic enzyme (ME1), also contributing to NADPH 
generation (Ju & Lin et al., 2020). MTHFD1 upregulation stimulates the cytosolic folate 
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cycle for purine and ATP synthesis and might serve also to regulate NADPH 
homeostasis (Fan et al., 2016, Ju & Lin et al., 2020, Tedeschi et al., 2013). This pathway 
also supports the salvage methionine pathway, for methionine usage in polyamine 
synthesis (Stine et al., 2022, Lieu et al., 2020), which is found dysregulated after 
Oxaliplatin treatment in this CRC model. In this regard, AMD1 and ODC1 overexpression 
observed in SW620 cells is associated with increased polyamine synthesis and drug 
resistance through MYC metabolic reprogramming and apoptosis evasion mediated by 
mitochondrial dysfunction (Sato et al., 2020, Zhu et al., 2022). These findings suggest 
that MYC may have a role in the metabolic reprogramming of SW620 cells after 
Oxaliplatin treatment, correlating with the increase in polyamine synthesis for cell survival 
and in agreement with the observed increased glutamine consumption (Gao et al., 2009). 
Altogether, we found that the metabolic reprogramming after Oxaliplatin treatment in the 
metastatic colorectal SW620 cell line promotes nucleotide metabolism and antioxidant 
defense to support cell survival upon central carbon metabolism depletion. 

We identified the principal contributors to metabolic reprogramming and cell survival in 
both cell types by reconstructing GSMM for the Oxaliplatin-resistant cells. The flux 
distribution analysis indicates increased fluxes of biosynthesis of unsaturated fatty acids 
and folate in SW620 cells, and TCA cycle, OxPhos (Figure 3.1.21., A), fatty acid 
metabolism and degradation in PC-3 cells (Figure 3.1.21., B). However, these fluxes 
represent a minor impact on the total fluxes variation since the major contribution is 
determined by the significant decrease in the glycolytic flux in both cell lines. Genes 
involved in these pathways responsible for cell survival are also identified as metabolic 
vulnerabilities and essential genes. Target genes comprising the nucleotide metabolism 
are the main putative targets in combination with Oxaliplatin in the SW620 cell line. In 
fact, the combination of Oxaliplatin treatment with Cladribine, a nucleoside analog 
described commercially as an adenosine deaminase inhibitor used for the treatment of 
various types of leukemia, multiple sclerosis and other cancer types such as breast 
cancer in combination with Tyrosine Kinase Inhibitors (Qasrawi et al., 2019, Moser et al., 
2022, Wu et al., 2017), display a synergistic effect in a low concentration range. 
Accordingly, a similar metabolic pathway is targeted by the FOLFOX regimen, comprised 
of Oxaliplatin, the antimetabolite 5-Fluouracil, and Folinic Acid, which affects DNA 
synthesis, impairing nucleotide metabolism (Ser et al., 2016) and is widely used in 
chemotherapy (André et al., 2009, Van Cutsem et al., 2016). Whether Cladribine could 
be proposed as an alternative to FOLFOX therapy should be further studied. The 
synergic antiproliferative results obtained by targeting nucleotide metabolism to revert or 
prevent Oxaliplatin resistance acquisition, as proposed by the GSMM reconstruction, 
demonstrate this computational strategy’s success in identifying metabolic vulnerabilities 
and predicting putative targets for combination therapies in SW620.  

On the other hand, GSMM reconstruction in the prostate cell line identified metabolic 
vulnerabilities in amino acid uptake, antioxidant defense systems, and fatty acid 
internalization for subsequent FAO, representing the major cell survival supporters after 
Oxaliplatin treatment. However, despite having predicted the metabolic inhibitors to 
sensitize cells to Oxaliplatin in the PC-3 model, further experimental validation is needed 
to determine conclusive effective combinations. 

The in-silico analysis of the drug effect over cell proliferation (simulated as biomass 
production) allows predicting which metabolic reactions must be inhibited to prevent cell 
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Figure 3.1.21. Graphical abstract of metabolic reprogramming following Oxaliplatin short-term 
treatment. Metabolic reprogramming underlying 48 h of Oxaliplatin treatment in A) SW620 cells and B) PC-
3 cells. Red color indicates a decrease in the pathway after treatment and wider arrows indicate increased 
metabolic pathway fluxes. Figure adapted from “cancer cell metabolism (nutrient-deprived)” and created with 
https://www.biorender.com/ (2023). 

proliferation. This procedure is carried out by simulating knock-downs (KD) after drug’s 
metabolic reprogramming, comparing treated with non-treated cells, to identify metabolic 
inhibitors able to revert or prevent this transition. In this case, Oxaliplatin induces gene 
downregulation. Therefore, we hypothesize that the GSMM approach for putative target 
prediction is more precise when the drug-induced metabolic reprogramming does not 
entail a pronounced downregulation in the entire metabolic landscape, as the exhibited 
by Oxaliplatin-treated cells. 

Regarding the most promising therapeutic combinations found to sensitize cells to 
Oxaliplatin treatment, including Cladribine and Oxaliplatin, which displayed promising 
results in SW620, and Oxaliplatin and Palbociclib, effective in both cancer types, our 
findings reveal that the observed synergisms are related to the distinct effects over 
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proliferation impairment and cell cycle progression. Oxaliplatin treatment may promote 
the activation of DNA damage response (DDR) mechanisms (Chatterjee & Walker, 
2017). We found that cells promote the cell cycle arrest in the G2 phase upon Oxaliplatin 
treatment, blocking the G2 to M transition. This effect of Oxaliplatin over the cell cycle 
has also been reported in colon HCT116 and HT29, breast MCF7, uterine cervix HeLa, 
and lung A549 cancer cell lines (Voland et al., 2006, William-Faltaos et al., 2007), as 
well as in NSCLC cells after short-term Cisplatin treatment (Cruz-Bermúdez et al., 2019). 
Remarkably, the combination of Oxaliplatin in both cell lines with Palbociclib, a CDK4/6 
inhibitor that exerts the opposite effect on the cell cycle by promoting arrest in the G1/G0 
phases, and with Cladribine in the colorectal cell line, which is also reported to impair 
cell cycle progression by arresting cells in G1/G0 (Ma et al., 2011, Xu & Jiao et al., 2020), 
presented synergic antiproliferative effects. The combination of chemotherapy with the 
targeted therapy Palbociclib attending to the cell cycle response is a novel application 
that has demonstrated efficacy in several preclinical studies in different cancer types 
(Goel & Bergholz et al., 2022, NLM; NCT01522989, Suppramote et al., 2022). 

Although the mechanism underlying the synergism displayed in the combination of 
Oxaliplatin with Palbociclib in the metastatic colorectal and prostate cancer cell lines is 
not explored in this work, we hypothesized that PFKFB3 downregulation by Oxaliplatin 
treatment might not just mediate the glycolytic flux but could also improve the therapeutic 
effect of Palbociclib, since it has been reported that FPKFB3 protein is required for cell 
cycle progression upon interaction with CDK4, controlling the G1 to S phase transition in 
breast cancer (Jia et al., 2018). 

3.1.4. Materials and methods. 

3.1.4.1. Cell culture. 

The human metastatic colorectal SW620 (ATCC, Rockville, MD, USA) cell line isolated 
from the large intestine of a 51-year-old male Dukes C colorectal cancer patient, was 
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Thermo Fisher Scientific, 
MA, USA) containing 4 mM L-glutamine and supplemented with 12.5 mM D-glucose 
(Merck Life Sciences, Germany), 5% Fetal Bovine Serum (FBS, 10270-106, Lot. 
2058474, Gibco), and 1% Penicillin-Streptomycin (10.000 U/ml, Gibco). The human 
metastatic prostate PC-3 (ATCC, Rockville, MD, USA) cell line isolated from a vertebra 
metastasis of a 62-year-old male with a castration-resistant adenocarcinoma, grade IV, 
was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Avantor, PA, 
USA) containing 10 mM D-glucose and supplemented with 2 mM L-glutamine (Gibco, 
Thermo Fisher Scientific, MA, USA), 10% FBS (10270-106, Lot. 2058474, Gibco), and 
1% Penicillin-Streptomycin (Gibco). Cultures were maintained at 37 ºC in a humidified 
atmosphere with 5 % CO2. 

3.1.4.2. Cell proliferation. 

SW620 cells were plated in 96- or 6-well plates (seeding 7 × 103/well and 2× 105/well, 
respectively), and PC-3 cells were plated in 96- or 6-well plates (seeding 5 × 103/well and 
1.5× 105/well, respectively) and treated for 48 h with the specific treatments. Cell 
proliferation tests were assessed through manual counting using 0.2% Trypan Blue 
staining (Merck Life Sciences) and a Neubauer Chamber (Thermo Fisher Scientific) or 
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automated counting using Countess II FL (Thermo Fisher Scientific). Additionally, 
indirect proliferation techniques were utilized, the staining colorimetric MTT assay, where 
the thiazolyl blue tetrazolium (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) 
bromide dye (MTT) (PanReac AppliCHem, Spain) was dissolved at 1 mg/ml in PBS and 
incubated 1:1 with serum-free medium for 1 h at 37 ºC 5% CO2, avoiding light exposure. 
The colored formazan generated was dissolved in 100 μL of dimethyl sulfoxide (DMSO) 
and measured on an ELISA plate reader (Tecan Sunrise MR20-301, TECAN, Austria) at 
550nm. 

Data were analyzed through dose-response curves with GraphPad Prism 9 (GraphPad 
Software, San Diego, CA, USA). Synergy analysis and quantification was performed 
using the CompuSyn software (Version 1.0) (ComboSyn, Inc., NJ, USA) and the Chou-
Talalay method (Chou, 2010), based on the combination index (CI) where the 
combination displays synergistic (CI < 1), additive (CI = 1), or antagonist effect (CI > 1). 
The duplication time was determined by assessing the cell growth at different time points 
and applying the exponential growth equation: 

𝐿𝑛 ൬
𝑁
𝑁
൰ ൌ 𝜇  𝑡 

where, 
𝑁  is the number of final cells (million cells) 

𝑁  is the number of initial cells (million cells) 
𝜇  is the growth rate (h-1) 
𝑡  is the time (h) 

Assuming active proliferation, where cells undergo division, holding the following 
assumption 𝑁ൌ2𝑁. The duplication time was calculated from the final equation: 

𝐿𝑛2
𝜇

ൌ 𝑡 

3.1.4.3. Chemicals and reagents. 

Oxaliplatin, Cladribine, and Fludarabine were purchased from MedChemExpress 
(Monmouth Junction, NJ, USA). Palbociclib was purchased from Selleckchem (Houston, 
TX, USA). 

3.1.4.4. Apoptosis analysis. 

Adherent and floating cells in the medium were collected and incubated with Annexin V 
coupled with FITC, following the kit’s instructions (Bender System MedSystem, Viena, 
Austria) for 30 minutes in binding buffer (10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl, 
2.5 mM CaCl2). Propidium Iodide (PI) (MilliporeSigma, MA, USA) was added at the final 
concentration of 20 µg/ml minutes for the analysis in flow cytometry. The samples were 
measured by flow cytometry using GalliosTM Flow Cytometer (Beckman Coulter, CA, 
USA), and the results were analyzed using FlowJo version 7.6.1. This analysis revealed 
percentages of alive cells, cells presenting early apoptosis, and late apoptosis or 
necrosis. 
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3.1.4.5. Protein extraction. 

Protein extracts were obtained after 30 minutes of incubation with RIPA buffer (50mM 
Tris-HCl pH 8, 150mM NaCl, 1% Triton-X-100, 0.5% sodium deoxycholate, 0.1% SDS) 
supplemented with 1% phosphatase and protease cocktail inhibitors (MilliporeSigma), 
following the kit’s instructions. Subsequently, cells were scraped and collected for 
quantification using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). 

3.1.4.6. Metabolic experiments. 

3.1.4.6.1. Quantification of extracellular metabolites using spectrophotometric 

enzymatic assays. 

The consumption and production rates of glucose, glutamine, lactate, and glutamate 
were determined by assessing their concentrations in the extracellular media at different 
time points and comparing the final to the initial concentrations. Concentrations in the 
extracellular media were measured using a COBAS Mira Plus (Horiba ABX, France) 
automated spectrophotometric analyzer based on the measurable concentration of 
coenzyme NADH at 340 nm. For D-glucose, measurements involved two consecutive 
reactions: hexokinase, followed by D-glucose-6-phosphate dehydrogenase (G6PD), 
producing 6-phosphogluconate and NADH. Lactate concentrations were determined by 
employing lactate dehydrogenase (LDH). Measurements were conducted under pH=9 
conditions in the presence of hydrazine to shift the reaction toward pyruvate and NADH 
formation, effectively preventing the reversible reaction. Glutamate concentrations were 
measured after α-ketoglutarate conversion and NADH production by glutamate 
dehydrogenase (GLUD1), while glutamine was indirectly measured using the same 
method after glutamate conversion through glutaminase (GLS) reaction.  

The calculation of the consumption/production rate for each metabolite was based on 
assuming exponential growth for control condition, with a constant growth rate during the 
incubation period. The results were subsequently normalized by the number of cells and 
expressed as a rate (µmol/(106 cellꞏh)).  

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛/𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ൌ ൬
∆𝑀
∆𝑁

൰  𝜇 

where, 
∆𝑀 ൌ 𝑀 െ𝑀 is the consumed/produced amount of each metabolite (μmol). 

∆𝑁 ൌ 𝑁 െ 𝑁  is the cell growth during the incubation time (million cells). 

𝜇 ൌ 𝐿𝑛ሺ𝑁/𝑁ሻ/𝑡 is the growth rate constant (h-1) for exponential growth. 

Linear growth is applied in Oxaliplatin-treated cells: 

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛/𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ൌ ൬
∆𝑀
𝑎
൰ 

where, 
∆𝑀 ൌ 𝑀 െ𝑀 is the consumed/produced amount of each metabolite (μmol). 

𝑎 ൌ ሺሺ𝑁  𝑁ሻ/2ሻ  𝑡 is the growth rate constant (h-1) for linear growth. 
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3.1.4.6.2. Mass spectrometry-based targeted metabolomics. 

The metabolite profile was quantified using the Absolute IDQ p180 kit (20714, Biocrates 
Life Sciences AG, Innsbruck, Austria). This kit measures 180 endogenous metabolites 
across seven compound classes, including acylcarnitines, amino acids, biogenic amines, 
monosaccharides, phosphatidylcholines, and sphingolipids. The analysis of these small 
molecules and lipids was carried out using tandem mass spectrometry coupled with 
liquid chromatography (LC/MS/MS) on the MS/MS Sciex Triple Quad 6500 instrument 
(AB Sciex, Framingham, MA, USA). After quantification, extracellular concentrations 
were normalized and expressed as consumption/production rate (calculations detailed 
in section 3.1.4.6.1.), while intracellular concentrations were normalized based on cell 
protein content. 

The obtained results were analyzed using the MetaboAnalyst 5.0 software (Pang et al., 
2022), a comprehensive platform used for the statistical analysis of metabolomics data. 
This software offers a wide range of functions and tools, including the statistical methods 
employed in this study, such as heatmap analysis. 

3.1.4.7. RNA extraction. 

RNA purification was carried out using the Qiagen RNeasy kit (Qiagen, Hilden, 
Germany). Each sample provided 200 ng of total RNA in 50 µL of RNase–free water. 
Global transcriptomic profiling was accomplished through next-generation sequencing 
(NGS) of total RNA (see Appendix II, Section II.1. for further details of NGS 
experiments). 

3.1.4.8. Transcriptomic pathway visualization. 

Differentially expressed genes identified based on adjusted p-values < 0.05 following 
treatment were integrated and visualized in specific metabolic pathways using the 
Pathview software tool (Luo et al., 2017, Luo et al., 2013). This approach allowed the 
effective mapping and interpretation of the significant changes in gene expression within 
the context of metabolic pathways. 

3.1.4.9. Respiratory assays. 

After 24 hours of treatment, SW620 and PC-3 cells were plated in XFe24-well plates 
(seeding 1 × 105/well and 3 × 104/well, respectively) and incubated with the treatment for 
24 hours to perform a total treatment of 48 hours. The Agilent Seahorse XF Cell Mito 
Stress Test was assessed following protocol instructions, measuring Oxygen 
Consumption and Extracellular Acidification Rates (OCR/ECAR) using a Seahorse 
XFe24 Analyzer (Agilent, Seahorse Bioscience, North Billerica, MA, USA) in the 
presence of metabolic substrates targeting different Electron Transport Chain (ETC) 
components at the following final concentrations; 1.5 µM of Oligomycin (ATP synthase 
(complex V)), 600 nM of CCCP (Inner mitochondrial membrane) for SW620 cell line or 
Pyruvate (2 mM) added to 600 nM CCCP for PC-3 cell line, and 2 µM of Rotenone + 2 
µM of Antimycin A (Complex I and III, respectively) (Mito Stress test parameters are 
detailed in Appendix III). The final values were normalized by cell count, determined 



 

87 
 

through automated counting using the Countess II FL Cell Counter (Thermo Fisher 
Scientific). 

3.1.4.10. Cell cycle analysis. 

Cells were collected, fixed in cold 70% ethanol, and kept overnight at 4 °C. Cellular 
suspension was incubated for 1 h at 37 ºC with 0.2 mg/ml RNase (Roche Holding AG, 
Switzerland) in PBS. Propidium Iodide (PI) (MilliporeSigma) was added in a final 
concentration of 40 µg/ml minutes before the analysis in flow cytometry. The samples 
were measured by flow cytometry using GalliosTM Flow Cytometer (Beckman Coulter), 
and the results were analyzed using FlowJo version 7.6.1. and Mycycle software 
histograms were utilized to discern cell cycle phases by segregating populations based 
on their DNA content, where 2n and 4n represent G1/G0 and G2/M, respectively. 

3.1.4.11. Statistical analysis. 

Statistical analysis was performed using jamovi software (Version 2.2) (The jamovi 
project, 2021). Group comparisons were evaluated using independent t-tests for pairwise 
comparisons, ensuring that the data met the assumptions of normality. The homogeneity 
of variances was assessed through Levene’s test. When the assumption of homogeneity 
of variances was violated, Welch’s correction was applied. Additionally, when the data 
did not meet the assumption of normality, the Mann-Whitney U test was employed. A 
significance level of p < 0.05 was used to determine statistical significance. Standard 
deviation was employed as a measure of dispersion in all statistical analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 

89 
 

3.2. Chapter 2. Study of metabolic reprogramming in metastatic prostate cancer 

cells after short-term treatment with Palbociclib. 

3.2.1. Introduction. 

Palbociclib is a specific CDK4/6 inhibitor approved for the treatment of estrogen receptor-
positive and human epidermal growth factor receptor 2-negative (ER+/HER2)- advanced 
breast cancer in postmenopausal women (European medicines agency 2021, U.S. Food 
and Drug Administration 2017). This targeted therapy has shown promising results in 
several cancer types, including prostate cancer (NLM; NCT02905318, NLM: 
NCT02494921). Steroid hormone signaling has been described to alter CDK4/6 activity 
through the estrogen receptor (ER) in breast cancer and the androgen receptor (AR) in 
prostate cancer (Goel & Bergholz et al., 2022). Due to this influence on CDK4/6 activity, 
Palbociclib application in AR+ prostate cancer has gained attention (Tien & Sadar, 2022). 
However, concerns about Palbociclib resistance and high prostate cancer recurrence 
persist (Knudsen & Witkiewicz, 2017; Ferlay et al., 2020). Facing this challenge, our 
study adopts a novel approach focused on the application of Palbociclib in AR- prostate 
cancer to address potential Palbociclib resistance in the highly aggressive form of 
prostate cancer, represented by the AR- metastatic PC-3 cell line. 

The hypothesis is based on (1) targeting the cell cycle, which represents a promising 
anticancer strategy since cell cycle dysregulation is frequently found in several cancer 
types to support continuous division and cell proliferation (Goel & Bergholz et al., 2022, 
Matthews et al., 2022, Mughal et al., 2023), (2) cell cycle impairment with Palbociclib is 
accompanied by metabolic changes that are responsible for the cell survival (Tarrado-
Castellarnau et al., 2017, Franco et al., 2016), and (3) cell cycle inhibition opens new 
therapeutic opportunities, e.g., the metabolic vulnerabilities, that can be addressed 
through combination therapy (Jin et al., 2023, Stordal et al., 2007). 

Results presented in the previous chapter (Section 3.1. Chapter 1) showed that 
Palbociclib treatment is effective in combination with Oxaliplatin chemotherapy. These 
results, together with other reported studies, support that the design of combination 
therapies improves drug effectiveness, overcomes drug resistance (Lee et al., 2018, 
Matthews et al., 2022, Otto & Sicinski, 2017), and enhances its durable response in 
comparison to single-targeted therapies (Jin et al.,2023). Considering this, the present 
work aims to identify the metabolic vulnerabilities contributing to tumor growth and 
chemotherapy resistance in metastatic prostate cells by studying the metabolic 
reprogramming upon short-term Palbociclib treatment and integrating -omics data for 
Genome-Scale Metabolic Models (GSMM) reconstruction. Based on previous studies in 
colon cancer (Tarrado-Castellarnau et al., 2017) and in other solid malignancies such as 
pancreatic cancer (Franco et al., 2016), we hypothesize that both the identification of 
metabolic pathways altered after Palbociclib treatment and the prediction of putative 
targets able to increase Palbociclib’s anticancer effect through the GSMM reconstruction 
will lead to therapeutic alternatives to target castration-resistant prostate cancer cells 
resistant to Palbociclib. 

Our results demonstrate that Palbociclib effectively inhibits cell proliferation in metastatic 
prostate cancer cells by blocking the cell cycle in the G1/G0 phase, and promotes a 
substantial metabolic reprogramming increasing oxidative phosphorylation (OxPhos), 
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glycolysis, and reductive carboxylation. These metabolic pathways provide TCA 
intermediates and supply the energetic demands and the reducing potential required to 
adapt to Palbociclib treatment. Furthermore, the use of GSMM to identify metabolic 
vulnerabilities proves to be a successful strategy for the rational design of combination 
therapies after an enhancement of the metabolic landscape caused by chemotherapy. 
This strategy effectively addresses Palbociclib resistance through OxPhos and 
cytochrome P450 inhibitors, demonstrating promising results by combining Palbociclib 
treatment with the polyphenol Piceatannol, or the antifungal Miconazole and the 
antibiotic Tigecycline, respectively. 

3.2.2. Results. 

3.2.2.1. Palbociclib impairs cell proliferation in metastatic prostate cancer 

cells by arresting the cell cycle in G1/G0. 

To study the metabolic reprogramming caused by Palbociclib short-term treatment in the 
metastatic prostate PC-3 cell line, we first optimized the experimental conditions to 
evaluate the response of Palbociclib over cell proliferation and cell cycle, which is the 
principal mechanism of this drug. In order to establish the concentration required to 
reduce 50% of cell proliferation (IC50), increased concentrations of Palbociclib were 
evaluated over cell proliferation after 96 h of treatment (Figure 3.2.1., A).  

 
Figure 3.2.1. Palbociclib reduces PC-3 cell proliferation by arresting the cell cycle in the G1/G0 phase. 
Representative graphs of A) Cell proliferation curve at increasing concentrations of Palbociclib to determine 
the IC50 at 96 h, B) Cell proliferation over time at a fixed Palbociclib concentration (65 nM). C) Apoptosis 
assay after Annexin V-FITC incubation discerning cells found alive, in early apoptosis and late 
apoptosis/necrosis in control and 96 h Palbociclib-treated (65 nM) cells. D) Cell cycle analysis after DNA 
staining with propidium iodide (PI) indicating percentage distributed along the cell cycle phases, pre-
replicative (G1/G0), synthesis (S), and post-replicative (G2) in control and 96 h Palbociclib-treated (65 nM) 
cells. An independent sample t-test was applied for relative comparison between the two groups, * indicates 
significant differences (p < 0.05). 

A B

C D

Contro
l

Pal
boci

cl
ib

P
er

ce
n

ta
g

e 
o

f 
ce

ll
s

Aliv
e

Ear
ly

 a
popto

si
s

Lat
e 

ap
opto

si
s 

/

 N
ec

ro
si

s

0

50

100 Control
Palbociclib

*

n.s.
n.s.



 

91 
 

 
Figure 3.2.2. Effect on CDK4 and 6 protein levels by Palbociclib treatment in PC-3 cells. CDK4 (A) and 
CDK6 (B) total protein fractions tested in control and Palbociclib-treated PC-3 cells by western blotting. Both 
blots are accompanied by the quantification by densitometry analysis of protein levels using ImageJ 
software, representing the mean band intensity (n=3) normalized to β-actin and relative to untreated control. 
An independent sample t-test was applied for relative comparison between the two groups, * indicates 
significant differences (p < 0.05). 
 
Therefore, the inhibition of cell proliferation after Palbociclib treatment is caused by cell 
cycle arrest in the G1/G0 phase rather than an apoptotic response. However, despite 
the increase in the percentage of cells arrested either in G1 or the quiescent state, the 
rest of the cells are able to overcome this arrest and progress through the cell cycle with 
a lower proliferation rate.  

3.2.2.2. Short-term Palbociclib treatment increases oxidative 

phosphorylation and mitochondrial activity in prostate cancer cells. 

In order to evaluate the major metabolic pathways involved in the metabolic 
reprogramming underlying survival of the Palbociclib-treated cells, we evaluated the 
transcriptomic data after 96 h of treatment with Palbociclib in PC-3 cells. We applied 
gene set enrichment analysis (GSEA) (Subramanian et al., 2005) to analyze the gene 
set enrichment score after treatment depending on the differential expression of the 
genes comprising the metabolic pathway gene sets defined by the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) database, which use a combination of 2-4 letter code 
and 5 digit number (the unique KEGG-pathways identifiers and the genes included in 
each pathway are described in detail in https://www.kegg.jp/). Results, shown in Figure 
3.2.3., indicated that oxidative phosphorylation (OxPhos) was the most significant 
metabolic gene set positively enriched (adjusted p-value < 0.05) after short-term 
Palbociclib treatment in the metastatic prostate cell line. 

In consequence, the respiratory capacity was measured to evaluate the gene set 
enrichment effect beyond the differential expression analysis through the Mito Stress 
Test after 96 h in control and Palbociclib-treated PC-3 cells. The Mito Stress Test allows 
the calculation of the mitochondrial function-related parameters by measuring the 
Oxygen Consumption Rate (OCR), including basal and maximal respiration, non-ATP 
linked respiration (proton leak), ATP production-associated respiration, and spare 
respiratory capacity. Also, the proton exchange was measured to obtain information 
related to the glycolytic function through the Extracellular Acidification Rate (ECAR). In 
line with the transcriptomic data, the respiratory analysis revealed a significant augment 
in OCR after Palbociclib treatment that was reflected in all OCR-related parameters 
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calculated (Figure 3.2.4., A, B), suggesting that Palbociclib triggers a higher response 
to energetic demands by augmenting flexibility and mitochondrial function. 

 
Figure 3.2.3. Gene set enrichment analysis (GSEA) according to KEGG pathways classification. 
Differential expression is analyzed after 96 h of treatment with Palbociclib in PC-3 cells. Stat represents 
enrichment score, being positive when it increases or negative when it decreases. White-colored bars 
indicate significant differences with respect to non-treated cells (adjusted p-value < 0.05), and black-colored 
bars indicate patterns with adjusted p-value < 0.25.  

On the other hand, the glycolytic function measured by ECAR displayed an increase in 
both basal ECAR (Figure 3.2.4., C), corresponding to the cell’s response after glucose 
injection and prior to oligomycin injection, and the glycolytic proton efflux rate (glycoPER) 
(Figure 3.2.4., D), which is directly correlated with glycolysis (Romero et al., 2018, 
Romero et al., 2021). In agreement with OCR, ECAR, and glycoPER, PC-3 cells also 
displayed an increase in the total ATP production rate, resulting from an increment in the 
ATP produced from glycolysis (glycoATP) and mitochondria (mitoATP) (Figure 3.2.4., 
E), both remarkably contributing to meeting the energetic needs to adapt to Palbociclib 
treatment.  

In correlation with the significant increment observed in OxPhos and OCR, we evaluated 
the mitochondrial activity and the reactive oxygen species (ROS), which are the major 
by-products resulting from OxPhos upregulation (Sies & Jones, 2020, Hayes et al., 
2020). The mitochondrial activity was estimated by measuring the mitochondrial 
dehydrogenase activity and normalizing it by the number of cells, revealing an increase 
of 35% after Palbociclib treatment (Figure 3.2.5.). In this line, we reported a significant 
increase in the intracellular ROS measured in the Palbociclib-treated condition (Figure 
3.2.6.). 

These results are in agreement with the augment in OxPhos but also explain the positive 
enrichment of cellular protective mechanisms preventing apoptotic activation caused by 
increased cellular stress, such as drug metabolism via cytochrome P450 or glutathione 
metabolism (Figure 3.2.3.). 
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Figure 3.2.4. Respiratory response in PC-3 cells treated with Palbociclib. Mito Stress Test performed 
in PC-3 cells after 96 h with and without Palbociclib treatment (65 nM). A) Normalized monitored values of 
Oxygen Consumption Rate (OCR) over time. B) OCR-related parameters, including OCR basal respiration, 
maximal respiration, non-ATP linked respiration (proton leak), ATP production-associated respiration, and 
spare respiratory capacity. C) Normalized monitored values of Extracellular Acidification Rate (ECAR) over 
time. D) Glycolytic Proton Efflux Rate (glycoPER). E) ATP production rate discerning mitochondrial ATP 
production (mitoATP) and glycolytic ATP production (glycoATP). Mito Stress test was performed in Seahorse 
XFe medium supplemented with glutamine (2 mM), with and without Palbociclib (depending on the condition) 
prior to the sequential injection of glucose (Glc, 10 mM), Oligomycin (1.5 µM), CCCP (600 nM) and Pyruvate 
(Pyr, 2 mM), Rotenone (Rot, 2 µM) and Antimycin (AA, 2 µM). An independent sample t-test was applied for 
relative comparison between the two groups, * indicates significant differences (p < 0.05). 
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Figure 3.2.5. Palbociclib treatment enhances mitochondrial activity in PC-3 cells. Mitochondrial 
activity was measured after MTT assay and normalized by direct cell counting and 96 h of incubation with 
and without Palbociclib (65 nM) in the PC-3 cell line. An independent sample t-test was applied for relative 
comparison between the two groups, * indicates significant differences (p < 0.05). 
 

 
Figure 3.2.6. Palbociclib treatment causes an accumulation of reactive oxygen species (ROS) in PC-
3 cells. Intracellular ROS were measured upon incubation with the H2DCFDA probe (5 µM) after 96 h of 
treatment with and without 65 nM of Palbociclib in PC-3 cells. Fluorescence intensity values have been 
normalized with respect to the control condition. An independent sample t-test was applied for relative 
comparison between the two groups, * indicates significant differences (p < 0.05). 

In brief, the short-term Palbociclib treatment promotes a significant increase in OxPhos 
in PC-3 cancer cells, representing the major metabolic change. The gene set analysis 
and experimental evidence support increased OCR, ATP production rate, ROS 
generation, and mitochondrial activity in accordance with the reported increment in 
OxPhos. 

3.2.2.3. Metabolic pathways supporting increased oxidative 

phosphorylation in Palbociclib-resistant cells. 

To further study the metabolic pathways contributing to the increased OxPhos and 
mitochondrial activity sustaining cell proliferation in the metastatic prostate Palbociclib-
resistant cells, we evaluated the changes in the expression of genes associated with the 
central carbon metabolism pathways, and in the consumption/production rates of the 
main carbon, nitrogen, and energy sources, after 96 h of Palbociclib treatment in PC-3 
cells. 

First, we performed a differential expression analysis of the genes encoding for the most 
important enzymes comprising core metabolic pathways such as glycolysis, pentose 
phosphate pathway (PPP), and TCA cycle (Figure 3.2.7.). Palbociclib treatment induced 
significant overexpression affecting glycolytic genes such as aldolase C (ALDOC) and 
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enolase 3 (ENO3), and the PPP-related gene transaldolase 1 (TALDO1), suggesting an 
increment in glycolysis and the non-oxidative PPP branch, and also in the malate 
dehydrogenase 2 (MDH2), which encodes for the enzyme catalyzing the reversible 
oxidation of malate to oxaloacetate using the NAD/NADH cofactor in the TCA cycle. 

 
Figure 3.2.7. Differential gene expression of central metabolic pathways after Palbociclib treatment 
in PC-3 cells. Differential gene expression in terms of Log 2 fold-change (Log2FC) after 96 h of treatment 
with Palbociclib regarding the principal encoding genes for (A) glycolytic, (B) PPP, and (C) TCA cycle 
enzymes. White-colored bars represent significant differences with respect to non-treated cells (adjusted p-
value < 0.05). Glycolytic genes: HK1, HK2; hexokinase 1, and 2, respectively. GPI; glucose-6-phosphate 
isomerase. PFKFB2, PFKFB3, and PFKFB4; 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2, 3, 
and 4, respectively. PFKL, PFKM, PFKP; phosphofructokinase, liver type, muscle, and platelet, respectively. 
ALDOA, ALDOC; aldolase A, and C, respectively. TPI1; triosephosphate isomerase 1, GAPDH; 
glyceraldehyde-3-phosphate dehydrogenase. PGK1; phosphoglycerate kinase 1. PGAM1; 
phosphoglycerate mutase 1. ENO1, ENO2, ENO3; enolase 1, 2, and 3, respectively. PKM; pyruvate kinase 
M1/2. LDHA, LDHB; lactate dehydrogenase A, and B, respectively. TCA cycle genes: ACO1, ACO2; 
aconitase 1, and 2. CS; citrate synthase. DLST; dihydrolipoamide S-succinyltransferase. FH; fumarate 
hydratase. IDH1, IDH2, IDH3A, IDH3B, IDH3G; isocitrate dehydrogenases (NADP(+)) dependent 1, 2, and 
the catalytic subunits 3 alpha, 3 beta, and 3 gamma, respectively. MDH1, MDH2; malate dehydrogenase 1, 
and 2. OGDH, OGDHL; oxoglutarate dehydrogenase, and OGDH-like. PC; pyruvate carboxylase. SDHA, 
SDHB, SDHC, and SDHD; succinate dehydrogenase subunits A, B, C, and D. SUCLA2; succinate-CoA 
ligase ADP-forming subunits beta. SUCLG1; succinate-CoA ligase GDP/ADP-forming subunit alpha. 
SUCLG2; succinate-CoA ligase GDP-forming subunit beta. PPP genes: G6PD; glucose-6-phosphate 
dehydrogenase. H6PD; hexose-6-phosphate dehydrogenase/glucose 1-dehydrogenase. PGD; 
phosphogluconate dehydrogenase. TKT; transketolase. TALDO1; transaldolase 1. RPIA; ribose 5-
phosphate isomerase A. RPE; ribulose-5-phosphate-3-epimerase. 

The significant increment in ECAR, glycoPER, and ATP production rate from the 
glycolytic fraction after Palbociclib treatment did not translate into a substantial overall 
impact on the differential expression of genes related to glycolytic metabolism (Figure 
3.2.7., A). Therefore, we assessed how Palbociclib affected the extracellular glucose 
consumption and lactate production rates after 96 h in PC-3 cells. Normalized values 
showed a significant increase in glucose consumption and lactate production rates after 
Palbociclib treatment (Figure 3.2.8., A). At the same time, the ratio of lactate/glucose, 
an indicator of the glycolytic capacity and Warburg effect, was significantly decreased 

-0,5 0 0,5 1 1,5

LDHB
LDHA
PKM

ENO3
ENO2
ENO1

PGAM1
PGK1

GAPDH
TPI1

ALDOC
ALDOA

PFKP
PFKM
PFKL

PFKFB4
PFKFB3
PFKFB2

GPI
HK2
HK1

Glycolysis

Log2FC

-0,4 -0,2 0 0,2 0,4

RPE
RPIA

TALDO1
TKT

PGD
H6PD
G6PD

PPP

Log2FC

-0,2 0 0,2 0,4 0,6

SUCLG2
SUCLG1
SUCLA2

SDHD
SDHC
SDHB
SDHA

PC
OGDHL

OGDH
MDH2
MDH1
IDH3G
IDH3B
IDH3A

IDH2
IDH1

FH
DLST

CS
ACO2
ACO1

TCA cycle

Log2FC

A B C



 

96 
 

(Figure 3.2.8., B). These findings indicate that Palbociclib-resistant cells exhibit reduced 
lactate production, maintaining an increased glycolytic function, thus suggesting a 
greater glucose catabolism. These results are in correlation with the increased glycolytic 
function and ATP production rate observed after Palbociclib treatment. 

 

 
Figure 3.2.8. Augment in glycolytic function after Palbociclib treatment in PC-3 cells. A) Extracellular 
glucose consumption and lactate production rates, and B) the ratio of lactate production with respect to 
glucose consumption calculated in control and 96 h Palbociclib-treated (65 nM) PC-3 cells. An independent 
sample t-test was applied for relative comparison between the two groups, * indicates significant differences 
(p < 0.05). 

The reduced lactate/glucose ratio despite the increase in glucose consumption might 
involve a dysregulation in lactate transporters, or higher glucose utilization in other 
biosynthetic routes such as PPP, serine biosynthesis, pyruvate production, and/or 
complete oxidation in the TCA cycle. In order to investigate pyruvate production after 
Palbociclib treatment in this prostate cell line, which represents a crucial intersection 
between glycolysis and the TCA cycle, we measured the extracellular pyruvate 
concentration in both conditions. Normalized values displayed a significant increment of 
pyruvate production rate in Palbociclib-treated cells (Figure 3.2.9.).  

 
Figure 3.2.9. Palbociclib treatment increases pyruvate production rate in PC-3 cells. Extracellular 
pyruvate production rate in control and 96 h Palbociclib-treated (65 nM) PC-3 cells. An independent sample 
t-test was applied for relative comparison between the two groups, * indicates significant differences (p < 
0.05). 

These results demonstrated that Palbociclib treatment in prostate cancer cells induced 
pyruvate production, in correlation with the augmented glucose consumption. 

A B



 

97 
 

Alternatively, transcriptomic data revealed a significant upregulation of monocarboxylate 
transporter 4 (MCT4) after Palbociclib treatment (SLC16A3; log2FC=(+)0.8±0.1; 
adjusted p-value 3.61ꞏ10-6). MCT4 is a proton (H+)-coupled transporter of pyruvate and 
lactate across the membrane, whose transport direction depends on H+ and lactate 
availability, although it is more associated with secretion rather than uptake (Felmlee et 
al., 2020). Indeed, our findings suggest a greater pyruvate production correlating with a 
greater extracellular secretion through MCT4 after Palbociclib treatment in the prostate 
cancer cells. 

Glutamine is the major carbon source alternative to glucose contributing to increasing 
mitochondrial function in cancer cells (Yoo, Yu & Sung et al., 2020). Therefore, glutamine 
metabolism was also evaluated by measuring the extracellular glutamine consumption 
and glutamate production rates in PC-3 after 96 h with Palbociclib treatment. Results 
displayed a significant increase in glutamine catabolism in Palbociclib-treated cells 
(Figure 3.2.10., A), and greater glutamine utilization in comparison to glucose despite 
the increased glycolytic function (Figure 3.2.10., B), whereas glutamine consumption 
with respect to glutamine not committed to glutamate production remained constant 
(Figure 3.2.10., C). These results indicated that despite Palbociclib treatment 
significantly increased glutamine consumption, its usage was similar to that observed in 
the control condition. Increased glutamine dependence suggests that glutaminolysis may 
support an augment in oxidative phosphorylation and TCA cycle. 

 
Figure 3.2.10. Palbociclib induces glutamine catabolism and dependence in PC-3 cells. A) 
Extracellular glutamine consumption and glutamate production rates in control and 96 h Palbociclib-treated 
(65 nM) PC-3 cells. B) Ratio of glucose with respect to glutamine utilization. C) Ratio of glutamine 
consumption with respect to glutamine not committed to glutamate production. An independent sample t-
test was applied for relative comparison between the two groups, * indicates significant differences (p < 
0.05). 

Then, we used targeted metabolomics to evaluate the metabolic impact of other amino 
acids after Palbociclib treatment, analyzing the metabolic fingerprint regarding the 
intracellular content and the extracellular consumption and production rates. The overall 
intracellular concentrations of essential amino acids (EAAs) were not altered after 
Palbociclib treatment in PC-3, except for a decrease in lysine intracellular concentration 
(Figure 3.2.11., A). Palbociclib-treated cells presented an increased general pattern in 
EAA consumption rates, however, only tryptophan exhibited significantly increased 
uptake (Figure 3.2.11., B). 
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Figure 3.2.11. Essential amino acids (EAAs) profile after Palbociclib treatment in PC-3 cells. A) 
Intracellular EAAs concentration, and B) extracellular EAAs consumption rates in control and 96 h 
Palbociclib-treated (65 nM) PC-3 cells. Only amino acids that were significantly produced or consumed from 
the medium are shown. An independent sample t-test was applied for relative comparison between the two 
groups, * indicates significant differences (p < 0.05). 

Results of intracellular and extracellular content of non-essential amino acids (NEAAs) 
showed that Palbociclib treatment caused a significant decrease in the intracellular 
concentration of glycine, ornithine, arginine, and glutamine (Figure 3.2.12., A). 
Regarding the extracellular media consumption and production rates, only alanine 
exhibited a significant release to the extracellular media in Palbociclib-treated cells in 
comparison with the control condition (Figure 3.2.12., B). Alanine represents an 
important intersection of glucose and glutamine metabolism, correlating with the 
augmented glycolytic rate, glutamine metabolism, and pyruvate production. 

After Palbociclib treatment, we also found a depletion of ornithine intracellular 
concentration, which is involved in the urea cycle. Therefore, we calculated the ratios 
proposed by Dossus & Kouloura et al. (Dossus & Kouloura et al., 2021), regarding the 
activity of important urea cycle enzymes, such as nitric oxide synthase (NOS), ornithine 
transcarbamylase (OTC), or arginase (ARG). The results showed no changes in NOS 
activity, increased activity in OTC, and a non-significant decrease tendency in ARG 
activity (Figure 3.2.13.). 
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Figure 3.2.12. Non-essential amino acids (EAAs) profile after Palbociclib treatment in PC-3 cells. A) 
Intracellular NEAAs concentration, and B) extracellular NEAAs consumption and production rates in control 
and 96 h Palbociclib-treated (65 nM) PC-3 cells. Only amino acids that were significantly produced or 
consumed from the medium are shown. An independent sample t-test was applied for relative comparison 
between the two groups, * indicates significant differences (p < 0.05). 
 

 
Figure 3.2.13. Activity indicators of key urea cycle enzymes after Palbociclib treatment Ratios 
calculated from the intracellular amino acid concentration. A) Activity of nitric oxide synthase (NOS) 
calculated from the ornithine/arginine ratio. B) Activity of ornithine transcarbamylase (OTC) calculated from 
the citrulline/ornithine ratio. C) Activity of arginase (ARG) calculated from the ornithine/arginine ratio. An 
independent sample t-test was applied for relative comparison between the two groups, * indicates 
significant differences (p < 0.05). 

Ala
Arg

Asn Asp

Cit 
(x

10
)

Gln Glu Gly

Orn
 (x

10
)

Pro Ser Tyr

0.00

0.25

0.50

1.00

1.50

2.00 Control
Palbociclib

*

*

*

n.s.

n.s.n.s.

n.s. n.s.

n.s.

n.s. n.s.

n.s.

Ala
Asp Gln Glu Gly

Orn Ser Tyr

-140

-70

-20

-10

0

10

20

30

40

C
o

n
s

u
m

p
ti

o
n

 / 
P

ro
d

u
c

ti
o

n
 R

a
te

(n
m

o
l/(

1
06

ce
llꞏ

h)
)

Control
Palbociclib

*

n.s. n.s. n.s.

n.s.

n.s.

*

*

A

B

Contro
l

Pal
boci

cl
ib

R
at

io
 C

it
 / 

 A
rg

Contro
l

Pal
boci

cl
ib

0.0

0.5

1.0

1.5

R
a

ti
o

 C
it

 / 
O

rn

Activity of OTC

*

Contro
l

Pal
boci

cl
ib

R
at

io
 O

rn
 / 

A
rg

A B C



 

100 
 

In addition, we examined the differential expression of the genes encoding for the most 
important enzymes related to the urea cycle, and polyamine metabolism (Figure 3.2.14.) 
(gene expression values are specified in Appendix IV Table IV.1.), considering the 
importance of these pathways in prostate cancer (see section 1.2.4.2.). In correlation 
with OTC increased activity, we found the urea cycle gene argininosuccinate lyase (ASL) 
significantly overexpressed. This gene encodes for the enzyme catalyzing the hydrolytic 
cleavage of argininosuccinate (ASA) into arginine and fumarate, boosting the TCA cycle 
and nourishing the TCA cycle. On the other hand, differential expression results also 
indicated an overexpression in the polyamine metabolism genes encoding for the 
enzymes ornithine decarboxylase 1 (ODC1), suggesting an increased polyamine 
production from ornithine, and spermidine/spermine N1-acetyltransferase 1 (SAT1), 
encoding for SSAT which controls the intracellular polyamine concentration by catalyzing 
polyamine acetylation and providing substrates for spermidine or putrescine back-
conversion or secretion (Babbar & Gerner, 2011).  

 
Figure 3.2.14. Genes encoding for key enzymes involved in polyamine metabolism and the urea 
cycle. Genes differentially expressed after Palbociclib treatment in PC-3 encoding for enzymes of 
methionine cycle, methionine salvage pathway, polyamine metabolism, and urea cycle. Colors refer to the 
expression; green is downregulated, red is upregulated and grey indicates no significant differences 
(adjusted p-value > 0.05). Genes: AHCY; adenosylhomocysteinase, AMD1; adenosylmethionine 
decarboxylase 1, ARG2; arginase 2, ASL; argininosuccinate lyase, ASS1; argininosuccinate synthase 1, 
MTAP; methylthioadenosine phosphorylase, MTR; 5-methyltetrahydrofolate-homocysteine 
methyltransferase, NOS1; nitric oxide synthase 1, ODC1; ornithine decarboxylase 1, OTC; ornithine 
transcarbamylase, PAOX; polyamine oxidase, SAT1; spermidine/spermine N1-acetyltransferase 1, SMOX; 
spermine oxidase, SMS; spermine synthase, SRM; spermidine synthase. Figure adapted from Casero & 
Stewart et al., 2018, and created with https://www.biorender.com/ (2023). 

In agreement with ODC1 and SAT1 overexpression, the polyamine extracellular 
production rates measured after 96 h of Palbociclib treatment displayed increased 
putrescine production, indicating that prostate-resistant cells promote putrescine 
secretion to the extracellular media (Figure 3.2.15.). 

Upon the greater glucose and glutamine utilization observed after Palbociclib treatment 
in this cell line, we analyzed the effects on lipid metabolism by evaluating the intracellular 
lipid profile. We measured the intracellular lipid concentration of acylcarnitines (Figure 
3.2.16.), sphingolipids (Figure 3.2.17.) and glycerophospholipids (Figure 3.2.18.) after 
96h of treatment in PC-3 cells by targeted metabolomics. The intracellular lipid 
concentrations were distributed in heatmaps based on non-supervised clusterization. In 
this  regard, acylcarnitines  clustered  in two groups corresponding  with the control and 
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Figure 3.2.15. Putrescine production in PC-3 control and Palbociclib-treated cells. Extracellular 
putrescine production rate measured in control and 96 h Palbociclib-treated (65 nM) PC-3 cells. An 
independent sample t-test was applied for relative comparison between the two groups, * indicates 
significant differences (p < 0.05). 

Palbociclib condition (Figure 3.2.16., A). Palbociclib-treated cells displayed significantly 
lower concentrations of short-chain acylcarnitines, and a reduced ratio of short-chain 
acylcarnitines to free carnitine (estimated by ((C2+C3)/C0)), which is associated with the 
overall ß-oxidation activity and branched-chain amino acid (BCAA) synthesis (Dossus & 
Kouloura et al., 2021) (Figure 3.2.16., B). Also, we found no significant differences in 
the long-chain acylcarnitines to free carnitine ratio, which correlates with the activity of 
carnitine palmitoyl transferase 1 (CPT1) (Dossus & Kouloura et al., 2021). CPT1 is the 
rate-limiting step in the uptake of fatty acids into the mitochondria (Figure 3.2.16., C), 
therefore, these results indicate that there were no significant changes in the fatty acids 
uptake for mitochondrial internalization and subsequent β-oxidation after Palbociclib 
treatment.  

 
Figure 3.2.16. Acylcarnitines profile in control and Palbociclib-treated PC-3 cells. A) Heatmap 
distribution after non-supervised clusterization of the intracellular acylcarnitines measured in control and 96 
h Palbociclib-treated (65 nM) PC-3 cells. Results expressed in nmol/µg protein were normalized by sum 
applying Pareto data scaling using Metaboanalyst 5.0 software. B) Ratio of short-chain acylcarnitines to free 
carnitine ((C2+C3)/C0), which is a measure of overall β-oxidation activity C) Ratio of long-chain 
acylcarnitines to free carnitine ((C16+C18)/C0), which is correlated with the activity of carnitine palmitoyl 
transferase 1 (CPT1). An independent sample t-test was applied for relative comparison between the two 
groups, * indicates significant differences (p < 0.05).  
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Heatmaps displaying sphingolipids (Figure 3.2.17.) and glycerophospholipids (Figure 
3.2.18.) concentrations also clustered into Control and Palbociclib-treated conditions. 
Altogether, there was a clear alteration in the lipid profile of these two types of lipids after 
treatment, with a greater concentration in the Palbociclib-resistant cells. Therefore, these 
results suggest an increment in lipogenesis in the prostate Palbociclib-resistant cells. 

 
Figure 3.2.17. Sphingolipids profile in control and Palbociclib-treated PC-3 cells. Heatmap distribution 
after non-supervised clusterization of the intracellular sphingomyelins (SM) in control and 96 h Palbociclib-
treated (65 nM) PC-3 cells. Results expressed in nmol/µg protein were normalized by sum applying Pareto 
data scaling using Metaboanalyst 5.0 software. 

 
Figure 3.2.18. Glycerophospholipids profile in control and Palbociclib-treated PC-3 cells. Heatmap 
distribution after non-supervised clusterization of the intracellular phosphatidylcholines in control and 96 h 
Palbociclib-treated (65 nM) PC-3 cells. Results expressed in nmol/µg protein were normalized by sum 
applying Pareto data scaling using Metaboanalyst 5.0 software. 
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Overall, our results indicate that glutamine plays a pivotal role in the Palbociclib adaptive 
resistance of PC-3 cells. Glutamine is essential for NEAAs synthesis, inducing alanine 
and glutamate production, contributing to enhanced cellular metabolism, which might be 
involved in several biosynthetic routes, by inducing the activity of some urea cycle 
enzymes, and promoting greater polyamine synthesis after Palbociclib treatment. The 
increment in these metabolic pathways coexists with augmented glycolytic activity and 
glycolytic ATP production rate, as well as greater pyruvate production and lipogenesis. 
In order to understand the contribution of both carbon sources to the remarkable 
enhancement observed in the mitochondrial activity, we explored the mitochondrial 
metabolism using isotope-based metabolic analysis with 13C enriched substrates.  

We incubated with [1,2-13C2]-glucose or uniformly labeled [U-13C5]-glutamine for the last 
24 h of the 96 h treatment of control and Palbociclib-treated PC-3 cells. Glucose 
contribution to the complete oxidation in the TCA cycle was determined after analyzing 
the mass isotopomer distribution of the intracellular metabolites displaying m2 labeled 
citrate and malate, which are the most abundant mass isotopomers derived from [1,2-
13C2]-glucose (Figure 3.2.19., A). Results indicated no alteration in [1,2-13C2]-glucose 
contribution towards either citrate or malate, suggesting that Palbociclib induced higher 
glycolytic flux but not greater glucose contribution to the TCA cycle in comparison to the 
control condition (Figure 3.2.19., B). On the other hand, [U-13C5]-glutamine can be either 

 
Figure 3.2.19. Glucose contribution to the TCA cycle in Palbociclib-treated PC-3 cells. Control and 
Palbociclib-treated (65 nM) PC-3 cells were incubated for the last 24 h of the 96 h treatment with 10 mM of 
[1,2-13C2]-glucose. A) Schematic representation of 13C atoms (orange) distribution from [1,2-13C2]-glucose in 
the TCA intermediates in the first turn of the TCA cycle. B) Mass isotopomer distribution analysis of the 
intermediates of the TCA cycle labeled with m2 citrate and m2 malate displaying the major [1,2-13C2]-glucose 
contribution (complete isotopologue distribution is detailed in Appendix IV, Table IV.2.). An independent 
sample t-test was applied for relative comparison between the two groups, n.s. indicates no significant 
differences (p > 0.05). 
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oxidized via TCA cycle, which can be evaluated by monitoring glutamate (m5), malate 
(m4), and citrate (m4), or produce citrate via the reductive carboxylation from α-
ketoglutarate (α-KG) (m5), yielding citrate (m4) through NADPH-dependent isocitrate 
dehydrogenases (IDHs) and ultimately malate (m3) and aspartate (m3) (Figure 3.2.20., 
A). These results revealed a slight but statistically significant decrease in [U-13C5]-
glutamine contribution to the oxidative TCA cycle, together with a significant enrichment 
in 13C incorporation in the reductive carboxylation to citrate (m5) and malate (m3) (Figure 
3.2.20., B). 

 
Figure 3.2.20. Glutamine contribution to the oxidative TCA cycle and the reductive carboxylation in 
Palbociclib-treated PC-3 cells. Control and Palbociclib-treated (65 nM) PC-3 cells were incubated for the 
last 24 h of the 96 h treatment with 2 mM of [U-13C5]-glutamine. A) Schematic representation of 13C atoms 
distribution from uniformly labeled [U-13C5]-glutamine in the intermediates of the oxidative TCA cycle (green) 
and reductive carboxylation (pink) first turn. B, C. Mass isotopomer distribution analysis B) in the 
intermediates labeled with m5 glutamate, m4 malate, and m4 citrate displaying the major [U-13C5]-glutamine 
contribution to the Oxidative TCA cycle, and C) in the intermediates labeled with m5 citrate, m3 malate, and 
m3 aspartate displaying the major [U-13C5]-glutamine contribution to the reductive carboxylation (complete 
isotopologue distribution is detailed in Table IV.3. Appendix IV). An independent sample t-test was applied 
for relative comparison between the two groups, * indicates significant differences (p < 0.05). 
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It is reported that cancer cells with defective mitochondrial respiration sustain cell 
proliferation by augmenting glutamine-dependent reductive carboxylation to support 
increased citrate production (Mullen et al., 2011). Citrate mediates the metabolic shift 
from increased glycolytic rate to greater reliance on oxidative phosphorylation and 
lipogenesis described in normal prostate cells upon tumorigenic transformation. A 
mitochondrial impairment is observed in normal prostate as a consequence of greater 
glycolytic rates destinated to increase citrate production and secretion toward the 
seminal fluid (Ahmad et al., 2021, Bader & McGuire, 2020, Germain & Lafront et al., 
2023). The augmented citrate production is boosted by zinc transporters (also known as 
ZIP proteins), promoting zinc accumulation, which serves, together with aspartate, as 
citrate precursors while acting as a mitochondrial aconitase (ACO2) inhibitor, and in turn, 
preventing citrate oxidation in the TCA cycle (Bader & McGuire, 2020). Hence, we 
evaluated the differential expression of genes encoding for ZIP proteins, belonging to 
the SLC39 family of transporters (Jeong & Eide et al., 2014), to examine a possible 
contribution to a truncated TCA cycle in Palbociclib-treated cells that may induce the 
glutamine-dependent reductive carboxylation. Our transcriptomic data showed that 
genes such as SLC39A7 (log2FC=(+)0.4±0.1 with adjusted p-value 8.13ꞏ10-4) and 
SLC39A13 (log2FC=(+)1.0±0.2 with adjusted p-value 0.002) were upregulated after 
Palbociclib treatment in PC-3 cells. These results indicated that Palbociclib induced zinc 
transport, suggesting a potential enzymatic inhibition of ACO2, and altering the 
mitochondrial function. In agreement with these observations, our results also displayed 
an increased citrate and malate production (Figure 3.2.21.), correlating with the 
increased lipogenesis observed after Palbociclib treatment. 

 
Figure 3.2.21. Increment in the citrate and malate content after Palbociclib treatment in PC-3 cells. 
Quantification of the intracellular citrate and malate relative to norvaline internal standard after 96 h of 
incubation with and without Palbociclib (65 nM) in the PC-3 cell line. Data were normalized by direct cell 
counting and represented relative to control cells.  

Together, these results reveal that the reported greater glutamine utilization after 
Palbociclib treatment is associated with an increased reductive carboxylation upon 
mitochondrial impairment. Our results also elucidate an increased citrate synthesis as a 
response to Palbociclib treatment, boosted by reductive carboxylation and higher 
glycolytic flux, contributing to the enhancement of TCA cycle activity and lipogenesis. 
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3.2.2.4. Glycolysis, TCA, and OxPhos are the major metabolic 

reprogramming contributors identified by GSMM in Palbociclib-resistant PC-3 

cells. 

Based on transcriptomics and metabolomic data integration, GSMM-specific 
reconstruction for Palbociclib-resistant prostate cells provides the flux analysis 
distribution after treatment (see Appendix II for details). The major fluxes variation were 
expressed in terms of Log2FC (Figure 3.2.22., A) and fluxes contribution to the final 
variation in terms of µmol/(106cellꞏh) (Figure 3.2.22., B).  

Results indicated a notable number of fluxes significantly altered after short-term 
Palbociclib treatment in prostate cancer cells (Figure 3.2.22., A). Core metabolic 
pathways significantly increased after treatment, including the central carbon pathways,

 
Figure 3.2.22. Metabolic flux variations analyzed by the GSMM simulation according to the KEGG 
pathways. Significant changes in Log2FC (Treated / Non-treated) and Total variation (µmol/(106 cellꞏh) 
(Treated / Non-treated) have been considered (total_flux_vres  0.01) and filtered by fluxes with differences 
Log2FC  0.1. 
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such as glycolysis, PPP, pyruvate metabolism, TCA cycle, OxPhos, purine and 
pyrimidine metabolism, and amino acids metabolism. Also, Palbociclib treatment 
promoted a reduction in the fluxes of one carbon pool by folate, glutathione metabolism, 
and cysteine and methionine metabolism. The overall variation was governed by 
pathways increasing the metabolic fluxes rather than decreasing them. The most 
important contributions to total flux variation were attributed to glycolysis, TCA cycle, 
OxPhos, and purine and pyrimidine metabolism (Figure 3.2.22., B).  

The major flux variations analyzed by the GSMM simulation were in agreement with the 
experimental results depicting an increase of the core central metabolic pathways to 
satisfy the augmented mitochondrial function and oxidative phosphorylation. 

3.2.2.5. The impairment of mitochondrial respiration synergizes with 

Palbociclib treatment in prostate cancer cells. 

From the reconstructed GSMMs, using qMTA and MOMA algorithms, we simulated the 
effect of metabolic inhibitors annotated in DrugBank (Knox et al., 2024) and Therapeutic 
Target (Chen et al., 2002) databases on metabolic fluxes (see Appendix II for details). 
The five best-scored drugs, according to their efficiency in reverting/preventing the 
transition to the Palbociclib-resistant phenotype, listed in Table 3.2.1., were drugs 
targeting reactions of mitochondrial respiration complex IV or complex V, in accordance 
with the observed enhanced mitochondrial respiration and ATP production in response 
to Palbociclib treatment.  

Table 3.2.1. Target genes and drugs proposed by GSMM. The metabolic inhibitors and target genes 
(NCBI number) after quadratic metabolic transformation algorithm (qMTA) and the minimization of metabolic 
adjustment (MOMA) application to revert or prevent Palbociclib-resistant phenotype in PC-3. Only drugs 
annotated in DrugBank (Knox et al., 2024) and Therapeutic Target (Chen et al., 2002) databases are shown. 
The metabolic inhibitors with positive aggregate scores are arranged in descending order based on their 
values up to the metabolic inhibitor with an aggregate score value closest to 50% of the highest aggregate 
score value. Gene IDs: 126; ADH1C alcohol dehydrogenase 1C 498; ATP5F1A, ATP synthase F1 subunit 
alpha, 506; ATP5F1B ATP synthase F1 subunit alpha, 509; ATP5F1C ATP synthase F1 subunit gamma, 
873; CBR1 carbonyl reductase 1, 1066; CES1 carboxylesterase 1, 1327; COX4I1 - cytochrome c oxidase 
subunit 4I1, 1329; COX5B cytochrome c oxidase subunit 5B, 1339; COX6A2 cytochrome c oxidase subunit 
6A2, 1340; COX6B1 cytochrome c oxidase subunit 6B1, 1345; COX6C cytochrome c oxidase subunit 6C, 
1346; COX7A1 cytochrome c oxidase subunit 7A1, 1349; COX7B cytochrome c oxidase subunit 7B, 1350; 
COX7C cytochrome c oxidase subunit 7C, 1351; COX8A cytochrome c oxidase subunit 8A, 1545; CYP1B1 
cytochrome P450 family 1 subfamily B member 1, 2172; FABP6 fatty acid binding protein 6, 2235; FECH 
ferrochelatase, 4512; MT-CO1 mitochondrially encoded cytochrome c oxidase I, 4513; MT-CO2 
mitochondrially encoded cytochrome c oxidase II, 4514; MT-CO3 mitochondrially encoded cytochrome c 
oxidase III, 4535; MT-ND1 mitochondrially encoded NADH dehydrogenase 1, 5294; PIK3CG 
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit gamma, 5319; PLA2G1B phospholipase 
A2 group IB, 9377; COX5A cytochrome c oxidase subunit 5A, 26275; HIBCH 3-hydroxyisobutyryl-CoA 
hydrolase. 

Drug Gene target Aggregate 
Score  

N-Formylmethionine 1327, 1329, 1339, 1340, 1345, 1346, 1349, 1350, 1351, 4512, 4513, 4514, 
4535, 9377 

594.46876 

Cholic Acid 1066, 1066, 126, 1327, 1329, 1339, 1340, 1345, 1346, 1349, 1350, 1351, 
2172, 2235, 4512, 4513, 4514, 5319, 9377 

542.18066 

Talmapimod 4513 506.52385 

Piceatannol 498, 506, 509 345.82539 

Quercetin 1545, 26275, 498, 506, 509, 5294, 873 345.35401 
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Among these inhibitors proposed by GSMM, we assessed the effect of Piceatannol in 
combination with Palbociclib. Piceatannol is a natural polyphenol that exhibits a 
promising therapeutic potential in various cancer types (Banik et al., 2020) and is 
reported to inhibit ATP synthase activity (Zheng et al., 1999). The measure of cell 
confluency over time evidenced that the maximum inhibitory effect over PC-3 
proliferation was achieved after combining Palbociclib and Piceatannol at 50 nM and 25 
µM fixed concentrations, respectively (Figure 3.2.23.). 

 

Figure 3.2.23. Effects of the combination of Palbociclib with Piceatannol in PC-3 cells. Proliferation 
curve from confluence life-quantification measured over time in the PC-3 cells showing control condition, 
single treatments Palbociclib at 50 nM, and Piceatannol at 25 µM, and their combination. 

Next, taking into account that complex IV and complex V comprise OxPhos which 
exhibited the highest enrichment score according to GSEA analysis after Palbociclib 
treatment (Figure 3.2.3.), we decided to target this pathway using Tigecycline, an FDA-
approved antibiotic used to treat microbial infections and described as a promising drug 
for cancer treatment due to its capacity to inhibit mitochondrial oxidative respiration and 
induce oxidative stress and cell cycle arrest (Dong et al., 2019). Moreover, as 
cytochrome P450 metabolism had a high enrichment score according to GSEA analysis 
(Figure 3.2.3.), we assessed the effect of Miconazole, an antifungal that has been 
reported as a potent pan-inhibitor of cytochrome P450 (Niwa et al., 2014, Piérard et al., 
2012), in combination with Palbociclib. Miconazole has also been described to induce 
mitochondrial-mediated apoptosis and G1/G0 cell cycle arrest in bladder cancer cells 
(Yuan et al., 2017), autophagic cell death by inducing an ROS-dependent endoplasmic 
reticulum stress response in glioblastoma cells (Jung et al., 2021), and exhibited in-vitro 
ATPase inhibition (Lax et al., 2002). Noteworthy, the use of antifungal or antibiotics as 
anticancer therapy may offer the advantage of affecting multiple cell pathways, which 
can hinder the utilization of other routes involved in cell survival and drug resistance 
(Karp & Lyakhovich, 2022, Weng et al., 2023). 

Results evaluating the cell proliferation curves at increasing drug concentrations showed 
that both Miconazole and Tigecycline treatments display synergistic antiproliferative 
results when combined with Palbociclib according to the combination index calculated 
through Compusyn software and the Chou-Talalay method (Chou, 2010) (Figure 
3.2.24.). 
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Figure 3.2.24. Synergistic effect by targeting oxidative phosphorylation (OxPhos) and cytochrome 
P450 in Palbociclib-resistant PC-3 cells. A, B. Representative graphs of cell proliferation curves in the 
metastatic prostate PC-3 cell line after 96 h of treatment at increasing drug concentrations with (A) 
Palbociclib (0.005, 0.008, 0.010, 0.025, 0.050, 0.080, and 0.100 µM) and Miconazole nitrate (0.25, 0.50, 
0.80, 1.00, 2.50, 5.00, and 8.00 µM) alone or in combination with a non-constant ratio, (B) Palbociclib 
(0.0001, 0.0005, 0.001, 0.005, 0.008, 0.010, 0.025, 0.050, 0.080, and 0.100 µM) and Tigecycline (0.1, 0.2, 
0.4, 0.6, 0.8, 1.0, 2.0, 3.0, 4.0, and 5.0 µM) alone or in combination with a non-constant ratio. C, D. 
Combination index (CI) value calculated with Compusyn software and Chou-Talalay method (black squares 
represent CI values > 1) for the combination of Palbociclib and Miconazole nitrate (C) and Palbociclib and 
Tigecycline (D). 

Altogether, these results highlight the efficacy of targeting OxPhos and cytochrome P450 
proteins in Palbociclib-resistant cells. The decrease in cell proliferation when the 
combinatory treatment is applied demonstrates the importance of oxidative 
phosphorylation in Palbociclib-resistant cells for cell survival and resistance acquisition, 
representing the major metabolic vulnerability in prostate cancer cells resistant to 
Palbociclib. These findings have promising implications for potential combination 
therapies to enhance Palbociclib’s effectiveness and point out the potential of GSMM for 
target prediction.  

3.2.3. Discussion. 

Prostate cancer is frequently addressed through surgery and androgen deprivation 
therapy (ADT) (Desai et al., 2021, Germain & Lafront et al., 2023, Rebello & Oing et al., 
2021). However, it is one of the most recurrent cancer types described (Ferlay et al., 
2020), eventually progressing to the metastatic stage. Our work focuses on studying the 
metabolic reprogramming underlying drug resistance to Palbociclib treatment in the most 
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aggressive stage of prostate cancer disease, employing androgen-independent PC-3 
cells. Palbociclib treatment is an emerging strategy for prostate cancer (Tien & Sadar, 
2022) and also for rapidly proliferating cancer cells by blocking the cell cycle (Goel & 
Bergholz et al., 2022, Otto & Sicinski, 2017). Our findings indicate that Palbociclib 
treatment is able to impair cell proliferation by arresting the cell cycle in G1/G0 in PC-3 
cells. The absence of AR signaling may facilitate Palbociclib cell cycle impairment, as 
AR blockade has been reported to overcome Palbociclib resistance in breast cancer cells 
(Ji et al., 2019). This effect in the cell cycle is consistent with reported studies in response 
to Palbociclib in other types of cancer where the percentage of cells arrested varies from 
10 to 30% in G1/G0, depending on drug concentration, cell line, and cancer type (Cretella 
et al., 2018, Franco et al., 2016, Goel & Bergholz et al., 2022, Tarrado-Castellarnanu et 
al., 2017). It is known and extensively reviewed that CDK4 and CDK6 synthesis, 
accumulation, and degradation depend on the cyclin patterns that regulate their activity 
(Knudsen & Witkiewicz 2017). In this regard, due to CDK4 accumulation, our results 
suggest a decrease in cyclin D synthesis or impairment of its activity that prevents the 
formation of CDK4/6-Cyclin D complexes for the G1 to S phase transition, promoting cell 
cycle arrest and leading to a senescent or quiescent state.  

Nevertheless, Palbociclib-acquired resistance emerges upon short-term drug exposition 
promoting metabolic reprogramming for cell survival. Cell cycle arrest after Palbociclib 
treatment leads to a decrease in cell proliferation and elevated ROS production without 
apoptosis activation, suggesting that other mechanisms must be involved in cell 
proliferation reduction and apoptosis evasion after Palbociclib treatment, such as 
xenobiotic metabolism via Cytochrome P450 and glutathione, both pathways observed 
to be activated in GSEA, and also in agreement with the decrease observed in the 
intracellular concentrations of glutamate and glycine, which might be used for glutathione 
synthesis. In fact, the induction of antioxidant enzymes is one of the most important 
mechanisms to cope with increased ROS levels in cancer cells (Nakamura & Takada, 
2021). This correlation is evident in other studies where CDK4/6 inhibitors deplete the 
antioxidant response after glycolytic flux inhibition, decreasing NADPH and glutathione 
levels, and leading to apoptotic activation (Wang et al., 2017). Then, by increasing the 
glycolytic function, other connected fluxes related to other biosynthetic routes might 
contribute to NADPH production, such as serine biosynthesis boosting one-carbon 
metabolism and PPP.  

In the context of metabolic reprogramming, Palbociclib treatment causes an increment 
in the mitochondrial activity and all the OCR-related parameters, including basal OCR, 
ATP production-associated respiration, spare respiratory capacity, and maximum 
respiration, indicating an increased metabolic flexibility and pointing to the significant 
increment in OxPhos as the major contributor to the Palbociclib-resistant phenotype. In 
agreement, GSEA also identified OxPhos as the key process for metabolic 
reprogramming in the PC-3 metastatic prostate cancer cell line.  

Alternatively, our results reveal an increased glycolytic flux after Palbociclib treatment, 
reflected in greater glucose consumption and glycolysis-associated ATP production rate. 
In this regard, ENO3 overexpression is associated with glycolysis induction and 
sustaining tumor progression in colorectal cancer (Chen & Zhang et al., 2022). In this 
study performed by Chen & Zhang et al., they also report an increase in ENO3 
expression in prostate cancer. Therefore, these findings suggest that ENO3 might play 
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an important role in mediating the glycolytic response for cell survival after Palbociclib 
treatment in PC-3 cells.  

The increase in glycolytic flux is the major contributor to total flux variation along with the 
TCA cycle, OxPhos, and nucleotide metabolism, aligned with the experimental findings 
indicating that increased core metabolic pathways fulfill increased mitochondrial activity 
and OxPhos. Together with the increased glycolytic function displayed after Palbociclib 
treatment, our study also reports an augment in glutamine utilization. Glutamine is the 
major carbon alternative source in cancer cells to fuel the mitochondrial function when 
glucose is funneled to lactate production rather than complete oxidation in the TCA cycle 
(Yoo, Yu & Sung et al., 2020). An increased glutamine dependence supporting the 
mitochondrial function after Palbociclib treatment has also been observed in other types 
of cancer (Conroy et al., 2020, Franco et al., 2016, Lorito et al., 2020, Tarrado-
Castellarnau et al., 2017). Our findings show that after Palbociclib treatment glutamine 
also contributes to non-essential amino acid biosynthesis by promoting higher alanine 
and glutamate production, and reveal the induction of reductive carboxylation toward 
citrate generation instead of glutamine oxidation in the TCA cycle.  

Glutamine-dependent reductive carboxylation supports cell proliferation in cancer cells 
presenting defective mitochondrial function (Mullen et al., 2011). Mullent et al., observed 
how this pathway enables osteosarcoma and renal cancer cells’ proliferation despite 
mitochondrial metabolism impairment. Also, they reported that the mitochondrial 
defective cells promoted higher glucose consumption and lactate production in response 
to defective OxPhos, and induced glutamine-dependent reductive carboxylation to 
generate 4-carbon TCA intermediates and greater citrate production to enhance 
lipogenesis, supporting cell growth. In our work, we observed that Palbociclib-treated 
cells respond in correlation to cells with a defective mitochondrial function as reported 
by Mullen et al., inducing glutamine-dependent reductive carboxylation and displaying 
higher glucose consumption and lactate production, together with increased citrate 
production toward lipogenesis, which is associated with a truncated TCA cycle in normal 
prostate cells that present a distinctive metabolic profile, mainly glycolytic (Bader et al., 
2019). In this regard, our investigations demonstrated an increased glycolytic flux 
supporting the enhanced TCA, and greater glutamine consumption, both converging in 
augmented citrate production, in agreement with the significant increase in the relative 
intracellular citrate content displayed after Palbociclib treatment. At the same time, 
increased lipogenesis is evidenced by the significant alteration in the intracellular lipid 
profile after Palbociclib treatment, displaying an increase in the concentration of 
intracellular sphingolipids and phosphatidylcholines, and a decrease in the estimation of 
the overall ß-oxidation activity. 

On the other hand, advanced prostate cancer cells rely on OxPhos and lipogenesis, 
whereas normal prostate cells present a truncated TCA cycle for citrate secretion to the 
prostatic fluid and a higher glycolytic rate under basal conditions. This metabolic shift is 
prompted after the overexpression of AR and aberrant activation of PI3K/AKT/mTOR, 
promoting the loss of zinc transporters and restoring truncated TCA by avoiding the 
inhibition of ACO2 (Ahmad et al., 2021, Bader & McGuire, 2020, Germain & Lafront et 
al., 2023, Rebello & Oing et al., 2021). The PC-3 prostate cancer model presents AR- 
and, surprisingly, our results indicate the overexpression of certain zinc transporters 
(SLC39A7 and SLC39A13) after Palbociclib treatment, accompanied by increased 
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glycolytic rate, and responses according to cells with impaired mitochondrial metabolism 
(Mullen et al., 2011). Despite the metabolic similarities with cells with mitochondrial 
inhibition, Palbociclib-treated PC-3 cells displayed enhanced mitochondrial activity. 
Palbociclib treatment has been reported to increase mTOR signaling in other types of 
cancer such as breast, colon, pancreatic, and pleura (Bonelli et al., 2017, Cretella et al., 
2018, Franco et al., 2016, Tarrado-Castellarnau et al., 2017), which may also explain the 
boost in central metabolism after treatment in PC-3 cells, promoting glycolysis, 
glutaminolysis, and also mitochondrial function and OxPhos.  

Therefore, we hypothesized that Palbociclib-treated cells sustain mitochondrial function 
by increasing glycolytic flux and other anaplerotic routes, such as augmented fumarate 
entrance from the urea cycle, producing TCA intermediates via reductive carboxylation 
and also inducing pyruvate production. CDK4/6 inhibition has also been reported to 
increase ATP levels and mitochondrial mass in multiple cell lines, which could provide 
another plausible explanation for the increased mitochondrial function in Palbociclib-
treated prostate cells (Franco et al., 2016), although this hypothesis has not been further 
explored in this work. However, studies in metabolic reprogramming of RAS-driving non-
small cell lung cancer (NSCLC) revealed that mitochondrial metabolism of pyruvate was 
essential for tumor formation in vivo. This finding suggests that pyruvate produced during 
glycolysis is not only oxidized in mitochondria but also converted to lactate in the cytosol 
and secreted (Davidson et al., 2016), in agreement with our results displaying greater 
TCA cycle flux, pyruvate production and overexpression of lactate/pyruvate transporter 
MCT4 (SLC16A3) after Palbociclib treatment. Bader et al. demonstrated that the TCA 
cycle in prostate adenocarcinoma is primarily fueled by pyruvate metabolism (Bader et 
al., 2019), by inducing the mitochondrial pyruvate carriers. Therefore, this metabolism 
represents an important metabolic vulnerability in AR+ prostate cancers. Our results 
indicate that AR- PC-3 cells also require pyruvate, according to the remarkable pyruvate 
production, however, our hypothesis sustains that Palbociclib-treated cells might supply 
pyruvate through increased glycolytic flux and reductive carboxylation. Pyruvate might 
nourish the TCA cycle to overcome mitochondrial inhibition imposed by ACO2 since 
pyruvate might be incorporated into the TCA cycle through the malic enzyme (ME) (Hsieh 
et al., 2023). Furthermore, the existence of a sub-compartmentalized version of the TCA 
cycle associated with cell state transitions such as cell differentiation has been recently 
reported (Arnold et al., 2022, Doan & Teitell, 2022). In this non-canonical TCA cycle, 
citrate is exported out of mitochondria using a citrate/malate antiporter (SLC25A1). The 
use of this citrate/malate shuttle could prevent the loss of carbons as CO2 and produce 
acetyl-CoA in the cytosol, which becomes available for acetylation reactions, and 
lipogenesis. In this regard, we hypothesized that the increase of malate content observed 
after Palbociclib treatment, which can be metabolized through MDH2 since its codifying 
gene is overexpressed, might be derived from several sources, including the increased 
glycolytic flux, a potential non-canonical TCA cycle that internalizes malate to the 
mitochondria using a citrate antiporter, and reductive carboxylation fueling TCA cycle 
mediated by ME. 

At the same time, despite no significant changes being found in the overall landscape of 
amino acid metabolism, metabolites and enzymes involved in the urea cycle are also 
important contributors to the metabolic reprogramming after Palbociclib treatment in PC-
3 cells. Indeed, ASL overexpression catalyzes an essential step for detoxifying ammonia 
derived from increased glutamine metabolism and is also responsible for fumarate 
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production, which nourishes the TCA cycle. OTC increased activity boosts ornithine 
production toward citrulline formation, which serves for ASA production, arginine, and 
fumarate precursor, and also, through ODC overexpression, induces putrescine 
production and secretion. The increment in the urea cycle enzyme and polyamine 
metabolism requires an increased energy supply that may be sustained by the glycolytic 
flux and OxPhos and entails the participation of linked metabolic pathways such as one-
carbon metabolism. Because polyamine metabolism is typically dysregulated in cancer, 
higher levels of polyamines are likely required for tumor development and transformation 
(Affronti et al., 2020, Seth Nanda et al., 2020, Zabala-Letona et al., 2017). 

The significant metabolic increase induced by Palbociclib treatment is replicated by the 
GSMM reconstruction. This model identifies the primary driver of Palbociclib metabolic 
reprogramming, which involves the upregulation of central metabolic pathways, including 
glycolysis, TCA, and OxPhos, along with nucleotide metabolism. These adaptations 
support cell proliferation despite impaired cell cycle progression. Through the application 
of algorithms (qMTA and MOMA) to the GSMM, we identified metabolic vulnerabilities, 
highlighting potential targets to reverse or prevent the transition from the non-treated to 
the resistant Palbociclib phenotype. These targets are related to components of the 
electron transport chain (ETC), particularly cytochrome c oxidase and ATPase, which 
play crucial roles in oxidative phosphorylation and ATP production. Consequently, the 
model proposed the impairment of oxidative phosphorylation as a promising strategy to 
restore sensitivity to Palbociclib in metastatic prostate cells. 

To impair OxPhos, this study proposes the utilization of the polyphenol Piceatannol, a 
natural compound that targets ATPase subunits and modulates PI3K, COX2, and 
apoptotic responses. Its antiproliferative activity stems from its multitarget effect, making 
it an effective anticancer agent (Banik et al., 2020, Çınar et al., 2022, Drug Bank 
database; Knox et al., 2024). The combination of Piceatannol with Palbociclib 
significantly reduces cell proliferation, demonstrating synergy after 96 hours of treatment. 
In this line, the combination of Palbociclib with either the antibiotic Tigecycline, a 
promising anticancer drug capable of altering mitochondrial respiration by targeting 
OxPhos (Dong et al., 2019), or Miconazole, an inhibitor of several cytochrome P450 
proteins (Niwa et al., 2014, Piérard et al., 2012), demonstrated promising synergic 
antiproliferative results. Treatment resistance often arises from substantial alterations 
across the entire metabolic landscape, as observed in the case of prostate cancer after 
Palbociclib treatment. Antibiotics in cancer treatment offer the capacity to target multiple 
cell pathways simultaneously (Karp & Lyakhovich, 2022), therefore providing a 
comprehensive strategy to counteract the development of resistance to Palbociclib in 
this cell line. The mechanisms involved in the synergism exhibited after the combined 
treatment are not elucidated; however, these results highlight the efficacy of targeting 
OxPhos and cytochrome P450 proteins in Palbociclib-resistant cells, also evidencing the 
pivotal role of OxPhos in Palbociclib resistance acquisition, in agreement with other 
studies reporting this pathway as an important metabolic vulnerability in many types of 
aggressive cancer (Ashton et al., 2018, El-Botty et al., 2023).  

Finally, the application of computational tools has proven highly successful in identifying 
metabolic targets and developing effective combination therapies. This approach 
exemplifies the power of GSMM reconstruction and predictions, greatly contributing to 
guiding the rational design of therapeutic strategies. 
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3.2.4. Materials and methods. 

3.2.4.1. Cell culture. 

The human metastatic prostate PC-3 (ATCC, Rockville, MD, USA) cell line isolated from 
a vertebra metastasis of a 62-year-old male with a castration-resistant adenocarcinoma, 
grade IV, was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Avantor, 
PA, USA) containing 10 mM D-glucose and supplemented with 2 mM L-glutamine 
(Gibco, Thermo Fisher Scientific, MA, USA), 10% FBS (10270-106, Lot. 2058474, 
Gibco), and 1% Penicillin-Streptomycin (Gibco). Cultures were maintained at 37 ºC in a 
humidified atmosphere with 5 % CO2. 

3.2.4.2. Cell proliferation. 

PC-3 cells were plated in 96- or 6-well plates (seeding 1.7 × 103/well, and 5× 104/well 
respectively) and treated for 96 h with the specific treatments. Cell proliferation tests 
were assessed through manual counting using 0.2% Trypan Blue staining (Merck Life 
Sciences, Germany) and a Neubauer Chamber (Thermo Fisher Scientific) or automated 
counting using Countess II FL (Thermo Fisher Scientific). Cell confluence over time was 
monitored by live imaging with the Incucyte® (Sartorius, Germany) instrument. 
Additionally, indirect proliferation techniques were utilized with the fluorescent staining 
method Hoechst, using 4 µg/ml of bisBenzimide H 33342 trihydrochloride probe (Merck 
Life Sciences) in Hoechst stain buffer (1 M NaCl, 1 mM EDTA, 10 mM Tris pH 7.4) and 
measuring emitted fluorescence (460 nm) in a fluorescence plate reader (FLUOstar 
OPTIMA Microplate Reader, BMG LABTECH GmbH, Germany), and the CellTiter-Glo 
luminescent cell viability assay kit (Promega Corporation, Madison, Wi) to quantify the 
ATP by measuring the luminescent signal at 550 nm in a luminescent plate reader 
Mithras LB 940 (Berthold Technologies, Switzerland) . 

Data were analyzed through dose-response curves with GraphPad Prism 9 (GraphPad 
Software, San Diego, CA, USA). Synergy analysis and quantification was performed 
using the CompuSyn software (Version 1.0) (ComboSyn, Inc., NJ, USA) and the Chou-
Talalay method (Chou, 2010), based on the combination index (CI) where the 
combination displays synergistic (CI < 1), additive (CI = 1), or antagonist effect (CI > 1). 
The duplication time was determined by assessing the cell growth at different time points 
and applying the exponential growth equation: 

𝐿𝑛 ൬
𝑁
𝑁
൰ ൌ 𝜇  𝑡 

where, 
𝑁  is the number of final cells (million cells) 

𝑁  is the number of initial cells (million cells) 
𝜇  is the growth rate (h-1) 
𝑡  is the time (h) 

Assuming active proliferation, where cells undergo division, holding the following 
assumption 𝑁ൌ2𝑁. The duplication time was calculated from the final equation: 

𝐿𝑛2
𝜇

ൌ 𝑡 
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3.2.4.3. Chemicals and reagents. 

Palbociclib was purchased from Selleckchem (Houston, TX, USA). Piceatannol was 
purchased from Cayman Chemical (Ann Arbor, MI, USA). Tigecycline was purchased 
from APExBIO (Houston, TX, USA). Miconazole nitrate was purchased from Selleck 
Chemicals (Houston, TX, USA). 

Primary antibodies against CDK4 (sc-260), and CDK6 (sc-177) were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA), and β-actin (#69100) from MP 
Biomedicals (Santa Ana, CA, USA). The anti-rabbit (NA934V) secondary antibody was 
purchased from Amersham Biosciences (GE Healthcare, Little Chalfont, UK). 

3.2.4.4. Apoptosis analysis. 

Adherent and floating cells in the medium were collected and incubated with Annexin V 
coupled with FITC, following the kit’s instructions (Bender System MedSystem, Viena, 
Austria) for 30 minutes in binding buffer (10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl, 
2.5 mM CaCl2). Propidium Iodide (PI) (MilliporeSigma, MA, USA) was added at the final 
concentration of 20 µg/ml minutes for the analysis in flow cytometry. The samples were 
measured by flow cytometry using GalliosTM Flow Cytometer (Beckman Coulter, CA, 
USA), and the results were analyzed using FlowJo version 7.6.1. This analysis revealed 
percentages of alive cells, cells presenting early apoptosis, and late apoptosis or 
necrosis. 

3.2.4.5. Cell cycle analysis. 

Cells were collected, fixed in cold 70% ethanol, and kept overnight at 4 °C. Cellular 
suspension was incubated for 1 h at 37 ºC with 0.2 mg/ml RNase (Roche Holding AG, 
Switzerland) in PBS. Propidium Iodide (PI) (MilliporeSigma) was added in a final 
concentration of 40 µg/ml minutes before the analysis in flow cytometry. The samples 
were measured by flow cytometry using GalliosTM Flow Cytometer (Beckman Coulter), 
and the results were analyzed using FlowJo version 7.6.1. and Mycycle software 
histograms were utilized to discern cell cycle phases by segregating populations based 
on their DNA content, where 2n and 4n represent G1/G0 and G2/M, respectively. 

3.2.4.6. Protein extraction. 

Protein extracts were obtained after 30 minutes of incubation with RIPA buffer (50mM 
Tris-HCl pH 8, 150mM NaCl, 1% Triton-X-100, 0.5% sodium deoxycholate, 0.1% SDS) 
supplemented with 1% phosphatase and protease cocktail inhibitors (MilliporeSigma), 
following the kit’s instructions. Subsequently, cells were scraped and collected for 
quantification using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). 

3.2.4.7. Western blotting. 

After protein extraction (section 3.2.4.6.), lysates were denaturized for 5 minutes at 100 
ºC with 5x loading buffer (250 mM Tris, pH 6.8, 50 mM DTT, 10% SDS, 50% glycerol, 
and 0.02% bromophenol blue). 15 μg of protein were loaded in an SDS-PAGE gel 
(staking gel: 5% acrylamide/bisacrylamide in 1M Tris pH 6.8, 1% SDS, 1% APS, and 
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0.08% TEMED, and resolving gel: 10% acrylamide/bisacrylamide in 1.5M Tris, pH 8.8, 
1% SDS, 1% APS, and 0.08% TEMED). After electrophoresis and transference of 
proteins to polyvinylidene difluoride (PVDF) membranes (Immobilon®-P Membrane, 
0.45 µm pore size, MilliporeSigma), the immunodetection was performed using the 
primary and secondary antibodies of interest incubated according to commercial 
specifications in 5% non-fat milk in PBS-0.1% Tween 20. The detection method is based 
on the horseradish peroxidase (HRP) enzyme whose chemiluminescent reaction was 
detected with photographic films detecting luminol produced. Films were processed in 
the Fujifilm FPM-100A and detected bands were semi-quantified through ImageJ 1.8.0 
software (National Institute of Health, USA). 

3.2.4.8. RNA extraction. 

RNA purification was carried out using the Qiagen RNeasy kit (Qiagen, Hilden, 
Germany). Each sample provided 200 ng of total RNA in 50 µL of RNase–free water. 
Global transcriptomic profiling was accomplished through next-generation sequencing 
(NGS) of total RNA (see Appendix II, Section II.1. for further details of NGS 
experiments). 

3.2.4.9. Transcriptomic pathway visualization. 

Differentially expressed genes identified based on adjusted p-values < 0.05 following 
treatment were integrated and visualized in specific metabolic pathways using the 
Pathview software tool (Luo et al., 2017, Luo et al., 2013). This approach allowed the 
effective mapping and interpretation of the significant changes in gene expression within 
the context of metabolic pathways. 

3.2.4.10. Respiratory assays. 

After 72 hours of treatment, PC-3 cells were plated in XFe24-well plates (seeding 3 
× 104/well) and incubated with the treatment for 24 hours to perform a total treatment of 
96 hours. The Agilent Seahorse XF Cell Mito Stress Test was assessed following 
protocol instructions, measuring Oxygen Consumption and Extracellular Acidification 
Rates (OCR/ECAR) using a Seahorse XFe24 Analyzer (Agilent, Seahorse Bioscience, 
North Billerica, MA, USA) in the presence of metabolic substrates targeting different 
Electron Transport Chain (ETC) components at the following final concentrations; 1.5 
µM of Oligomycin (ATP synthase (complex V)), Pyruvate (2 mM) added to 600 nM 
CCCP, and 2 µM of Rotenone + 2 µM of Antimycin A (Complex I and III, respectively) 
(Mito Stress test parameters are detailed in Appendix III). The final values were 
normalized by cell count, determined through automated counting using the Countess II 
FL Cell Counter (Thermo Fisher Scientific). 

3.2.4.11. Mitochondrial activity. 

PC-3 cells were plated in 12-well plates (seeding 2 × 104/well) and treated for 96 hours 
with the specific treatments. Half plate was processed for automated counting using the 
Countess II FL Cell Counter (Thermo Fisher Scientific) and the other half was stained 
with the staining colorimetric MTT assay, where the thiazolyl blue tetrazolium (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) bromide dye (MTT) (PanReac 
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AppliCHem, Spain) was dissolved at 1 mg/ml in PBS and incubated 1:1 with serum-free 
medium for 1 h at 37 ºC 5% CO2, avoiding light exposure. The colored formazan 
generated was dissolved in 100 μL of dimethyl sulfoxide (DMSO) and measured on an 
ELISA plate reader (Tecan Sunrise MR20-301, TECAN, Austria) at 550nm. Absorbance 
values were normalized by the number of cells. 

3.2.4.12. Reactive Oxygen Species (ROS) analysis. 

Cells were seeded in 6-well plates (seeding 5 × 104/well) and treated with Palbociclib or 
vehicle for 96h. Then, cells were incubated for 30 minutes with 5 µM of H2DCFDA probe 
(MilliporeSigma). After a quick trypsinization process (30 seconds), cells were collected 
and resuspended with 50 µM of H2DCFDA probe and 20 µg/ml of Propidium Iodide (PI) 
(MilliporeSigma). The fluorescence intensity proportional to H2DCFDA oxidated by all 
ROS were measured through GalliosTM Flow Cytometer (Beckman Coulter) and the 
results were analyzed using FlowJo version 7.6.1. Relative ROS levels were normalized 
with respect to the non-treated condition. 

3.2.4.13. Metabolic experiments. 

3.2.4.13.1. Quantification of extracellular metabolites using spectrophotometric 

enzymatic assays. 

The consumption and production rates of glucose, glutamine, lactate, and glutamate 
were determined by assessing their concentrations in the extracellular media at different 
time points and comparing the final to the initial concentrations. Concentrations in the 
extracellular media were measured using a COBAS Mira Plus (Horiba ABX, France) 
automated spectrophotometric analyzer based on the measurable concentration of 
coenzyme NADH at 340 nm. For D-glucose, measurements involved two consecutive 
reactions: hexokinase, followed by D-glucose-6-phosphate dehydrogenase (G6PD), 
producing 6-phosphogluconate and NADH. Lactate concentrations were determined by 
employing lactate dehydrogenase (LDH). Measurements were conducted under pH=9 
conditions in the presence of hydrazine to shift the reaction toward pyruvate and NADH 
formation, effectively preventing the reversible reaction. The reversible reaction of LDH 
was utilized to quantify the Pyruvate concentrations. Glutamate concentrations were 
measured after α-ketoglutarate conversion and NADH production by glutamate 
dehydrogenase (GLUD1), while glutamine was indirectly measured using the same 
method after glutamate conversion through glutaminase (GLS) reaction.  

The calculation of the consumption/production rate for each metabolite was based on 
assuming exponential growth, with a constant growth rate during the incubation period. 
The results were subsequently normalized by the number of cells and expressed as a 
rate (µmol/(106 cellꞏh)).  

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛/𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ൌ ൬
∆𝑀
∆𝑁

൰  𝜇 

where, 
∆𝑀 ൌ 𝑀 െ𝑀 is the consumed/produced amount of each metabolite (μmol). 

∆𝑁 ൌ 𝑁 െ 𝑁  is the cell growth during the incubation time (million cells). 
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𝜇 ൌ 𝐿𝑛ሺ𝑁/𝑁ሻ/𝑡 is the growth rate constant (h-1) for exponential growth 

 

3.2.4.13.2. Mass spectrometry-based targeted metabolomics. 

The metabolite profile was quantified using the Absolute IDQ p180 kit (20714, Biocrates 
Life Sciences AG, Innsbruck, Austria). This kit measures 180 endogenous metabolites 
across seven compound classes, including acylcarnitines, amino acids, biogenic amines, 
monosaccharides, phosphatidylcholines, and sphingolipids. The analysis of these small 
molecules and lipids was carried out using tandem mass spectrometry coupled with 
liquid chromatography (LC/MS/MS) on the MS/MS Sciex Triple Quad 6500 instrument 
(AB Sciex, Framingham, MA, USA). After quantification, extracellular concentrations 
were normalized and expressed as consumption/production rate (calculations detailed 
in section 3.2.4.13.1.), while intracellular concentrations were normalized based on cell 
protein content. 

The obtained results were analyzed using the MetaboAnalyst 5.0 software (Pang et al., 
2022), a comprehensive platform used for the statistical analysis of metabolomics data. 
This software offers a wide range of functions and tools, including the statistical methods 
employed in this study, such as heatmap analysis. 

3.2.4.14. Stable isotope-resolved metabolomics (SIRM) 

PC-3 cells were plated in 6-well plates (5× 104/well). After 72 hours of treatment, PC-3 
cells were incubated with media with either 10 mM [1,2-13C2]-glucose and unlabeled 2 
mM glutamine or unlabeled 10 mM glucose and 2 mM [U-13C5]-glutamine with and 
without treatment for 24 hours to perform a total treatment of 96 hours. Cells were 
collected and frozen for metabolite extractions.  

The polar intracellular metabolites (detailed in Table 3.2.2.) were extracted by washing 
cells with ice-cold PBS and scrapped with 1:1 methanol:water solution, adding at this 
point 5 µl of the internal standard norvaline (1 mg/ml) for relative quantification. Samples 
were sonicated (3 cycles 5 seconds each) and resuspended in 2 ml of cold chloroform. 
After 30 minutes of incubation (gentle shaking at 4 ºC) samples were centrifuged (20.000 
g, 15 minutes at 4 ºC) and the supernatant was dried under airflow. Metabolites extracted 
were derivatized resuspending pellet in 50 µl of methoxamine hydrochloride 2 % in 
pyridine for 90 minutes at 37 ºC, and incubating with N-tert-butyldimethylsilyl-N-
methyltrifluoroacetamide (MTBSTFA) + 1 % tert-butyldimethylchlorosilane (TBDMCS) 
for 60 minutes at 55 ºC before GC-MS analysis. 

Table 3.2.2. Intracellular metabolites measured by GC-MS. Intracellular metabolites were quantified 
according to their retention time and m/z clusters. 

ID Compound Fragment m/z  

cluster range 

Retention 

time (min) 

Mal-419 Malate C1-C4 418.2-425.2 26.9 

Asp-418 C1-C4 Aspartate C1-C4 417.2-424.2 28 

Glu-432 C1-C5 Glutamate C1-C5 431.3-439.3 31.6 

Cit-591 Citrate C1-C6 590.4-599.4 37.3 
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The intracellular and extracellular analysis of 13C-labelled metabolites for isotopologue 
distribution were performed using an Agilent 7890A gas chromatograph (Agilent) 
equipped with an HP-5 capillary column coupled to an Agilent 5975C mass spectrometer. 
Samples were injected (1 µl) adjusting 1 ml/min flow rate of the carrier helium gas. The 
GC-MS analysis was performed using the electron impact ionization method and the 
detector was run in single ion monitoring (SIM) mode. The oven temperature ramp was 
designed as follows: 100 ºC for 3 minutes, rising to 165ºC by increasing 10 ºC/min, rising 
to 225 ºC by increasing 2.5 ºC/min, rising to 265 ºC by increasing 25 ºC/min and finally 
rising to 300 ºC by increasing 7.5 ºC/min. 

Raw mass spectrometry data was examined using MSD5975C Data Analysis (Agilent), 
which showed a spectral distribution of ions discerned by a mass-to-charge ratio (m/z) 
at each retention time. The specific ion clusters were used to determine the 13C 
distribution at each carbon of the fragment. To quantify the contribution of each 
compound manual integration of peak areas was needed. The collected data was 
integrated through the software Ramid (Selivanov et al., 2020) for NetCDF files 
extraction containing the m/z raw time course to isotopologue distributions, and natural 
abundance of 13C and Si isotopes incorporated during the derivatization processes that 
contributed to the mass isotope distribution were corrected through MIDcor software 
(Selivanov et al., 2020, Selivanov et al., 2017). The number of isotope substitutions was 
designated as 𝑚, being i  the number of 13C in the molecule (e.g. m0, m1, m2, etc). 

Direct isotopologue distribution was normalized by total 13C enrichment (∑𝑚 ൌ ∑ 𝑚
ୀ
ୀଵ ), 

providing the mass isotopologue distribution for comparisons. The relative metabolite 
quantification was normalized with respect to norvaline internal standard and the number 
of cells. 

3.2.4.15. Statistical analysis. 

Statistical analysis was performed using jamovi software (Version 2.2) (The jamovi 
project, 2021). Group comparisons were evaluated using independent t-tests for pairwise 
comparisons, ensuring that the data met the assumptions of normality. The homogeneity 
of variances was assessed through Levene’s test. When the assumption of homogeneity 
of variances was violated, Welch’s correction was applied. Additionally, when the data 
did not meet the assumption of normality, the Mann-Whitney U test was employed. A 
significance level of p < 0.05 was used to determine statistical significance. Standard 
deviation was employed as a measure of dispersion in all statistical analyses. 
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3.3. Chapter 3. Targeting metabolic reprogramming after short-term treatment 

with the CDK4/6 inhibitor Palbociclib to forestall acquired resistance in metastatic 

colorectal cancer cells. 

3.3.1. Introduction. 

The search for alternative therapeutic strategies against drug resistance and tumor 
proliferation continues as a primary focus of scientific research. CDK4/6 inhibitors such 
as Palbociclib, approved in 2015 for the treatment of estrogen receptor-positive and 
human epidermal growth factor receptor 2-negative (ER+/HER2-) advanced breast 
cancer (U.S. Food and Drug Administration 2017), are novel therapeutic strategies 
targeting rapidly dividing cells by impairing cell cycle progression (Goel et al., 2017, Goel 
& Bergholz et al., 2022, Otto & Sicinski, 2017) that have proven effective in other cancer 
types, including colorectal cancer (Sorah et al., 2022, Zhang et al., 2017, Goel et al., 
2017, Goel & Bergholz et al., 2022, Otto & Sicinski, 2017). However, resistance to 
CDK4/6 inhibitors frequently emerges (O'Leary et al., 2018). Specifically, Palbociclib 
impairs cell cycle progression and entails a significant increase in PI3K/AKT/mTOR 
signaling pathway, altering cellular metabolism in several cancer types such as breast, 
colon, and pancreatic cancer (Cretella et al., 2018, Franco et al., 2016, Lorito et al., 2020, 
Tarrado-Castellarnau et al., 2017). Alterations in cancer metabolism are recognized as 
a key determinant enabling the adaptability of cancer cells, allowing cell survival and 
promoting resistance to therapy (Hanahan & Weinberg, 2011, Pavlova & Thompson, 
2016, Pavlova & Thompson, 2022).  

Unveiling the metabolic reprogramming after drug treatment responsible for cell survival 
and drug resistance represents a powerful therapeutic opportunity (DeBerardinis & 
Chandel, 2016, Porporato et al., 2018, Seth Nanda et al., 2020, Stine et al., 2022) that 
can be addressed through combination therapies (Lee et al., 2018, Matthews et al., 2022, 
Otto & Sicinski, 2017, Wang et al., 2022, Liu et al., 2022). In previous studies, 
dependencies on glutamine, mTOR signaling, and compromised adaptation to hypoxia 
were successfully exploited through the inhibition of MYC downstream targets, with the 
combination of Palbociclib and a glutaminase (GLS1) inhibitor, sensitizing primary 
colorectal cancer cells to Palbociclib treatment (Tarrado-Castellarnau et al., 2017). Also, 
preceding results in this thesis (Section 3.2., Chapter 2) indicate that metastatic prostate 
cells’ survival after Palbociclib treatment depends on central metabolic pathways, such 
as glycolysis, glutaminolysis, TCA cycle, and oxidative phosphorylation (OxPhos), 
representing therapeutic opportunities. Indeed, our investigations revealed synergism 
following Palbociclib combination with Tigecycline, which exhibits an inhibitory effect on 
OxPhos, showing optimistic results in addressing Palbociclib resistance in the most 
aggressive model of advanced prostate cancer. 

Building upon the success of preliminary works, in this chapter, we explore the same 
strategy by targeting Palbociclib-induced metabolic reprogramming in the SW620 cell 
line, bearing a positive-KRAS mutation (KRASG12V) and representing one of the most 
aggressive metastatic colorectal cancer types (Ahmed et al., 2013). This aggressive 
variant of colorectal cancer provides a suitable model for studying advanced disease 
stages and offers potential insights into the mechanisms of Palbociclib resistance and 
tumor recurrence in this advanced stage of the disease. In addition, our study is in line 
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with other research efforts that have explored promising combinations in KRAS-mutated 
cancers, such as the combination of CDK4/6 and MAPK inhibitors on pancreatic ductal 
adenocarcinoma (PDAC), which induce senescence mediated by RB and suppress 
tumor proliferation (Ruscetti et al., 2020).  

Our results indicate that Palbociclib treatment leads to cell cycle arrest in the G1/G0 
phase and promotes a significant alteration in the metabolic landscape. This metabolic 
reprogramming includes glutamine dependence, altered lipid and amino acid 
metabolism, and increased mitochondrial function to meet the higher oxygen and 
energetic demands required after Palbociclib treatment. These findings suggest a pivotal 
role of ROS signaling in driving the metabolic reprogramming triggered by Palbociclib 
short-term treatment. ROS modulation by EUK-134 treatment in combination with 
Palbociclib exhibits a promising synergism, depleting cellular metabolism and interacting 
with cell cycle regulation. This effective combination of Palbociclib and EUK-134 
achieves promising results in other cell line models, such as the primary colorectal 
cancer cell line HCT116, and in vivo in NOD/SCID mice bearing SW620 tumors by 
significantly impairing cell proliferation and tumor growth. Therefore, our study proves 
that metabolic reprogramming characterization underlying short-term Palbociclib 
treatment is a potent strategy to identify metabolic vulnerabilities that can be exploited 
for the design of combination therapies in the field of cancer metabolism and drug 
response, and unveils a promising combined treatment able to impair cell progression 
both in vitro and in vivo. 

3.3.2. Results. 

3.3.2.1. Palbociclib impairs cell proliferation in metastatic colorectal cancer 

cells by arresting the cell cycle in G1/G0. 

In order to evaluate the Palbociclib effect over the SW620 cell line, we tested the 
Palbociclib concentration required to reduce 50% of cell proliferation at 96 h (IC50) on 
cell proliferation over time and on cell cycle and apoptosis after 96 h of treatment. First, 
we determined the IC50 by measuring the proliferation with increased concentrations of 
Palbociclib after 96 h of drug incubation (Figure 3.3.1., A). The results indicated that 40 
nM of Palbociclib decreases cell proliferation at 50% at 96 h incubation compared to the 
control condition.  

Cell cycle analysis after 96 h displayed an increment of 10% of SW620 cells arrested in 
the G1/G0 phase after Palbociclib treatment (Figure 3.3.1., B). These results indicated 
Palbociclib’s impact on cell cycle progression, significantly increasing the cell population 
of the pre-replicative phase (G1/G0) and decreasing cell percentage in the replicative 
(S) and post-replicative (G2) phases. Furthermore, the treatment reduced the 
proliferative rate by a factor of 1.35, which translated to a significant augment of cell 
doubling time, shifting from 15.5 h in non-treated cells to 21 h in cells subjected to 
Palbociclib (Figure 3.3.1., C). While the impairment of cell cycle progression by 
Palbociclib promoted a considerable delay in cell proliferation, the apoptotic response to 
treatment was significant but relatively modest since less than 10% of the cell population 
displayed signs of early apoptosis (Figure 3.3.1., D), indicating that Palbociclib promotes 
either a senescent or quiescent state rather than apoptotic activation.  
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Figure 3.3.1. Palbociclib reduces SW620 cell proliferation by arresting the cell cycle in the G1/G0 
phase. SW620 cells were incubated with and without Palbociclib for 96 h. A) Cell proliferation curve at 
increasing concentrations of Palbociclib to determine the IC50 at 96 h, B) Cell cycle analysis after DNA 
staining with propidium iodide (PI), indicating percentage distributed along the cell cycle phases; pre-
replicative (G1/G0), synthesis (S), and post-replicative (G2) in control and Palbociclib-treated cells, C) Cell 
proliferation over time in control cells and cells treated with a fixed Palbociclib concentration (40 nM), and 
D) Apoptosis assay after Annexin V-FITC incubation discerning cells found alive, in early apoptosis and late 
apoptosis/necrosis in control and Palbociclib-treated cells. An independent sample t-test was applied for 
relative comparison between the two groups, * indicates significant differences (p < 0.05). 

Thus, Palbociclib short-term treatment causes cell proliferation impairment in metastatic 
colorectal cancer cells by promoting cell cycle arrest in the G1/G0 phase. Since a high 
percentage of cells manage to overcome cell cycle impediments, other mechanisms 
must enable cells to survive and acquire resistance after short-term Palbociclib 
treatment. 

3.3.2.2. Fatty acid metabolism dominates gene enrichment in Palbociclib-

treated colorectal cells. 

To understand the metabolic reprogramming involved in Palbociclib-treated cells, we first 
evaluated the differential expression analysis by employing a gene set enrichment 
analysis (GSEA) (Subramanian et al., 2005) focused on metabolic-related pathways 
defined by the Kyoto Encyclopedia of Genes and Genomes (KEGG) database using a 
combination of 2-4 letter code and 5 digit number (the unique KEGG-pathways identifiers 
and the genes included in each pathway are described in detail in https://www.kegg.jp/). 
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The gene set enrichment score indicated a significant (adjusted p-value < 0.05) positive 
enrichment in the ‘hsa00600 sphingolipid metabolism’ gene set (Figure 3.3.2.). 
Moreover, other fatty acid-related metabolic pathways were found to be upregulated 
(adjusted p-value < 0.25) together with amino acid metabolism and nucleotide synthesis-
related processes, such as folate biosynthesis, after Palbociclib treatment in SW620 
cells. 

 
Figure 3.3.2. Gene set enrichment analysis (GSEA) according to KEGG pathways classification. 
Differential expression was analyzed after 96 h of treatment with Palbociclib in SW620 cells. Stat represents 
enrichment score, being positive when it increases or negative when it decreases. White-colored bars 
indicate significant differences with respect to non-treated cells (adjusted p-value < 0.05), and black-colored 
bars indicate patterns with adjusted p-value < 0.25. 

Then, we employed the Pathview software (Luo et al., 2017, Luo et al., 2013). to visualize 
the sphingolipid metabolism and the sphingolipid signaling pathway filtering by the 
significantly differentially expressed genes in Palbociclib-treated SW620 cells. These 
pathway analyses highlighted a significant upregulation of genes participating in 
sphingolipid metabolism (Figure 3.3.3.) and sphingolipid signaling pathway, which is in 
line with the observed increase in sphingolipid metabolism (Figure 3.3.4.). 
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Therefore, the first insight into the metabolic profile of Palbociclib-treated cells shows a 
significant alteration of lipid metabolism and the induction of other metabolic pathways, 
which need further exploration to identify the major supporters of cell survival after 
Palbociclib treatment. 

 

Figure 3.3.3. Sphingolipid metabolism increased after Palbociclib treatment in SW620 cells. Pathview 
map integrates genes involved in the ‘sphingolipid metabolism’ (KEGG) after 96 h of treatment with 
Palbociclib in SW620 cells. Colors refer to the expression level; green is downregulated and red is 
upregulated after Oxaliplatin treatment compared to control (Gene names associated with each reaction are 
available at https://www.genome.jp/kegg-bin/show_pathway?hsa00600). The figure was downloaded from 
the Pathview web server (www.pathview.uncc.edu). 
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Figure 3.3.4. PI3K is upregulated in sphingolipid signaling pathway after Palbociclib treatment in 
SW620 cells. Pathview map integrates genes involved in the ‘sphingolipid signaling pathway’ (KEGG) after 
96 h of treatment with Palbociclib in SW620 cells. Colors refer to the expression level; green is 
downregulated and red is upregulated after Oxaliplatin treatment compared to control (Gene names 
associated with each reaction are available at https://www.genome.jp/pathway/hsa04071). The figure was 
downloaded from the Pathview web server (www.pathview.uncc.edu). 

3.3.2.3. Palbociclib treatment increases mitochondrial respiration in SW620 

colorectal cells. 

In order to obtain information about cell fitness and metabolic flexibility, we evaluated 
cellular respiration after Palbociclib treatment, as lipid metabolism can boost 
mitochondrial function by fueling the TCA cycle with acetyl-CoA. The respiratory capacity 
was measured using the Seahorse analyzer with the Mito Stress Test in SW620 cells 
with and without Palbociclib treatment. This assay provides information regarding the 
mitochondrial respiration parameters and the glycolytic function by measuring the 
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Oxygen Consumption Rate (OCR) and the Extracellular Acidification Rate (ECAR). The 
OCR results displayed a significant augment in basal respiration after Palbociclib 
treatment, indicating an increased oxygen demand (Figure 3.3.5., A, B). Furthermore, 
we observed a significant enhancement in all OCR-related parameters in Palbociclib-
treated cells,  including  maximal respiration,  non-ATP linked respiration  (proton leak), 

 
Figure 3.3.5. Palbociclib induces mitochondrial respiration in SW620 cells. Mito Stress Test performed 
in SW620 cells after 96 h with and without Palbociclib treatment (40 nM). A) Normalized monitored values 
of Oxygen Consumption Rate (OCR) over time. B) OCR-related parameters, including OCR basal 
respiration, maximal respiration, non-ATP linked respiration (proton leak), ATP production-associated 
respiration, and spare respiratory capacity. C) ATP production rate discerning mitochondrial ATP production 
(mitoATP) and glycolytic ATP production (glycoATP). D) Normalized monitored values of Extracellular 
Acidification Rate (ECAR) over time. E) Glycolytic Proton Efflux Rate (glycoPER). Mito Stress test was 
performed in Seahorse XFe medium supplemented with glutamine (2mM), with and without Palbociclib 
(depending on the condition) before the sequential injection of glucose (Glc, 12.5 mM), Oligomycin (1.5 µM), 
CCCP (600 nM), and Rotenone (Rot, 2 µM) + Antimycin (AA, 2 µM). An independent sample t-test was 
applied for relative comparison between the two groups, * indicates significant differences (p < 0.05). 

A B
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ATP production-associated respiration, and spare respiratory capacity (Figure 3.3.5., 
B). Of note, the reported increment in ATP production-associated respiration was linked 
to augmented mitochondrial ATP production rate (Figure 3.3.5., C). In contrast, the rate 
of glycolytic ATP production displayed a significant decrease (Figure 3.3.5., D), in 
concordance with ECAR and glycolytic proton efflux rate (glycoPER) measurements, 
describing a reduction in the glycolytic function promoted by Palbociclib treatment 
(Figure 3.3.5., E).  

Taking into account the inducing effect of Palbociclib on respiration and mitochondrial 
function, we assessed ROS production after 96 h of incubation in SW620 cells by flow 
cytometry. The results displayed a greater generation of ROS after Palbociclib treatment, 
showing an increment of 50% of fluorescent signal and, therefore, ROS accumulation 
with respect to the levels of control cells (Figure 3.3.6.), in correlation with the increased 
mitochondrial respiration observed after Palbociclib treatment.  

 
Figure 3.3.6. The palbociclib treatment causes an accumulation of reactive oxygen species (ROS) in 
SW620 cells. Intracellular ROS were measured upon incubation with an H2DCFDA probe (5 µM) after 96 h 
of treatment with and without 40 nM of Palbociclib in SW620 cells. Fluorescence intensity values have been 
normalized with respect to the control condition. An independent sample t-test was applied for relative 
comparison between the two groups, * indicates significant differences (p < 0.05). 

Altogether, our results indicate a metabolic shift towards oxidative phosphorylation 
(OxPhos) for energy production after Palbociclib treatment in SW620 cells, while the 
glycolytic function is either depleted or directed toward alternative metabolic routes 
instead of complete glucose oxidation for ATP production.  

3.3.2.4. Metabolic reprogramming after Palbociclib treatment in SW620 cells. 

Following the exploration of gene expression and the enhanced mitochondrial respiration 
observed after Palbociclib treatment, our next step was to explore the intracellular lipid 
profiling to understand the influence of the genetic alterations found in section 3.3.2.2. 
on lipid metabolism. With this aim, we used targeted metabolomics to determine the 
intracellular lipids concentration of sphingolipids (sphingomyelins), acylcarnitines, and 
glycerophospholipids after 96 h of Palbociclib treatment in SW620 cells. 

We distributed the intracellular lipid concentrations in heatmaps by employing non-
supervised clusterization. The three lipid categories clustered treated and non-treated 
conditions in two groups, indicating a significant alteration in the overall lipid profile after 
Palbociclib treatment in SW620 cells (Figure 3.3.7., Figure 3.3.8., and Figure 3.3.9.), 
correlating with the increased lipid metabolism revealed by the GSEA analysis (Figure 
3.3.2.).  The intracellular concentration of acylcarnitines was significantly decreased in 
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Figure 3.3.7. Sphingolipids profile in control and Palbociclib-treated SW620 cells. Heatmap distribution 
after non-supervised clusterization of the intracellular sphingomyelins (SM) in control and 96 h Palbociclib-
treated (40 nM) SW620 cells. Results were normalized by sum applying Pareto data scaling using 
Metaboanalyst 5.0 software. 

 
Figure 3.3.8. Glycerophospholipids profile in control and Palbociclib-treated SW620 cells. Heatmap 
distribution after non-supervised clusterization of the intracellular phosphatidylcholines in control and 96 h 
Palbociclib-treated (40 nM) SW620 cells. Results were normalized by sum applying Pareto data scaling 
using Metaboanalyst 5.0 software. 
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Palbociclib-treated cells compared to the non-treated condition (Figure 3.3.9.). 
Acylcarnitine formation is essential for fatty acid internalization across the mitochondrial 
membrane for subsequent β-oxidation. Therefore, we calculated the ratio of short-chain 
acylcarnitines to free carnitine, which is associated with overall ß-oxidation activity 
(Dossus & Kouloura et al., 2021). In this regard, our results showed no statistically 
significant changes (Figure 3.3.9., B). 

 

 
Figure 3.3.9. Acylcarnitines profile in control and Palbociclib-treated SW620 cells. A) Heatmap 
distribution after non-supervised clusterization of the intracellular acylcarnitines measured in control and 96 
h Palbociclib-treated (40 nM) SW620 cells after 96 h of treatment with Palbociclib (40 nM) in the SW620 cell 
line. Results were normalized by sum applying Pareto data scaling using Metaboanalyst 5.0 software. B) 
Ratio of short-chain acylcarnitines to free carnitine ((C2+C3)/C0), which is a measure of overall β-oxidation 
activity. An independent sample t-test was applied for relative comparison between the two groups, n.s. 
indicates no significant differences (p > 0.05).  

In order to get more insight into the potential balance between fatty acid synthesis (FAS) 
and fatty acid oxidation (FAO) exerted by Palbociclib treatment in SW620 cells, we 
evaluated the differential expression of crucial genes involved in fatty acids metabolism 
including both FAS and FAO. In particular, the rate-limiting enzyme in the fatty acid 
uptake for ß-oxidation is carnitine palmitoyl transferase 1 (CPT1), whose encoding gene 
was found significantly overexpressed log2FC(CPT1A)=(+)0.32±0.09 (adjusted p-value 
0.01). At the same time, ATP Citrate Lyase log2FC(ACLY)=(+)0.23±0.06 (adjusted p-
value 0.03) and acetyl-CoA carboxylase log2FC(ACACA)=(+)0.28±0.08 (adjusted p-
value 0.005), both genes promoting lipogenesis, were found overexpressed after 
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Palbociclib treatment. Altogether, these observations also suggest an altered lipid 
metabolism following Palbociclib treatment in SW620 cells, involving greater activity in 
both synthesis and degradation processes.  

To further explore the metabolic reprogramming underlying Palbociclib resistance and 
the major metabolic pathways contributing to the enhanced mitochondrial function 
beyond lipid metabolism, we evaluated the impact of Palbociclib treatment on the 
principal metabolic pathways. Since the respiratory results indicated a decrease in 
glycolytic function towards ATP production rate, we explored the effects of Palbociclib 
on glucose metabolism. With this aim, we measured the extracellular rates of glucose 
consumption and lactate production in comparison to control cells. Our findings showed 
no changes in the extracellular consumption rate of glucose, the lactate production rate, 
and the glucose commitment to lactate, suggesting that the Warburg effect was not 
altered after 96 h of Palbociclib treatment (Figure 3.3.10., A, B). These observations

 
Figure 3.3.10. The Palbociclib effect over glycolysis and glutaminolysis in SW620 cells. A) 
Extracellular glucose consumption and lactate production rates measured in control and 96 h Palbociclib-
treated (40 nM) SW620 cells, B) the lactate production with respect to glucose consumption, C) glutamine 
consumption and glutamate production rates measured in control and 96 h Palbociclib-treated (40 nM) 
SW620 cells, D) glutamine consumption with respect to glutamine not committed to glutamate production 
and E) the glucose with respect to glutamine utilization. An independent sample t-test was applied for relative 
comparison between the two groups, * indicates significant differences (p < 0.05). 

indicate that Palbociclib-treated cells maintain glucose consumption despite the 
significant decrease in the glycolytic contribution to ATP production rate (Figure 3.3.5., 
C). In correlation with the glycolytic contribution, we observed reduced expression of 
hexokinase 2 (HK2), 6-phosphofructo-2-kinase 3 and 4 (PFKFB3/4), and enolase 1 and 
2 (ENO1/2) in the differential gene expression of the glycolysis metabolic pathway after 

R
at

io
 G

lc
/G

ln

A

C

D

E

C
o

n
su

m
p

ti
o

n
 /

 P
ro

d
u

ct
io

n
 R

at
e 

(µ
m

o
l/(

10
6 c

el
lꞏ

h
))

Control Palbociclib
-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

*

*

Glutamine (x5)

Glutamate (x20)

B



 

132 
 

Palbociclib treatment (the comprehensive gene list is presented in Appendix V, Table 
V.1.). On the other hand, our findings elucidated an increase in glutamine consumption 
and glutamate production rates as a response to Palbociclib (Figure 3.3.10., C), while 
glutamine maintained the same fate in terms of glutamate production (estimated as 
Gln/(Gln-Glu)), indicating a rising demand for glutamine, being this latter the preferred 
carbon source after treatment (Figure 3.3.10., D, E).  

Therefore, our observations suggest that Palbociclib treatment promotes an increased 
demand for alternative carbon sources to glucose to support enhanced mitochondrial 
function, respiration, and ATP production. In addition to the notable alteration in lipid 
profile and the maintenance of glucose consumption rate, our results reveal that 
glutamine is a major contributor to cell survival. In order to evaluate the contribution of 
other amino acids in Palbociclib metabolic reprogramming, we assessed targeted 
metabolomics to measure essential and non-essential amino acid cellular concentrations 
and extracellular fluxes after 96 h of incubation. Regarding essential amino acid (EAAs) 
fingerprint after Palbociclib treatment, we observed a significant decrease in their 
intracellular concentration, suggesting an increased essential amino acid metabolization 
(Figure 3.3.11.). 

 
Figure 3.3.11. Essential amino acids (EAAs) profile after Palbociclib treatment in SW620 cells. A) 
Intracellular EAAs concentration, and B) extracellular EAAs consumption rates in control and 96 h 
Palbociclib-treated (40 nM) SW620 cells. An independent sample t-test was applied for relative comparison 
between the two groups, * indicates significant differences (p < 0.05). 
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Attending to non-essential amino acids (NEAAs), our analysis revealed a significant 
decrease in the intracellular concentrations of tyrosine, arginine, and citrulline (Figure 
3.3.12.). Additionally, Palbociclib promoted a significant increase in the extracellular 
production rates of alanine, asparagine, aspartate, proline, ornithine, and glycine, 
together with an augmented serine consumption (Figure 3.3.12.). 

 
Figure 3.3.12. Non-essential amino acids (NEAAs) profile after Palbociclib treatment in SW620 cells. 
A) Intracellular NEAAs concentration, and B) extracellular NEAAs consumption and production rates in 
control and 96 h Palbociclib-treated (40 nM) SW620 cells. An independent sample t-test was applied for 
relative comparison between the two groups, * indicates significant differences (p < 0.05). 

Together, these observations indicate a great impact on amino acid metabolism after 
Palbociclib treatment. These results correlate with increased glutamine metabolism, 
producing NEAAs and supporting the augmented activity of the TCA cycle. Furthermore, 
our results present altered metabolites involved in the urea cycle such as aspartate, 
arginine, citrulline, ornithine, and proline, prompting us to explore the metabolic 
indicators which are correlated to arginase (ARG), ornithine transcarbamylase (OTC) 
activity, and nitric oxide synthase (NOS) activity (Dossus & Kouloura et al., 2021).  

Our study indicated an enhanced activity of arginase (ARG) (Figure 3.3.13., A) and a 
reduction in OTC activity (Figure 3.3.13., B), while the activity of NOS was preserved 
after Palbociclib treatment in SW620 cells (Figure 3.3.13., C).  

Ala

Arg
 (x

10
)

Asn
 (x

10
)

Asp

Cit 
(x

50
)

Gln Glu Gly

Orn
 (x

10
)

Pro Ser Tyr

0.0

0.2

0.4

0.6

0.8
1.0

1.5

2.0

2.5

In
tr

ac
e

llu
la

r 
c

o
n

ce
n

tr
a

ti
o

n
(n

m
o

l/μ
g 

pr
ot

e
in

)
Control
Palbociclib

*

n.s.
n.s.

n.s.

n.s.

n.s.

n.s.
* *

n.s.

n.s.

n.s.

Ala
Arg

Asn
 (x

10
)

Asp
 (x

10
)

Gln Glu Gly
Orn Pro Ser Tyr

-100
-50

-20.00

-10.00

0.00

10.00

20.00

30.00 Control
Palbociclib*

n.s. n.s.

*

*
* *

*
**

*

A

B



 

134 
 

 
Figure 3.3.13. Activity indicators of key urea cycle enzymes after Palbociclib treatment. Ratios 
calculated from the intracellular amino acid concentration indicating A) activity of arginase (ARG) calculated 
from the ornithine/arginine ratio, B) activity of ornithine transcarbamylase (OTC) calculated from the 
citrulline/ornithine ratio, and C) activity of nitric oxide synthase (NOS) calculated from the ornithine/arginine 
ratio. An independent sample t-test was applied for relative comparison between the two groups, * indicates 
significant differences (p < 0.05). 

These findings suggest that the increased arginine consumption rate is a commitment 
toward ornithine conversion, promoting ornithine production, which, in turn, serves as a 
precursor for polyamine synthesis, in agreement with the increased putrescine 
production observed after Palbociclib treatment (Figure 3.3.14.). 

 

Figure 3.3.14. Putrescine augmented secretion after Palbociclib treatment in SW620 cells. 
Extracellular polyamine putrescine production rate measured after 96 h with and without Palbociclib 
treatment (40 nM) in SW620 cells. An independent sample t-test was applied for relative comparison 
between the two groups, * indicates significant differences (p < 0.05). 

In brief, our study indicates that Palbociclib treatment induces significant metabolic 
reprogramming in SW620 cells, affecting lipid metabolism, enhancing cellular 
respiration, and altering amino acid utilization. This metabolic shift toward oxidative 
phosphorylation induces TCA anaplerosis despite there being no changes at the 
differential expression level of this metabolic pathway (differential gene expression is 
listed in Appendix V, Table V.2.), and the urea cycle enzyme activity boosting polyamine 
synthesis. 

3.3.2.5. Targeting mitochondrial-derived ROS modulation synergizes with 

Palbociclib by impairing cell proliferation of SW620 cells. 

The significant increment observed in mitochondrial respiration, mitochondrial ATP 
production, and TCA cycle anaplerosis in SW620 cells upon Palbociclib exposure, 
predict a strong reliance on mitochondrial metabolism, which represents an attractive 
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metabolic vulnerability, in agreement with previous results obtained following Palbociclib 
treatment in the PC-3 cells (Section 3.2.). Therefore, we assessed cell proliferation by 
targeting the mitochondrial metabolism in combination with Palbociclib using two 
different drugs attacking OxPhos, Tigecycline, which inhibits mitochondrial oxidative 
respiration, but also induces cell cycle arrest and oxidative stress in solid tumors (Dong 
et al., 2019). and VLX600, an iron-chelating OxPhos inhibitor (Reisbeck et al., 2023, 
Zhang et al., 2014). After 96 h of treatment with either Tigecycline or VLX600 on SW620 
cell proliferation alone or in combination with Palbociclib, our results showed that 
Tigecycline inhibits cell proliferation at concentration values in the lower micromolar 
range. However, this combination did not display synergism, according to the 
combination index calculated through Compusyn software and the Chou-Talalay method 
(Chou, 2010) presenting combination index (CI) values upper to 1 (Figure 3.3.15., A, B). 
Regarding the combination of VLX600 with Palbociclib, our findings demonstrated 
moderate synergism according to the Chou-Talalay method (Chou, 2010) (Figure 
3.3.15., C, D), representing a promising combination to overcome Palbociclib resistance. 

 
Figure 3.3.15. OxPhos inhibition in combination with Palbociclib in SW620 cells. A, C. Cell proliferation 
curves in the metastatic colorectal SW620 cell line after 96 h of treatment at increasing concentrations with 
A) Palbociclib (0.0075, 0.0100, 0.0150, 0.0200, 0.0250, 0.0500µM) and Tigecycline (2.0, 2.5, 3.0, 3.5, 4.0, 
4.5µM) alone or in combination with a non-constant ratio, and C) Palbociclib (0.0050, 0.0075, 0.0100, 
0.0150, 0.0200, 0.0250, 0.0500, 0.0750µM) and VLX600 (0.015, 0.020, 0.025, 0.030, 0.035, 0.040, 0.045, 
0.050µM) alone or in combination with a non-constant ratio. B, D. Combination index (CI) values calculated 
with Compusyn software and Chou-Talalay method (black squares represent CI values > 1) for the 
combination B) Palbociclib and Tigecycline and, D) Palbociclib and VLX600. 

Taking into account the promising effect of targeting OxPhos we also considered ROS 
as an opportunity for combined drug treatments, since complexes I and III of the ETC 
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are the major ROS producers in cancer cells (Sies & Jones, 2020, Hayes et al., 2020), 
which agree with the significant increment observed in ROS production after Palbociclib 
treatment in SW620 cells (Figure 3.3.6.). These results offer an interesting metabolic 
vulnerability since it has been extensively reported that this mitochondrial by-product 
plays a crucial role in cancer metabolic reprogramming, mediating different aspects of 
cell fate including diverse signaling pathways and cell death (Cheung & Vousden, 2022, 
Panieri & Santoro, 2016). However, it is difficult to predict the effect of drugs modulating 
intracellular ROS levels on cell proliferation due to the fact that responses are complex 
and multifactorial. Basal ROS levels are essential for cellular signaling. Increased ROS 
levels induce growth factors and oncogenes, modulating cell proliferation, migration, and 
survival. Conversely, aberrant ROS levels induce cellular stress promoting oxidative 
damage, altering nucleic acids, proteins, and lipids, and eventually promoting cell death 
(DeBerardinis & Chandel, 2016). Hence, ROS can confer advantages for cell 
proliferation but also lead to cell death. According to this dual behavior upon ROS 
modulation, we hypothesized that both, ROS inhibition and ROS detoxification 
impairment might alter cell proliferation in SW620 cells treated with Palbociclib. 

With this aim, we conducted cell proliferation experiments targeting the most common 
ROS generated in the ETC, being superoxide radicals and oxygen peroxide using ATN-
224, a superoxide dismutase 1 (SOD1) inhibitor (Juarez et al., 2006), and EUK-134, a 
superoxide dismutase mimetic drug with additional catalase function (Vincent et al., 
2021), which is reported to protect from oxidative damage and has been successfully 
tested in cancer and healthy cells (Decraene & Smaers, et al., 2004, Gianello et al., 
1996, Shah et al., 2015). Therefore, we assessed cell proliferation experiments on 
SW620 cells using ATN-224 or EUK-134 alone or in combination with Palbociclib after 
96 h of treatment.  

Our initial approach entailed the use of a SOD1 inhibitor, impairing superoxide 
detoxification. Nevertheless, the combination of ATN-224 with Palbociclib failed to 
reduce cell proliferation in a synergistic manner (Figure 3.3.16.).  

 
Figure 3.3.16. Effects of superoxide dismutase (SOD) inhibition in combination with Palbociclib in 
SW620 cells. A) Cell proliferation curves in the metastatic colorectal SW620 cell line after 96 h of treatment 
at increasing concentrations with Palbociclib (0.0025, 0.005, 0.0075, 0.0100, 0.0150, 0.0250, 0.0500, 
0.0750µM) and ATN-224 (0.50, 0.75, 1.00, 2.00, 3.00, 5.00, 7.50, 10.00µM) alone or in combination with a 
non-constant ratio, B) Combination index (CI) value calculated with Compusyn software and Chou-Talalay 
method (black squares represent CI values > 1). 
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On the other hand, the alternative approach modulating ROS with this SOD-
mimetic/catalase compound, EUK-134 in combination with Palbociclib displayed a 
significant reduction in SW620 cell proliferation after 96 h of treatment (Figure 3.3.17.), 
presenting synergism in almost every concentration tested.  

 
Figure 3.3.17. Effects of superoxide dismutase (SOD)-mimetic with catalase activity in combination 
with Palbociclib in SW620 cells. A) Cell proliferation curves in the metastatic colorectal SW620 cell line 
after 96 h of treatment at increasing concentrations with Palbociclib and EUK-134 alone or in combination 
with a constant ratio, (Palbociclib; EUK-134) [1:500]. B) Combination index (CI) value calculated with 
Compusyn software and Chou-Talalay method (black squares represent CI values > 1). 

In summary, the most promising results were achieved following EUK-134 combination 
with Palbociclib, which significantly affected cell proliferation with a synergic effect, as 
opposed to SOD1, or mitochondrial respiration inhibitors. These findings provide a 
promising combination therapy to overcome Palbociclib resistance in SW620 cells and 
also identify ROS balance as a key player in mediating cell survival in this cell line of 
metastatic colorectal cancer.  

3.3.2.6. Metabolic insights upon Palbociclib and EUK-134 combined 

treatment in SW620 cells. 

EUK-134 is a salen-manganese compound reported as a superoxide dismutase mimetic 
that also presents catalase activity (Vincent et al., 2021). This compound can sensitize 
the Palbociclib effect after 96 h of treatment in SW620 cells as we demonstrated in the 
previous section. To study cell proliferation impairment, we evaluated cell proliferation 
over time, together with the impact on cell cycle progression and the apoptotic response 
of each treatment. Our results displayed a significant reduction in cell proliferation after 
96 h in Palbociclib-treated (10 nM) SW620 cells (Figure 3.3.18., A), while the 
combination of Palbociclib with EUK-134 ([Palbociclib]= 10 nM + [EUK-134]=2.5 µM; 
Palbociclib+EUK-134 from now on) displayed a greater inhibition of cell proliferation than 
the additive effect of each individual drug. Cell cycle analysis confirmed the expected 
cell cycle arrest in the G1/G0 phase after Palbociclib treatment and revealed that the 
compound EUK-134 caused no alteration in the cell cycle in comparison to non-treated 
cells, either alone or in combination (Figure 3.3.18., B). These findings suggest that 
EUK-134 is either promoting cell cycle progression after cell cycle arrest or preventing 
cell cycle arrest triggered by Palbociclib. 

A B

C
e

ll 
p

ro
li

fe
ra

ti
o

n
 (

%
)



 

138 
 

The proliferative rate calculated through doubling time indicated that cells treated with 
Palbociclib+EUK-134 exhibited a slower duplication rate from 15 h in control to 19 h in 
the combination (Figure 3.3.18., C). On the other hand, the apoptotic response was not 
induced by EUK-134 alone, while there was an augmentation in early apoptosis with both 
Palbociclib and the combination after 96 h of treatment (Figure 3.3.18., D). However, 
none of the conditions that presented early apoptotic cells exceeded 10% of the total cell 
population despite the notable decrease observed in cell proliferation (Figure 3.3.18., 
A). 

 
Figure 3.3.18. Palbociclib and EUK-134 combination effect over cell proliferation, cell cycle, and 
apoptosis in SW620 cells. SW620 cells were treated for 96 h with vehicle (Control), Palbociclib (10 nM), 
EUK-134 (2.5 µM), or their combination after 96 h. A) Cell proliferation over time. B) Doubling time calculated 
from cell proliferation. C) Cell cycle analysis after DNA staining with PI indicating the percentage of cells 
distributed along the pre-replicative (G1/G0), synthesis (S), and post-replicative (G2) cell cycle phases in 
control and Palbociclib-treated cells. D) Apoptosis assay after Annexin V-FITC incubation discerning cells 
found alive, in early apoptosis and late apoptosis/necrosis. An independent One-way ANOVA test was 
applied for relative comparison between groups, where a different letter indicates significant differences (p 
< 0.05). 

Altogether, our results demonstrate the significant impairment of cell proliferation by 
Palbociclib and EUK-134 combination in SW620 cells after 96 h of treatment. Also, these 
findings suggest that EUK-134 overcomes cell cycle arrest induction by Palbociclib, 
leading to cell cycle progression while displaying the same apoptotic response as 
Palbociclib treatment alone. Therefore, the decrease of 50% in cell proliferation reported 
after Palbociclib and EUK-134 combination treatment can not only be explained through 
cell cycle arrest or apoptosis induction but also other mechanisms must be involved. 
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Since EUK-134 modulates ROS levels performing SOD-mimetic and catalase functions 
(Vincent et al., 2021), we hypothesized that cell proliferation impairment after Palbociclib 
and EUK-134 combination could be related to ROS balance, which may play an 
important role in Palbociclib resistance acquisition. Therefore, we measured the 
intracellular ROS produced after 96 h of treatment with Palbociclib, EUK-134, and the 
combination using an H2DCFDA fluorescent probe to quantify the total reactive oxygen 
species (ROS) generated, and MitoSOX fluorescent probe to assess specifically the 
mitochondrial superoxide (ꞏO2

- ) species, which are directly scavenged by SOD. The 
intracellular total ROS (Figure 3.3.19., A) and mitochondrial superoxide species (Figure 
3.3.19., B) were significantly increased after 96 h of incubation with the combined 
treatment. In contrast, another study in breast cancer using a 10-fold concentration of 
EUK-134 reported a reduction in superoxide and H2O2 levels but also a significant 
decrease in cell viability, indicating that ROS modulation and cytotoxicity are dependent 
on the concentration of EUK-134 (Shah et al., 2024). The obtained results in this work 
suggest that either the concentration of EUK-134 used is not able to reduce the total 
ROS and mitochondrial superoxide levels, or ROS accumulation is due to other non-
mitochondrial ROS and superoxide anion sources, such as cytochrome P450 or NADPH 
oxidase (NOX) (Hayes et al., 2020).  

 
Figure 3.3.19. Palbociclib and EUK-134 combination causes an accumulation of reactive oxygen 
species (ROS) in SW620 cells. Intracellular ROS were measured in SW620 cells treated for 96 h with 
vehicle (Control), Palbociclib (10 nM), EUK-134 (2.5 µM), or their combination upon incubation with A) 
H2DCFDA probe (5 µM) or B) MitoSOX probe (5 µM). Fluorescence intensity values were normalized with 
respect to the control condition. An independent One-way ANOVA test was applied for relative comparison 
between groups, where different letter indicates significant differences (p < 0.05). 

Next, we studied the metabolic implications of Palbociclib and EUK-134 combination to 
reveal the altered metabolic pathways resulting from the combined treatment, which are 
correlated with the reduced cell proliferation and the synergistic response observed in 
SW620 cells. Given that ROS balance may be mediating Palbociclib adaptation and 
modulated by EUK-134, we evaluated the impact on the respirometry and mitochondrial 
function after 96 h in SW620 cells, since it was significantly enhanced after Palbociclib 
treatment. 

The respiratory results displayed that EUK-134 promoted a significant OCR reduction, 
impairing the maximal respiration, the spare respiratory capacity, and the respiration 
associated with mitochondrial ATP production (Figure 3.3.20., A, B, C). The presence 
of EUK-134 in Palbociclib-treated cells caused a significant reduction of the respiratory
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Figure 3.3.20. Mitochondrial respiration after Palbociclib and EUK-134 treatment in SW620 cells. Mito 
Stress Test performed in SW620 cells treated for 96 h with vehicle (Control), Palbociclib (10 nM), EUK-134 
(2.5 µM), or their combination. A) Normalized monitored values of Oxygen Consumption Rate (OCR) over 
time, B) OCR-related parameters, including OCR basal respiration, maximal respiration, non-ATP linked 
respiration (proton leak), ATP production-associated respiration, and spare respiratory capacity. C) ATP 
production rate discerning mitochondrial ATP production (mitoATP) and glycolytic ATP production 
(glycoATP). D) Normalized monitored values of Extracellular Acidification Rate (ECAR) over time. E) 
Glycolytic Proton Efflux Rate (glycoPER). Mito Stress test was performed in Seahorse XFe medium 
supplemented with glutamine (2mM), with and without Palbociclib (depending on the condition) before the 
sequential injection of glucose (Glc, 12.5 mM), Oligomycin (1.5 µM), CCCP (600 nM), and Rotenone (Rot, 
2 µM) + Antimycin (AA, 2 µM). An independent sample t-test was applied for relative comparison between 
the two groups, * indicates significant differences (p < 0.05). 
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response, reverting the OCR levels to those of control cells, and greatly depleting the 
spare respiratory capacity (Figure 3.3.20., A, B). These results also indicated that ROS 
accumulation observed after the combined treatment did not correlate with an increased 
mitochondrial function and respiration, suggesting that other non-mitochondrial ROS and 
superoxide anion sources may be induced by the combination treatment. Likewise, the 
combined treatment caused a significant reduction in the glucose oxidation towards ATP 
production and the glycolytic function compared to the Palbociclib single treatment 
(Figure 3.3.20., D, E). These results indicate that EUK-134 induces an impairment of 
mitochondrial function, affecting cell flexibility and decreasing the capacity to respond to 
the energetic demands, thus reverting the metabolic reprogramming prompted by 
Palbociclib treatment in SW620 cells. Therefore, this combination significantly disrupts 
cancer cell homeostasis since improved mitochondrial metabolism is an important 
supporter of Palbociclib resistance in SW620 cells.  

To understand the scope of the mitochondrial function affectation observed in cells 
treated with the combination, we evaluated the metabolic fingerprint after 96 h of 
incubation with the vehicle, Palbociclib, EUK-134, or their combination. This assessment 
was primarily directed at the major carbon and nitrogenous sources within cells, thus we 
focused on the consumption rate of glucose and glutamine, and the production rate of 
lactate and glutamate. Palbociclib, EUK-134, and the combined treatment caused an 
increased glucose consumption rate, while a greater glutamine consumption was only 
displayed in Palbociclib-treated cells  (Figure 3.3.21.,  A).  The higher glucose uptake 
exhibited by Palbociclib treated cells was not observed in previous experiments 
performed with a 4-fold concentration of Palbociclib (Figure 3.3.10., A), which suggests 
that the glycolytic response depends on Palbociclib concentration. In the same manner, 
the ATP production rate from the glycolytic fraction from cells treated with 10 nM 
Palbociclib (Figure 3.3.20., C) was higher than that of those treated with 40 nM 
Palbociclib (Figure 3.3.5., C). On the other hand, glutamine dependence emerged after 
Palbociclib treatment, independent of drug concentration (Figure 3.3.21., B), 
contributing to the rise in the mitochondrial ATP production rate (Figure 3.3.20., C). The 
combined treatment counteracted the enhanced uptake of glutamine resulting from 
Palbociclib with increased glucose consumption instead (Figure 3.3.21., A), revealing 
an augmented demand and reliance on glucose utilization not committed to 
mitochondrial respiration, which may be associated with the mitochondrial impairment 
exhibited after the combined treatment. Glucose and glutamine commitment to lactate 
and glutamate production, respectively, remained constant, indicating that there were no 
significant changes in the fate of these carbon sources despite their different 
requirements (Figure 3.3.21., C, D). 

Altogether, our results suggest that EUK-134 interferes with Palbociclib cell cycle 
regulation and impairs mitochondrial respiration, which is essential for metabolic 
flexibility and Palbociclib resistance. The decreased mitochondrial function observed in 
SW620 cells treated with the combination of Palbociclib and EUK-134 has a great 
metabolic impact, reducing glutamine consumption and inducing glucose uptake to meet 
the energetic and biosynthetic requirements. 
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Figure 3.3.21. Palbociclib and EUK-134 effect over glycolysis and glutaminolysis in SW620 cells. A) 
Extracellular consumption rate of glucose and glutamine, and production rates of lactate and glutamate 
measured in SW620 cells treated for 96 h with vehicle (Control), Palbociclib (10 nM), EUK-134 (2.5 µM), or 
their combination. B-D. Ratios indicating B) the glucose with respect to glutamine utilization, C) the lactate 
production with respect to glucose consumption, and D) glutamine consumption with respect to glutamine 
not committed to glutamate production. An independent One-way ANOVA test was applied for relative 
comparison between groups, where different letter indicates significant differences (p < 0.05). 

3.3.2.7. Palbociclib and EUK-134 combination treatment exhibit promising 

results in NOD/SCID mice xenotransplants. 

The combination of Palbociclib and EUK-134 represents a promising strategy to address 
Palbociclib resistance in SW620 cells, impairing cell proliferation and reverting the 
metabolic adaptation to Palbociclib monotherapy. Therefore, we explored the potential 
impairment of tumor proliferation in a more intricate research model, by monitoring the 
effects of Palbociclib and EUK-134 combination treatment for 15 days in NOD/SCID mice 
bearing subcutaneous SW620 xenografts (Figure 3.3.22.). 

The results demonstrated a significant reduction in tumor proliferation when the 
combination of Palbociclib and EUK-134 treatment was administered. This reduction had 
a great impact on tumor growth, which correlates with a significant decrease in tumor 
weight and volume. These findings suggest that Palbociclib in combination with EUK-
134 is an effective therapeutic approach for restoring Palbociclib sensitivity that proves 
efficacy in studies in vivo. 

A

B DC

Contro
l

Pal
boci

cl
ib

EUK-1
34

Pal
boci

cl
ib

 +
 E

UK-1
34



 

143 
 

 
Figure 3.3.22. In vivo response of Palbociclib and EUK-134 combined therapy in NOD/SCID mice 
bearing subcutaneous SW620 xenografts. 106 SW620 cells were subcutaneously inoculated into 5-week-
old NOD/SCID mice and tumors were grown for 15 days before starting with the treatments. Mice were 
administered with Vehicle, Palbociclib (25 mg/kg/day) EUK-134 (30 mg/kg/day), or their Combination by oral 
gavage was administered for 5 days each week, for a total of 3 weeks. A) Tumor volume evolution measured 
on days 0, 9, and 15 since treatment initiation. B) Tumor volume and C) tumor weight measured on tumor 
extraction on day 18 since treatment initiation (day 0). An independent One-way ANOVA test was applied 
for relative comparison between groups, where different letter indicates significant differences (p < 0.05). 

3.3.2.8. Palbociclib and EUK-134 combination treatment exhibit promising 

results in primary tumor colorectal cancer cell line HCT116. 

We next tested the promising combination of Palbociclib and EUK-134 in the primary 
tumor colorectal cell line HCT116, whose metabolic response upon 96 h of CDK4/6 
depletion was already characterized by Tarrado-Castellarnau et al. (Tarrado-
Castellarnau et al., 2017). They found that CDK4/6 inhibition enhances mitochondrial 
function in HCT116, presenting increased reliance on glutamine and amino acid 
metabolisms after 96 h of treatment, which is in agreement with our results in SW620 
cells. Therefore, we evaluated the cell proliferation after 96 h of incubation with 
Palbociclib and EUK-134 combination in HCT116 cells. Results assessed in the primary 
tumor colorectal cell line model displayed a synergic effect when the combination was 
compared to the treatments alone (Figure 3.3.23.). 
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Figure 3.3.23. Palbociclib and EUK-134 effect in the primary colorectal HCT116 cells. A) Cell 
proliferation curves in the HCT116 cell line after 96 h of treatment at increasing concentrations with 
Palbociclib and EUK-134 alone or in combination with a constant ratio, (Palbociclib:EUK-134) [1:10]. B) 
Combination index (CI) value calculated with Compusyn software and Chou-Talalay method (black squares 
represent CI values > 1). 

In summary, our findings indicate that the Palbociclib and EUK-134 combination displays 
promising results in a different colorectal cancer cell line with a similar metabolic 
reprogramming to CDK4/6 inhibition despite bearing different mutational burden (Ahmed 
et al., 2013). Therefore, these results demonstrate a successful approach that expands 
the potential of the application of this combined treatment across different colorectal 
cancer models, proving its capacity to sensitize tumor cells to Palbociclib treatment. 

3.3.3. Discussion. 

Palbociclib treatment has proven to induce important metabolic changes in other studies 
(Cretella et al., 2018, Franco et al., 2016) including primary tumor colorectal cells 
(Tarrado-Castellarnau et al., 2017), which exhibit metabolic vulnerabilities that can be 
addressed through combination therapies. In this work, we aimed to unveil metabolic 
reprogramming underlying Palbociclib treatment using the KRAS+ SW620 cell line, as 
the rational design to unveil combination therapies that lead to promising alternative 
therapeutic strategies to tackle Palbociclib resistance and tumor recurrence in the most 
advanced stage of colorectal cancer. 

Cell growth impairment after CDK4/6 inhibitors treatment is observed in various cancer 
types (Franco et al., 2016, Goel & Bergholz et al., 2022, Goel et al., 2017, Tarrado-
Castellarnanu et al., 2017, Tien & Sadar, 2022, Wang et al., 2022). This impairment is 
frequently associated with cell cycle arrest in the G1/G0 phase, preventing cell cycle 
progression (Cretella et al., 2018, Goel et al., 2017, Tarrado-Castellarnau et al., 2017, 
Whittaker et al., 2017). Cell cycle arrest mechanisms include a decrease in the 
proliferation rate of cancer cells, promoting cell cycle exit, either allowing cells to 
eventually re-enter the cell cycle and continue proliferating, staying in a quiescent state, 
or resulting in an irreversible state by promoting senescence or apoptosis (Matthews et 
al., 2022). Our results after Palbociclib treatment in SW620 metastatic colorectal cancer 
cells demonstrate a significant percentage of cells arrested in the G1/G0 phase, in 
agreement with reported studies (Franco et al., 2016, Goel & Bergholz et al., 2022, Goel 
et al., 2017, Tarrado-Castellarnanu et al., 2017, Tien & Sadar, 2022, Wang et al., 2022), 
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proving the effectiveness of Palbociclib treatment also in the advanced stage of the 
disease. However, it's worth noting that our results reveal only a moderate increase in 
apoptotic response upon Palbociclib treatment, suggesting that other mechanisms must 
be involved in the reported reduction of cell proliferation. In this regard, a significant 
percentage of cells are able to evade cell cycle arrest and continue proliferating while 
rewiring their metabolism to adapt to Palbociclib treatment. 

This metabolic reprogramming includes a significant alteration in fatty acid and lipid 
metabolism, evidenced by differential expression results, GSEA, and intracellular lipid 
profiling. The alteration in lipid profiling after Palbociclib treatment is in agreement with 
other studies in the restructuration of sphingolipid composition induced by Palbociclib is 
associated with an important role in cell signaling modulation controlling cell survival or 
apoptotic response (Ogretmen, 2018). Our findings point to the existence of a dynamic 
balance in lipid metabolism, shifting fatty acid synthesis (FAS) and oxidation (FAO). The 
simultaneous activation of these pathways has been reported as a futile cycle in cancer 
cells that serves as an important ATP and NAD(P)H source upon fatty acid catabolism 
while triggering signaling pathways to modulate cell homeostasis and promote 
lipogenesis to meet the rapidly dividing cell requirements (Melone & Valentin et al. 2018). 
Furthermore, has been reported that drug resistance acquisition to Palbociclib in breast 
cancer is mediated by altered lipid metabolism and also is correlated to the 
hyperactivation of the PI3K/AKT/mTOR signaling pathway (Feng & Kurokawa, 2020), 
which has also been observed to contribute to the metabolic reprogramming of 
Palbociclib-resistant cells in different cancer types (Bonelli et al., 2017, Cretella et al., 
2018, Franco et al., 2016, Tarrado-Castellarnau et al., 2017, Lorito et al., 2020). 

Moreover, our results reveal a significant increment in OCR-related parameters such as 
basal and maximal respiration or spare respiration capacity, indicating an improved 
capacity to meet elevated energy and oxygen demands as well as metabolic flexibility 
after Palbociclib treatment. This increment in the mitochondrial function also leads to a 
significant production of ROS, which are accumulated after Palbociclib treatment. A 
recent study reported an increase in OxPhos dependence, accompanied by heightened 
TCA cycle, glutathione synthesis, and purine/pyrimidine metabolism, fueled by FAO on 
estrogen receptor-positive (ER+) breast cancers resistant to Palbociclib (El-Botty et al., 
2023). The metabolic shift towards OxPhos is further evidenced in our work by a 
significant increase in glutamine consumption after Palbociclib treatment. Increased 
glutamine metabolism is associated with non-essential amino acid synthesis, TCA cycle 
replenishment, and redox homeostasis (Yoo, Yu & Sung et al., 2020). Our findings 
demonstrated an increased production of NEAAs following Palbociclib treatment in 
SW620 cells that might be correlated to altered one-carbon metabolism, the activity of 
some enzymes comprised in the Urea cycle, and polyamine synthesis. Increased 
glutamine dependence is a common signature in drug resistance observed in cancer 
cells (Yoo, Yu & Sung et al., 2020), which, together with increased mitochondrial 
metabolism, has been reported in colon, pancreatic, and lung cancer after CDK4/6 
inhibition (Conroy et al., 2020, Franco et al., 2016, Tarrado-Castellarnau et al., 2017). 

Our investigations also indicate a substantial decrease in the intracellular concentration 
of essential amino acids. Interestingly, BCAAs serve as alternative sources fueling the 
TCA cycle by generating succinyl-CoA and acetyl-CoA for further oxidation and 
lipogenesis (Lieu et al., 2020, Stine et al., 2022), also evidenced in a recent study 



 

146 
 

conducted by El-Botty et al., in which BCAAa replenish the TCA cycle contributing to 
ATP production following OxPhos is inhibition (El-Botty et al., 2023). Furthermore, 
increased carbon source requirements agree with decreased glycolytic function for ATP 
production. The glucose consumption remained constant after treatment while some 
important genes were found downregulated, suggesting a glycolytic flux impairment after 
Palbociclib treatment. Surprisingly, our results indicate that the effect on glycolysis is 
dependent on Palbociclib dose, since treatment with Palbociclib at low concentration 
enhanced glucose consumption. Observations made by Cretella et al. in Triple Negative 
Breast Cancer (TNBC) determine an inhibitory effect on glucose metabolism after 
Palbociclib treatment (Cretella et al., 2018), while in the study performed by Lorito et al., 
ER+ breast cancer cells achieve different degrees of glucose dependence based on 
human epidermal growth factor receptor 2 (HER2) presence, and Franco et al., and 
Tarrado-Castellarnau et al, reported increased glucose consumption rates after CDK4/6 
inhibition (Franco et al., 2016, Tarrado-Castellarnau et al., 2017). Therefore, the 
metabolic response to Palbociclib treatment regarding glucose utilization varies 
depending on the model of study. 

The significant increase in mitochondrial respiration, mitochondrial ATP production and 
TCA cycle anaplerosis after Palbociclib treatment, makes mitochondrial metabolism an 
attractive metabolic vulnerability that has been successfully addressed targeting 
oxidative phosphorylation through inhibition by VLX600 in SW620 cells, in agreement 
with previous results obtained following Palbociclib treatment in the PC-3 cells (Section 
3.2.). The prevalent reliance on OxPhos has been reported in many types of aggressive 
cancer (Ashton et al., 2018, El-Botty et al., 2023). The excessive ROS production and 
relatively low apoptotic response suggest that these cells might improve cellular stress 
tolerance after Palbociclib treatment preventing cell death, and/or excessive ROS 
associated with increased mitochondrial metabolism might be playing a pivotal role 
underlying Palbociclib metabolic reprogramming, since it is described that ROS mediates 
different aspects of cell fate including diverse signaling pathways, metabolic 
reprogramming and cell death (Cheung & Vousden, 2022, Panieri & Santoro, 2016). 
Therefore, these results offer an interesting alternative combination treatment targeting 
ROS balance. Our findings demonstrate a significant impact on cell proliferation after 
EUK-134 treatment, a SOD-mimetic, in combination with Palbociclib in SW620 cells. 

EUK-134 is known as SOD-mimetic with catalase activity, reported to mitigate oxidative 
stress and ameliorate neurotoxicity effects in different models (Decraene & Smaers 
2004, Pong 2001, Rosenthal 2011, Shah 2015, Vincent et al., 2021). These beneficial 
effects displayed across different scenarios, make EUK-134 and Palbociclib combination 
an interesting strategy to address adaptation to Palbociclib in metastatic colorectal cells. 
Further exploration regarding the combination mechanisms to impair cell proliferation 
revealed that EUK-134 treatment reverts Palbociclib-induced metabolic adaptation by 
impairing mitochondrial function and promoting significant alterations in cellular 
metabolism, energy production, and cell survival. Our results indicate that the 
mitochondrial depletion promoted by EUK-134, when combined with Palbociclib 
promotes an increased demand for glucose consumption and utilization that is not fueling 
the TCA cycle but producing lactate from glycolysis. Supporting these findings, Zhang et 
al., reported mitochondrial dysfunction in colon cancer cells after treatment with the 
oxidative phosphorylation inhibitor VLX600 (Zhang et al., 2017). Since we reported that 
VLX600 displays synergism in combination with Palbociclib, mitochondrial dysfunction 
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may be the mechanism responsible for cell proliferation impairment after this 
combination treatment. On the other hand, ATN-224 inhibits SOD1, impairing superoxide 
scavenging in the cytosol and ETC (Che et al., 2016, Juarez et al., 2016) but does not 
affect cytochrome c oxidase function as demonstrated by Juarez et al., despite being a 
cupper chelator. SOD1 and SOD2 enzymes, despite presenting different functions and 
subcellular locations, may compensate for each other's depletion (Che et al., 2016), 
which may explain the lack of synergism of ATN-224 with Palbociclib. Also, the major 
product of SOD, H2O2, acts as a secondary messenger in metabolic processes and 
entails signaling functions in cancer cells (Boonstra & Post, 2004, Che et al., 2016), as 
well as the cytochrome c oxidase, whose target genes are also closely related to 
signaling events in cancer cells (Nývltová et al., 2022, Douiev et al., 2018). Therefore, 
we hypothesize that both the alteration in H2O2 balance and mitochondrial impairment 
are the mechanisms by which EUK-134 exerts the antiproliferative effect in Palbociclib-
resistant cells in SW620 cells. 

Alternatively, Palbociclib and EUK-134 combination restored cell cycle progression while 
reducing cell proliferation and increasing the apoptotic response compared to control 
cells. It has been reported that ROS modulation can also interfere with cell cycle 
progression via ubiquitination and phosphorylation (Boonstra & Post, 2004). ROS 
signaling is required to regulate cyclin D1 expression and induce cell cycle after 
quiescence state (Burch & Heintz, 2005), influencing the activation of essential proteins 
for the G1 to S phase and cell cycle progression (Menon et al., 2003). It also modulates 
the activity of CDK2 (Kirova et al., 2022), and additionally, higher cellular respiration, 
ROS levels, superoxide species, OxPhos, ATP production, and mitochondrial function 
are associated with an upregulation of CyclinB1/CDK1, which is essential for the G2/M 
transition (Wang & Fan et al., 2014). A study on human pluripotent cells demonstrated 
that ROS levels fluctuate throughout the cell cycle progression, reaching their peak 
during the S to G2/M transition (Ivanova et al., 2021). In correlation, colon cancer cells 
exhibit a higher dependence on mitochondrial respiration for ATP production during this 
G2/M phase (Bao et al., 2013). However, excessive or prolonged ROS exposure 
promote DNA damage, might induce cell cycle arrest, and ultimately lead to cell death 
(Boonstra & Post, 2004). Collectively, these studies indicate a crosstalk between ROS 
balance, cell metabolism, and cell cycle progression, since mechanisms regulating 
phase transition during the cell cycle also alter tumor metabolism (Fajas, 2013, Wang et 
al., 2022, Wu & Zhang et al., 2019). Hence, there is a possible connection between ROS 
modulation and EUK-134 treatment, that may contribute to the mechanism of action 
behind this successful therapeutic strategy, since our results reveal that EUK-134 
treatment prevents the adaptation of cancer cells to Palbociclib by impairing their 
metabolic reprogramming and flexibility, altering cell cycle regulation, and compromising 
cell survival through interference in ROS-mediated processes. 

Moreover, the promising results achieved with this combination in SW620 cells were 
replicated in vivo in immunodeficient NOD/SCID mice and in vitro in the primary tumor 
colorectal cell line HCT116, bearing different type of KRAS mutation (KRASG13D) and 
being a microsatellite instability (MSI) cell line, confirming that this combined treatment 
significantly compromised tumor progression and cell proliferation by overcoming 
Palbociclib adaptive resistance in different models, accounting for genetic heterogeneity 
and disease stage. 
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3.3.4. Materials and methods. 

3.3.4.1. Cell culture. 

The human metastatic colorectal SW620 (ATCC, Rockville, MD, USA) cell line isolated 
from the large intestine of a 51-year-old male Dukes C colorectal cancer patient, was 
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Thermo Fisher Scientific, 
MA, USA) containing 4 mM L-glutamine and supplemented with 12.5 mM D-glucose 
(Merck Life Sciences, Germany), 5% Fetal Bovine Serum (FBS, 10270-106, Lot. 
2058474, Gibco), and 1% Penicillin-Streptomycin (10.000 U/ml, Gibco). The human 
colorectal carcinoma HCT116 cell line (ATCC) established from a primary tumor of a 54-
year-old male patient was cultured in DMEM (Gibco) and Nutrient mixture HAM F12 
(L0136-500, DDBIOLAB, Dutscher, France) (DMEM/F12, 1:1 mixture) supplemented 
with L-glutamine, 12.5 mM D-glucose, 10% FBS (10270-106, Lot. 2058474, Gibco) and 
0.5% Penicillin-Streptomycin (10.000 U/ml, Gibco). 

3.3.4.2. Cell proliferation. 

SW620 cells were plated in 96-, 24-, or 6-well plates (seeding 2.3 × 103/well, 
1.37× 104/well, and 7× 104/well respectively) and treated for 96 h with the specific 
treatments. HCT116 cells were plated in 96-well plates (seeding 1.5 × 103/well) and 
treated for 96h with the specific treatments Cell proliferation tests were assessed through 
manual counting using 0.2% Trypan Blue staining (Merck Life Sciences) and a Neubauer 
Chamber (Thermo Fisher Scientific) or automated counting using Countess II FL 
(Thermo Fisher Scientific). Additionally, indirect proliferation techniques were utilized 
with the fluorescent staining method Hoechst, using 4 µg/ml of bisBenzimide H 33342 
trihydrochloride probe (Merck Life Sciences) in Hoechst stain buffer (1 M NaCl, 1 mM 
EDTA, 10 mM Tris pH 7.4) and measuring emitted fluorescence (460 nm) in a 
fluorescence plate reader (FLUOstar OPTIMA Microplate Reader, BMG LABTECH 
GmbH, Germany), and the CellTiter-Glo luminescent cell viability assay kit (Promega 
Corporation, Madison, Wi) to quantify the ATP by measuring the luminescent signal (550 
nm) in a luminescent plate reader Mithras LB 940 (Berthold Technologies, Switzerland). 

Data were analyzed through dose-response curves with GraphPad Prism 9 (GraphPad 
Software, San Diego, CA, USA). Synergy analysis and quantification was performed 
using the CompuSyn software (Version 1.0) (ComboSyn, Inc., NJ, USA) and the Chou-
Talalay method (Chou, 2010), based on the combination index (CI) where the 
combination displays synergistic (CI < 1), additive (CI = 1), or antagonist effect (CI > 1). 
The duplication time was determined by assessing the cell growth at different time points 
and applying the exponential growth equation: 

𝐿𝑛 ൬
𝑁
𝑁
൰ ൌ 𝜇  𝑡 

where, 
𝑁  is the number of final cells (million cells) 

𝑁  is the number of initial cells (million cells) 

𝜇  is the growth rate (h-1) 
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𝑡  is the time (h) 

Assuming active proliferation, where cells undergo division, holding the following 
assumption 𝑁ൌ2𝑁. The duplication time was calculated from the final equation: 

𝐿𝑛2
𝜇

ൌ 𝑡 

3.3.4.3. Chemicals and reagents. 

Palbociclib was purchased from Selleckchem (Houston, TX, USA), Tigecycline from 
APExBIO (Houston, TX, USA), VLX600 from Cayman Chemical (Ann Arbor, MI, USA), 
ATN-224 from TargetMol (Boston, MA, USA), and EUK-134 from Merck Life Sciences. 

3.3.4.4. Cell cycle analysis. 

Cells were collected, fixed in cold 70% ethanol, and kept overnight at 4 °C. Cellular 
suspension was incubated for 1 h at 37 ºC with 0.2 mg/ml RNase (Roche Holding AG, 
Switzerland) in PBS. Propidium Iodide (PI) (MilliporeSigma, MA, USA) was added in a 
final concentration of 40 µg/ml minutes before the analysis in flow cytometry. The 
samples were measured by flow cytometry using GalliosTM Flow Cytometer (Beckman 
Coulter, CA, USA), and the results were analyzed using FlowJo version 7.6.1. and 
Mycycle software histograms were utilized to discern cell cycle phases by segregating 
populations based on their DNA content, where 2n and 4n represent G1/G0 and G2/M, 
respectively. 

3.3.4.5. Apoptosis analysis. 

Adherent and floating cells in the medium were collected and incubated with Annexin V 
coupled with FITC, following the kit’s instructions (Bender System MedSystem, Viena, 
Austria) for 30 minutes in binding buffer (10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl, 
2.5 mM CaCl2). Propidium Iodide (PI) (MilliporeSigma) was added at the final 
concentration of 20 µg/ml minutes for the analysis in flow cytometry. The samples were 
measured by flow cytometry using GalliosTM Flow Cytometer (Beckman Coulter), and the 
results were analyzed using FlowJo version 7.6.1. This analysis revealed percentages 
of alive cells, cells presenting early apoptosis, and late apoptosis or necrosis. 

3.3.4.6. RNA extraction. 

RNA purification was carried out using the Qiagen RNeasy kit (Qiagen, Hilden, 
Germany). Each sample provided 200 ng of total RNA in 50 µl of RNase–free water. 
Global transcriptomic profiling was accomplished through next-generation sequencing 
(NGS) of total RNA (see Appendix II, Section II.1. for further details of NGS 
experiments). 

3.3.4.7. Transcriptomic pathway visualization. 

Differentially expressed genes identified based on adjusted p-values < 0.05 following 
treatment were integrated and visualized in specific metabolic pathways using the 
Pathview software tool (Luo et al., 2017, Luo et al., 2013). This approach allowed the 
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effective mapping and interpretation of the significant changes in gene expression within 
the context of metabolic pathways. 

3.3.4.8. Respiratory assays. 

After 24 hours of treatment, SW620 cells were plated in XFe96-, or XFe24-well plates 
(seeding 4.04 × 104/well, and 1× 105/well, respectively), and incubated with the treatment 
for 24 hours to perform a total treatment of 96 hours. The Agilent Seahorse XF Cell Mito 
Stress Test was assessed following protocol instructions, measuring Oxygen 
Consumption and Extracellular Acidification Rates (OCR/ECAR) using a Seahorse 
XFe24 Analyzer (Agilent, Seahorse Bioscience, North Billerica, MA, USA) in the 
presence of metabolic substrates targeting different Electron Transport Chain (ETC) 
components at the following final concentrations; 1.5 µM of Oligomycin (ATP synthase 
(complex V)), 600 nM of CCCP (Inner mitochondrial membrane), and 2 µM of Rotenone 
+ 2 µM of Antimycin A (Complex I and III, respectively) (Mito Stress test parameters are 
detailed in Appendix III). The final values were normalized by cell count, determined 
through automated counting using the Countess II FL Cell Counter (Thermo Fisher 
Scientific) in the case of XFe24 plates or by measuring DNA content following fixation 
with 4% formaldehyde and DAPI probe measurement using the CellInsight CX7 platform 
(Thermo Fisher Scientific) in the case of XFe96 plates. 

3.3.4.9. Reactive Oxygen Species (ROS) analysis. 

Reactive Oxygen Species (ROS) quantification was determined with two different probes 
depending on the detectable ROS type.  

3.3.4.9.1. Intracellular total ROS. 

Cells were seeded in 6-well plates (seeding 5 × 104/well) and administered with treatment 
or vehicle for 96h. Then, cells were incubated for 30 minutes with 5 µM of H2DCFDA 
probe (MilliporeSigma). After a quick trypsinization process (30 seconds), cells are 
collected and resuspended with 50 µM of H2DCFDA probe and 20µg/ml of Propidium 
Iodide (PI) (MilliporeSigma). The fluorescence intensity proportional to H2DCFDA 
oxidated by all ROS were measured through GalliosTM Flow Cytometer (Beckman 
Coulter) and the results were analyzed using FlowJo version 7.6.1. Relative ROS levels 
were normalized with respect to the non-treated condition. 

3.3.4.9.2. Intracellular mitochondrial superoxide species. 

Cells were incubated according to the instructions specified in the MitoSOX kit 
(Invitrogen, Paisley, UK), a red mitochondrial superoxide (ꞏO2

- ) species indicator. 
Relative intensity levels were measured through GalliosTM Flow Cytometer (Beckman 
Coulter) and the results were analyzed using FlowJo version 7.6.1. Relative ROS levels 
were normalized with respect to non-treated the condition. 
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3.3.4.10. Metabolic experiments. 

3.3.4.10.1. Quantification of extracellular metabolites using spectrophotometric 

enzymatic assays. 

The consumption and production rates of glucose, glutamine, lactate, and glutamate 
were determined by assessing their concentrations in the extracellular media at different 
time points and comparing the final to the initial concentrations. Concentrations in the 
extracellular media were measured using a COBAS Mira Plus (Horiba ABX, France) 
automated spectrophotometric analyzer based on the measurable concentration of 
coenzyme NADH at 340 nm. For D-glucose, measurements involved two consecutive 
reactions: hexokinase, followed by D-glucose-6-phosphate dehydrogenase (G6PD), 
producing 6-phosphogluconate and NADH. Lactate concentrations were determined by 
employing lactate dehydrogenase (LDH). Measurements were conducted under pH=9 
conditions in the presence of hydrazine to shift the reaction toward pyruvate and NADH 
formation, effectively preventing the reversible reaction. Glutamate concentrations were 
measured after α-ketoglutarate conversion and NADH production by glutamate 
dehydrogenase (GLUD1), while glutamine was indirectly measured using the same 
method after glutamate conversion through glutaminase (GLS) reaction.  

The calculation of the consumption/production rate for each metabolite was based on 
assuming exponential growth, with a constant growth rate during the incubation period. 
The results were subsequently normalized by the number of cells and expressed as a 
rate (µmol/(106 cellꞏh).  

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛/𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ൌ ൬
∆𝑀
∆𝑁

൰  𝜇 

where, 
∆𝑀 ൌ 𝑀 െ𝑀 is the consumed/produced amount of each metabolite (μmol). 

∆𝑁 ൌ 𝑁 െ 𝑁  is the cell growth during the incubation time (million cells). 

𝜇 ൌ 𝐿𝑛ሺ𝑁/𝑁ሻ/𝑡 is the growth rate constant (h-1) for exponential growth. 

3.3.4.10.2. Mass spectrometry-based targeted metabolomics. 

The metabolite profile was quantified using the Absolute IDQ p180 kit (20714, Biocrates 
Life Sciences AG, Innsbruck, Austria). This kit measures 180 endogenous metabolites 
across seven compound classes, including acylcarnitines, amino acids, biogenic amines, 
monosaccharides, phosphatidylcholines, and sphingolipids. The analysis of these small 
molecules and lipids was carried out using tandem mass spectrometry coupled with 
liquid chromatography (LC/MS/MS) on the MS/MS Sciex Triple Quad 6500 instrument 
(AB Sciex, Framingham, MA, USA). After quantification, extracellular concentrations 
were normalized and expressed as consumption/production rate (calculations detailed 
in section 3.3.4.10.1.), while intracellular concentrations were normalized based on cell 
protein content. 

The obtained results were analyzed using the MetaboAnalyst 5.0 software (Pang et al., 
2022), a comprehensive platform used for the statistical analysis of metabolomics data. 
This software offers a wide range of functions and tools, including the statistical methods 
employed in this study, such as heatmap analysis. 
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3.3.4.11. Protein extraction. 

Protein extracts were obtained after 30 minutes of incubation with RIPA buffer (50mM 
Tris-HCl pH 8, 150mM NaCl, 1% Triton-X-100, 0.5% sodium deoxycholate, 0.1% SDS) 
supplemented with 1% phosphatase and protease cocktail inhibitors (MilliporeSigma), 
following the kit’s instructions. Subsequently, cells were scraped and collected for 
quantification using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). 

3.3.4.12. In vivo study and ethics. 

A total of 106 SW620 cells in Matrigel (Fisher Scientific Waltham, MA, USA) were 
subcutaneously inoculated into 5-week-old NOD/SCID mice (strain: NOD.CB17-
Prkdcscid/NCrHsd; West Lafayette, IN, USA) and tumors were grown for 15 days before 
starting with the treatments. Mice were administered with Vehicle (50 mM Sodium lactate 
buffer at pH 4), Palbociclib (25 mg/kg/day), EUK-134 (30 mg/kg/day), or their 
combination by oral gavage for 5 days each week, for a total of 3 weeks. Tumor volume 
evolution was monitored during the experiment and measured with a caliper on days 0, 
9, and 15 since treatment initiation. Tumor volume and weight were measured on tumor 
extraction. This study protocol was approved by the Animal Experimentation Ethics 
Committee (CEEA) at the Department of Territory and Sustainability of the Generalitat 
de Catalunya. All procedures were conducted through an external service at the animal 
facility affiliated with the University of Barcelona located at the Bellvitge Hospital. 

3.3.4.13. Statistical analysis. 

Statistical analysis was performed using jamovi software (Version 2.2) (The jamovi 
project, 2021). Group comparisons were evaluated using independent t-tests for pairwise 
comparisons and one-way analysis of variance (ANOVA) for multiple groups, ensuring 
that the data met the assumptions of normality. The homogeneity of variances was 
assessed through Levene’s test. When the assumption of homogeneity of variances was 
violated, Welch’s correction was  

applied. Additionally, when the data did not meet the assumption of normality, the Mann-
Whitney U test was employed, and the non-parametric Kruskall-Wallis test was applied 
for Dwass-Steel-Critchlow-Fligner (DSCF) pairwise comparisons for multiple group 
comparisons. A significance level of p < 0.05 was used to determine statistical 
significance. Standard deviation was employed as a measure of dispersion in all 
statistical analyses unless otherwise specified. 
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4. GENERAL DISCUSSION 

Colorectal and prostate cancer are among the most prevalent malignancies worldwide 
and constitute a significant cause of recurrence and mortality (Ferlay et al., 2020, Halabi 
et al., 2014). In the recent years, the emergence of resistance acquisition to standard 
therapies has led to the exploration of novel treatment strategies. This represents a 
formidable challenge for patients diagnosed with recurrent or de novo metastatic cancer 
who, regardless of the type of cancer, will pass away in five years (Ganesh & Massagué 
2021). Genetic and epigenetic changes promoted by cancer therapy are heterogenic and 
therefore difficult to address. However, these events usually converge downstream in 
metabolic pathway alterations, whose impairment is a therapeutic opportunity to prevent 
the development of resistant phenotypes (Cruz-Bermúdez et al. 2019). For instance, 
Cruz-Bermúdez et al studied how Cisplatin-resistant non-small cell lung cancer (NSCLC) 
cells may result from a selection process after short-term Cisplatin treatment, supporting 
the idea of metabolic adaptations contributing to cell survival and the generation of long-
resistant cell populations. In fact, metabolic reprogramming is considered a hallmark of 
cancer (Hanahan, 2022, Hanahan & Weinberg, 2011) that enables tumor cells to fulfill 
metabolic and energetic requirements for tumor survival and progression (Pavlova & 
Thompson, 2016). Therefore, metabolic reprogramming is a crucial contributor to any 
type of adaptative process, such as cancer initiation, metastatic progression, and drug 
resistance (La Vecchia & Sebastián, 2020). The study of the metabolic supporters 
contributing to drug resistance provides a therapeutic window to tackle the adaptation of 
cancer cells to chemotherapy through combination treatments, as has been 
demonstrated across many studies and cancer types (extensively reviewed in Seth 
Nanda et al., 2020, Stine et al., 2022).  

In this work, we focus on the study of Oxaliplatin, a platinum-based chemotherapeutic 
agent that induces DNA damage and impairs DNA synthesis in rapidly dividing cells (Di 
Francesco et al., 2002, Huang et al., 2016, Kang et al., 2015, Kline & El-Deiry, 2013, 
Monneret, 2011). Oxaliplatin is an integral component of chemotherapeutic regimens 
applied in solid tumors (Meriggi & Zaniboni, 2010, Van Cutsem et al., 2016), and it is 
gaining attention for applications in prostate cancer (Lee et al., 2014, Marzo et al., 2022, 
Zhou et al., 2017), and Palbociclib, a cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitor 
that prevents cell cycle proliferation by arresting cells in the pre-replicative phase of the 
cell cycle (Matthews et al., 2022), which exhibits effectiveness in several solid tumors 
(Goel et al., 2017, Goel & Bergholz et al., 2022, Otto & Sicinski, 2017, Schettini et al., 
2018, Sorah et al., 2022, Zhang et al., 2017). Consequently, both Oxaliplatin and 
Palbociclib represent effective therapeutic anticancer molecules approved for their 
clinical use by the Food and Drug Administration (FDA) and authorized in the European 
Union. However, their use frequently leads to drug resistance and requires the 
development of rational combination therapies (Chen & Gong et al., 2022, Knudsen & 
Witkiewicz, 2017, Monneret, 2011, O'Leary et al., 2018, Rottenberg et al., 2021). 
Palbociclib, notably induces substantial metabolic alterations, as reported in several 
studies in breast, colon, pancreatic, and pleura cancer cells (Bonelli et al., 2017, Cretella 
et al., 2018, Franco et al., 2016, Tarrado-Castellarnau et al., 2017), activating 
PI3K/AKT/mTOR signaling, increasing glutamine dependence and mitochondrial 
metabolism. These metabolic adaptations represent vulnerabilities that can be targeted 
through therapeutic interventions. On the other hand, despite metabolic insights 
regarding Oxaliplatin-induced metabolism reprogramming that require further 
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elucidation, some studies obtained successful synergisms and sensitized cells to 
Oxaliplatin by targeting newly acquired metabolic vulnerabilities in colorectal and 
hepatocellular carcinoma cells (Li et al., 2021, Lin et al., 2022, Xu et al., 2020).  

Our aim was to characterize the metabolic reprogramming underlying short-term 
treatment with either Oxaliplatin or Palbociclib in the most advanced stage of colorectal 
and prostate cancer. Colorectal cancer presents diverse genetic profiles, being 
metastatic tumors often the ones with the worst prognosis (Sveen et al., 2017, Van 
Cutsem et al., 2016), we selected the SW620 cell line, which harbors the KRAS mutation 
that is related to cell growth, differentiation, and survival, to represent one of the most 
aggressive variants of colorectal cancer (Huang, 2021, Luo & Song et al., 2022). On the 
other hand, prostate cancer is characterized by significant genetic heterogeneity and in 
the most advanced stage of the disease, tumors can progress even with androgen 
receptor (AR)-independent signaling, displaying continuous division, and thereby 
representing a major therapeutic challenge (Rebello & Oing et al., 2021). Considering 
this, we chose the established human PC-3 cell line to represent the most aggressive 
prostate cancer type (Germain & Lafront et al., 2023).  

Comparing both cell lines, we found that SW620 cell line exhibited a greater sensitivity 
to both drugs, in agreement with other studies (Gaur et al., 2014, Yang et al., 2013). Our 
results determined that short-time drug incubation triggered substantial metabolic 
changes capable of altering the metabolic landscape in both cell types, shifting the main 
metabolic fuels and changing the bioenergetic requirements. These results revealed 
some common traits in both cancer types after drug exposition such as an increased 
glutamine utilization. Increased glutamine dependence is frequently observed in many 
cancer types, while enhanced glutamine use has been associated with drug resistance 
and explored in combinatory treatments as an interesting metabolic vulnerability, either 
by the inhibition of glutaminase (GLS) or glutamine transporters (Chen et al., 2021, 
Hudson et al., 2016, Tarrado-Castellarnau et al., 2017, Wang et al., 2015, Conroy et al., 
2020). The increased glutamine uptake exhibited in cancer cells can be explained 
through its role serving as the primary carbon source for the tricarboxylic acid (TCA) 
cycle and the nitrogen source for protein, nucleotide, amino acid, and fatty acid synthesis 
(Yoo, Yu & Sung et al., 2020). Therefore, glutamine plays a pivotal role in providing 
metabolic flexibility for cell survival to cope with nutrient deprivation, increased energetic 
demands or replenishment of biosynthetic pathways, cell stress, and thus becoming 
essential in any adaptative process (Jin & Byun et al., 2023, Yoo, Yu & Sung et al., 2020). 
In this case, our findings indicated that greater glutamine utilization provides TCA cycle 
intermediates and non-essential amino acids, compensating for the NADPH depletion 
consequence of the glycolytic impairment after Oxaliplatin treatment, supports 
augmented oxidative phosphorylation (OxPhos) and TCA cycle in SW620 cells treated 
with Palbociclib, enhancing the mitochondrial function, and promotes reductive 
carboxylation for citrate production after Palbociclib treatment in the prostate cancer 
cells. 

Beyond glutamine metabolism, urea cycle enzymes are found to be dysregulated after 
treatment with Oxaliplatin or Palbociclib. The urea cycle plays an important role in the 
detoxification of ammonia resulting from increased glutamine metabolism, also providing 
TCA intermediates, increasing the redirection of carbon and nitrogen to other 
biosynthetic routes such as one-carbon metabolism for nucleotide synthesis, 
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methylation, and redox homeostasis (Keshet et al., 2018, Newman & Maddocks, 2017), 
and boosting polyamine metabolism from ornithine, which is frequently dysregulated in 
cancer cells due to its involvement in cell signaling, antioxidant response, epigenetic 
regulation or apoptosis, thus sustaining rapid cell proliferation (Affronti et al., 2020, 
Casero & Stewart et al., 2018, Seth Nanda et al., 2020). Alternatively, glutamine-derived 
nitrogen can be recycled producing non-essential amino acids such as glutamate, 
proline, aspartate, and alanine in breast cancer cells (Spinelli et al., 2017), suggesting 
an alternative ammonium detoxification mechanism in cancer cells that could explain the 
eventual increment observed in these metabolites after Oxaliplatin or Palbociclib 
treatment. 

Apart from shared metabolic responses, Palbociclib and Oxaliplatin promote different 
impacts on the overall metabolic landscape of the cell lines under study. The treatment 
with Oxaliplatin, both in PC-3 and SW620 cells, leads to significant perturbations in the 
whole cellular metabolism, in agreement with other platinum-resistant cancer cells (Cruz-
Bermúdez et al., 2019, Tan & Li et al., 2022, Sriramkumar et al., 2022), resulting in a 
pronounced downregulation of numerous metabolic pathways. Conversely, Palbociclib 
induces a considerable enhancement of cellular metabolism, which is in agreement with 
the metabolic responses exerted in other cancer types (Cretella et al., 2018, Conroy et 
al., 2020, Franco et al., 2016, Lorito et al., 2020, Tarrado-Castellarnau et al., 2017), as 
evidenced by the upregulation of multiple gene set pathways after treatment, increasing 
demand for carbon and nitrogen sources, and improving mitochondrial metabolism in 
both cancer types.  

In particular, the metabolic reprogramming in SW620 cells after Oxaliplatin treatment 
involves amino acid metabolism, and notably, glutamine catabolism as the major 
metabolic contributor to cell survival. Glutamine nourishes the TCA cycle and maintains 
mitochondrial function while stimulating polyamine synthesis for cell survival. Enhanced 
polyamine synthesis has previously been reported to prevent mitochondrial dysfunction 
and ROS-mediating apoptosis in neural stem cells (Sato et al., 2020). Furthermore, 
cancer cells require higher intracellular polyamine pools to maintain a high proliferative 
rate since they are involved in many cellular processes like gene regulation, cell death, 
and differentiation, and oncogenes such as MYC, JUN, FOS, KRAS, and BRAF that 
maintain these polyamine pools (Holbert et al., 2022) are frequently dysregulated in 
cancer cells after drug treatment, being involved in many metabolic processes (Dong et 
al., 2020, Hanahan & Weinberg, 2011). An example is the implication of MYC driving the 
metabolic reprogramming after Palbociclib treatment in HCT116 cells (Tarrado-
Castellarnau et al., 2017). The cell line SW620 exhibits an induction of polyamine 
metabolism supported by AMD1 and ODC1 overexpression after Oxaliplatin treatment. 
Overexpression of these genes that encode rate-limiting enzymes of polyamine 
synthesis has also been observed in neuroblastoma cells (Hogarty et al., 2008) and 
associated with drug resistance in bladder cancer cells through MYC-mediating 
metabolic reprogramming (Zhu et al., 2022), as they are direct targets of MYC (Holbert 
et al., 2022). Hence, these findings suggest that MYC may be mediating the metabolic 
response after Oxaliplatin treatment in the colorectal cancer cell line.  

Comparing the metabolic reprogramming after Oxaliplatin treatment in PC-3 and SW620 
cells, our results demonstrated a different effect on the TCA cycle and fatty acid 
utilization, while sharing the notable glycolytic reduction. In this context, we hypothesize 
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that citrate might be involved in the TCA cycle, glycolysis, and fatty acid synthesis 
regulation, interfering in metabolic flexibility and adaptative responses (Porporato et al., 
2018, Iacobazzi & Infantino, 2014, Williams & O’Neill, 2018). Prostate cancer cells 
treated with Oxaliplatin exhibit enhancement of fatty acid metabolism flux, fatty acid 
uptake through CPT1C overexpression, and mitochondrial respiration coupled with ATP 
production. Moreover, CS inhibition has been associated with enhanced production of 
aspartate and asparagine from OAA rather than further oxidation in the TCA cycle 
(Zhang et al., 2014). Increased fatty acid uptake and fatty acid oxidation (FAO) have 
been reported as a response for cell survival after glucose uptake impairment and 
oxidative stress induction in Cisplatin-resistant ovarian cancer cells (Tan & Li et al., 
2022), and fatty acid uptake was also observed in pancreatic, lung, and breast cancer 
cell lines treated with Cisplatin in the same study reported by Tan & Li et al. However, 
SW620 cells exhibit CS and PC overexpression, indicating enhanced citrate production, 
and reduced overall β-oxidation activity. The distinct metabolic reprogramming observed 
in colorectal and prostate cancer cells after Oxaliplatin treatment may also be related to 
the induction of different processes for supplying the reducing potential required after the 
decrease in glucose utilization observed in both cancer types. Glycolytic depletion is 
frequently associated with a subsequent decrease in NADPH since an overall decrease 
in glycolysis reduces glucose flux to PPP, which is one of the main producers of NADPH 
in cancer cells (Ju & Lin et al., 2020). One-carbon and glutamine metabolisms in SW620 
cells or FAO in prostate cancer cells are pathways reported to induce the antioxidant 
defense system for redox homeostasis in Oxaliplatin-treated gastric and colorectal 
cancer (Wang et al., 2020).  

This glycolytic impairment following Oxaliplatin treatment observed in both types of 
cancer is in accordance with the metabolic impact reported after treatment with platinum 
compounds in other types of cancer such as NSCLC and ovarian cancer cell lines (Cruz-
Bermúdez et al. 2019, Tan & Li et al., 2022). In this regard, we observed a decrease in 
the expression of the glycolytic orchestrator PFKFB3 after short-term treatment with 
Oxaliplatin, which may drive the glycolytic decrease in SW620 and PC-3, as was 
observed in breast and endometrial cancer (O’Neal et al., 2016, Xiao et al., 2021).It is 
reported that PFKFB3 also interacts with the cell cycle by direct interaction with CDK4, 
and the absence of this gene improves CDK4 inhibitors effectiveness in breast cancer 
cells (Jia et al., 2018). In this line, our findings demonstrate a synergism after Oxaliplatin 
and Palbociclib combination in both cell lines, SW620 and PC-3. These findings 
suggested that the different effects on cell cycle arrest induced by Oxaliplatin and 
Palbociclib may be responsible for the synergism observed. Indeed, Oxaliplatin-resistant 
cells exhibited cycle arrest in the G2/M phase in both cancer types, in agreement with 
cell cycle analysis in uterine and lung cancer cells after platinum treatment (Cruz-
Bermúdez et al., 2019, Voland et al., 2006, William-Faltaos et al., 2007). On the contrary, 
Palbociclib induces cell cycle arrest in G1/G0. In the case of colorectal cancer cells, the 
synergism observed in Oxaliplatin treatment in combination with Cladribine, which is also 
reported to block the cell cycle in the G1/G0 phases (Ma et al., 2011, Xu & Jiao et al., 
2020), suggests that this arrest is an alternative mechanism to nucleotide metabolism 
impairment to overcome Oxaliplatin resistance.  

In the case of Palbociclib treatment, cell proliferation is effectively inhibited in metastatic 
prostate and colorectal cancer cells by blocking the cell cycle in the G1/G0 phase, in 
agreement with other studies in breast, pancreatic, and colorectal cancers (Cretella et 
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al., 2018, Franco et al., 2016, Goel et al., 2017, Tarrado-Castellarnau et al., 2017). In 
this regard, the absence of AR signaling in the PC-3 cell line may improve the effects of 
Palbociclib, since AR inhibition overcomes resistance to Palbociclib in breast cancer (Ji 
et al., 2019). Regarding the substantial metabolic alteration observed following 
Palbociclib treatment in both cell types, besides the augmented glutamine utilization, 
cells exhibit great reliability in mitochondrial metabolism and oxidative phosphorylation 
for cell survival. All the respiratory parameters, including basal oxygen consumption rate 
(OCR), ATP production, spare respiratory capacity, and maximum respiration, are 
enhanced and indicate improved metabolic flexibility and mitochondrial function 
associated with a Palbociclib-adaptive phenotype. The shift toward OxPhos as the 
primary energy source has been observed in several cancer types through mTOR 
signaling induction after Palbociclib treatment or CDK4/6 inhibition (Bonelli et al., 2017, 
Cretella et al., 2018, Franco et al., 2016, Tarrado-Castellarnau et al., 2017), increasing 
the overall central metabolism, including glycolysis, glutaminolysis, and, in turn, 
mitochondrial metabolism.  

Prostate cancer cells induce core metabolic pathways after Palbociclib treatment, 
displaying higher glucose and glutamine consumption, and enhanced TCA cycle and 
OxPhos, which is reflected in augmented mitochondrial respiration and ATP production. 
OxPhos is identified as the major contributor to metabolic reprogramming in Palbociclib-
treated PC-3 cells. Prostate cancer cells exhibit enhanced glycolytic activity, in 
agreement with other studies in pancreatic and colon cancer cell lines after CDK4/6 
inhibition (Franco et al., 2016, Tarrado-Castellarnau et al., 2017), together with greater 
glutamine utilization funneled into reductive carboxylation, promoting citrate production 
and lipogenesis. Mitochondrial defective cells promoted higher glucose consumption and 
lactate production in response to defective OxPhos, and induced glutamine-dependent 
reductive carboxylation to generate 4-carbon TCA intermediates and greater citrate 
production to enhance lipogenesis, enabling cell growth in osteosarcoma and renal 
cancer cells (Mullen et al., 2011). Also, an impaired mitochondrial function might emerge 
by zinc transporters overexpression after Palbociclib treatment, since zinc accumulation 
is reported to promote ACO2 inhibition affecting the TCA cycle, as is described in normal 
prostate glycolytic cells (Bader et al., 2019). We hypothesized that Palbociclib-treated 
prostate cancer cells might display a truncated TCA cycle that is overcome by increasing 
anaplerotic routes, in agreement with the augmented mitochondrial function and 
OxPhos. In this regard, there is a substantial increase in pyruvate production, which is 
associated with fueling the TCA cycle in prostate adenocarcinoma, where pyruvate plays 
a major role (Bader et al., 2019). On the other hand, SW620 colorectal cancer cells after 
Palbociclib treatment support the increased mitochondrial function by amino acid 
metabolism, especially glutamine. Our results in this cell line indicated that there is a 
glycolytic impairment triggered by Palbociclib, in accordance with studies in Triple 
Negative Breast Cancer (TNBC) (Cretella et al. 2018), which is dependent on drug 
concentration, in agreement with studies reporting different responses regarding glucose 
metabolism after Palbociclib treatment (Lorito et al., 2020, Franco et al., 2016, Tarrado-
Castellarnau et al., 2017). These findings evidenced that cancer cells mainly rely on 
glutamine, oxidative phosphorylation, and mitochondrial function to adapt and survive 
after Palbociclib treatment as a common trait.  

On the other hand, Palbociclib also causes a substantial alteration in the intracellular 
lipid profile, increasing lipogenesis, similar to the response in prostate cancer cells. 
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However, our results also indicated an increase in fatty acid oxidation in colorectal cancer 
cells. The major differences are observed in the acylcarnitines profile, associated with 
the overall ß-oxidation activity (Dossus & Kouloura et al., 2021). The greater impact on 
fatty acid metabolism and the inhibition of glycolytic genes suggest that fatty acids are a 
preferred carbon source in SW620 cells after Palbociclib treatment. In this regard, our 
findings suggested the presence of a futile cycle in lipid metabolism, shifting fatty acid 
synthesis (FAS) and oxidation (FAO), which has also been described in several tumors 
(Melone & Valentin et al. 2018), serving as an important source of ATP and reducing 
potential upon fatty catabolism, while inducing signaling pathways to modulate cell 
homeostasis and promote lipogenesis to meet the rapidly dividing cell requirements. 
Altered lipid metabolism has also been associated with drug resistance acquisition upon 
hyperactivation of the PI3K/AKT/mTOR pathway (Feng & Kurokawa, 2020), which is 
reported to be altered after Palbociclib treatment in several studies (Bonelli et al., 2017, 
Cretella et al., 2018, Franco et al., 2016, Tarrado-Castellarnau et al., 2017, Lorito et al., 
2020). Another remarkable difference between cell lines in response to Palbociclib is the 
major impact on amino acid metabolism. Essential amino acids display decreased 
intracellular concentration, while there is a substantial increase in the production of non-
essential amino acids. Despite the increase in glutamine metabolism, amino acids also 
represent an alternative carbon source, especially branched-chain amino acids 
(BCAAs), providing acetyl Co-A and succinyl-Coa for lipogenesis and oxidation in TCA 
(Lieu et al., 2020, Stine et al., 2022). Together, these results suggest an increase in 
amino acid usage for cell survival and proliferation. Furthermore, increased glutamine 
metabolism provides non-essential amino acids such as asparagine and arginine, which, 
together with the BCAA leucine, are involved in the activation of mTORC1 (Yoo, Yu & 
Sung et al., 2020). This activation might be associated with maintaining glucose 
metabolism despite the presence of Palbociclib and the inhibition of glycolytic-related 
genes, since activation of mTORC1 induces protein synthesis and lipogenesis, but also 
aerobic glycolysis (Fan & Wu, 2021). Although signaling metabolic pathways have not 
been further studied in this work, our results suggest a possible alteration in the 
PI3K/AKT/mTOR signaling pathway, also considering its relationship in response to 
Palbociclib treatment observed in other types of cancer (Bonelli et al., 2017, Cretella et 
al., 2018, Franco et al., 2016, Tarrado-Castellarnau et al., 2017). 

Different metabolic reprogramming studied in this thesis reveal a common metabolic 
vulnerability after Palbociclib treatment, converging to the identification of OxPhos and 
mitochondrial function as attractive targets for therapeutic interventions to sensitize cells 
to Palbociclib, which is consistent with numerous reports presenting oxidative 
phosphorylation as a major metabolic supporter in aggressive cancer types (Ashton et 
al., 2018, El-Botty et al., 2023). Indeed, Palbociclib combination with OxPhos inhibitors 
has proven to be a successful strategy in both types of cancer. The overall increase in 
cell metabolism triggered by Palbociclib in the prostate cancer cell line is addressed 
through a multitarget strategy using an antifungal or an antibiotic targeting OxPhos or 
cytochrome P450, which are promising anticancer therapy (Karp & Lyakhovich, 2022, 
Weng et al., 2023). The antibiotic Tigecycline targets cytochrome c oxidase, causing cell 
cycle arrest, apoptosis, autophagy, and oxidative stress induction on solid tumors (Dong 
et al., 2019), and the antifungal Miconazole, is reported to target cytochrome P450 
proteins (Niwa et al., 2014, Piérard et al., 2012) but also to inhibit ATPase activity in vitro 
(Lax et al., 2002), blocking cell proliferation and promoting apoptosis in several types of 
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cancer (Jung et al., 2021, Yuan et al., 2017). Despite the promising efficacy of antifungal 
and antibiotics in Palbociclib-resistant prostate cancer cells, a growing body of research 
also suggests a negative impact on cancer treatment by promoting chronic inflammation, 
destroying the intestinal microbiota, interfering in the cellular metabolism of healthy cells, 
causing genotoxicity, and debilitating the immune system (Gao et al., 2020), thus, other 
strategies must be sought. In this sense, the promising results obtained after OxPhos 
inhibition by using the iron-chelating VLX600 in combination with Palbociclib, 
demonstrate that OxPhos impairment is an effective strategy to enhance Palbociclib 
effect. 

However, the most interesting synergism in the colorectal cell line was exhibited upon 
EUK-134 combination with Palbociclib. EUK-134 is a superoxide dismutase (SOD)-
mimetic with catalase activity (Vincent et al., 2021) that might modulate the major 
electron transport chain (ETC) by-product, ROS, and promotes mitochondrial depletion 
and glycolysis when combined with Palbociclib. Our findings indicate that ROS plays a 
pivotal role in Palbociclib metabolic reprogramming in SW620 cells since it is reported 
that ROS mediates metabolic processes and entails signaling functions in cancer cells 
(Boonstra & Post, 2004, Che et al., 2016). Therefore, we hypothesize that the alteration 
of ROS balance might result in an antiproliferative effect in Palbociclib-resistant SW620 
cells. Altogether, EUK-134 treatment represented the most promising strategy to 
overcome Palbociclib resistance in the colorectal cell line by inducing mitochondrial 
function disruption, affecting the cellular metabolism, and altering the energetic supply, 
overall reverting the metabolic reprogramming associated with Palbociclib adaptation. 
Moreover, the use of moderate OxPhos inhibitors such as metformin, nitric oxide, arsenic 
trioxide, and atovaquone, exhibit better safety profiles than specific potent OxPhos 
inhibitors, which present higher toxicity in clinical trials (Machado et al., 2023). 

Variations in ROS levels also interfere with cell cycle progression, since ROS levels 
fluctuate throughout the cell cycle progression in human pluripotent cells, displaying a 
peak during the S to G2/M transition (Ivanova et al., 2021). The redox state influences 
the activation of proteins required for the cycle initiation, cell cycle transition, and cell 
cycle exit (Boonstra & Post, 2004). Also, it is reported that higher ROS levels derived 
from an increased mitochondrial function are associated with CyclinB1/CDK1 
upregulation, which is essential for the G2/M transition (Wang & Fan et al., 2014). 
Therefore, more evidence emerges indicating a crosstalk between cell cycle regulation 
and cellular metabolism, involving mechanisms that govern cell cycle phase transitions 
(Boonstra & Post, 2004, Fajas, 2013, Wang et al., 2022, Wu & Zhang et al., 2019) and 
suggesting a possible connection between ROS modulation and cell cycle regulation 
after EUK-134 treatment.  

Altogether, we propose the mitochondrial impairment and the regulation of ROS and cell 
cycle as the mechanisms responsible for reverting the metabolic adaptation to 
Palbociclib, compromising cell survival and thus, overcoming Palbociclib short-term 
resistance in the SW620 colorectal cancer cells. We demonstrate EUK-134 and 
Palbociclib combination efficacy in preclinical models, significantly compromising tumor 
progression in NOD/SCID mice bearing colorectal cancer SW620 xenografts and cell 
proliferation in the primary tumor colorectal cancer cell line HCT116. These findings offer 
a successful approach that expands the potential of application to overcome Palbociclib 
resistance across different colorectal cancer models and represent a putative therapeutic 
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alternative to tackle the highly challenging and heterogeneous colorectal cancer (Sveen 
et al., 2017, Van Cutsem et al., 2016). Consistent with our investigation, another study 
proposes targeting ROS and mitochondrial function as a promising strategy in pancreatic 
ductal adenocarcinoma (PDA) models treated with CDK4/6 inhibitors (Franco et al., 
2016). Moreover, this study demonstrated that only the knockdown of either 
hemeoxygenase 1 (HO-1) or catalase (CAT) caused a significant reduction in PDA cell 
growth, indicating that not all alterations of ROS signaling or regulating mechanisms 
cooperate with CDK4/6 inhibition.  

Finally, in this thesis, we applied a computational approach through Genome-Scale 
Metabolic Modeling (GSMM) to simulate the resistant phenotypes by integrating multi-
omics data to build each condition-specific GSMM. The use of GSMM to identify 
metabolic vulnerabilities proves to be a successful strategy for the rational design of 
combination therapies, according to the most promising combination found to overcome 
Oxaliplatin and Palbociclib short-term resistance. For instance, nucleotide metabolism 
impairment, which is addressed through Cladribine in this work, in combination with 
Oxaliplatin treatment is currently applied through the fluoropyrimidine 5-Fluorouracil and 
Folinic acid, targeting pyrimidine synthesis in combination with Oxaliplatin in FOLFOX 
therapy for metastatic colorectal cancer (Ser et al., 2016, Van Cutsem et al., 2016). Other 
therapeutic combinations proposed by the GSMM are also being applied for the 
treatment of solid malignancies such as Gemcitabine in combination with Oxaliplatin 
(GEMOX) (Chocry et al., 2022, Kim et al., 2012, Meriggi et al., 2010, Ziras et al., 2006). 
Gemcitabine is also a nucleoside analog that targets RRM1, thymidylate synthetase 
(TYMS), and cytidine/uridine monophosphate kinase 1 (CMPK1) (Wishart et al., 2018), 
impairing DNA synthesis and validating the GSMM predictions. On the other hand, 
targets proposed for the Palbociclib-surviving phenotype of PC-3 cells agree with the 
most representative metabolic changes described following Palbociclib treatment in 
several cancer types, such as OxPhos reliance and enhanced mitochondrial function (El-
Botty et al., 2023, Evans et al., 2021, Franco et al., 2016, Tarrado-Castellarnau et al., 
2017). Moreover, this strategy is based on drug repurposing, taking advantage of 
approved or investigational drugs, and therefore de-risked molecules, annotated in 
external databases such as DrugBank (Wishart et al., 2018) or Therapeutic Target 
Database (Chen et al., 2002), that could result in reduced overall development costs and 
shorter development times (Pushpakom et al., 2019).  

Altogether, based on the metabolic reprogramming underlying Palbociclib and 
Oxaliplatin treatments, this thesis demonstrates that effective rational combination 
therapies can be predicted through the characterization of the metabolic reprogramming 
and also utilizing computational models, and that, in turn, the targeting of the identified 
metabolic vulnerabilities displays promising results in preclinical models. These findings 
provide alternative combination therapies that could be further explored to improve 
treatment outcomes and overcome drug resistance in advanced stages of prostate and 
colorectal cancers. 
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5. CONCLUSIONS 

 Oxaliplatin treatment impedes cell proliferation and induces a substantial 
decrease in the entire cellular metabolism, characterized by glycolytic impairment 
and increased glutamine reliance in advanced colorectal and prostate cancers.  
 

 Oxaliplatin alters TCA intermediates and induces lipogenesis and polyamine 
synthesis in colorectal cancer cells, maintaining respiration and redox cell 
homeostasis through one-carbon metabolism, whereas in the prostate cancer 
cell line, Oxaliplatin induces respiration, fatty acid oxidation, and amino acid 
metabolism.  
 

 Palbociclib inhibits cell proliferation by inducing cell cycle arrest in the G1/G0 
phase and promotes an increase of the entire metabolic landscape in both cancer 
types, leading to greater glutamine utilization, enhanced mitochondrial function, 
respiration, and oxidative phosphorylation. 
 

 Palbociclib induces glycolysis and pyruvate metabolism to support mitochondrial 
function and promotes glutamine-dependent reductive carboxylation in prostate 
cancer cells, whereas impacts lipid metabolism, raises essential amino acid 
demand, and increases non-essential amino acid production, indicating 
enhanced TCA cycle anaplerosis in colorectal cancer cells. 
 

 Metabolic characterization and Genome-Scale Metabolic Models (GSMMs) 
proved to be useful tools for predicting metabolic drug targets that sensitize 
cancer cells to Oxaliplatin and Palbociclib. 
 

 Oxaliplatin with Cladribine, which targets nucleotide metabolism, demonstrates a 
promising therapeutic effect in the colorectal cell line.  
 

 Oxaliplatin-induced G2 phase cell cycle arrest represents a therapeutic 
opportunity in both cancer types that can be effectively addressed through 
combined therapies with drugs inducing cell cycle arrest in G1/G0 phases. 
 

 Oxidative phosphorylation represents a major metabolic vulnerability in colorectal 
and prostate cancer cells that survive to Palbociclib treatment.  
 

 The combination of Palbociclib with the superoxidase dismutase (SOD)-mimetic 
with catalase activity EUK-134 exhibits synergic effects by decreasing cell 
proliferation in both metastatic and primary tumor colorectal cell lines, and 
reducing tumor growth in vivo in NOD/SCID mice with SW620 xenografts. 
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APPENDIX I 

I.1. Essential amino acids (EAAs) measured in SW620 cells after Oxaliplatin 
treatment. 

Extracellular consumption and production rates of essential amino acids (EAAs) 
displayed no significant differences in the production or consumption from the medium 
and after Oxaliplatin treatment in the colorectal cell line SW620 (Figure I.1.). 

 

Figure I.1. Extracellular consumption and production rates of essential amino acids in SW620 cells. 
Extracellular consumption and production rates of EAAs measured after 48 h in control and Oxaliplatin-
treated (0.25 µM) SW620 cells. Amino acids that were not significantly produced or consumed from the 
medium are also shown. An independent sample t-test was applied for relative comparison between the two 
groups. No significant differences were found (p > 0.05). 
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I.2. Differential expression of genes associated with detailed pathways after 
Oxaliplatin treatment in SW620 and PC-3 cells. 

Table I.1. Differential expression of genes encoding for the most important enzymes in the serine 
biosynthesis, folate cycle, methionine cycle, methionine salvage pathway, polyamine metabolism, 
and urea cycle. Differential gene expression in terms of Log 2 fold-change (Log2FC) after 48 h of treatment 
with Oxaliplatin regarding the principal encoding genes of the indicated metabolic pathways in SW620 and 
PC-3. * Indicates adjusted p-value < 0.05. NA (not-assigned) indicates not gene expression. 
Gene Encoding protein Log2FC 

SW620 
Log2FC 
PC-3 

Serine biosynthesis 

PHGDH phosphoglycerate dehydrogenase -0.32 -0.92 * 

PSAT1 phosphoserine aminotransferase 1 -0.31 -0.55 * 

PSPH phosphoserine phosphatase -0.39 * -0.18 

Folate cycle 
 

SHMT1 serine hydroxymethyltransferase 1 +0.19 -0.14 

SHMT2 serine hydroxymethyltransferase 2 -0.58 * -0.53 * 

MTHFD1 methylenetetrahydrofolate dehydrogenase +0.27 * -0.17 

MTHFD1L methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1 like -0.19 * -0.66 * 

MTHFD2 methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 2 -0.53 * -0.05 

MTHFD2L methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 2 like +0.33 +1.27 * 

MTHFR methylenetetrahydrofolate reductase +0.26 +0.43 

DHFR dihydrofolate reductase +0.07 -0.11 

Methionine cycle 

MTR 5-methyltetrahydrofolate-homocysteine methyltransferase +0.01 -0.41 * 

AHCY adenosylhomocysteinase -0.23 * -0.27 * 

Methionine salvage pathway 

MTAP methylthioadenosine phosphorylase -0.02 -0.52 * 

AMD1 adenosylmethionine decarboxylase 1 +0.27 * -0.28 

Polyamine metabolism 

ODC1 ornithine decarboxylase 1 +0.44 * -0.74 * 

SRM spermidine synthase +0.28 -0.38 * 

SMS spermine synthase -0.31 -0.53 * 

SAT1 spermidine/spermine N1-acetyltransferase 1 -0.46 * +1.52 * 

SMOX spermine oxidase -0.02 +1.07 * 

PAOX polyamine oxidase -1.95 -2.3 

Urea cycle 

OTC ornithine transcarbamylase -1.37 NA 

ASS1 argininosuccinate synthase 1 -0.73 * +0.74 

NOS1 nitric oxide synthase 1 +0.55 -3.76 * 

ASL argininosuccinate lyase +0.06 +0.21 

ARG1 arginase 1 NA NA 

ARG2 arginase 2 +0.01 -0.28 
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APPENDIX II 

NGS experiments were performed in the Genomics Unit of the CNIC. RNA sequencing 
analysis data, gene sets enrichment analysis (GSEA), computational multi-omics data 
integration, Genome-Scale Metabolic Modeling (GSMM) reconstruction of SW620 and 
PC-3 cell lines, metabolic flux analysis distribution, and predictions of metabolic inhibitors 
were performed by Dr Carles Foguet, from the computational team within our research 
group. 

II.1. Transcriptomics 

RNA sequencing library preparation, sequencing, and generation of FastQ files were 
performed in an external service as indicated above, from data extracted and collected 
using Qiagen RNeasy kit (Qiagen, Hilden, Germany) (data extraction is detailed in 
Materials and methods). Total RNA (200 ng) was used to generate barcoded RNA-seq 
libraries using the NEBNext Ultra II Directional RNA Library preparation kit (New England 
Biolabs) according to manufacturer’s instructions. First, poly A+ RNA was purified using 
poly-T oligo- attached magnetic beads followed by fragmentation and first and second 
cDNA strand synthesis. Next, cDNA ends were repaired and adenylated. The NEBNext 
adaptor was then ligated followed by second strand removal, uracil excision from the 
adaptor and PCR amplification. The size of the libraries was checked using the Agilent 
2100 Bioanalyzer and the concentration was determined using the Qubit® fluorometer 
(ThermoFisher). Libraries were sequenced on a HiSeq 2500 (Illumina) and processed 
with RTA v1.18.66.3. FastQ files for each sample were obtained using bcl2fastq 
v2.20.0.422 software (Illumina). RNA-sequencing data normalization of read counts per 
gene for differential analysis of count data was performed through DESeq2 method (Love 
et al., 2014). 

II.2. Metabolic modeling and target identification 

The human genome-scale metabolic model (GSMMs) Recon3D (Brunk et al., 2018) was 
used as a framework to integrate multiple layers of data collected from non-treated and 
treated cells to build cell line-specific genome-scale maps and predict putative targets in 
the four conditions, including SW620 treated with Oxaliplatin, PC-3 treated with 
Oxaliplatin, and PC-3 treated with Palbociclib (Figure II.1.). 

Data obtained from targeted metabolomics, metabolites consumption and production 
rates, and the respiratory assay parameters related to oxygen consumption rate (OCR) 
was used as input in several steps of the analysis. Metabolite consumption and 
production rates were normalized by cell count and growth rate as described in Equation 
1 and mapped to exchange reactions in the model. 

Eq. 1 

Consumption/production rate ൌ
∆ெ

∆ே
 𝜇 

where, 
∆𝑀 ൌ 𝑀 െ𝑀  is the consumed/produced amount of each metabolite (μmol). 

∆𝑁 ൌ  𝑁 െ 𝑁   is the cell growth during the incubation time (million cells). 

𝜇 ൌ
൬

ಿ
ಿబ
൰

௧
  is the growth rate constant (h-1) 
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Figure II.1. Computational workflow for metabolic modeling and target prediction through muti-
omics data integration. Figure adapted from Noronha et al. 2017 and created with 
https://www.biorender.com/ (2023).  

Metabolomics measured in the cellular pellet were integrated with the proliferation rate 
to account for the dilution associated with proliferation. They were mapped to sink 
reactions that removed the respective metabolites from the models (Equation 2), 
representing the requirements of metabolite synthesis to maintain the concentration of 
metabolites while proliferating (Reimers & Reimers, 2016).  

Eq. 2 

Sink reaction rate ൌ
ெ

ே
 𝜇 

Recon3D includes all possible reactions from the human genome; however, at any given 
condition, only subset of enzymes and reactions are active. In order to build GSMMs 
specific to the enzymes active in each cell line, reactions associated with lowly expressed 
enzymes in each condition were pruned from the model unless they were necessary for 
either 1) simulating the experimental measurement or 2) proliferation (10% of theoretical 
max proliferation value). A gene was considered lowly expressed if its expression was 
under 1Fragments Per Kilobase of transcript per Million mapped reads (FPKM).  

Next, we computed a control flux distribution for each cell line by integrating the 
experimental measurements and transcriptomics from the control condition running the 
GIM(3)E algorithm (Schmidt et al., 2013) in the condition-specific model defined above. 
Briefly, GIM(3)E (Equation 3) runs a weighed minimization of total flux by assigning a 
minimization weight to each reaction inversely proportional to the expression of the 
enzymes mapped to it.  

Eq. 3 
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min  ሺ𝑣  𝑤ሻ
 .

 

𝑤 ൌ 𝑚𝑎𝑥൫0,𝑔𝑒௫ െ 𝑔𝑒 .൯ 

subjected to:  

𝑠   𝑣 ൌ 0, 𝑙𝑏 ൏  𝑣 ൏ 𝑢𝑏 

𝑣௦௦  𝑣௦௦
௧  0.95 

where, 
𝑣  is the simulated flux distribution.  
𝑤  is weight given to the minimization of flux 𝑣𝑖 . 
𝑔𝑒௫  is the maximum gene expression found in metabolic genes (𝑙𝑜𝑔ଶሺ𝐹𝑃𝐾𝑀ሻ). 
𝑔𝑒  is the gene expression assigned to reaction i (𝑙𝑜𝑔ଶሺ𝐹𝑃𝐾𝑀ሻ). 
𝑠  is the stoichiometric matrix. Its product by the vector of flux solutions is 

set to 0 to constraint the model to a steady state (i.e. all input and output 
reactions must be balanced for each metabolite). 

𝑙𝑏  lower bound defined for metabolic fluxes. 
𝑢𝑏  upper bound defined for metabolic fluxes. 
𝑣௦௦ is the flux through the biomass reaction. 

𝑣௦௦
௧  is the optimal biomass production before applying GIM(3)E. 

A representative flux distribution within 99% of the GIME3 optimal solution is obtained 
by sequentially applying flux variability analysis, sampling the resulting flux solution 
space using the Artificially Centering hit-and-run algorithm implemented into COBRApy, 
and computing the average flux value for each reaction (Ebrahim et al., 2013).  

We use the quadratic metabolic transformation algorithm (qMTA) to simulate the 
metabolic transition from the control phenotype to resistant phenotype (Foguet et al., 
2022). Briefly, starting from the control flux distribution, this algorithm seeks to find the 
flux transition most consistent with the measured differential gene expression, 
respiratory assay parameters, metabolomics and metabolite consumption and 
production rates. This was achieved by minimizing an objective function with three 
separate terms: the first term minimizes the difference between the flux fold changes and 
gene fold changes for differentially expressed genes, the second minimizes the 
differences between simulated fluxes and the other experimental measurements, and 
the last term minimizes variations to reactions not mapped to experimental fluxes or 
differentially expressed genes (Equation 4).  

Eq. 4 

min ቌ𝐺  𝑊 
൫𝑣

௧௧ െ 𝑣
௦,ெ்൯

ଶ

൫𝑣
௧௧ െ 𝑣

൯
ଶ

.

୧∈ୖ

.
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 𝐸  ቆ
𝐸 െ 𝑣
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.
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ቍ 

𝑊 ൌ max ሺെ𝐿𝑂𝐺10൫𝑝൯, 0ሻ 

𝑣
௧௧ ൌ  𝑣

  𝐹𝑜𝑙𝑑𝐶ℎ𝑎𝑛𝑔𝑒 
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subjected to: 

𝑠   𝑣𝑟𝑒𝑠,𝑀𝑇𝐴 ൌ 0, 𝑙𝑏 ൏  𝑣𝑟𝑒𝑠,𝑀𝑇𝐴 ൏ 𝑢𝑏 
where, 
𝐺, 𝐸 𝑈  is the weight given to each minimization term. For this analysis we used 𝐺ൌ0.05,  

𝐸 ൌ 0.9 and 𝑈ൌ0.05 . 
𝐺𝑒  are the set of differentially expressed genes. 
R𝑔  are the reactions mapped to gene g . 
R𝑒  are the reactions mapped to measured metabolomics, consumption and 

production rates or respiration parameters. 
R𝑒  are the reactions not mapped to neither differential gene expression or 

experimental measurements. 
𝐸 is the experimental mean for measure j in the treated condition. 

𝜎 is the experimental standard deviation for measure j in the treated condition. 

𝑣
 is the flux distribution or reference belonging to the non-treated condition 

computed with GIM(3)E. 
𝑣ெ் is the flux distribution simulated with qMTA, it represents the flux distribution in 

the treated condition. 

𝑣
௧௧ is the expected reaction flux target based on gene expression (is defined as the 

product of the reference flux value and the gene expression fold change mapped 
to the reaction (𝐹𝑜𝑙𝑑𝐶ℎ𝑎𝑛𝑔𝑒). 

𝑊  is the weight given to each gene. It is used to give more weight to genes with a 

more statistically significant differential gene expression.  
𝑝௧  is the p-value threshold used to define a fold change in gene as differentially 

expressed. The threshold was defined as 0.25 FDR-adjusted p-value.  
𝑝  is the FDR-adjusted p-value for measure g for the fold change between the 

condition under study and the control. 

The metabolic reprogramming driving the adaptation to the treatment-induced stress can 
be quantified by comparing the reaction flux values simulated in each treatment 

(𝑣
௦,ெ்ሻ to those in control (𝑣

). Reactions fluxes were grouped into metabolic 

pathways based on KEGG annotations to facilitate results understanding and the fold 
variations of total flux values through each pathway in comparison to the control were 
then computed.  

Finally, this framework was used to identify putative metabolic inhibitors to prevent the 
transition to the resistant phenotype. Metabolic inhibitors from DrugBank (Knox et al., 
2024) or Therapeutic Target Database (Chen et al., 2002) were assessed as well as 
putative inhibitors targeting individual enzymes. The potential of a given metabolic 
inhibitor to impede the drug-associated metabolic transformation was evaluated by 
sequentially reducing the maximum flux (ub) of the reactions inhibited by each inhibitor 

reactions to half of the flux value in the control condition (𝑣
) and running qMTA. In 

parallel, the capacity of metabolic inhibitor to switch from the drug-adapted state to the 
control state (Valcárcel et al., 2019) was tested, by running the minimization of metabolic 
adjustment (MOMA) algorithm while reducing the maximum flux (ub) of the reactions 
inhibited by a given metabolic inhibitor to half of the flux value in the drug-adapted state 

(𝑣
௦,ெ்) (Segrè et al., 2002) (Figure II.2.). 
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Figure II.2. A, B. Characterization of the metabolic adaptation to the resistant phenotypes and target 
identification. The three axes represent hypothetical reaction fluxes where is illustrated A) the 
characterization of the metabolic transition to resistant phenotype. B, C. the `potential targets identification 
after running B) qMTA simulating the capacity of a metabolic inhibitor to prevent the transition from control 
to resistant phenotype and C) MOMA to simulate the capacity of a metabolic inhibitor to revert the resistant 
phenotype to the control.  

For each of these tests, a transformation score (TS) is computed as follows:  

Eq. 5   

𝑇𝑆 ൌ    ቌ𝑊    𝑠𝑖𝑔𝑛 ሺ𝐿𝑜𝑔 ሺ𝐹𝐶ሻሻ  |𝑣
௦|

.

 ∈ ோ

െ ห𝑣
หቍ

.

∈ ா

 

where, 
𝑣
௦ is the resulting flux distribution after either running qMTA with no additional 

metabolic inhibitors, running qMTA with a metabolic inhibitor or running MOMA 
with a metabolic inhibitor. 

𝐸  is the set of all experimental measurements mapped to reactions (transcriptomics, 
metabolomics, metabolite uptake and secretion and respiration parameters) and 
Rm the reactions mapped to these measurements. 

 
A metabolic inhibitor would be a candidate to target the drug induced adaptation if it 

impairs the metabolic transformation from the non-treated to the resistant phenotype 

while also reversing the resistant state towards the non-treated phenotype. This is 

measured with the difference between the base TS (i.e., computed when running qMTA 

without any additional metabolic inhibitors) and the TS when running qMTA with or 

MOMA with additional metabolic inhibitors.  

𝐷𝑖𝑓ூ
ெ்  ൌ  ൫𝑇𝑆ெ்

௦ െ 𝑇𝑆ெ்
ூ ൯ 

𝐷𝑖𝑓ூ
ெைெ  ൌ  ൫𝑇𝑆ெ்

௦ െ 𝑇𝑆ெைெ
ூ ൯ 

 
where, 

𝑇𝑆ெ்
௦  is the TS score when running qMTA from the control to the drug adapted 

state. 

qMTA: Wild type

Control

vx

vz

vy
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(Wild type)

Treatment 
(Metabolic inhibitor)

qMTA: Gene KD

Control

vx

vz

vy

Treatment 
(Wild type)

MOMA: Gene KD
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vz
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(Wild type)

Treatment 
(Metabolic inhibitor)
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𝑇𝑆ெ்
ூ   is the TS score when running qMTA from the control to the drug adapted 

state with metabolic inhibitor I. 
𝑇𝑆ெைெ

ூ  is the TS score when simulating the effect of metabolic inhibitor I starting 

from 𝑣௦,ெ். 
 
A putative promising metabolic inhibitor would be one that both 𝑇𝑆ெ்

ூ  and 𝑇𝑆ெைெ
ூ  are 

lower than  𝑇𝑆ெ்
௦  ( 𝐷𝑖𝑓ூ

ெ்  0 and 𝐷𝑖𝑓ூ
ெைெ  0). Hence, target score (𝑆ூ) for each 

metabolic inhibitor was finally computed as follows: 

Eq. 6 

𝑆ூ ൌ  ห𝐷𝑖𝑓ூ
ெ் ⋅ 𝐷𝑖𝑓ூ

ெைெห ⋅ min ቀ𝑠𝑖𝑔𝑛൫𝐷𝑖𝑓ூ
ெ்൯, 𝑠𝑖𝑔𝑛൫𝐷𝑖𝑓ூ

ெைெ൯ቁ 

 

Aggregate score value was normalized ሺ𝑆ூሻ with respect to the quadratic value of TS 

score base, when running qMTA from the control to the drug adapted state ሺ𝑇𝑆ெ்
௦ ሻ. 

Eq. 7 

𝑆ூ ൌ 1000
𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑆𝑐𝑜𝑟𝑒

൫𝑇𝑆ெ்
௦ ൯

ଶ

ൌ 1000
ห𝐷𝑖𝑓

ெ் ⋅ 𝐷𝑖𝑓ெைெห

൫𝑇𝑆ெ்
௦ ൯

ଶ ⋅ min ቀ𝑠𝑖𝑔𝑛൫𝐷𝑖𝑓
ெ்൯, 𝑠𝑖𝑔𝑛൫𝐷𝑖𝑓ெைெ൯ቁ 
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APPENDIX III 

III.1. Respiratory parameters in Mito Stress Seahorse assay. 

The parameters calculated from the Mito Stress Seahorse assay provide valuable 
insights into the mitochondrial function. Figure III.1. illustrates the oxygen consumption 
rate (OCR) response to four key injections: Glucose (Acute injection), Oligomycin (Oligo), 
CCCP, and Rotenone/Antimycin (Rot+AA). These sequential injections are essential to 
calculate the respiratory parameters, including basal respiration, non-mitochondrial 
respiration, ATP production-associated respiration, maximal respiratory capacity, spare 
respiratory capacity, and non-ATP-linked oxygen consumption (proton leak). 

 

Figure III.1. Mito Stress Seahorse parameters. The Oxygen Consumption Rate (OCR) response over time 
after the four injections (Acute injection, Oligomycin (Oligo), CCCP, and Rot+AA (Rotenone and Antimycin 
A)) are depicted. Calculations for the respiratory parameters: Basal respiration (light blue), non-mitochondrial 
respiration (red), ATP production-associated respiration (pink), Maximal respiratory capacity (light green), 
Spare respiratory capacity (dark green), and non-ATP-linked oxygen consumption or H+ (Proton) leak (dark 
blue), are highlighted in the indicated colors. 
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APPENDIX IV 

IV.1. Differential expression gene values. 

Differential expression of genes associated with detailed pathways after Palbociclib 
treatment in PC-3 cells. 

Table IV.1. Differential expression of genes encoding for the most important enzymes in the urea 
cycle and polyamine metabolism. Differential gene expression in terms of Log 2 fold-change (Log2FC) 
after 96 h of treatment with Palbociclib regarding the principal encoding genes of the indicated metabolic 
pathways in PC-3.  
* Indicates adjusted p-value < 0.05. NA (not-assigned) indicates not gene expression. 
Gene Encoding protein Log2FC 

Methionine cycle and methionine salvage pathway 
 

MTR 5-methyltetrahydrofolate-homocysteine methyltransferase - 0.30 

AHCY adenosylhomocysteinase +0.24 

MTAP methylthioadenosine phosphorylase - 0.34 

AMD1 adenosylmethionine decarboxylase 1 - 0.02 

Urea cycle 
 

ASS1 argininosuccinate synthase 1 +0.44 

NOS1 nitric oxide synthase 1 - 0.61 

ASL argininosuccinate lyase +0.59 * 

ARG1 arginase  NA 

ARG2 arginase 2 +0.65 

Polyamine metabolism 
 

Gene Encoding protein Log2FC 

ODC1 ornithine decarboxylase 1 +0.48 * 

SRM spermidine synthase +0.28 

SMS spermine synthase - 0.17 

SAT1 spermidine/spermine N1-acetyltransferase 1 +0.84 * 

SMOX spermine oxidase +0.45 

PAOX polyamine oxidase +1.01 
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IV.2. Mass isotopomer distribution. 

Complete isotopologue distribution after incubation with 10 mM of [1,2-13C2]-glucose or 
2 mM of [U-13C5]-glutamine.  

Table IV.2. Complete isotopologue distribution for [1,2-13C2]-glucose. Polar intracellular metabolites 
measured by GC-MS in control and Palbociclib-treated PC-3 cells. mn indicates the number of 13C in the 
molecule. 

ID mn Mean SD Mean SD 

Asp-418 C1-C4 m0 0.81756667 0.00926517 0.8063 0.01445095 

m1 0.0402 0.00578878 0.0514 0.00991363 

m2 0.11443333 0.00470142 0.11713333 0.00839305 

m3 0.0239 0.00630238 0.02216667 0.00411015 

m4 0.00433333 0.00230072 2.83E-03 0.00112398 

Cit-591 m0 0.49103333 0.00527668 0.51516667 0.01066505 

m1 0.05466667 0.00656836 0.05036667 0.00837397 

m2 0.3524 0.00680368 0.336 0.00075498 

m3 0.03603333 0.00309246 0.0363 0.00208087 

m4 0.0521 0.00419047 0.05033333 0.00450814 

m5 0.01246667 0.00049329 0.00943333 0.00089629 

Glu-432 C1-C5 m0 0.75986667 0.00450814 0.7657 0.00255343 

m1 0.04233333 0.00170098 0.04253333 0.00447698 

m2 0.15746667 0.00329292 0.1534 0.00175214 

m3 0.02333333 0.00115036 0.0202 0.00157162 

m4 0.015 0.00156205 0.01666667 0.00156312 

m5 0.0016 0.00045826 0.00136667 0.00060277 

Mal-419 m0 0.77776667 0.01120818 0.7851 0.009755 

m1 0.0505 0.00493862 0.05283333 0.00567656 

m2 0.14076667 0.00418609 0.13596667 0.00680906 

m3 0.02556667 0.00047258 0.02183333 0.00281129 

m4 0.00436667 0.00172143 2.80E-03 0.00327414 

 

Table IV.3. Complete isotopologue distribution for [U-13C5]-glutamine. Polar intracellular metabolites 
measured by GC-MS in control and Palbociclib-treated PC-3 cells. mn indicates the number of 13C in the 
molecule. 

ID mn Mean SD Mean SD 

Asp-418 C1-C4 m0 0.30236667 0.02133784 0.2747 0.01522465 

m1 0.09993333 0.00734461 0.09366667 0.0044658 

m2 0.17896667 0.01841367 0.1798 0.00315753 

m3 0.04563333 0.00588246 0.0588 0.0022 

m4 0.36963333 0.00635715 0.39046667 0.01769416 
Cit-591 m0 0.23953333 0.01524347 0.22443333 0.00791033 

m1 0.10846667 0.00515493 0.1108 0.00373229 

m2 0.18036667 0.00483356 0.17336667 0.00265016 

m3 0.06523333 0.00482113 0.07393333 0.00228983 

m4 0.36906667 0.0146739 0.36063333 0.00708684 

m5 0.02593333 0.00055076 0.04476667 0.00381357 
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Glu-432 C1-C5 m0 0.1899 0.0037 0.1777 0.00926661 

m1 0.07973333 0.00215716 0.07876667 0.00261024 

m2 0.05976667 0.00020817 0.06143333 0.00077675 

m3 0.19073333 0.00217332 0.19076667 0.00190351 

m4 0.02253333 0.0009609 0.02293333 0.00041633 

m5 0.44813333 0.0063343 0.4616 0.01444403 
Mal-419 m0 0.235 0.01638994 0.22183333 0.00440038 

m1 0.1021 0.00304467 0.09843333 0.00313741 

m2 0.18666667 0.00125033 0.18323333 0.00417892 

m3 0.05303333 0.00073711 0.069 0.00415812 

m4 0.42206667 0.01587272 0.4264 0.00802994 
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APPENDIX V 

V.1. Differential expression gene values.

Differential expression of genes associated with detailed pathways after Palbociclib 
treatment in SW620 cells. 

Table V.1. Differential expression of genes encoding for the most important enzymes in glycolysis 
and PPP. Differential expression in terms of Log2foldchange (Log2FC) after 96 h of treatment with 
Palbociclib (40 nM) in SW620. * Indicates adjusted p-value < 0.05.  
Gene Encoding protein Log2FC 

Glycolysis 

HK1 hexokinase 1 +0.03

HK2 hexokinase 2 - 0.41 *

GPI glucose-6-phosphate isomerase - 0.12

PFKFB2 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 +0.13

PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 - 0.66 *

PFKFB4 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 - 0.92 *

PFKL phosphofructokinase, liver type - 0.17

PFKM phosphofructokinase, muscle +0.37 *

PFKP phosphofructokinase, platelet - 0.13

ALDOA aldolase, fructose-bisphosphate A - 0.47

ALDOC aldolase, fructose-bisphosphate C - 1.12

TPI1 triosephosphate isomerase 1 - 0.23

GAPDH glyceraldehyde-3-phosphate dehydrogenase - 0.21

PGK1 phosphoglycerate kinase 1 - 0.34

PGAM1 phosphoglycerate mutase 1 - 0.04

ENO1 enolase 1 - 0.26 *

ENO2 enolase 2  - 1.03 *

ENO3 enolase 3  +0.01

PKM pyruvate kinase M1/2  - 0.04

LDHA lactate dehydrogenase A - 0.38

LDHB lactate dehydrogenase B  +0.15

Pentose phosphate pathway (PPP) 

Gene Encoding protein Log2FC 

G6PD glucose-6-phosphate dehydrogenase  - 0.10

H6PD hexose-6-phosphate dehydrogenase/glucose 1-dehydrogenase +0.06

PGD phosphogluconate dehydrogenase +0.01

TKT transketolase - 0.06

TALDO1 transaldolase 1  - 0.02

RPIA ribose 5-phosphate isomerase A  - 0.10

RPE ribulose-5-phosphate-3-epimerase +0.09
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Table V.2. Differential expression of genes encoding for the most important enzymes in the TCA 
cycle. Differential expression in terms of Log2foldchange (Log2FC) after 96 h of treatment with Palbociclib 
(40 nM) in SW620. 
Gene Encoding protein Log2FC 

Tricarboxylic acid cycle (TCA) cycle 
 

ACO1 aconitase 1  +0.22 

ACO2 aconitase 2  +0.06 

CS citrate synthase +0.06 

DLST dihydrolipoamide S-succinyltransferase +0.10 

FH fumarate hydratase  +0.10 

IDH1 isocitrate dehydrogenase (NADP(+)) 1 +0.08 

IDH2 isocitrate dehydrogenase (NADP(+)) 2  +0.06 

IDH3A isocitrate dehydrogenase (NAD(+)) 3 catalytic subunit alpha  +0.19 

IDH3B isocitrate dehydrogenase (NAD(+)) 3 non-catalytic subunit beta +0.11 

IDH3G isocitrate dehydrogenase (NAD(+)) 3 non-catalytic subunit gamma - 0.01 

MDH1 malate dehydrogenase 1 +0.11 

MDH2 malate dehydrogenase 2  +0.03 

OGDH oxoglutarate dehydrogenase - 0.02 

OGDHL oxoglutarate dehydrogenase like  +0.09 

PC pyruvate carboxylase  - 0.09 

SDHA succinate dehydrogenase complex flavoprotein subunit A  +0.14 

SDHB succinate dehydrogenase complex iron sulfur subunit B  - 0.08 

SDHC succinate dehydrogenase complex subunit C +0.08 

SDHD succinate dehydrogenase complex subunit D +0.12 

SUCLA2 succinate-CoA ligase ADP-forming subunit beta +0.18 

SUCLG1 succinate-CoA ligase GDP/ADP-forming subunit alpha  - 0.01 

SUCLG2 succinate-CoA ligase GDP-forming subunit beta  +0.12 
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APPENDIX VI 

Throughout the course of this thesis, one original article has been published.  

Title: Glutamine Modulates Expression and Function of Glucose 6-Phosphate 
Dehydrogenase via NRF2 in Colon Cancer Cells 

Authors: Ibrahim H. Polat, Míriam Tarrado-Castellarnau, Adrian Benito, Claudia 
Hernandez-Carro, Josep Centelles, Silvia Marin, and Marta Cascante. 

Abstract: Nucleotide pools need to be constantly replenished in cancer cells to support 
cell proliferation. The synthesis of nucleotides requires glutamine and 5-phosphoribosyl-
1-pyrophosphate produced from ribose-5-phosphate via the oxidative branch of the 
pentose phosphate pathway (ox-PPP). Both PPP and glutamine also play a key role in 
maintaining the redox status of cancer cells. Enhanced glutamine metabolism and 
increased glucose 6-phosphate dehydrogenase (G6PD) expression have been related to 
a malignant phenotype in tumors. However, the association between G6PD 
overexpression and glutamine consumption in cancer cell proliferation is still incompletely 
understood. In this study, we demonstrated that both inhibition of G6PD and glutamine 
deprivation decrease the proliferation of colon cancer cells and induce cell cycle arrest 
and apoptosis. Moreover, we unveiled that glutamine deprivation induce an increase of 
G6PD expression that is mediated through the activation of the nuclear factor (erythroid-
derived 2)-like 2 (NRF2). This crosstalk between G6PD and glutamine points out the 
potential of combined therapies targeting oxidative PPP enzymes and glutamine 
catabolism to combat colon cancer. 
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