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“What is a scientist after all?  

It is a curious man looking through a keyhole, 

 the keyhole of nature, trying to know what’s going on.” 

By Jacques-Yves Cousteau 
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Abstract 

Do you know someone who had suffered cancer? Which type? Have you ever thought 

about the complexity of an illness, which even being highly studied in research groups 

around the world, is still killing millions of people per year? Have you ever heard about 

bioinformatics and its new approach in research? If you have heard or considered at 

least one of these topics, or you are simply interested in them, let me guide you 

through the complexity of our units of life, cells; its regulation, metabolism; the 

characteristics of cancer and the usefulness of computer experimentation, using the 

meticulous and rigorous scientific method applied to the following question: 

“Does β-hydroxybutyrate affect colon cancer Metabolism?”  

 

Resumen 

¿Conoces a alguien que haya sufrido cáncer? ¿De qué tipo fue? ¿Alguna vez te has 

planteado la complejidad que puede tener una enfermedad, altamente estudiada por 

científicos alrededor del mundo y, aun así, seguir matando millones cada año? ¿Has 

oído hablar alguna vez de la bioinformática y su nuevo enfoque en investigación? Si 

has oído hablar de alguno de estos temas, o simplemente estás interesado en ellos, 

permíteme guiarte a través de la complejidad de la unidad de vida, la célula; su 

regulación, el metabolismo; las características del cáncer y la utilidad de la 

experimentación computacional, utilizando el meticuloso y riguroso método científico 

aplicado a la siguiente pregunta: 

“¿Afecta el β-hidroxibutirato al metabolismo del cáncer de colon?” 

 

Resum 

Coneixes algú que hagi sofert càncer? De quin tipus fou? T’has plantejat mai la 

complexitat que pot tenir una malaltia que tot i ser altament estudiada per científics 

d’arreu del món segueixi matant a milions cada any? Has sentit mai a parlar de 

bioinformàtica i el seu nou enfocament a la recerca? Si n’has sentit a parlar o t’has 

plantejat algun d’aquests temes, o simplement t’interessen, permet-me guiar-te a 

través de la complexitat de la unitat de vida, la cèl·lula; la seva regulació, el 

metabolisme; les característiques del càncer i la utilitat de la experimentació 

computacional, utilitzant el meticulós i rigorós mètode científic aplicant-lo a la pregunta: 

“Afecta el β-hidroxibutirat al metabolisme del càncer de colon?”  
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1. INTRODUCTION 

At the beginning, this project was only going to be about bioinformatics, a really 

interesting field unknown by many people, so I thought it would be nice to focus 

my project on that to show everyone how many research tools there are on the 

internet and the awesome things you can achieve with them. Although, last year 

I was honoured to participate in the educational program Crazy about 

Biochemistry at the University of Barcelona (UB). 

This was an inflection point in my research project, because the program let you 

develop your high school research project at their labs, so I could try something 

further than what I had expected. There were many things that could have been 

done, however I encountered with a PhD student, who is working in the 

Integrative Systems Biology, Metabolomics and Cancer research group (leaded 

by Prof. Marta Cascante) in the Biochemistry and Molecular Biology department 

of the UB. He taught me about metabolism, metabolic models and I could not 

resist the idea of trying a project involving those subjects. 

Months happened while we were discussing what I could do to accomplish my 

aim to learn about metabolism while working in silico. So finally “Effects of β-

hydroxybutyrate in the medium of a Colon Cancer Cell Culture” was born as my 

project. A complex research project strongly based on three different subjects in 

biomedical research: Metabolism, Cancer and Bioinformatics. Topics 

overviewed throughout this document.  

 

 

 

 

Illustration 1 is a Venn diagram that 

shows graphically how my project is 
interjected in these three subjects: A 
biochemical branch of study, metabolism; a 
severe illness, cancer; and an awesome 
tool, bioinformatics. As all of them have a 
role in my project they have a chapter each 
to explain the basis to learn and 
comprehend more about these amazing 
subjects. 
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1.1. MOTIVATION 

At first, I just approached to this project as a way to see if I liked or not 

bioinformatics as I was considering studying it in the future. But as the 

biochemistry course was passing by I learnt a thousand new interesting fields 

and scientific concepts I would have never guessed they existed. As I am so 

curious, or at least I consider myself one, I could not let the opportunity of a 

professional research experience pass without taking the most of it, so I worked 

hard to find a way to do a project in which I could accomplish my objectives, but 

at the same time, I could learn a lot from different topics like metabolism, 

cancer... 

1.2. OBJECTIVES 

As I mentioned, my first two goals were to show an unknown tool like 

bioinformatics while understanding if that is what I want to dedicate my life on. 

But as everything evolved I started adding to the previous ones many things 

that at the end I could sum up as: 

 Learning in depth about the three topics related to my project. 

 Experience a complex research project with the most detail possible. 

 Confirm or reject the hypothesis proposed at the Experimental part. 

1.3. METHODOLOGY 

This has been the hugest project I have ever been involved in, it has a huge 

biomedical and metabolomical aspect. Even so the tools and processes used 

are completely different from one another. 

That is because nowadays experimentation requires a lot of technology from 

different fields so in order to carry out most of this project (the in vitro part) I’ve 

done eukaryotic cell cultures in laminar flux hoods, observations with an optic 

microscope and pictures with a computer attached, a cell counting analysis with 
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a tool called Scepter, Spectrophotometry with an automatic spectrophotometer1, 

data analysis with Excel and statistic tests with R Studio.2 

Finally, I also used Geany and Optflux to do the in silico experimentation. 

1.4. TROUBLES 

This project is definitely the hardest and longest project I have ever worked on, 

and as always the path to achieve your goals is full of hinders ready to test your 

skills to avoid or to get over them.  

The main hinder when working on this project is the complexity of the topics that 

no one had never taught me with enough time, what supposed me many hours 

reading and finding information complex enough to show the reality of the bases 

underneath this project, but simple enough to be able to leave the main ideas 

clear. 

Apart from that I have encountered other troubles like many computer crashes 

in both theoretic and practice parts; time and access limitations, because I had 

a few time to spent a t the UB to learn everything I would have need to do 

everything fluently and many articles and books were not at my reach so I had 

to ask to thirds to get them for me or just leave them apart. 

Even all this I consider I have surpassed them correctly as this project is finally 

born. 

  

                                            

1
 Scepter cell counting and Spectrophotometry are explained in the annex II page X. 

2
 Excel calculation sheets and the R Script are in the annexes VII and VIII, respectively. 
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2. BASIC BIOLOGY AND CHEMISTRY 

2.1. CHEMISTRY CONCEPTS 

Metabolism is a biological and chemical complex process that involves a lot of 

different mechanisms for which it is necessary to revise some concepts from 

chemical reactions, biomolecules, cell structure... So we will start from the most 

basic concepts in Biology and Chemistry so we revise them all step by step. 

Chemistry is defined by the Oxford Dictionary as the branch of science 

concerned with the substances of which matter is composed, the investigation 

of their properties and reactions, and the use of such reactions to form new 

substances. So what is it exactly matter? 

We consider matter anything that has a mass, an amount of it is an object and 

it occupies a volume. The matter is made of atoms. 

In this picture we can see a Helium atom and it is formed by electrons (grey) 

and a nucleus made of protons (red) andn (blue). 

The nucleus is always at the centre of the atom and it is where nearly 100% of 

the mass is kept. 

The neutrons are the subatomic 

particles with more mass, they have 

neutral charge and they may decay 

forming what we call isotopes (same 

number of protons but different 

number of neutrons). 

Protons mass much more than 

electrons, they have positive charge 

that keeps the electrons together 

and as it determines which element it is if they decay (due to radioactivity) the 

Illustration 2this picture is a representation of a Helium atom in 

the Bohrs atomic model with the name and the charge of each 
subatomic particles: Electrons negatively-charged (grey), Protons 
positively-charged (red) and Neutrons neutrally-charged (blue). 
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element changes, it has different properties. 

Electrons have a negligible mass, negative charge and if there are more than 

protons in an atom we call it a negative ion (anion) and if there are less than 

protons it is a positive ion (cation). 

All the 118 elements are organized in the periodic table from 1 to 118 protons 

in their nucleus.  

 

Illustration 3 This is the modern version of the periodic table with all the elements discovered until 2017. 

Although here there is an exhaustive classification and  we will simplify it as metals (red, orange,yellow, 
green and the two pink rows), non-metals (light and dark blue) and Noble gases (the darkest purple, the 
group 18). Depending on the row and the group, they have different properties but as they are not strictly 
necessary the reasons why it has this shape won’t be explained. 

The elements in the periodic table sometimes bond with different elements or 

with atoms of their same element, when we have at least two atoms bonded we 

call them a molecule. Those chemical bonds can be classified in three 

different bonds: 

Ionic bond: is formed by a metal and a nonmetal and in order to form it they 
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give and receive electrons so they attract as magnets.   

Covalent bond: is formed by two nonmetals and their goal is to be in the 

distance where sharing their electrons with each other suppose the least 

amount of energy. 

Metallic bond: is formed by two metals and they group their nucleus and let 

their electrons go everywhere around them. 

2.2. BIOCHEMISTRY 

Now we know basic concepts about molecules, what about the elements and 

molecules that form all the organisms, are they all those 118? No, a few 

elements form organisms but in really different arrangements. Those elements 

are called Bioelements or Biogenic elements. 

Table 1 This table is an arrangement of the different elements of the periodic table that makes us all. From 

the main ones to those that are only a 0,0X% of our weight. The first two groups (Most important and 
Necessary) are compulsory in any organism; however the Variable ones are only necessary in some 
specific beings. 99% of organisms’ weight is formed by the elements in the two first groups. 

 Bioelements 

Most important Carbon (C), Hydrogen (H), Oxygen (O), Nitrogen (N), 

phosphorous (P) and Sulphur (S) 

Necessary Calcium (Ca), Sodium (Na), Potassium (K), Magnesium 

(Mg), Chlorine (Cl), Iron (Fe) and Iodine (I)  

Variable Bromine (Br) Zinc (Zn) and Titanium (Ti) 
 

 

As molecules are arrangements of elements, bioelements bond to form 

biomolecules.  

 

Biomolecules 

Simple Compounds 

Inorganic Organic 

Molecular oxygen (O2) 

Molecular nitrogen (N2) 

Water (H2O) 

Carbon dioxide (CO2) 

Salts (NaCl, CaCO3…) 

Carbohydrates 

Lipids  

Proteins 

Nucleic acids 
 

We will focus on the organic compounds as they are much more complex. 

Table 2  Biomolecules classification. 
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2.2.1. Carbohydrates 
Carbohydrates are biomolecules made of C, H and O. Approximately twice H as 

much C or O (CnH2nOn).  

Its monomers are called monosaccharide. And those bond to produce 

disaccharides and polysaccharides. Shorter chains of this monomer are 

commonly known for their sweet taste. 

 

 

 

 

2.2.1.1 Monosaccharides 

They are made of between 3 to 7 carbon atoms bond with some hydroxyl and a 

ketone or an aldehyde functional group. Some monosaccharides, usually those 

with 5 and 6 carbon atoms are able to cycle.  

 

Diagram 1 In this diagram we can see three ways to classify the monosaccharides depending on: the 

number of carbon atoms, the functional group and in some cases their cyclic shape. However, there are 
some more involving the position of a hydroxyl group, optic activity, etc. Those are too technical for an 
outline. 

 

Monosaccharides 
Classification

Number of C 
atoms

3C Triose              
4C Tetrose

5C Pentose          
6C Hexose            

7C Heptose

Functional group

Aldehyde group 
Aldose

Ketone group 
ketose

Cyclic form

5 vertex ring

Furanose

Six vertex ring 
Pyranose

Functional Groups 1 

Aldehyde  Ketone  Alcohol (-OH) 
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Table 3 Monosaccharide examples with their Fischer and Haworth projections which are able to switch 

from one to another and, also a classification based on the Diagram 1 concepts. 

Monosaccharide Glucose Ribose Fructose 

Fischer 

Projection 

  
 

Haworth 

Projection 

 
It can also be 

seen like this: 

 

  

Classification Hexose 

Aldose 

Pyranose 

Pentose 

Aldose 

Furanose 

Hexose 

Ketose 

Furanose 

 

2.2.1.2. Disaccharides 

A disaccharide is a couple of monosaccharides bond together. If they both bond 

with the functional groups the molecule is no longer able to reduce any other 

molecule. The bond between two monosaccharides is called O-glycosidic bond 

or linkage.  

 

 Lactose Sucrose Maltose 

Structure 

 
  

Reduction 

capacity 

Yes No Yes 

 

Table 4 shows three different disaccharides and if they can reduce another molecule. 



 

EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

13 
 

2.2.1.3. Polysaccharides 

When many monosaccharides bond, they form a polymer called 

polysaccharide. Those can be made of just 1 kind on monosaccharide or made 

of two or more monosaccharides. Inside this group there are 4 really famous for 

their energetic or structural function: 

-Starch and glycogen as energy storage in plants and animals, respectively. 

-Cellulose and chitin as their main role in plant cell wall and insects’ 

exoskeleton. 

 

Illustration 4 This picture shows starch structure and bonds. 

2.2.2. Lipids 
They are the only organic biomolecules not formed by monomers, moreover 

they are pretty different from a structural point of view, but as they all share 

some key properties they are in the same group. Those properties are: 

 Nearly insoluble in polar solvents 

 Soluble in organic nonpolar solvents like alcohols, ethers, etc. 

 Low density 

 They leave a translucent mark on a paper. 

Their functions are: energetic, reserve, structural, regulation, protection and 

thermal isolation.  
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2.2.3. Proteins 
Proteins are the most important biomolecules 

because they are the ones participating in each 

step of the long ensemble of processes we call 

metabolism. They are polymers of amino acids. 

An amino acid is a molecule formed by an acid 

and an amine functional group bond with a chain 

Illustration 5 Shows the amino acid 

structure. There is an amine group -NH2, 
a carboxylic acid group –COOH and a 
radical carbon chain (R). 

Diagram 2 Whole classification of lipids. Throughout the diagram we can see different ways to label them. In 

function of which reactions can be part of, if they are made up of just lipids or not, if they have double bonds 
along their structure, etc. 

Lipids

Saponifiable

Simple

Acylglycerols

Glycerol Fatty acids

Saturated

Unsaturated

Waxes

Complex

Phospholipids

Glycosphingolipids

Phosphosphingolipids

non-saponiafiable

Terpenes

Prostaglandins

Steroids
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that changes in each kind. There are 22 proteic amino acids, but there is one 

that is not encoded in our DNA, pyrrolysine.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The amino acids bond their carboxylic acid group with an amine group from 

another in order to build a chain. The linkage between these two groups is 

called peptide bond. We consider any amino acid chain a peptide until this one 

is made of 100 amino acids.   

 

 

 

 

Illustration 6 This table show the 21 amino acids encoded in the human genome. This amino acids are 

sorted in function of their charge, if they are electrically charged, polar uncharged, nonpolar or 
hydrophobic and there are also separated those that have an special radical. 

 

 

Functional Groups 2 

          
Amine (Base group) Carboxylic acid (acid group)  Thiol 
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Proteins have 4 structural levels, each one more complex than the one before 

 

Illustration 7 This picture shows the four structures with a little explanation. This is the simplest scheme 

because there are more helixes than helix α like helix 310 or helix π among other structures. Moreover, this 
model only applies for globular proteins as filamentous proteins do not fold the same way after secondary 
structure. 

This structure developing process can go backwards, denaturalization. Higher 

structure bonds are sensitive to temperature, because most bonds are 

intermolecular (hydrogen bonds and Van der Waals interactions) which are not 

as strong as ionic or covalent bonds. Their charges can also change with the 

PH as each amino acid (so the protein) can work as a base or an acid 
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depending on the PH so their charge will change and with that their interactions. 

The acid-base behavior is called amphoterism.  

Depending on the amino acids and the structure they end up the protein will 

have a different function. The main functions are: 

 Structural 

 Transport 

 Reserve 

 Enzymatic 

 Hormonal 

 Defense 

 Contractible 

 Homeostatic 

2.2.4. Nucleic acids 
Nucleic acids are really important as they encode our genetic information, the 

proteins we will express, and others will keep the energetic and reductive 

potential used in the metabolism. 

The basic monomers of nucleic acids are nucleosides and nucleotides. A 

nucleoside is a nitrogenous base bonded with a pentose, alike a nucleotide that 

is also a nitrogenous base bo.nded with a pentose although it is also bonded 

with a phosphate ion. 

 

Nucleic acids molecules 

Phosphate 

PO4
--    

Pentose 

Ribose Deoxyribose 

Nitrogenous 

bases 

Purines 

 
Pyrimidines 

 

Table 5 Nucleic acid building blocks. 
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Depending on their structure and function we would distinguish two groups: 

 

Diagram 3 In this diagram we divide nucleic acids in chains of nucleotides and free nucleotides, each 

group has completely different functions. 

Adenosine triphosphate (ATP) is a nucleotide with 3 phosphate groups that 

keeps energy in its phosphate-phosphate bonds for enzymatic use. 

Nicotineamide adenine dinucleotide (NAD) and its phosphate version (NADP) 

and Flavin adenine dinucleotide (FAD) are 

redox cofactors or, in other words, molecules 

that store or give electrons to change some 

molecules. 

RNA is a one stranded chain of nucleotides with 

many different functions and shapes. Its 

nitrogenous bases are Adenine, Uracil, Cytosine 

and Guanine. The most famous RNAs are: 

 mRNA: the molecule that carries the 

information from the DNA to the 

ribosome. 

 tRNA: the RNA that brings the amino 

acids to the ribosome to produce proteins 

 rRNA: half of the ribosomes’ structure. 

DNA is the most famous nuleic acid as it is the 

Nucleic 
acids

Long 
Polymers

DNA

RNA

Free 
nucleotides

ATP

NAD, 
NADP, FAD

Illustration 8 is a representation of DNA 
Organization levels in Eukaryotic cells. 
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one that keeps our genetic information. It is stored in the nucleus (in eukaryotic 

cells) as an antiparallel double stranded chain of nucleotides. The nitrogenous 

bases that form it are Adenine, Thymine, Guanine and Cytosine. 

2.3. CELL BIOLOGY 

Cells are the minimum expression of life and there is nothing considered alive 

smaller than that. Talking about cells we must differentiate two groups: 

Prokaryotes and Eukaryotes. Prokaryotes do not have a differentiated nucleus, 

whereas Eukaryotes have it. We can also divide it in two more groups if they 

are from animals or plants. Plant cells have Chloroplasts and cell wall. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Illustration 9 Representation of an animal eukaryotic cell slice with its organelles named. 
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2.3.1. Organelles  
1. Plasma membrane: It is the structure that demarcates the cell size and 

shape. It is made of proteins, phospholipids and carbohydrates.  

-Phospholipids have polar and nonpolar edges they arrange with their polar 

head facing the liquid no matter if extracellular or cytosolic.  

-Proteins that only face one side are peripheral proteins, and the ones that face 

both are transmembrane proteins. Proteins have many different functions that 

can be seen in proteins part. 

-Carbohydrates are used as cellular markers, they are attached to lipids and 

proteins forming the glycocalix a structure used by the immunologic system to 

recognize the cells. 

 

 

 

 

 

 

Secretion membranes: Are vesicles formed on the cell membrane to let big 

nutrients enter the cell and excrete cellular wastes. There are different secretory 

vesicles, depending on the function. 

 

Illustration 11 This picture shows two different 

secretory vesicles:  
On the right, one vesicle is doing the exocytosis, a 
process in which the cell secretes substances 
(usually wastes).  
On the right, instead, it is doing the endocytosis, a 
process in which the cell collects huge molecules 
from the extracellular medium. 

 

 

Illustration 10 is a picture of the plasma membrane and the different molecules that form it. 
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2. Cytoplasm: is the intracellular space, it contains the cytosol, the 

cytoskeleton and many organelles. 

-Cytosol is the name that receives the liquid medium inside the cell. It is mainly 

water and salts. 

-Cytoskeleton is a structure made of different string of proteins that keeps and 

organizes all structures in their respective places, gives certain mobility and, like 

in muscular tissue, contracts. 

 

There are three different cytoskelletal fibers: 

 Microtubules 

 Intermediate filament 

 Microfilaments 

3. Centrosome: is the organelle that rules microtubules movement.  

 

 

 

 

 

 

4. Ribosomes: Are the organelles that synthesize the proteins from the mRNA. 

Those are made of rRNA and proteins. They are located in the cytosol or in 

the walls of the endoplasmatic reticulum. They are 50% proteins and 50% 

rRNA. 

Illustration 12 This picture shows 

a computer representation of the 
cytosol, a place full of different 
proteic structures like enzymes, 
cytoskeletal fibres and many more 
structures and molecules that 
constantly affect each other. 

 

 

Illustration 13 As we can see in 

the picture the centrosome is 
made of two centrioles with a 
complex structure that enables 
the management of most cellular 
microtubules. 
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5. Endoplasmatic reticulum (ER): There are two types: rough and smooth. 

Each type has a different function and structure, but they are both attached 

together to the nucleus envelope. The functions may vary like detoxification, 

plasma membrane production (proteins and lipids), etc. 

 

 

 

 

 

 

6. Golgi apparatus: is the organelle that produces vesicles and completes 

proteins and lipids synthesized in the ER and capsules them in vesicles to 

attach to the plasma membrane. 

 

 

 

 

 

 

 

 

 

 

The vesicles produced in the Golgi apparatus can be: lysosomes, peroxisomes 

Illustration 14 As we can see in the 

illustration, ribosomes are made of two 
subunits, one is larger (50S) than the other 
(30S), and although their composition is 
really similar, their structure and function 
during the translation is really different. 

Illustration 16 This organelle is formed by vesicles 

and up to 30 cisternea. It has two differentiated 
faces: Trans and Cis. The name of the face 
depends on what is facing the ER or the plasma 
membrane. 

Illustration 15 is a picture of the 

ER attached to the nuclear 
envelope. It shows the different 
parts it is divided into. 



 

EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

23 
 

and reserve vacuoles. 

Lysosomes and peroxisomes contain enzymes used to digest certain 

molecules that could be harmful outside these membrane vesicles.  

 

 

 

 

 

Vacuoles mostly have a storing function, so they keep different substances like 

water, proteins, etc. inside their membrane. 

 

7. Mitochondria: is basically the powerhouse of the cell, it is the organelle 

where the aerobic metabolism is done and it is the metabolic pathway that 

most chemical energy produces in human cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8. Nucleus: is a porous spherical structure where DNA is stored, replicated and 

transcribed. Inside the nucleus are produced mRNA, iRNA, miRNA, hnRNA, 

Illustration 17 is a computer 

representation of a lysosome and its 
parts: enzymes and a lipid bilayer. 

Illustration 18 is a simplified representation of the mitochondria. Mitochondria is made of two membranes, 

the outer and round and the inner one shaping cristae. Inside this second membrane there are cyclic DNA 
strands, Ribosomes, lots of enzymes. Mitochondrias are supposed to come from the association of two 
primitive cells. This would explain why this organelle has similarities with bacteria like cyclic DNA. 
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rRNA and many more. 

-Nucleolus is a nRNA structure where 

rRNA is synthesized. 

-DNA: is the genetic material of the 

organism, and it can be in two 

different shapes: one string-like 

called Chromatin and one.   

 

2.4. CHEMICAL REACTIONS 

First of all in order to understand what a chemical reaction is we must 

understand when a change is physical or chemical. 

A physical change is the one the matter composition doesn’t change at all; 

instead of a chemical change that is when matter changes its composition. 

We say that the composition changes when the elements that form it change 

their organization so their bonds change. 

A chemical reaction is the way matter changes. It is expressed by the 

chemical equation which shows the molecules that react (reagents) and the 

molecules that are produced (products). Between the reagents and the 

products there is an arrow that shows the side of the reaction. The chemical 

equation also contains the proportion in which the reagents react; these are 

represented by numbers before the compounds (stoichiometric coefficient).  

 

𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑠 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

𝐶 + 𝑂 → 𝐶𝑂 

𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑠 𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ↔ 𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑠 𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

2 𝑁𝑂2 ↔ 𝑁2 +  2 𝑂2 

Equations 1 These are two different types of chemical equations, the first ones are irreversible and the 

second ones are reversible. When a reaction is reversible, reagents and products react constantly if the 
minimum conditions are required (for example energy)  

Illustration 19 shows the nucleus and its parts. 
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There are a lot of different reactions and we have many ways to classify them. 

We can take in account the nature of the reagents, the energetic, the 

kinematics, etc.  

If we consider the nature of the reagents we find a very common reaction in 

which there is transference of electrons between the reagents, the reduction 

oxidation reactions or also known as Redox. 

If we talk about the energetic, there are two different types of reactions: 

 Exothermic, the energy of the products is less than the reagents so it is 

release as heat. 

 Endothermic, the opposite than the last one so it collects energy from 

the environment. 

 

 

 

 

 

Both types need an energy uptake at the first that is called Activation energy, 

which is retorned at the end so it does not affect the two types explained before, 

but that is requiered for the reaction to start functioning. 

To start reactions easily and also speed them up there some chemical 

components that are called Catalysts that do this. Catalyst can be chemical or 

biological but both share two properties: 

 Do not consuming during a reaction 

 Initiating or accelerating the reaction.  

Illustration 20 is a graphical representation of the energy variance during an 

exothermic and an endothermic reaction. 
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3. METABOLISM 

3.1. INTRODUCTION 

Nowadays science has discovered things far away from our comprehension in 

fields like physics and its quantum mechanics that even being real particle 

descriptions, they are difficult to digest its random behaviour. But now try to 

explain what life is? Or consider at which point you can be considered alive or 

not. Maybe at first the answer seems easy but biologically and chemically it is 

not that easy. But what we already know is that life is sustained by metabolism. 

Metabolism is defined as the amount of chemical reactions which happen inside 

the cells in order to produce biomass to grow (anabolism) and energy 

(catabolism) to develop the vital functions: nutrition, reproduction and relation. 

3.2. ENZYMES 

Enzymes are biocatalysts, so they have the two catalyst properties: participating 

but not consuming after a reaction and starting or accelerating reactions so they 

happen at the pace the cell needs the products.  

Apart from the other catalysts enzymes have 4 more properties: 

 Specificity: they only work with specific molecules. 

 The temperature of the organism who synthesized them is the one they 

can work correctly. 

 They are really active: they can increase the speed reaction up to 1 

million times. 

 They have a high molecular weight. 

We can classify proteic enzymes as entirely protein made and those which 

need non-proteic part (holoenzymes), the proteic part is the apoenzyme and the 

other is the cofactor. 

3.2.1. Cofactors 
There are many different types of cofactors. These can be organic or inorganic. 
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Metallic ions like Calcium (Ca+2) are inorganic ions and organic cofactors are 

also called coenzymes and those can be some really different molecules. 

3.2.1.1. Coenzymes 

Coenzymes are organic molecules that get attached to an apoenzyme to 

donate or receive chemic groups (atoms or little groups of atoms with a 

function). They are not usually specific of a single apoenzyme, there are many 

enzymes that use them. 

These coenzymes can be divided in two groups: 

 Redox coenzymes: These molecules transport protons (H+) and 

electrons (e-). The most important ones are the following which are 

based on nucleotides: 

 Nicotinamide adenine dinucleotide (NAD) 

 Nicotinamide adenine dinucleotide phosphate (NADP) 

 Flavin adenine dinucleotide (FAD) 

 

 

 

 

For example, the NAD+ reaction is:  

𝑁𝐴𝐷+ +  2𝐻+ +  2𝑒−  → 𝑁𝐴𝐷𝐻 + 𝐻+ 

 Transference coenzymes: These transport chemical radicals. The most 

important ones are: 

 Coenzyme A (CoA-SH). It uses its thiol group to do tioesters. 

 Adenosine phosphate family (ATP, ADP and AMP). They 

transport phosphate groups and the energy in their bonds. 

 

Illustration 21 is the three Redox enzymes. a) NAD b) NADP c) FAD  

a)                        b)                        c)                         

Illustration 22 is the chemical representation of the two transference coenzymes mentioned above.         
a) ATP b) Coenzyme A. 

  a)                                       b)                         
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3.2.2. Enzymatic Reactions 
In most chemical reactions the molecules that react are called reagents, but 

when an ezyme catalyzes it, we say it is an enzymatic reaction and instead of 

reagents, they are called substrate. 

 

 

 

 

 

 

 

 

 

 

 

 

Enzymes attach to the substrate in the active centre, to do so, there are two 

known models: 

 “Lock and key” model in which the enzyme attaches perfectly to the 

molecule. 

 Induced fit model in which the enzyme adapts its shape to catch the 

substrate correctly. 

3.2.2.1. Inhibition 

Most enzymes are proteins so they are really sensible to temperature and pH 

values. Only some species have evolved to adapt their proteins to stand 

extreme condition, and humans are not one of those. Only a few degrees of 

Illustration 23 represents three different ways enzymes can attach to substrate (these are a simplified and a 

schematic version). From left to right the picture shows the enzymatic activity with one substrate, with two 
substrates at the same time and with two successive substrates. There are thousands of enzymes and those 
attach with specific bonds so these are enough to appreciate how the substrate attaches to the enzyme forming a 
complex and then the reaction takes place, producing new molecules and then leaves them in the medium to 
repeat the reaction again with new substrate.  
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variation can denatulazise some amino acids in many enzymes. But our 

metabolism has evolved to have regulation systems like inhibition with specific 

molecules called inhibitors. This inhibition can be: 

 Irreversible: when you can not undo the inhibition as the inhibitor has 

changed enzyme composition after attaching to the active centre. 

 Reversible: when the enzyme is inhibited temporarily 

 Competitive: when the inhibitor “competes” with the substrate to 

enter the active centre. 

 Non competitive: when the inhibitor has a special point of 

attachment that unutilizes the enzyme whether there is substrate 

or not. 

3.2.3. Types of enzymes 
There is a classification for enzymes depending on their function. 

1. Oxidoreductases: The enzyme participates in redox reactions. 

a) Oxidases: The enzyme oxidise substrate 

b) Dehydrogenases: separate H from the substrate. 

2. Transferases: The enzyme transfer radicals from one substrate to 

another. 

3. Hydrolases: The enzyme uses water to transfer H+ and OH- groups to 

the substrate. 

4. Lyases: The enzyme 

adds or removes groups 

by removing or forming 

double bonds, 

respectively. 

5. Isomerases: The enzyme 

changes the substrate to 

other isomeric form. 

6. Ligases: the enzyme puts 

together the substrate 

with the energy of the ATP. Illustration 24 Schematic reactions enzymes may 

do. The numbers are the same from the list next to it. 
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3.3. ROLE OF METABOLISM 

As it is defined in the beginning of the 

metabolism chapter, metabolism has two 

goals, producing biomass and energy. 

So we can differentiate metabolic reactions in 

two groups, in function of what their aim is: 

 Producing energy. 

 Producing structural or functional 

molecules. 

Catabolism is the set of reactions which 

transform complex molecules into simpler ones 

obtaining energy. Anabolism, instead, is the 

synthesis of complex molecules using energy 

and monomers. 

 Nevertheless, as there are thousands of 

reactions, this classification is too vague, so we 

classify the reactions looking at what 

molecules they start with and which ones they produce in packs of a few 

reactions. Those packs are called metabolic pathways, and there are many, 

although nowadays we know it is not the best way to understand metabolism as 

it is too complex taking in account the quantity of metabolites and enzymes 

involved.  

3.4. METABOLIC PATHWAYS 

There are many different metabolic pathways which have really specific 

functions so the ones following the next constraints will be explained: 

 Human metabolism, so it excludes a lot of different paths like the 

autotrophic anabolism.  

 Main energy producer pathways. 

 Pathways involved in cancer development and those taken in account 

during the experimentation.  

Illustration 25 This is a graphical representation of 

the molecules that are used and produced in 
Catabolism and Anabolism. 
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3.4.1. Glycolysis 
Carbohydrates are the most important source of energy in daily bases, as the 

brain mainly consumes glucose and the other two sources of energy (lipids and 

proteins) are only used in absence of the previous one. 

The pathway that starts glucose catabolism is Glycolysis. Although this pathway 

can start with other monosaccharides they must be changed to any of the 

carbohydrates of this pathway before entering. 

 

Illustration 26 It is a graphic scheme of the 10 reactions that take place in glycolysis. The first 5 reactions 

are called the preparatory phase in which 2 ATPs are spent to produce 2 Glyceraldehyde 3 phosphate, 
then the pay off phase produces 4 ATPs to supply again the first phase, a NADH and 2 pyruvate 
molecules. These reactions are produced in the cytoplasm. The blue and green C chains show where the 
C of the carbohydrates goes. The red molecules are phosphate groups from ATP. The blue names are the 
enzymes’ names and the black ones are from the molecules. 

After this pathway, 2 pyruvates are synthesized. These can go to different 

pathways: 

 

  

 

 

 

 

Illustration 27 There are 3 main paths where these 

pyruvates can end up: 
-In need of glucose, they can go back to glucose through 
the 11 reactions of the gluconeogesis pathway which share 
most enzymes with glycolysis. 
-In anaerobic conditions (absence of Oxygen), they can do 
the lactic fermentation and produce lactate using the NADH 
produced in glycolisis. 
-In aerobic condition (presence of Oxygen), they can 
become acetyl-CoA and enter to the Krebbs Cycle or Citric 
acid cycle through the citrate enzyme. 
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3.4.2. Aerobic catabolism 
Humans cannot live without oxygen, as aerobic metabolism (cellular respiration) 

is the only way we have to produce huge amounts of energy to sustain 

ourselves. This catabolic path is made of three pathways: 

1. Oxidation of pyruvate into Acetyl-CoA and CO2. 

2. Citric acid Cycle or Krebs cycle. 

3. Oxidative phosphorylation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1 

2. 

 

 

 

 

                * 

 

 

 

                         * 

 

1.2 
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After the two first reactions the NADH and FADH2 produced go to the oxidative 

phosphorylation pathway to produce 38 ATPs (3 ATPs for 1 NADH, 2 ATPs for 

1 FADH2 and an ATP for a GTP). 

 

 

 

 

 

 

 

 

 

 

 

3.4.3. Lactic acid fermentation 
In anaerobic conditions many organisms and in humans some tissues 

(erythrocytes and skeletal mussels) do fermentations to produce energy. So 

after the glycolisis had produced 2 ATPs these cells turn the pyruvate into 

lactate. 

 

 

 

Illustration 28 These pictures show two pathways that happen in the mitochondria. The upper ones, 

how the pyruvate is oxidized into acetyl-CoA and the lower one how Acetyl-CoA enters the Citric acid 
cycle (CAC) to produce GTP, NADH and FADH2. 
1.1) The Pyruvate dehydrogenase complex uses 5 coenzymes (CoA-SH, NAD

+
, FAD, lipoate and TPP) 

and pyruvate to produce Acetyl-CoA, NADH and CO2. 1.2) The complex in charge of the reaction is 

formed by three different enzymes Pyrucate Dehydrogenase (E1), Dihydrolipoyl transacetylace (E2) and 
Dihydrolipoyl dehydrogenase (E3).  

2.) CAC is a metabolic pathway made of 8 reactions (* these are a two step reaction showed as two) 

which, catabolically speaking, their goal is to produce GTP, NADH and FADH2 while oxidizing acetyl-
CoA. 

Illustration 29 is a graphical representation of the enzymes chain located at the internal mitochondrial 

membrane in charge of doing the last step of the respiration (aerobic catabolism).  Each of the four 
complexes work together to deprotonate NADH and FADH2 and pumping the H

+
 to the intermembrane 

space to produce a chemiosmosis with the [H
+
] so they are pressured to enter the matrix through the 

ATP synthase rotating some enzymes from ATP synthase and producing ATPs. 

Illustration 30 is the graphical 

representation of the reaction that 
turns pyruvate into lactate using 
the NADH produced during the 
Glycolysis. In humans the lactate 
is send to the liver where it is 
recycled as new glucose. 



 

EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

34 
 

3.4.4. Glutaminolysis 
Cells need a lot of N to sustain amino acid and 

nitrogen bases anabolism. A N feeding 

pathways taken in account during the 

experimentation was Glutaminolysis the 

production of glutamate from Glutamine. After 

this, Glutamate can participate in many 

different reactions to become other amino 

acids or entering the Krebs cycle. 

 

 

 

3.4.5. Ketone bodies 
In most mammals, acetyl-CoA formed in the liver during oxidation of fatty acids 

can either enter the citric acid cycle or undergo conversion to the “ketone 

bodies,” acetone, acetoacetate, and D-β-hydroxybutyrate (bodies is usually 

used with insoluble molecules although these compounds are really soluble in 

blood and urine). Once they are produced they are exported to other tissues 

were they will be converted into acetyl-CoA to oxidize them. 

 

 

 

  

Illustration 32 shows the reaction performed by the glutaminase to produce glutamate. The 

ammonia ion (NH4
+
) produced must go to the Urea cycle (another pathway) because it is a 

neurotoxin that could damage ourselves but that we excrete through urine without taking any risk. 

a)                        b) 

Illustration 31 These two reactions are the ones that 

interact with the ketone body used in the study (β-
hydroxybutyrate). a) This one happens in the liver and 

produces the ketone bodies, then the compounds are 
transported to other tissues and b) become Acetyl-CoA 

again so it can become energy. 
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4. CANCER 

4.1. INTRODUCTION 

It is an illness suffered by 14.1 million cancer cases and 8.2 deaths in 2012 

worldwide. In developed regions female breast, prostate, lung and colorectal 

cancer comprise half of the total incidence. [1] 

4.2. HALLMARKS OF CANCER 

Cancer is an umbrella term, a hypernonym, which includes a lot of different 

diseases from many points of view like the organs harmed, the genetic 

modifications that produce it, etc. However, there are some necessary 

functional capabilities implied to be called cancer that we use as hallmarks to 

recognise and catalogue this illness.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Illustration 33 The Hallmarks of cancer. Eight distinctive functional capabilities thought to be necessarily 

acquired during the pathogenesis pathways leading to most forms of human cancer. Some cancers may be 
more or less dependent on one of these hallmarks.  
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4.2.1. Sustaining proliferative signalling 
The essence of a cancer is a deregulated cellular programme that instructs the 

cells to grow and divide at inappropriate times and places. This cellular 

programme is the cell signalling and is usually deregulated by oncogens. 

4.2.1.1. Cell signalling 

Cellular growth, metabolism, migration, differentiation and cell death are some 

of the multiple things regulated by the cell signalling. But how does it work? 

Cell signalling is a complex network of electrical and chemical signals. In 

humans electric signals are only used for specific tissues (myocardium and 

brain), whose cells are connected with low-resistance channels like gap 

junctions. 

This communication is simplified in three steps: 

 Reception: A stimuli binds or reacts with a target receptor which is 

changed. 

 Transduction: the change in the receptor starts a pathway in which 

different proteins send a message, normally to the nucleus. The cascade 

of interactions is accomplished usually by protein-protein associations 

and protein phosphorilations. 

 Response: at the end of the path many things have been stimulated or 

inhibited showing a global response like apoptosis, cell growth, etc. 

The molecules involved in this process can be nucleotides (cyclic ADP), lipids 

(DAG), amino acids (some neurotransmitters), proteins (kinases, transcription 

factors, ion channels, hormones) and inorganic ions (mainly Ca2+).  

Like in metabolism, to describe certain signalling group of interactions we use 

pathways. 

 

 

 

 

 

 

  

Illustration 34 This picture shows 4 

different signalling pathways stimulated 
by glutamate in melanoma. The arrows 
show in which order they communicate 
and the lines with bar edges are 
inhibitors that could be used as 
treatments for this cancer inhibiting 
pathways like RAS-RAF-MEK-ERK 
which promotes proliferation.  
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4.2.2. Evading growth suppressors 
Complementing the proliferative nature of the tumour, cancer cells can evade 

the effects of growth suppressors through different mutations and modifications 

of the braking systems of the cell division cycle. These brakes are embodied in 

retinoblastoma proteins (pRB) and “cyclin-dependent” kinase inhibitors. 

 

Illustration 35 shows the cell cycle redox regulation. 

4.2.3. Resisting cell death 
There are three programmes by which cells highly stressed may die: 

 Apoptosis: programmed suicide of aberrant cells, it may happen there 

are severe genomic or physiological abnormalities. 

 Necrosis: death caused by external factors. Death by necrosis results in 

a plasma membrane rupture that ends up in an inflammation that 

activates an immune response to repair the harmed zone. 

 Hyper-activated autophagy: in severe conditions a recycling mechanism 

like autophagy can turn into a “cannibalistic” tool that turns the cell 

unviable. 

For example the p53 is modified in approximately half of human cancers. That 

is because p53 pathway can induce apoptosis and, as it would constrain cell 

proliferation under normal conditions, in order to proliferate and grow they need 

to hinder or suppress that pathway. 
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4.2.4. Enabling replicative immortality 
In a normal mammalian tissue, after each cell division (except in embryonic 

development) the telomeres, the nucleotides located at the edges of the 

chromosomes, are shortened. When the telomeres are highly cut off, the p53 

mechanism is triggered. As we have seen p53 is usually modified in cancer, but 

as the damage produced in each cell division doesn’t disappear it would reach a 

point where chromosomes were unsafe and unstable so the cell would die 

anyway. 

Therefore, cancer cells should not develop and die at certain point, but they 

activate a telomere maintaining mechanisms that is used in embryonic 

development to avoid the barrier that supposes overly eroded telomeres. That 

means that cancer cells can replicate forever without suffering the “aging” of its 

cells. That is why there are thousands of samples in laboratories around the 

world of the same tumour like in the HeLa cell line case. 

  

 

  

Illustration 36 This picture 

shows the role of p53 in 
terms of inducing apoptosis. 
The p53 from the nucleus 
will activate cytosolic p53 
that will produce changes in 
Bax that will stimulate 
mitochondrial p53 to send 
chemical signals that induce 
its death. 

Illustration 37 Cervix 

cancer cells (HeLa) 
dividing. These pictures 
were taken at the CCiT. 
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4.2.5. Inducing angiogenesis 
Our tissues require a steady supply of metabolites and a way to rid off wastes, 

this is pursued through vasculature (blood vessels). The main structures are 

produced during embryonic development through a process called 

vasculogenesis, but the expansion and remodelation of the vessels network is 

thanks to angiogenesis. 

Therefore, angiogenesis is vital for neoplastic growth like in a tumour to survive, 

because many cells would die in absence of nutrients and in excess of 

metabolic wastes which would hinder the proliferation and the cellular 

development until they died. 

Angiogenesis consists in series of steps leading from vessel sprouting, tube and 

lumen formation, vessel fusion and finally quiescence. It is being molecularly 

defined, but nowadays we have some anti-angiogenic drugs that have given 

good results. 

 

 

 

 

 

 

 

 

 

4.2.6. Activating invasion and metastasis 
We consider cancer when a tumour is malignant which means it has three 

conditions: 

 Anaplasia: condition of cells with poor cellular differentiation, losing the 

morphological characteristics of mature cells and their orientation with 

respect to each other and to endothelial cells. 

 Invasiveness: capacity of cancer cells to access to means of 

dissemination such as the lymphatic system and circulatory system 

(intravasation). 

Illustration 38 

VEGF/VEGFR signalling 
pathways of the growth 
factor VEGF targeted in all 
anti-angiogenic drugs. 
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 Capacity to metastasize: when a tumoural cell is able to travel to another 

tissue from the primary tumour to another part (organ) of the body and 

then reproduces itself and grows as another tumour distant site from the 

one it came in first place. 

If someone develops a tumour but it is not able to metastasize we say it is a 

benign tumour and it is not considered cancer. 

4.2.6.1. Invasion 

In order to access to a mean of dissemination, cancers grow killing nearby cells. 

For example, one known mechanism is through excreting protons (H+) 

produced in glycolysis to activate apoptosis in other tissues through p53 which 

in cancer is mutated or even null. 

Most of invasion and migration mechanisms are unknown despite the years of 

research we have spent trying to solve this mystery. But through in vitro assays, 

like the wound healing (Matrigel), gave us some clues about how it may work.  

4.2.6.2. EMT and MET 

Epithelial mesenchymal transition (EMT) and mesenchymal epithelial transition 

(MET) are two processes of phenotype variation in which cells change their 

gene expression in order to adapt to new conditions. When cells enter in a 

lymphatic or circulatory vein they need different abilities than when they have to 

adapt in a new tissue. 

 

 

 

 

  

  

Illustration 39 This picture shows how the EMT happens in the tumour and then invades a 

blood vessel. This mesenchymal cell can travel and metastasize doing a MET in other tissues.  
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4.2.7. Deregulating cellular energetic and metabolism 
Almost 90 years ago, Otto Warburg found that cancer cultures had a higher 

glucose uptake than its normal counterparts. This uptake and the following 

glycolysis proceed about ten times faster. Even in presence of O2 which would 

sound counterintuitive as Oxidative phosphorylation is much more efficient. But 

we now know that this tendency to the lactic acid fermentation is because it 

helps to produce the cell building blocks much faster. That is why proliferative 

cells also pursue this “Aerobic glycolysis” in which CAC and Oxidative 

phosphorylation are not completely switched off just reduced. 

Moreover, there are studies (for example putting cancerous tissue in glucose 

deprivation) that show that glutamine may be a good supplement for glucose as 

a fuel, as it is a precursor of lipids and amino acids; and it may also be a 

compensation mechanism if there was not enough glucose. 

 

 

 

 

 

 

 

 

4.2.8. Avoiding immune destruction 
The immune system is another barrier when trying to proliferate without control. 

Meanwhile the cancer doesn’t produce any strange membrane receptor the 

immune system will not activate any aggressive response. But in cancer 

produced by oncogenic viruses (20%) or when some tumours express 

membrane proteins from embryonic development (in which the immune system 

self-tolerance was not active) the T cells may try to rid off them. 

Illustration 40 This two pictures show the main catabolic pathways of differentiated tissues and 

proliferative or tumoural tissues 
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In colorectal carcinoma, it was seen that similar grade and size tumours with 

different concentrations of Cytotoxin T-Lymphocytes reacted different to 

treatment, having a better prognosis those with higher concentrations. 

4.3. COLORECTAL CANCER 

Colorectal cancer (CRC) is the third most common in men and the second for 

women in the world [1], this means 1.36 million new cases per year and 

694,000 deaths attributed to this disease. Moreover, it is the cancer where the 

cell lines I used in the experimentation part come from. 

It is a cancer produced on the walls of the large intestine (colon) or on the walls 

of the rectum. This kind of cancer usually metastasis first to lymph nodes and 

then if it is not treat it usually metastasize further to the liver and the lungs. 

 

 

 

 

 

 

 

 

 

Approximately 75% of all the CRC cases are sporadic, so they are not related to 

any hereditary element. In addition, there are many studies that have found 

many risk factors in our lifestyle culpable of the 50% of the sporadic cases, so 

we should avoid them or visit once a year the doctor for a checkout to find it and 

treat it in its firsts stages. Some of these risk factors are:  

 High ingest of red meat due to the animal fat that increases the bile acid 

that reaches the colon and that would act as a mutagen. Moreover, 

Illustration 41 shows some organs of the 

digestive system and their location inside 
our body. It is highlighted the Colon or 
Large intestine which is marked with a line.  

 

Illustration 42 shows the structure of 

the colon walls which is an epithelium 
tissue folded to form crests which are 
called crypts. These crypts are made of 
stem cells at the bottom and as they go 
up they differentiate more.   
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nitrates and nitriles used for processed meat conservation are also bad. 

 Cigarette smoking. Those who smoke not only have more chances to 

suffer a CRC; they also have a higher mortality. 

 Alcohol. There are ongoing studies with low intake, but it is already 

demonstrated that consuming more than 4 standard drinks per day will 

increase your chances to develop it. [15] 

4.4. CANCER THERAPIES 

Cancer is so complex because it has to stand and get over many human 

defence systems, like the immune system, as we have seen in the hallmarks. 

That causes a huge variety of problems when trying to treat it. But nowadays 

we have two really effective methods: Chemotherapy and Radiotherapy. 

Moreover, there is a treatment in process that has really good perspectives, 

Immunotherapy. 

But as having a cancer means much more than just one or some tumours, they 

weaken you or even harm you in many ways like cachexia. So when someone 

is suffering cancer, we try to treat them from a variety of point of view. Those 

are just complementary, in order to cure, surgery, chemotherapy or 

radiotherapy is unavoidable. But there are studies, as in many different 

illnesses, trying to support these treatments with diets, activities... to create 

favourable conditions to get over it or difficult conditions for the cancer to 

develop. The main treatments are: 

 Chemotherapy: Consists in administrating intravenously a combination of 

drugs that weaken or damage cells in general, but, especially, those that 

are cancerous. 

 Radiotherapy: Consists in irradiating a punctual tumour with ionizing 

radiation to strongly damage the DNA so the cancerous cells die. 

 Immunotherapy: there are two different treatments that are being studied. 

One focuses on activating our immune system to kill the cancerous cells, 

the other, on creating antibodies bonded to drugs that would attach to the 

cell and release the drug inside.[2] [10]  
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5. BIOINFORMATICS 

5.1. INTRODUCTION 

Bioinformatics is a tool that appeared in the XX’s century with the creation of 

computers. It is not a science; it is the programming application of different 

sciences like biochemistry.  

We consider Margaret Oakley Dayhoff3 as the 

mother of bioinformatics, as she was the first who 

created a sequence database using the basic 

technology of her time. Once you are working with 

sequences from all the nucleic acids, or amino acids; 

in a genome or protein, respectively; you are working 

with a whole system whose field is named with the 

suffix “-omics”. For example genomics, proteomics, 

metabolomics. 

Technology has arrived to a point where sequencing genomes, proteins, and 

gathering many types of data is really easy, so now, bioinformatics has taken a 

main role in biology as it helps to arrange and manage the data through 

software and algorithms. An example of that is the NCBI, a scientific database 

of databases in which you can find many different things, from DNA, RNA and 

protein sequences to scientific studies.  

5.2. METABOLOMICS 

Metabolomics is the field inside metabolism that studies all the chemical 

reactions from a systemic point of view, in which we study every reaction at the 

same time. Unlike formerly biology in which we studied separated reactions or 

enzymes.  

                                            

3
 Margaret Oakley Dayhoff (1925 –1983) was an American physical chemist professor at 

Georgetown University. 

Illustration 43 is a punched card. It is a 

rudimentary “memory card” used with the 
firsts computers; one like this may have 
been used by Margaret Oakley. In the 
picture, we can see a 16GB microSD 
which can store as much data as 
236,993,710 Remington Rand cards like 
the one on the picture. 
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5.2.1. Systems Biology 
Systems Biology is the scientific discipline that studies the systemic properties 

and dynamic interactions in the biological object, be it a cell, an organism, a 

virus, or an infected host, in a qualitative and quantitative manner and by 

combining experimental studies with mathematical modelling. Scientist can 

describe inner processes of star thousand light years away with great accuracy. 

But how a tiny cell under our microscope grows and divides remains puzzling in 

many ways. We see kids growing, people aging, plants blooming. But do we 

understand how processes of life work? [16] 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.2. Models 
 

In a broad sense, a model is an abstract representation of objects or processes 

that explains features of these objects or processes. A well-known and practical 

way to express a model is through mathematics, moreover, nowadays that we 

have incredible calculation machines, computers. 

Illustration 44 This is a metabolic map that contains most human metabolic pathways (1 colour per 

pathway) that shows how complex and large metabolism can be and how unmanageable without 
computational technologies it is to approach as a whole. 
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∆r =r f-r i           v  =
dr 

dt
           a  =

dv  

dt
 

Equations 2 Those equations are a model of classical kinematics, a mathematical way to explain the 

movement of particles. Through the mathematical equations that compose a model we can describe its 
displacement, position, speed, acceleration and predict them. 

 

 

 

 

 

As we use a model to express the movement of any object, we are going to do 

different calculations in order to understand and describe the metabolism of an 

organism. These equations will be different, but they will be used the same way, 

for example to do predictions or to optimize.  

5.2.2.1. Advantages 

Models are fundamentally based on real experimentation, so they are really 

dependant on the quality of those in which it is made by. Nevertheless, 

modelling compared with further experimentation is better than only purely 

experimental studies: 

 Modeling drives conceptual clarification. It requires verbal hypotheses to 

be made specific and conceptually rigorous. 

 Modeling highlights gaps in knowledge or understanding. During the 

process of model formulation, unspecified components or interactions have 

to be determined. 

 Modeling provides independence of the modeled object. 

 Time and space may be stretched or compressed ad libitum. 

 Solution algorithms and computer programs can be used independently 

of the concrete system. 

 Modeling is cheap compared to experiments. 

Illustration 45 Those are different 

displacement (D) and time (t) 
graphs that change depending on 
the velocity in which a particle is 
moving. Expressing it graphically let 
us comprehend better what it is 
inherited in the calculations despite 
we lose some information in 
exchange. 
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 Models exert by themselves no harm on animals or plants and help to 

reduce ethical problems in experiments. They do not pollute the 

environment. 

 Modeling can assist experimentation. With an adequate model, one may 

test different scenarios that are not accessible by experiment. For example, 

one may cause precise perturbations without directly changing other system 

components, which is usually impossible in real systems. Model simulations 

can be repeated often and for many different conditions. 

 Model results can often be presented in precise mathematical terms that 

allow for generalization. Graphical representation and visualization make it 

easier to understand the system. 

 Finally, modeling allows for making well-founded and testable 

predictions. [16] 

5.2.2.2. Types 

Metabolic modelling can mainly be pursued in two different ways: 

-Constraint-based modelling: This kind of mathematical modelling assumes 

steady state. 

 

 

 

 

 

Steady state is a term that can be explained really easily with the picture above. 

If you have a cup with a hole, the cup will end up empty. However, if you fill it at 

the same speed it will not end up empty although it is losing the same amount 

of liquid than in the first case. 

-Kinetic modelling: Doesn’t assume it, so it is base in different equations and 

even data as it needs to supply all the information and calculations the 

Illustration 46 Is an explanation of the 

Steady State using water tanks. In this 
example the flux of water would 
represent the flux of metabolites in a 
pathway and the constraint (J1=1) will 
establish the flux of water as 1 so the 
amount of water (in this example) will 
always be one. 
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constraints where ignoring. This kind of modelling is 

even more complex so we are not to describe it in more 

detail. 

5.2.2.3. Networks 

A network is a graph formed by edges and nodes. It is 

used in Systems Biology as a conceptual and graphical 

way to express different interactions. In metabolomics, 

the edges represent the enzymatic reactions and the 

nodes the metabolites. 

Different metabolic examples of this kind of graph are throughout the second 

chapter (metabolism pathways) were each pathway is represented as a graph. 

This can be represented as Stoichiometric matrixes. 

  

Illustration 47 This is a network, the 

circles are the nodes and the lines 
are the edges. 
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6. USING SCIENTIFIC METHOD 

6.1. INTRODUCTION 

The scientific method is a list of instructions developed a couple centuries ago, 

in which modern science is strongly founded nowadays. These instructions 

have been tested and changed by many scientists and philosophers in order to 

achieve a rational empirical method for any research done. 

Diagram 4 

 

Throughout this chapter you will see the different steps of my research project 

following the same structure. 

Scientific 
Method

Ask a 
Question

Background 
Research

Hypothesis

Processes / 
Methods

Results

Analysis

Conclusions
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6.2. ASK A QUESTION 

“Does a ketone body like β-hydroxybutyrate affect the metabolism of a Colon 

Cancer and its metastasis?” 

6.2.1. Why this specific question? 
I wanted to study metabolism in a Systemic approach comparing responses to 

different environments inspired by a bioinformatic experiment I did on a science 

course.  

I got the opportunity to work in a lab at the UB, so I wanted to take advantage 

and do something in vitro. However I only could work with the material of their 

lab, like the colon cancer model. But I didn’t want to do an experiment they 

already had done, I wanted to do something new. 

 Firstly, I mentioned palmitate due to an awarded study I had seen [4], but I 

preferred to do something new, so the PhD student’s advice was to try butyrate 

or β-hydroxybutyrate. Butyrate is a really common compound in the bowel, as 

our bowel’s microbiome produces it a lot. Butyrate is also a huge differentiation 

factor, but as it is only present in the bowel, not in the blood I preferred to test β-

hydroxybutyrate as it is present in our blood, especially in case of fasting of 

ketogenic diet. 

6.3. BACKGROUND RESEARCH 

Every time you want to do an experiment you must look for information related 

with your experiment. Maybe someone has already done it, or in similar 

conditions so you can get a lot of data before even starting. All the information 

about the Cancer Model is explained in the Cancer chapter at each cell line’s 

part, the information about the β-hydroxybutyrate is the following: 

6.3.1. Β-hydroxybutyrate 

The condition I applied to the experimentation was the presence of β-

hydroxybutyrate. It is the major form of ketone bodies, so it is useful to look for 

its effects and properties as it is produced in the liver during fasting, ketogenic 

diet (low in carbohydrates) and in diabetes.[7] There have been many studies 
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that show that different tissues are able to metabolize them correctly, but it 

seem that in cancerous tissues although they are able to obtain energy [6] [9] 

[8], it is not metabolized as it should and it  could even inhibit the growth of 

metastatic cells.[5]  

 

6.3.2. Cell Lines 
The model of colon cancer I used is based on three established cell lines: 

SW480, SW620 AND SW620-LiM2 

 SW480: adenocarcinoma that has been found the following properties. It 

is the cell line with the highest volume and the one that proliferates the 

least. Moreover, it is the most glycolitic line and the one that consumes 

more glutamine in relation to glucose. Therefore, it is the most dependent 

to them. They survive the least under glucose (Glc) and glutamine (Gln) 

deprivation; half of them undergo apoptosis in both deprivations. But 

those who survive proliferate without cell cycle arrest. Although coming 

from the primary tumour, it shows some invasive properties. 

 SW620: first lymphatic system metastasis. It is the cell line with the least 

volume, so the one that proliferates the most. In addition, it is a bit 

metastatic and as a metastatic cell its metabolism is more flexible and 

can survive at Glc and Gln deprivation arresting the cell cycle, a possible 

strategy to survive in the vasculature. At Glc and Gln titration Oxygen 

Consume Rate (OCR) increases. It also increases in presence of 

palmitate. They only undergo apoptosis under Gln deprivation, not under 

Glc. 

 SW620-LiM2: highly metastatic line obtained from injecting a metastatic 

line from SW620 in mice [5]. It is the most metastatic cell line. As a 

metastatic cell its metabolism is more flexible and can survive at Glc and 

Gln deprivation arresting the cell cycle, a possible strategy to survive in 

the vasculature. At Glc and Gln titration Oxygen Consume Rate (OCR) 

increases. It also increases in presence of palmitate. They only undergo 

apoptosis under Gln deprivation, not under Glc (like in sw620). 
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6.4. HYPOTHESIS 

I have developed a couple of hypothesis for the in vitro part and a third for the in 

silico: 

1. – As it is a molecule that we use in fasting to get energy, the cancer cells will 

use it to grow. 

2. – Despite the similarities between butyrate and β-hydroxybutyrate, I suppose 

that it won’t differentiate the cells as they both have different metabolic 

pathways. 

3. – The metabolic model using experimentation data will be enough accurate to 

show differences between the cell lines.  

 

6.5. EXPERIMENTATION IN VITRO 

Once I have learned about what I wanted to investigate, it was time to finally 

design the experiment, the variables, budget, and much other stuff, that as I had 

never studied experimental design it would have been impossible without the 

guidance of the PhD student that was responsible of me in the labs. 

Now that we knew what to do and how, it was time to start. The procedure is 

explained with detail in the protocols and documents at the annexes.4 Even so, I 

will overview the things done between 3rd and 21st of July. 

 

6.5.1. Preparing 6-wells plates 

It was the first day I went to the UB’s lab, although the PhD student, had shown 

me the facilities before. We discussed the different things we had to prepare, 

such as the tools and reagents for the experiment.  

 

 

 

                                            

4
  The first week protocols are in the annexe: III page XIV and other useful documents like the 

culture’s room rules and COBAS MIRA PLUS protocols can be found in the annex IV from the 
page XVIII. 
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Once we had decided all, we went to the culture’s room to prepare the cell lines 

for the experimentation, which should be done in sterile conditions. 

(PROTOCOL 1) There we took the 3 cell lines checked if they had spread 

enough through the plate and we seeded into two different plates per cell line. 

One is a 100mm plate to store the cells, so they can be used in other 

experiments and the other is to let them adapt on the surface of 6 wells plate 

(Eukaryotic cells tend to stick on plates with proteins, when you change their 

plate you must break these attachments so they need time to produce them 

again). 

 

 

 

 

Illustration 48  Representation and pictures of the six-wells plates used and how it was organized. At the 

upper side we can see the wells and the organizations of the three cell lines, times (0, 24 and 48 hours), and 
condition applied (presence of bhb). Under the scheme we can see two pictures: the one in the left is the 0h 
plate and the two on the left are the 48h of the SW480 and SW620 cell lines with and without bhb. 
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In the afternoon, after having lunch with all the lab partners, we planned the 

experimentation schedule and we seed some more cells for other experiments 

as a way to practice this procedure. 

6.5.2. 0 hours cultures 

The next day in the morning, I calculated and weighted the β-hydroxybutyrate 

grams I needed to prepare a medium with a concentration of 5mM. Some of this 

was stored for metabolites measurements and the other brought to the culture’s 

room for the experimentation. 

Illustration 49 Pictures working on culture’s room. The upper left one shows the trypsin and the medium in the 

bain-marie. The upper right one shows how I am taking out the 100mm plates. The lower left one was taken 
while checking the proliferation of the lines. The lower right one was while preparing the 6-wells plates. 

Equation 3 Calculations to control how many cells we seeded. 
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Then I dissolved the compound on the medium so I could have 60 ml of each 

medium one with β-hydroxybutyrate and the other without it. Then we went to 

the culture’s room to count the 0h cells and to add the medium to the 24 and 

48h cell lines. 

 

 

 

 

 

 

 

 

 

 

6.5.3. 24 and 48 hours cultures 

We did the same procedure both days (Protocol 2), it was basically taking 

pictures of the cells, counting the populations and storing the mediums of each 

so we would be able to measure it further. The cells were also stored because 

they can be used for further experimentation like SDS-PAGEs to look for 

Illustration 50 Pictures working at culture’s room. The left one was taken while taking pictures of the 

cultures. The right one shows the Sceptre cell counter’s screen with the population and the volume of 
the cells of one sample. 

Equation 4 Calculations to prepare the 5mM β-hydroxybutyrate (bhb) medium. 
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hallmark proteins. 

During the afternoons of these last 3 days I started to look for information on the 

PubMed’s platform and through the numerous biochemistry books around the 

lab and I also redacted the experimentation protocols of the processes 

completed until that moment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.5.4. Spectrophotometry analysis 

The next week I had a Bioinformatics course in the UAB, so we agreed to 

continue the one after that, and as all the samples were stored inside the fridge 

or the freezer there was no problem in waiting to analyze. During that week, the 

PhD student had a student preparing him for the final degree’s project that also 

did some cell cultures so all the calculations for this week experiment had to be 

done for both samples as it was more efficient than preparing reagents for each 

Illustration 51 Pictures from the 5
th

 and 6
th

 of July. The left pictures show the corning tubes and 

eppendorfs used to count and store the medium. The right pictures show the centrifuge and the distribution 
of the corning tubes inside it, which is very important to avoid any accident). 
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one’s project. 

 

 

 

 

 

 

 

 

 

 

 

That week basically consisted in doing spectrophotometry analysis of the 

mediums to find the concentrations of Glucose (Glc), Lactate (Lac), Glutamine 

(Gln) and Glutamate (Glu). 

The first day we just prepared the different reagents we would need to find each 

molecule concentration. 

We started with the glucose analysis, which lasted all the morning. Glucose 

spectrophotometry is the easiest one and it usually works without any problems, 

this method is used for example in glycaemia analysis. 

The next day we did it with lactate, which, as I was warned, was a tedious 

procedure, because the reaction used produced gas bubbles which usually 

hindered the light detection. That caused many second and even third analysis 

to ensure each result was correctly measured. For this reason, these analyses 

lasted until seven pm. 

The 20th was the last day doing experiments. We did the Glutamine and 

Equation 5 Calculations used to prepare the reagents for the lactate procedure. 
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Glutamate measurements with the spectrophotometer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.6. IN VITRO DATA ANALYSIS 

As in any scientific procedure, the information gathered during the experiment 

must be analysed in order to find a substantial difference between the samples. 

It may look easy to find if some information is different from another, although 

the only correct and accepted way to do that in science research is through 

statistical analytics.  

Firstly, I put together all the results from the Scepter and the spectrophotometer 

and transcribed it to an excel calculation sheet, one for the cell Counting and 

another for each metabolite analysed.5  

 

                                            

5
 All the Excel and R Studio calculation sheets and scripts can be found in the annexes VII and 

VIII 

Illustration 52  Pictures of the spectrophotometry analysis week. The pictures from the left 

show the preparation of the special blue tubes that the COBAS MIRA PLUS uses and the left 
ones show the machine working and me checking the results. 
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a) 

 

 

 

b) 

Counting: Many cell samples were diluted to avoid exceeding the maximum 

value the machine can read, so the first step was multiplying the counting for its 

dilution. Now that we have the approximated cell value per well, we can 

proceed to calculate the cell increase in 24 and 48 hours (ΔN). 

COBAS: As in the cell samples, many medium samples were also diluted so 

after calculating an average value between the two or three measurements that 

we had already done with the COBAS, we multiply it by the dilution. 

The objective of arranging this data is to calculate a ratio between the cells and 

the flux of metabolites (this flux can be calculated for both consumption and 

production). The way we estimated this ratio is through two formulas: 

 Growth tax (µ) 

 Production/Consumption Tax (KPC) 

 

 

 

 

 

 

 

 

 

 

 

             
6
 

 

 

Once this is calculated for every sample both the control cells and the bhb cells, 

we can start the statistic analysis. The tests I used to analyze these data were 

Student’s Test T, ANOVA, LSD, Duncan, SNK, HSD and Scheffe’s method.  

Test T student, which I did with excel, is used to compare two experimental 

groups so I used it to compare the control cells with the bhb ones. It is 

                                            

6
 These two formulas are inside the useful documents annex IV in the page LI  

Equation 6 These are the two formulas used to relate the 

cell growth with the metabolite flux with proliferative cells, 
so we assume exponential growth. (a) The Growth Tax (µ), 

where N is the number of cells so Nf is the final cell 
population, N0 is the initial population and tf is the final time, 
is a correcting factor for the KPC formula taking in account 
that cell growth is not linear. The units of the Growth Tax 
are h

-1
. (b) The Production/Consumption Tax (KPC), where 

ΔN is the increase of cells, ΔM is the increase of metabolite 
and 10

9
 is a conversion factor made of 10

3
 to change the 

mol scale from mmol to µmol and 10
6
 is to change from 

cell
-1

 to millioncells
-1

. The units of the KPC are µmol/million 
cells*h.  
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established to only consider there is a significant variance between data if the 

result is less than 0.05 (α). (Table 23 at the annex VII) 

The other tests, which I did with RStudio, are used to compare more than two 

groups, so I used the tests to compare among cell lines with the same condition 

and all together. But, the ranges among each measurement of the same sample 

were sometimes too wide so many statistical tests did not found significant 

differences that may be or not. (Illustration 58 and Illustration 59 at annex VIII) 

 

6.7. EXPERIMENTATION IN SILICO 

After all the in vitro process, I discussed with Carles Foguet, from the 

computational part of the group, about how to do a computational approach 

from what I gathered and with the concepts I knew, because learning how to 

write in programming languages like python would be unbearable within the 

time frames of this project. During the Crazy about Biochemistry I had practised 

with a free software programme called Optflux which lets you simulated different 

metabolic related assays like knock outs and flux balances in different 

environmental conditions or changing the gene expression... from a metabolic 

model. The one I used7 in this part of the research is basically a script with the 

main metabolic pathways from any human cell. This is a Constrained-based 

model, so we assume steady state. 

The experimentation consisted in preparing the data from the experimentation 

in vitro into an input that allowed the Optflux calculate the flux balance through 

the different pathways assuming the cell maximizes biomass production 

(growth). As each cell line had given different information, the inputs will vary so 

will be able to compare the results of the flux balance simulation and then see if 

the output qualitatively agrees with the in vitro results. 

 

                                            

7
  You can find the metabolic model inside a Dropbox on the annex VI   
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6.7.1. Calculations 

The input, which the Optflux needs to do the simulations, is a set of constant 

metabolites consumption and production by each metabolite the cell can intake. 

This set is basically the Kpc calculated before and an approximation of a 

possible Kpc of the other metabolites in the medium that the cell could take 

profit of. These metabolites are described in the model, but to calculate the Kpc 

I used the concentrations from the commercial information of the culture’s 

medium.8 

 

 

 

 

 

As we intend to have global results that we can compare among different 

conditions and lines doing the Kpc is not enough. After having the Kpc values 

we must calculate the Kpv which normalizes the data in function of the cell 

volume. 

 

 

.  

 

 

6.7.2. Simulations 
Once we have all the Kpv we can put the values in the metabolic model through 

a programme called Geany that helps you change the script with your desired 

values. After programming this input, that will set the boundaries of the 

consumption/production of external metabolites, we can open the Optflux with 

this modified model and let the software run a Flux Balance Analysis through a 

Wild Simulation. After, I created environmental conditions which changed 

values into the ones of the condition to run a simulation of the condition. 

 

 

                                            

8
 DMEM medium composition annex IV page XIX.  

Ecuación 8 Without calculating the Kpv the biomass production 

output of the Optflux could not be compared as the consumptions 
we used as input are in function of the proliferation which depends 
on the volume. For example if a line proliferates more but has less 
volume than another line, maybe both had produced an equal 
quantity of biomass but as the bigger ones must produce more to 
duplicate themselves the proliferation value will be less and so the 

Kpc will vary. 

Ecuación 7 As we are doing an approximation, the Kpc formula changes a little bit. Firstly we are only calculating the 

intake to it will always be negative by multiplying the result by -1. Secondly, the factor apart from changing from mmol to 
µmol and to cell

-1
 to millioncells

-1
 we also multiply it by 0.5 as we assume that they will consume half of the whole 

metabolite concentration in the medium 
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To sum up, the biomass productions were: 

 SW480 SW620 SW620-LiM2 

Control 7.848511E-6 
 

NaN Kpc: 9.2178541 

Presence of bhb 1.1128035E-5 
 

1.0291501E-5 Kpc: 9.6605046 

 

Table 6 Summary of the biomass production from each simulation. The SW620-LiM2 results were done 

with Kpc instead of Kpv as both control and condition had done NaN and they could not be compared.
9
  

                                            

9 Optflux pictures of the whole simulation at the annex IX. 

Illustration 53 Metabolic model visualized with Geany. This part is the one I used to set the boundaries. 
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7. CONCLUSIONS 

At the end of any scientific experimentation it is time to discuss the results and 

develop conclusions to show that all the time spent on the project has a result. 

These might agree with your hypothesis, or they might reject it. The conclusions 

I reached to are classified in three groups: Experimental (in silico and in vitro), 

Theoretical and Personal. 

 In vitro Experimental Conclusions 

After the statistical analysis of the entire data gathered during the in vitro 

experimentation, at first I would reach the following conclusion: “As most of the 

differences found are not meaningful; neither the metabolism flux, nor the 

proliferation have been affected by the condition”. But if we look at the data 

closely, we can see that the 48h Control proliferation standard deviation (σ) 

between the replicates of the cell lines is above 5, therefore it affects the 

statistical tests used between the control and the condition samples, and it must 

affect the Kpc values as they are in function of the proliferation.  

Therefore, we should repeat the experiment to ensure if those results were not 

enough accurate and discover if the β-hydroxybutyrate (bhb) had any effect on 

their metabolism. However, we cannot do that as experimentation is expensive 

and this project could not last more than the time I gratefully spent at the UB, so 

I will discuss the results assuming that at 48h the lines had a meaningful 

increase or decrease of proliferation both in control and in the presence of bhb, 

as the only value of their growth was the mean between the three replicates. 

At 24h the cell growths are pretty similar and it is not enough time to get big 

effects, so we could say that the first statement of “it had no effects” could be 

applied, except for SW480 and SW620. SW480 had no meaningful difference in 

proliferation, but the lines with the bhb had consumed less glucose and 

produced much more glutamate. This would mean that the cells in bhb had 

turned it into acetyl-CoA and then into glutamate through the Krebs cycle that 
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would be accumulated and exported in the medium afterwards. SW620, 

instead, had a meaningful difference in proliferation and also in those two 

metabolites. The control had proliferated more than the condition and they had 

also consumed more glucose and exported less glutamate which might had 

gone to produce amino acids and nucleotides what would explain why the 

control had proliferated a bit more. Moreover, the lactate production is really 

similar in both, and as the consumption of glucose in the control is the double of 

the one with the condition, they probably took profit of the bhb in the medium to 

turn it into Acetyl-CoA and then produce lactate turning it into pyruvate. 

At 48h if we do the previously mentioned assumption, all the controls had 

proliferated differently from the conditions. In sw480 and SW620 the control had 

proliferated more, but in SW620-LiM2 the condition is the one that had grown 

more. In SW480 and SW620 we could explain the control proliferation as the 

conditions with bhb tend to accumulate glutamate that would not be used to 

grow and we also could say that the condition cells have profited by the bhb as 

the Glc consumption is less than in the control but the lactate productions are 

pretty similar. Moreover, we can notice that SW620 is the only line that Glc 

consumption is so similar. Finally, we could say that in SW620-LiM2 the 

condition had grown more as they took profit of the bhb. 

 In silico Experimentation Conclusions 

Comparing the results within the same lines we find that the model says that the 

three conditions have produced more biomass that without it. What if we look at 

the proliferation from in vitro we know it only happens with SW620-LiM2. 

Therefore, I can say that or this model is not enough accurate for the lines, or 

the deviation problems from in vitro had been brought here. 

But as we assumed there was no variation, then the problems would be on the 

cell model. These could be many different things from not taking in account the 

Warburg effect to assume they always maximize biomass production, or even 

the steady state assumption when the model was build. Or maybe as the 

models do not have all the know reactions, we are missing a pathway. The 

possibilities are infinite. But if we repeated or gathered more data to build a 
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model that could accomplish good simulations the amount of experiments we 

could do in a few time with some computer programmes would be massive. 

 Theoretical Conclusions 

Life is incredibly complex, as we have seen on the three first parts (Basics of 

Biology and Chemistry, Metabolism and Cancer) through the multiple 

explanations about the building blocks of life (biomolecules) how they are 

synthesized (metabolism) and also how the cell regulate many functions to 

decide what to give priority to through the signalling pathways that in cancer are 

deregulated due to oncogenes. That complexity let us comprehend why life 

sciences are tending to work through systemic approaches and computer 

modelling to find results working with all this networks as a whole. 

 Personal Conclusions 

This whole project is the biggest work I have ever achieved. I have been able to 

learn and comprehend subjects far from my understanding before starting it 

which also helped me to decide how I would like to lead my future career. The 

experience in the university’s laboratories had been educational in many 

senses, from all the concepts summarized along this memory to the 

understanding of the importance of organizing and taking responsibilities when 

working in scientific research. 

 

 

 

 

  



 

EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

66 
 

 
8. SOURCES 

8.1. SCIENTIFIC PAPERS 

1. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, 

Parkin DM, Forman D, Bray F. Hallmarks Cancer incidence and mortality 

worldwide: sources, methods and major patterns in GLOBOCAN 2012. 

International Journal of Cancer, Volume 136 Issue 5, 2015. 

 

2. Richard W. Childs & Mattias Carlsten Therapeutic approaches to 

enhance natural killer cell cytotoxicity against cancer: the force awakens. 

Nature Reviews Drug Discovery, Volume 14 pages 487-498, 2015. 

 

3. Gloria Pascual, Alexandra Avgustinova, Stefania Mejetta, Mercè Martín, 

Andrés Castellanos, Camille Stephan-Otto Attolini, Antoni Berenguer, 

Neus Prats, Agustí Toll, Juan Antonio Hueto, Coro Bescós, Luciano Di 

Croce & Salvador Aznar Benitah Targeting metastasis-initiating cells 

through the fatty acid receptor CD36. Nature, Volume 541, 41-45, 2017. 

 

4. Jelena Urosevic, Xabier Garcia-Albéniz, Evarist Planet, Sebastián Real, 

María Virtudes Céspedes, Marc Guiu, Esther Fernandez, Anna Bellmunt, 

Sylwia Gawrzak, Milica Pavlovic, Ramon Mangues, Ignacio Dolado, 

Francisco M. Barriga, Cristina Nadal, Nancy Kemeny, Eduard Batlle, 

Angel R. Nebreda & Roger R. GomisA Colon cancer cells colonize the 

lung from established liver metastases through p38 MAPK signalling 

and PTHL. Nature Cell Biology, Volume 16 pages 685-694, 2014. 

 

5. A.M. Poff, C. Ari, P. Arnold, T.N. Seyfried, D.P. D'Agostino Ketone 

supplementation decreases tumor cell viability and prolongs survival of 

mice with metastatic cancer. International Journal of Cancer, Volume 135 

Issue 7, 2014. 

 



 

EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

67 
 

6. Haytham Eloqayli, Torun M. Melø, Anne Haukvik, Ursula Sonnewald 

[2,4-
13

C]β-hydroxybutyrate Metabolism in Astrocytes and C6 

Glioblastoma Cells. Neurochemical Research, Volume 36 Issue 8, 2011. 

 

7. Jinn-Yuh Guh, Tsai-Der Chuang, Hung-Chun Chen, Wen-Chun Hung, 

Yung-Hsiung Lai, Shyi-Jang Shin, Lea-Yea Chuang β-hydroxybutyrate–

induced growth inhibition and collagen production in HK-2 cells are 

dependent on TGF-β and Smad3. Kidney International, Volume 64 Issue 

6, 2003. 

 

8. E. Bossi, E. Kohler and N. Herschkowitz Utilization of D-β-

Hydroxybutyrate and Oleate as Alternate Energy Fuels in Brain Cell 

Cultures of Newborn Mice after Hypoxia at Different Glucose 

Concentrations. Pediatric Research, Volume 26 pages 478-481, 1989. 

 

9. Douglas A Greene and Albert I Winegrad, In Vitro Studies of the 

Substrates for Energy Production and the Effects of Insulin on Glucose 

Utilization in the Neural Components of Peripheral Nerve. American 

Diabetes Association, Volume 28 pages 878-887, 1979. 

 

8.2. WEBSITES 

10.  Nature review Drugs Dicovery: Harnessing the immune system to 

combat cancer (poster) 

https://www.nature.com/nrd/posters/cancerimmuno/cancerimmuno_poste

r.pdf (15/11/2017) 

8.3. BOOKS 

11. Antoni Brandi Fernàndez, Magda belsa Hernàndez, Serena Canal 

Figueras, Rosa Cortés Perez, Lidia Gil Fernández, Silvia Jofresa 

Marquès, Biologia 1r Batxillerat. Santillana Spain, 2016. 

 

12. Pere Castells i Esqué, Núria Riba i Soldevilla, francesc Andreu i Mateu, 

Claudi Mans Teixidó, Química 1r Batxillerat. Mc Graw Hil Spain, 2012. 

 

13. Antoni Brandi Fernàndez, Magda belsa Hernàndez, Serena Canal 

Figueras, Rosa Cortés Perez, Lidia Gil Fernández, Silvia Jofresa 

https://www.nature.com/nrd/posters/cancerimmuno/cancerimmuno_poster.pdf
https://www.nature.com/nrd/posters/cancerimmuno/cancerimmuno_poster.pdf


 

EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

68 
 

Marquès, Biologia 2n Batxillerat. Santillana Spain, 2016. 

 

14. David L. Nelson, Michael M. Cox Leningher  Principles of Biochemistry. 

Worth, New York, . 
 

15. David J. Kerr, Daniel G. Haller, Cornelis J.H. van de Velde, Michael 

Baumann Oxford Textbook of Oncology. Oxford, United Kigdom , 2016. 

 

16. Edda Klipp, Wolfram Liebermeister, Christoph Wierling, Axel Kowald, 

Systems Biology: a textbook. Wiley-VCH, Germany, 2016. 

 

8.4. SPEECHES 

A Computational approach to biological questions lesson during Crazy about 

Biochemistry course. 

Joan J. Guinovart speech about Diabetes at “I tu? Jo, Bioquímica”  

Colorectal cancer projects explanation during a visit to the IRB at the open day. 

Centre de Regulació genòmica (CRG) speech at the PRBB’s open day. 

Mathematical models speech by Dr. Mircea Sofonea at the 2nd Science Needs 

You. 

 

8.5. FIGURES’ SOURCES 

Illustrations 

Illustration 1 < Own elaboration > 

Illustration 2 < https://the-history-of-the-atom.wikispaces.com/Niels+Bohr >  

Illustration 3 < https://sciencenotes.org/printable-color-periodic-table-2017/ >  

Illustration 4 < https://www.e-education.psu.edu/egee439/node/662 > 

Illustration 5 < https://en.wikipedia.org/wiki/Amino_acid > 

Illustration 6 < https://en.wikipedia.org/wiki/Proteinogenic_amino_acid > 

Illustration 7 < https://courses.lumenlearning.com/boundless-

chemistry/chapter/protein-structure/ > 

Illustration 8 < https://courses.lumenlearning.com/wmopen-

biology1/chapter/chromosomes-and-dna-packaging/ > 

https://the-history-of-the-atom.wikispaces.com/Niels+Bohr
https://sciencenotes.org/printable-color-periodic-table-2017/
https://www.e-education.psu.edu/egee439/node/662
https://en.wikipedia.org/wiki/Amino_acid
https://en.wikipedia.org/wiki/Proteinogenic_amino_acid
https://courses.lumenlearning.com/boundless-chemistry/chapter/protein-structure/
https://courses.lumenlearning.com/boundless-chemistry/chapter/protein-structure/
https://courses.lumenlearning.com/wmopen-biology1/chapter/chromosomes-and-dna-packaging/
https://courses.lumenlearning.com/wmopen-biology1/chapter/chromosomes-and-dna-packaging/


 

EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

69 
 

Illustration 9 < http://www.generalstudiesmanual.com/2015/06/some-aspects-

of-cell-structure.html > 

Illustration 10 < https://en.wikipedia.org/wiki/Cell_membrane > 

Illustration 11 < https://www.ck12.org/biology/Exocytosis-and-

Endocytosis/lesson/Exocytosis-and-Endocytosis-BIO/ > 

Illustration 12 < https://pdb101.rcsb.org/learn/videos/how-enzymes-work > 

Illustration 13 < https://en.wikipedia.org/wiki/Centrosome > 

Illustration 14 < http://biology.tutorpace.com/ribosomes-online-tutoring > 

Illustration 15 < http://www.4to40.com/science/print.asp?p=Rough-

Endoplasmic_Reticulum_Function >  

Illustration 16 < https://en.wikipedia.org/wiki/Golgi_apparatus > 

Illustration 17 < https://micro.magnet.fsu.edu/cells/lysosomes/lysosomes.html > 

Illustration 18 < https://www.umdf.org/what-is-mitochondrial-disease/ > 

Illustration 19 < https://thegreatestgarden.com/2016/11/animal-cell-nucleus-

function-definition.html > 

Illustration 20 < https://www.saddlespace.org/whittakerm/science/cms-

page/view/7795235 > 

Illustration 21 < https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide  

https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide_phosphate 

https://en.wikipedia.org/wiki/Flavin_adenine_dinucleotide > 

Illustration 22 < https://en.wikipedia.org/wiki/Adenosine_Tri-Phosphate_(band) 

https://en.wikipedia.org/wiki/Coenzyme_A > 

Illustration 23 [13] 

Illustration 24 [13] 

Illustration 25 [14]   

Illustration 26 < https://www.quora.com/Where-does-the-hydrogen-go-during-

glycolysis >    

Illustration 27 [14]   

Illustration 28 [14]   

Illustration 29 < https://www.shmoop.com/cell-respiration/oxidative-

http://www.generalstudiesmanual.com/2015/06/some-aspects-of-cell-structure.html
http://www.generalstudiesmanual.com/2015/06/some-aspects-of-cell-structure.html
https://en.wikipedia.org/wiki/Cell_membrane
https://www.ck12.org/biology/Exocytosis-and-Endocytosis/lesson/Exocytosis-and-Endocytosis-BIO/
https://www.ck12.org/biology/Exocytosis-and-Endocytosis/lesson/Exocytosis-and-Endocytosis-BIO/
https://pdb101.rcsb.org/learn/videos/how-enzymes-work
https://en.wikipedia.org/wiki/Centrosome
http://biology.tutorpace.com/ribosomes-online-tutoring
http://www.4to40.com/science/print.asp?p=Rough-Endoplasmic_Reticulum_Function
http://www.4to40.com/science/print.asp?p=Rough-Endoplasmic_Reticulum_Function
https://en.wikipedia.org/wiki/Golgi_apparatus
https://micro.magnet.fsu.edu/cells/lysosomes/lysosomes.html
https://www.umdf.org/what-is-mitochondrial-disease/
https://thegreatestgarden.com/2016/11/animal-cell-nucleus-function-definition.html
https://thegreatestgarden.com/2016/11/animal-cell-nucleus-function-definition.html
https://www.saddlespace.org/whittakerm/science/cms-page/view/7795235
https://www.saddlespace.org/whittakerm/science/cms-page/view/7795235
https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide
https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide_phosphate
https://en.wikipedia.org/wiki/Flavin_adenine_dinucleotide
https://en.wikipedia.org/wiki/Adenosine_Tri-Phosphate_(band)
https://en.wikipedia.org/wiki/Coenzyme_A
https://www.quora.com/Where-does-the-hydrogen-go-during-glycolysis
https://www.quora.com/Where-does-the-hydrogen-go-during-glycolysis
https://www.shmoop.com/cell-respiration/oxidative-phosphorylation.html


 

EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

70 
 

phosphorylation.html >   

Illustration 30 [14] 

Illustration 31 [14] 

Illustration 32 [14] 

Illustration 33 Douglas Hanahan, Robert A. Weinberg Hallmarks of Cancer: 

The Next Generation. Cell Magazine, Volume 144 Issue 5, 2011. 

Illustration 34 Todd D. Prickett, Yardena Samuels, Molecular Pathways: 

Dysregulated Glutamatergic Signaling Pathway in Cancer.  

Illustration 35 Joyce Chiu, Ian W. Dawes Redox control of cell proliferation. 

Cell Magazine, Volume 22 issue 11, 2012.   

Illustration 36 Joana D Amarral, Joana M Xavier, Clifford J Steer, Cecilia M 

Rodrigues, The role of p53 in Apoptosis. Discovery medicine, 2010.    

Illustration 37 Pictures from the Crazy about Biochemistry taken by Manel 

Bosch from the CCiT. 

Illustration 38 Hiroyuki Takahashi, Masabumi shibuya, The vascular 

endothelial growth factor (VEGF)/VEGF receptor system and its role under 

physiological and pathological conditions. Clinical Science , Volume 109 pages 

227-241, 2005. 

Illustration 39 < https://blogs.scientificamerican.com/guest-blog/the-hallmarks-

of-cancer-6-tissue-invasion-and-metastasis/ >   

Illustration 40 Matthew G. Vander Heiden, Lewis C. Cantley, Craig B. 

Thrompson Understanding the Warburg Effect: The Metabolic Requierements 

of Cell Proliferation.  Science, Volume 324 Issue 5930, 2009. 

Illustration 41 < http://www.organsofthebody.com/large-intestine/ > 

Illustration 42  < http://www.sciencedirect.com/science/article/pi-

i/S0092867416307322 > 

Illustration 43 < http://ferretronix.com/march/computer_cards/sdcard/ >    

Illustration 44  < http://www.genome.jp/kegg/pathway/map/map01100.html > 

Illustration 45 < https://getrevising.co.uk/revision-cards/motion-22 >    

Illustration 46 Made out of notes from the Bioinformatic approach to biological 

questions  

https://blogs.scientificamerican.com/guest-blog/the-hallmarks-of-cancer-6-tissue-invasion-and-metastasis/
https://blogs.scientificamerican.com/guest-blog/the-hallmarks-of-cancer-6-tissue-invasion-and-metastasis/
http://www.organsofthebody.com/large-intestine/
http://www.sciencedirect.com/science/article/pi-i/S0092867416307322
http://www.sciencedirect.com/science/article/pi-i/S0092867416307322
http://ferretronix.com/march/computer_cards/sdcard/
http://www.genome.jp/kegg/pathway/map/map01100.html
https://getrevising.co.uk/revision-cards/motion-22


 

EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

71 
 

Illustration 47  [16] 

Illustration 48 Pictures took by me.   

Illustration 49 Pictures took by me.   

Illustration 50 Pictures took by me.      

Illustration 51 Pictures took by me.  

Illustration 52 Pictures took by me.   

Illustration 53 Screenshot took by me. 

Illustration 54 < 

https://chem.libretexts.org/Core/Physical_and_Theoretical_Chemistry/Kinetics/

Reaction_Rates/Experimental_Determination_of_Kinetcs/Spectrophotometry > 

Illustration 55 Picture took by me 

Illustration 56 Picture took by me 

Illustration 57 Screenshot took by me. 

Illustration 58 Screenshots took by me. 

Illustration 59 Screenshot took by me. 

Equations are from the annex Useful documents or they were elaborated by 

me.  

Diagrams and Tables were all elaborated by me.  

https://chem.libretexts.org/Core/Physical_and_Theoretical_Chemistry/Kinetics/Reaction_Rates/Experimental_Determination_of_Kinetcs/Spectrophotometry
https://chem.libretexts.org/Core/Physical_and_Theoretical_Chemistry/Kinetics/Reaction_Rates/Experimental_Determination_of_Kinetcs/Spectrophotometry


 
 

 
 

 

 

 

 

 

 

 

 

 

 

Annexes 
 

 

 

 

 

 

 

 

 

 

 

 



 
EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

I 
 

 

ANNEX I: Glossary 

Acetyl-CoA: the acetylated form of coenzyme A, formed as an intermediate in 

the oxidation of carbohydrates, fats, and protein in animal metabolism. 

Adenosine triphosphate (ATP): an ester of adenosine and triphosphoric acid, 

C10H12N5O4H4P3O9, formed especially aerobically by the reaction of ADP and 

an orthophosphate during oxidation, or by the interaction of ADP and 

phosphocreatine or certain other substrates, and serving as a source of energy 

for physiological reactions, especially muscle contraction. 

Aerobic: (of an organism or tissue) requiring the presence of air or free 

oxygenfor life. 

Aldose: a sugar containing the aldehyde group or its hemiacetal equivalent. 

Alpha helix: the rod like spatial configuration of many protein molecules in 

which the polypeptide backbone is stabilized by hydrogen bonds between 

amino acids in successive helical turns. 

Amine: any of a class of compounds derived from ammonia by replacement 

ofone or more hydrogen atoms with organic groups. 

Anaplasia: the loss of structural differentiation within a cell or group of cells. 

Angiogenesis: the formation and development of blood vessels. 

Antibodies: any of numerous Y shaped protein molecules produced by B cells 

as a primary immune defence, each molecule and its clones having a unique 

binding site that can combine with the complementary site of a foreign antigen, 

as on a virus or bacterium, thereby disabling the antigen and signalling other 

immune defences. 

Apoptosis: a genetically regulated process leading to the death of cells and 

triggered by the presence or absence of certain stimuli, as DNA damage. 
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Autophagy: controlled digestion of damaged organelles within a cell. 

Biochemistry: the science dealing with the chemistry of living matter. 

Bioelement:  Any chemical element that is found in the molecules and 

compounds which make up a living organism. In the human body the most 

common bioelements (in decreasing order of occurrence) are oxygen, carbon, 

hydrogen, nitrogen, calcium, and phosphorus. Other bioelements include 

sodium, potassium... 

Carbohydrates: any of a class of organic compounds that are polyhydroxy 

aldehydes or polyhydroxy ketones, or change to such substances on simple 

chemical transformations, as hydrolysis, oxidation, or reduction, and that form 

the supporting tissues of plants and are important food for animals and people. 

Carboxylic acid: any organic acid containing one or more carboxyl groups. 

Catalysts: a substance that causes or accelerates a chemical reaction without 

itself being affected. 

Cell Lines: also known as immortalised cell lines, is a population of cells from a 

multicellular organism which would normally not proliferate indefinitely but, due 

to mutation, have evaded normal cellular senescence and instead can keep 

undergoing division. The cells can therefore be grown for prolonged periods in 

vitro. The mutations required for immortality can occur naturally or be 

intentionally induced for experimental purposes. Immortal cell lines are a very 

important tool for research into the biochemistry and cell biology of multicellular 

organisms. Immortalised cell lines have also found uses in biotechnology. 

Cellulose: an inert carbohydrate, (C6H10O5)n, the chief constituent of the cell 

walls of plants and of wood, cotton, hemp, paper, etc. 

Chemotherapy: the treatment of disease by means of chemicals that have a 

specific toxic effect upon the disease-producing microorganisms or that 

selectively destroy cancerous tissue. 

Chloroplasts: a plastid containing chlorophyll. 



 
EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

III 
 

Cytoskeleton: a shifting lattice arrangement of structural and contractile 

components distributed throughout the cell cytoplasm, composed of 

microtubules, microfilaments, and larger filaments, functioning as a structural 

support and transport mechanism. 

Cytosol: the water-soluble components of cell cytoplasm, constituting the fluid 

portion that remains after removal of the organelles and other intracellular 

structures. 

Cytotoxin: a substance that has a toxic effect on certain cells. 

Disaccharides: any of a group of carbohydrates, as sucrose or lactose, that 

yield monosaccharides on hydrolysis. 

DNA: deoxyribonucleic acid: an extremely long macromolecule that is the main 

component of chromosomes and is the material that transfers genetic 

characteristics in all life forms, constructed of two nucleotide strands coiled 

around each other in a ladder like arrangement with the sidepieces composed 

of alternating phosphate and deoxyribose units and the rungs composed of the 

purine and pyrimidine bases adenine, guanine, cytosine, and thymine: the 

genetic information of DNA is encoded in the sequence of the bases and is 

transcribed as the strands unwind and replicate. 

Endothermic:  noting or pertaining to a chemical change that is accompanied 

by absorption of heat (opposed to exothermic). 

Eukaryote:  any organism having as its fundamental structural unit a cell type 

that contains specialized organelles in the cytoplasm, a membrane-bound 

nucleus enclosing genetic material organized into chromosomes, and an 

elaborate system of division by mitosis or meiosis, characteristic of all life forms 

except bacteria, blue-green algae, and other primitive microorganisms. 

Exothermic:  noting or pertaining to a chemical change that is accompanied by 

aliberation of heat (opposed to endothermic). 

Fermentation:  is a metabolic process that consumes sugar in the absence of 

oxygen. 
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Flavin adenine dinucleotide (FAD): is a redox cofactor, more specifically a 

prosthetic group of a protein, involved in several important enzymatic reactions 

in metabolism.  

Fructose: a yellowish to white, crystalline, water-soluble, levorotatory ketose 

sugar, C6H12O6, sweeter than sucrose, occurring in invert sugar, honey, and a 

great many fruits: used in food stuffs and in medicine chiefly in solution as an 

intravenous nutrient. 

Furanose: A sugar having a cyclic structure resembling that of furan. 

Genomics: the study of the whole group of genes, the genome. 

Glucose (Glc): a sugar, C6H12O6, having several optically different forms, the 

common dextrorotatory form (dextroglucose, or -glucose) occurring in many 

fruits, animal tissues and fluids, etc., and having a sweetness about one half 

that of ordinary sugar, and the rare levorotatory form (levoglucose, or -glucose) 

not naturally occurring. 

Glutamate (Glu): a salt or ester of glutamic acid. 

Glutamine (Gln): a crystalline amino acid, HOOCCH(NH 2)CH 2 CH 2 CONH 2, 

related toglutamic acid. 

Glycerol: a colorless, odorless, syrupy, sweet liquid, C3H8O3, usuallyobtained 

by the saponification of natural fats and oils: used for sweetening and 

preserving food, in the manufacture of cosmetics,perfumes, inks, and certain 

glues and cements, as a solvent andautomobile antifreeze, and in medicine in 

suppositories and skinemollients. 

Glycogen: a white, tasteless polysaccharide, (C6H10O5)n, molecularly similarto 

starch, constituting the principal carbohydrate storage material inanimals and 

occurring chiefly in the liver, in muscle, and in fungi andyeasts. 

Glycosidic bond: is a type of covalent bond that joins a carbohydrate (sugar) 

molecule to another group, which may or may not be another carbohydrate. 

Glycosphingolipid: Is a subtype of glycolipids containing the amino alcohol 

sphingosine.  
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Hexose: any of a class of sugars containing six atoms of carbon, including 

glucose and fructose. 

hnRNA: heterogeneous nuclear RNA 

Homeostatic: the tendency of a system, especially the physiological system of 

higher animals, to maintain internal stability, owing to the coordinated response 

of its parts to any situation or stimulus that would tend to disturb its normal 

condition or function. 

Hydrolase: an enzyme that catalyzes hydrolysis. 

iRNA: interference RNA 

Ketoses: monosaccharides that contains a ketone group. 

Kinase: a transferase that catalyzes the phosphorylation of a substrate by ATP. 

Lactate (Lac): an ester or salt of lactic acid. 

Lactose: a disaccharide, C12H 22O 11, present in milk, that upon hydrolysis 

yields glucose and galactose. 

Maltose: a white, crystalline, water-soluble sugar, C12H22O11H2O, formed by the 

action of diastase, especially from malt, on starch: used chiefly as a nutrient, as 

a sweetener, and in culture media. 

Metabolomics: the study of all the metabolites present in cells, tissues, and 

organs 

Metastasis: the transference of disease-producing organisms or of malignant 

or cancerous cells to other parts of the body by way of the blood orlymphatic 

vessels or membranous surfaces. 

miRNA: micro RNA 

Monomer:  a molecule of low molecular weight capable of reacting with 

identical or different molecules of low molecular weight to form a polymer. 
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Monosaccharide: a carbohydrate that does not hydrolyze, as glucose, 

fructose, or ribose, occurring naturally or obtained by the hydrolysis of 

glycosides or polysaccharides. 

mRNA: messenger RNA 

Mutation: a sudden departure from the parent type in one or more heritable 

characteristics, caused by a change in a gene or a chromosome. 

NAD: nicotinamide adenine dinucleotide: a coenzyme, C21H27N7O14P2, involved 

in many cellular oxidation-reduction reactions. 

NADP: nicotinamide adenine dinucleotide phosphate: a coenzyme, 

C21H28N7O17P3, similar in function to NAD in many oxidation-reduction 

reactions. 

Necrosis: death of a circumscribed portion of animal or plant tissue. 

Neoplastic: a new, often uncontrolled growth of abnormal tissue tumour. 

Nitrogenous base:  a nitrogen-containing organic compound that has the 

chemical properties of a base, especially a pyrimidine or purine. 

Non-saponifiable: it cannot undergo the saponification reaction. 

P53: A protein that is thought to play a role in regulating cell death or apoptosis, 

in suppressing tumours, in regulating the cell cycle, and in stopping the cell from 

dividing when the DNA is damaged. 

Pentose: a monosaccharide containing five atoms of carbon. 

Peptide: a compound containing two or more amino acids in which the carboxyl 

group of one acid is linked to the amino group of the other. 

Ph: the symbol for the logarithm of the reciprocal of hydrogen ion concentration 

in gram atoms per litre, used to express the acidity or alkalinity of a solution on 

a scale of 0 to 14, where less than 7represents acidity, 7 neutrality, and more 

than 7 alkalinity. 
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Phenotype: the appearance of an organism resulting from the interaction of the 

genotype and the environment. 

Phosphosphingolipids: molecules made of the combination of a phosphate 

with a sphingolipid. 

Polymer: a compound of high molecular weight derived either by the addition of 

many smaller molecules, as polyethylene, or by the condensation of many 

smaller molecules with the elimination of water, alcohol, or the like, as nylon. 

Polysaccharide: a carbohydrate, as starch, glycogen, or cellulose, containing 

more than three monosaccharide units per molecule, the units being attached to 

each other. 

Prokaryote: any cellular organism that has no nuclear membrane, no 

organelles in the cytoplasm except ribosomes, and has its genetic material in 

the form of single continuous strands forming coils or loops, characteristic of all 

organisms in the kingdom Monera, as the bacteria and blue-green algae. 

Prostaglandin: any of a class of unsaturated fatty acids that are involved in the 

contraction of smooth muscle, the control of inflammation and body 

temperature, and many other physiological functions. 

Proteomics: the study of the functions, structures, and interactions of proteins; 

the study of the proteome. 

Pyranose: any monosaccharide having a pyran ring structure. 

Pyrrolysine: is an ɑ-amino acid that is used in the biosynthesis of proteins in 

some Archaea and Bacteria. It contains an α-amino group (which is in the 

protonated –+NH3 form under biological conditions), a carboxylic acid group 

(which is in the deprotonated –COO− form under biological conditions). Its 

pyrroline side-chain is similar to that of lysine in being basic and positively 

charged at neutral pH. 

Pyruvate: an ester or salt of pyruvic acid. 

Retinoblastoma proteins (pRB): is a tumour suppressor protein that is 

dysfunctional in several major cancers 
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Ribose: a white, crystalline, water-soluble, slightly sweet solid, C5H10O5, a 

pentose sugar obtained by the hydrolysis of RNA. 

RNA: ribonucleic acid: any of a class of single-stranded molecules transcribed 

from DNA in the cell nucleus or in the mitochondrion or chloroplast, containing 

along the strand a linear sequence of nucleotide bases that is complementary to 

the DNA strand from which it is transcribed: the composition of the RNA 

molecule is identical with that of DNA except for the substitution of the sugar 

ribose for deoxyribose and the substitution of the nucleotide base uracil for 

thymine. 

Saponify: to decompose (any ester), forming the corresponding alcohol and 

acid or salt. 

Saturated: (of a solution) containing the maximum amount of solute capable of 

being dissolved under given conditions. 

Spectrophotometer: an instrument for making photometric comparisons 

between parts of spectra. 

Steroid: any of a large group of fat-soluble organic compounds, as the sterols, 

bile acids, and sex hormones, most of which have specific physiological action. 

Stoichiometry: the calculation of the quantities of chemical elements or 

compounds involved in chemical reactions. 

Sucrose: a crystalline disaccharide, C 1 2 H 2 2 O 1 1, the sugar obtained from the 

sugarcane, the sugar beet, and sorghum, and forming the greater part of maple 

sugar 

Terpene: this class or any of its oxygenated derivatives, any hydrocarbon from 

the same source having the formula C5H8 (hemiterpene) the formula C10H16 with 

an aliphatic structure (acyclic terpene) or two-ringed structure (bicyclic terpene) 

the formula C15H24 (sesquiterpene) etc., and any of their oxygenated 

derivatives. 

Thiol: any of a class of sulphur-containing organic compounds with the formula 

R-SH, where R is an organic group.  
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T-Lymphocytes:  any of several closely related lymphocytes, developed in the 

thymus, that circulate in the blood and lymph and orchestrate the immune 

system's response to infected or malignant cells, either by lymphocyte 

secretions or by direct contact: helper T cells recognize foreign antigen on the 

surfaces of other cells, then they stimulate B-cells to produce antibody and 

signal killer T cells to destroy the antigen-displaying cells; subsequently 

suppressor T cells return the immune system to normal by inactivating the B 

cells and killer T cells. 

Unsaturated: not saturated; having the power to dissolve still more of a 

substance. 

β-hydroxybutyrate: also known as β-Hydroxybutyric acid and 3-hydroxybutyric 

acid, is an organic compound and a beta hydroxy acid with the formula 

CH3CH(OH)CH2CO2H; its conjugate base is beta-hydroxybutyrate, also known 

as 3-hydroxybutyrate. 
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ANNEX II: Methodology 

In the in vitro part of my experimentation there are two machines that gave me 

the most quantity of data: 

 Spectrophotometer 

 Scepter Cell Counter 

But, these machines would be meaningless without the exhaustive statistical 

analysis behind it which is explained afterwards. 

SPECTROPHOTOMETER 

Human beings enjoy chromatic sight, which means that we see the colour of the 

things around us. But which are the differences that make some objects red, 

green or blue? We say an object is red, for example, when it absorbs all the 

white light frequencies but the red one, which is reflected out and then you can 

see it. 

Now, imagine a Chinese shadows show. You can’t see the person or people 

that are producing those images, but what you can see is the shadow produced 

by the light the absorbed. 

 Basically a spectrophotometer is a machine we use to calculate the light 

absorbance from a substance compared to another with null concentration. 

 

 

 

 

 

 
Illustration 54 is a graphical representation of the different engines that build the spectrophotometer. A light 

source that is changed to only one wave length that will pass through a cuvette with our sample and then a light 
detector will calculated the difference amount of light had reach through due  to the dissolved molecules. 
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We get nothing from getting a relative absorbance if we leave it like that, but if 

we do a linear regression with the concentration of the samples we could then 

discover the approximate concentration of an unknown sample if we measured 

its absorbance. The formula that is used to express the standard line is the 

Lambert Beer Law:  

𝐴 = 𝜀 𝑙 𝑐 

Equation 9 This equation is the Lambert Beer law. The Absorbance (A) equals the product of the Molar 

absorptivity (ε) by the cuvettes length (l) by the concentration of the solution (c).This equation is used to do 
a standard line with which we can find any unknown concentration from its absorbance. 

 

The commercial name of the spectrophotometer we used is COBAS Mira Plus. 

 

Illustration 55 is a picture of the COBAS Mira Plus I took while it was cleaning its needles. 

 

SCEPTER CELL COUNTER 

Nowadays there are some different methods to count the cells on a culture, for 

example the classic Neubauer chamber in which you had to count them 

manually and mathematically approach to the number in your solution. The 

Scepter Cell Counter is a machine that automatically counts cells up to 5*105 

cells/mL. It is based on the Coulter principle of impedance-based particle 

detection. 
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The Coulter principle states that particles 

pulled through an orifice, concurrent with an 

electric current, produce a change in 

impedance that is proportional to the volume 

of the particle traversing the orifice. This 

pulse in impedance originates from the 

displacement of electrolyte caused by the 

particle. 

 

 

STATISTICS MEASURES AND TESTS 

An explanation of every statistic calculation used in order to manage the data 

with the Excel and the RStudio. 

Average: arithmetic mean. 

Standard Deviation (σ): a measure of dispersion in a frequency distribution, 

equal to the square root of the mean of the squares of the deviations from the 

arithmetic mean of the distribution.  

Standard lining: a system for aligning type so that all fonts of the same point 

size have a common baseline.  

Student's t-test: is any statistical hypothesis test in which the test statistic 

follows a Student's t-distribution under the null hypothesis.  

ANOVA: Analysis of variance (ANOVA) is a collection of statistical models used 

to analyze the differences among group means and their associated procedures 

(such as "variation" among and between groups), developed by statistician and 

evolutionary biologist Ronald Fisher.  

Duncan’s test: In statistics, Duncan's new multiple range test (MRT) is a 

multiple comparison procedure developed by David B. Duncan in 1955. 

Illustration 56 is a close image of the Scepter screen after completing a measurement. This pipette like 

engine tells you the density of cells and its approximated volume in pL. 
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Duncan's MRT belongs to the general class of multiple comparison procedures 

that use the studentized range statistic qr to compare sets of means.  

Scheffé's method: is a method for adjusting significance levels in a linear 

regression analysis to account for multiple comparisons. It is particularly useful 

in analysis of variance (a special case of regression analysis), and in 

constructing simultaneous confidence bands for regressions involving basis 

functions.  

Student–Newman–Keuls test (SNK): method is a stepwise multiple 

comparisons procedure used to identify sample means that are significantly 

different from each other. It was named after Student (1927), D. Newman, and 

M. Keuls. This procedure is often used as a post-hoc test whenever a significant 

difference between three or more sample means has been revealed by an 

analysis of variance (ANOVA).  

Tukey's HSD (honest significant difference) test: or the Tukey–Kramer 

method, is a single-step multiple comparison procedure and statistical test. It 

can be used on raw data or in conjunction with an ANOVA (post-hoc analysis) 

to find means that are significantly different from each other. Named after John 

Tukey, it compares all possible pairs of means, and is based on a studentized 

range distribution (q) (this distribution is similar to the distribution of t from the t-

test. See below). The Tukey HSD tests should not be confused with the Tukey 

Mean Difference tests (also known as the Bland–Altman diagram).  

Least Significant Difference test (LSD): When you run an ANOVA (Analysis 

of Variance) test and get a significant result, that means at least one of the 

groups tested differs from the other groups. However, you can’t tell from the 

ANOVA test which group differs. In order to address this, Fisher developed the 

least significant difference test in 1935, which is only used when you reject the 

null hypothesis as a result of your hypothesis test results. The LSD calculates 

the smallest significant between two means as if a test had been run on those 

two means (as opposed to all of the groups together). This enables you to make 

direct comparisons between two means from two individual groups. Any 

difference larger than the LSD is considered a significant result.  
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ANNEX III: First Week Protocols 

These are two protocols about the first week experimentation explaining all the 

material, machines and procedures I used. These two are written by me after 

taking notes of the experimentation process. 

Part 1: Cell culture (in a laminar flux Hood) 

Objective 
Seed a cell line in a culture from a previous petri dish (or 100mm plate). You 

must seed some to keep the line for future studies in a 100mm plate and some 

in the 6 wells plate to study them. 

Material 
 Cells: SW480, SW620 and SW620-LiM2 (previously warmed and 

cultured) 

 Culture medium(Look at page X to see the composition) 

 PBS (Phosphate Buffered Saline) 

 Trypsin 

 100 mm and 6 well culture plate 

 β-hydroxybutiric acid sodium salt (bhb) 

 H2O milli Q sterile 

 50mm and 15mmfalcons 

 5ml, 10ml and 25ml pipettes 

 Glass Pasteur pipettes 

 Automatic pipette pump 

 200μl and 1ml micropipette 

 Micropipette’s tips 

 Scepter cell counter and its tips 

 Ethanol 

 Void system 

 Detergent 

 Autoclave 

 Coat and nitrile gloves (L size) 

 Paper Tissue 

 Flux Hood 

Procedure 
 Put on your gloves and coat 
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 Warm up the medium, the trypsin, and the PBS in bain-marie during 15’ 

until it gets 37°C 

 Sterilize all the tools that will be used in the hood using some paper 

tissues soaked in ethanol or autoclave. 

 Switch off the UV light and turn on the white light and the fan inside the 

hood. 

 Wash your gloves with ethanol to put out the cultures from the incubator 

avoiding chances of contaminating neither your cultures nor the others 

inside. 

 Check the cells in the microscope (40x) 

 Take one or two 100mm plates depending on how much cells you see 

and put them inside the hood. 

 Suck the medium with the void system (with a glass Pasteur pipette on 

the edge) and add 5ml of PBS on the culture intending to clean it. 

 Change the PBS for 2ml of trypsin and incubate the plates for 5 minutes. 

 Put out the plates from the incubator and add 3 times more medium than 

trypsin (6ml) and collect everything in the plate inside a Corning. 

 Centrifuge the falcons between 500g and 1500g (depending on the cell 

line)during 5’ to divide their content in two parts: the pellet (cells) and the 

supernatant (medium, trypsin, etc.). 

 We bring everything back to the hood and suck up the supernatant with 

the void system and add 2ml of fresh medium and resuspend the pellet 

using the same pipette. 

 To count how many cells we have (approximately), we prepare a dilution 

1/20 with 950µl of PBS and 50 from the falcons in an eppendorf, one for 

each falcon, so one for each cell line. 

 Use a Scepter counter with its tips to count automatically how many cells 

we have so we can calculate how much of the falcon’s solution must be 

added to a 30ml solution so we seed 150.000 cells. 

 Prepare a falcon per cell line with 30ml of fresh medium using a 25ml 

pipette. 

 Add the µl of falcons’ solution got in the calculation and mix it to get a 

homogeneous solution of cells. 

 Label two 100mm plates for each cell line and some 6 wells plates, in 

that case 7. 

 Seed 2ml of falcon’s solution in each well in the 6 wells plate and 10ml of 

fresh medium and 200µl of falcon’s solution in the 100mm so we can 

store line for future experiments. 

 Incubate the plates between 6 to 24 hours to let the cells add on the 

plate’s surface. 

 Once they are added to the plate you can add the medium of study. 

 Some of the wells are labelled as Control; those will get 3ml of fresh 

medium. The others, labelled as bhb, will get 3ml of medium with 5mM of 

β-hydroxybutyrate (as it is in water it is dissociated from sodium). 
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 Keep some of both mediums for further analysis in a 15mm falcon each 

and freeze them. 

 Clean your work zone: the surface of the hood with a paper tissue 

soaked in ethanol, the void system sucking some detergent and throw 

away the material you can’t reuse (pipettes, micropipette’s tips, used 

plates and falcons…) 

Part2: Gather some data 

Objective 
Count and take pictures of the cells and keep their medium for further analysis. 

You will have to do this three times (for the 0hours, 24hours and 48 hours 

samples) with little variations depending on the samples. 

Material 
 Cultured Cells(SW480, SW620 and SW620-LiM2) in a 6 wells plate 

 PBS (Phosphate Buffered Saline) 

 Trypsin 

 15mm cornings/falcons 

 5ml, 10ml and 25ml pipettes 

 Glass Pasteur pipette 

 Automatic pipette pump 

 200μl and 1ml micropipette 

 Micropipette’s tips 

 Scepter cell counter 

 Ethanol 

 Void system 

 Detergent 

 Autoclave 

 Coat and gloves 

 Paper Tissue 

 Flux Hood 

 Microscope 

 Computer 

 Microscope camera gadget 

Procedure 
 Put on your gloves and coat 

 Warm up the medium, the trypsin, and the PBS in bain-marie during 15’ 

until it gets 37°C 

 Sterilize all the tools that will be used in the hood using some paper 

tissues soaked in ethanol or the autoclave. 
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 Switch off the UV light and turn on the white light and the fan inside the 

hood. 

 Wash your gloves with ethanol to put out the cultures from the incubator 

avoiding chances of contaminating neither your cultures nor the others 

inside. 

 Switch on the computer and attach the gadget connected to the 

microscope to it. 

 Take some pictures of the cells at 40x and 100x and save them as .tif. 

 Sterilize all the tools that will be used inside the hood using some paper 

tissues soaked in ethanol or the autoclave. 

 Switch off the UV light and turn on the white light and the fan inside the 

hood. 

 Put the material inside the hood. 

 Gather the medium from well and keep each one in a falcon and freeze 

them. If you are doing the 0h culture you don’t need to collect it, you can 

just suck it apart, as you have kept it while preparing the culture. 

 Now add PBS (1ml) and suck it, then add trypsin (400μl) and then add 3 

times more medium than trypsin (1.2ml) and store everything in a 15ml 

falcon, repeat that with every well from the plate. 

 Centrifuge them all at 1500g during 5 minutes at 37°C. 

 Suck apart the supernatant and resuspend the pellet in 1ml of PBS. 

 Prepare eppendorfs (1 for each falcon) with 500μl of solution (or a 

dilution from that one if the machine is unable to count the high amount 

of cells) 

 Use the Scepter with its tips to count how many cells there’s in the 

solution and to calculate its volume. 

 Collect the results for future analysis. 

Part 3: Spectrophotometry analysis 

Objective 
Find out the concentrations of Glucose (Glc), Lactate (Lac), Glutamine (Gln) 

and Glutamate (Glu) from the medium samples with the spectrophotometer. 

Material 

 Reagents 

 Samples 

 COBAS Mira Plus and its add-ons 

Procedure 
COBAS MIRA PLUS protocols in the next annex page XXXIX. 
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ANNEX IV: Useful Documents 

In this chapter you will find some documents that I gathered in order to 

complete this project.  

 DMEM medium information 

 Β-hydroxybutyrate commercial information 

 Culture room rules and plates surface area 

 COBAS MIRA PLUS protocol 

 Glucose, Lactate, Glutamate and Glutamine information to analyze with 

COBAS 

 Kpc formulas 
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In addition to these concentrations, we also added: 

 12,5mM of Glucose 

 5% of Fetal Bovine Serum (FBS) 

 1% Streptomycin/ Penicillin  
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COBAS 

 

METABOLITES 

 

1. Getting ready: 
- First of all, put your samples, standards and reagents you need to 

defreeze in the bath (room temperature). After defreezing, keep your 
samples, standards and reagents in ice. 

- Fillthe “reservoir” container withmilliQwater (without) and empty the 
“waste” container in case it was full. 

- Switch on COBAS. User: CAP, Password: RING. 
- Delete the last data (especially important in “Routine”, because COBAS 

will process all samples that are programmed in “Routine” when you 
press “Start”): 

o Go to “Routine” – F1 “Display” – F3 “Delete” 
o Go to “Info” – <2>“Patient file” – F2“Interim report” – F4 “Delete” 

(Sample:All (space), Test:All (space)) 
- Make the “prime” to get COBAS ready and check the needles and 

syringes:  
o Go to “Info” – <6> “System checks” - <1> “Prime”. PressF4 

“Motors off” and move the arm to the right and towards you as 
maximum you can. Then, select<2> “Up-sample”, press F1 “Start” 
and check that the sample needle is releasing the liquid correctly, 
then press F1 “Stop”. Do the same with the reagent needle: 
select<3> “Up-reagent”, press F1 “Start” and check. Finally, select 
<1>“Down”, press F1 “Start” and check that there are no bubbles 
in the syringes. If there are, go to the complete protocol. You can 
keep “Down” for some minutes to clean all the system (depending 
on how much time it was not used or which protocol was used 
before). 

- Set your samples, standards and reagents: Put the standards in the little 
rack on the left, the reagents in the rack your test indicates, and your 
samples in the “Sample 1, 2, 3…” rack. It is better to program first only 
the standard curve. For this, just put the standards and reagents but you 
have to program at least one sample (it can be just water). 

o When calculating the reagents you need take into account: 
((Nº of samples)+(Standards))*(Nº reads) + (Spare volume) 

 (Spare volume is 500 μLfor“SRs”and 4 mL for“R”) 

- Before programming, check the test you will use: 
o Go to “Progr” – <2> “Tests” – F4 Test Level” - <2>“Metab” – select 

the letter of your “Test X”. 
 

2. Start programming the standard curve: 
- Once we have checked that everything is in its position, there is enough 

water in the reservoir and enough cuvette segments, you can program 
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your reads (first only the standard curve, therefore only one sample cub 
with water): 

o Go to “Routine” – Select the positions (only one), press “Enter” 
select your test: press <2> and the letter, press “Enter” and then 
“Start”. (check the routine list in F1 “Display”, just in case). 

- To know what COBAS is doing go to “Status”.  
- Once the standard curve is done, you can check it: 

o Go to “Info” – 3 “Calibration control”– F4 “Test Level” - <2> 
“Metab” – select your test “Test X” – F1 “Plot”. If you have a 
problem with your curve go to section 5. 

 

3. Programming your samples: 
o Go to “Routine” – Select the positions (all samples you want to 

read first, example “1” – “to” – “10”), press “Enter” and selectyour 
test: press <2> and the letter, press “Enter” and then “Start”. 
Before starting better check the routine list: F1 “Display” and 
check you have enough water in the reservoir, cuvettes and 
reagent. 

- As before, to know what COBAS is doing go to “Status”. You can also go 
to “Routine” – F1 “Display” to know if your sample is still waiting for being 
processed (ex: 1 GLC1), in process (ex: 1 GLC1) or already processed 
(ex: 1 GLC1). Once all your samples are processed, in “Status” you will 
read “Rack Handling Possible”. You can put your samples back in ice 
while COBAS is finishing with the reading of absorbance. 

- To check your results: 
o Go to “Info” – <1>“Test results” – F1 “Data” – F3 “Raw Data” – 

Sample: all (enter) (to check one by one) or select one sample, 
then Test:<2> and the letter of your test. You can check the 
absorbance graphic in F1 “Plot” (especially useful when doing 
Lactate). If you have problems with some of your samples go to 
section 5. 

 

4. Finishing COBAS 
- To finish, clean the needles (being sure that there is enough water in the 

reservoir and the waste is empty): 
o Go to “Info” – <6>“System checks” – <9>“Needle cleaning” 

- Finally, empty the waste and the reservoir (unless you have to use it the 
next day), throw the used cuvette segments (if there was Hidrazin in 
your reagents throw it in cytotoxic container) and delete your data both in 
“Routine” and “Info”- (2) – “Patient file” – “Interin report”. 

 

5. Possible problems you can have 

 Standard curve: 
o “CALC ERROR”: It means that the program cannot 

generate an appropriate standard curve. Check the 
absorbance values and consider to repeat the standard 
curve. 
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o If the standard curve is done but there is one read or one 
point that you prefer to eliminate: Go to “Info” - <1> “Test 
results” – F1 “Data” – F1 “Conv” – Sample: all (enter) – 
Test: (<2> and letter) and the test will appear, go ↓ until 
“Calibration” – F1 “Modify” – Select the standard you want 
to change and press the number according to the reads 
you want to keep (as it is indicated in the screen) or press 
“enter” if you want to eliminate the whole point. Then, F2 
“Calc” – F1 “Calibration Plot” to check if it is better and F4 
“Enter Test”. 
 

 

 Samples: 
o “CALC RANGE”: It means that your sample is above or 

below the standard curve values. If it is above you can 
dilute your sample to measure it correctly. In both cases 
you can infer the concentration of your sample with the 
standard curve parameters (printed with the standard 
curve) and the absorbance (in “Info” – <1> “Test results” – 
F1 “Data” – F3 “Raw Data” – Sample: select your sample, 
then Test: <2> and the letter of your test). 

o SIGN: It means that the direction of the reaction of your 
sample is not the same as the reaction of your test. It can 
be because there was bubbles in your sample, or else the 
concentration of the metabolite is very low, almost 0. Be 
careful because the sample will keep in the routine list to be 
processed. 
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HK 

G6PDH 

NADH 

GLUCOSA 1 

(hasta 12.5 mM, con regresión lineal) 

LEVEL: 2 (MET) 
 
TEST: L (GLC1) 
 
RACK REACTIVOS:  
      5S3- Posición 1 
      Monorreactivo (Glucose HK CP,  

       ref A11A01667 , Casa comercial    
        ABX, cat num 305, P7) 

 
PATRONES: 6 

Concentraciones:   
 

0,5 mM 
2,5 mM 
5,0 mM 
7,5 mM 
10,0 mM 
12,5 mM  (congelador) 
 

Posición: 1 a 6 
 
Patrones internos: 

 

No son necesarios 
 
PARÁMETROS RECTA REGRESIÓN: 
 

Ro: ~ 0.00 
A (pendiente): 0.0922 ± 0.003 
 

ABS BLANCO: 0,087 ± 0,002 

 
 
REACCIÓN: 
 
 
 
Gluc                  Gluc-6-P 
 
 
 
 
             6 fosfogluconato 
 

NAD
+ 



 
EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

XLIII 
 

LACTATO (3)  

 
LEVEL: 2 (MET) 
 
TEST: N (LAC3) 
 
RACK REACTIVOS: 5s2, posición 4 
 

 R (250 µl/muestra): 
 

1 mL de tampón Tris-Hidracina 0,2M EDTA 12 mM pH 
9 (cámara fría) 
 

 + 
 

100 µL NAD+ 6 mg/300 µl (congelador) 

 

 SR1 (7 µl/muestra): 
 
100 µl de LDH (319, P4) 
 

+ 
 

200 µL (NH4)2SO4 3,2 M pH 6,5 (cámara fría) 

 

 SR2 (10 µl/muestra): H2O milli-Q 
 
PATRONES  
Preparados en fresco a partir de una madre de 1000 
mg/L (808, P1), ver detrás: 
 

 Concentraciones: 
20 mg/L  125 mg/L 
50 mg/L  160 mg/L 
80 mg/L  200 mg/L 
 

 Posiciones: 1, 2, 3, 4, 5, 6. 
 
 
PARÁMETROS DE LA RECTA: 
 

 A = 0,0018 ~ 0,0021 

 R0 = –0,02 ~ 0,02 
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REACCIÓN 
 
 Lactato 
 
 
 
 Piruvato 
 
 
 
 Piruvato–hidrazona 
 
 
PREPARACIÓN DE REACTIVOS 
 
Patrones de lactato: 
 

 
H2O (µL) 

Solución 
1000 mg/L 

(µL) 

Volumen 
total 

Dilución 
Concentración 

equivalente 
(mM) 

20 mg/L 490 10 500 1/50 0,222 

50 mg/L 285 15 300 1/20 0,555 

80 mg/L 460 40 500 2/25 0,888 

125 mg/L 350 50 400 1/8 1,388 

160 mg/L 252 48 300 4/25 1,776 

200 mg/L 400 100 500 1/5 2,220 

 
Para interconvertir valores de mg/L a mM, usar la masa molecular del ácido 
láctico (90,08 g/mol). 
 
Tampón hidracina 0,2M EDTA 12 mM pH 9 
Para 250 mL, coger 9,92 mL de hidracina 24-26% (419, N4) y pesar 1,12 g de 
Na-EDTA (139, E5). Disolver con H2O milli-Q, y comprobar que el pH es 
cercano a 9 (si no, ajustarlo un poco con HCl). Enrasar a 250 mL con más H2O 
milli-Q, y comprobar que la conductividad está alrededor de 2,1 mS/cm. 
 
 

  

pH 9 

NAD
+
 

NADH 

Hidracina 

H2O 

 

IMPORTANTE: Comprobar siempre las curvas de absorbancia de cada una de las 

pinchadas para asegurar que no hay burbujas en el cubilete, y poder confirmar la 

concentración leída. 

 

 

 

INFO > [1] > F1 (DATA) > F3 (RAW DATA) > ENTER > SPACE > F1 (PLOT) 
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GLUTAMATO 

LEVEL: 2 (met) 

TEST: O (GLU1) 

 

 

RACK REACTIVOS: 

5S3- Posición 2 

 R (100 µl/muestra): 

10,0 ml de tampón glicina 0,5 M + hidracina 

0,6 M + EDTA 2 mM, pH 9 (cámara fría) (una 

vez preparado usar en máximo 1 mes) 

        + 

1,48 ml MIX ADP 25 mM – NAD+ 40 mM 

(congelador) 

 SR1 (25 µl/muestra): 

100 µl  de glutamato deshidrogenasa 1500 

U/ml 

        + 

1,4 ml de tampón trietanolamina (614, N4) 

 

 

PATRONES: 

 Concentraciones: 

0,06 mM 

0,18 mM 

0,30 mM 

0,45 mM 

0,60 mM 

0,75 mM 

 Posiciones: de 1 a 6 

 

 

PARÁMETROS DE LA RECTA: 

Ro = 0,0033 ± 0,0005 

A = 0,516 ± 0,008 
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DETERMINACIÓN MEDIANTE COBAS MIRA DEL GLUTAMATO DEL 

MEDIO DE CULTIVO 

 

DESCRIPCIÓN DEL MÉTODO: 

 

La determinación de glutamato y glutamina que se describe a continuación se 

basa en lo publicado en:  

 

Lund, Patricia (1985) L-Glutamine and L-Glutamate. UV-method with 

Glutaminase and Glutamate Dehydrogenase. In “Methods of Enzymatic 

Analysis, Vol. VIII: Metabolites 3: Lipids, Amino Acids and Related 

Compounds” (Editor in chief: Bergmeyer, HU). Weinheim; Deerfield 

Beach, FL. Pp357-363. 

 

La determinación del glutamato se basa en la reacción: 

 

L-Glutamato + NAD+ + H20  2-oxoglutarato + NADH + NH4
+ 

 

La reacción la lleva a cabo la enzima glutamato deshidrogenasa. 
 

La glutamina del medio no se mide directamente sino que se ha de transformar 

la glutamina en glutamato para poder determinarla. La transformación de la 

glutamina en glutamato se basa en la siguiente reacción: 

 

L-Glutamina + H20 + H+
 L-glutamato + NH4

+ 

 

Esta reacción está catalizada por la enzima glutaminasa. 

 

DETALLES PROGRAMAS, REACTIVOS Y PATRONES COBAS: 

 

Existe un único método para medir la concentración de glutamato del medio de 

cultivo celular: 

 

 GLU: Lee concentraciones de glutamato entre 0,05 y 0,75 mM. El 

método está en el Nivel 2-MET, letra O. Los patrones a utilizar son 0,06 

mM, 0,18 mM, 0,30 mM, 0,45 mM 0,60 mM y 0,75 mM, los cuales se 

colocarán a partir de la posición 1 del rack de patrones. 

 

En general la concentración de glutamato del medio de un experimento típico 

suele ser baja y por lo tanto medible sin necesidad de dilución previa de las 

muestras. En cuanto a la determinación de glutamina tendremos que 

transformar la glutamina del medio a glutamato y medir la concentración de 

glutamina + glutamato. Puesto que el rango de concentración de glutamina 
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recomendado durante la reacción con la glutaminasa es entre 0,2–0,4 mM en la 

mezcla de reacción es necesaria una dilución previa de dichas muestras, a 

razón de 1:5 o 1:10 en la solución final, dependiendo de la concentración de 

glutamina inicial presente en el medio. 

 

Los reactivos del método se colocan en la posición 2 del rack de reactivos 

5s3. Los reactivos a utilizar son: 

 

 R: (100 µl/lectura) 

 

10,0 ml tampón Glicina 0,5 M - Hidracina 0,5 M, pH 9 (nevera) 

    + 

1,48 ml MIX ADP 25 mM - NAD+ 40 mM (congelador) 

 

 SR1: (25 µl/lectura) + (volumen muerto: 500 µL) 

 

100µl de GLDH 1.500 U/ml (nºcat 616 (C5)) 

   + 

1,4 ml de tampón trietanolamina (nºcat 614 (N4), ref T0449 Sigma) 

  

 

PROCEDIMIENTO EXPERIMENTAL DETALLADO: 

 

Primero será necesario descongelar las muestras a leer junto con los patrones 

de glutamato y realizar un tratamiento a nuestras muestras de 

desproteinización para que la existencia de alguna enzima en nuestro medio de 

incubación no interfiera en la medida. 

 

 Procedimiento de desproteinización: 

 

- Hervir las muestras a 80ºC en bloque seco durante 15 minutos (si se 

hace en eppendorf  recordar que es conveniente hacer un agujero en la 

tapa para que no estallen al calentarse). El volumen mínimo que se tiene 

que poner a hervir ha de ser de 500 µL. 

 

- Poner las muestras en hielo durante 5 minutos. 

 

- Centrifugar 10 minutos a 13.200 rpm en la microcentrífuga del 

laboratorio (corresponde a 16100 g). 

 

- Recoger el sobrenadante y ponerlo en otro eppendorf (o cubilete de 

COBAS directamente).  

 

 Conversión de glutamina a glutamato 
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- En función de la concentración de medio inicial y del consumo de 

glutamina esperado, se debe realizar una dilución final de la muestra en 

el medio de cultivo de aproximadamente 1:5 para 2 mM y 1:10 para 4 

mM (el rango final para la reacción de la glutaminasa debe estar entre 

0,2 y 0,4 mM de glutamina). Las proporciones originales del MIX 

glutaminasa antiguo se encuentran al final del protocolo, y hay que 

añadir el agua extra suficiente para diluir las muestras en la cantidad 

deseada: 

 

 Dilución 1:5 Dilución 1:10 

Volumen de muestra 50 μl 25 μl 

Volumen de MIX 200 μl 225 μl 

 

Volumen H2O* 147,5 μl/muestra 172,5 μl/muestra 

Volumen tampón acetato 50 μl/muestra 50 μl/muestra 

Volumen glutaminasa 10 

U/ml 
2,5 μl/muestra 2,5 μl/muestra 

Volumen total 250 μl 250 μl 

*El volumen de agua es el volumen de la MIX original + el volumen de la dilución de la muestra. 

 

- MUY IMPORTANTE: Para asegurar que la reacción de la glutaminasa 

está funcionando correctamente se debe procesar paralelamente a las 

muestras un patrón de glutamina 2,53 mM (para dilución 1:5) o 5,03 

mM (para dilución 1:10) y un patrón de glutamato 1,80 mM (para ambas 

diluciones), a los que se les hará el mismo tratamiento que han seguido 

dichas muestras. 

 

- Para preparar la MIX Glutaminasa realizar el siguiente cálculo:  

 

  Volumen de MIX a preparar = (A + 3) * B, 

 

dónde:  

A: Nº de muestras 

B: Volumen de MIX empleado para la dilución deseada. 

 

Si se desea preparar otro volumen final para llevar a cabo la reacción de 

la glutaminasa, calcular el volumen total de MIX necesario, y aplicar la 

proporción de los componentes que aparece en la tabla. 

 

- Dejar incubar durante 30min (a ser posible no más de 40 min) a 37ºC 

con agitación. Al acabar la incubación vortear y congelar o poner las 
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muestras en frío para parar la reacción y evitar la degradación del 

glutamato formado. 

 

 Lectura de concentración de glutamato 

 

- Mientras se lleva a cabo la conversión de glutamina a glutamato se 

realizará la lectura de glutamato en el medio desproteinizado sobrante. 

 

 Lectura de concentración de glutamato + glutamina 

 

- Una vez pasado el tiempo necesario para llevar a cabo la reacción de 

transformación de la glutamina a glutamato procederemos a la lectura de 

la concentración glutamina + glutamato con el método GLU como se ha 

explicado anteriormente. En esta determinación el valor de 

concentración que nos de el Cobas se tendrá que  multiplicar por el 

factor de dilución utilizado a la hora de la reacción con la glutaminasa. 

 

- Una vez hechas las correspondientes lecturas para determinar la 

concentración de glutamina se le restará a la concentración glutamina + 

glutamato la concentración de glutamato leída en el medio 

desproteinizado. 

 

 

PREPARACIÓN DE REACTIVOS 

 

Determinación de glutamato en cobas 

 

1.- Tampón Glicina 0,5 M – Hidracina 0,6 M – EDTA 2 mM, pH 9 (1 mes a 

4ºC) 

Para 100ml: Disolver 3,75 g de glicina (nºcat 812 (E11), ref A3707 Applichem), 

+ 12,4 ml de hidracina Dihidroclorada (·2HCl) líquida (nºcat 419 (CF), ref 53847 

Fluka) y 0,075 g de EDTA (nº cat 139 (E5)) en aproximadamente 75ml de agua 

Milli-Q. Ajustar el pH a 9 con HCl concentrado (37%), traspasar a matraz 

aforado/probeta de 100ml y enrasar con agua Milli-Q. 

 

2.- Mix ADP 25 mM - NAD+ 40 mM (-20ºC) 

Para 25ml: Disolver 0,265 g de ADP (nºcat 69, (C1) ref A2754 Sigma) y 

0,6634g de NAD+ (nºcat 496, (P4) ref 1012799.0001 Roche) en 

aproximadamente 15ml de agua Milli-Q, traspasar a matraz aforado de 25ml y 

enrasar con agua Milli-Q. 

 

3.- Glutamato deshidrogenasa (GLDH) 1.500 U/ml (-20ºC) 
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El reactivo comercial GLDH 3000U liofilizado (ref. 197737 Roche) se 

resuspende con 2 ml de agua Milli-Q. Se alícuota en unidades de 100 µL y se 

guardan congeladas. 

 

 

Transformación de glutamina a glutamato por la reacción con 

glutaminasa 

 

4.- Tampón acetato 0,5 M, pH 5,0 

4.1.- Preparar solución (A) Acetato de sodio 0,5 M: pesar 6,8 g de Acetato de 

Sodio (CH3COONa) (nºcat 101 (E5), ref 131633 Panreac), disolverlo en 

aproximadamente 50ml de agua Milli-Q, traspasar a matraz aforado de 100ml y 

enrasar con agua Milli-Q.  

4.2.- Preparar solución (B) Ácido acético 0,5 M: pipetear 2,9 ml de ácido 

acético (CH3COOH) (nºcat 383 (CAA), ref A-6283 Sigma), colocarlo en un 

matraz aforado de 100ml y enrasarlo con agua Milli-Q . 

4.3.- Mezclar 67,8 ml A con 32.2 ml B; comprobar el pH. Ajustar el pH hasta 5,0 

añadiendo el volumen adecuado de solución A (para basificar o aumentar el 

pH) o solución B (para acidificar o disminuir el pH). 

 

 

 

5.- Glutaminasa 10 U/ml: 

El reactivo comercial glutaminasa 50 U (nºcat 497 (C1), ref G-8880 Sigma) se 

resuspende con 5 ml de tampón acetato 5 mM, pH 6,0 (o si el envase es de 10 

U se resuspende con 1 ml del mismo tampón). Se alícuota en unidades de 200 

µL y se guardan congeladas. Comprobar siempre las condiciones de 

redisolución en la hoja técnica del fabricante. 

 

6.- Tampón acetato 5 mM, pH 6,0 (para preparar Glutaminasa 10 U/ml): 

Se hace dilución 1:100 del tampón acetato 0,5 M, pH 5,0 y se reajusta el pH 

hasta 6,0 usando una solución de NaOH. 
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CÉLULAS PROLIFERANTES: 

 
Asumiendo crecimiento exponencial del número de células y consumo o 
producción proporcional al número de células y con la misma constante 
durante todo el experimento, las fórmulas matemáticas que permiten obtener 
la tasa de crecimiento μ10 y la tasa de producción o consumo kpc serían las 
siguientes: 
 

90
10

ln
















 
N

M
ky

t

N

N

PC

f

f

 

 
Con unidades: 
 
µ → h-1 

kPC → µmol/(million cells · h) 
 
donde,  
 

ΔN = Nf – No, es el incremento de células producido durante un tiempo t 
= tf, con No como la cantidad de células inicial y Nf como la cantidad de 
células final, siendo Nf/No la proliferación. 
ΔM = Mf – Mo, es la cantidad de metabolito consumido o producido 
durante un tiempo t = tf, con Mo como la cantidad de metabolito inicial y 
Mf como la cantidad de metabolito final. 

 
por ejemplo, dado un consumo de glucosa de 1.92 mM en un volumen de 10 ml 

en un tiempo de 72 horas y donde el numero inicial de células fuera 0.5106 y 
el número final de 106. 
 

queda, ΔM  = 1.92 mM  10 ml = 0.0192 mmol 

 ΔN  = 0.5106 cell 
 Nf/No = 2 
 tf  = 72 h 
 

hlmillioncel

mol
kyh PC


  

 37.00095.0 1

 

 
Deducción: 
 

                                            

10
 Cuando el valor de µ es negativo se habla de “tasa de muerte celular” en lugar de 

crecimiento 
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La fórmula de arriba se deduce a partir del siguiente sistema de ecuaciones 
diferenciales: 
 













PCt
t

t
t

kN
dt

dM

N
dt

dN


 

 
La primera ecuación diferencial describe crecimiento exponencial a una tasa 
de crecimiento μ en el tiempo t. La segunda ecuación diferencial describe 
consumo o producción proporcional al número de células en el tiempo t. 
Este sistema se puede solucionar a un tiempo tf tomando como valores 
iniciales No y Mo. Dado que hay crecimiento, entonces No < Nf y la solución 
quedará como: 
 





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000
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NkeNkM
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eNN
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t

PC
f

t

f

f

f
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






 

 
de donde se deducen la fórmulas de arriba para μ y kpc. 
 
 
 
 
CÉLULAS PROLIFERANTES CON INHIBIDOR DE LA PROLIFERACIÓN: 
 
Cuando las células se tratan con un inhibidor de la proliferación/viabilidad 
celular, si se considera que el efecto del inhibidor es constante en todo el 
tiempo de tratamiento, la tasa de proliferación celular µ se ve modificada por 
una constante de toxicidad kT: 
 

 Tk 1max
 

 
donde: 
 

µ, es la tasa de proliferación celular de las células tratadas 
µmax, es la tasa de proliferación celular máxima, correspondiente a las 
células control sin tratar con ningún inhibidor de la proliferación celular 
kT, es la tasa de inhibición de la proliferación celular 

 
Teniendo en cuenta esto, el valor de µmax correspondería al valor de µ obtenido 
en las células sin tratar, y los valores de kT y kPC de unas células tratadas 
serían, tras resolver el sistema de ecuaciones diferenciales: 
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con unidades: 
 

Tk → sin unidades 

kPC → µmol/(million cells · h) 
 
 
 
 
CÉLULAS NO PROLIFERANTES: 
 
Obsérvese que sin proliferación (No = Nf) el sistema de ecuaciones 
diferenciales quedaría como: 
 













PCt
t

t

kN
dt

dM
dt

dN
0

 

 
y su solución como: 
 

fPCf tkNMM  00  

 
de donde se deduce, 
 

9
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con unidades: 
 
kPC → µmol/(million cells · h) 
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CÉLULAS NO PROLIFERANTES CON INHIBIDOR DE LA PROLIFERACIÓN: 
 
En este caso, No > Nf  y el sistema de ecuaciones diferenciales quedaría como: 
 


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


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dt
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dt
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y su solución como: 
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De donde se deduce: 
 

910



 TPC k

N

M
k

 

 
con unidades: 
 
kPC → µmol/(million cells · h) 
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ANNEX V: COBAS Results 

Here there are the photocopied results printed by the spectrophotometer after 

each measurement. Those result are all in the excel calculation sheets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Those two are mistakes that I could gather to show how the machine prints 

them. 
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ANNEX VI: Metabolic Model 

The metabolic model used during the experimentation in silico is saved in the 

following Dropbox. I recommend checking the script with the Windows’ 

Notebook or some external program like Geany (the one I used to edit the 

model). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

If you are watching this on a 

computer screen you can 

access to the file at this 

dropbox. 

URL: 

https://www.dropbox.com/s/

sl1vq2knlpo34wt/model_wit

h_hb.sbml?dl=0  

https://www.dropbox.com/s/sl1vq2knlpo34wt/model_with_hb.sbml?dl=0
https://www.dropbox.com/s/sl1vq2knlpo34wt/model_with_hb.sbml?dl=0
https://www.dropbox.com/s/sl1vq2knlpo34wt/model_with_hb.sbml?dl=0
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ANNEX VII: Excel Sheets 

In this annex we can find all the tables and graphics done with the excel to 

arrange and manage all the data from the in vitro experimentation. 

 

 

Counting 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Table 7 Proliferation calculation table for sw480.  
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Diagram 5 

 

Diagram 6 

 

Diagram 7 
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Table 8 Proliferation calculation table for sw620. 
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Diagram 8 

 

Diagram 9 

 

Diagram 10 

 

0

4

8

12

16

20

24

28

0 24 48

N
u

m
b

e
r 

o
f 

ce
ls

 (
*1

0
^5

)

Time (h)

SW620 Growth - Control

0

4

8

12

16

20

24

28

0 24 48

N
u

m
b

e
r 

o
f 

ce
ls

 (
*1

0
^5

)

Time (h)

SW620 Growth with bhb

0

4

8

12

16

20

24

28

0 24 48

N
u

m
b

e
r 

o
f 

ce
ls

 (
*1

0
^5

)

Time (h)

sw620

Condition bhb



 
EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

LXIX 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 9 Proliferation calculation table for sw620-LiM2. 
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Diagram 11 

 

Diagram 12 

 

Diagram 13 
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Table 10 Test T for the proliferation at 24 and 48h. 

 

Table 11 Cell volumes Calculations. 

Diagram 14 
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COBAS-Glc 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 13 Glucose standard line measured with COBAS and ideal standard line. 

Table 12 Glucose concentrations calculations. 
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Diagram 15 Glucose Spectrophotometry Standard line. 



 
EFFECTS OF B-HYDROXYBUTYRATE IN COLON CANCER METABOLISM  Mr. Milestone 

LXXIV 
 

COBAS-Lac 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 15 Lactate Standard line measured and the ideal one.  

Table 14 Lactate concentrations calculations. 
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Diagram 16 Lactate spectrophotometry standard line. 
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COBAS-Glu 

 

Table 16 Glutamine and Glutamate Standard line measured and the ideal one. 
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Diagram 17 Glutamate and Glutamine spectrophotometry standard line. 
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Table 17 Glutamine concentrations calculations. 

Table 18 As in Spectrophotometry we turn Gln into Glu we must subtract the Glu values to the Gln ones to get the [Gln]. 
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Table 19 Glutamate concentrations calculations. 
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Kpc 

 

Table 20 Calculations of ΔN= ΔNumber of cells 

 

Table 21 Calculations ΔMGlc and ΔMLac, ΔM= Metabolite moles 
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Table 22 Calculations ΔMGlu and ΔMGln, ΔM= Metabolite moles 

Table 23 Calculations of the correction factor (µ), the Kpc at 24 and 48h and the Student’s T Test with the significance differences 

in green. 
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Kpv 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 25 Kpv calculation of all the metabolites for each time and condition.  

Table 24 Kpc of the medium metabolites. 
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ANNEX VIII: R Studio Script  

R Studio is a computer program more “userfriendly” than 

its base code R. It is mostly used for statistical analysis. 

Along this annex you can check the appearance and the results I got from it. 

 

 

 

 

 

 

 

 

 

 

 

Illustration 58 This two pictures show how the output of most tests: NULL, 1 differentiated group. 

 

Illustration 57 This are two pictures that show the appearance of a couple of chunks (right) and the data and values 

stored by the program to ease future calculations that require them (left). 
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Illustration 59 The only Test that found a differentiated result (3 groups; a, ab and b) and it was between 

the consumption of Glucose among bhb cell lines. 
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ANNEX IX: Optflux simulations 

Optflux is free software that you can download 

from here: http://www.optflux.org/  

In this annex, you can check all the simulations   

( ) in the following order: 

1. SW480 

2. SW480 with bhb 

3. SW620 bhb 

4. SW620 

5. LiM2 Kpv 

6. LiM2 bhb Kpv 

7. LiM2 Kpc 

8. LiM2 bhb Kpc 

 

 

 

 

 

 

 

  

http://www.optflux.org/
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2. 
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4.

 

5. 

 

6. 
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8. 
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ANNEX X: Cell Pictures 

These are the pictures taken with the microscope before the counting. They are 

sorted by cell line (480, 620, LiM2), time with the medium of study when the 

picture was taken (0, 24 and 48 hours), the number of the well (1, 2 or 3) and 

the magnification of the picture (40x and 100x). 
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