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Introduction 
Colorectal cancer (CRC) is a major public health concern worldwide, with significant 
morbidity and mortality rates. The pathogenesis of CRC involves genetic mutations that 
disrupt the normal regulation of cell growth and division and the inactivation of tumor 
suppressor genes. These changes result in cells’ malignant transformation and CRC 
development. One hallmark of cancer is the ability of cancer cells to reprogram metabolic 
pathways involved in energy production and biosynthesis, allowing them to adapt and 
thrive under varying oxygen levels. This metabolic plasticity grants cancer cells a 
competitive advantage in survival and proliferation. Despite the significant progress 
made in diagnosing and treating CRC, the metabolic changes that occur in the early 
stages of this disease remain largely unknown. 

While many studies have characterized the metabolic phenotype of CRC cell lines, it is 
crucial to understand the metabolic reprogramming in the clinical material. High-resolution 
respirometry, analyzing oxidative phosphorylation (OXPHOS), is a valuable tool for 
understanding the bioenergetic mechanisms involved. By assessing the ADP-dependent 
respiration rate in permeabilized tissue samples, two fundamental characteristics for 
OXPHOS can be found: a maximal exogenous ADP-activated respiration rate (Vmax), and 
an apparent affinity of mitochondria for exogenous ADP, expressed as apparent 
Michaelis-Menten constant Km (Km(ADP)). Therefore, this study aimed to investigate and 
describe metabolic reprogramming in colorectal polyps and CRC by analyzing the 
mitochondrial respiratory rates and gene expression of specific metabolic markers using 
post-operative clinical material. 

The findings of this study hold the potential to provide valuable insights into the 
metabolic changes occurring in the early stages of CRC. This knowledge can contribute 
to developing improved strategies for early detection and prevention of CRC. Analyzing 
metabolic reprogramming in clinical material could have clinical implications regarding 
personalized medicine and developing more effective treatments for CRC. Overall,  
the study provides scientific evidence for the importance of understanding the metabolic 
changes in colorectal polyps and their role in the development of CRC. 
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Abbreviations  
ADP Adenosine diphosphate 
AK Adenylate kinase 
AMPK AMP-activated protein kinase 
ATP Adenosine triphosphate 
CIMP CpG island methylator phenotype 
CK Creatine kinase 
CRC Colorectal cancer 
EGFR Epidermal growth factor receptor 
ETC Electron transport chain 
FADH2 Flavin adenine dinucleotide 
FAO Fatty acid oxidation  
G3P Glyceraldehyde-3-phosphate 
G6P Glucose-6-phosphate 
G6PD Glucose-6-phosphate dehydrogenase 
GDP Guanosine diphosphate 
GI Gastrointestinal tract 
GLUT Glucose transporter 
GTP Guanosine triphosphate 
HIF1 Hypoxia-inducible factor 1 
HK Hexokinase 
IEC Intestinal epithelial cells 
IMM Inner mitochondrial inner membrane 
IMS Intermembrane space 
Km Michaelis-Menten constant 
Km(ADP) Apparent affinity of mitochondria foe exogenous ADP 
LDH Lactate dehydrogenase 
MAPK Mitogen-activated protein kinase 
MCT Monocarboxylate transporter 
MMR Mismatch repair 
MPC Mitochondrial pyruvate carrier 
MSI Microsatellite instability 
MSS Microsatellite stable 
NAD+ Adenine dinucleotide 
NADH Nicotinamide adenine dinucleotide 
NADPH Nicotinamide adenine dinucleotide phosphate 
OMM Outer mitochondrial outer membrane 
OXPHOS Oxidative phosphorylation 
PDH Pyruvate dehydrogenase 
PFK1 Phosphofructokinase-1 
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PICK3CA Phosphatodylinositol-4,5-bisphosphate 3-kinase catalytic subunit 
alpha 

PK Pyruvate kinase 
R5P Ribose-5-phosphate 
SCNA Somatic copy number alteration 
SMAD4 Small mother against decapentaplegic 4 
TCA Tricarboxylic acid 
TKT Transketolase 
TP53 Tumor protein 53 
VDAC Voltage-dependent channel 
Vmax Maximal-ADP-activated respiration rate 

 
Explanations of abbreviations used in the thesis—the table. 
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1 REVIEW OF THE LITERATURE  

1.1 Colorectal cancer carcinogenesis 
Colorectal cancer (CRC) is a prevalent and deadly cancer worldwide. Despite considerable 
advances in the molecular genetics of CRC, there remains a pressing need for an improved 
understanding of the underlying mechanisms that drive tumor initiation and progression. 

In the “classic” colorectal cancer formation model, the vast majority of cancers arise 
from a polyp beginning with an aberrant crypt, which then evolves into an early adenoma 
(<1 cm in size, with tubular or tubulovillous histology). The adenoma then progresses to 
an advanced adenoma (>1cm in size and/or with villous histology) before finally 
becoming colorectal cancer. The adenoma-carcinoma-metastasis model relies on the 
accumulation of genetic events of “APC-KRAS-TP53,” also known as the Vogelstein model 
(Fearon & Vogelstein, 1990) (Figure 1). According to classical theory, three genes – 
Adenomatous polyposis coli (APC), Kristen rat sarcoma (KRAS), and Tumor protein 53 
(TP53) – play a crucial role in the development of most CRC. These genes activate 
oncogenic signaling pathways, stimulating downstream transcriptional factors, ultimately 
leading to the formation of highly proliferative cancerous cells (J. Li et al., 2021). Loss of 
genomic and epigenomic stability has been observed in the majority of early neoplastic 
lesions in the colon, which is likely a central molecular and pathophysiological event in 
the initiation and formation of the CRC (Colussi et al., 2013; Grady & Carethers, 2008). 
Therefore, the development of CRC is driven by the accumulation of mutations and 
epigenetic alterations in tumor suppressor genes and oncogenes and might take 10–20 
years to occur. In specific settings, for example, some hereditary cancer syndrome, it can 
progress more rapidly (Hossain et al., 2022; Jones et al., 2008).  

 

 
 

Figure 1. A genetic model of colorectal carcinogenesis. Figure modified from (Hossain et al., 2022). 

The histology of conventional tubular adenomas is homogenous, but the molecular 
characteristics of these polyps are heterogenous, which might explain why only ~10% of 
polyps progress to colorectal cancer (Luo et al., 2014; van Engeland et al., 2011). About 
ten years ago, tubular and tubulovillous adenomatous polyps were thought to be the 
only lesions capable of progressing to the cancer (Kuipers et al., 2015). However, some 
colorectal cancers have been shown to arise from a subset of polyps called sessile serrated 
polyps, which constitute 5–10% of all polyps (Kuipers et al., 2015). These serrated polyps 



13 

arise from molecular and histological events that are distinct from tubular adenomas and 
are classified into three categories: hyperplastic polyps, sessile serrated adenomas, and 
traditional serrated adenomas (Bettington et al., 2013; Goldstein, 2006; Jass, 2004; Rex 
et al., 2012) (Figure 2). 

 
Figure 2. The two major classes of colorectal polyps. 

Sessile serrated polyps have the potential to transform into CRC through the following 
sequence: hyperplastic polyp to sessile serrated polyp to adenocarcinoma (Goldstein, 
2006; Kambara et al., 2004). Furthermore, serrated polyps in the right colon commonly 
show microsatellite instability (MSI) and a form of epigenetic instability characterized by 
CpG island methylator phenotype (CIMP). Polyps that arise in the left colon are typically 
microsatellite stable (MSS) but frequently carry mutations in KRAS, and a subset of these 
polyps have an attenuated form of the CIMP (Jass, 2004; Noffsinger, 2009; Rex et al., 
2012). 

1.1.1 Molecular pathways of colorectal cancer 
Colorectal cancer is a multistep process in which several genetic events drive the 
initiation and progression of colorectal tumors. Over the last few decades, understanding 
of the diverse molecular events in the pathogenesis of CRC has improved significantly. 
Two molecular pathological classifications for CRC are described (“Comprehensive 
molecular characterization of human colon and rectal cancer,” 2012; Guinney et al., 2015). 

The first classification is based on the genetic heterogeneity of CRC and divides tumors 
into two broad categories: hypermutated (more than 12 mutations per 106 bases) or  
non-hypermutated (fewer than 8.24 mutations per 106 bases) (“Comprehensive molecular 
characterization of human colon and rectal cancer,” 2012). Hypermutated tumors, which 
account for approximately 16% of CRC cases, exhibit microsatellite instability (MSI) due to 
defective mismatch repair (MMR) (“Comprehensive molecular characterization of human 
colon and rectal cancer,” 2012). In contrast, non-hypermutated tumors (~84%) are 
microsatellite stable (MSS) and exhibit high levels of somatic copy number alterations 
(SCNAs) and dysregulated Wnt signaling. Non-hypermutated tumors also frequently harbor 
mutations in genes such APC, KRAS, PICK3CA (Phosphatidylinositol-4,5-bisphosphate  
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3-kinase catalytic subunit alpha), SMAD4 (Small mothers against decapentaplegic 4), and 
TP53 (Tumor protein 53) (“Comprehensive molecular characterization of human colon 
and rectal cancer,” 2012). 

The second classification system is based on gene expression profiles and divides CRC 
into four consensus molecular subtypes (CM1, CMS2, CMS3, and CMS4) based on 
distinctive molecular and biological features (Guinney et al., 2015) (Table 1). 
Table 1. Consensus molecular subtypes of CRC  

CMS subtype CMS1  
MSI Immune 

CMS2  
Canonical 

CMS3 
Metabolic 

CMS4 
Mesenchymal 

Frequency 14% 37% 13% 23% 
Pathological 
characteristics 

Hypermutation, 
MSI-H and CIMP-H 

Wnt/B-catenin 
and MYC signaling 
pathway 
activation 

Metabolic 
dysregulation of 
carbohydrate and 
fatty acid 
oxidation 
pathways 

Epithelial 
mesenchymal 
transformation with 
prominent stromal 
infiltration, 
angiogenesis, and 
TGF-B upregulation 

SCNA Low High Low-moderate High 
Immunological 
profile 

Immune activated Immune ignorant Immune ignorant Immune tolerant 
inflamed 
 

Associated 
gene mutations 

BRAF TP53, EGFR KRAS, PIK3CA and 
IGFBP2 

NOTCH3/VEGFR 

Site Right sided colon Left sided colon 
and rectal 

Relatively more 
common in right 
sided tumors 

Relatively more 
common in left sided 
and rectal tumors 

 
The CMS classification was developed using data from predominantly early-stage  

CRC and was shown to be prognostic in these cohorts (Guinney et al., 2015). The CMS 
classification holds clinical potential for predicting prognosis and response to systemic 
therapy (ten Hoorn et al., 2021). 

1.1.2 KRAS and BRAF oncogenes 
Mutations in KRAS or BRAF appear to play an essential role in the carcinogenesis of 
multiple cancers, including CRC, lung, and pancreas tumors (Prior et al., 2020). These 
proteins play critical roles in the EGFR (Epidermal growth factor receptor) signaling 
pathway, and oncogenic mutations in KRAS or BRAF can drive downstream activation of 
this pathway even in the absence of upstream EGFR activation (Cantwell-Dorris et al., 
2011; Lavoie & Therrien, 2015; Schubbert et al., 2007; Wellbrock et al., 2004). The KRAS 
is one of the most frequently mutated oncogenes in CRC, with approximately 40% of CRC 
patients harboring activating missense mutations in the KRAS (Zhu et al., 2021).  
CRC-bearing KRAS mutations are associated with advanced disease status, poor tumor 
differentiation, distant metastasis, and inferior survival in patients (Dienstmann et al., 
2017; Karapetis et al., 2008). Also, aberrant activation of the KRAS pathway results in 
resistance to receptor tyrosine kinase inhibitors, such as monoclonal antibodies against 
EGFR (cetuximab and panitumumab). Treatment of KRAS-mutant CRC remains 
challenging because of the lack of an ideal small molecular binding pocket in the KRAS 
protein and its high affinity towards abundant guanosine triphosphate (GTP) (Zhu et al., 
2021). 
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The KRAS gene encodes a GTP/guanosine diphosphate (GDP)-binding protein that 
belongs to the guanosine triphosphatase (GTPase) RAS family. The KRAS protein has a 
molecular weight of 21 kDa and comprises six beta strands and five alpha helices, forming 
two major domains: the G-domain and the C-terminal (Bourne et al., 1991). The G 
domain is highly conserved and contains switch I and II loops responsible for GDP-GTP 
exchange (Vögler et al., 2008). The KRAS protein acts as a “switch” that cycles between 
a GDP-bound inactive state and a GTP-bound active state (Simanshu et al., 2017). GTP 
binding to KRAS facilitates the binding of effectors to trigger several downstream 
pathways, which promote cell growth and survival. In contrast, GDP-bound KRAS loses 
activity and prevents its persistent signal transduction activation. 

KRAS mutation causes the protein to become constitutively active and promote the 
signaling through growth and survival pathways – the phosphatidylinositol 3-kinase 
(PI3K) and mitogen-activated protein kinase (MAPK) cascade (Kerk et al., 2021). In CRC, 
KRAS mutations are most associated with the right-sided colon, and approximately 85% 
of mutations occur in one of three major hotspots (codons 12, 13, and 61) (Haigis, 2017). 
The specific mutations of KRAS influence its activity and differ between the tissues of the 
origin (S. Li et al., 2018; Serebriiskii et al., 2019; Zafra et al., 2020). For example, non-small 
cell lung cancer (NSCLC) more frequently harbors the tobacco smoking-associated KRAS 
G12C mutation, while the KRAS G12D mutation is predominant in pancreatic ductal 
adenocarcinoma (PDA) (Prior et al., 2020). Colorectal tumors at the primary site display 
heterogeneity in KRAS status, as not all transformed cells harbor KRAS mutations. 
Therefore, it is reasonable to assume that remarkable metabolic heterogeneity exists 
within a colorectal tumor. In addition, tumors arising in different tissues may have unique 
metabolic programs and associated dependencies (Kerk et al., 2021).  

BRAF belongs to the RAF family of kinases, including ARAF and CRAF (Davies et al., 
2002). The BRAF oncogene codes for a serine/threonine kinase that acts downstream of 
KRAS in the MAPK pathway. BRAF has three highly conserved domains – CR1, CR2, and 
CR3. CR1 and CR2 are regulatory regions located toward the N-terminal of the protein. 
CR1 encompasses the RAS-binding domain, and CR2 is a serine/threonine-rich domain. 
CR3 has a kinase domain on the C-terminal and is regulated via the phosphorylation 
(Roskoski, 2010). The BRAF kinase activation segment is evolutionarily conserved among 
many species. Mutations of BRAF are found in many forms of cancers and are classified 
into three subtypes according to their activation pathways (Śmiech et al., 2020). The BRAF 
gene is mutated in ~7% of human cancers, including colorectal, melanoma, papillary 
thyroid, and non-small cell lung cancer (Cantwell-Dorris et al., 2011). There are three 
classes of BRAF mutations: class I includes BRAF V600E mutations and allows the BRAF 
to act as a constitutively active monomer; class II mutations allow for constitutively active 
dimers; and class III either has impaired kinase activity or are inactive (Lin et al., 2019; 
Yao et al., 2017). Mutation BRAF V600E accounts for more than 90% of cases of cancer 
(“Comprehensive molecular characterization of human colon and rectal cancer,” 2012). 
BRAF V600E is activated approximately 500-fold, and it induces constitutive ERK signaling 
through hyperactivation of the RAS-MEK-ERK pathway and constitutive nuclear factor 
kappa-B signaling in response to this hyperactivation. Although the mechanism of how 
the mutations cause malignancy differs in their interaction with the RAS pathway and 
partners to form a dimer, they all are known to activate ERK phosphorylation (Śmiech  
et al., 2020).  

In a recent meta-analysis, BRAF V600E mutated tumors more commonly arise from 
serrated adenomas, mainly in the right colon, with a higher incidence in women and 
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elderly patients (age >60 years old). Moreover, CRCs with BRAF V600E mutation are often 
poorly differentiated, presenting mucinous histology, and are characterized by a dismal 
prognosis and resistance to standard therapies (Sinicrope et al., 2015; Wang et al., 2019). 
Interestingly, a mutually exclusive relationship exists between KRAS mutation and BRAF 
V600E (only 0.56% were KRAS and BRAF mutated) (Caputo et al., 2019).  

1.2 Cellular energetics 

1.2.1 Mitochondria  
Mitochondria are bioenergetic and biosynthetic organelles that take up substrates from 
the cytoplasm and use them to drive fatty acid oxidation (FAO), the tricarboxylic acid 
(TCA) cycle, the electron transport chain (ETC) and respiration, and to synthesize amino 
acid, lipids, nucleotides as well as nicotinamide adenine dinucleotide phosphate (NADPH) 
for their antioxidant defense (Wallace, 2012). Mitochondria are dynamic organelles 
organized in networks physically and functionally interacting with other cellular 
compartments, such as the endoplasmic reticulum and peroxisomes. Mitochondria 
possess their own genome, a circular double-stranded mtDNA (~16 kb) housed inside the 
matrix. The mitochondrial genome comprises hundreds to thousands of mtDNA copies 
per cell, depending on the tissue (O'Hara et al., 2019). Compelling evidence indicates that 
the quantity of mitochondria and copies of mtDNA is linked to cellular energy needs,  
as higher energy demands generally necessitate a more significant number of mitochondria 
and an increased abundance of mtDNA compared to situations with lower energy 
demand (Capps et al., 2003). 

Mitochondria are organelles that are delimited by two phospholipid bilayers: an inner 
mitochondrial membrane (IMM) and an outer mitochondrial membrane (OMM), 
separated by an intermembrane space (IMS). The proteins within these membranes enable 
mitochondria to carry out essential functions, including energy production, calcium 
homeostasis, protein import, and signaling (Sinicrope et al., 2015). The OMM contains 
gate porins that permit the peptides, metabolites, and ions to pass. The voltage-dependent 
anion channel (VDAC) is an example of a gated porin and is recognized as the OMM key 
metabolite pathway and regulator (Zahedi et al., 2006). VDAC is not just a significant 
conduit for the fluxes of most water-soluble metabolites and ions that need to enter 
mitochondria and fuel oxidative phosphorylation (OXPHOS); it also controls these fluxes 
(Rostovtseva et al., 2021; Varughese et al., 2021). Examples of water-soluble metabolites 
and ions regulated by VDAC include calcium, ATP, ADP, NADH/NAD+, nucleotides, and 
citrate (Hodge & Colombini, 1997). VDAC has two states (open or closed) that allow for 
the selective permeability of metabolites and ions. The open state is primarily permeable 
to anions and metabolites, the most important of which is ATP (Varughese et al., 2021). 
While VDAC can exist in a closed state at high membrane potential, VDAC permeability 
can also be modulated via binding partners like hexokinase, tubulin, or alpha-synuclein, 
which bind VDAC and block the pore, leading to a reversible closed state (Maldonado  
et al., 2013; Sheldon et al., 2011). 

Mitochondria are the cell’s powerhouse that provides energy in the form of ATP. This 
energy is produced through OXPHOS, which consists of the oxidation of the redox 
cofactors nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide 
(FADH2) coupled with the phosphorylation of ADP into ATP. The main principle of 
OXPHOS is proton transport across IMM against the proton gradient, coupled with 
thermodynamically favorable reactions. NADH and FADH2 are obtained through catabolic 
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pathways such as fatty acid β-oxidation via the Lynen helix or carbohydrate catabolism, 
which includes glycolysis, or through amino acid catabolism. Those pathways give rise to 
acetyl-CoA that enters the TCA, also known as the Krebs cycle, in which each oxidative 
decarboxylation generates NADH. During their oxidation, NADH and FADH2 transfer their 
electrons, initiating the electron flux through the ETC, also known as the respiratory 
chain. This chain is made of 5 enzymatic complexes 1) NADH dehydrogenase, Complex I; 
2) succinate dehydrogenase, Complex II; 3) ubiquinol cytochrome c oxidoreductase, 
Complex III; 4) cytochrome c oxidase, Complex IV; and 5) ATP synthase, Complex V 
(Bellance et al., 2009) (Figure 3). 

 

 
Figure 3. Electron Transport Chain. 

 
Electron transfer through ETC complexes is accompanied by proton pumping from the 

mitochondrial matrix toward IMS, generating electrical and chemical gradients. Those 
gradients, in turn, drive the transport of protons from IMS to the matrix through ATP 
synthase and constitute a proton conducting force that drives the rotation of ATP 
synthase subunits. This mechanical energy finally allows the chemical synthesis of ATP 
from the condensation of inorganic phosphate and ADP.  

1.2.2 Phosphotransfer network 
Well-operating cellular bioenergetics system requires that energy-rich phosphoryl 
groups are produced and delivered to energy-consuming sites at the rate corresponding 
to the ATPase velocity (Dzeja & Terzic, 2003). Intracellular energy transfer processes 
occur within the tightly folded structures of IMM known as cristae. The arrangement of 
cristae significantly enhances the capacity of mitochondrial ATP production, increasing it 
several-fold. Still, it creates difficulties in ATP export from IMM, as diffusional flux 
requires a significant concentration gradient (Dzeja & Terzic, 2003). One of the options 
to overcome this limitation is to place in the intracristal space near-equilibrium 
phosphotransfer system. This view is supported by the observation that the presence  
of creatine kinase, adenylate kinase, and nucleoside diphosphate kinase in the 
intermembrane space facilitates ATP/ADP exchange between mitochondria and cytosol 
(Laterveer et al., 1997; Roberts et al., 1997; Saks et al., 1994). Spatially arranged 
intracellular enzymatic networks for energy transport are catalyzed by creatine kinase 
(CK), adenylate kinase (AK), and glycolytic enzymes (Joubert et al., 2002; Saks et al., 1994; 
Theo Wallimann et al., 1992). 
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Creatine kinase is a major phosphotransfer system in cells with high-energy demand, 
and it acts together with other enzymatic systems to facilitate an intracellular energetic 
communication (Dzeja & Terzic, 2003). The enzyme catalyzes the phosphorylation of 
creatine to form phosphocreatine (Creatine + ATP ↔Phosphocreatine + ADP), which is 
used as an energy storage system in cells (T. Wallimann et al., 1992). There is two genes 
for cytosolic CK subunit isoforms forming three types of dimers (CKMM, CKBB, and 
CKMB) and two mitochondrial creatine kinase (mtCK) isoenzymes (the ubiquitous form – 
gene CKMT1 and the sarcomeric form – gene CKMT2) (Schlattner et al., 2006).  
The interplay between cytosolic and mitochondrial CK isoenzymes depends on a large 
intracellular pool of phosphocreatine and prevents a rapid fall in global ATP 
concentrations (Schlattner et al., 2006). In CK-deficient muscles, phosphotransfer 
catalyzed by AK as glycolytic enzymes provide the primary route for intracellular high 
energy phosphoryl transfer (Dzeja & Terzic, 2003; Dzeja et al., 1998). Such alternative 
high-energy phosphoryl routes may rescue cellular bioenergetics in cells with 
compromised CK-catalyzed phosphotransfer (Boehm et al., 2000; Dzeja et al., 2000).  

Adenylate kinase (AK) catalyzes the nucleotide phosphoryl exchange reaction 2ADP 
↔ATP + AMP response to intracellular ATP and ADP fluctuations (Dzeja & Terzic, 2009). 
The AK system, consisting of multiple isoforms (AK1-AK9), is implicated in cell energetics 
and metabolic signaling (Dzeja & Terzic, 2009; Fujisawa et al., 2009; Noma, 2005; 
Panayiotou et al., 2014). The AK network is thought to generate and convey adenine 
nucleotide signals to metabolic sensors in response to oxygen tension or energy 
metabolism (Carrasco et al., 2001; Dzeja et al., 2002; Noma, 2005). AK isoforms localize 
in the different subcellular compartments: AK1, AK7, and AK8 are solely found in the 
cytosol; AK2, AK3, and AK4 are in the mitochondria; and AK5, AK6, and AK9 are 
positioned either in the cytosol or nucleus (Panayiotou et al., 2014). Only AK1 and AK6 
are expressed in all tissues, whereas AK5 is expressed purely in the brain (Panayiotou  
et al., 2014). AK2 is critically positioned in the IMS and intra-cristae space to facilitate 
high-energy phosphoryl exchange between mitochondria and the cytosol (Dzeja & Terzic, 
2009). In fact, in energy-demanding organs, such as the heart, characterized by high 
energy turnover and an elaborate mitochondrial circuit, AK2 appears to account for ~40% 
of the total AK activity (Dzeja et al., 1999; Pucar et al., 2001). Molecular studies indicate 
that AK2 participates in cell fate decisions and nuclear energetics (Dzeja et al., 2011; 
Fujisawa et al., 2009; Oshima et al., 2018). AK3 and AK4 are in the mitochondria matrix 
and are involved in regulating the Krebs cycle and OXPHOS; AK6 could fulfill the energy 
needs for the nuclear process. 

The spatial extension of the glycolytic pathway indicates that it can comprise a 
network of phosphotransfer circuits and metabolite shuttles, which facilitates high-energy 
phosphoryl delivery, lactate/pyruvate, and Pi shuttling to maintain cellular energy and 
redox balance (Dzeja et al., 2007). Energy-rich phosphoryls from ATP, used to 
phosphorylate glucose and fructose-6-phosphate at the mitochondria site, traverse the 
glycolytic pathway and can phosphorylate ADP through the pyruvate kinase-catalyzed 
reactions at remote ATP utilization sites. (Dzeja & Terzic, 2003). Additional phosphoryls 
can be transferred through the near-equilibrium reaction system catalyzed by 
glyceraldehyde 3-phosphate dehydrogenase and phosphoglycerate kinase (Dzeja & 
Terzic, 2003). High-energy phosphoryls generated by glycolysis can be preferentially 
delivered and used to support specific cellular functions, such as maintaining membrane 
ionic gradients, cell motility, muscle contraction, and nuclear processes (Perez-Terzic  
et al., 2007).  
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Coordination between increased cellular energy demand and supply is secured through 
integrated energetic and metabolic signaling circuits composed of phosphotransfer 
enzymes, which couple mitochondria with cytoplasmic and nuclear energetic events.  

1.3 Intestinal homeostasis 
The intestine’s primary function is the absorption and processing of nutrients, fluid 
homeostasis, and removing waste (Taylor & Colgan, 2007). The small intestine is organized 
into crypt-villus units. At the base of each villus, invagination from the crypt where 
intestinal stem cells reside. The colon is distally localized along the gastrointestinal tract 
to the small intestine and comprises only crypts. 

Intestinal homeostasis relies on complex interactions between the microbiota,  
the intestinal epithelium, and the host immune system that allow the intestinal barrier 
function maintenance. This barrier consists of a monolayer of intestinal epithelial cells 
(IEC) and a mucus layer that protects the IEC surface. The intestinal barrier acts as a filter 
in the absorption process in the colon, which requires high amounts of energy (Guerbette 
et al., 2022). The gastrointestinal tract (GI) is a highly proliferative tissue; the intestinal 
epithelium constantly renews itself every 3–5 days, requiring great amounts of energy 
(Barker, 2014). The IEC is crucial for the digestive process and forms a physical and 
immune barrier for the host defense (Peterson & Artis, 2014). The intestine is a highly 
unique tissue adjacent to a diverse and dense microbial population – microbiota.  
The microbiota mainly consists of anaerobes that decrease environmental O2, and 
therefore the intestine is highly hypoxic compared with most issues (Singhal & Shah, 
2020). A unique oxygen gradient exists within the human intestinal tract. A vertical 
oxygen gradient has been documented in more distal, colonic regions of the GI tract, 
from the anaerobic lumen across the epithelium to the richly vascularized subepithelial 
mucosa (Colgan et al., 2016). At baseline, epithelial cells lining the intestinal mucosa exist 
in a relatively low partial pressure (pO2) environment. pO2 is estimated with EPR oximetry 
42–71 mm Hg (7-10%) across the colonic muscle wall to around ~42 mm Hg (~6%) in the 
vascularized submucosa, 5-10 mm Hg near the crypt-lumen interface, and 11 (~2%) and 
3 mm Hg (~0,4%) in the lumen of ascending and sigmoid colon, respectively (He et al., 
1999). The pO2 drops precipitously along the radial axis from the intestinal submucosa to 
the lumen, home to trillions of anaerobic microbes. The microbiota is critical in 
establishing the hypoxic intestinal microenvironment. 

During low-oxygen conditions, cells adapt to hypoxic stress by inducing the expression 
of several genes involved in energy metabolism. Many metabolic responses to hypoxia 
are orchestrated by the Hypoxia-inducible factors (HIFs) (Singhal & Shah, 2020). HIFs 
fulfill the high cellular metabolic demands for glucose, protein, and lipid in oxygen-starved 
cells, and this function is conserved in many cell types and tissues. Besides energy 
metabolism, HIF is the transcriptional regulator of numerous genes essential to 
erythropoiesis, angiogenesis, and inflammation (Giaccia et al., 2003). The cellular 
metabolic pathways utilized for growth and function largely depend on the proliferative 
nature of cell type. The colon contains highly proliferative stem cells, a transit-amplifying 
progenitor population, and post-mitotic differentiated cells (Rangel-Huerta & 
Maldonado, 2017). Post-mitotic differentiated cells have a high rate of energy 
expenditure due to energy-consuming digestive, secretory, and absorptive processes 
(Van Der Schoor et al., 2002). The colon is more hypoxic than the small intestine and 
largely relies on commensally derived fuel sources in short-chain fatty acids (den Besten 
et al., 2013). 
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1.3.1 Short-chain fatty acids in the human colon 
Short-chain fatty acids (SCFAs) produced by the intestinal microbiota through anaerobic 
fermentation of undigested fiber have multiple roles within the human gut. Energy 
procurement depends on the metabolism of SCFAs, including butyrate, through  
β-oxidation, and contributes up to 15% of the host’s total daily caloric requirements 
(Bergman, 1990). Butyrate is considered the primary energy source for healthy colon 
cells (Roediger, 1982). The luminal butyrate concentration in humans and animals has 
been estimated at 10–20mM, higher than other SCFA (Cummings et al., 1987; Newmark 
et al., 1994). More than ninety percent of butyrate in the colon is absorbed by 
colonocytes, for which it serves as a dominant energy source via β-oxidation and 
tricarboxylic acid (TCA) (Roediger, 1982). While small intestinal enterocytes can also 
absorb butyrate, these cells primarily derive energy from glucose and glutamate 
(Newsholme et al., 2003). Butyrate is important in influencing colonic epithelial cell 
growth by regulating physiologic hypoxia. Butyrate increases colon epithelial O2 

consumption via driving oxidative phosphorylation and stabilizes HIF (Kelly et al., 2015). 
In normoxia, HIF-α subunits are degraded in an oxygen-dependent manner. When 
oxygen is limited, HIF-α is stabilized and forms a heterodimeric complex with HIF-1β in 
the nucleus to bind hypoxia-responsive elements in the promoter region of hundreds of 
target genes (Kaelin & Ratcliffe, 2008; Lee et al., 2020). 

In contrast to its role in fueling normal colonocytes, recent studies have shown that 
butyrate exhibits an antitumorigenic function by inhibiting the proliferation or inducing 
the apoptosis of colorectal cancer cells (Fung, Cosgrove, et al., 2012; Fung, Ooi, et al., 
2012). This phenomenon of molecule’s opposing effects on healthy versus cancerous 
colonocytes was named the butyrate paradox (Comalada et al., 2006; Mariadason et al., 
2001). Studies have shown that in lung tumor cells (H460), colorectal adenocarcinoma 
cells (HT29, Caco-2, HCT116), and breast cancer cells (MCF-7, T47-D, MDA-MB231), 
butyrate can increase oxidative pathway and/or decrease glycolytic metabolism. These 
metabolic alterations have been associated with reduced proliferation and/or induced 
differentiation of cancer cells (Alcarraz-Vizán et al., 2010; Amoêdo et al., 2011; Blouin  
et al., 2011; Q. Li et al., 2018; Rodrigues et al., 2015). 

1.3.2 Intestinal transport of butyrate 
Butyrate is a weak acid (pKa=4.8), and more than 90% exists in the ionized form under 
physiological conditions in the colon (pH 5.5–6.7), thus requiring a transporter for 
absorption (Bergman, 1990; Cummings et al., 1987). Butyrate is preferentially absorbed 
in the proximal part of the colon, where the highest luminal concentration occurs 
(Gonçalves & Martel, 2016). Several different mechanisms for butyrate uptake in 
colonocytes have been proposed, including counter-transport with bicarbonate 
(BT/HCO3- exchanger) and transport by monocarboxylate transporters (Hadjiagapiou et 
al., 2000; Kawamata et al., 2007; McNeil et al., 1979; Thangaraju et al., 2008). 

Butyrate plays a key role in colonic epithelium homeostasis by having multiple 
regulatory functions. The monocarboxylate transporter (MCT) family comprises 14 
members encoded by the SLC16 gene family (Halestrap & Meredith, 2004). MCT1 is a 
protein consisting of 500 amino acids that is highly conserved and expressed widely in 
various tissues(Jackson et al., 1997). The levels of MCT1 protein vary throughout the 
human digestive tract. MCT1 is expressed at very low levels in the small intestine, but its 
expression increases in the colon. Its highest levels are found in the distal segment of the 
colon, specifically in the upper regions of colonic crypts.(Gill et al., 2005; Iwanaga et al., 
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2006). The first report on MCT1 protein expression in human tumor samples described a 
decrease in MCT1 expression in the colonic transition from normality to malignancy (Daly 
et al., 2005). Studies have shown that when MCT1 is lost or silenced, it is associated with 
three significant changes: 1) a shift from normal to malignant growth in the colonic 
epithelium, 2) disruption of genes responsible for differentiation and apoptosis that 
respond to butyrate, and 3) a crucial metabolic change from butyrate oxidation to 
glycolysis (Cuff et al., 2005; Lambert et al., 2002). CRC cells show a reduction in butyrate 
uptake because of reduced MCT1 expression, associated with an increased glucose 
uptake rate (Macheda et al., 2005; Moreno-Sánchez et al., 2007). MCT1 expression is 
down-regulated in the early stages of carcinogenesis (Lambert et al., 2002). MCTs are 
transporters that work in both directions and have a significant impact on intracellular 
pH by removing lactate along with a proton (Dimmer et al., 2000; Latham et al., 2012).  
Inhibiting MCT1 results in a drop of pH level inside cells, leading to tumoral cell death.  
It is possible that certain MCT isoforms may be up-regulated in order to export lactate 
(Gonçalves & Martel, 2016). 

1.4 Metabolic reprogramming in cancer 
Deregulation of cellular metabolism has emerged as a key hallmark of the cancer 
(Hanahan & Weinberg, 2000). Evidence shows that metabolic reprogramming is an active 
process governed by oncogenes and tumor suppressors, which provide cancer cells with 
energy, reducing equivalents and biosynthetic precursors (Vander Heiden & 
DeBerardinis, 2017). The most core metabolic pathways, including glucose, glutamine, 
amino acids, serine/glycerin, and lipid metabolism, are exploited by cancer cells to 
sustain their high rate of cell division (Pavlova & Thompson, 2016). 

Metabolism is broadly defined as “the sum of biochemical processes in living 
organisms that either produce or consume energy” (DeBerardinis & Thompson, 2012). 
The primary source of cellular energy is glucose, a simple carbohydrate transported into 
cells by a family of transmembrane glucose transporters (GLUTs). In the cytoplasm, 
glucose is catabolized to pyruvate, generating two molecules of ATP in a process known 
as glycolysis. The conversion of glucose to pyruvate occurs in two stages, the first stage 
consuming ATP and the second stage generating ATP. In the first stage, hexokinase (HK) 
phosphorylates glucose into glucose-6-phosphate (G6P), one of the rate-limiting 
enzymes in glycolysis. Hexokinases have four isoforms, namely HK1, HK2, HK3 and HK4 
(Robey & Hay, 2006). HKs sustain cellular glucose levels by regulating the entry and 
utilization of glucose and influencing the magnitude and direction of glucose flux within 
cells (Patra et al., 2013). HK1 is the predominant HK isoform in most tissues and is more 
abundant than HK2. HK2 is the most well-characterized gene whose expression is 
significantly up-regulated in many cancers, such as prostate cancer, breast cancer, lung 
cancer, renal cancer, liver cancer, and colorectal cancer (Lee et al., 2019; Nishihashi  
et al., 2017; Shi et al., 2019; Xu et al., 2018; Xu & Herschman, 2019). Next step, 
phosphofructokinase-1 (PFK1) catalyzes the conversion fructose-6-phosphate (F6P) to 
fructose-1,6-bisphosphate. PFK1 phosphorylates F6P into fructose-1,6-bisphosphate,  
the second irreversible glycolysis reaction. This reaction is a crucial and rate-limiting  
step in glycolysis. PFK1 is regulated by ATP and F6P substrates (Cabrera et al., 2011). 
Studies have shown that PFK1 activity is increased in cancer cell lines, and expression of 
PFK1 is up-regulated in breast and liver cancers (Moon et al., 2011; Park et al., 2013).  
In the subsequent stage, ATP is generated by substrate-level phosphorylation and glucose 
metabolism. 
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Additionally, a metabolic pathway parallel to glycolysis is the pentose phosphate 
pathway (PPP), which represents the first committed step of glucose metabolism 
(Ramos-Martinez, 2017). Glycolysis and PPP are metabolically linked for sharing  
the common intermediate G6P. The third irreversible reaction of glycolysis is 
phosphoenolpyruvate conversion into pyruvate catalyzed by PK; thus, PK serves an 
essential role in the control of metabolism in cancer cells. The ratio between the active 
and inactive forms of PK determines whether glucose is used for OXPHOS or for PPP to 
support the cell growth (Gui et al., 2013). Low PK activity increases entrance into PPP for 
biosynthesis, while high PK activity increases OXPHOS and decreases glucose entrance 
into PPP (Fukuda et al., 2015). 

The PPP occurs in the cytosol and comprises two phases: irreversible oxidative and 
reversible nonoxidative (Jin & Zhou, 2019) (Figure 4). 

 

 
Figure 4. The pentose phosphate pathway. 

 The oxidative branch converts G6P into ribulose-5-phosphate (Ru5P), CO2, and 
NADPH (Kruger & von Schaewen, 2003). NADPH is vital to maintain cytosolic  
reduction-oxidation balance under stress conditions and allows cells to proliferate 
rapidly (Pavlova & Thompson, 2016). The non-oxidative branch yields the glycolytic 
intermediates F6P, glyceraldehyde-3-phosphate (G3P), and sedoheptulose sugars, 
resulting in the production of sugar-phosphate precursors for amino acid synthesis and 
ribose-5-phosphate (R5P), which is essential for nucleic acid synthesis (Stincone et al., 
2015) (Figure 4). Glucose-6-phosphate dehydrogenase (G6PD), the rate-limiting enzyme, 
catalyzes the first irreversible reaction of PPP. The activity of G6PD directly reflects the 
flux of oxidative PPP and determines the flux partitioning between glycolysis and the PPP 
(Jiang et al., 2014). Whereas G6PD acts as a control site in the oxidative branch, 
transketolase (TKT) and transaldolase are the two key enzymes in the nonoxidative 
branch. Rapidly proliferating cells like cancer cells usually increase the PPP flux by 
activating G6PD to meet the increased bioenergetic demands. Although many studies 
have reported that numerous factors may stimulate it, the mechanism by which G6PD is 
regulated remains largely unknown. (Jiang et al., 2014). 
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In the absence of oxygen, normal cells convert pyruvate to lactate, which is secreted 
from the cell. In contrast, in the presence of oxygen, pyruvate is transported into the 
mitochondria by the mitochondrial pyruvate carrier (MPC) and then converted to  
acetyl-CoA by pyruvate dehydrogenase (PDH). Acetyl-CoA, which can also be generated 
by the catabolism of fatty acids (FAs) and some amino acids, enters the TCA cycle, 
reducing NAD+ and FAD to NADH and FADH2. These high-energy electron carriers are 
then used to create a proton gradient across the inner mitochondrial membrane that 
drives ATP synthase in the electron transport chain (ETC). This OXPHOS process results 
in additional 32–36 molecules of ATP. 

Cancer cells utilize many nutrients to sustain infinite proliferation and growth, which 
requires reprogramming energy metabolism. The unique metabolic phenotype of cancer 
cells was first observed by Otto H. Warburg almost 100 years ago. In normal cells with 
sufficient oxygen levels, pyruvate could enter the TCA cycle to generate abundant 
energy, whereas tumor cells exhibit high glycolysis activity regardless of the oxygen 
levels. Lactate is produced through the activation of lactate dehydrogenase (LDH) and 
inhibition of pyruvate metabolism in the mitochondria (Lunt & Vander Heiden, 2011). 
This phenomenon is called the Warburg effect or aerobic glycolysis (Warburg, 1956). 
Aerobic glycolysis could meet the energy and nutritional demands essential for severe 
living conditions of tumor cells for cancer progression (Lunt & Vander Heiden, 2011). 
Metabolic reprogramming is critical for the rapid proliferation of cancer cells and is thus 
recognized as a hallmark of cancer. Like other cancer, CRC cells undergo rewiring of 
cellular metabolism via dysregulation of oncogenes and tumor suppressors during 
carcinogenesis (Brown et al., 2018). 

1.4.1 Glycolytic metabolism in cancer 
The increased rate of glycolysis is a common metabolic change that can be observed in 
cancer. Mutations in KRAS or BRAF lead to the constitutive activation of ERK1/2 cascade, 
which sustains aerobic glycolysis through the activation of transcriptional factors, 
including hypoxia-inducible factor 1 (HIF1) and c-myc (Zhong et al., 2022). HIF-1 is a 
heterodimeric transcription factor composed of a HIF-1α subunit that senses the 
changed oxygen levels and a HIF-1β subunit constitutively expressed (McGettrick & 
O'Neill, 2020). Besides the heterogeneous oxygen level inside the tumor, oncogene 
activation (e.g., KRAS, BRAF) or tumor suppressor inactivation (e.g., TP53, PTEN) can 
enhance the HIF-1α expression (Semenza, 2013). It has been shown that HIF-1α 
promotes the expression of glycolytic enzymes, including HK2, lactate dehydrogenase 
(LDH), and glycolytic transporters such as MCT4 and GLUT1 and increases the 
intracellular level of glycolysis (Nagao et al., 2019; Zhong et al., 2022). In addition,  
HIF-1α switches on pyruvate dehydrogenase kinase (PDK), which prevents the entry of 
pyruvate in the TCA cycle by inhibiting pyruvate dehydrogenase (PDH) (Kim et al., 2006). 
PDH converts pyruvate to acetyl-Co, and PDK-mediated inhibition of PDH leads to a lower 
consumption of pyruvate in the mitochondria, which results in a higher amount of 
pyruvate available in the cytosol (Avagliano et al., 2020). The increase of cytosolic 
pyruvate promotes sustained lactic fermentation and elevated lactate production (Kim 
et al., 2006). In addition, persistent ERK1/2 activation, induced by mutant BRAF or KRAS, 
leads to mitochondrial translocation of phosphoglycerate kinase (PGK1) and pyruvate 
dehydrogenase kinase 1 (PDK1), which in turn inactivates PDH, contributing to aerobic 
glycolytic switch in cancer (Li et al., 2016). 
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Glycolytic flux and glucose uptake are also changed by c-myc, which transcriptionally 
activates LDH, GLUT-1, and HK2 (Stine et al., 2015; Zeller et al., 2003). The transportation 
of extracellular glucose to the cytoplasm is performed by sodium-glucose transporters 
(SGLTs) and facilitated diffusion GLUTs (Navale & Paranjape, 2016). GLUTs belong to a 
homologous family of fourteen uniporter transporter proteins. Among these, GLUTs 1–4 
have been comprehensively studied and observed to be up-regulated in the cancer 
(Barron et al., 2016). Further, glucose uptake correlates with KRAS and BRAF mutations 
and GLUT1 overexpression in CRCs measured by FDG-PET (Chen et al., 2014; Kawada  
et al., 2012). It is understood that KRAS signaling confers a competitive advantage to 
cancer cells through increased glucose uptake and elevated flux through glycolysis, 
concurrently fueling numerous branching biosynthetic pathways (Gaglio et al., 2011; 
Hutton et al., 2016; Ying et al., 2012; Yun et al., 2009). Cancer cells with KRAS or BRAF 
mutations depend on glycolysis for survival and growth, and that pyruvate is a major 
carbon source for the mitochondrial TCA cycle (Weinberg & Chandel, 2015). Several 
glycolytic intermediates are shunted into biosynthetic pathways essential for nucleotide 
production, amino acid synthesis, or glycosylation reactions, the activity of which is 
coordinated by KRAS signaling (Ali et al., 2020; Mattaini et al., 2016). KRAS also promotes 
the rapid reduction of glycolysis-derived pyruvate to lactate (Kerk et al., 2021). Lactate 
transporters are expressed in a KRAS- dependent manner and efficiently export lactate 
from the cell (Baek et al., 2014; McCleland et al., 2013). This glycolytic phenotype driven 
by KRAS or BRAF supports malignant progression and correlates with poorer prognoses 
in patients with KRAS-driven cancers (Avagliano et al., 2020; Graziano et al., 2017). 
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2 AIMS OF THE STUDY 
The primary objective of this thesis was to investigate and describe the metabolic 
reprogramming that occurs in colorectal polyps by analyzing both the mitochondrial 
respiratory rates and gene expression of specific metabolic markers. More specifically, 
the aims of the study were: 

• To compare the mitochondrial respiratory rate in colorectal polyps with 
those in the healthy colon and cancerous tissue. By measuring the 
respiratory rates, the study aimed to identify any significant difference that 
may contribute to the development and progression of colorectal polyps to 
cancerous tissue. 

• To evaluate the effect of clinicopathological characteristics and the 
mutation status of KRAS and BRAF genes on mitochondrial respiratory rates 
in both colorectal polyps and CRC. 

• To assess the expression levels of selected metabolic markers involved in 
glycolysis and intracellular phosphotransfer pathways in colorectal polyps, 
healthy colon tissue, and CRC. By examining the expression levels, the 
objective was to identify any dysregulation in these metabolic pathways 
that may be associated with the development of polyps and CRC. 

• To explore the potential correlation between changes in mitochondrial 
respiratory rates and altered gene expression of metabolic markers in 
colorectal polyps. This analysis aimed to uncover any relationship between 
mitochondrial function and metabolic gene expression of colorectal polyps. 

• To discuss the role of adenylate kinase in the development of colorectal 
cancer. 

• To discuss the concept of energy metabolic plasticity in the development of 
colorectal cancer considering gained study results. 
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3 MATERIALS AND METHODS 
The following methods, described in more detail in the respective publications, were 
used in this study: 

• Clinical material – Publication I, II 
• Oxygraphic measurement – Publication I, II 
• RNA extraction – Publication II 
• cDNA synthesis and real-time quantitative polymerase chain reaction – 

Publication II 
• DNA extraction – Publication I, II 
• KRAS and BRAF mutation analysis – Publication I, II 
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4 RESULTS AND DISCUSSION 

4.1 Mitochondrial outer membrane permeability for ADP is different in 
the healthy colon, colon polyps, and colorectal cancer tissue 
(Publication I, II) 
The permeability of the outer mitochondrial membrane to ADP plays a crucial role in 
regulating cellular energy metabolism, and its dysregulation has been associated with 
cancer. This process facilitates ADP entry into the mitochondrial matrix through the 
voltage-dependent anion channel (VDAC) in the outer mitochondrial membrane.  
The VDAC and OXPHOS are intricately connected in their contributions to cellular energy 
metabolism. 

4.1.1 ADP-dependent mitochondria respiration 
To identify the changes in OXPHOS activity in CRC carcinogenesis, high-resolution 
respirometry on permeabilized post-operative tissues – CRC tissue, colon polyps, and 
healthy colon tissue was applied. The rate of maximal ADP-activated respiration (Vmax) 
was determined to estimate the coupling of mitochondrial oxygen consumption to 
OXPHOS. Additionally, the apparent Michaelis-Menten constant values for exogenously 
added ADP (Km(ADP)) to describe the permeability of VDAC for exogenous ADP. 
Therefore, determining Vmax and Km(ADP) could provide relevant information about the 
activity of OXPHOS key components and the type of metabolism in the three different 
colon tissue types included in the current thesis.  

Significant differences in Vmax and Km(ADP) values between colon polyps and tumors 
suggest that polyps and tumors probably have different bioenergetic profiles (Figure 5).  

 
 

 
Figure 5. Kinetic parameters of mitochondrial respiration in normal tissue, colorectal polyps, and 
colorectal cancer tissue. (A) Comparative analysis of maximal ADP-stimulated respiratory rate 
(Vmax); and (B) apparent Michaelis-Menten constant values for ADP (Km(ADP)) in control tissue 
(n=46), colorectal polyps (n=42), and colorectal cancer (CRC) tissue (n=57).* p < 0.05, *** p < 0.001 
(t-test). (Publication II). 

The Vmax for CRC was higher than for healthy colon tissue, and the Vmax for colon polyps 
was twice higher for healthy colon tissue (Figure 5A). The values of Km(ADP) exhibited 
that colon polyps have a significantly lower Km(ADP) compared to both colorectal cancer 
and healthy tissue (Figure 5B). Orders of magnitude different Km(ADP) values have been 
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found between glycolytic and oxidative striated muscles, which have different metabolic 
features. Tissue-specific Km(ADP) values are higher in oxidative tissues compared to 
glycolytic tissues (Kuznetsov et al., 1996; Puurand et al., 2019). Healthy tissue and tumors 
showed similar Km(ADP) values, indicating a lower affinity for ADP. The Vmax/ Km(ADP) 
ratio was 0.039 min-1 mg-1 mL for colon polyps. 

In contrast, this ratio was similar and lower for tumor and healthy tissue (0.019  
and 0.013, respectively), indicating a more catalytically efficient system in polyps.  
The mathematical model employed for muscle cells was applied to estimate the percent 
of mitochondria with highly regulated (oxidative) and unregulated (glycolytic) 
permeability of IMM to adenine nucleotides. According to the model, the hypothetical 
percentage of low oxidative capacity mitochondria in tissue is calculated from the 
Km(ADP) value as an inverse asymptotic dependence (Saks et al., 1998). Polyps 
demonstrated a higher percentage of mitochondrion with low control over the 
movement of adenine nucleotides through OMM (Table 2), which indicates the 
metabolic shift to a glycolytic state. 

 
Table 2. Modelled percentage of low oxidative capacity of mitochondrion in control, colon polyps, 
and CRC tissue group (Publication II). 

Sample group % of low oxidative capacity of mitochondrion 
Control (n=46) 31,2 
Colon polyps (n=45) 55,9 
CRC (n=68) 32,9 

 
The changes in glycolytic markers have been observed in the early premalignant 

colorectal mucosal field, and these changes would be expected to promote increased 
glycolysis. Our findings on the Km value for ADP for colorectal polyps suggest an early 
metabolic reprogramming towards glycolysis. Increased affinity for ADP on IMM and the 
high ADP-induced respiration level suggested a metabolic shift towards more glycolytic 
metabolism while maintaining OXPHOS functionality in polyps. 

Maintaining the functional activity of OXPHOS is crucial in cancer cells, as those with 
a very low respiration rate are unable to form tumors (Hubackova et al., 2019).  
A moderate reduction in respiration can benefit the functioning of signaling molecules 
and the synthesis of anabolic precursors (Lu et al., 2015). The importance of functional 
OXPHOS varies depending on whether cells are proliferating or non-proliferating,  
with each situation exhibiting a unique functional manner (Hubackova et al., 2019). 

Research, including the study by Koit et al. (2017) using breast cancer tissue and  
cell lines, has demonstrated that the metabolic profile of cancer cells in culture can  
vary significantly based on the specific conditions of the culture (Koit et al., 2017).  
For instance, cells grown in a glucose-free medium lead to the development of  
hyper-glycolytic cells with reduced respiratory flux (Gnaiger & Kemp, 1990; 
Gstraunthaler et al., 1999; Swerdlow et al., 2013). This knowledge highlights the impact 
of culture conditions on the metabolic behavior of cancer cells. 

Given the influence of culture conditions on metabolic profiles, utilizing post-operative 
tissue material is a more suitable approach for studying OXPHOS in human tumors and 
describing the metabolic changes that occur during carcinogenesis. 
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4.1.2 Subgroup analysis by clinicopathological characteristics  
To unveil respiratory rate kinetic parameters dependence on clinicopathological 
characteristics, possible relationships were analyzed of Vmax and Km(ADP) of polyps, 
colorectal cancer, and healthy colon tissue with age, gender, location, size, and 
histological type. 

CRC is more frequently observed in the distal side (left colon) than in the proximal side 
(right colon) (Missiaglia et al., 2014). According to the studies, left and right colon tumors 
are distinct in their epidemiology, biology, histology, and microbial diversity (Drewes  
et al., 2016; Missiaglia et al., 2014). In Publication I and II, no relationship between Vmax 
and Km(ADP) values of healthy tissue, polyps, and CRC groups with clinicopathological 
factors was found with an exception. In Publication I, comparing all the distal and 
proximal tumors showed the difference in Km(ADP) value but not in Vmax (Figure 6).  

 
Figure 6. The distal (n=20) and proximal (n=24) tumors showed a difference in Km(ADP) value but 
not in Vmax. ** p<0.01. (Publication I). 

However, there were no differences in Km(ADP) in Publication II, but a difference was 
seen in Vmax values when comparing distal and proximal tumors and polyps. These results 
require further assessment by using a more extensive study group. 

4.1.3 Subgroup analysis by KRAS and BRAF mutation status in CRC 
The current thesis investigated two established and common molecular markers of 
prognosis in CRC: KRAS and BRAF. Almost half of the CRC tumors harbor KRAS mutations, 
and this mutation status is associated with poorer survival and response to 
chemotherapeutics (Phipps et al., 2013). BRAF V600E mutation status is also associated 
with an unfavorable prognosis (Yokota et al., 2011). Additionally, mutations in KRAS and 
BRAF genes appear to play a significant role in CRC’s transcriptional regulation of the 
metabolic reprogramming (Zhong et al., 2022). In Publication I, Vmax in KRAS or BRAF 
mutated tumors was significantly lower than in the wild-type tumor (Figure 7).  
This suggests an involvement of oncogenic KRAS and BRAF in metabolic reprogramming 
in CRC and supports the role of shifting CRC metabolism to a more glycolytic type. 
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Figure 7. Kinetic parameters of mitochondrial respiration in KRAS and BRAF mutated and wild-
type CRC. (A) Comparative analysis of maximal ADP-activated respiratory rate (Vmax); and (B) 
apparent Michaelis-Menten constant values for ADP (Km(ADP)) in KRAS mutated CRC (n=13), BRAF 
mutated CRC (n=6), and wild-type polyps (n=14) * p < 0.05, ** p < 0.01 (t-test). (Publication I). 
 

Comparison of KRAS mutated, BRAF mutated, and WT tumors value for Km(ADP) 
showed no differences. Interestingly, all CRC groups had similar Km(ADP) values for tumor 
and control tissue. The lack of difference in Km(ADP) in studied subgroups could be 
attributed to various factors. Aside from KRAS and BRAF mutations, other factors could 
contribute to the observed similarities in Km(ADP). Metabolic adaptations and 
environmental influence might play a role in maintaining consistent Km(ADP) values 
across different subgroups. Also, it is possible that KRAS and BRAF mutations do not 
directly affect the Km(ADP) values in cancer. Small sample sizes and cancer tissue 
heterogeneity could mask any potential difference in Km(ADP) values between the 
subgroups. Further research, employing a larger sample size and exploring additional 
metabolic and molecular parameters, would be valuable in elucidating the reasons 
behind the observed similarities in Km(ADP) values among different CRC groups. 

4.1.4 Subgroup analysis by KRAS and BRAF mutation status in colon polyp  
The transformation of colon epithelium into a malignant state involves significant 
changes in energy production and biosynthesis pathways, supporting cancer development. 
The potential effect of KRAS and BRAF mutations on mitochondrial respiration was 
investigated in the colorectal polyp group (Figure 8). Polyps with KRAS mutation showed 
higher Vmax values than those with BRAF mutation (Figure 8A). Additionally, mitochondria 
in KRAS-mutated polyps exhibited a reduced affinity for exogenous ADP compared to the 
BRAF-mutated polyp group (Figure 8B). There were no significant differences in Vmax and 
Km(ADP) nor Vmax/Km(ADP) ratios between KRAS or BRAF mutated and wild-type polyps. 
However, due to the considerably lower Vmax observed in both polyps and tumors with 
BRAF mutation, it is plausible to assume that cells carrying this mutation required 
sustained activation of active glycolysis while down-regulating OXPHOS. 
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Figure 8. Kinetic parameters of mitochondrial respiration in KRAS, BRAF mutated, and wild-type 
polyps. (A) Comparative analysis of maximal ADP-activated respiratory rate (Vmax); and (B) 
apparent Michaelis-Menten constant values for ADP (Km(ADP)) in KRAS mutated polyps (n=14), 
BRAF mutated polyps (n=6), and wild-type polyps (n=21).  
* p < 0.05, ** p < 0.01 (t-test). (Publication II). 

4.2 Different gene expression levels show changes in energy 
metabolism during CRC tumorigenesis (Publication II, III, I) 
The precise mechanisms by which VDAC contributes to the development and progression 
of CRC still need to be fully understood. However, it is believed that VDAC plays a role in 
regulating glucose uptake in colorectal cancer cells by interacting with various glucose 
transporters and metabolic enzymes. Several studies have reported increased expression 
of genes involved in glucose uptake and metabolism in cancer, supporting the notion of 
VDAC’s involvement in the metabolic reprogramming (Azuma et al., 2007; Graziano  
et al., 2017; Leclerc et al., 2017; N. N. Wang et al., 2021). 

In the current thesis, RT-qPCR was performed to detect expression levels of genes 
encoding key enzymes involved in glycolysis control, including GLUT1, HK1, and HK2. 
Additionally, the expression levels of essential, non-controlling enzymes such as MCT1, 
MCT2, MCT4, and LDHA were analyzed to assess their potential contribution to metabolic 
reprogramming in colon polyps. The complete absence of essential genes or proteins 
leads to the complete cessation of the cellular process. Conversely, partial removal or 
inhibition of controlling steps results in a corresponding reduction in the analyzed cellular 
function. 

4.2.1 Higher expression levels of genes important in glycose indicate 
increased glycolytic activity in polyps 
During glycolysis, glucose is transported into the cell's cytoplasm via glucose transport 
proteins (GLUTs). GLUTs belong to the family of 14 glucose transporters found in various 
tissues throughout the body. In CRC, GLUT1 expression is often up-regulated, which 
allows cancer cells to take up more glucose and use it for energy (Barron et al., 2016). 
High expression of GLUT is associated with a poorer prognosis and a higher risk of 
recurrence for CRC (Ancey et al., 2018). 

In Publication II, there was lower GLUT1 expression in healthy colon tissue compared 
to the polyp and CRC group, which is aligned with the fact that glucose provides a small 
fraction of the energy requirements for the healthy colonic epithelium (Figure 9A).  
The expression of GLUT1 in the colorectal polyp group was significantly higher than in 
healthy tissue, suggesting an increased demand for glucose in polyps. The CRC group also 
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showed an increased level of GLUT1 expression compared to the control group.  
The polyp tended toward a lower expression of GLUT1 than the CRC group, but there was 
no statistically significant difference (p=0.136). A higher level of GLUT1 expression in 
colon polyps compared to healthy tissue is aligned with the understanding that changes 
in energy metabolism can occur in the very early stage of carcinogenesis.  

 
Figure 9. (A) GLUT1 expression levels in healthy colon tissue (n=16), colorectal polyps (n=8), and 
CRC (n=9) and (B) LDHA expression levels in healthy colon tissue (n=16), colorectal polyps (n=8), 
and CRC (n=9). ***p<0.001 **p<0.01, *p<0.05 (t-test). (Publication II). 

Lactate dehydrogenase A (LDHA) is an enzyme that plays a key role in converting 
pyruvate to lactate during glycolysis, primarily occurring in the absence of oxygen. 
Several studies have reported increased LDHA expression in various cancers such as liver, 
breast, and colon cancer, and it is closely related to the malignant process (Guddeti et al., 
2019; Guo et al., 2019; Y. Wang et al., 2021). Although LDHA expression may also be 
increased in colon polyps, its role in developing colorectal polyps remains incompletely 
understood. 

Compared to healthy colon tissue, elevated levels of LDHA expression in polyps 
suggest increased lactate production (Figure 9B). While LDHA is not a rate-limiting step 
in glycolysis, it maintains significant regulatory control over the equilibrium between 
pyruvate and lactate, affecting the cytosolic redox balance. The balance between 
pyruvate and lactate is tightly correlated with the NADH/NAD+ ratio, which can be 
modulated by an up-regulation of LDHA activity. Increased LDHA activity catalyzes the 
conversion of pyruvate to lactate, with a concomitant increase in the production of H+ 
ions. This process contributes to malignancy progression, reducing the extracellular pH 
and potentially mitigating the host immune response (Kim et al., 2007). In addition to its 
role in ATP production, the LDHA-facilitated aerobic glycolysis pathway generates key 
metabolic intermediates for the biosynthesis of essential macromolecules, such as 
nucleotides, amino acids, and lipids (Vander Heiden et al., 2009). These precursors are 
crucial for sustaining neoplastic growth’s rapid cell division characteristics. 

Comparing LDHA expression levels in CRC and healthy tissue samples revealed no 
significant difference. This suggests that CRC cells might not augment lactate production 
due to a predominant reliance on OXPHOS for their energy requirements. These findings 
provide insight into the metabolic changes that occur during the development of 
colorectal polyps and CRC, highlighting the importance of glycolytic metabolism in  
early-stage polyps and the potential therapeutic implications of targeting glycolysis in 
these precancerous lesions. 

Hexokinase (HK) is an enzyme that plays a crucial role in the first step of glucose 
metabolism. Abnormal expression of hexokinase has been observed in several types of 
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cancers, including colorectal cancer. One proposed mechanism by which hexokinase 
contributes to cancer growth is its ability to enhance the production of ATP (Patra et al., 
2013). In the current thesis, the expression levels of HK1 and HK2 were investigated 
across healthy colon tissue, colorectal polyp, and CRC groups. HK1 expression level in the 
polyp group was twice as high as in healthy tissue and CRC groups, while the polyp 
group’s HK2 expression was similar to the healthy tissue group (Figure 10A). Several 
studies have shown that overexpression of HK2 is commonly observed in colorectal 
cancer and higher HK2 expression is related to more aggressive tumor behavior and 
poorer prognosis (Ho & Coomber, 2016; Mathupala et al., 2006; N. N. Wang et al., 2021). 
However, current expression analyses of HK2 did not reveal overexpression in the CRC 
group. It was significantly lower than healthy tissue (p<0.001). Typically, overexpression 
of HK2 correlates with elevated glycolytic activity, permitting cancer cells to generate 
ATP and other vital metabolites that fuel their rapid growth and proliferation. 

Decreased HK2 expression in CRC, as was observed in Publication II, might be 
associated with reduced glycolytic activity and a shift towards alternative metabolic 
pathways. The outcomes elucidated in Publication II implied a heightened reliance of 
colorectal polyp cells on the glycolytic pathway, as substantiated by their low Km(ADP) 
value and increased hexokinase expression levels. It was supported by research activities 
reviewed in Publication IV. Prof. Pedersen and his colleagues discovered the binding of 
HK2 to VDAC, concluding that this phenomenon could play a pivotal role in the Warburg 
effect. In such a setting, mitochondrial ATP is preferentially directed to glycolysis and 
produced ADP is channeled back to OXPHOS.  

 
Figure 10. HK1 and HK2 expression levels in the healthy colon (n=27), colorectal polyps (n=9), and 
CRC (n=27). (B) MCT1 and MCT2 expression levels in healthy colon tissue (n=16), colorectal polyps 
(n=8), and CRC (n=9), and expression levels of MCT4 in healthy colon tissue (n=24), colorectal 
polyps (n=8) and CRC (n=22). ***p<0.001 **p<0.01, *p<0.05 (t-test) (Publication II). 

Monocarboxylate transporters (MCTs) are critical in transporting short-chain fatty 
acids, such as butyrate, across the luminal membrane of colonic epithelial cells. 
(Donohoe et al., 2011). Aberrant expression of MCT1, MCT2, and MCT4 has been 
demonstrated in various cancers, including colon cancer; however, there is no data on 
the colorectal polyps (Baltazar et al., 2014; Fisel et al., 2013). In the current thesis, MCT1, 
MCT2, and MCT4 expression levels were evaluated in healthy colon tissue, polyp, and 
CRC group. 

Notably, healthy colon tissue exhibited higher expression levels of MCT1 than the CRC 
tissue (Figure 10B). This observation aligns with the understanding that butyrate is the 
primary energy source for colonic epithelial cells. Lower expression of MCT1 in cancerous 
tissue could imply that cancer cells possess an enhanced degree of metabolic plasticity 
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and are less reliant on butyrate as a nutrient. Such a metabolic shift during carcinogenesis 
enables cancer cells to use alternative energy sources, such as glucose and glutamine, to 
sustain their growth and proliferation. Comparable expression levels of MCT1 in healthy 
tissue and polyp group suggested that colon polyps maintain their usage of short-chain 
fatty acids, such as butyrate. Low levels of butyrate in the colon may contribute to the 
development of colorectal cancer, emphasizing the importance of a fiber-rich diet, which 
can increase butyrate production and promote a healthy colon (Hamer et al., 2008). 

The increased expression of MCT2 has been observed in various cancer types, 
including breast, prostate, and colorectal cancer. Studies suggest that the increased 
expression of MCT2 in cancer cells is related to the altered metabolic pathways of these 
cells, which rely on the glycolysis (Baltazar et al., 2014; Pinheiro et al., 2010). MTC2 is 
responsible for transporting lactate, produced during glycolysis, out of the cells, thereby 
maintaining a favorable metabolic environment for cancer cell survival and proliferation 
(Pinheiro et al., 2010). Findings in Publication II showed that the polyp group exhibited 
increased expression of MCT2 compared to healthy colon tissue, consistent with our 
previous results demonstrating increased glycolytic phenotype. In contrast to previously 
mentioned studies, there was decreased expression level of MCT2 in CRC tissue 
compared to healthy colon tissue and polyp group. This finding is consistent with the 
hypothesis that CRC cells may not rely on the typical Warburg effect, where glucose is 
preferentially metabolized via glycolysis, leading to lactate accumulation and subsequent 
upregulation of MCT2 expression. 

Polyps also exhibit elevated expression levels of MCT4 compared to healthy tissue, 
indicating an increase in glycolytic activity. MCT 4 plays a vital role in exporting lactate 
out of the cells, preventing intracellular acidification. Also, MCT4 is one of the target 
genes of hypoxia-inducible factor 1alpha (HIF-1aplha), and its expression is up-regulated 
in response to the hypoxia (Ullah et al., 2006). The overexpression of MCT4 in colon 
polyps suggests an increase in glycolytic activity, possibly as an adaption to elevated 
lactate and the low-oxygen environment found in the colon (Giles et al., 2006). 

4.2.2 Intracellular phosphotransfer pathways are up-regulated in colon polyps 
Phosphotransfer circuits are biochemical pathways involved in the transfer of phosphate 
groups between molecules, typically involving protein kinases. These circuits play a 
crucial role in cellular signaling, allowing cells to respond to various stimuli and regulate 
important processes such as metabolism, growth, and differentiation. Two well-known 
phosphotransfer pathways are the adenylate kinase (AK) circuit and creatine kinase (CK) 
circuits. These circuits involve separate enzymatic systems that participate in different 
biochemical processes. AK is involved in maintaining the balance of ATP, ADP, and AMP 
in the cell. When energy consumption is high, and ATP levels decrease, the relative 
concentration of ADP increases. AK can catalyze the reaction of 2 ADP to form 1 ATP and 
1 AMP. AK acts as a sensor and regulator of energy balance in cells, indirectly influencing 
the rate of OXPHOS by affecting the availability of ADP, which is a substrate for the  
ATP synthase complex. CK, particularly the mitochondrial isoform (mtCK), is tightly 
associated with the energy-producing process of OXPHOS. CKMT helps convert ATP  
into phosphocreatine (PCr), a form of energy storage that can be quickly mobilized to 
generate ATP when needed. 

Dysregulation of intracellular phosphotransfer pathways involving adenylate and 
creatine kinase has been linked to cancer development and progression. Studies have 
shown that alterations in AK and CK expression and activity are common in cancer cells 
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and can contribute to tumor growth and metastasis (Balasubramani et al., 2006; Jan  
et al., 2019; M. Li et al., 2021; Xin et al., 2019; Xu et al., 2021). In Publication II, AK1, AK2, 
AK4, AK6, CKBB, CKMT1, and CKMT2 expression level was assessed in healthy colon 
tissue, polyp, and CRC group. 

AK1, which is highly expressed in the brain, heart, skeletal muscles, and erythrocytes, 
has been suggested as a negative regulator of the CRC development (Kaldma et al., 2014; 
Panayiotou et al., 2014). In the current study, the expression level of AK1 in polyp  
groups was similar to that in healthy tissue and significantly higher than in the CRC group 
(Figure 11A). 

AK2, localized in the mitochondrial intermembrane space, regulates the cytosol and 
mitochondrial matrix's ATP/ADP transference rate. Previous studies have shown changes 
in the regulation of AK2 in several human cancers. Its overexpression has been observed 
in lung adenocarcinoma, triple-negative breast cancer cells, and neuroblastoma cell lines, 
which may be related to the aggressive nature of these cancer types (Klepinin et al., 2022; 
Klepinin et al., 2016; Liu et al., 2019). In Publication II, the expression of AK2 was  
up-regulated in the polyp group compared to CRC and healthy tissue groups. The CRC 
group showed significantly lower AK2 expression than healthy colon tissue, suggesting 
fundamental rearrangement in the mitochondrial energy-related communication 
networks between cytosol and mitochondria during cancer progression. 

 
Figure 11. (A) Expression levels of adenylate kinases AK1, AK2, AK4, and AK6 (B) and creatine 
kinases CKBB, CKMT1, and CKMT2 in the healthy colon (n=19), colorectal polyps (n=9), and CRC 
(n=14). ***p<0.001 **p<0.01, *p<0.05 (t-test). (Publication II). 

AK4, expressed in the mitochondria matrix, may indirectly modulate the mitochondrial 
membrane permeability via its interactions with the ADP/ATP translocase (ANT). In this 
study, the expression level of AK4 was significantly higher in the polyp group than in the 
healthy tissue group. Research has shown that AK4 can promote a shift toward the 
glycolysis (Jan et al., 2019), consistent with this thesis’s observation of glycolytic 
phenotype in the polyp group. 

AK6 is localized in the nucleus and cytosol and is ubiquitously expressed in different 
tissue and cell types (Ren et al., 2005; Xu et al., 2021). AK6 is a glycolysis regulator via 
phosphorylation of LDHA and a modulator of invasion and metastatic activity of cancer 
stem cells (Ji et al., 2017). Surprisingly, AK6 was up-regulated at the polyp stage, 
suggesting it could support glycolytic activity in benign tumors. Higher LDHA expression 
levels in polyps than in CRC (Figure 9C) correlate with the same outcome in AK6 
expression. Overall, these findings provide some insight into the potential roles of AK1, 
AK2, AK4, and AK6 in glycolytic phenotypes of polyps. 
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CK provides a shuttle system for ATP between the mitochondria and cytosol, allowing 
for rapid ATP production in the cytosol during glycolysis. It is thought that isoforms are 
up- and down-regulated in tumors depending on the nature of carcinogenesis  
down-regulated (Yan, 2016). In Publication II, significantly lower expression of CKBB was 
observed in the CRC group compared to healthy colon tissue and polyp groups (Figure 
11B). Additionally, the expression of CKMT1 was significantly higher in the polyp group 
compared to the CRC group. Together, these findings support the proposal that polyps 
have a higher glycolytic rate than cancerous tissue. The changes in intracellular energy 
transfer that occur in CRC and how AK and CK energy shuttles may be affected to prevent 
polyps from becoming malignant remain to be investigated. 

4.2.3 The paradoxical role of adenylate kinase in cancer and polyps 
Cancer is a complex and diverse disease that involves specific tissues and different stages 
of growth. Enzymatic changes can vary between the initial and advanced stages of the 
tumor growth (Boissan et al., 2018; González et al., 2020), additionally to the type of 
cancer. This variation in enzymatic changes may explain some conflicting findings 
regarding the expression of AK in cancer (Table 3). In Publication II, no increased 
expression level of AK isoforms was observed in colorectal tissue samples. 

Table 3. Adenylate kinase isoforms in colon and breast cancer. Combined data from Publication II 
and III. 

Enzyme Type of cancer Status in 
tumor 

Experimental model References 

AK Colon cancer ↑ Tissue samples (Chekulayev et 
al., 2015; 
Kaldma et al., 
2014) 

AK1 Colon cancer ↓ Tissue samples Publication II 
AK2 Colon cancer ↓ Tissue samples Publication II 
AK2 Breast cancer ↑ Tissue samples (Speers et al., 

2009) 
AK2  Breast cancer ↑ Cancer stem cells (Lamb et al., 

2015) 
AK2  Breast cancer  ↑ Tissue samples and 

cell lines 
(Klepinin et al., 
2016) 

AK2 Breast cancer ↓ Tissue samples and 
cell lines 

(Kim et al., 
2014) 

AK4 Colon cancer No 
difference 

Tissue samples Publication II 

AK6 Breast and colon 
cancer 

↑ Tissue samples (Bai et al., 2016) 

AK6 Colon cancer ↑ Cancer stem cells (Ji et al., 2017) 
AK6 Colon cancer No 

difference 
Tissue samples Publication II 
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To date, the expression levels of AK in colorectal polyps have yet to be previously 
thoroughly investigated. However, Publication II found that all investigated AK isoforms 
were significantly up-regulated in polyps compared to colorectal tissue. Also, it was 
observed that the expression level of AK isoforms was significantly higher in polyps 
compared to healthy colon tissue except for AK1, which showed no significant difference 
in expression levels. This finding suggests that dysregulation of AK may have an 
important role in energy metabolism in colorectal polyps. 

AK regulates the AMP-activated protein kinase (AMPK) pathway (Dzeja & Terzic, 2009; 
Hardie, 2011). AMPK is known to be activated in response to cellular stress, such as low 
energy levels, and it plays an essential role in regulating cellular energy homeostasis. 
Under normal conditions, the concentration of AMP in cells is very low due to the high 
ATP: ADP ratio, which drives the AK reaction (ATP+AMP ↔ 2ADP) toward ADP synthesis. 
However, when cells are subjected to energetic stress and the ADP: ATP ratio rises,  
the AK reaction is partially displaced toward the synthesis of AMP, resulting in a 
significant increase in the cellular concentration of AMP. Increases in ADP and AMP are 
thus signals that cells are under energetic stress (D.  Grahame Hardie et al., 2012). AMPK 
switches on catabolic processes that provide alternative pathways to generate ATP while 
switching off anabolic pathways and other processes consuming ATP. AK2 has a high 
affinity for AMP, and it has been proposed that AK2’s primary function is to regulate 
intracellular AMP levels and to guard the cellular adenine pool (Dzeja & Terzic, 2009). 
Interestingly, in Publication II, a significant increase in AK2 expression was observed in 
the polyp group compared to healthy tissue and CRC. 

However, as reviewed in Publication IV, the role of AMPK in cancer is a subject of 
ongoing debate and investigation. While some studies suggest that AMPK acts as a tumor 
suppressor in certain cancers, others have proposed that it may have a contextual 
oncogenic role (Faubert et al., 2013; D. G. Hardie et al., 2012; Huang et al., 2016; Khan & 
Frigo, 2017; Park et al., 2009; Rehman et al., 2014; Wang & Guan, 2009). Further research 
is needed to fully elucidate the mechanisms underlying these effects and identify 
potential therapeutic targets for treating CRC. 

4.3 Energy metabolic plasticity in colorectal cancer (Publications I, II, IV) 
Metabolic plasticity is a phenomenon that allows cells to alter the configuration of their 
metabolic pathways in response to environmental changes. This process is regulated by 
key metabolic enzymes and transcription factors and is recognized as a hallmark of 
cancer. In CRC, the Warburg effect is commonly observed, where cancer cells primarily 
rely on aerobic glycolysis for energy, resulting in increased glucose consumption and 
lactate production (Altenberg & Greulich, 2004; Iwamoto et al., 2014; Kawada et al., 
2015; Rubie et al., 2005; Shonk et al., 1965). However, studies have shown that  
both anaerobic and aerobic glycolysis operates in cancer cells simultaneously, and  
tumor cells often exhibit high rates of OXPHOS (Kaldma et al., 2014; Koit et al., 2017; 
Moreno-Sánchez et al., 2014). Three distinct metabolic phenotypes are observed in 
cancer cells: glycolytic, OXPHOS, and hybrid (a combination of glycolysis and OXPHOS). 
In contrast, normal cells only exhibit glycolytic and OXPHOS states and lack the hybrid 
state (Paudel & Quaranta, 2019; Yu et al., 2017).  

Most of the molecular mechanisms of metabolic reprogramming in CRC have been 
studied in cell culture, which have limitations due to variations in cell culture conditions 
that can significantly affect the cells’ metabolic profile (Gnaiger & Kemp, 1990; 
Gstraunthaler et al., 1999; Sherr & DePinho, 2000; Swerdlow et al., 2013). Previous studies 
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from the author’s lab on clinical material from cancer patients have revealed unchanged 
glycolytic activity and up-regulation of OXPHOS in CRC compared to surrounding healthy 
tissue, which contrasts with cell culture data (Koit et al., 2017; Ounpuu et al., 2018).  
The Publication I and II outcomes suggested similar glycolytic activity in CRC compared 
to healthy colon tissue. Analysis of respirometry data (as described in Publication I and 
II) enables rapid functional profiling of metabolic plasticity. The dependence of 
mitochondrial O2 consumption on ADP concentration follows Michaelis-Menten kinetics, 
which allows the evaluation of the apparent Michaelis-Menten constant for ADP Km(ADP) 
in different tissues, cancers, and cell cultures (Figure 12). Determined in permeabilized 
cells and tissues, Km(ADP) is the affinity of the mitochondria for exogenous ADP and 
characterizes the permeability of OMM for adenine nucleotides and VDAC permeability. 

 
Figure 12. Recording of the original traces of O2 consumption by permeabilized tissue upon the 
addition of increasing concentrations of ADP in polyp (A). The red line shows the O2 flux per sample 
mass, and the blue line indicates the O2 consumption. (B) The measured rates of respiration for 
samples were plotted against respective ADP concentrations. The apparent Km(ADP) and Vmax 
were calculated by nonlinear regression using the Michaelis-Menten equation. The visual 
representation of how Km(ADP) and Vmax values are determined is only shown for the polyp. The 
upper dashed line shows Vmax for the polyp sample, and Km(ADP) is the ADP concentration at which 
the velocity of the reaction is half of Vmax. (Publication II). 
 

The specific structural and functional organization of energy metabolism likely causes 
the cell-specific difference in Km(ADP). For example, cells with low Km(ADP) value  
(~10 µM), like a glycolytic muscle, possess less structural and functional restrictions for 
ADP/ATP movement through OMM as compared to the oxidative muscles (Km(ADP) 
~300uM). Thus, relatively low Km(ADP) for colorectal polyps seen in Publication I and II 
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indicates a metabolic reprogramming toward the glycolytic phenotype with functional 
OXPHOS (as in glycolytic muscles). Meanwhile, CRC tumors express high oxidative 
capacity calculated by the proposed model from Saks V. et al. 

In addition to Km(ADP), maximal ADP-dependent oxygen consumption (Vmax) is a 
defining characteristic of metabolic plasticity and is correlated to mitochondrial content 
in the tissue. Vmax values are higher in CRC than healthy colon tissue (Publication I and 
II), indicating vigorous metabolic activity. Moreover, Vmax values in biopsy material from 
patients who succumbed to colon cancer were significantly higher than in patients in 
remission. However, the extent to which high Vmax values correlate with tumor 
aggressiveness must be confirmed in further studies. 

4.4 Concluding remarks 
The primary objective of this investigation was to unravel the complex metabolic 
reprogramming events that transpire during the progression of colorectal polyps to 
cancerous tissue. The research methodology encompassed the utilization of post-operative 
clinical samples, allowing for the detailed examination of mitochondrial oxidative 
phosphorylation processes, along with the transcriptional modulation of key genes 
involved in the glycolysis pathway. 

Previously, a considerable number of studies have depicted colorectal cancer as a 
disease heavily reliant on glycolysis for its metabolic needs. Contrary to this perception, 
the present research echoes recent scientific discourse, suggesting that colorectal cancer 
tissues are not purely glycolytic. 

A particularly noteworthy discovery from our investigation was identifying unique 
metabolic patterns in colorectal polyps, displaying distinct differences from healthy and 
colorectal cancerous tissues. Intriguingly, the colorectal polyps exhibited a stronger 
inclination towards a glycolytic phenotype than cancer tissues. Furthermore, the study 
explored the relationship between the glycolytic phenotype and established colorectal 
biomarkers, specifically KRAS and BRAF mutations. The findings indicated that BRAF 
mutations in both polyps and tumors are associated with an increase in glycolysis and a 
simultaneous decrease in oxidative phosphorylation. 

Significantly, these observations illuminate that metabolic reprogramming is not a 
late-stage phenomenon in cancer development but rather an early-stage process 
occurring even before the malignant transformation. Acquiring a glycolytic phenotype in 
colorectal polyps might act as a defense mechanism, regulating energy production and 
potentially inhibiting the transition from benign polyps to malignant tumors. 

Collectively, this research offers invaluable insights into the elaborate metabolic shifts 
that occur during colorectal cancer progression. It enhances our comprehensive 
understanding of the molecular dynamics driving colorectal cancer development by 
reaffirming prior findings and drawing attention to the discrepancies between polyp and 
cancerous tissue bioenergetics. 
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Conclusions 
• The results of this study revealed a significant difference in the bioenergetics 

profile of colorectal polyps compared to colorectal cancer, determined by  
ADP-dependent mitochondria respiration: 

o Colorectal polyps exhibited a metabolic shift towards a glycolytic state, 
indicating a preference for glycolysis as an energy source. 

o This metabolic alteration was observed irrespective of 
clinicopathological characteristics. 

o BRAF mutation in both colorectal polyps and cancer suggested more 
active glycolysis. 

• Increased expression levels of genes involved in glycolysis were observed in 
colorectal polyps: 

o GLUT1, LDHA, HK1, MCT2, and MCT4 expression levels were higher in 
colorectal polyps than in healthy tissue. 

o LDHA, HK1, HK2, MCT1, and MCT2 expression levels were higher in 
colorectal polyps than in CRC 

• Intracellular phosphotransfer pathways were up-regulated in colorectal polyps: 
o The expression levels of AK1, AK2, AK4, AK6, CKBB, CKMT1, and CKMT2 

were significantly higher in the colorectal polyp group compared to 
CRC. These findings suggest activating intracellular phosphotransfer 
pathways in colorectal polyps, potentially contributing to their altered 
metabolic profile. 
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Abstract 
Metabolic Alterations in Colorectal Polyps and their Role in 
Carcinogenesis 
Colorectal cancer (CRC) presents a significant public health burden worldwide due to its 
high morbidity and mortality rates. CRC arises from various genetic and epigenetic 
alterations accumulating in cells, leading to tumor development and progression. One 
notable characteristic of cancer cells is their ability to modify metabolic pathways related 
to energy production and biosynthesis. However, this aspect remains underexplored in 
the early stages of carcinogenesis. Hence, the objective of this doctoral research was to 
elucidate the metabolic alterations that take place during the premalignant stage of 
colorectal polyps. 

Clinical samples were collected for this study, and mitochondrial oxygen consumption 
was measured. Based on this, the Michaelis-Menten constant for ADP (Km(ADP)) and the 
maximum ADP-induced respiration (Vmax) was calculated. The results yielded a 
statistically significant difference between the Vmax and Km(ADP) values of polyps and 
CRC, indicating distinct bioenergetic alterations between the premalignant and 
malignant stages. 

Interestingly, when comparing polyps and tumor tissue, there was a noticeable 
metabolic shift toward glycolysis in polyps. Moreover, the impact of two colorectal 
biomarkers, KRAS and BRAF, on mitochondrial respiration was investigated. The presence 
of the BRAF mutation was observed to promote glycolysis in both polyps and tumors. 
This finding indicates the potential role of the BRAF mutation in metabolic 
reprogramming, even in the early stage of tumor development. 

Elevated glycolytic activity in polyps was supported by an increase in the expression 
levels of GLUT1, LDHA, HK1, and HK2, indicating increased glucose demand and lactate 
production. Increased LDHA activity leads to lactate accumulation and acidification of the 
tissue microenvironment, which may potentially promote the formation of tumors. 

Butyrate, a short-chain fatty acid, serves as the primary energy source for colonic 
epithelial cells, with MCTs mediating its transportation across the luminal membrane. 
This study shows that there was an increase in the expression of MCT2 and MCT4 in 
polyps compared to healthy colon tissue. The overexpression of MCT4 in colon polyps 
suggests an increase in glycolytic activity, possibly as an adaption to elevated lactate and 
the low-oxygen environment found in the colon. The MCT1 expression remained 
consistent in both healthy tissue and polyps, indicating a continued reliance on butyrate. 
However, in cases of CRC, there was a noticeable decrease in MCT1 and MCT2 
expression, revealing a significant metabolic shift. This reprogramming could be 
associated with the metabolic plasticity of tumor cells, allowing them to use alternative 
sources of energy. 

Adenylate kinase (AK) and creatine kinase (CK) are important for maintaining cellular 
energy balance and regulating energy transport pathways. Alterations in phosphotransfer 
pathways have been linked to tumor progression and metastasis. This doctoral thesis 
found that the levels of all AK and CK isoforms studied were higher in polyps than in 
tumor tissue. In this study, it was discovered that the AK1 isoform, which is known to 
have a negative effect on colorectal cancer (CRC), had similar levels of expression in both 
polyps and healthy tissue. The AK2 gene, responsible for transferring ATP/ADP between 
the cytoplasm and mitochondria, was found to be overexpressed in polyps but not in 
tumors or healthy tissue. The expression level of AK4 was also elevated in polyps 
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compared to the tumor and healthy tissue, indicating, based on previous studies, a shift 
in metabolism towards glycolysis. The expression levels of CK isoforms were found to be 
higher in polyps than in tumor tissue. Similarly, the results for AK and CK suggest that the 
intracellular phosphate transfer pathways are activated in colorectal polyps, which could 
be linked to the changes observed in the metabolic profile during mitochondrial 
respiration analyses. 

According to the findings of the doctoral thesis, it has been observed that the 
glycolytic activity is significantly higher in colorectal polyps when compared to both 
healthy and tumor tissues. This interesting discovery has led to further speculation 
regarding whether this glycolytic phenotype in polyps could possibly be a defensive 
mechanism employed by the body. This could hypothetically explain why it takes 
anywhere from 10 to 20 years for a tumor to develop from a polyp. Further investigation 
and research are required in order to fully understand the relationship between 
glycolytic activity and the development of colorectal cancer. 
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Lühikokkuvõte 
Metaboolsed muutused jämesoole polüüpides ja nende roll 
vähi tekkes 
Kolorektaalvähk ehk jämesoolevähk kujutab oma kõrge haigestumuse ja suremuse tõttu 
märkimisväärset rahvatervise koormust kogu maailmas. Jämesoolevähk tekib erinevate 
geneetiliste ja epigeneetiliste muutuste kuhjumisest rakkudes, mis viib kasvaja arengule 
ja progresseerumisele. Vähirakkude oluliseks tunnuseks on võime muuta energiatootmise 
ja biosünteesiga seotud metaboolseid radu, mida on seni kasvaja varajases staadiumis 
vähe uuritud. Käesoleva doktoritöö eesmärk oli kirjeldada metaboolseid muutuseid, mis 
esinevad premaliigsetes jämesoole polüüpides. 

Kogutud kliinilisel materjalil mõõdeti mitokondriaalset hapnikutarbimist ja selle põhjal 
arvutati Michaelis-Menteni konstant ADP suhtes (Km(ADP)) ning maksimaalne ADP poolt 
indutseeritud hingamine (Vmax). Saadud tulemused näitasid statistiliselt olulist erinevust 
polüüpide ja jämesoolevähi Vmax ning Km(ADP)) väärtustes, mis viitab erinevatele 
bioenergeetilistele muutustele. Jämesoole polüüpides, võrreldes kasvaja koega, oli 
metabolism nihutatud glükolüüsi suunas. Lisaks uuriti kahe soolevähi biomarkeri, KRAS 
ja BRAF, mõju mitokondriaalsele hingamisele. Leiti, et BRAF mutatsioon soodustab 
glükolüüsi nii polüüpides kui kasvajates, viidates mutatsiooni võimalikule rollile 
metaboolses reprogrammeerimises juba varajases kasvaja staadiumis. 

Polüüpide kõrgenenud glükolüütilist aktiivsust toetasid GLUT1, LDHA, HK1 ja HK2 
ekspressioonitaseme tõus, näidates suurenenud glükoosinõudlust ja laktaadi tootmist. 
Suurenenud LDHA aktiivsus viib laktaadi kuhjumiseni ja koe mikrokeskkonna 
hapestumiseni, mis võib potentsiaalselt soodustada kasvaja teket. 

Butüraat on peamine energiaallikas jämesoole epiteelrakkudele, mille transporti läbi 
membraani vahendavad MCTd. Käesolevas töös näidati MCT2 ja MCT4 ekspressiooni 
märkimisväärset suurenemist polüüpides võrreldes terve koega. MCT4 üleekspressioon 
polüüpide viitab glükolüütilise aktiivsuse suurenemisele, mis võib olla kohastumine 
kõrgenenud laktaadi taseme ja madala hapnikusisaldusega keskkonnas. MCT1 
ekspressioon püsis nii terves koes kui polüüpides muutumatuna, näidates jätkuvat 
sõltuvust butüraadist kui energiaallikast. Olulisel määral vähenes kasvaja koe MCT1 ja 
MCT2 ekspressioon, peegeldades polüüpide ja kasvaja koe vahelisi märkimisväärseid 
metaboolseid erinevusi. See ümberkorraldus võib olla seotud kasvajarakkude 
metaboolse plastilisusega, võimaldades neil kasutada alternatiivseid energiaallikaid. 

Energiatranspordi radade regulatsioonis on oluline osas adenülaatkinaasil (AK) ja 
kreatiinkinaasil (CK), mis tagavad rakus energia homöostaasi. Muutused fosfaadi 
ülekanderadades on seotud kasvaja progresseerumise ja metastaasidega. Antud 
doktoritöös näidati, et polüüpides on kõigi uuritud AK ja CK isovormide ekspressioonitase 
tõusnud võrreldes kasvaja koega. AK1 isovormi peetakse jämesoolevähi negatiivseks 
regulaatoriks ja käesolevas töös leiti AK1 ekspressioonitase sama nii polüüpides kui ka 
terves koes. AK2, mis soodustab ATP/ADP ülekandmist tsütoplasma ja mitokondrite 
vahel, oli polüüpides üleekspresseeritud võrreldes kasvaja ja terve koega. AK4 
ekspressioonitase oli samuti polüüpides tõusnud võrreldes kasvaja ja terve koega, mis 
viitab eelnevate uuringute põhjal metabolismi nihkumisele glükolüüsi suunas. CK 
isovormide puhul täheldati polüüpides kõrgenenud ekspressioonitasemeid võrreldes 
kasvaja koega. AK ja CK ekspressioonitaseme tulemused viitavad rakusiseste 
fosforiülekande radade aktiveerimisele jämesoole polüüpides, mis võivad olla seotud 
muutustega metaboolses profiilis, mida kinnitasid mitokondriaalse hingamise analüüsid. 
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Käesolevas doktoritöös näidati jämesoole polüüpide suurenenud glükolüütilist 
aktiivsust võrreldes terve ja kasvaja koega. Järgmine uurimissuund võiks olla, kas 
glükolüütiline fenotüüp polüüpides võib olla organismi kaitsemehhanism, mis selgitaks, 
miks võib polüübist kasvaja tekkeni võtta 10–20 aastat. 
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Appendix 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
Rebane-Klemm E, Reinsalu L, Puurand M, Shevchuk I, Bogovskaja J, Suurmaa K, Valvere V, 
Moreno-Sanchez R, Kaambre T. Colorectal polyps increase glycolytic activity. Front 
Oncol. 2023 May 23; doi: 10.3389/fonc.2023.1171887. 
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ḾZYQM\µRM¶¶MXYRG ·̧GFF¹º»TPQVGḨHFG··¼·¹¹¼
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Klepinin A, Zhang S, Klepinina L, Rebane-Klemm E, Terzic A, Kaambre T, Dzeja P. 
Adenylate Kinase and Metabolic Signaling in Cancer Cells. Front Oncol. 2020 May 
19;10:660. doi: 10.3389/fonc.2020.00660. eCollection 2020 
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;̂�!$�=>�Fe��GST$'&>Q$&�=?�q̀ 9���&�>�a>�$���:'�����Q�=�"$�=>$���H'���"�$������Y�[.Lf)|45677�8O:��;<ON�=�>:97�97_O?��#66;̂N̂�F$��"�&$ �VEE>�$���WQ��Q>��X��������&E�V�#���b�����H�GSD>�q��#$�SEY�>����Y$�=V$�'����0),JMZ�.0*./23(/+45679�8_�:9̂6<67��=�>:97�979�?@�&>���679N�99�77��̂�!$�=>�Fe������>F��XD 9$�=�GSD$�=&E�'$�'��T#�&$%��>�#�>�aT&��Y�$��$H&���1l-1+2345679_899:_��=�>:97�99O�?9�;9T�77�T99T_��̂��E$'a��H��=F ��E$P�B�UE�XD 9T�GSD�$&EP$Y:#�&$%��>�# $�=���P&E'��&���>�&"#�"��"������>���[.Lf)|-.,/)045677̂8 :̂N�_<�N�=�>:97�97_O?��'6���Ô�U$a$>��G�A#$#"�$!�C��E>=$���GST$'&>Q$&�=���&�>�a>�$��$�=$=��Y�$&�a>�$�����Q��&&E��US'$&$�&���E�$�='Y&�&�b>'���&�>�$�����$&>���y+2fk+|45679̂8O79�_O�=�>:97�9979?O79�_O^̂�S�$>=�$"V�X>"BG�!$�&��>%Te��'EP>�=���B� $�&>�TV�Y�&&�X� ��&�#��̀�}�'$�����B��&$��}Q���b�����>���H�GST#�&$%��>R>����RY#��'��&����$=��>���"'���&>=���Q���$�=�GSD$'&>Q$&>��>�!WD6̂_U'�����x.M)yK2s0,.345679686�:6�ON<̂;�=�>:97�97̂�?H@�99T9̂O9�O977�S�$>=�$"V�X$>CV�DQ>a�Y&���m$��"q�X�H����X���=�����!��&$��W��'&��H�E$�#$'����>'$�$#�=�$#>�$��>�E>%>&>��$�=$#�=9=���&>�����"'���&>=���Q���$�=�GSD$'&>Q$&>��>�'��&�$'&>���a���&$�#"�'���-�)*1+2345679;869:9;̂�<N97�=�>:97�979�?@�'E�#%>���679;�7̂�79_979�X�����F�W#���X��U$���&>��$=����>��H��'$�'��>##"��&E��$�Y�K{**s,2L�)0-.,/)045679O8�:N��=�>:97�99O�?�;7;6NT79OT7_�7TO976�}����XD��'E���=��i���%��&����S�e��=%���qF�i$���&EÙ��"������>���H$=��Y�$&�a>�$��'$&$�YR�=�E���E�&�$��H�����'�=��$�=>�$���'>$&�=P>&E��"'���T>�="'�=>��"�>���'��&>��>�>�&$'&!AUTU9N'�����K1+23-�)*459̂ �̂86�9:9�N;;<N6�=�>:97�97�;?@%'�6�9�6O�9�N;;97_�i$��̀�X>"C�B>$��B�n>�C�e�h�X>B��&$��!>�E�b�����>���H�GSF6$�=�%��>&Y$��$���'>$&�=P>&E�����������>�>�'�����'&$�'$�'���{,LK-3+,jkgZ.L�2345679O899:69�<6_�97;�S$�� V� B>$�� ie� n"$�&>&$&>Q� $�$�Y�>� �H �Y#�E$��>����>'#$�a��� >� E"#$� '�����'&$� '$�'��� {,L K d,/234 5677_86_:N__<̂�=�>:97�_Ô6?>@��6_�6�N__97N���Y'E$�$B�X$R$��P�a>W�}�&$�a�P>'R���Y�'"�X!�B>���G>&'E��� �������H��&�������'��&��>�&E����"�$&>���H�'&�TN�T�"'���&>=$��$�= $=����>��>� %��$�&'$�'���-3+, -.,/)0f)M45677;897:�7O<9��=�>:97�99NO?97�OT7;_6�VV�T7O99T7_97��D���>�>���}"��""X�G$=�D�U�""X�VE�a"�$Y�Qv�S""�$�=G��&$��UE�'�#���b>&Y�H#>&�'E��=�>$��"&��#�#%�$�����#�$%>�>&Y$�=vF�V���"�$&>��%Y$���'>$&�=���&�>���K1+2),)0~1+2*)*y045679O8N7:__̂<N;�=�>:97�977�?�97O�_T79OT̂��NT̂97��h>$� ��$�=���GB�t�=��P��=W�!�$&E��G$Y��̀v�V$�#��$F��&$���&�"'&"���H#$##$�>$��GSD$�=>&����"�$&>��%Y�FS�[.Ls0)4567998;�6:6_7<_�=�>:97�97_O?�$&"��7̂ _̂6������������������UE�$"&E���=�'�$��&E$&&E�����$�'EP$�'��="'&�=>�&E�$%���'��H$�Y'�##��'>$���r�$�'>$����$&>���E>��&E$&'�"�=%�'���&�"�=$�$��&��&>$�'���>'&�H>�&����&�-2g�0+~�L������3)g+,+,���.,~��3)g+,+,.�f)y.,)��3)**��)0�+/��..*y0).,Jo�)�.4��+M+M.,2g),�.//)MM.0L+/3)J+ML0+ysL)Js,J)0L�)L)0*M2�L�)-0).L+|)-2**2,M\LL0+ysL+2,z+/),M)�--1��4��)sM)�J+ML0+ysL+2,200)g02Js/L+2,+,2L�)0�20s*M+Mg)0*+LL)J�g02|+J)JL�)20+~+,.3.sL�20�M�.,JL�)/2g�0+~�L2�,)0�M�.0)/0)J+L)J.,JL�.LL�)20+~+,.3gsy3+/.L+2,+,L�+M�2s0,.3+M/+L)J�+,.//20J.,/)�+L�.//)gL)J./.J)*+/g0./L+/)4[2sM)�J+ML0+ysL+2,200)g02Js/L+2,+Mg)0*+LL)J��+/�J2)M,2L/2*g3��+L�L�)M)L)0*M4
 �¡�������¢��¡�¡£�¤¥¥¥	¦�¡�������	¡�£ § �̈�©ª©ª¤«¡�¬�®ª¤
������̄ ª̄





 

109 

Appendix 4  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication IV 
Reinsalu L, Puurand M, Chekulayev V, Miller S, Shevchuk I, Tepp K, Rebane-Klemm E, 
Timohhina N, Terasmaa A, Kaambre T. Energy Metabolic Plasticity of Colorectal Cancer 
Cells as a Determinant of Tumor Growth and Metastasis. Front. Oncol. 2021 July 26; 
11:698951. doi: 10.3389/fonc.2021.698951. 

 





���������	
�����	���������������	��	���������	�	�������	���������������	�����	��	��������� �!"#�$%&%'"()�*��("�+$%,#"+ - (./�0�#"1�2$%34��' ##�($%&%567(3/�28/�0$%9�(!4 :�;;$%<6#���="��>9#�--$%&%?"4"#)": -7// �"$%@�47�:�("!-""$"�+:��# 9""-=(�$ABCDEFGDHFGIFJKLMNOPDQROFQFSITUDHOFVDQWVXHOHYHMFJKLMNOPDQZLIXOPXDV[ROF\LIXOPXT]DQQOVVT̂XHFVODT_̀ M\DGHNMVHFJKLMNOXHGIDV[ROFHMPLVFQFSITaPLFFQFJaPOMVPMT]DQQOVVbVOcMGXOHIFJ]MPLVFQFSIT]DQQOVVT̂XHFVODdefghijklmjgnfklkfoknfpeghkjkfoiqfpelejjfigrstnfkfnuefghijknu filpgvwenkvevxkyivuevfgjlivrkfkivnz{vlyegneruefghijklmjgnfklkfokngre|vkvwlpgyglfeyknfkliqlgvleylejjn}~pklpwkxenfpeu fpegrxgvfgweiqntyxkxgjgvrgpkwpeymyijkqeygfkxelgmglkfoz�eye~eyexke~niueqtvlfkivgjqegftyeniquefghijklmjgnfklkfoiqlijiyelfgjlgvleylejjn�����zdefghijklmjgnfklkfoknlpgyglfeyk�erholpgvwenkvgrevkvevtljeifkrefygvnmiyfglyinnfpeitfeyukfilpivrykgjueuhygvez�ijfgwe�remevrevfgvkivlpgvvej������knfpeugkvmyifekvkvxijxerkvfpefygvnmiyfiqgrevkvevtljeifkren}gvrkfnyewtjgfkivknkumgkyerkv���lejjnz�mmgyevfgq|vkfoqiy���kngqtvlfkivgjmgyguefeyfpgflpgyglfeyk�en����meyueghkjkfogvrmyixkrengvkvfewygfergnnennuevfiqlejjuefghijklnfgfez����meyueghkjkfolgvhegrstnfercODkfnkvfeyglfkivn~kfpifpeymyifekvn}ntlpgnpe�i�kvgnegvrfthtjkvz�jni}fpeyeri�livrkfkivnkvnkreglgvleylejjugogjfey����qtvlfkiv}yentjfkvwkvevpgvleruefghijklmjgnfklkfoz{vgrrkfkiv}glgvleylejjnpi~nyemyiwyguuereveywofygvnqeylkyltkfnntlpgngrevojgfe�kvgne����gvrlyegfkve�kvgne����mgfp~goz�vi~jerweiqfpeuelpgvknuiquefghijklmjgnfklkfo~kjjkumyixeitytvreynfgvrkvwiqlijiyelfgjlgylkviwevenknz�����������������������	
�����	���
��������������	�������������	������������	�����	���	�����	����	������������	����������������� ¡ ¢£¤¡¥¢¦§¢�̈©¡��£ª�¦¥¡¢�¡ ¦«�¥©��¥¢¥§« ¥ª̈�¢£¡�¥©�¦«��ª��©«�«©¬�¤«¥�¢�¡ ¤��̈®�¥§¢®§� ¡¢�¢¬¡¦��¤«¦§��¡ ¤ ¢£̄�©¡¢ª §ª¤�� ¡̈ «� « °¡�¦�ª̈¡�¬¦��¦«©±²§«¤«¥�¢�¡ ¤¢£¦��¦«©¦«�� ¡ �̈�®¥«̈¥¢¤««¥¥§«¡©�««̈ ¥¢ ª©̄¡̄«��̈ ®©¢�¡£«©�¥«¡��§�®¢³¡¦��̈ �� ¢¡��́ «��µ¢³�¬«��¥«̈¤¡¦©¢«�̄¡©¢�¤«�¥��̈ ¥§ª ¤ª ¥�¦¶ª¡©«¤«¥�¢�¡¦·«³¡¡�¡¥�±�¥¥§«¤¢�«¦ª��©�«̄«�°¹̧¹º»¼½¾¿½ÀÁÂÃ�ÄÅ°�̈«�¢ ¡�«̈¡®§¢ ®§�¥«Æ�ÇÅÈ°�̈«�¢ ¡�«ÉÊµ¤¢�¢®§¢ ®§�¥«µ�¦¥¡̄�¥«̈®©¢¥«¡�Ë¡�� «Æ�È°�̈«����¥«Ë¡�� «Æ�Ì²°�̈«�¡�«�ª¦�«¢¥¡̈«¥©�� �¢¦�¥¢©ÆÍÈ°¦©«�¥¡�«Ë¡�� «ÆÍÎÍ°¦¢�¢©«¦¥��¦��¦«©ÆÏÈ°§«³¢Ë¡�� «ÆÏÐÑ°§�®¢³¡�µ¡�̈ª¦¡�«£�¦¥¢©ÆÐÒÍ°¡©¢�µ ª�£ª©¦�ª ¥«© ÆÓÇÇ°¢ª¥«©¤¡¥¢¦§¢�̈©¡��¤«¤©��«Æ²Í�°¥©¡¦�©¢³��¡¦�¦¡̈ÆÓÔÅÏÓÒ°¢³¡̈�¥¡̄«®§¢ ®§¢©���¥¡¢�ÆÎÓÒ°©«�¦¥¡̄«¢³�¬«� ®«¦¡« ÆÕÄ�Í°̄¢�¥�¬«µ̈«®«�̈«�¥��¡¢�¦§���«�±Öyivfkeynkv×vlijiwoØ~~~zqyivfkeynkvziyw ÙtjoÚÛÚÜØ�ijtueÜÜØ�yfkljeÝÞßÞàÜÜ
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TUVWXYZ[U\YZ] ŴU_̀abU\YcdZVefZYX\VeV\adghdZd_Ue\YZhYWeU_

i_dW\VU_XVWjWedZd̀aklll]g_dW\VU_XVW]d_̀ m[ZanonpkqdZ[rUppks_\VeZUtuvuwpn



����������	�
	��	�����
������
�����������������������	�������	��
�������
	���
�
�����	�����������	�	�������
��� !�"�����
�
�����	��������
�������#$�%$&'()������*�	������������������������ �
��������� !�"+ ������%�
���
�����	�
�����
�%�������
����, �����	�������-�������	-��	���������
���.	��
����������	���������������
�
���-�����
(,�������-��/�
-�����������
	������*���	����	����0������������������	��
��������-�
�����1����������
�
	������
����	��
������2�	���
�����#$3'�
����������� �����
��
��1�-�
	�
�������
�
�*�������#4%&%$�5$4'(�	�����������	��
��������-�
����	�
���
�������������
���������	����������	������	���
�	�
��-�	�����	�������-��	������������
������	���
�����
	���
�������������������
0��������������-�
�	
�	���������2��������
�#$654�'(,������������	�������������	������-
���
-����	���������	�-�
���
�������
�7
�/
�����
�������
����	��
��������-�
����#4�'%89:����-������
��� ;��
�"<*,������	����� =���>�	�������
#4�'(2�	����*������������	����#2*��'#4$'�
�����	���7�
��%<?�&@3#44%4&'%�	���������� ;��-
���
-����/����/�������������	�������
	���	�
	��	����#4&543'("���������������	������������������-���������� !�"�
����-�������
	������
������
-���2������
����
��������	��
�������� ������
��
-��������������A�����
���	�����������	��
��������
��������		�������-��1����������

��
�
������#46%&B'(,����-
���
-����/��������
���������������������
������	��
��������-�
����	�
���������
���	��������
��1���
�����-�
�(CDEFGHEGIJKLMLNKCDEFEOPHLCQGNGIGPCEFRQCGMDGNKFQLHRERSFLNETEFRELSQHQCUQNRECLSGHQMTHLVCQMQCU,��W�1��/������������������������
���
�������������	��
�����		��������-������������

������	��
�����������
�#<'	�������%������W�1���, %�� %�
� ��	���������		��������-����
-������/��%���X���%�
���������������-������
���� !�"�����-����������������X���������������	�
����#&�'(Y�����
������������	������������0��.����%	�����������������
�
�����	������, ��
�����������-���������������
	�����1	��������	��
�����<
����	������#<'%/��	�����	���������Z�
	���
������	��
�����������
��#&�%&�'(*�����	���
�������
�
�
�	���������
X�����������
����������
-�
������
���.
���������	��
��������1�-�
����� [;�#�� '\�
����������0��	�����
�������������
-��-�����������
������������#&$%&4'(,�������������������
���
����������0��	�����
�
���
������������	��
�����
��������������
-��������������	�������
�/���������
#&&'(,��������%�����������	������	�����	�
	��	����������	�����

/������������
���������	�
������X�����������������/������ (M]̂_̀aR b̀]cdef_Te]gbf_fbhQgIî_bfd̂]eehK̀ ĵ k̀chMl]̂m̀gf̂LKTK̀ ǹ k̂̀ b̂Gohm̀^Md̂gipnbfd̂�
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