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In this thesis, engineering approaches are applied to two major medical research diseases, 

namely cancer and coronavirus disease of 2019 (COVID-19).  

The first approach (Part A) provides new preclinical cell culture (in vitro) cancer models for 

metabolic treatments. In engineering experimental modelling, models are intended to 

investigate, improve and/or simulate a practical problem. For this process to be accurate, the 

small-scale model should be designed within the bounds of scaling validity. This ensures that 

the small-scale model accurately represents the full-scale model.  

This engineering experimental modelling principle was applied to in vitro (cell cultures) cancer 

models to develop alternative methods for metabolic cancer treatments, i.e., glucose 

deprivation (GD). In vitro cancer models do not necessarily focus on aspects that are important 

for quantification in a realistic environment. Current microenvironments of in vitro cancer 

models are optimised for cell growth and do not mimic physiological conditions.  

This results in glucose and glutamine concentrations (the main energy sources for cell growth) 

being much higher in cell cultures than in typical cancer patients’ concentrations. In addition, 

in vitro glucose concentrations of metabolic treatments are tested at much lower levels than 

what is achievable in humans. Furthermore, cancer cells are exposed to GD at much shorter 

durations than typical clinical metabolic treatments in humans. 

These discrepancies could partly result in untranslatable results and misrepresenting data 

used to develop in vivo (human) metabolic cancer treatments. Therefore, novel replicable 

metabolic in vitro methods were developed within the bounds of scaling validity, i.e., at 

achievable glucose and glutamine concentrations. The results obtained from these new 

methods are the following:  

• Cancer and non-cancer cells stabilise after 20 days when exposed to physiological 

glucose and glutamine concentrations. Therefore, moderate long-term GD should only be 

implemented at least 20 days after cells were exposed to physiological conditions. 
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• Cancer cells were affected more than non-cancer cells after exposure to long-term 

moderate GD, with respective minimum cell growth after treatment of 62% and 84%.  

• Long-term moderate GD is not sufficiently effective to achieve remission. Therefore, 

additional therapies are needed. 

• Cancer cells are most vulnerable approximately 26 days after moderate GD. Additional 

therapies were implemented at this point. 

Cells were exposed to the following extra therapies during metabolic treatments: (i) very low 

short-term GD, (ii) very low short-term glucose and glutamine deprivation, and (iii) different 

doses of two different chemotherapies. Results of these extra therapies were the following:  

(i) Short-term GD decreased cancer cell growth further than long-term moderate GD; the 

minimum cancer cell growth after treatment was 15%. 

(ii) The addition of short-term glutamine deprivation did not decrease cell growth any 

further; the minimum cancer cell growth after treatment was 16%. 

(iii) Long-term moderate GD increased the efficacy of chemotherapy on some of the cancer 

cell lines. 

The insights gained from these tests were further used to develop a hypothetical non-toxic 

long-and short-term metabolic treatment for future clinical trials. This hypothetical method 

provides an alternative, non-toxic way to decrease circulating blood glucose levels. Most 

aspects of this proposed method have been shown to be safe in non-cancer patients. 

Therefore, future work should aim to implement such therapies on cancer patients in clinical 

trials. 

The second approach (Part B) provides a systems engineering approach to medical research, 

which provides a holistic view of factors that influence disease severity and therapeutic 

insights on COVID-19. Traditionally, medical research employs a reductionist approach, which 

entails dividing complex systems into smaller parts and focusing on these smaller parts to 

solve the problem. This leads to an in-depth understanding of only the smaller aspects and 

not the larger overall problem.  

Furthermore, the whole-system interaction and cause-and-effect are not adequately 

considered. This reductionistic approach is seen in numerous medical studies of severe 

COVID-19 cases and deaths due to COVID-19 in patients with chronic cardiovascular 

comorbidities.  
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Part B of this study aimed to apply a systems-based engineering approach to integrate an 

existing systems-based coronary heart disease (CHD) model with the activated pathogenetic 

pathways seen in severe COVID-19 complications. This new integraded model was developed 

to help explain the mechanisms of interaction of severe COVID-19 on the vascular system. 

The new integrated CHD/COVID-19 model provides the following insight: 

• This fully integrated model presents a visual explanation of the pathogenetic mechanisms 

of interaction between CHD and COVID-19 complications. 

• A detailed integrated explanation of a death spiral as a result of interactions between 

Inflammation, endothelial cell injury, Hypercoagulability and hypoxia. 

• The model also presents how this death spiral is aggravated through the following CHD 

hallmarks: Hyperglycaemia/Hyperinsulinaemia, Hypercholesterolaemia, and/or 

Hypertension. 

• A strong association between CHD and COVID-19 for all the investigated health factors 

and pharmaceutical interventions, except for β-blockers, was found. 

• The new model shows how different health factors (stress, exercise, smoking, etc.) and 

pharmaceutical interventions (statins, salicylates, thrombin inhibitors, etc.) may either 

aggravate or suppress COVID-19 severity. 

With the insight gained from this new model, recommendations are made for future research 

in potential new pharmacotherapeutics and personalised computational analysis to help 

assess the risk of a patient with severe COVID-19 vascular complications.  
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PREFACE  
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The article and conference proceeding citations, corresponding chapters, appendices and 

contributions made by Albertus Abram Meyer towards these research outputs are described 

here. 
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quantification: long-term effect of glucose deprivation on various cancer cell lines. DOI 

number: 10.1016/j.nut.2020.110748 (see Appendix B for the published manuscript). 

The following contributions were made by Albertus Abram Meyer: 

• Formal analysis: Application of statistical and formal techniques to analyse the study data. 

• Visualisation: Preparation, creation of graphical presentation and visualisation of the study 

data. 

• Writing, reviewing and editing: Preparation, critical review, write-up revisions of the 

manuscript and final approval of the version to be published. 
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A hypothetical method for controlling highly glycolytic cancers and metastases. DOI 

number: 10.1016/j.mehy.2018.06.014 (see Appendix C for the published manuscript). 
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• Methodology: Integration of detailed methodology of the proposed long-term glucose 

deprivation Press treatment. 

• Investigation: Research concerning correct medical equipment, medication dosages and 

durations as well as correspondence and verification with experts in the respective fields. 

• Writing, review and editing: Preparation, critical review and write-up revisions of the 

manuscript and final approval of the version to be published. 
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3. Chapter 6 has already been successfully published in a special edition research topic of 

Frontiers in Cardiovascular Medicine (impact factor 6.0 at the time of writing), namely 

“What do we know about COVID-19 implications for cardiovascular disease?”. The 

manuscript title: Using a systems approach to explore the mechanisms of interaction 

between severe COVID-19 and its coronary heart disease complications. DOI number: 

10.3389/fcvm.2022.737592 (see Appendix D for the published manuscript). 

 The following contributions were made by Albertus Abram Meyer: 

• Formal analysis: Substantial contributions to the conception and design of the work. 

Development of the methodology used to integrate current literature with the model. 

• Methodology: Design and integration of detailed methodology used to integrate current 

COVID-19 literature into the CHD model. 

• Investigation: Research concerning literature of activated biomarkers, traits and hallmarks 

reported in patients, as well as correspondence and verification of this with experts in these 

fields. 

• Visualisation: Preparation, creation of graphical presentation and visualisation of the study 

data. 

• Writing, review and editing: Preparation, critical review, revising it critically for important 

intellectual content, write-up revisions of the manuscript and final approval of the version 

to be published. 

4. Chapter 3 has been submitted for publication and has been preliminarily accepted with 

revisions in the scientific medical journal Cancer Cell International (impact factor 5.7 at 

the time of writing) with the following title: In vitro quantification: combined long and short-

term metabolic effects on different cancer cell lines. The manuscript is currently under 

review. 

The following contributions were made by Albertus Abram Meyer: 

• Formal analysis: Application of statistical and formal techniques to analyse the study data. 

• Visualisation: Preparation, creation of graphical presentation and visualisation of the study 

data. 

• Writing, review and editing: Preparation, critical review, write-up revisions of the 

manuscript and final approval of the version to be published. 
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Conference proceeding 

The results of Chapter 2 were also presented as an oral presentation at the 3rd World 

Congress on Cancer: New strategies to prevent, diagnose and treat Cancer based on 

Precision Medicine, Top Hotel Praha & Congress Centre, Prague, Czech Republic from 

23-25 September 2019. Title of the conference proceeding: “Ketogenic diet as a cancer 

treatment: In vitro Quantification.” 

The following contributions were made by Albertus Abram Meyer: 

• Formal analysis: Application of statistical and formal techniques to analyse the study data. 

• Visualisation: Preparation, visualisation of the study data and creation of the graphical 

presentation. 
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INTRODUCTION 

 

 

 

“We cannot solve our problems with the same thinking we used when 

we created them.” 

Albert Einstein1 
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1.1 PREAMBLE 

This thesis makes several novel contributions to the medical field by applying engineering 

principles to medical research. These contributions are made in cancer and coronavirus 

disease of 2019 (COVID-19) research fields.  

Since two different engineering approaches were applied to two disease areas separately, 

hence the main body of the thesis is divided into two Parts (A and B). Part A consists of an 

engineering experimental modelling approach to develop more physiologically correct 

metabolic preclinical cancer cell culture models. Part B provides an engineering systems 

approach that fully explains the pathogenic pathways and vascular complications seen in most 

critically ill COVID-19 patients.  

As a result of the two approaches, the layout of this thesis is slightly different compared to a 

typical PhD thesis, in that the two Parts (A and B) each consists of separate chapters, with the 

sections of each chapter including the typical PhD thesis chapters, i.e., (i) Background 

(containing the literature review providing the rationale and need for the study, the problem 

statement and objectives); (ii) Methodology; (iii) Results; (iv) Discussion; (v) Conclusions; 

(vi) Novel contributions; and (vii) Dissemination of results. Part A and B's overall limitations, 

recommendations for future work and conclusions are detailed in the final chapter (Chapter 7). 

In this introductory chapter, the general background is given to provide an overview of the two 

main problems addressed in this thesis and presented as Part A and Part B. For each of the 

main study problems, the corresponding overall aims and specific objectives to address these 

aims are provided. The chapter is concluded with the layout of the thesis, including a brief 

outline of each chapter.  

1.2 BACKGROUND TO THE THESIS  

Engineering has played a pivotal role in medical discoveries and clinical translation over the 

last century [1]. Since the invention of the X-ray in 1895, several Nobel Prizes have been 

awarded for novel health technology development [1]. These ground-breaking inventions have 

ideally positioned the integration of engineering and medical sciences to address significant 

challenges in medicine and health care [1].  

In this thesis, two engineering approaches are applied to different challenges in two major 

disease areas in medical research. Engineering experimental modelling is applied to the field 

of cancer, while engineering systems-integration is applied to COVID-19 disease.  
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 Engineering experimental modelling 

The first approach, engineering experimental modelling, involves using the principle of 

similarity to develop small-scale in vitro cancer models that mimic metabolic cancer 

treatments. The overarching concept and abstract reasoning of similarity are applicable in this 

study. Therefore, only an overview of model similarity laws is discussed. 

The principle of similarity originated from dimensional analysis and is historically rooted in 

aerodynamics [2]. In engineering, it is used to simplify complex problems by developing 

tractably solvable models. Two models are considered completely similar if all relevant 

dimensionless parameters have the same corresponding values for the small- and large-scale 

models [2]. The rewards of creating similarity models can be spectacular: It allows a model as 

small as a children's toy to provide insight into the dynamics of an aeroplane [3], thus 

producing incalculable savings in time and money in the design process [4]. 

Consider the simple example in Figure 1.1 of the airflow around a full-scaled aircraft 

wing prototype (left) and small-scaled aerofoil model (right). The small-scaled model is 

considered to be dynamically similar if the flow around them (denoted by Up and Um) is such 

that the homogenous points' forces are proportionate in magnitude [2]. To achieve such 

similarity, the model's dimensions must be within the bounds of scaling validity (i.e., all three 

dimensions between the models were scaled proportionately, by a factor of 10 [2]). 

Dynamic similarity thus ensures that the simplified small-scaled aerofoil model accurately 

simulates the full-scaled aircraft wing prototype (within the bounds of scaling validity) [5]. If the 

small-scale model is designed outside the validity bounds, it will generate incomparable 

results [2]. The consequences of designing outside of these validity bounds may be 

catastrophic. In this case, the full-scaled aeroplane wing would not be designed correctly and 

could fail during flight. 

Unfortunately, complete similarity is impossible in practice, and the small-scale and real-world 

models are rarely ever close to perfect [3]. Nevertheless, similarity ultimately helps the 

experimenter to identify which parameters are essential to control, within specific boundary 

conditions, during experimental tests [4]. Most importantly, not all parameters are equally 

important; their relative importance depends on the situation [4]. Therefore, the experimenter 

should always ask how this mismatch will affect the results obtained from the experiments [4]. 
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Figure 1.1. Dynamically similar full (left) and small (right) scale aerofoil models [2]. 

Consider preclinical cancer cell culture (in vitro) models, which is the initial step in cancer 

treatment's novel drug development process. All cancer treatments start in the laboratory, 

where the treatment's efficacy is initially tested on cancer cells2-4. If the relevant efficacy is 

achieved, then the drug moves on to be tested in animals (in vivo) 2-4. If successful, the drug 

moves to clinical trials where it is tested in humans and, if found to be safe and effective, 

eventually approved for commercial use2-4.  

This novel drug development process is a time-consuming and costly process. For example, 

a new oncology drug may take ten years to be developed and approved, with the entire 

process amounting to approximately R17 billion [6]. 

Despite extensive research conducted in the past decade, the success rate for developing a 

new drug for cancer treatment is still the lowest of all major diseases [7]. The overall probability 

of success rate is as low as 3.4% [7]. This highlights the susceptibility of preclinical cancer 

models to poorly predicting outcomes in human clinical trials [8]–[12]. 

In view of the fact that data generated from these preclinical studies should support the 

advancement of novel drug development in human clinical trials, preclinical models should be 

as translatable to human clinical trials as possible. 
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Various studies have investigated the translatability of preclinical models to clinical practice 

and all conclude that preclinical in vitro cancer models are not translatable and should be 

redesigned [12]–[14]. 

In the previous airfoil example, dynamic similarity was met on certain boundary conditions. In 

the same way, the metabolic similarity between in vitro cancer models and humans can, and 

should, be met if the metabolic nutrients are modelled within certain validity bounds. Cancer 

cells' primary metabolites provided in in vitro cancer models to sustain cell growth are glucose 

and glutamine [15] – making these two metabolites the important variables to isolate for 

similarity between in vitro cancer models and human cancer cell conditions.  

By applying the principle of similarity, one would expect that the glucose and glutamine 

concentrations in in vitro cancer models would be aligned to typical concentrations seen in 

humans. More importantly, that these concentrations do not exceed the upper and lower 

boundary limits, i.e., maximum and minimum concentrations of glucose and glutamine before 

a severe event would occur (death). 

Unfortunately, this is not the case since the initial glucose and glutamine concentrations are 

much higher (above the upper limit) than typical cancer patients' levels during metabolic 

treatments [16]–[33]. Likewise, the concentrations also drop to concentrations far below the 

lower limits [16]–[33]. Furthermore, the treatment exposure time of in vitro cancer models does 

not mimic treatment durations in human clinical trials (hours vs. months) [16]–[33]. These 

studies are individually analysed in detail in Chapter 2. 

What is important to note about these discrepancies is that they are outside the bounds of 

validity. This concept is illustrated in Figure 1.2, with typical concentrations of glucose 

(top graphs) and glutamine (bottom graphs) in metabolic treatments investigated in current 

in vitro cancer models (left) and humans (right). The upper and lower bounds of glucose and 

glutamine concentrations achievable in humans are indicated with dashed red lines.  

The values of glucose and glutamine are later discussed in detail in Chapters 2 to 5. What is 

important to denote from Figure 1.2 is the red shaded boxes highlighting that in vitro cancer 

models are applied outside the validity bounds. Therefore, there is a need to develop new 

in vitro cancer models within these bounds, including similar treatment durations. 

These aspects of in vitro cancer models have not yet been thoroughly investigated from an 

engineering point of view. They are fully addressed in Part A of this thesis, entitled 

Engineering experimental modelling for in vitro cancer glucose models.
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Figure 1.2. Glucose and glutamine levels in cancer models (left) and humans (right).  



Chapter 1: Introduction 

7 | Page 

 Engineering systems-integration 

Medical research methods primarily follow a reductionistic approach [34], [35]. A reductionistic 

approach entails breaking down a disease into its smallest biological elements (cellular 

interactions) and investigating each element in detail [34], [35]. Subsequently, such an 

approach helps gain a detailed understanding of the mechanisms of interaction of each 

biological element [35], [36].  

Figure 1.3 illustrates this reductionistic approach, where the “Black-Box” represents the 

disease and the internal connections inside the “Black-Box” represent the biological elements. 

The inputs and outputs of the “Black-Box” are not important but rather the detailed interactions 

between each element. Although this is necessary for advanced knowledge of diseases, only 

the smaller parts of the disease are understood, increasing complexity and delaying the 

development of treatments. 

 

Figure 1.3. Visual representation of the Black-Box method. 

In contrast, complex problems in engineering are primarily solved using a different approach, 

namely a systems approach [37]. Instead of focusing on the detailed interactions between 

each element, a systems approach rather focuses on the inputs and outputs of each element 

within the system and their effect on the entire system. Such a systems approach provides a 

more holistic and integrated understanding of each element's role within the system. 

Consider Figure 1.4, which shows the difference between these two approaches. As 

discussed, the reductionistic approach (left) focuses on the detailed elements inside the 
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“Black-Boxes”. On the other hand, the systems approach (right) focuses on the inputs and 

outputs of each “Black-Box” and ultimately the resulting input and output of the entire system. 

 

Figure 1.4. Reductionistic vs systems approach. 

Since the declaration of COVID-19 as a pandemic in March 2020 [38], a reductionistic 

approach was followed to help gain a better understanding of the disease [39].  The prevailing 

viewpoints in literature were that most severe cases of COVID-19 either (i) result in 

cardiovascular complications [40]–[44] and/or (ii) cardiovascular complications are seen in 

patients with pre-existing cardiovascular comorbidities [45]–[49].  

Although this is valuable insight, these studies followed a reductionistic approach by solely 

investigating each vascular-related complication at a detailed cellular level. With a holistic 

systems approach, the focus is instead on how these vascular complications influence each 

other.  

In this thesis, a systems approach was followed to investigate the mechanisms of interaction 

COVID-19 has on these vascular complications, which are observed in most patients with 

severe COVID-19 [38]–[42]. The insight gained from this systems approach should assist in a 

better understanding and explanation of why most deaths occur in these individuals.  

The pathogenesis of cardiovascular disease and COVID-19 were integrated to thoroughly 

investigate these vascular complications. Most of the vascular complications seen in severe 
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COVID-19 patients have been included in a previous risk-based integrated model of coronary 

heart disease (CHD) [8], [9]. This CHD model was integrated with severe COVID-19 

complications, thereby developing a new integrated CHD/COVID-19 model.  

The systems approach and model outcomes are detailed in Part B of this thesis, entitled A 

systems engineering approach to explore the mechanisms of interaction between 

severe COVID-19 and its CHD complications. 
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1.3 PROBLEM STATEMENTS, AIMS AND OBJECTIVES  

This section provides the main problem statements, overall aims and specific objectives for 

each of the two approaches presented in Parts A and B of the thesis. These main problems 

were investigated in several sub-studies, each with its own research objectives detailed in 

Chapters 2 to 5 (Part A) and Chapter 6 (Part B).  

 Part A: Engineering experimental modelling for in vitro cancer glucose 

models 

Problem statement: Current microenvironments of in vitro cancer cells are optimised for cell 

growth and not to mimic physiological conditions. This results in glucose and glutamine 

concentrations being much higher than typical cancer patients’ concentrations. In addition, 

in vitro glucose concentrations of metabolic treatments are tested at much lower levels than 

what is achievable in humans. These discrepancies could partly result in untranslatable results 

and misrepresenting data used to develop in vivo metabolic cancer treatments. 

Aim: The aim of Part A of this study was to develop new long-term metabolic in vitro methods 

by applying an engineering experimental modelling approach, which addresses the glucose 

and glutamine discrepancies between in vitro cancer models and clinical metabolic cancer 

treatments. 

Research objectives: The research objectives with reference to the respective chapters in 

which they are addressed are the following: 

1. Develop new in vitro cancer models that mimic typical cancer patients’ glucose and 

glutamine levels (Chapter 2). 

2. Develop long-term glucose deprivation tests that model glucose deprivation 

concentrations of humans during metabolic treatments for investigating the effect on 

cancer and non-cancer cell growth (Chapter 2). 

3. Investigate the effect of additional very low, yet achievable, short-term glucose only and 

combined glucose and glutamine deprivation on cancer and non-cancer cell growth 

combined with long-term glucose deprivation (Chapter 3). 

4. Investigate the effect of chemotherapy on cancer and non-cancer cell growth when 

administered at typical cancer patients’ glucose and glutamine concentrations 

(Chapter 4). 
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5. Investigate the effect that additional non-metabolic chemotherapy treatment has on 

cancer and non-cancer cell growth when combined with long term glucose deprivation 

(Chapter 4). 

6. Determine if a lower chemotherapy dosage combined with glucose deprivation will have 

a similar therapeutic effect compared to a higher chemotherapy dosage administered 

without glucose deprivation (Chapter 4). 

7. Develop a non-toxic glucose deprivation method to investigate the effect of combined 

short- and long-term metabolic treatments (Chapter 5).  

 

 Part B: A systems engineering approach to severe COVID-19 and its vascular 

complications 

Problem statement: Most severe COVID-19 cases either result in cardiovascular 

complications and/or cardiovascular complications are seen in patients with pre-existing 

cardiovascular comorbidities. However, the mechanisms of interaction of COVID-19 on the 

vascular system are not yet fully understood. 

Aim: The aim of Part B of this study was to help explain the mechanisms of interaction of 

severe COVID-19 on the vascular system, by using a systems engineering approach to 

integrate an existing CHD model with the activated pathogenetic pathways seen in patients 

with severe COVID-19. 

Research objectives: The research objectives, which are all addressed in Chapter 6, are the 

following: 

1. To develop an integrated CHD/COVID-19 model, which explains the mechanisms of 

interaction of severe COVID-19 on the vascular system. 

2. To use the integrated CHD/COVID-19 model to 

(a) investigate why some patients with severe COVID-19 experience sudden death, 

(b) examine the effect of CHD comorbidities on COVID-19 severity, 

(c) examine how different health factors influence COVID-19 severity, and 

(d) explore how various CHD pharmaceutical interventions could help reduce an 

individual's risk of developing severe COVID-19. 
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1.4 OUTLINE OF THE THESIS 

The thesis is presented as seven chapters, each relating to the overall theme of the thesis, 

namely applying engineering approaches to medical research. An outline of the chapters in 

this thesis is provided in Table 1.1. 

Table 1.1. Chapters of the thesis and respective outline of each chapter. 

CHAPTER CONTENTS OF THE CHAPTER 

Chapter 1: Introduction  General background to provide an overview of the two main 

problems addressed in this thesis. The problem statements, aims 

and objectives for each part are provided. 

PART A: ENGINEERING EXPERIMENTAL MODELLING FOR IN VITRO CANCER MODELS 

Chapter 2: Long-term energy 

restriction for cancer 

treatment 

A novel method to conduct long-term in vitro glucose deprivation 

tests on cancer cells, referred to as the Press treatment, is 

provided in this chapter. 

Chapter 3: Combined long-

and short-term energy 

restriction for cancer 

treatment 

This chapter explores the addition of two different metabolic 

short-term treatments in combination with the Press treatment. 

These short-term treatments are referred to as Pulse treatments. 

Therefore, this chapter explores a combined metabolic 

Press-Pulse treatment.  

Chapter 4: Long-term energy 

restriction in combination 

with short-term chemotherapy 

for cancer treatment 

The addition of two different Pulse treatments, in combination 

with the Press treatment, are investigated. These Pulse 

treatments are non-metabolic (chemotherapy); hence this 

chapter explores a combined non-metabolic Press-Pulse 

treatment. 

Chapter 5: An energy 

restriction method for 

highly-glycolytic cancers 

In this chapter, the insights gained from the preceding chapters 

are used to develop a hypothetical non-toxic Press-Pulse 

therapy. After additional future work and ethical clearance, this 

therapy may hopefully be implemented in human clinical trials.  

PART B: A SYSTEMS ENGINEERING APPROACH TO EXPLORE THE MECHANISMS OF 

INTERACTION BETWEEN SEVERE COVID-19 AND ITS CHD COMPLICATIONS 

Chapter 6: Integrated 

CHD/COVID-19 model 

This chapter details how a systems approach can explore the 

mechanisms of cardiovascular complications in COVID-19. For 

this purpose, a new integrated CHD/COVID-19 model was 

developed by integrating the activated pathogenetic pathways of 

severe COVID-19 into an existing CHD model. 

Chapter 7: Limitations, 

recommendations and 

conclusions  

The concluding chapter provides the study's limitations, 

recommendations for future work and overall conclusions for 

Parts A and B. 

 

Chapter 7 is followed by a Glossary of frequently used words and a list of all the References 

used in this thesis. Finally, the Appendices are provided in sequential order in which they are 

referred to in the thesis.   
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PART A  

ENGINEERING EXPERIMENTAL MODELLING FOR 

IN VITRO CANCER MODELS 

 

 



 

5AZ Quotes, “Winston Churchill Quotes About Criticism.” [Online]. Available: https://www.azquotes.com/author/2886-
Winston_Churchill/tag/criticism. [Accessed: 21-Nov-2021]. 
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LONG-TERM ENERGY RESTRICTION FOR CANCER 

TREATMENT 

 

 

 

“Criticism may not be agreeable, but it is necessary. It fulfils the same 

function as pain in the human body. It calls attention to an unhealthy 

state of things.” 

Winston Churchill5 
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2.1 PREAMBLE 

This chapter presents the main problem with the current in vitro cancer glucose models that 

investigate metabolic cancer treatment, i.e., glucose deprivation (GD). The chapter starts with 

a literature review, introducing the problems with current GD in vitro cancer methods and 

explains how this may have major effects on validity, reproducibility and physiological 

relevance. The objectives addressed in this chapter are provided. 

Then follows the methods and materials used to develop these new long-term GD in vitro 

cancer models. The results are presented, and the significance to literature is discussed. The 

chapter concludes with the main findings and additions to these new methods, addressed in 

the next chapter (Chapter 3).  

2.2 LITERATURE REVIEW 

There has been an increase in the understanding of the benefits of strict glucose control during 

the treatment of highly-glycolytic cancers [15], [50].  

Various nutritional strategies are used to decrease circulating blood glucose (BG) levels and 

elevate ketone bodies for therapeutic purposes [51]. These nutritional strategies include 

various fasting regimes [52], [53], restricted ketogenic diet (KD-R) [54], calorie restriction [54] 

and ketone supplementation [55] in combination with the use of diabetic medication (e.g. 

metformin). The most established of these nutritional strategies, the KD-R, has shown 

therapeutic effects on various types of cancer when used in combination with adjuvant 

therapies [51], [56]–[61].  

These studies point to a therapeutic window created by the high glucose uptake of certain 

cancer cell types (highly-glycolytic cancers) compared to that of non-cancer cells. Despite the 

large therapeutic evidence of the benefits of nutritional strategies, the trials up to now show 

inconsistent variability in therapeutic responses [51], [62]. Furthermore, a review by Winter et 

al. stated that: “…nutritional strategies targeting glycaemic modulation to exploit the observed 

tumour glucose-dependency have not yet been thoroughly investigated in clinical trials and 

existing clinical data is limited.” [51] Similarly, a more recent review on the subject emphasised 

the need for further investigation of glucose-lowering nutritional strategies on different cancer 

cells, both in molecular studies and clinical practice [62].  
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By applying the engineering experimental modelling approach, as discussed in Chapter 1, 

Section 1.2.1, several problems with the current in vitro cancer models were found. These 

problems are summarised in Table 2.1 in the following three categories:  

(i) The initial glucose concentration of the growth medium does not mimic concentrations 

in cancer patients. 

(ii) The glucose concentration used for metabolic treatments are is not achievable in 

humans. 

(iii) The time periods that the cells are exposed to the experimental conditions do not 

simulate the time frames of real-world metabolic therapies [63].  

Problem number (i) originates from the fact that the average human physiological BG 

concentration is approximately 6 mmol/L [64] and that of cancer patients approximately 

6.5 mmol/L [64], [65]. However, most glucose concentrations of in vitro cell cultures 

microenvironments are either 11.1 or 25.52 mmol/L [66]. The cell lines must therefore be 

stabilised at 6.5 mmol/L before the different treatments can be investigated in order to correctly 

simulate cancer patients’ glucose conditions [63].  

Most experiments/treatments are conducted at glucose concentrations close to 0 mmol/L 

[17]–[19], [26]–[33], [67]. Achieving a 0 mmol/L glucose level is not possible in patients and 

leads to problem number (ii).  

Lastly, the cancer cells are often not exposed to experimental conditions over a long enough 

period to simulate real-world metabolic therapies. As the effect of a KD-R is over months [56], 

[61], [68], data for at least 90 days is needed to see initial and longer-term effects. This is 

contrary to most in vitro tests, which are conducted over periods measured in days or even 

hours, leading to problem number (iii). It is clear that not one experiment correctly addressed 

all three problems. 
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Table 2.1. Comparison of in vitro testing methods and resulting metabolic problems 

Problem (i):  
Initial conditions 

Problem (ii):  
Treatment conditions 

Problem (iii): 
Treatment period 

Ref Initial glucose concentrations do 
not represent cancer patients’ 
concentrations of 6.5 (mmol/L) 

Treatment glucose 
concentration (mmol/L) 

Duration of treatment 

11.1 0 – 2.78 2 days [20] 
25.52 0 – 2.5 2 days [21] 
25.52 0 6 hours [22] 
25.52 0 – 5 1 day [16] 
25.52 0 - 5.6 5 days [23] 
11.1 0 18 hours [17] 
25.52 0.5 5 days [26] 
25.52 5.5 2 days [24] 
11.1 0 14 days [27] 

25.52 & 11.1 4.17 1 day [25] 
25.52 0 1 day [28] 
25.52 0 1 day [29] 
25.52 0 2 days [30] 
25.52 0 4 days [31] 

15 0 2 days [32] 
25.52 0 3 days [33] 
11.1 0 3 days [18] 
25.52 0 3 days [19] 

 

This chapter will endeavour to add to the existing pool of knowledge in preclinical data for 

long-term GD strategies. Some of the research questions that will be investigated are the 

following: 

1. Can in vitro tests be conducted on cancer cells at typical in vivo physiological BG 

concentrations of typical cancer patients (6.5 mmol/L)? In vitro tests are usually done at 

four times higher BG levels [69]. As the aim of the investigation is BG control, the BG 

baseline should be correct to have confidence in the results. 

2. The ketogenic diet does not work for all cancer patients [58]. Therefore, what is the effect 

of long-term GD on different cancer cell lines?  

3. At what cell growth rate (for metabolic treatments) will cancer cell lines recover and after 

what treatment period?  

4. When will the in vitro cancer line be at its most vulnerable, assuming that they recover? 

Therefore, when does a potential therapeutic window for short-term adjuvant therapies 

open? This in vitro data could direct future human in vivo tests as to when cancer growths 

are at their most vulnerable. 

The question may be asked why mouse models are not used for the present glycolytic study 

[70]. One important reason is the difference between the BG microenvironments between mice 

and humans [69]–[71].  



Chapter 2: Long-term energy restriction for cancer treatment 

18 | Page 

Studies with cancer-bearing mice and humans show that in humans, the BG environment 

increases by 1.15-fold [65], while in mice, it decreases by 2.1-fold very shortly after invasion 

by highly-glycolytic cancers [72]. This can inter alia be attributed to the large difference in 

metabolic parameters between humans and mice [71].  

For instance, mice have a 7.5-fold greater basal metabolic rate than humans [71], with a 10-15 

fold higher relative basal glucose turnover rate [71].  This means that rodents are under much 

greater metabolic constraints than humans. 

With such a high basal glucose demand in mice, together with the added high glucose demand 

of highly-gycolytic cancers, it is important to either sustain adequate glycogen storages or to 

use very high levels of energy-expensive gluconeogenesis in order to provide for the 

upregulated glucose demand. 

However, mice have two-fold less liver and 4.5-fold fewer muscle glycogen stores than 

humans [71]. Furthermore, the mouse will have to overeat in order to supply the added BG 

demand of highly glycolytic cancers via gluconeogenesis [71].  

Glucose availability to cancer cells (which is the effect to study) is thus much lower in mice 

compared to humans. Metabolic (glycolytic) effects on highly glycolytic cancers can therefore 

not always be accurately extrapolated to human responses from mice studies.  

Furthermore, one would not have full control over BG levels in mice. On the other hand, one 

will have full control over the in vitro microenvironment. BG control in a cancer model is 

important as human BG control is much tighter than that of mice [69], [70].  Therefore, in this 

study, it is proposed that properly developed in vitro cancer models could potentially be more 

relevant for obtaining long-term metabolic data for humans than using in vivo mice models. 

2.3 OBJECTIVES 

Research objectives for this chapter: 

1. Develop new in vitro cancer models that mimic typical cancer patients’ glucose and 

glutamine levels. 

2. Develop long-term glucose deprivation tests that model glucose deprivation 

concentrations of humans during metabolic treatments for investigating the effect on 

cancer and non-cancer cell growth. 
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2.4 METHODS AND MATERIALS 

 Cell lines  

Since this study focuses on GD and all cells use glucose for cell growth [15], the type of cell 

line was not important. It was only necessary to conduct these tests on more than one cancer 

cell line and at least one non-cancer cell line. This should help one gain insight into the effect 

of long-term GD on the different cell lines.  

Therefore, tests were conducted on four cell lines i.e. three cancer and one non-cancer cell 

line. Of the cancer cell lines, two were metastatic breast cancer cell lines, namely the highly 

glycolytic M.D. Anderson metastasis breast cancer (MDA-MB)-231 and the less glycolytic 

Michigan Cancer Foundation (MCF-7) cells.  The third cancer cell line was the Henrietta Lacks 

(HeLa) cervical cancer cell line. The non-cancer cell line used was a spontaneously 

immortalised non-cancer breast cell line (MCF-10A). 

These cell lines are commercially available from the American Tissue Culture Collection 

(ATCC), Maryland, United States of America. All reagents were obtained from (Sigma 

Chemical Co) (St. Louis, Missouri, United States of America).  

 Concentration levels of glucose and glutamine 

Glucose 

In order to stay within the bounds of validity for glucose concentrations, a value of 6.5 mmol/L 

was used as the initial condition to mimic glucose levels of typical cancer patients [65]. 

An average BG level as low as 1 mmol/L has been reported during fasting [73]. BG levels as 

low as 4 mmol/L were reported for cancer patients on a ketogenic diet [51]. Values for a 

combination of fasting, KD-R and metformin use could not be found. It is assumed that 

3.5 mmol/L could be achieved in patients during a KD-R with the addition of fasting and 

metformin.  

A value of 3.5 mmol/L was chosen as the glucose concentration during long-term GD, which 

replicates glucose-lowering nutritional strategies in combination with pharmaceutical agents 

such as metformin.  

Glutamine 

Glutamine levels in standard cultivation of cancer cells is 4 mmol/L and 2 mmol/L for 

non-cancer cells, which are also more than four times higher than human physiological plasma 
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glutamine levels of 0.6-0.9 mmol/L [74]–[76]. A constant physiological glutamine concentration 

of 0.6 mmol/L was chosen during the long-term GD, i.e., cells were not exposed to glutamine 

deprivation. 

 Initial cell growth conditions of negative controls 

Cells were initially grown and maintained in 25 cm2 tissue culture flasks in a humidified 

atmosphere at 37 °C, 5% CO2 in a Forma Scientific water-jacketed incubator (Ohio, United 

States of America). All reagents were obtained from (Sigma Chemical Co) (St. Louis, Missouri, 

United States of America) unless specified otherwise. 

Negative control for cancer cell lines 

Experimental Condition 0 for the negative control cancer cell lines was cultured in DMEM with 

25.52 mmol/L glucose and 4 mmol/L L-glutamine supplemented with 10% dialysed heat-

inactivated FCS (56 °C, 30 min), 100 units/mL penicillin G, 100 µg/mL streptomycin and 

amphotericin B (0.25 µg/L). 

Negative control for non-cancer cell line  

Experimental Condition 0 for the non-cancer breast cancer cell line was cultured in a ratio of 

50% DMEM to 50% Ham’s F-12 medium (HF12M) containing 17.56 mmol/L glucose and 

2 mmol/L L-glutamine, with the addition of 10% dialysed FCS (56 °C, 30 min), 500 ng/mL 

hydrocortisone, 20 ng/mL epidermal growth factor (EGF), 100 ng/ml cholera toxin, 10 μg/mL 

insulin, 100 units/mL penicillin G, 100 μg/mL streptomycin and 0.25 µg/L amphotericin B. 

Cell lines exposed to treatment 

All of the treated cancer and non-cancer cell lines were cultured using the same conditions as 

described for the negative controls. The only difference between the treated cell lines and 

negative controls was the concentrations of glucose and glutamine. The respective changes 

in concentrations of glucose and glutamine for the treated cell lines will now be discussed. 

 Experimental procedure conditions 

The different conditions of glucose and glutamine, as well as the exposure durations, are 

summarised in Table 2.2. Cancer and non-cancer cell lines were initially grown in their 

standard cell culture conditions, namely DMEM (Condition 0).  

After enough cells were cultivated, all cell lines were exposed to typical physiological glucose 

(6.5 mmol/L) and glutamine (0.6 mmol/L) levels of cancer patients, namely condition 1. Cells 
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were exposed to this condition on day 0 until cell growth stability was reached on day 30. 

Growth stability was regarded as a period of very little variation in cell growth. 

Thereafter, cells were exposed to long-term GD (Condition 2) to 3.5 mmol/L glucose. Cells 

were maintained at this condition from day 0 (Day 30 after Condition 1) until day 82. This 

condition replicated long-term glucose-lowering nutritional strategies in combination with 

pharmaceutical agents such as metformin. 

Table 2.2. Cell culture glucose and glutamine conditions as well as exposure days. 

Metabolic 
condition number 

Glucose (mmol/L) Glutamine (mmol/L) Days 

Initial cell culture growth 

0 
25.52 (cancer cells) & 

17.56 (non-cancer cells) 
4 (cancer cells) & 

2 (non-cancer cells) 
0 

Stabilisation in physiological conditions 

1 6.5 (all cells) 0.6 (all cells) 0-30 

Long-term glucose deprivation 

2 3.5 (all cells) 0.6 (all cells) 0*-82 

Note: *Day 0 in Condition 2 is actually day 31, the day after cells stabilised in physiological conditions. 

 Measuring relative cell growth  

Crystal violet staining and spectrophotometry [77], [78] were used here to interpret cell density, 

proliferation and cell viability.  

Upon termination of the experiment, cells were fixed with 1% gluteraldehyde (100 μL) at room 

temperature for 45 min. Gluteraldehyde was replaced with 0.1% crystal violet (100 μL) at room 

temperature for 90 min. Plates were thereafter left to dry, 0.2% triton X-100 (200 μL) was 

added to the flasks and incubated overnight to solubilise the crystal violet.  

The solubilised dye was transferred to a new 96-well plate where the absorbance was 

determined using an EPOCH Microplate Reader (Biotek Instruments, Inc. (Winooski, Vermont, 

United States of America)) at a wavelength of 570 nm. 

Quantitative data were collected via spectrophotometry from three independent repeats for all 

experiments in the long-term GD study. Each data set in Figure 2.1 and Figure 2.2 represents 

the average Relative Cell Growth (RCG).  
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This RCG was calculated as a change in percentage of cell growth between the treated cells 

and their respective negative controls, denoted by Equation 2.1:  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐶𝑒𝑙𝑙 𝐺𝑟𝑜𝑤𝑡ℎ =
𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑐𝑒𝑙𝑙 𝑔𝑟𝑜𝑤𝑡ℎ 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑐𝑒𝑙𝑙 𝑔𝑟𝑜𝑤𝑡ℎ 𝑜𝑓 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠
× 100 (2.1) 

Three independent repeats were produced for each data set. The error bars illustrated on 

each data point in Figure 2.1 and Figure 2.2 represent the standard deviations of three 

independent tests. 

2.5 RESULTS AND DISCUSSION 

Figure 2.1 presents the results of cells exposed to typical human glucose and glutamine 

concentrations of 6.5 mmol/L and 0.6 mmol/L, respectively (Condition 1). The non-cancer cell 

line (MCF-10A) showed little change in RCG, remaining at approximately 100% during the 

entire exposure time. 

 
Note: After stabilisation was reached on day 30 the cells were cultivated in long-term GD concentrations 
(Condition 2). The glucose and glutamine concentrations were 3.5 mmol/L and 0.6 mmol/L, respectively. The 
glucose concentration was chosen to mimic a combination of KD-R and glucose-lowering medication such as 
metformin. Glucose concentration was 25.52 mmol/L and glutamine 4 mmol/L before time zero. From day zero, 
glucose and glutamine concentrations were 6.5 mmol/L and 0.6 mmol/L, respectively. 

Figure 2.1. RCG of cells exposed to typical human glucose concentrations.  
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On the other hand, the three cancer cell lines present, at first, a decrease in RCG but later 

recover and stabilise within 30 days. The cancer cell lines all recover at different rates, which 

could be due to differences in metabolic dependence. Since the cancer cell line that took the 

longest to recover and achieved the lowest RCG, is more glucose avid than the other cancer 

cell lines [79], [80].  

An important observation this data provides is that the cell lines are able to proliferate in such 

‘low’ glucose cell culture media without adverse effects on cell viability. This human glucose 

and glutamine concentration in vitro media condition offers a more appropriate model for 

human in vivo conditions. Tests conducted in these new conditions should yield a more 

realistic baseline for further GD studies. 

The cell lines’ responses to this long-term GD, Condition 2, is shown in Figure 2.2. All cell 

lines present a decrease in RCG from day zero until day 30. Thereafter the cells recovered, 

yet not fully, and stabilised after approximately 65 days of exposure. 

 
Note: Day zero is after initial exposure to medium containing 6.5 mmol/L glucose, glucose and glutamine 
concentrations from day zero were 3.5 mmol/l and 0.6 mmol/L respectively. 

Figure 2.2. RCG of cell lines during long-term glucose deprivation conditions. 
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From the results illustrated in Figure 2.2, the following four important observations are made: 

1. The cell lines reacted differently to long-term glucose deprivation.  

2. All cancer cell lines were affected more severely than the non-cancer cell line. 

3. Long-term GD did not reduce RCG enough to achieve full remission. Additional therapies 

are needed to achieve full remission. 

4. Minimum RCG for all cell lines was achieved at approximately 26 days after GD was 

started. 

Further insights were gained by evaluating the data of each cell line in more detail. Table 2.3 

gives a summary of the RCG recovery point, days until RCG recovery point, minimum RCG 

and days until the minimum RCG rate was achieved. As expected, the cancer cell line that 

was affected the most was the highly glycolytic metastatic breast cancer cell line (MDA-MB-

231). This cell line’s minimum RCG decreased to 30% (±0.58%) on day 26 and stabilised at 

62% (±2.65%). 

Table 2.3. Comparison of RCG after cells were exposed to long-term GD. 

Cell lines 
RCG recovery point 

(mean ± SD) 

Days until 
RCG recovery 

point 

Minimum RCG 
(mean ± SD) 

Days until 
minimum 

RCG 

MCF-10A (non-cancer) 84 ± 1.00% 34 84 ± 1.00% 34 

MCF-7 (breast cancer) 75 ± 2.00% 60 65 ± 2.00% 26 

HeLa (cervical cancer) 71 ± 1.00% 60 52.33 ± 2.31% 26 

MDA-MB-231 (breast cancer) 62 ± 2.65% 64 30 ± 0.58% 26 

Average days until minimum cell growth (excluding non-cancer cell line) 26 

Note: RCG, relative cell growth, GD, glucose deprivation, SD, standard deviation, MCF-10A, non-cancer, breast 
cell line, MCF-7, metastatic luminal breast cell line, HeLa, glycolytic cervical cancer cell line, MDA-MB-231, highly 
glycolytic metastatic breast cell line.  

Furthermore, the least affected cell line was the non-cancer MCF-10A cell line, with its RCG 

decreasing only to 84% (±1.00%) after 34 days and stabilising at this level for the duration of 

the experiment. This reduction in RCG rate could be assumed to be similar to the regular 

“weight loss” experienced during strict dietary restriction.  

Figure 2.2 and Table 2.3 both show that the cancer cell lines’ RCG rate increases again after 

the minimum levels were reached. This emphasises the need for adjuvant therapies to be 

implemented in combination with long-term glucose deprivation. Examples of extra therapies 

are chemotherapy, radiation, hyperbaric or other extra metabolic treatments [81]. 
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These extra therapies should be implemented at the most vulnerable point (minimum RCG), 

thus achieving the maximum effect. The most therapeutic time would be the point where the 

least cancer cells survive. From the data provided in Figure 2.2 and Table 2.3, this most 

therapeutic point would be on the day the minimum RCG rate was reached. All three cancer 

cell lines reached this point on day 26. 

The MDA-MB-231 cancer cell line remained at this vulnerable point for 22 days (day 22-44), 

which provides a wide therapeutic window to implement adjuvant therapies. Although this 

insight adds value to such therapies, future human clinical trials would need to be done to 

validate this therapeutic window. 

Another valuable insight is shown in Figure 2.2, which may prove valuable for personalised 

treatment regimens, is that the therapeutic effect is higher in the highly glycolytic cell line than 

for the less glycolytic ones.  

Future decisions on metabolic treatment should thus be made based on the metabolic activity 

of cancer (Standard Uptake Value (SUV)) rather than on the type of cancer. Glucose metabolic 

activity can be measured by [18F]-fluorodeoxyglucose based Positron Emission Tomography 

(PET) scans and the cancer cells’ respective SUVs [82]–[85]. 

2.6 CONCLUSIONS 

The need for more clinical data on long-term GD treatments for cancers (e.g. fasting, KD-R 

etc.) is well described in literature. The results of this study contributed to the available pool of 

knowledge in a number of ways.  

Firstly, it illustrated that in vitro cancer tests can successfully be done at a human in vivo BG 

microenvironment of 6.5 mmol/L. This provides more confidence in results than the typically 

used in vitro BG microenvironment of 25.5 mmol/L. This method is repeatable, and future 

long-term GD tests should be stabilised in human glucose conditions before GD starts. 

Therefore, the first objective detailed in Section 2.3 was achieved.  

Secondly, the next objective (detailed in Section 2.3) was also achieved by developing 

successful repeatable long-term metabolic in vitro cancer tests, which mimic human GD 

concentrations. The results showed that long-term GD affects different cancer cell lines 

differently. It is suspected that the SUVs of cancers will be used in the future as standard 

practice to establish the usefulness of GD treatment (e.g. nutritional etc.). Future research 

should establish these SUVs. 
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Thirdly, as full cancer extinction is not possible with long-term GD deprivation alone, adjuvant 

therapies are needed. This was a first in vitro attempt to establish the potentially best 

therapeutic time for adjuvant therapy implementation. For the cancer cell lines investigated, 

the 26 day period after a BG level of 3.5 mmol/L is reached seems to be a sensible adjuvant 

time target. Future tests should explore the effect of adding metabolic and non-metabolic 

short-term adjuvant therapies at these instances.  

2.7 NOVEL CONTRIBUTIONS 

 Novel contributions from new repeatable methods 

Standard cancer cell cultivation is done in high glucose Dulbecco’s Modified Eagle’s Medium 

(DMEM) at a glucose level of 25.52 mmol/L. This represents a four-fold higher concentration 

above physiological conditions of 6.5 mmol/L, which could cast doubt over the validity of GD 

treatments. Subsequently, glutamine levels in standard cultivation of cancer cells are 

4 mmol/L, 4-8 times higher than human physiological plasma glutamine levels of 

0.5-0.9 mmol/L.  

This chapter presents a novel, repeatable method for long-term tests on cells cultivated in 

typical human physiological glucose (6.5 mmol/L) and glutamine (0.6 mmol/L) concentrations. 

This allows cells to stabilise in human physiological glucose and glutamine concentrations 

before long-term GD tests are conducted.  

Moreover, GD tests are typically conducted at very low glucose concentrations which are 

unachievable in humans. Therefore, this new method provides long-term GD tests conducted 

at achievable low glucose concentrations of 3 mmol/L.  

In addition to achievable glucose concentrations, current preclinical in vitro GD tests are short-

term based (24 hours to 7 days), whereas glucose-lowering diets are implemented over 

months in practice. Therefore, this chapter also presented a repeatable long-term (90 days) 

in vitro GD method that mimics practical glucose-lowering diet durations.  

 Novel contributions from results 

These new results provide the following holistic insights into future GD's long-term in vitro 

tests: 

• All of the cancer cells presented a lower RCG rate than the non-cancer cell line after 

long-term GD treatment. 

• Long-term GD is cell line dependent, i.e. it had a different effect on all cancer cell lines. 
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• All of the cancer cell lines’ RCG started to increase after approximately 26 days. Therefore, 

future tests should combine adjuvant therapies with long-term GD treatment. 

• The investigated cancer cells are most vulnerable (lowest RCG) after being exposed to 

GD for 26 days. Future tests could implement adjuvant therapies at approximately 26 day 

intervals during long-term GD. 

2.8 DISSEMINATION OF RESULTS 

This chapter has already been successfully published in the medical scientific journal, Nutrition 

with the following title: In vitro quantification: long-term effect of glucose deprivation on various 

cancer cell lines. DOI number: 10.1016/j.nut.2020.110748 (see Appendix B for the published 

manuscript). 

The results were also presented as an oral presentation at the 3rd World Congress on Cancer: 

New strategies to prevent, diagnose and treat Cancer based on Precision Medicine, Top Hotel 

Praha & Congress Centre, Prague, Czech Republic from 23-25 September 2019. Title of the 

conference proceeding: “Ketogenic diet as a cancer treatment: In vitro quantification.” 

Furthermore, the published manuscript developed from this chapter has already been 

recognised within the cancer research scientific community, evident from the following 

citations: 

1. R. J. Klement, C. E. Champ, U. Kämmerer, P.S. Koebrunner, K. Krage, G. Schäfer, et 

al. “Impact of a ketogenic diet intervention during radiotherapy on body composition: 

III-final results of the KETOCOMP study for breast cancer patients,” Breast Cancer Res., 

vol. 22, no. 94, pp. 1–14, 2020. doi:10.1186/s13058-020-01331-5. 

2. I. Kareva and J. S. Brown, “Estrogen as an Essential Resource and the Coexistence of 

ER+ and ER– Cancer Cells,” Front. Ecol. Evol., vol. 9, no. August, pp. 1–15, 2021. 

doi:10.3389/fevo.2021.673082. 

3. R. Maldonado, C. A. Talana, C. Song, A. Dixon, K. Uehara, and M. Weichhaus, 

“β‑hydroxybutyrate does not alter the effects of glucose deprivation on breast cancer 

cells,” Oncol. Lett., vol. 65, no. 21, pp. 1–13, 2020. doi:10.3892/ol.2020.12326. 
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3.1 PREAMBLE 

This chapter explores the addition of two different metabolic short-term treatments (referred 

to as Pulse treatments) to the long-term GD treatment (referred to as Press treatment). The 

two Pulse treatments are (i) short-term very low glucose-only deprivation and (ii) combined 

short-term very low glucose and glutamine deprivation. This combined method is referred to 

as the Press-Pulse treatment. 

The chapter starts with a detailed literature review, which provides insight into the need to 

investigate these treatments. This leads to this chapter’s objective, which is followed by the 

methods and subsequent results. A summary of the main findings follows.  

Thereafter, the outcomes of the two different Press-Pulse treatments are discussed. 

Furthermore, a comparison between Press only and metabolic Press-Pulse treatments is also 

drawn. A proposal is given that combines non-metabolic short-term Pulse therapies, namely 

chemotherapy. The chapter concludes with the main differences of each treatment and novel 

contributions.  

3.2 LITERATURE REVIEW 

More than 40% of cancers metastasise to the brain [69], [86]–[89]. The brain is protected by 

the blood-brain barrier, which restricts most substances [90]. This, in return, complicates most 

chemotherapy regimens. Metabolic treatments do not experience similar severe barriers.  

The benefits of metabolic control in the treatment of highly-glycolytic cancers have therefore 

received more interest lately [15], [50], [91], [92]. Glucose and glutamine are, amongst others, 

vital metabolites for both healthy and cancer cells [76], [78], [93]–[96]. These metabolites are 

a common topic in current cancer metabolism research [15], [94], [97]. Their uptake is 

upregulated in most solid cancers in relation to healthy cells. A therapeutic window may be 

created when certain cancer cells are deprived of these metabolites [76], [78], [93]–[96]. 

The therapeutic window of depriving cancer cells of glucose is currently exploited in ongoing 

clinical trials via glucose-lowering nutritional strategies and/or glutamine inhibitors [51], [62], 

[95]. However, as discussed in Chapter 2, Section 2.2, the trials show inconsistent variability 

in therapeutic responses [51], [62].  

As investigated in Chapter 2, long-term GD was undertaken in an attempt to simulate how a 

long-term glucose reduction (BG: 3.5 mmol/L for 90 days) would affect different cancer cell 

lines. The results showed the following [63]: 
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• The cell lines reacted differently to long-term glucose deprivation.  

• All cancer cell lines were affected more severely than the non-cancer cell line. 

• Long-term GD did not reduce RCG enough to achieve full remission.  

The question may be asked whether full remission could be achieved if both short-and 

long-term GD are implemented simultaneously. This idea of combining both short- and long-

term therapies is based on an evolutionary concept of mass extinction known as the Press-

Pulse theory [98], [99]. The theory is that mass extinction only occurs when both gradual 

environmental changes (referred to as Press) and acute disruptive events (referred to as 

Pulses) happen simultaneously [98], [99].  

Although the theory originated from ecology [98], [100] and paleobiology [101], the 

Press-Pulse concept has been applied to other fields successfully [102]. Therefore, the effect 

of Press and Pulse changes are not restricted to a specific element in nature.  

This concept of Press-Pulse is illustrated in Figure 3.1, where the change of a given variable 

of interest is seen over time. Firstly, the Press remedy decreases the variable to a new 

equilibrium (no mass extinction). Thereafter, the Pulse remedy further decreases the variable 

to a new equilibrium (still no mass extinction). Finally, the combination of Press-Pulse 

remedies decreases the variable of interest to mass extinction.  

 

Figure 3.1. Press-Pulse theory of mass extinction. 

Both short (Pulse) and long-term (Press) metabolic treatments have been implemented 

separately [63], [77], [78]. However, full remission of cancer cells was not achieved. Therefore, 

the combination of Press-Pulse should be investigated. The combination of Press-Pulse for 

cancer treatment has recently been proposed by Seyfried et al. [103]. However, such a 

treatment has not yet been investigated in in vitro cancer models. Therefore, the tests 
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conducted in this chapter are the first attempt at conducting metabolic Press-Pulse treatments 

on cancer cells.  

Since glucose is usually the main fuel for most highly-glycolytic cancers [15], [50], [93], [94], 

[104], [105], this study investigates the combined effect of both short-term (Pulse) and 

long-term (Press) glucose deprivation.  

Glutamine, the most abundant amino acid, is also an important energy source for some 

cancers [106]–[108]. As discussed in Chapter 2, Section 2.4.2, glutamine levels in standard 

cell culture are usually 4 mmol/L [16], [21]–[23]. This is much higher than a normal healthy 

human’s plasma glutamine levels of 0.6-0.9 mmol/L [74]–[76]. For a further accurate 

representation of the microenvironment, a concentration of 0.6 mmol/L glutamine was used in 

this study. 

At present, it is difficult to achieve long-term (Press) glutamine deprivation in humans. 

However, short term (Pulse) treatment is possible and could be beneficial [109]. Therefore, in 

addition to short-term glucose deprivation, glutamine was also implemented as a short-term 

(Pulse) deprivation treatment, together with a glucose Pulse. 

The (Pulse) metabolic treatments will therefore serve as adjuvant therapies during the 

long-term (Press) glucose deprivation. Since engineering experimental modelling principles 

are applied in this study, both the Press and Pulse treatment concentrations for glucose and 

glutamine should stay within the bounds of validity.  

Fortunately, the long-term GD (Press) concentration for glucose has already been defined 

within the bounds of validity in Chapter 2, Section 2.4.2. These same long-term GD 

concentrations of 3.5 mmol/L will thus be used as the glucose Press condition for the tests 

conducted in this chapter. The appropriate glucose and glutamine concentrations for the Pulse 

conditions are discussed in the sections that follow. 

 Minimum safe human levels of blood glucose and glutamine Pulse conditions 

Since the very low short-term GD of 1 mmol/L is very low, the question may be asked whether 

this could be safely achieved in humans for short periods. Scientific evidence on the safety of 

very low BG levels is limited [110]. Nevertheless, data from some clinical studies and case 

reports of 117 individuals were found.  These studies provide the mean and minimum BG 

levels of patients and are provided in Table 3.1 [73], [111]–[116]. The average of these values 

was 2.7 mmol/L for the mean BG values and 1.6 mmol/L for the minimum BG values. The 

lowest BG level was 0.5 mmol/L.
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Clinical practice has strict criteria that act as a limitation to studies on real-life hypoglycaemic 

events e.g., individuals with Type 1 diabetes. With lack of scientific data, it might be beneficial 

to also investigate other sources for data on severe hypoglycaemia. 

Asymptomatic hypoglycaemia is one of the most common symptoms of diabetes, especially 

for Type 1 insulin-dependent diabetics (T1D) [117]. A possible source of large-scale data of 

T1D patient’s BG levels is online diabetes forums and vlogs.  

Table 3.1. Scientific evidence of low BG levels in humans [73], [111]–[116]. 

Clinical studies 
Number of 

patients 
Mean BG 
(mmol/L) 

Minimum BG 
(mmol/L) 

Ref 

Non-diabetic patients with chronic renal failure on 
maintenance haemodialysis. 21 - 2.1 [111] 

Diabetic patients on maintenance haemodialysis. 21 2.7 1.2 [112] 

Leucine-induced hypoglycaemia in healthy during 
administration of chlorpropamide. 25 2.4 1.3 [113] 

Leucine-induced hypoglycaemia in healthy during 
administration of ultralente insulin. 22 3.5 1.8 [113] 

Role of Glucagon, Catecholamines, and Growth 
Hormone in Human Glucose Counter regulation. 13 2.9 2.0 [114] 

Resistance to Symptomatic Insulin Reactions after 
Fasting. 

9 2.1 0.5 [115] 

Effect of acute hypoglycaemia on brain function 
and activation. 6 2.5 2.4 [116] 

Averages - 2.7 1.6 - 

 

Diabetes Daily forums and YouTube video logs (vlogs) were used to gather relevant 

information. “Diabetes Daily7” was created in 2005 as an online platform to support diabetes 

forums, newsletters and blogs, which help people gain the support and inspiration needed for 

a diabetic lifestyle with over 10 million yearly site visits7. 

In total, 1 040 diabetics’ lowest recorded BG levels were recorded from online forums on 

Diabetics Daily7-11 and from the comments of four different vlogs on YouTube12-15. All 

participants used personal glucose monitors to measure their BG levels. These lowest 

recorded BG levels are illustrated in Figure 3.2.
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Note: The values in the different ranges are included when square brackets “[]” are used and excluded when round 
brackets “()” are used. 

Figure 3.2. Lowest BG levels of respondents. 

A summary of the statistical analyses is represented in Table 3.2. A total of 95% of the 

respondents have experienced a BG level below 2.8 mmol/L. The mean of these lowest 

recorded BG levels was 1.67 mmol/L. The lowest BG reading was 0.4 mmol/L. All the 

respondents reported no long-term ill effects. 

These records are obviously anecdotal. However, the sheer amount of data helps to offset the 

potentially unreliable nature of the self-reported measurements. The anecdotal data’s 

similarity to that of the data from the clinical studies described earlier also provides some 

encouraging pointers. There is thus a possibility that humans may survive severe 

hypoglycaemia for short periods with few adverse effects. More research is, however, needed. 

Table 3.2. Summary of data after statistical analyses. 

Description Value 

Number of respondents. 1 040 

Mean BG (mmol/L). 1.67 

Standard deviation (σ). 0.6 

95% confidence interval: upper limit. 1.70 

95% confidence interval: lower limit. 1.64 

Minimum BG (mmol/L). 0.4 
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3.3 OBJECTIVES 

Research objective for this chapter:  

1. To investigate the effect of additional very low, yet achievable, short-term glucose only 

and combined glucose and glutamine deprivation on cancer and non-cancer cell growth 

combined with long term glucose deprivation. 

3.4 METHODS AND MATERIALS 

 Cell lines  

As described in Chapter 2, Section 2.4.1, the same cell lines were used in this chapter, namely 

two breast cancer cell lines (MDA-MB-231 and MCF-7), one cervical cancer cell line (HeLa) 

and the non-cancer breast cell line (MCF-10A). 

 Concentration levels of glucose and glutamine 

All tests conducted in this chapter was done on cells after they were stabilised in typical cancer 

patients’ glucose (6.5 mmol/L) and glutamine (0.6 mmol/L) concentrations. The results of this 

stabilisation were previously presented in Figure 2.1 (Chapter 2).  The Press-Pulse treatment 

was thus tested after this stable and physiologically correct in vitro cancer model was 

developed.  

The values of the Pulse conditions were based on previous research on short-term very low 

glucose and glutamine Pulse deprivation [77], [78]. These studies resulted in decreased cell 

density, rounded cells and apoptosis induction when exposed to very low glucose (<3 mmol/L) 

and glutamine (<0.5 mmol/L) concentrations for 2-6 hours [77], [78].  

Glucose 

As discussed, the same Press glucose conceration of 3.5 mmol/L that was used in Chapter 2 

will be used here. This concentration was derived from the following: typical cancer patients 

on a KD-R have presented BG levels as low as 4 mmol/L [51]. A further lowering of circulating 

BG levels to 3.5 mmol/L could potentially be achieved with fasting and/or metformin. 

Based on the extensive review of the literature and the fact that glucose Pulses will only be 

implemented over a period of 3 hours. A concentration of 1 mmol/L was chosen for the Pulse 

glucose condition.  
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Glutamine 

Similar to Chapter 2, Section 2.4.2, no long-term glutamine Press was conducted. Therefore, 

glutamine was kept constant at a physiological glutamine concentration of 0.6 mmol/L [80]–

[82]. 

Although glutamine was not reduced for the Press conditions, glutamine was decreased during 

the Pulse conditions. A minimum short-term concentration of 0.25 mmol/L (for 3 hours) was 

used as the glutamine Pulse concentration. This value of 0.25 mmol/L for glutamine is also 

very low, but these levels have been achieved in patients before [118]. Although future work 

is needed, it is assumed that these levels could be achieved in humans for the 3-hour duration. 

The very low glucose and glutamine conditions could possibly be recreated in patients using 

either a pharmacological procedure for glucose Pulses [81] or a mechanical procedure such 

as hemodiafiltration for combined glucose and glutamine Pulses [119]. These procedures are 

further discussed in Chapter 5.  

 Initial cell growth conditions of negative controls 

The same procedure for initial cell growth and conditions for the negative controls were used 

for these tests. Refer to Chapter 2, Section 2.4.3 for a detailed description. Also, all of the 

treated cell lines were cultured using the same conditions as described for the negative 

controls, with the only difference being the concentrations of glucose and glutamine. The 

respective changes in concentrations of glucose and glutamine for the treated cell lines will 

now be discussed. 

 Experimental procedure conditions 

Before the metabolic Press-Pulse treatment started (before day 0), cells were cultured in 

standard cell culture media (Condition 0). Thereafter, the cell lines were stabilised in typical 

cancer patients’ glucose (6.5 mmol/L) and glutamine (0.6 mmol/L), namely Condition 1. 

Therefore, the results are not detailed in this chapter; refer back to Figure 2.1, Chapter 2. 

The experimental procedure is divided into two parallel tests of metabolic Press-Pulse 

treatments (Treatment 1 and 2). The respective glucose and glutamine conditions for the two 

Press-Pulse treatments are summarised in Table 3.3. 

Both Treatment 1 and 2 started with a glucose Press of 3.5 mmol/L and maintaining glutamine 

at 0.6 mmol/L on day 0 for 118 days, namely Condition 2. On days 50, 71 and 92, two different 

Pulses were given. For the cell lines in Treatment 1 glucose was reduced to 1 mmol/L for three 
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hours (glutamine kept at 0.6 mmol/L), namely Condition 3a. For Treatment 2 a combined 

glucose Pulse 1 mmol/L and glutamine Pulse to 0.25 mmol/L was done for three hours), 

namely Condition 3b. These short-term exposure durations are three hours since previous 

in vitro tests of three-hour glucose and glutamine deprivation has previously been successfully 

conducted [77], [78].  

After the Press-Pulse treatment (days 118-160), cells were cultuivated back into typical cancer 

patients’ glucose (6.5 mmol/L) and glutamine (0.6 mmol/L) concentrations), namely 

Condition 1. This was done to investigate whether cells ‘recover’ after such treatment. 

Table 3.3. Cell culture glucose and glutamine conditions as well as exposure days. 

Metabolic 

condition number 
Glucose (mmol/L) Glutamine (mmol/L) Days 

Negative controls in standard cell culture conditions 

0 
25.52 (cancer cells) 

17.56 (non-cancer cells) 

4.0 (cancer cells) 

2.0 (non-cancer cells) 
0-160 

Typical cancer patients physiological conditions 

1 6.5 0.6 118-160 

Glucose Press for all cell lines 

2 3.5 0.6 0-118 

Treatment 1: Glucose-only Pulse 

3a 1.0 0.6 50, 71, 92 

Treatment 2: Combined glucose and glutamine Pulse 

3b 1.0 0.25 50, 71, 92 

 

 Measuring relative cell growth  

The same procedure used to calculate RCG as detailed in Chapter 2, Section 2.4.5, was used 

in this chapter. 

3.5 RESULTS  

Quantitative data were collected via spectrophotometry from three independent repeats for all 

experiments. Same as in Chapter 2, each data point in Figure 3.3 to Figure 3.6 represent the 

average relative cell growth. This was calculated as a change in percentage between the 

treated cells and their respective negative controls, namely cells maintained in optimal growth 

conditions DMEM (error bars illustrate the standard deviations).  
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Several drug response metrics exist to test the efficacy of preclinical in vitro cancer treatments 

[120]. The most relevant is the GR50, the drug concentration that reduces the RCG rate 

by 50% [121]. Therefore, from the results, the metabolic Press-Pulse therapy is effective if the 

RCG rate decreased by more than 50% after treatment. 

 Glucose-only Pulses  

Figure 3.3 shows the response to long-term (Press) GD (Condition 2) for 118 days with 

glucose-only metabolic Pulses (Condition 3a) on days 50, 71 and 92. The cell lines’ glucose 

and glutamine concentrations were then taken back (in the after-treatment recovery period) to 

typical cancer patients’ values of 6.5 mmol/L and 0.6 mmol/L, respectively, for the period 118 

to 160 days.  

 

Note: Long-term Press glucose deprivation was done at 3.5 mmol/L and metabolic Pulses at 1 mmol/L glucose on 
days 50, 71 and 92 while maintaining glutamine at 0.6 mmol/L. 

Figure 3.3. Long-term Press glucose deprivation metabolic glucose-only Pulses. 

All cell lines reacted differently to the treatment. After 160 days the RCG rates were the 

following: the non-cancer cell line (MCF10A) was affected the least, stabilising at 

75.33±2.31%, the cancer cell lines Hela, MCF-7 and MDA-MB-231 stabilised at 64.00±1.41%, 

55.33±1.53% and 15.33±1.53% respectively. All cell lines were affected after each metabolic 

Pulse. RCG increased again, when taken back to typical cancer patients’ physiological 

concentrations after the Press therapy was stopped on day 118.  
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MDA-MB-231 was affected the most by the treatment, with a minimum RCG of 8.33±1.53% 

on day 123, 5 days after the Press therapy was stopped. This cell line has shown to have high 

proliferation rates and intrinsic resistance to cell death, when allowed to grow in nutrient and 

space-limiting conditions and is termed an aggressive cancer cell line [122]. It is interesting 

that this aggressive cancer cell line should be the most susceptible to the Press-Pulse 

metabolic treatment. It has previously been hypothesised that highly glycolytic cancers and 

metastases will be the most severely impacted by metabolic treatment [63], [81], [119]. 

 Glucose and glutamine Pulses 

Figure 3.4 shows the response to long-term Press GD (Condition 2 in Table 3.3) for 

days 0-118, with both glucose and glutamine metabolic Pulses (Condition 3b in Table 3.3) on 

days 50, 71 & 92. The recovery period (days 118-160) was at typical cancer patients’ glucose 

and glutamine concentrations. 

There was very little difference between the results of glucose-only Pulses (Figure 3.3) and 

the combined glucose and glutamine Pulses (Figure 3.4). 

 

Note: Long-term Press glucose deprivation done at 3.5 mmol/L with metabolic Pulse of 1 mmol/L glucose and 0.25 
mmol/L glutamine on days 50, 71 and 92. 

Figure 3.4. Long-term GD Press with combined glucose and glutamine Pulses.  
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Figure 3.5 A to D present overlays of Figure 3.3 and Figure 3.4 comparing how the different 

cell lines responded to the different metabolic Pulse treatments. Figure 3.5A shows that only 

the MCF-7 cancer cell line had a small positive therapeutic response to the combined 

glutamine and glucose metabolic Pulse in relation to the glucose-only Pulse. Figure 3.5 B, C 

and D give the other three cell lines responses. The results for glucose-only and combined 

glucose and glutamine metabolic Pulses showed little difference. 

 

Note: Long-term Press glucose deprivation done at 3.5 mmol/L with metabolic Pulses on days 50, 71 and 92: (i) 
glucose-only Pulse (1 mmol/L) and (ii) combined glucose (1 mmol/L) and glutamine (0.25 mmol/L) Pulses. 

Figure 3.5. Comparison of different cell lines’ RCG after Press-Pulse treatments. 
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 Recovery period 

During the recovery period of days 118-160, all treatments were stopped. All cells were thus 

taken back to typical cancer patients’ glucose and glutamine levels. Figure 3.3 and Figure 3.4 

show that all of the cell lines’ RCG rates increased and later stabilised. This indicates some 

form of ‘recovery’. 

More specifically, from day 130 onwards the MCF-7 and HeLa cell lines demonstrate a similar 

recovery rate which is much faster than the other two cell lines. These cell lines may have 

changed their energy sources used for cell growth, from glucose & glutamine to lactate. 

Lactate is a by-product of glucose metabolism. Evidence in literature shows that MCF-7 and 

HeLa cell lines have the ability to switch from glucose to lactate as an additional energy 

source [123].    

Furthermore, new information shows that cancer cells obtain their energy from mitochondrial 

substrate level phosphorylation (mSLP) in the glutaminolysis pathway [124]–[126]. As with 

lactate (the by-product of glucose metabolism) the end-products of mSLP could also be used 

by these cells as an alternative energy source [125]. It is known that succinate, rather than 

lactate, is the end-product of the glutaminolysis pathway.  

Therefore, the cell lines that recovered, namely MCF-7 and Hela, may alternatively obtain 

energy for ATP synthesis from the newly discovered glutaminolysis pathway. This is further 

discussed in Chapter 7, Section 7.2.2. 

As for the most affected cell line, namely MDA-MB-231, did not ‘recover’ as well as the other 

cell lines with only 15% RCG on day 160. This could suggest a potential benefit of metabolic 

Press-Pulse treatment for breast cancer patients having tumours with similar characteristics 

to the MDA-MB-231 cell line. Future clinical trials are needed to confirm this.  

3.6 DISCUSSION 

In this study short-term metabolic Pulses were added to the metabolic long-term Press 

treatment that was investigated in Chapter 2 [63]. The RCG rates at the end of the Press only 

(black bars) [63] and the Press/Pulse (grey bars) treatments are summarised in Figure 3.6.  

Comparing the results in Figure 3.6 for the Press only method (Chapter 2) [63] with the 

combined Press-Pulse method, the following can be seen:  
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Figure 3.6. RCG comparison between glucose Press and Press-Pulse treatments. 

1. The non-cancer cell line (MCF10A) stabilised at 84% and at approximately 75% (Figure 

3.6) for the glucose-only Press (Chapter 2) [63] and the combined Press-Pulse metabolic 

therapy respectively.  

2. The most aggressive cancer cell line, namely MDA-MB-231 was the most affected by the 

Press-Pulse therapy. For the Press only therapies, RCG stabilised at 62% after Press 

treatment (Chapter 2). The RCG for the two Press-Pulse therapies (tests (a) and (b)) 

stabilised at a very low value of approximately 15%, 42 days after the Press therapy was 

stopped and 68 days after the last Pulse. 

If the most aggressive tumorigenic cell line is close to full remission with Press-Pulse 

therapy, one wonders if this effect could be replicated in some cancer patients with 

aggressive highly glycolytic tumours and metastases. The problem is to find out who 

these patients could be. 

A pilot study is currently under way to measure fluorodeoxyglucose (FDG) uptake 

(measure of glucose metabolism) of these in vitro cell lines. This could potentially provide 

a test to link high glucose metabolism with effectiveness of glucose deprivation studies 

in the tested cell lines. The FDG uptake from these tests could then potentially be linked 

to the FDG uptake values of patients’ tumours. This is further discussed in the future 

research Section 7.2.2 (Chapter 7).  

3. Only the MCF-7 cell lines showed some sensitivity to the additional glutamine Pulses. 

RCG decreased from 75% for the glucose-only Press therapy (Chapter 2) [63], while it 
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decreased to 55% for the glucose Press combined with the glucose Pulses. RCG 

decreased further to 43% when a glutamine Pulse was added. This suggests that the 

MCF-7 cell line subsists, at least partially, on glutamine in addition to glucose. 

4. The Hela cell line was the least affected by the metabolic therapies, with 71% RCG for 

the Press only (Chapter 2) [63] and 64% for the two Press-Pulse therapies. This will also 

be explored in the future pilot study, investigating the FDG uptake of cell lines, see 

Chapter 7, Section 7.2.2. 

5. It is clear that the Press-Pulse treatment benefits cell lines MCF-7 and MDA-MB-231 

more than a Press only treatment, but less so for the Hela cell line. However, a downward 

growth trend was still observed for all the cancer cell lines after the last  (third) Pulse. It 

is suggested that future tests be extended to at least five Pulses. 

6. The increase in RCG of MCF-7 and HeLa from day 130 onwards, after the Press-Pulse 

treatment, hint at these cell lines’ ability to change their energy sources from glucose and 

glutamine to other energy sources. There is evidence that these cells switch from glucose 

to lactate for cell growth [123]. Future research is needed to confirm this. 

7. There is evidence that the estimated adenosine triphosphate (ATP) production of MCF-7 

is less dependent on glycolytic than oxidative metabolic pathways compared to the 

MDA-MB-231 cell line [127]. This could partially explain the resistance the MCF-7 cell 

line has to Press-Pulse glucose deprivation conditions. 

3.7 CONCLUSIONS 

The potential benefits of metabolic control in the treatment of highly-glycolytic cancers have 

become more evident. Past studies have researched, separately, the effects of both long-term 

and short-term GD on cancer cell lines.  

However, there is a lack of studies combining the two in a Press-Pulse methodology. This 

methodology is based on the evolutionary concept of mass extinction which shows that full 

extinction only occurs when gradual long-term (Press) and acute short-term (Pulses) occur 

simultaneously. 

The objective of this chapter, as detailed in Section 3.3, was achieved by testing both 

short-and long-term GD effects on different cancer and non-cancer cell lines. The method was 

based on the previously developed experimental procedure detailed in Chapter 2. 

Although all the cell lines showed reduced RCG rates, only the aggressive MDA-MB-231 

cancer cell line showed sufficient response for a potential glucose-only Press-Pulse treatment. 
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Whereas, both MDA-MB-231 and MCF-7 RCG rates were below 50% after the combined 

glucose and glutamine Press-Pulse therapy. 

Future work was also proposed to investigate which cancer patients could be candidates for 

such metabolic treatments. The data also suggested that non-metabolic Pulses, beyond the 

current metabolic Pulses used in this chapter, could yield better results.  

3.8 NOVEL CONTRIBUTIONS 

 Novel contributions from new repeatable methods 

This chapter presented the addition of short-term metabolic (Pulse) treatments combined with 

long-term GD (Press) treatment, i.e. a long-term metabolic Press-Pulse treatment tested on 

different cancer and non-cancer cell lines. Very low short-term glucose-only and glucose and 

glutamine deprivation have not been investigated in combination with long-term GD Press 

treatment. This chapter thus provides a novel repeatable metabolic Press-Pulse method 

conducted on different cancer and non-cancer cells.   

 Novel contributions from results 

The results of these novel methods provide the following novel insights into future long-term 

metabolic Press-Pulse in vitro tests: 

• Similar to the long-term GD Press treatment in Chapter 2, all cell lines reacted differently 

to the Press-Pulse treatment.  

• After the Press-Pulse therapy was stopped, the cancer cell lines stabilised at lower values 

than the previous long-term GD Press treatment. 

• One of the breast cancer cell lines, namely MDA-MB-231, was nearly eradicated with the 

Press-Pulse treatment. 

• Only one cancer cell line, namely MCF-7, displayed a slightly lower RCG for the combined 

glutamine and glucose Pulse than the glucose-only Pulse. The other cell lines showed 

similar RCG rates when comparing the two different Pulse treatments. 

 Dissemination of results 

This chapter has been submitted for publication and has been preliminarily accepted with 

revisions to the scientific medical journal Cancer Cell International with the following title: In 

vitro quantification: combined long and short-term metabolic effects on different cancer cell 

lines. 
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“It is not the strongest of the species that survive, nor the most 

intelligent, but the one most responsive to change.” 

Charles Darwin16 
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4.1 PREAMBLE 

The following chapter investigates a non-metabolic Pulse treatment that is combined with 

long-term GD Press treatment. Two different chemotherapies, namely paclitaxel and 

carmustine, are administered separately as the Pulse treatments.  

The chapter provides a literature review of the need to investigate chemotherapy in 

combination with GD, which leads to the objectives of this chapter. The same methods were 

used for both chemotherapies, namely, chemotherapy administered at three different dosages 

while being exposed to one of the following treatments: (1) typical cancer patients’ glucose 

and glutamine concentrations or (2) long-term GD.  

The results and discussions are combined and divided into two sections: paclitaxel 

(Section 4.5.1) and carmustine (Section 4.5.2). Each section contains the results of 

Treatment 1 and 2. The chapter concludes with a conclusion of the main findings and 

implications to literature and this chapter's novel contributions. 

4.2 LITERATURE REVIEW 

Since the inception of chemotherapy in the 1940s, it is still one of the principal modes of 

treatment for many cancer patients [128]. However, the main drawback of this type of therapy 

is that non-cancer cells are often severely affected, resulting in various toxic side effects in 

cancer patients [129]. These cytotoxic effects are especially evident in carmustine treatment, 

which is an alkylating agent capable of crossing the blood-brain barrier17. 

Fortunately, several studies have shown that short-term starvation/fasting could reduce these 

toxic side effects [25], [53], [130]–[134]. However, one of the challenges of fasting is that it 

increases the risk of cachexia in cancer patients [54], [135]. To lower the risk of cachexia from 

fasting and fasting-mimicking diets such as a KD-R have been used in its place [54], [91], 

[131]. 

The prevailing point of view in the field is thus that fasting-mimicking diets should allow an 

increase in chemotherapy dosage administration while maintaining quality of life [136]. 

However, few have investigated the long-term therapeutic effects of chemotherapy when 

combined with fasting-mimicking diets. Could the same therapeutic effect be achieved at a 

lower dose when combined with fasting-mimicking diets instead of increasing chemotherapy? 

This study will investigate these effects in new preclinical models. 
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Current preclinical studies have evaluated the effect of fasting on chemotherapy toxicty [25], 

[53], [130]–[134]. However, similar to Chapters 2 and 3, these studies are not conducted at 

clinically relevant metabolic concentrations. Therefore, in this chapter the in vitro tests will be 

designed to mimic long-term clinical treatments of chemotherapy administered in combination 

with fasting-mimicking diets. 

The two chemotherapies used are the following:  

(i) Carmustine (bis-chloroethylnitrosourea), which is most frequently used as an 

antineoplastic agent in the treatment of brain tumours [137]. Here the possibility of its 

use is explored on breast (MDA-MB-231, MCF-7) and cervical (HeLa) cancer cell lines.  

(ii) Paclitaxel, which is one of the most commonly used chemotherapies due to its effective 

treatment on various cancers, especially breast cancer [138]. 

4.3 OBJECTIVES 

Research objectives for this chapter: 

1. To investigate the effect of chemotherapy on cancer and non-cancer cell growth when 

administered at typical cancer patients’ glucose and glutamine concentrations. 

2. To investigate the effect that additional non-metabolic chemotherapy treatment has on 

cancer and non-cancer cell growth when combined with long-term glucose deprivation. 

3. To determine if a lower chemotherapy dosage combined with glucose deprivation will 

have a similar therapeutic effect compared to a higher chemotherapy dosage 

administered without glucose deprivation. 

4.4 METHODS AND MATERIALS 

 Cell lines  

As described in Chapter 2, Section 2.4.1, the same cell lines were used in this chapter, namely 

two breast cancer cell lines (MDA-MB-231 and MCF-7), one cervical cancer cell line (HeLa) 

and the non-cancer breast cell line (MCF-10A). 
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 Concentration levels of glucose and glutamine 

The same glucose and glutamine concentrations of typical cancer patients and long-term GD 

(Press) that were used in Chapter 2 and 3 were used here. These conditions are summarised 

in Table 4.1. Condition 1 provides the physiological glucose and glutamine concentrations of 

typical cancer patients. Condition 2 gives the long-term GD concentrations.  

Table 4.1. Cell culture microenvironment conditions for the experimental procedure. 

Metabolic 
condition 
number 

Conditions Glucose (mmol/L) Glutamine (mmol/L) 

1 
Typical cancer patients’ 
concentrations 

6.5 0.6 

2 
Long-term glucose deprivation 
concentrations 

3.5 0.6 

 

 Chemotherapy conditions: paclitaxel and carmustine 

The efficacy of paclitaxel used as a monotherapy has been studied at different dosages, 

infusion times and administration cycles [139]. The most widely used dose in humans, infusion 

time and administration cycle is 175 mg/m2 at a 3-hour intravenous infusion rate, which is 

administered every 3 weeks [139].  

Therefore, to replicate the most widely used paclitaxel therapy, the in vitro experiments were 

set up accordingly. Cells were exposed to an infusion time of 3-hours and exposed at 21-day 

intervals. The administration cycle of 21 days is also in close proximity to the most vulnerable 

point when cells are exposed to long-term GD (minimum RCG on day 26). See Table 2.3 in 

Section 2.5 of Chapter 2.  

Since paclitaxel is well established in clinical practice, the pharmacokinetics of paclitaxel used 

as a monotherapy was considered to determine the different dosages [139]. Further, it is 

important to consider clinically relevant dosages of approved cancer drugs when re-evaluating 

them in preclinical studies [9]. However, determining the most clinically relevant dose in cell 

culture is still a controversial topic [140], [141].  

Therefore, for this study the concentration of paclitaxel that presents optimal antiproliferative 

activity for these cancer cell lines was used, namely 1 M [142]. In addition to this, lower (half) 

and higher (double) concentrations of 0.5 M and 2 M were used respectively, see Table 

4.2. These concentrations are still well below the maximum plasma concentration of 5.1 M, 

which is achieved in cancer patients at the most widely used dose of 175 mg/m2, 3-hour 

intravenous infusion, every 21 days [139].  
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Table 4.2. Different chemotherapy dosages for paclitaxel and carmustine. 

Dosage 
Paclitaxel 

concentration (M) 

Carmustine 

concentration (M) Exposure day(s) 

Minimum  0.5 10 29,50,71 & 50,71,92 

Standard  1 50 29,50,71 & 50,71,92 

Maximum  2 100 29,50,71 & 50,71,92 

 
Determining the most clinically relevant dose in cell culture is still a controversial topic [140], 

[141] and beyond the scope of this study. Here we are only concerned about the relevant 

glucose and glutamine concentrations. The carmustine dosages were also based on previous 

preclinical tests, which present optimal antiproliferative activity at dosages of 50 µM to 100 µM 

[143]. Therefore, for this study, the optimal dosages 50 µM and 100 µM were used, as well as 

a much lower concentration of 10 µM (see Table 4.2). The same exposure times and 

chemotherapy cycles of paclitaxel were used for carmustine, namely 3 hours every 21 days.  

After chemotherapy administration, cells were washed three times with 3 ml of the respective 

cell culture medium the cells were exposed to. Thereafter, new medium was added to the cells 

with the respective glucose and glutamine concentrations. 

 Initial cell growth conditions of negative controls 

The same procedure for initial cell growth and conditions for the negative controls were used 

for these tests. Refer to Chapter 2, Section 2.4.3 for a detailed description. Also, all of the 

treated cell lines were cultured using the same conditions as described for the negative 

controls, with the only difference being glucose and glutamine concentrations and 

chemotherapy exposures.  

 Experimental procedure conditions 

Before the non-metabolic Press-Pulse treatment started (before day 0), cells were cultured in 

standard cell culture media (Condition 0). Thereafter, the cell lines were stabilised in typical 

cancer patients’ glucose (6.5 mmol/L) and glutamine (0.6 mmol/L), namely Condition 1. 

Therefore, the results are not detailed in this chapter; refer back to Figure 2.1, Chapter 2. 

A thorough methodology was developed to reduce unfavourable factors such as 

overpopulation of controls, incubation space and contamination. Two non-metabolic 

Press-Pulse tests were conducted in parallel for each chemotherapy, namely Treatment 1: 

Chemotherapy Pulse at physiological glucose levels, and Treatment 2: Glucose Press with 

chemotherapy Pulses. The methodology is described here.  
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Treatment 1: Chemotherapy Pulse at physiological glucose levels (Chemo without GD) 

Treatment 1 consists of long-term GD before chemotherapy, days 0-29. These tests were 

conducted to model current clinical practice of chemotherapy administered to cancer patients 

that followed long-term KD-R prior to chemotherapy. The same long-term GD Press treatment 

glucose and glutamine concentrations as in Chapters 2 and 3 were used here, namely 

3.5 mmol/L glucose and 0.6 mmol/L glutamine (see Condition 2, Table 4.1).  

After the long-term GD, cells were exposed to each of the three different chemotherapy 

dosages separately. These dosages were administered every 21 days, namely days 29, 50 

and 71. Between each cycle of chemotherapy (days 29 to 71), cells were exposed to typical 

cancer patients’ glucose and glutamine concentrations as described by Condition 1 in Table 

4.1. 

After the three cycles of chemotherapy, cells were maintained in Condition 1 until day 100. 

This was implemented to investigate the cell lines’ response after Treatment 1, i.e., to examine 

whether RCG will increase, decrease or remain the same. 

Treatment 2: Glucose Press with chemotherapy Pulses (Chemo with GD) 

Treatment 2 also entailed the same long-term GD Press treatment as in Chapters 2 and 3, 

namely 3.5 mmol/L glucose and 0.6 mmol/L glutamine (see Condition 2, Table 4.1). Cells were 

exposed to this condition for four months, days 0 to 118. This duration of GD replicates typical 

long-term KD-R [144].  

During the long-term GD, cells were exposed to each of the three different chemotherapy 

dosages. These dosages were administered every 21 days, namely days 50, 71 and 92. 

Between each cycle of chemotherapy (days 50 to 92), cells were maintained in the long-term 

GD condition.  

Thereafter, on day 118, cells were exposed to typical cancer patients’ glucose and glutamine 

concentrations (Condition 1). Cells were maintained at these concentrations until day 160. 

This was implemented to examine the cell lines’ response after the Treatment 2, i.e., whether 

RCG will increase, decrease, or remain the same. 
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 Measuring relative cell growth  

The same procedure used to calculate RCG as detailed in Chapter 2, Section 2.4.5, was used 

in this chapter. 

4.5 RESULTS AND DISCUSSION 

Each data point denoted in Figure 4.1 to Figure 4.10 represent the average RCG rates, with 

the error bars illustrating the standard deviations of the three independent repeats per data 

point.  

Similar to Chapter 3, the non-metabolic Press-Pulse therapy is considered to be effective if 

the RCG rate decreases by more than 50% after treatment. The following sections will discuss 

the results obtained for both paclitaxel and carmustine separately. 

 Paclitaxel treatments 

 Treatment 1 results: Paclitaxel Pulse without glucose deprivation 

Figure 4.1 (A-C) illustrates the different cell lines' RCG rates during Treatment 1 with 

paclitaxel. Before comparing the paclitaxel treatment efficacy. The effect of GD before 

paclitaxel administration is assessed. 

GD before paclitaxel treatment affected all cell lines and mostly affected the MDA-MB-231 

cancer cell line. The non-cancer cell line MCF-10A also presented a decrease in RCG. This 

is in agreement with the previous long-term GD tests done in Chapters 2 and 3.  

After this initial GD of days 0 to 30, the cells were exposed to typical cancer patients’ glucose 

and glutamine concentrations. All cells were then administered with three cycles of paclitaxel.  

Firstly, the results of the lowest paclitaxel dose (0.5 M) are presented in Figure 4.1A. A 

therapeutic effect was not evident at this dosage in any of the cell lines, since RCG rates 

remained fairly stable throughout the treatment, see days 30 to 100.  

Secondly, a higher dose of 1 M (Figure 4.1B), a therapeutic response can be seen in the 

MCF-7 and MDA-MB-231 cancer cell lines. These cancer cell lines presented a continuous 

decrease in RCG after each administration of paclitaxel. On the other hand, the Hela cancer 

cell line’s RCG remained stable after each paclitaxel administration. Fortunately, the non-

cancer cell line’s RCG remained considerably stable and at similar RCG rates as the lower 

0.5 M dose. This could hint at similar low toxicity levels at a paclitaxel concentration of 0.5 

M and 1 M. 
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Lastly, the highest dose of 2 M (Figure 4.1C) represented the most therapeutic response in 

all cancer cell lines. RCG decreased dramatically in all three cancer cell lines after each 

administration of paclitaxel. This is regrettably also true for the non-cancer cell line MCF-10A, 

which also presented a rapid decrease in RCG. Fortunately, the non-cancer cell line’s RCG 

rate resulted in a much higher RCG than the cancer cell lines.  

Paclitaxel is one of the most commonly used chemotherapies due to its effective treatment on 

various cancers [138]. These results are thus in line with clinical practice, given that all cancer 

cell lines’ RCG rates decreased at similar rates. However, paclitaxel used in cancer patients 

has toxicity issues [145]–[148]. This is also represented by the decrease in the non-cancer 

cell line MCF-10A. 

 

Note: Glucose 6.5 mmol/L and glutamine 0.6 mmol/L with paclitaxel dosages of (A) 0.5 M, (B) 1 M and (C) 2 M. 

Figure 4.1. Paclitaxel administered without GD at different dosages. 
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 Treatment 2 results: Paclitaxel Pulse with glucose deprivation Press 

All cells were exposed to a glucose concentration of 3.5 mmol/L and administered with the 

same paclitaxel procedure as described earlier. The effects of this treatment on the different 

cell lines are illustrated in Figure 4.2 (A-C).  

GD before paclitaxel treatment (days 0 to 30) affected all cell lines and mostly affected the 

MDA-MB-231 cancer cell line. The non-cancer cell line MCF-10A also presented a decrease 

in RCG. This is in agreement with the previous long-term GD tests done in Chapters 2 and 3. 

The additional GD after paclitaxel treatment (days 70 to 100) appeared to stabilise the RCG 

of all cells at the respective levels. This is evident since RCG increased slightly once cells 

were reverted back to typical cancer patients’ glucose concentrations after treatment.    

Firstly, considering the lowest dosage of 0.5 M (Figure 4.2A), the MCF-7 cancer and MCF-

10 non-cancer cell lines were mostly affected. Unfortunately, at this dosage the non-cancer 

cell line’s RCG is lower than two of the three cancer cell lines. This hints at the fact that the 

risk of toxicity might outweigh the therapeutic efficacy.  

Secondly, at the slightly higher dose of 1 M (Figure 4.2B), all cell lines showed aggressive 

decreases in RCG after each cycle of paclitaxel. This is especially true for the MDA-MB-231 

cancer cell line. The non-cancer cell line resulted in a similar RCG rate as the previous dose 

of 0.5 M. Fortunately, in this case all cancer cell lines resulted in a lower RCG than the non-

cancer cell line. Therefore, at a higher dose of 1 M paclitaxel combined with GD; the 

therapeutic efficacy might outweigh the risk of toxicity. 

Lastly, the cells’ response to the highest dose of 2 M (Figure 4.2C) shows similar detrimental 

effects on all cell lines. A very aggressive decrease in RCG for the cancer cell lines presents 

a high therapeutic potential for these cancer cells. However, the non-cancer cell line is 

significantly affected and could therefore result in much higher toxicity levels. Although these 

results are limited to a single non-cancer cell line, caution should be taken when cancer 

patients are administered high dosages of paclitaxel in combination with GD. 
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Note: Glucose 6.5 mmol/L and glutamine 0.6 mmol/L, paclitaxel dosages of (A) 0.5 M, (B) 1 M and (C) 2 M. 

Figure 4.2. Paclitaxel administered with GD at different dosages. 
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In contrast to this, treatment with GD resulted in an additional decrease in RCG of more than 

10% in all three cancer cell lines for at least one of the different paclitaxel dosages. It follows 

then that treatment with GD acquires a higher positive therapeutic response at the tested 

dosages. However, toxicity might become a problem for dosages above 1 M in combination 

with GD. 

 

Figure 4.3. Overall decrease in RCG due to GD at different paclitaxel dosages. 
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On the other hand, MDA-MB-231 also has higher proliferation rates and intrinsic resistance to 

cell death when grown in nutrient and space limiting conditions [122]. Nonetheless, this cell 

line still experienced the most therapeutic effect after both treatments, especially when 

paclitaxel was combined with GD.  

Lastly, the HeLa cervical cancer cell line is the oldest and most distributed immortalised cell 

line and is known for its aggressive cell growth rates [151]. Like the MCF-7 cancer cell line, 

the HeLa cells also present less glycolysis dependency and are more dependent on glutamine 

for energy production [152]. As a result, the HeLa cell lines were not expected to present 

significant differences between paclitaxel treatment with or without GD.  

This was indeed the case, especially at the lowest dose of paclitaxel (0.5 M) where the HeLa 

cell lines only displayed a 0.33% difference in RCG between treatment with and without GD, 

see Figure 4.3.   

Previous studies of preclinical models provide possible explanations for the increased 

therapeutic efficacy of chemotherapy when GD is added. These are differential cellular 

responses between cancer and non-cancer cells, namely Differential Stress Resistance (DSR) 

and Differential Stress Sensitisation (DSS) [131], [136]. To further elaborate: 

• DSR decreases the toxicity of chemotherapy on non-cancer cells and thus causes a 

protective effect for these cells [136]. During DR, non-cancer cells re-invest energy in 

maintenance and repair that contribute to resistance to chemotherapy, while tumour cells 

are unable to slow down growth due to mutations in tumour suppressor genes and 

mitogenic pathways [136].  

• DSS, on the other hand, increases the efficacy of chemotherapy on cancer cells [131], 

[136]. Moreover, the low serum levels of glucose achieved under KD-R impose extra stress 

on some types of cancer cells; since their energy needs under these circumstances are 

primarily met by means of glycolysis, which is inhibited under conditions of low glucose 

[131], [136]. Meanwhile, under GD conditions, regular cells tend to switch over to 

alternative energy sources [131], [136]. 

The DSS effect is clearly illustrated in Figure 4.3 for the MDA-MB-231 and MCF-7 cancer cell 

lines, less likely so for the HeLa cell line. This was, however, expected due to the HeLa cell 

line’s lower dependency on glucose for energy. 

On the other hand, in Figure 4.3, the DSR protective effect on the non-cancer cell line 

(MCF-10A) is not noticeable since RCG decreases with the addition of GD. This could be due 

to, amongst others, the following: 
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• Non-cancer cell lines can switch their main energy sources to ketones under GD conditions 

[15], [153]. However, the cell culture media did not contain ketones or other main energy 

sources for the cells to use other than glucose and glutamine. 

• Paclitaxel is known to be more toxic to in vitro non-cancer cells more than to in vivo mouse 

models. 

Therefore, the question remains whether a lower dosage of paclitaxel can be used to achieve 

a similar efficacy than a higher dosage (without the added toxicity of higher dosages), by 

adding an adjacent therapy such as GD. This is explored in the next section. 

 Dosage comparison of paclitaxel administration with and without GD  

If cell lines are similarly affected by lower chemotherapy dosages when combined with GD 

than at higher dosages without GD. This would substantially impact chemotherapy dosages 

administered in practice and future designs of clinical trials evaluating long-term KD-R.  

Figure 4.4 (A-C) compares the RCG rates between paclitaxel administered at 0.5 M with GD 

and a higher dose of 1 M without GD. All cancer cell lines show a similar therapeutic 

response, even though only half of the paclitaxel concentration was administered to the cells 

combined with GD. 

Conversely, the non-cancer cell line (MCF-10A) presents a much lower RCG when the lower 

0.5 M dose is combined with GD. This may give rise to additional toxicity when paclitaxel 

treatment is combined with GD.  

Figure 4.5 (A-C) presents a comparison between the higher paclitaxel dosages of 1 M 

with GD and a dosage of 2 M without GD. These results present similar decreases in the two 

breast cancer cell lines at a lower paclitaxel dosage combined with GD than at a higher 

paclitaxel dose without GD.  

However, the HeLa cancer cell line seems to end at the same RCG rate. This is achieved at 

a much slower rate when combined with GD. Furthermore, the non-cancer cell line (MCF-10A) 

once again shows a much higher toxicity problem since RCG is lower when GD is combined 

with paclitaxel. 

In summary, all of the cell lines present similar therapeutic efficacy at lower dosages of 

paclitaxel when combined with GD than higher dosages without GD. However, toxicity remains 

an issue since the non-cancer cell line presents much lower RCG rates when paclitaxel is 

administered during long-term GD.
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Note: Paclitaxel administered at a high dosage (1 M) at typical cancer patients’ glucose concentration on 

6.5 mmol/L vs a fifth of the dosage (0.5 M) at a glucose deprivation concentration of 3.5 mmol/L. The figure is 
separated by the different cancer cell lines (A) MCF-7, (B) MDA-MB-231, (C) HeLa with the non-cancer cell line 
MCF-10A also shown in (A-C). 

Figure 4.4. Lower paclitaxel dosages: 0.5 M with GD vs 1 M without GD.  
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Note: Paclitaxel administered at a high dosage (2 M) at typical cancer patients’ glucose concentration on 

6.5 mmol/L vs half the dosage (1 M) at a glucose deprivation concentration of 3.5 mmol/L. Figure 4.5 is separated 
by the different cancer cell lines (A) MCF-7, (B) MDA-MB-231, (C) HeLa with the non-cancer cell line MCF-10A 
also shown in (A-C). 

Figure 4.5. Higher paclitaxel dosages: 1 M with GD vs 2 M without GD. 
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 Carmustine treatments 

 Treatment 1 results: Carmustine Pulse without glucose deprivation 

Figure 4.6 (A-C) illustrates the different cell lines' RCG rates during Treatment 1 with 

carmustine. Before comparing the carmustine treatment efficacy, the effect of GD before 

carmustine administration is assessed. 

The RCG rates of all cell lines decreased, with the MDA-MB-231 cancer cell line affected the 

most. The non-cancer cell line, MCF-10A, also presented a decrease in RCG. These results 

are in agreement with the previous long-term GD tests done in Chapters 2 and 3.  

After this initial GD of days 0 to 30, the cells were exposed to typical cancer patients’ glucose 

and glutamine concentrations. All cells were then administered with three cycles of 

carmustine.  

Firstly, at the lowest dosage of 10 M (Figure 4.6A), all cancer cell lines presented a slight 

increase in RCG after each administration. Whereas, the non-cancer cell line was negatively 

affected, constituting to a continuous decrease in RCG. Fortunately, the non-cancer cell line’s 

RCG rate is still slightly higher than the cancer cell lines. This indicates that therapeutic 

efficacy outweighs the risk of toxicity at this concentration. 

Secondly, for a dose of 50 M (Figure 4.6B), a similar response to the previous 10 M is seen 

in the non-cancer cell line and for the two cancer cell lines, namely MCF-7 and HeLa. However, 

RCG in these three cell lines are slightly lower. Nevertheless, the MDA-MB-231 cancer cells 

now shows a slight decrease in RCG rather than a slight increase after each cycle of 

carmustine. Fortunately, the non-cancer cell line’s RCG rate is still slightly higher than the 

cancer cell lines. This indicates that therapeutic efficacy outweighs the risk of toxicity at this 

concentration. 

Lastly, the highest dose of 100 M (Figure 4.6C) represents a very different response to the 

other dosages. The MDA-MB-231 cancer cell line shows, once again, a decrease in RCG after 

each administration of carmustine.   

The non-cancer cell line is highly affected, decreasing to a RCG rate below the two cancer 

cell lines MCF-7 and HeLa. Therefore, at this high dosage, the risk of toxicity could outweigh 

the therapeutic benefit. Subsequently, these cancer cell lines both illustrate an aggressive 

increase in RCG after each carmustine cycle. This confirms the idea that carmustine does not 

present any therapeutic potential for these cancer cell lines.  
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This slight increase in RCG rates of MCF-7 and HeLa cancer cell lines could be due to a higher 

glucose concentration. The next set of results will explore whether adding GD will reverse this 

increased RCG.  

 

Note: glucose 6.5 mmol/L and glutamine 0.6 mmol/L, carmustine dosages of (A) 10 M, (B) 50 M and (C) 100 M. 

Figure 4.6. Carmustine administered without GD at different dosages. 
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In terms of the results from the therapy, most cell lines show a decrease in RCG during the 

GD before chemotherapy started, especially the cancer cell line MDA-MB-231. This result is 

similar to the previous GD done in Chapters 2 and 3. Likewise, the additional 30 days of GD 

after three cycles of chemotherapy resulted in further suppression of RCG recovery.  

When considering the lowest dose of 10 M (Figure 4.7A), all cell lines maintained their RCG 

rates from day 50 to 160, they did not show any further decrease after each cycle of 

carmustine. These reults indicate that carmustine does not affect the RCG rates of these 

cancer cell lines at such a low dosage. 

 

Note: Glucose 6.5 mmol/L and glutamine 0.6 mmol/L, carmustine dosages of (A) 10 M, (B) 50 M and (C) 100 M. 

Figure 4.7. Carmustine administered with GD at different dosages. 

At the slightly higher dose of 50 M (Figure 4.7B), all cell lines showed aggressive decreases 

in RCG rates, decreasing after each cycle of carmustine. The two cell lines that were most 

affected were the non-cancer cell line MCF-10A and the cancer cell line MDA-MB-231. The 

response of MDA-MB-231 shows a high therapeutic efficacy potential. However, this is 

Chemo 1 Chemo 2 Chemo 3 

Cancer patients’ 

glucose & glutamine  Glucose Press & Chemo Pulses 

Chemo 1 Chemo 2 Chemo 3 

Cancer patients’ 

glucose & glutamine  Glucose Press & Chemo Pulses 

A B 

C Chemo 1 Chemo 2 Chemo 3 

Cancer patients’ 

glucose & glutamine  Glucose Press & Chemo Pulses 

Recovery Recovery 

Recovery 



Chapter 4: Long-term energy restriction in combination with chemotherapy for cancer treatment 

62 | Page 

suppressed by the higher toxic potential shown by MCF-10A. Similar to Treatment 1, the MC-7 

and HeLa cancer cell lines showed resistance to this treatment and resulted in higher RCG 

rates than the non-cancer cell line.  

Lastly, the response to the highest dose of 100 M (Figure 4.7C) presents a detrimental effect 

to all cell lines. A very aggressive decrease in RCG rates are seen in all cell lines. On the one 

hand this presents a high therapeutic potential for the cancer cells, on the other hand, this 

could lead to much higher toxicity.  

Now that both results were given, these results can be compared to investigate the benefits 

and possible disadvantages of carmustine combined with long-term GD.  

 Comparison between carmustine administered with and without GD  

The respective RCG rates of each cell line at the end of the two different treatments were 

compared. These results are illustrated in Figure 4.8 and discussed here.   

Firstly, as previously highlighted, slightly lower toxicity is evident in cells after treatment without 

GD than with GD. This is made clear in Figure 4.8  by the higher decrease in RCG rate of the 

non-cancer cell line (MCF-10A) with GD than without GD, especially at higher dosages of 

carmustine. 

 

Figure 4.8. Overall decrease in RCG due to GD at different carmustine dosages. 
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In contrast to this, treatment with GD resulted in an additional decrease in RCG of more than 

20% in all three cancer cell lines for at least one of the different carmustine dosages. It follows 

then that treatment with GD acquires a higher positive therapeutic response at the tested 

carmustine dosages. However, toxicity might become a problem for dosages above 50 M in 

combination with GD. 

On closer inspection of each cancer cell line, more insight is gained. Firstly, the MCF-7 breast 

cancer cell line is a mitochondrial oxidative phosphorylation phenotype cell line which is less 

dependent on glycolysis [149]. This cell line is also defined as poorly aggressive with a  low 

metastatic potential [150]. Therefore, it was expected that this cell line would show more 

resistance to GD treatment than the other breast cancer cell line MDA-MB-231. 

This was indeed the case. Figure 4.8 illustrated that at lower dosages of carmustine (10 M 

and 50 M), where the addition of GD decreased RCG rate by approximately 10%. However, 

at a much higher dose of 100 M, treatment with GD decreased RCG by a further 51.67%.   

In contrast, the other breast cancer cell line (MDA-MB-231) presents elevated glycolytic 

activity under normoxic conditions [79]. These cells mainly use glycolysis rather than 

mitochondrial respiration to produce the energy required for cell functioning and proliferation 

[80]. Therefore, it was expected that MDA-MB-231 would show a higher therapeutic response 

to the added GD treatment. This was indeed the case, with the addition of GD resulting in an 

additional decrease in RCG of approximately 20% for all dosages of carmustine. 

Lastly, the cervical cancer cell line (HeLa), also presents aggressive growth and doubles on 

average every 24 hours [151]. Its primary source of energy is mostly glutamine rather than 

glucose, thus demonstrating dependence on oxidative phosphorylation for growth [152]. 

Therefore, resistance to GD was expected for this cell line since its dependency on glucose 

for proliferation is lower.  

This resistance to GD treatment is especially evident at the lower dosages of carmustine 

(10 M and 50 M). This is illustrated in Figure 4.8 by the slight additional decrease in RCG 

of only 3.67% and 4.00%, respectively when GD was added. However, at the highest dose of 

carmustine (100 M), the HeLa cancer cell line presented a much different response. 

Treatment with GD resulted in an additional decrease in RCG of 39%.  

Another significant observation illustrated in Figure 4.8 is that the therapeutic efficacy of GD 

is greater at higher dosages of carmustine. At first glance, this may appear opportunistic; 

however, on closer inspection of the non-cancer cell line, toxicity becomes a problem at higher 

carmustine dosages.  
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Therefore, the question remains whether a lower dosage of carmustine can be used to achieve 

a similar efficacy than a higher dosage (without the added toxicity of higher dosages), by 

adding an adjacent therapy such as GD. This is explored in the next section. 

 Dosage comparison of carmustine administered with and without GD  

If cell lines are similarly affected by lower chemotherapy dosages when combined with GD 

than at higher dosages without GD. This would substantially impact chemotherapy dosages 

administered in practice and future designs of clinical trials evaluating long-term KD-R.  

Figure 4.9 (A-C) present the different cell lines RCG after being exposed to a lower dose of 

10 M carmustine with GD and a higher dose of 50 M carmustine without GD. All four cell 

lines show similar RCG rates throughout the respective treatment durations. These results 

show that when combining GD with lower dosages of carmustine, the potential therapeutic 

efficacy outweighs the potential toxicity in these cancer cell lines. 

Furthermore, Figure 4.10 (A-C) presents the different cell lines response of RCG after 

exposure to carmustine dosages of 50 M with GD and a higher dosage of 100 M without 

GD. Once again, these results show that the potential toxicity might outweigh the therapeutic 

efficacy for MCF-7 and HeLa cancer cell lines but not for the MDA-MB-231 cancer cell line. 

In summary, all of the cell lines present similar therapeutic efficacy at lower dosages of 

carmustine when combined with GD than higher dosages without GD. 
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Note: Carmustine administered at a high dosage (50 M) at typical cancer patients’ glucose concentration on 

6.5 mmol/L vs a fifth of the dosage (10 M) at a glucose deprivation concentration of 3.5 mmol/L. Figure 20 is 
separated by the different cancer cell lines (A) MCF-7, (B) MDA-MB-231, (C) HeLa with the non-cancer cell line 
MCF-10A also shown in (A-C). 

Figure 4.9. Lower carmustine dosages: 10 M with GD vs 50 M without GD.  
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Note: Carmustine administered at a high dosage (100 M) at typical cancer patients’ glucose concentration on 

6.5 mmol/L vs half the dosage (50 M) at a glucose deprivation concentration of 3.5 mmol/L. Figure 21 is separated 
by the different cancer cell lines (A) MCF-7, (B) MDA-MB-231, (C) HeLa with the non-cancer cell line MCF-10A 
also shown in (A-C). 

Figure 4.10. Higher carmustine dosages: 50 M with GD vs 100 M without GD.  
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4.6 CONCLUSIONS 

This chapter explored the addition of a non-metabolic Pulse treatment, namely chemotherapy 

(paclitaxel and carmustine), to the long-term GD Press treatment. Furthermore, current in vitro 

tests of chemotherapy administered during metabolic treatments, KD-R, do not accurately 

model clinical studies.  

Therefore, this study acts as a starting point to accurately model such therapies in vitro. This 

was successfully done by exposing cells to chemotherapy at typical cancer patients’ glucose 

and glutamine concentrations, similar to Chapter 2. Thereby achieving the first objective, as 

outlined in Section 4.3. 

The results of the combined Press-Pulse treatment (chemotherapy with GD) presented an 

increase in the efficacy of chemotherapy. The scope of the increase in efficacy was potentially 

linked to the cell lines need for glycolysis. However, further tests are needed to prove this 

statement. Therefore, the second objective, as outlined in Section 4.3, was achieved. 

Furthermore, the results showed that exposure to lower dosages of chemotherapy combined 

with GD achieves similar RCG rates in cells as at higher dosages without GD. However, some 

of the cancer cell lines presented more resistance increased toxicity when combined with GD. 

Therefore, the last objective, as outlined in Section 4.3, was achieved. 

Future work of similar tests conducted on more cancer and non-cancer cell lines should 

provide better insight into whether toxicity outweighs therapeutic efficacy or visa-versa.  

4.7 NOVEL CONTRIBUTIONS 

 Novel contributions from new repeatable methods 

This chapter presented the following novel preclinical chemotherapy methods: 

• Cancer cells were exposed to long-term paclitaxel chemotherapy, administered at glucose 

and glutamine levels of typical cancer patients.  

• A non-metabolic short-term (Pulse) adjuvant therapy, namely paclitaxel, was administered 

to cells in combination with long-term GD (Press) treatment.  

• The effect of GD was tested by exposing cells to different dosages of paclitaxel during 

long-term GD (Press) treatment. 
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 Novel contributions from results: Paclitaxel 

The results of these novel methods provide the following novel insights into future in vitro tests: 

• A similar reduction in RCG of cancer cells was reached when a lower dose of paclitaxel 

was administered in combination with GD than when a higher dose was administered 

without GD. 

• Paclitaxel demonstrates a higher toxic effect on non-cancer cells when administered in 

combination with long-term GD than without GD.  

• Non-cancer cell RCG rates were at times lower than some cancer cell lines’ RCG rates 

when paclitaxel was administered with GD. 

• Similar to Chapter 3, all cell lines reacted differently to the non-metabolic Press-Pulse 

treatment. Therefore, the therapeutic effect of paclitaxel combined with GD is cell line 

dependent. 

 Novel contributions from results: Carmustine 

The results of these novel methods provide the following novel insights into future in vitro tests: 

• A similar reduction in RCG of cancer cells was reached when a lower dose of carmustine 

was administered in combination with GD than when a higher dose was administered 

without GD. 

• Carmustine demonstrates a higher toxic effect on non-cancer cells when administered in 

combination with long-term GD than without GD. Non-cancer cell RCG rates were similar 

to some cancer cell lines RCG rates when carmustine was administered with GD.  

• Similar to Chapter 3, all cell lines reacted differently to the non-metabolic Press-Pulse 

treatment. Therefore, the therapeutic effect of carmustine combined with GD is cell line 

dependent. 

 

 



 

18Quote Master, “Quotes About Hypothesis.” [Online]. Available: https://www.quotemaster.org/Hypothesis. [Accessed: 21-
Nov-2021]. 
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5.1 PREAMBLE 

Chapters 2-4 explored long-term GD Press treatments alone and combined with metabolic 

(short-term very low GD) and non-metabolic (chemotherapy) Pulse treatments on in vitro 

cancer cells. This chapter combines the outcomes of chapters 2-4 to develop a non-toxic 

short-and long-term metabolic method for cancer patients i.e. the objective of this chapter.  

The chapter starts with a literature review of current short-and long-term metabolic control 

strategies used on cancer patients in clinical practice. The detailed methodology envisaged 

from insights gained in chapters 2-4 follows this. The chapter concludes with a discussion of 

the method’s implication to clinical practice, a conclusion, and this chapter’s novel 

contributions.    

5.2 LITERATURE REVIEW 

 Current metabolic control strategies 

 Short-term (Pulse) pharmacological glucose and glutamine deprivation 

strategies 

Antiglycolytic therapies such as the glycolysis inhibitor 2-deoxyglucose (2-DG), show dose 

limitations due to toxicity. Fortunately, a KD-R has helped to reduce this toxicity. However, this 

still doesn’t fully exploit the potential of antiglycolytic approaches. [154] 

The same toxicity problems are found in compounds that inhibit the various glutamine 

metabolism cycles in cancer cells [155]. These toxicities mostly include gastrointestinal and 

neurotoxicity when one of the following inhibitors were administered: acivicin, 6-diazo-5-oxo-

L-norleucine (DON), and azaserine [76]. 

Therefore, it is deemed necessary to propose non-toxic, short-term methods to reduce both 

glucose and glutamine without inducing undesirable toxicity. However, the addition of 

glutamine deprivation (as discussed in Chapter 3) does not prove to add a large enough 

therapeutic benefit. It was decided not to focus on glutamine deprivation in this method.  

 Long-term (Press) glucose deprivation strategies 

The most common glucose lowering diet was developed to treat epilepsy, namely KD-R [156]. 

The KD-R has recently been shown to increase the therapeutic efficacy of different standard 

of care cancer treatments such as chemotherapy and radiotherapy [56], [58]–[61], [144], 

[157]–[159].  
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Moreover, numerous preclinical studies provide evidence of a potential therapeutic effect for 

different cancers including; breast and ovarian [16], [160], colon [161], gastric [162], lung [59], 

[157], neuroblastoma [163], [164], pancreatic [59], [165] and prostate [166]–[168] cancers.  

The KD-R consists of high fat and low carbohydrates and proteins, with the ratio of fats to 

carbohydrates usually 3:1 [169]. Long-term intake of this high fat and low carbohydrate ratio 

forces the body’s metabolism into a state of nutritional ketosis [54], [169]   

Ketosis occurs when circulating glucose levels are reduced, resulting in a decrease in 

glycolytic and pentose phosphate pathways used for cellular energy [170], [171]. The energy 

required for cellular metabolism is then supplied by water-soluble ketone bodies (D-β-

hydroxybutyrate and acetoacetate) produced from the adipocyte-derived fatty acids and 

ketogenic dietary fat  [54].  

In other words, the body burns fat instead of glucose to provide energy to cells. Additional 

supplementation of exogenous ketones such as medium-chain triglycerides, ketone salts 

and/or esters can be added to a KD-R; to help maintain this state of nutritional ketosis [55]. 

Restricted calorie intake and/or including short-term fasting further reduce or maintain 

circulating BG levels without the addition of pharmaceuticals [134], [135], [172].  

On the other hand, different pharmaceuticals could be used as a long-term BG deprivation 

strategy [93], [103]. One of the most common BG lowering medicines is metformin, which is 

used as an antidiabetic (BG reducing) medication [173]. Fortunately, metformin has been 

shown to reduce the incidence and mortality of different cancers by mimicking nutritional 

deprivation [80], [174]–[178]. 

Another factor that could influence long-term BG levels is stress [93], [179]. More specifically, 

stress stimulates the physiological hypothalamic-pituitary-adrenocortical response that 

increases BG via the secretion of glucocorticoids, endogenous opioids, and catecholamines  

[180]. These responses can further lead to immunosuppression, which could promote 

post-treatment metastasis [180].  

Furthermore, stress can also increase factors that may promote tumorigenesis, namely 

insulin-like growth factor (IGF-10), catecholamines and/or glucocorticoids [103]. Therefore, it 

is important to ensure that multiple stress management strategies are included, such as 

exercise [93], yoga, music, meditation etc., in addition to pharmacological methods [103]. 
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5.3 OBJECTIVES 

Research objective for this chapter: 

1. To develop a non-toxic glucose deprivation method to investigate the effect of combined 

short-and long-term metabolic treatments. 

5.4 METHODS AND MATERIALS 

 Preamble 

The methodology proposed in this section is illustrated in Figure 5.1 [81]. The full method 

consists of the following various steps:  

1. Cancer identification 

2. Proposed long-term (Press) glucose deprivation 

3. Hypothesised short-term (Pulse) glucose deprivation 

4. Suppression of glucose counter-regulation  

5. Cerebral glucose demand control 

6. Effects and safety of pharmacological agents 

7. Extra patient safety measures 

The two main procedures are the long-term (Press [103]) and short-term (Pulse [103]) GD 

strategies.  

The proposed methodology only consists of standard medical procedures that have been 

tested on non-cancer patients. However, some of the procedures are yet to be tested on 

cancer patients. These differences are indicated in Figure 5.1 as “green tick marks” for 

standard procedures in cancer patients and “orange tick marks” if the procedure has not been 

tested on cancer patients.  

 Cancer identification 

As novel drugs are tested on human subjects, ethical considerations are of utmost importance. 

Therefore, adherence to the principles of Good Clinical Practice (GCP), including Human 

Subject Protection (HSP), is universally recognised as a critical requirement to the ethical 

conduct of research involving human subjects [181]. 
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Therefore, Visit 1, as shown in Figure 5.1, is the first step to identify whether the cancer 

patients meet all of the necessary inclusion criteria to take part in this novel treatment. The 

inclusion criteria will be in line with the necessary requirements to ensure that the patient’s 

treatment risks are thoroughly explained. Also, to determine whether the treatment will have 

a therapeutic effect on the patient’s tumour.  

This leads to the second step (Visit 2), where the patient’s tumour is examined to determine if 

it is sufficiently glucose avid. This should safeguard the possibility of the treatment having an 

antitumor effect. A well-established imaging technique, namely PET with the glucose 

radiotracer, FDG, will be used [182].  

The patient’s tumour metabolises FDG the same way it would metabolise glucose. The 

quantity of metabolised FDG relative to non-tumour tissue is produced as an image on the 

PET scanner. A semi-quantitative method is then used to calculate the SUV from this image 

[183]. Research shows that untreated glucose avid solid tumours typically have an SUV higher 

than 5.0 [93]. Therefore, only patients with an SUV of 5.0 or higher should be included in this 

treatment.  

This first scan will also act as the initial scan to establish the metabolic and physical 

characteristics of the patient’s tumour before and after the glucose-deprivation therapy (Visits 

2 and 4 in Figure 5.1). These scans should be evaluated using the PET response criteria in 

solid tumours (PERCIST) [184].  
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Note: Fluorodeoxyglucose based Positron Emission Tomography (FDG-PET), Electrocardiography (ECG), Glucose Ketone Index (GKI), Restricted Ketogenic Diet (KD-R). 

Figure 5.1. Proposed Press-Pulse cancer treatment.  
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 Proposed long-term glucose deprivation (Press) 

The long-term GD should start directly after patients have passed the initial screening 

procedure in Visit 1 and continue until Visit 4. As described in Section 5.2.1.2, similar long-

term GD strategies are suggested for this treatment. This includes dietary control via a KD-R 

in combination with metformin and stress lowering agents (β-blockers).  

A strict personalised KD-R will be developed for each patient by a nutritionist that will ensure 

BG and ketone levels are reduced to therapeutic levels [165], [171], [185]. These therapeutic 

levels will be monitored via a glucose-ketone index calculator (GKIC) [186]. Research shows 

that a manageable nutritional ketosis state is at a GKI value of less than 2.0 (preferably 1.0) 

[186]. Patients will undergo GKI tests before each visit during the entire treatment to ensure 

these GKI levels are maintained. 

Certain long-term use of β-blockers such as propranolol, to reduce cancer patients’ stress 

levels, have shown to slightly increase non-diabetic patients’ BG levels [187]. Fortunately, 

there is a selective β1-blocker (atenolol) that does not significantly affect glucose metabolism 

[188].  

Therefore, atenolol should be administered to patients on a patient-specific dosage regime 

starting with 50 mg per day [189]. A dosage of 500 mg per day of metformin is proposed for 

nondiabetic patients, which will be adjusted as per BG levels of each patient19. These dosages 

will continually be adjusted during the weeks leading up to Visits 3.1-3.3. 

 Hypothesised short-term glucose deprivation (Pulse) 

The short-term in vitro results of Chapters 2-4 [63], along with previous studies [77], [78] were 

used to develop the therapeutic periods and BG levels for the Pulse treatment. The target for 

the very low short-term BG level (Pulse treatment) is between 1 and 2 mmol/L. The use of 

low-dose insulin in combination with glucose counter-regulation suppression should be 

sufficient to achieve such low levels [114]. 

Glucose counter-regulation has safely been achieved by suppressing glucagon secretion via 

administration of somatostatin; and by blocking epinephrine and norepinephrine actions via α 

and β-blockers (specifically the adrenergic antagonists, phentolamine and propranolol) [114], 

[190]. Moreover, the short-term use of propranolol impairs glucose recovery in patients after 

insulin-induced hypoglycaemia [191]. This will help achieve such low levels of circulating BG 

during the short-term (Pulse) treatment.
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Fortunately, this is not the first time such a procedure is proposed. Rizza, Cryer and Gerich 

successfully carried out this method on non-cancer patients in 1979 [114]. The patients’ BG 

levels decreased to 2 mmol/L for an inter alia 90 minutes. The proposed Pulse treatment will 

therefore be a replication of their method, since the procedure has been ethically approved for 

non-cancer patients. 

There are, however, a few differences between their method and the proposed Pulse 

treatment. The first difference is that the duration at which BG levels were maintained at 2 

mmol/L (90 minutes) will be doubled to 180 minutes. This coincides with the in vitro tests done 

in Chapters 2-4 [63].  

Secondly, the treatment will be repeated two or three times, as shown in Visits 3.2 and 3.3 in 

Figure 5.1). These repeating Pulses are similar to the three Pulses done in the in vitro tests. 

However, instead of separating the Pulses with 21 days, the Pulses should only be two days 

apart. The shorter time between Pulses was chosen since a shorter treatment would be easier 

for cancer patients to maintain a strict KD-R. Furthermore, results of RCG in Chapters 2-4 

showed no significant changes between each Pulse treatment.  

 Suppression of glucose counter-regulation 

An initial dose of 0.04 IU/kg rapid-acting insulin will be administered to patients at Visit 3 to 

achieve the desired 2 mmol/L BG level [114]. This dosage typically achieves such low BG 

levels within 15 minutes [114], [192]. The patient’s BG counter-regulation should further be 

suppressed during the 180 minutes by administering the combination of somatostatin, 

phentolamine and propranolol. This step is referred to as the “Hypoglycaemic Clamp” step of 

Visit 3 in Figure 5.1. 

The respective dosages that have been used to maintain this hypoglycaemic clamp are 

somatostatin at 250 µg/h, phentolamine at 500 µg/min and propranolol at 80 µg/min [114]. As 

an inherent safety feature, glucose is expected to slowly appear in the blood. Therefore, 

additional low-dose insulin should be administered at 0.014 IU/kg (if necessary) to maintain 

BG levels at 2 mmol/L. 

 Controlling of cerebral glucose demand 

The brain forms a large part of the bodies glucose utilisation, consuming at least 25% of all 

circulating glucose supply while only receiving 15% of total blood flow [193]. The human brain 

only accounts for approximately 2% of total body weight while demanding approximately 20% 

of the total body energy consumption [194].  
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This amounts to a 10-times higher cerebral energy requirement per gram of tissue than the 

whole-body average. Moreover, in a fasted state, the brain consumes approximately 60% of 

circulating glucose [195], [196]. 

It is, therefore, crucial to address the brain’s energy and metabolic needs, especially when 

considering potential short-term glucose-lowering therapies [81], [86], [93]. Very low BG levels 

generally contribute to neurogenic and/or neuroglycopenic symptoms [197]–[199]. Neurogenic 

(adrenergic) symptoms include palpitations, tremors, hunger, or sweating, whereas 

neuroglycopenic symptoms (shortage of glucose in the brain) often include behavioural 

changes, difficulty thinking, and/or frank confusion [197]–[199].  

In severe cases, it can lead to short-term cognitive impairment requiring external assistance 

for recovery [200], seizure, coma, and even death [197]–[199]. If BG levels fall below 1 mmol/L 

for an extended period of time, neuronal death could occur [201]. These complex responses 

to low BG levels and associated neurological risks further illustrate the importance of 

controlling the brain’s energy and metabolic needs. 

The energy produced by the mitochondria in the brain is almost entirely derived from the 

oxygen-dependent metabolism of glucose [202]. Consequently, a decrease in oxygen supply 

to the brain via cerebral blood flow could result in severe ischemic brain damage [202]. 

Therefore, the appropriate oxygen delivery to the brain is an important aspect of patient care 

[203]. Supplemental oxygen could be administered via low-flow nasal cannula, simple face 

masks, non-rebreather masks, or Venturi masks [203].  

In addition to the supplemental oxygen, the aforementioned -blocker (propranolol) also acts 

as a relaxant to decrease metabolic stimuli in the brain [194], [204]. This step is illustrated in 

Figure 5.1 by the “Brain Relaxation” step of Visit 3. 

It is important to note that the proposed GD procedure was done on non-cancer patients 

without permanent adverse neurological effects [114]. However, this treatment is proposed for 

cancer patients and therefore, extra safety precautions are discussed in the next sections. 

 Pharmacological agents’ previous use in cancer patients  

Safety is the most important aspect to consider when hypothesising a new treatment. The 

pharmacological agents proposed in this treatment have all safely been administered to 

cancer patients. Some have even been shown to have a positive effect on cancer control. 

Several in vitro and in vivo studies provide evidence of the β-adrenergic inhibitor, propranolol, 

to inhibit the development of metastases [205]–[207]. For example, propranolol has been 



Chapter 5: An energy restriction method for highly-glycolytic cancers 

78 | Page 

administered to breast cancer patients in phase two clinical trial [205]. The outcomes of this 

trial show how propranolol can safely inhibit several pathways related to metastasis [205].  

Furthermore, the long-term use of propranolol has been shown to reduce breast cancer-

specific mortality [208], [209], enhance the survival rate of prostate cancer and reduce 

metastases [210]. The use of atenolol and propranolol should also inhibit the tumour promoting 

effects of stress hormones (epinephrine and/or norepinephrine) [211], [212]. 

The other two pharmaceutical agents used at Visit 3.1 for the hypoglycaemic clamp 

(somatostatin and phentolamine) have also been used in cancer treatments. Somatostatin has 

been shown to inhibit the growth of pancreatic and breast cancer cells in vitro and has also 

been used to treat pituitary, insulinomas and carcinoid tumours [213]–[215]. Phentolamine, on 

the other hand, has been used in cancer patients to alleviate pain [216]. 

Metformin has been used to treat type 2 diabetes mellitus patients since its discovery in 1950 

[173]. Recent studies present several epidemiologic, clinical and preclinical evidence 

pertaining to its therapeutic effect on different cancers [16], [174], [177], [217]. Therefore, its 

use in diabetic cancer patients is common but less common in non-diabetic cancer patients. 

Therefore, dosages and BG levels of each patient should continuously be monitored to ensure 

that nothing more than what is needed is administered. 

It should be noted that insulin has been found to stimulate glycolysis and are overexpressed 

in cancer cells, driving growth and proliferation [93], [218]. Therefore, the use of insulin to 

decrease BG levels is not ideal. However, the proposed dosage is low (similar to basal rates), 

and the procedure has previously been ethically approved on non-cancer patients [114]. For 

these reasons, the use of insulin should be sufficient. Future research should focus on rapidly 

reducing BG levels without the use of insulin.  

 Initial extra patient safety precautions 

Patient safety is the most important factor of any novel medical treatment. To ensure patient 

safety, the possible safety risks and measures are discussed here.  

Extra safety precautions: Short-term (Pulse) BG deprivation 

The main risk factor in the proposed method is the short-term (Pulse) BG deprivation 

treatment. Therefore, it is important that this step is piloted in a hospital.  

The patients will therefore be in a controlled environment where specialists such as an 

oncologist and endocrinologist can continuously monitor their vital statistics. Continuous 
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monitoring of vitals should include, but not be limited to, the following: BG, electrocardiography 

(ECG), blood pressure, heart rate, oxygen saturation, carbon dioxide saturation arterial pH, 

Na+, K+, Ca2+ and Cl-, as illustrated in Figure 5.1 by the “Continuous Monitoring of Vital Signs” 

step of Visit 3. 

Since insulin is produced naturally by the pancreas to regulate BG levels, the administration 

of additional insulin to decrease BG could lead to the aforementioned hypoglycaemic 

problems. The dosages of each patient should continuously be monitored to ensure patient 

safety [219]. 

The patients are expected to develop various hypoglycaemic symptoms during the short-term 

severe GD and less so during the long-term glucose deprivation. These symptoms are 

expected to mainly be neurogenic such as sweating, hunger, and paraesthesia, palpitations, 

tremor, and anxiety [190]. Nevertheless, uncontrollable excessive hypoglycaemia is always a 

risk and therefore, emergency glucose infusion should be on hand.   

The previously described reduction in cerebral glucose demand should minimise these 

neurogenic symptoms during hypoglycaemic BG levels. Fortunately, if any cognitive 

impairment resides, full cognitive recovery is expected after one and a half days of severe 

hypoglycaemia [220].  

The proposed supplemental oxygen for cerebral glucose demand is an extra safety 

precaution. Since previous short-term very low BG levels (as low as 0.5 mmol/L) has been 

achieved without any adverse events, see Table 3.1 in Chapter 3. Moreover, the study done 

by Rizza, Cryer, and Gerich [114] (on which the short-term (Pulse) treatment was developed) 

safely achieved a BG value of 2 mmol/L without supplemental oxygen.  

Another extra safety precaution is the administration of exogenous ketone supplements, which 

is an important energy source for the brain during the hypoglycaemic clamp and nutritional 

ketosis [171]. Examples of exogenous ketones are medium-chain triglycerides l, ketone salts 

and/or esters.  

If the cancer treatment is successful, rapid cell death of cancer cells could lead to acute tumour 

lysis syndrome such as hyperkalaemia, hyperphosphataemia, hypercalcaemia, or 

hyperuricaemia [221], [222]. For this reason, blood gas analysis of potassium (> 6 mmol/L or 

25% increase from baseline), phosphate (> 2 mmol/L or 25% increase from baseline), calcium 

(> 1.75 mmol/L or 25% change from baseline), and uric acid (> 476µmol/L or 25% increase 

from baseline) should continuously be monitored [221], [223], [224]. 
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If the patient experiences any of these symptoms, the doctor must take the necessary 

precaution measures to ensure that the symptoms are resolved. It is advised that the following 

intravenous fluid is on hand, namely isotonic sodium bicarbonate [224], [225] and rasburicase 

(or allopurinol) [221], [224], [225]. 

Extra safety precautions: Long-term (Pulse) BG deprivation 

Regarding safety of the less strenuous long-term (Press) GD therapy, the KD-R is a 

well-established safe diet [59]. Further, for more than 30 years, atenolol has been used safely 

as a stress suppression treatment20. On the other hand, the administration of metformin could 

result in metformin-associated lactic acidosis. 

This is only a potential risk, since metformin-associated lactic acidosis rare [226]. However, it 

is important to ensure that metformin dosage is either reduced or discontinues when a 

patient’s estimated glomerular filtration rate is <30 mL/min/1.73 m2 [226]. Lactic acidosis can 

also be treated by administering dichloroacetate21. Dichloroacetate could potentially also 

enhance cancer cell death since DCA has shown to have an anti-cancer effect in both  in vitro 

and in vivo models [227].  

Lastly, if any patient experiences severe symptoms, GD treatment must be stopped 

immediately, and the necessary precaution measures should be followed to ensure patients 

safety. 

5.5 CONCLUSIONS 

Most cancer cells have a higher energy demand for glucose compared to non-cancer cells. 

They are also less flexible to metabolic changes and struggle to metabolise nutrients other 

than glucose and glutamine as efficiently. In this chapter, a hypothetical method was proposed 

that capitalises on this therapeutic window via BG deprivation. 

The method consists of moderate long-term (Press) GD and more intense (very low) 

short-term (Pulse) GD. The moderate long-term (Press) GD has previously been shown to be 

effective and safe in cancer patients [17, 34]. Whereas the short-term (Pulse) GD treatment 

has been shown to be effective in in vitro cancer cell models [78], [228] (also see Chapter 2) 

and proven to be safe in non-cancer patients [114]. 

Previous studies of very low GD treatments used glucose inhibitors, which led to problems 

with toxicity [103]. The newly proposed very low GD Pulse treatment should not have such 

problems. 
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Therefore, this chapter’s research objective, as detailed in Section 5.3, was achieved. 

Furthermore, this treatment method could further be refined by adding other non-metabolic 

treatments such as chemotherapy. 

As shown in Chapter 4, cancer cells are more vulnerable to chemotherapy during long-term 

GD. This has also been confirmed in other studies [25], [53], [130]–[134]. However, as shown 

in the results, toxicity might become an issue when GD is combined with higher dosages of 

chemotherapy. It is therefore prudent to ensure that the efficacy always outweighs toxicity.  

5.6 NOVEL CONTRIBUTIONS 

 Novel contributions from the new non-toxic method 

Current glucose inhibitors, which are used to achieve very low glucose levels in patients, have 

problems with toxicity. In this chapter, a non-toxic Press-Pulse method was developed to 

reduce a cancer patient’s blood glucose to very low levels (without the concomitant toxicity) 

for a short-term period. Such a detailed method does not exist in literature. This method forms 

the basis of a comprehensive protocol that may be used, after approval, for future metabolic 

clinical trials.  

 Dissemination of results 

This chapter has already been successfully published in the medical scientific journal, Medical 

Hypotheses (impact factor 1.3 at the time of writing) with the following title: A hypothetical 

method for controlling highly glycolytic cancers and metastases. DOI number: 

10.1016/j.mehy.2018.06.014 (see Appendix C for the published manuscript). 

The manuscript has also been recognised within the cancer research scientific community, 

evident from the following citations: 

1. R. J. Klement. “The emerging role of ketogenic diets in cancer treatment.” Curr Opin Clin 

Nutr Metab Care, vol. 22, pp. 129-34, 2019. doi:10.1097/MCO.0000000000000540. 

2. R. M. Baiardo, A. Zangrillo, V. Gregorc, F. Ciceri, L. Dagna, Y. Tshomba, et al. “How to 

obtain severe hypoglycemia without causing brain or cardiac damage.” Medical 

Hypotheses, vol. 130, 2019. doi:10.1016/j.mehy.2019.109276. 

3. E. H. Mathews, M. H. Visagie, A. A. Meyer, A. M. Joubert, G. E. Mathews. “In vitro 

quantification: Long-term effect of glucose deprivation on various cancer cell lines.” 

Nutrition, vol. 74, 2020. doi:10.1016/j.nut.2020.110748
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“Learn to see. Everything connects to everything else.” 

Leonardo da Vinci22 
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6.1 PREAMBLE 

This chapter focuses on a systems engineering approach to explore the mechanisms of 

cardiovascular complications in coronavirus disease of 2019 (COVID-19). The chapter starts 

with an extensive review of current literature on COVID-19 and its cardiovascular 

complications. This includes the description of an existing CHD model and the need to 

integrate this model with the phenomenology of COVID-19. The objectives and respective 

sections in which they are addressed follow. The methods used to integrate the existing CHD 

model with the pathogenic pathways of COVID-19 activated CHD biomarkers and traits are 

presented. 

A discussion of the resulting model suggests systematically how the pathogenesis of nine 

health factors (e.g., stress, exercise, smoking) and seven pharmaceutical interventions 

(e.g., statins, salicylates, thrombin inhibitors) may either aggravate or suppress COVID-19 

severity. These insights are valuable in identifying new pharmaceutical interventions, help 

understand how health factors influence COVID-19 severity and give a fully integrated 

explanation for the COVID-19 death spiral phenomenon seen in some patients.  

With insight gained from this chapter, recommendations are made for future research 

questions. The chapter concludes with the novel contributions of this chapter. 

6.2 LITERATURE REVIEW 

The coronavirus disease of 2019 (COVID-19) is caused by the infection of severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2), which first emerged in December 2019 in 

Wuhan, China [229]. In March 2020, the World Health Organisation declared this disease a 

pandemic [38]. As of 8 August 2021, the total number of confirmed global deaths were 4 285 

421 [230]. 

It is widely accepted that COVID-19 severity is increased by respiratory complications such 

as hypoxia. Critically ill patients developing hypoxemia require supplemental oxygen and/or 

mechanical ventilation [42], [231]. Although this condition is respiratory-related, this hypoxia 

is fuelled by vascular complications, documented in numerous autopsies [40]–[44]. Moreover, 

pre-existing cardiovascular-related comorbidities are known risk factors that increase 

COVID-19 severity. These comorbidities include, amongst others, Hypertension, 

Hyperglycaemia/Hyperinsulinaemia, obesity and/or chronic cardiac disease [45]–[49].  

Furthermore, hospitalised critically ill (severe) COVID-19 patients experience cardiovascular 

complications such as cardiac injury, thrombosis, arrhythmia, heart failure and myocardial 



Chapter 6: Integrated CHD/COVID-19 model 

23H. Wang, Z. Yuan, M. A. Pavel, and S. B. Hansen, “The role of high cholesterol in age-related COVID19 lethality.,” bioRxiv 
(Preprint), pp. 1–17, 2020. 

85 | Page 

infarction [232]–[236]. This is again substantiated by autopsies that present various findings 

of vasculature damage that leads to a state of Hypercoagulability in deceased COVID-19 

patients [40]–[44].  

Most severe COVID-19 patients also experience a chronic heightened Inflammatory state, 

especially within the alveoli and pulmonary capillaries [237]–[239]. This may be as a result of 

the dysregulated hyperimmune response [237] and/or direct viral infection mediating 

inflammatory cell infiltration [46], [239].  

Therefore, the prevailing viewpoints in literature are that most severe cases of COVID-19 (i) 

result in cardiovascular complications [40]–[44] and/or (ii) are seen in patients with pre-existing 

cardiovascular comorbidities [45]–[49]. A need therefore exists to further investigate the 

underlying mechanisms/pathogenesis between cardiovascular disease and Covid-19.  

To fully investigate this, the pathogenesis of cardiovascular disease and COVID-19 needs to 

be integrated. Fortunately, most of the above mentioned vascular COVID-19 effects are also 

seen in an existing model of coronary heart disease (CHD) shown in Figure 6.1 [240], [241]. 

These effects are depicted in Figure 6.1 as the following CHD hallmarks (yellow boxes): 

(A) Hypercoagulability, (B) Hypercholesterolaemia, (C) Hyperglycaemia/Hyperinsulinaemia, 

(D) Inflammatory state, and (E) Hypertension.  

Hypercholesterolaemia is a common CHD risk factor, known to aggravate vascular cell 

dysfunction, aggravate coagulation and upregulate inflammation [242]–[244]. The 

Hypercholesterolaemia CHD hallmark, (B) in Figure 6.1, has only been partially linked to 

COVID-19 through high circulating cholesterol levels that may make a person more 

susceptible to infection [245].  

Although this might still be controversial, a recent molecular study showed that SARS-CoV-2 

requires cholesterol for viral entry [246]. Subsequently, another molecular study (yet 

unpublished) showed how cholesterol optimally positions furin for priming SARS-CoV-223. In 

other words, cholesterol improves binding to ACE2 receptors while producing a more 

infectious virion23.  

Another association is envisaged between increased COVID-19 severity and 

Hypercholesterolaemia, through vascular complications that arise from high cholesterol levels. 

Since both Hypercoagulability and Inflammation are known risk factors for COVID-19 and 

Hypercholesterolaemia influences both these hallmarks [240], Hypercholesterolaemia was 

also included in the integrated CHD/COVID-19 model (more detailed discussions are given in 

Section 6.5.2.1 and Section 6.5.4). 
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All of the CHD Hallmarks identified in the CHD model (Figure 6.1) play a significant role in 

COVID-19 severity. In this chapter the CHD pathogenic pathways are integrated with those of 

severe COVID-19 complications, using a systems-based approach. 

6.3 OBJECTIVES 

The research objectives for this chapter are the following: 

1. To develop an integrated CHD/COVID-19 model, which explains the mechanisms of 

interaction of severe COVID-19 on the vascular system. 

2. To use the integrated CHD/COVID-19 model to 

(a) investigate why some patients with severe COVID-19 experience sudden death, 

(b) examine the effect of CHD comorbidities on COVID-19 severity, 

(c) examine how different health factors influence COVID-19 severity, and 

(d) explore how various CHD pharmaceutical interventions could help reduce an 

individual's risk of developing severe COVID-19. 

6.4 METHODS 

The methodology to develop the pathogenic pathways for the integrated CHD/COVID-19 

model is divided into three parts, namely: 

• Section 6.4.1 describes the existing CHD model [240].  

• Section 6.4.2 discusses the systems-based method for integration (Figure 2) of COVID-19 

factors into the CHD model (Figure 6.1). The outcome of this method is depicted in Figure 

6.3 to Figure 6.6 and Figure 6.8 to Figure 6.10. Its implications are discussed in the results 

Sections 6.5.1 and 6.5.2. 

• Section 6.4.3 describes the method to evaluate the effects on COVID-19 severity of health 

factors (blue ovals) and pharmaceutical interventions (blue boxes) as depicted in Figure 

6.1. The relevant pathogenic pathways that are activated are discussed in more detail in 

the results Sections 6.5.3 and 6.5.4.   
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Note: The affective pathway of pharmaceuticals, blue boxes, is shown in Figure 6.1 and salient serological biomarkers are indicated by the red tags ( ). The blunted blue arrows denote antagonise or inhibit and 
pointed blue arrows denote up-regulate or facilitate. Refer to the Abbreviations section at the beginning of the thesis and the Glossary section at the end of the thesis for the abbreviations and definitions. 

Figure 6.1. CHD model before integration with COVID-19 [240], [241], [247]–[250]. 
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 Description of existing CHD model  

The existing CHD model (Figure 6.1) was developed as a PhD study, extensively described 

in [240]. The mode is available online from the university [240]. Some results and implications 

of the model were published [241], [247]–[250]. Hence, only the relevant salient elements are 

discussed here. The model defined CHD as the incidence of atherosclerosis, coronary artery 

disease, or myocardial infarction [240]. Subsequently, results for cardiovascular disease were 

interpreted as CHD only in scenarios where the effect of a stroke could be accounted for [240].   

Although cerebrovascular disease is also a component of cardiovascular disease it was thus 

not addressed here. This proposed integrated CHD/COVID-19 model is therefore based 

primarily on CHD attributes, with focus on vascular complications induced by the SARS-CoV-2 

virus. It is acknowledged that other pathogenic pathways may exist, such as the 

cerebrovascular ones [251], which should warrant further research in an extended model. 

The CHD model, presented in Figure 6.1, was developed by analysing the effect of different 

health factors (blue ovals) on body tissues (pink boxes) and investigating the respective 

pathogenesis (grey lines with numbers), traits (orange boxes) and activated biomarkers (white 

boxes) related to an increased risk of CHD [240], [241], [247]–[250].  

Each grey line and respective number in the CHD model correspond to a certain pathogenesis 

pathway that could typically be present in a CHD patient. These pathways are visual 

representations of previously published literature, which link the effects of health factors (blue 

ovals) to the relevant tissues (pink boxes) and subsequently to the hallmarks of CHD (yellow 

boxes) [240], [241], [247]–[250]. 

The traits are represented in the lightly shaded orange boxes. Biomarkers are indicated as 

white boxes, with those that are typically measured, denoted with red tags ( ). The 

pharmaceutical interventions, acting on the respective pathways are indicated as blue boxes, 

where blunted blue arrows ( ) denote antagonise or inhibit and pointed blue arrows ( ) 

denote up-regulate or facilitate [240], [241], [247]–[250]. 

 Systems-based integration of COVID-19 factors into the CHD model 

The systems-based integration methodology discussed here is depicted as three phases in a 

flow chart in Figure 6.2. The iterative approach followed here is to ensure that only pathways 

discussed in literature, with substantial evidence, are included. Figure 6.3 shows the 

COVID-19 pathways in green, with all other pathways of the original model in Figure 6.1 

transparent. 
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Phase 1: SARS-CoV-2 and CHD  

SARS-CoV-2, which causes Covid-19, was incorporated into the existing CHD model by 

investigating pathogenic pathways and biomarkers reported in literature. These biomarkers 

and pathways were either included or excluded based on the following five steps, presented 

in Figure 6.2 (Phase 1). 

Step (1): Firstly, the relevant tissue (denoted as pink boxes in the right-hand corner of Figure 

6.3) through which the SARS-CoV-2 virus (green oval in Figure 6.3) enters the body is 

evaluated. Although Endothelial Cell (EC) injury was discussed as the critical element in CHD 

in [240], it is not shown in Figure 6.1. EC injury is added as a green box between pathways 

110, 111, 112, and 116 at the bottom of Figure 6.3.  

Step (2): The activated CHD related biomarkers, traits or hallmarks, reported in severe 

COVID-19 patients are then identified from literature. These are respectively denoted in Figure 

6.3 as white, orange and yellow boxes. 

Step (3): In this step the identified CHD biomarkers, traits or hallmarks found in literature are 

evaluated, in order to determine whether the activation of these occurs directly or indirectly as 

a result of the SARS-CoV-2 virus. Steps (4) and (5) describe the two possible outcomes of the 

identification process. 

Step (4): If the activation occurs directly, as determined in Step (3), then a new (green) 

pathway leading from the virus to the respective CHD biomarker, trait or hallmark is added to 

the integrated model in Figure 6.3.  

Step (5): If the activation occurs indirectly, as determined in Step (3), then a new biomarker 

or trait is added to the model, e.g., the inflammatory cytokines in the top, right-hand white box 

between pathways 107, 108 and 115 in Figure 6.3. A biomarker or trait is only added if its 

respective pathway eventually leads to the activation of a CHD hallmark.
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Figure 6.2. Methodology used to develop an Integrated CHD/COVID-19 model. 
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Figure 6.3. Integration of COVID-19 pathogenic pathways into the CHD model. 
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Phase 2: Iteration 

For the iteration process in Phase 2, the following steps are conducted: 

Step (6): The activated component (CHD hallmark, biomarker or trait) from Step (4), to which 

the green pathway from Step (4) leads, is further evaluated based on literature. If this 

component is a biomarker or trait, then Step (7) follows. If this component is rather a CHD 

hallmark, then Step (12) follows.   

Step (7): In this step it is determined whether the CHD biomarker or trait has any outgoing 

(grey) CHD pathways. Most biomarkers and traits have outgoing CHD pathways. These grey 

CHD pathways are further assessed in Step (8). For the biomarkers and traits with no outgoing 

grey pathways (e.g., troponin for pathway 99 in Figure 6.3) Step (11) follows.  

Step (8): In this step, it is determined whether the grey CHD pathway leads directly or indirectly 

to a CHD hallmark (yellow boxes in Figure 6.3). If the grey CHD pathway leads directly to a 

CHD hallmark then Step (9) follows, otherwise Step (10) follows.  

Step (9):  The CHD hallmark is further investigated to ensure its activation due to SARS-

CoV-2 is relevant to severe COVID-19 patients. If it is reported in literature to be aggravated 

in severe COVID-19 patients then Step (12) follows (changing the grey pathway to a green 

pathway), otherwise Step (11) followes (keeping the pathway grey). These steps are explained 

in more detail in Phase 3.  

Step (10):  As determined in Step (8), the relevance to COVID-19 severity of the subsequent 

CHD biomarker or trait to which the grey CHD pathway led to is investigated. If relevance is 

found, then this CHD biomarker or trait is re-evaluated by following the same approach as in 

Step (7).  

Phase 3: Outcome 

This phase presents the two possible outcomes after integration and iteration of the identified 

biomarkers, traits, CHD hallmarks and their relevant pathways.  

Step (11): This step is followed if the activated CHD biomarkers or traits have (i) no other 

outgoing CHD pathway, or (ii) the outgoing pathway leads to another biomarker or trait that 

has no relevance to severe COVID-19 patients. If one of these two conditions are met, then 

the biomarker, trait and the subsequent pathway are not evaluated further.  

These biomarkers, traits and respective pathways e.g., oxidised low-density lipoprotein 

(oxLDL), nitric oxide (NO) depletion and cortisol, are made transparent as shown in Figure 
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6.3. Although these biomarkers or traits do not have a direct link to COVID-19 patients, they 

may influence COVID-19 severity indirectly by affecting one of the CHD hallmarks. This idea 

is discussed in more detail in Section 6.5.2.   

Step (12): Step (12) is followed if the investigated biomarker, trait, CHD hallmark and 

respective pathways are relevant in most COVID-19 patients with severe disease and these 

are therefore prominently shown as green lines in Figure 6.3. 

The COVID-19 pathways described in this section are shown as green lines in Figure 6.3. The 

final step is to show all the CHD pathways together with the COVID-19 pathways. The 

complete integrated CHD/COVID-19 model, is given in Figure 6.4. 

 Verification: Evaluation of health factors and pharmaceutical interventions 

As previously defined, verification implies that the proposed solution is correctly implemented 

and thereby provides the expected results. The existing CHD model was developed by 

evaluating the pathogenic pathways of different health factors and their influence on the five 

CHD hallmarks [240]. Subsequently, pharmaceutical interventions were added onto the 

respective pathways on which they act and reduce CHD risk [240].  

Therefore, to verify that the systems-based integration method was correctly implemented, 

the risk factors of each health factor and pharmaceutical interventions for CHD and COVID-19 

were compared. It is expected that the health factors and pharmaceutical interventions risk 

factors will be similar. The health factors (blue ovals) in Figure 6.4 were defined as the 

following [240]: 

• Alcohol use:  Indicates moderate alcohol consumption (20g - 30g alcohol (ethanol) 

   per day for men and half of that for women). 

• Food:   High glycaemic diets (HGD) (glycaemic load > 142). 

• Exercise:   Regular moderate exercise (550-3000 kcal/week). 

• Smoking:   Current smoker. 

• Oral Health:  Poor oral health in the form of periodontal disease. 

• Stress:   Chronic-level stress at work or home. 

• Depression:  Self-diagnosed, physician-diagnosed or use of antidepressants 

• Insomnia:  Inability to fall asleep or to maintain sleep. 

• Apnoea:   Obstructive sleep apnoea (apnoea-hypopnea index > 5 per hour). 
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Figure 6.4. Proposed integrated CHD/COVID-19 model. 
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Section 6.5.3 discusses how a healthy vascular “baseline”, as a result of a healthy lifestyle, 

will influence COVID-19 severity. 

The pharmaceutical interventions that were investigated were limited to those investigated in 

the original CHD model [240]. These include statins, salicylates (aspirin), indirect thrombin 

inhibitors (heparin), direct thrombin inhibitors (angiomax), Angiotensin-converting-enzyme 

(ACE) inhibitors, angiotensin-renin inhibitors, β-blockers, calcium channel blockers, diuretics, 

biguanides (metformin) and antidepressants. These are indicated in Figure 6.1 as blue boxes.  

Although larger studies of how the health factors and pharmaceutical interventions influence 

a person’s risk for CHD are usually available, COVID-19 data are often limited. Nevertheless, 

several studies exist that evaluated the effect of many health factors and pharmaceutical 

interventions on COVID-19 severity. Limitations of these studies are that they vary in study 

size and design, i.e. some studies are case-control studies hence only reporting odds ratio 

(OR), whereas others are cohort studies or clinical trials that report on relative risks (RR) or 

hazard ratios (HR).  

Unfortunately, RR, HR and OR are not the same and should only be compared in cases where 

the event being assessed is rare in the control group. In other words, the baseline risk of the 

control group should approximately be zero. However, at present it is the best information one 

has. Until better data becomes available, these studies were used as an initial indicative 

comparison between the effect what health factors and pharmaceutical interventions have on 

CHD risk and COVID-19 severity. This also applies to the data used to compare the risk 

between coagulation and COVID-19 severity in Section 6.5.1.3. 

In this chapter the comparison of the data between CHD risk and COVID-19 severity was 

graphically reported using a non-traditional method [240], [241], [247]–[250]. The risks that 

indicate an increase in disease severity are displayed as reported, whereas the risk values 

that show a decrease in severity are presented as the inverse of the reported value. 

This method presents a better visual illustration when comparing an increase and decreased 

risk. For example, a conventional RR = 3 constitutes to a three-fold increase in risk while a 

RR = 0.33 constitutes to a three-fold decrease in risk (1/0.33 = 3).  
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6.5 RESULTS AND DISCUSSION 

Section 6.5.1 discusses the results of Figure 6.3, Figure 6.5 and Figure 6.6 in detail illustrating 

the detrimental interplay between inflammation, EC injury, coagulation and hypoxia. This 

visually explains the death spiral seen in some COVID-19 patients. 

Section 6.5.2 discusses how each pre-existing CHD comorbidity or hallmark could further 

aggravate this death spiral. Figure 6.5, Figure 6.6, and Figure 6.8 to Figure 6.10 illustrate how 

patients with pre-existing Hypercholesterolaemia (Figure 6.8), 

Hyperglycaemia/Hyperinsulinaemia (Figure 6.9) or Hypertension (Figure 6.10) could 

aggravate this death spiral. Note that Figure 6.3, Figure 6.5, Figure 6.6, Figure 6.8, Figure 6.9 

and Figure 6.10 are simplified versions of the fully integrated CHD/COVID-19 model of Figure 

6.4. Only the prominent pathways, which are needed to explain a specific phenomenon, are 

shown in these Figures.  

In Sections 6.5.3 and 6.5.4 the effects that health factors and pharmaceutical interventions 

have on developing severe COVID-19 are discussed with reference to the model in Figure 

6.4.  

 Integrated CHD/COVID-19 model  

 EC injury from SARS-CoV-2 viral infection  

Cell entry and pathologic effects of the SARS-CoV-2 virus mostly occur through two pathways, 

namely (i) the mucous membranes (primarily infecting the nasal epithelia) or (ii) the respiratory 

tract (infecting respiratory epithelial cells) [252]. This infection typically occurs via ACE2 [252], 

which partially decreases ACE2 function. This leads to an upregulation of angiotensin II 

effects, including amongst others, an enhanced Inflammatory response [234], [252], increased 

EC injury [253] and state of Hypercoagulability seen in severe COVID-19  patients [40]–[44]. 

These effects are illustrated in Figure 6.3 by following the relevant pathways (green lines with 

numbers) from SARS-CoV-2 (green oval) to the respective biomarkers (white boxes) or traits 

(orange boxes) and/or hallmarks (yellow boxes). For the rest of this chapter, the model is 

interpreted as follows: 

(i) Evidence from literature describing the pathogenesis with the respective references. 

(ii) These relevant pathways in Figure 6.3 to Figure 6.6, Figure 6.8 and Figure 6.9 are then 

given to illustrate the pathogenesis. Each pathway starts with the relevant tissue, 

biomarker or trait. 
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(iii) The relevant pathway (pw) numbers (#) are denoted as (pw#) e.g., pathway 112 (pw112) 

links EC injury with vascular leakage. 

(iv) The upwards arrow (↑) represents an upregulation of the respective 

biomarker/trait/hallmark while the downwards arrow (↓) represents a downregulation. 

Figure 6.3 illustrates how viral infection from SARS-CoV-2 may lead to an activation of a 

pro-inflammatory state, which causes EC injury via the following process:  

• Angiotensin II can downregulate phosphoinositide 3-kinase (PI3K) pathway, which 

increases insulin resistance that directly effects inflammatory state [254]. The relevant 

pathways in Figure 6.3 are: SARS-CoV-2 viral infection within the lungs via (pw0), which 

through (pw114) upregulates angiotensin II. This follows a downregulation of biomarker 

PI3K via (pw54) that increases insulin resistance through (pw69). This leads to a pro-

inflammatory state via (pw71), which, through (pw110), results in EC injury.  

The notation for this pathway and the rest of the chapter will be as follows: SARS-CoV-2-

(pw0)-Lungs-(pw114)-↑angiotensin II-(pw54)-↓PI3K-(pw69)-↑insulin resistance-(pw71)-

↑inflammatory state-(pw110)-↑EC injury. 

• Angiotensin II can also upregulate various reactive oxygen species (ROS) at the site of 

infection, which causes a heightened inflammatory response [254]. See Figure 6.3 

pathways: SARS-CoV-2-(pw0)-Lungs-(pw114)-↑angiotensin II-(pw98)-↑ROS-(pw85)-

↑inflammatory state-(pw110)-↑EC injury. 

• An upregulation of angiotensin II may increase platelet factors, which increases the risk 

for coagulability [254], [255]. Since hypercoagulation and inflammation are interrelated, an 

inflammatory state may be enhanced [255]. See Figure 6.3 pathways: SARS-CoV-2-

(pw0)-Lungs-(pw114)-↑angiotensin II-(pw89)-↑platelet factors-(pw73)-

↑Hypercoagulability-(pw73)-(pw74)-↑inflammatory state-(pw110)-↑EC injury. 

• Furthermore, an increase in platelet factors can also upregulate platelet aggregation [254]. 

This could increase the inflammatory mediator nuclear factor-kappa-beta (NFκβ), 

aggregating inflammation [254]. See Figure 6.3 pathways: SARS-CoV-2-(pw0)-Lungs-

(pw114)-↑angiotensin II-(pw89)-↑platelet factors-(pw75)-↑platelet aggregation-(pw91)-

serotonin-(pw93)-↑NFkβ-(pw55)-↑inflammatory state-(pw110)-↑EC injury. 

In addition to this pro-inflammatory state that causes EC injury, the virus can also directly 

cause EC injury in other organs. This could happen if the virus enters the bloodstream and 

binds to ACE2 receptors located in other organs [44]. Considerable evidence shows that the 

lungs of patients who died from COVID-19, have severe EC injury (endothelialitis) associated 

with the presence of intracellular viral infection [42]. The presence of viral particles were also 
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found in the ECs of the liver, kidneys and heart [44], [256]. This could then lead to inflammation 

and EC damage at the infected organ. See Figure 6.3 pathways: SARS-CoV-2-(pw0)-Lungs-

(pw115)-infect other organs via blood-(pw116)-↑EC injury.  

 EC injury from a hyperimmune response to infection 

Infection from SARS-CoV-2 causes damage-associated molecular patterns to occur, which 

can trigger a hyperimmune response. Most severe cases of patients with COVID-19  display 

a defective hyperinflammatory state with significantly increased serum levels of pro-

inflammatory cytokines and chemokines [257]–[260].  

This overproduction of pro-inflammatory cytokines and chemokines can damage lung 

infrastructure and further induce EC injury of pulmonary blood vessels [234], [237], [261], see 

Figure 6.3 pathways: SARS-CoV-2-(pw0)-Lungs-(pw107)-↑pro-inflammatory cytokines & 

chemokines-(pw108)-↑inflammatory state-(pw110)-↑EC injury. 

Most critical cases show increased levels of, amongst others, the pro-inflammatory cytokines 

interleukin-6 (IL-6), interleukin-8 (IL-8) and tumour necrosis factor-α (TNF-α) [257]–[259]. 

These pro-inflammatory cytokines directly cause an upregulation of inflammation directly 

[261]. See Figure 6.3 pathways: SARS-CoV-2-(pw0)-Lungs-(pw107)-↑pro-inflammatory 

cytokines-(pw108)-↑TNF-α, IL-6-(pw41)-↑inflammatory state-(pw110)-↑EC injury. 

These cytokines can also indirectly upregulate inflammation through dysregulation of platelet 

factors [262]. See Figure 6.3 pathways: SARS-CoV-2-(pw0)-Lungs-(pw107)-↑pro-

inflammatory cytokines-(pw108)-↑IL-6, IL-8-(pw76)-↑platelet factors-(pw74)-↑inflammatory 

state-(pw110)-↑EC injury. 

Furthermore, a hyperinflammatory state induced by an unmodulated immune response can 

also cause EC injury. This happens when neutrophils activate pathways that elevate reactive 

oxygen species (ROS) [239], [263]. See Figure 6.3 pathways: SARS-CoV-2-(pw0)-Lungs-

(pw109)-↑ROS-(pw85)-↑inflammatory state-(pw110)-↑EC injury. 

A hyperinflammatory response of cytokines can circulate to other organs. This could lead to 

acute inflammation such as septic shock and/or multiple organ damage, which may further 

cause EC injury [264]. See Figure 6.3 pathways: SARS-CoV-2-(pw0)-Lungs-(pw107)-pro-

inflammatory cytokines & chemokines-(pw115)-other organs-(pw116)-↑EC injury. 
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 The death spiral: Inflammation, EC injury, coagulation, vascular leakage 

and hypoxia 

Hypoxia shown in Figure 6.1 and Figure 6.3 to Figure 6.6 includes hypoxemia. Although 

hypoxia might be respiratory related, vascular related EC injury could be one of the main 

factors fuelling this hypoxia [261], [265], [266]. This vascular related hypoxia may result from 

either hypercoagulation or vascular leakage, both stemming from EC injury [234], [239], [261], 

[262], [265], [266].  

Vascular leakage from EC injury leads to an increase in leucocytes and platelets as well as 

vascular permeability [266]. This results in fluid from the blood to enter the alveoli, filling the 

alveolar space. In turn it decreases the efficiency of gas exchange in the lungs [266]. This 

prevents the body from taking in sufficient oxygen, leading to different severity levels of 

hypoxia [266].  These pathways are denoted in Figure 6.5 as: EC injury-(pw112)-↑vascular 

leakage-(pw113)-↑hypoxia.  

On the other hand, coagulation stemming from EC injury articulates glycoproteins that are 

involved in haemostasis, to which platelets bind. This consequently upregulates the 

expression of platelets, which are the prime activators of a coagulation cascade [239], [267]. 

This leads to a high possibility of disseminated intravascular coagulation, congestion of the 

small capillaries by inflammatory cells and thrombosis in larger vessels [261].  

Congestion or clogging of pulmonary blood vessels could increase hypoxemia via 

ventilation/perfusion mismatch and low level of mixed venous blood oxygen [265]. This build-

up of blood clots in blood vessels within the lungs are commonly found in critically ill and 

non-surviving COVID-19 patients [43], [238], [268].  

These pathways are denoted in Figure 6.5 as: EC injury-(pw111)-↑Hypercoagulability-(pw73)-

↑platelet factors-(pw42)-↑hypoxia. Hypoxia also results in further upregulation of inflammation 

by activating IL-6 & TNF-α [269] or increasing ROS leading to further EC injury [270]. See 

Figure 6.5 pathways: Hypoxia-(pw60)-↑TNF-α, IL-6-(pw41)-↑inflammatory state or Hypoxia-

(pw61)-↑ROS-(pw85)-↑inflammatory state-(pw110)- EC injury.
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Figure 6.5. Death spiral evident in some critically ill COVID-19 patients. 
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With the aforementioned knowledge a summary of the main pathogeneses describing the 

death spiral are given. Note that inflammation has two different outgoing pathways (loops) that 

can lead to increased hypoxia. Both pathways are denoted in Figure 6.5 as follows:  

1. Hypercoagulability (positive feedback loop 1): Inflammation from COVID-19 results 

in EC injury which may activate the coagulation cascade, forming microthrombi in the 

blood vessels near the alveoli [40]–[44]. This reduces oxygenation efficiency, see 

pathways: ↑inflammatory state –(pw110)-EC injury-(pw111)-↑Hypercoagulability-(pw73)-

↑platelet factors-(pw42)-↑hypoxia-(pw60)-↑TNF-α, IL-6-(pw41) AND/OR (pw61)-↑ROS-

(pw85)-↑inflammatory state-(pw110)-Loop repeated-(pw120)-Severe COVID-19. 

2. Vascular leakage (positive feedback loop 2): Inflammation from COVID-19 results in 

EC injury. EC injury in blood vessels near the alveoli can lead to vascular leakage [239]. 

This causes fluid build-up within the alveoli [266], subsequently reducing oxygenation 

efficiency, see pathways: ↑inflammatory state –(pw110)-EC injury-(pw112)-↑vascular 

leakage-(pw113)-↑hypoxia-(pw60)-↑TNF-α, IL-6-(pw41) AND/OR (pw61)-↑ROS-(pw85)-

↑inflammatory state-(pw110)-Loop repeated-(pw120)-Severe COVID-19.  

A simplified schematic of the death spiral is illustrated in Figure 6.6, which shows the two 

closed positive feedback loops leading to hypoxia. If a COVID-19 patient becomes hypoxic, it 

is important to break these loops by administering supplemental oxygen. This is currently done 

in practice where supplemental oxygen reduces disease severity in hypoxic COVID-19 

patients [271].  

To reduce the risk of developing hypoxia one should focus on reducing inflammation that leads 

to the downstream effects, namely EC injury, coagulation and vascular leakage. This is also 

seen in practice where various pharmaceutical interventions that treat inflammation have 

shown promising results e.g. corticosteroid dexamethasone in later stage of illness [272] and 

anti-inflammatory drugs (Celebrex [273] and aspirin [274]). 

If one focuses on loop 1 it is expected that people who have a higher risk of developing blood 

clots (coagulation) should have a higher risk of developing severe COVID-19. There are 

several uncontrollable factors that are known to increase a person’s risk of developing blood 

clots, namely gender, age, ethnicity, blood type and pregnancy. 
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Note: The death spiral can be summarised as follows: Increased (1) inflammation at the lungs causes (2) EC injury, which can result in activation of the (3a) coagulation cascade 
and/or (3b) vascular leakage at the lungs, thereby causing (4) hypoxia which further increases inflammation, creating two closed positive feedback loops and causing severe 
COVID-19 through a death spiral. * As described in the text, this inflammation is initiated by various factors, primarily by a hyperimmune response to the infection of SARS-CoV-
2 (cytokine storm) but also other factors such as hyperinsulinaemia/hyperglycaemia or hypercholesterolaemia. 

Figure 6.6. Simplified death spiral evident in some critically ill COVID-19 patients. 
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Although this does not help the patient, it is of interest to help understand COVID-19 severity 

in these individuals. The data for the risk of coagulation (blood clots) and COVID-19 severity 

for these individuals are given in Table 6.1. A qualitative graphical comparison between the 

data for coagulation and COVID-19 severity from Table 6.1 is given in Figure 6.7. 

 

Note: An accurate quantitative comparison is not possible, mostly due to differences in study design and size. 

Figure 6.7. Qualitative comparison of coagulation and COVID-19 severity risk. 

(a) Age 

Age is an independent risk factor of coagulation, with thrombotic incidences increasing rapidly 

in people older than 70 years [275]. The odds of venous thromboembolism in a person older 

than 70 years is three times higher than a person younger than 70 years, OR of 3.1 [275]. 

If one investigates COVID-19 mortality data, a similar trend is seen with age. Risk of mortality 

due to COVID-19 is much higher in older patients with a RR of 3.61 in patients older than 70 

years [276], see Figure 6.7. The increased risk of coagulation due to older age could be one 

reason for this increased COVID-19 mortality.
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Table 6.1. Qualitative risk comparison between coagulation and COVID-19. 

Uncontrollable factors 

Risk for coagulation Risk of COVID-19 severity 

Study size (n=no. of 

participants, N=no. of 

studies) 

RR/OR Value 95% CI Ref 

Study size (n=no. 

of participants, 

N=no. of studies) 

RR/OR Value 95% CI Ref 

Age > 70 years n=607, N=1 OR 3.10 1.3-7.5  [275] n=36 470, N=59 RR 3.61 2.70-4.84 [276] 

Male vs Female n=11 253, N=1 RR 1.90 1.9-2.4  [277] n=36 470, N=59 RR 1.50 1.18-1.91 [276] 

Black vs Caucasian # RR 1.50 #  [278] n=505 992, N=1 OR 1.60 1.2-2.0 [279] 

Blood Type A vs Type O n=406 755, N=1 HR 1.44 1.39-1.50  [280] n=31 100, N=4 OR 1.41 * [281] 

Blood Type B vs Type O n=406 755, N=1 HR 1.45 1.37-1.54  [280] n=31 100, N=4 OR 1.69  * [281] 

Pregnant vs Non-pregnant n=1 142, N=1 OR 4.60 2.7-7.8 [282] n=22 493, N=1 OR 2.35 1.48-3.74 [283] 

Notes: 1. CI, Confidence Interval; HR, Hazard Ratio; OR, Odds Ratio; RR, Relative Risk. 2. (#) Denotes that the study did not provide this data. 3. (*) Study (66) only provides 
the  95% CI for each Blood Type separately and not the Blood Type vs Blood Type O. These individual 95% CI’s for Blood Type A, B and O were (1.11-1.40), (0.99-1.21) and 
(0.63-0.77) respectively. These data were not included in the table since the OR’s for each Blood Type were reported separately. Here the OR’s of Blood Type A vs O and 

Blood Type B vs O were normalised. 
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(b) Gender 

A 25-year population-based study showed that males have a higher risk to coagulate than 

females [284]. At younger ages (<45 years) females have a higher risk of coagulation than 

males, for various reproductive reasons [277]. However, since an increase in COVID-19 

severity and mortality is typically seen in older patients (> 45 years) the focus was only on 

these older patients. Men have a 1.9-fold higher risk of developing venous thrombosis than 

women [277]. 

COVID-19 data also indicate that males have a higher risk of COVID-19 mortality than 

females, with a RR of 1.50 [276], see Figure 6.7. The increased risk of coagulation due to 

gender for individuals older than 45 years could be one reason for this increased COVID-19 

mortality. 

(c) Ethnicity 

Ethnicity has also shown to be an independent risk factor for coagulation. The highest risk of 

thrombosis being in African Americans, with a RR of 1.5 compared to Europeans [278]. This 

is also seen in COVID-19 mortality data, which shows that African American’s have a higher 

odds of death than Europeans, with an OR of 1.6 [279], see Figure 6.7. The increased risk of 

coagulation due to ethnicity could be one reason for this increased COVID-19 mortality. 

(d) Blood Type 

Another risk factor that seems to influence the odds of developing a thromboembolic event is 

a person’s blood type. A single cohort study showed that blood types A&B vs O have higher 

risk of developing a thromboembolic event, with the following HRs: A vs O of 1.44, and B vs 

O of 1.45 [280], see Figure 6.7. 

A similar trend is seen in the effect of different blood types on COVID-19 severity, with the 

following ORs: A of 1.06, B of 1.27, O of 0.75 [281]. If these values are normalised with respect 

to blood type O the ORs are the following: A vs O of 1.41, and B vs O of 1.69, see Figure 6.7.  

None of the blood group values for COVID-19 severity were statistically significant [281]. It is 

however interesting that this limited study shows that patients with blood type O have lower 

odds of developing severe COVID-19 than blood types A and B. There is however still 

controversy regarding correlation between blood type and COVID-19 severity [285]. 
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(e) Pregnancy 

Pregnancy is not necessarily an uncontrollable factor, but for the duration of being pregnant it 

is. During pregnancy the risk of venous thrombosis is much higher than for non-pregnant 

women with an OR of 4.6 [282], see Figure 6.7.  

Pregnant women are also at a higher risk of developing more severe COVID-19 complications 

than non-pregnant women, with an OR of 2.35 [283]. Fortunately, no significant association 

between pregnant and non-pregnant women was found for COVID-19 mortality risk [283]. This 

may be due to pregnant women seeking medical attention earlier than non-pregnant women. 

The higher severity risk could partially be due to the higher risk for coagulation during 

pregnancy. More research is however needed to validate this.  

The abovementioned uncontrollable factors may contribute to the coagulation loop 1 of the 

death spiral. This could help explain why some patients experience accelerated disease 

severity. However, better studies for COVID-19, in especially different blood groups are 

needed. 

The high mortality statistics in patients with pre-existing CHD comorbidities [45]–[47], [286] 

are discussed in more detail in the next section with reference to Figure 6.8 to Figure 6.10. 

This next section will show why a patient with a worse cardiovascular “baseline” before 

COVID-19 could potentially have a worse outcome than a patient with a healthy cardiovascular 

“baseline”.  

 COVID-19 aggravation in patients with pre-existing CHD comorbidities 

 Severe COVID-19 patients with existing chronic Hypercholesterolemia 

One of the risk factors for CHD is Hypercholesterolaemia.   Chronic Hypercholesterolaemia 

may fuel the COVID-19 death spiral by increasing the risk of EC injury via an inflammatory 

state or plaque build-up. For EC injury induced by an inflammatory state see Figure 6.8 

pathways: ↑oxLDL-(pw51)-Hypercholesterolaemia-(pw51)-↑foam cell-(pw81)-↑NFkβ-

(pw82)-↑IL-6, IL-8-(pw76)-↑platelet factors-(pw74)-↑inflammatory state-(pw110)-↑EC injury. 

For EC injury induced by plaque build-up see Figure 6.8 pathways: ↑oxLDL-(pw51)-

Hypercholesterolaemia-(pw119)-↑EC injury. 

Hypercholesterolaemia could also have an impact on the severity of COVID-19 by increasing 

coagulation. This could happen by increased foam cell production and increased thrombin 

generation [242]. In turn increasing the platelet forming factors and reducing breakdown 

processes like fibrinolysis, increases coagulation [243]. See Figure 6.8 pathways: ↑oxLDL-
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(pw51)-Hypercholesterolaemia-(pw51)-↑foam cell-(pw81)-↑NFkβ-(pw82)-↑IL-6, IL-8-

(pw76)-↑platelet factors-(pw73)-↑Hypercoagulability. 

The increased coagulation could aggravate thrombi within the lungs and lead to possible 

hypoxemia [265], potentially cascading the symptoms already experienced by a COVID-19 

patient. 

The above discussion partially explains why many patients with obesity have a high risk of 

developing severe COVID-19 complications [287], as obesity is associated with 

Hypercholesterolaemia [288], [289]. 

Interestingly it was also found that free cholesterol, as well as high-and low-density lipoprotein 

levels, are lower in end-stage COVID-19 patients than in patients with less severe COVID-19 

[286], [290]. Why would cholesterol levels be lower in patients with more severe disease? 

Could this be explained by the ability of SARS-CoV-2 to use (“consume”) serum cholesterol 

for its entry into host cells [245].  

If this is the case, then high cholesterol levels before infection might enhance viral infection 

via increased availability of serum cholesterol levels but as the virus “consumes” cholesterol 

the levels would decrease. These facts are however still controversial and further studies are 

warranted.  
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Figure 6.8. CHD related aggravation of COVID-19 in patients with high cholesterol. 
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 Severe COVID-19 patients with existing chronic Hyperglycaemia or 

Hyperinsulinaemia 

Elevated blood glucose aggravates COVID-19 severity and mortality risk irrespective of 

diabetes [291], [292]. One possible reason for this could be the indirect ability of blood glucose 

to induce EC injury. 

Since glucose is the main energy source for cells, any change to its levels could have a direct 

effect on the cell’s metabolism. Changes in blood glucose can cause ECs to undergo 

apoptosis (cell death or “suicide”), causing the ECs to detach and enter the bloodstream [293]. 

See Figure 6.9 pathways: Elevated blood glucose (HbA1c)-(pw55)-Hyperglycaemia-

(pw117)-↑EC injury. This further leaves behind eroded arteries, which activate processes that 

lead to atherosclerosis, such as smooth cell proliferation [293].  

Another pathway through which elevated blood glucose levels contribute to EC injury is 

through aggravated inflammation. This inflammation is caused by activating the insulin 

resistance and ROS producing pathways and impaired EC turnover. See Figure 6.9 pathways: 

Elevated blood glucose (HbA1c)-(pw54)-PI3K:MAPK-(pw69)-↑Insulin resistance-(pw72)-

↑ROS-(pw85)-↑inflammatory state-(pw110)-↑EC injury. EC turnover is possibly impaired 

due to accelerated aging or reduced renewal of cells [294], [295]. This is most prominent in 

the microvascular and arterial ECs [296], which may be due to the differences in glucose 

uptake of cells. 

A similar pathway also leads to increased inflammation due to a dysregulation of NO, which 

plays an important role in controlling the vascular tone and arterial pressure. A decrease in 

NO prevents ECs from responding to increased glucose stress, which may further accelerate 

cellular deterioration [295]. See Figure 6.9 pathways: Elevated blood glucose (HbA1c)-

(pw55)-Hyperglycaemia-(pw55)-↑inflammatory state-(pw110)-EC injury. 

These indirect impacts on EC injury could potentially explain why Hyperglycaemia is a 

significant co-morbidity and risk factor for severe COVID-19 patients [286]. It highlights the 

importance of ensuring that the glucose level of a diabetic patient remains within normal 

ranges. It may also be advantageous to reduce blood glucose levels in non-diabetic patients 

as elevated glucose in non-diabetic patients also increased COVID-19 severity [291], [292]. 
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Figure 6.9. CHD related aggravation of COVID-19 in patients with high BG levels. 
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 Severe COVID-19 patients with existing chronic hypertension 

Hypertension is another common co-morbidity in COVID-19 related mortality [297]. This could 

be due to its indirect ability to increase inflammation or the direct injury caused to ECs [298], 

[299].  

The indirect impact occurs through hypertension that increases the amount of ROS, especially 

from the oxidation of endothelial NO synthesis [299]. ROS can impact the inflammatory state 

and the ECs in several ways. It can, amongst others, cause EC death and increase the 

adhesion of inflammatory cells to the normally inert endothelium surface [299]. This could 

potentially exacerbate the response and symptoms related to EC injury. See Figure 6.10 

pathways: Hypertension-(pw100)-↑ROS-(pw85)-↑Inflammatory state-(pw110)-↑EC injury. 

Chronic hypertension can also directly cause damage to the microvascular ECs [298]. High 

blood pressure strains the ECs and could potentially cause ruptures in plaques that are 

adhered to the artery wall [298]. See Figure 6.10 pathways: Hypertension-(pw118)-EC injury. 

This creates additional areas that require attention and would probably also increase the 

inflammatory response.  

Existing chronic hypertension can therefore possibly cause injury to the ECs through either 

the indirect or direct pathways. This injury could potentially contribute to the rapid worsening 

of health in COVID-19 patients with chronic hypertension [297]. 
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Figure 6.10. CHD related aggravation of COVID-19 in patients with hypertension. 
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 Effects of different health factors on COVID-19 severity  

The comparison between CHD and severe COVID-19 for different health factors with 

reference to Figure 6.4 are discussed. The definition of each health factor was given in 

Section 6.4.3. 

Different health factors (pink ovals in Figure 6.4) were originally analysed in terms of their 

effects on CHD risk [240]. These health factors were either associated with an increase or 

decrease in risk for CHD [240], [241], [247]–[250]. The same health factors were investigated 

for COVID-19 severity. It will be shown to what extent a healthy CHD “baseline”, as a result of 

a healthy lifestyle, will influence COVID-19 severity. 

Table 6.2 summarises the CHD and COVID-19 data for the different health factors extracted 

from literature, namely study size (N), number of participants (n), risk type (RR/HR/OR), 

respective risk value, 95% confidence interval (CI), fold change (as calculated via the non-

traditional method) and the respective references. Data not statistically significant are 

indicated with an (*) in Figure 6.11.  

Where data were unavailable a hash (#) was inserted in Table 6.2, e.g., for the two health 

factors, alcohol use and food intake (high glycaemic diets). These health factors have not yet 

been fully investigated in COVID-19 patients. Despite no risk values being available for these 

health factors, their probable effects on COVID-19 severity are discussed in this section.  

The health factors that increase or decrease a person’s risk for CHD similarly increase or 

decrease a person’s risk (RR/HR/OR) for developing severe COVID-19 (Figure 6.11). In the 

rest of this section the effects each health factor has on the CHD hallmarks are discussed in 

more detail, and hypothesise how this could affect COVID-19 severity.    

(a) Moderate exercise  

Based on the CHD model (Figure 6.1) a detailed description of the mechanism by which 

moderate exercise may reduce CHD risk has been published [250]. Only the salient features 

of the mechanism are described here. 

Regular moderate exercise is universally accepted to reduce the risk of CHD [240], [250], 

[300] (the definition of moderate exercise was given in Section 6.4.3). Table 6.2 shows a 

decrease risk (RR) of 0.75 (n=645 087, N=33) [300]. This translates to a 1.33-fold decrease 

in CHD risk [240], [250] as illustrated in Figure 6.11.
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Note: An accurate quantitative comparison is not possible, mostly due to differences in study design and size. 

Figure 6.11. Qualitative risk of different health factors on CHD and COVID-19. 

No COVID-19 data 
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Table 6.2. The effect of different health factors on CHD and COVID-19. 

 

 

 

 

 

 

 

 

Note: CHD, Coronary Heart Disease; CI, Confidence Interval; COVID-19, Coronavirus Disease of 2019; HGD, High Glycaemic Diets; HR, Hazard Ratio; OR, Odds Ratio; RR, 
Relative Risk. A minus sign shows a reduction in risk. (#) denotes that the respective study did not provide this data. A small preliminary study [316] on the effect of the SSRI 
antidepressant, fluvoxamine, on COVID-19 has shown positive effects. Risk data were not given.  

 
Risk for CHD 

Ref 

Risk for increased COVID-19 severity 

Ref 
Study size (n=no. of 

participants, N=no. of 

studies) 

RR, HR 

or OR 
Value 95% CI 

Fold change 

as per 

definition 

Study size (n=no. 

of participants, 

N=no. of studies) 

RR, HR 

or OR 
Value 95% CI 

Fold change 

as per 

definition 

Moderate exercise n=645 087, N=33 RR 0.75 (0.71-0.79) -1.33 [240], [300] n=260,N=1 OR 0.28 # -3.57 [301] 

Smoking n=1 010 000, N=141 RR 1.72 (1.62-1.83) 1.74 [240], [302] n=32 849, N=47 RR 1.98 (1.16-3.38) 1.98 [303] 

Oral health n=147 821, N=7 RR 1.34 (1.27-1.42) 1.34 
[240], [249], 

[304] 
n=568, N=1 OR 8.81 (1.00-77.70) 8.81 [305] 

Stress n=24 767, N=1 OR 2.17 (1.84-2.55) 2.17 [240], [306] n=535, N=1 HR 1.40 (1.11-1.75) 1.40 [307] 

Depression n=124 509, N=21 RR 1.90 (1.49-2.42) 1.90 [240], [308] n=421 014, N=1 OR 2.68 (2.03-3.54) 2.68 [309] 

Apnoea n=1 436, N=1 HR 2.06 (1.10-3.86) 2.06 [240], [310] n=15 835, N=4 OR 2.37 (1.14-4.95) 2.37 [311] 

Insomnia n=122 501, N=13 RR 1.45 (1.29-1.62) 1.45 [240], [312] n=568, N=1 OR 1.09 (0.44-2.71) 1.09 [313] 

Moderate alcohol n=504 651, N=29 RR 0.71 (0.66-0.77) -1.41 
[240], [248], 

[314] 
# # # # # # 

Food (HGD) n=220 050, N=8 RR 1.36 (1.13-1.63) 1.36 
[240], [247], 

[315] 
# # # # # # 
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The effect of moderate exercise on COVID-19 was analysed in a small cross-sectional study 

(n=260) [301]. The authors concluded that moderate physical activity before onset of 

COVID-19 decreases the odds of developing severe COVID-19 (OR of 0.28) by 3.57 times 

[301], see Table 6.2 and Figure 6.11. Although this is only a small study, a larger study 

(n=48 440) substantiates the benefit of regular moderate exercise [317]. 

This larger study’s results are not presented in Table 6.2 or Figure 6.11 since the study 

reported on inactivity. However, since being active helps reduce the odds of developing severe 

COVID-19, inactivity is expected to have an opposite effect. This is indeed the case as the 

study showed that patients who are consistently inactivate are 2.49 (OR) times more likely to 

die from COVID-19 [317]. 

Therefore, moderate exercise before the onset of disease decreases both the risk for CHD 

and COVID-19 severity. This could most likely be explained by the effect of moderate exercise 

on several CHD hallmarks. Moderate exercise largely influences, amongst others, glucose, 

cortisol and inflammatory mediator levels [240], [250], therefore reducing the risk of 

Hyperglycaemia/Hyperinsulinaemia and a heightened Inflammatory state [240], [250].  

Regular exercise also reduces the accumulation of visceral fat, which reduces the risk of 

increased Low-density lipoprotein (LDL) levels, thus decreasing the risk for 

Hypercholesterolaemia [240], [250]. A decrease in visceral fat also reduces the risk of insulin 

resistance, which lowers one’s risk for increased platelet factors and the potential for 

Hypercoagulability [240], [250].  

The potential decrease of these CHD hallmarks could partially explain the benefit of moderate 

exercise on the reduced risk of COVID-19 severity. The respective CHD hallmark 

downregulated by exercise and the activated pathways are denoted in Figure 6.4 as follows:  

• Hyperglycaemia/Hyperinsulinaemia: Moderate exercise-(pw3a)-muscles-(pw53)-

↓blood glucose-(pw54)-↓PI3K:MAPK-(pw69)-↓insulin resistance-(pw72)-Hyperglycaemia/ 

Hyperinsulinaemia. 

• Inflammatory state: Moderate exercise-(pw3b)-central nervous system-(pw27)-↓cortisol-

(pw47)-↓insulin resistance-(pw70)-↓angiotensin II-(pw89)-↓hypertension-(pw100)-↓ROS-

(pw85)-↓COX1/2-(pw85)-↓Inflammatory state. 

• Hypercholesterolaemia: Moderate exercise-(pw3c)-visceral adiposity-(pw18)-↓FFA-

(pw37)-↓plasma lipids-(pw34)-liver-(pw12)-↓LDL-(pw33)-↓oxLDL-(pw51)-

↓Hypercholesterolaemia. 
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• Hypercoagulability: Moderate exercise-(pw3a)-muscles-(pw53)-↓blood glucose-(pw54)-

↓PI3K:MAPK-(pw69)-↓insulin resistance-(pw72)-↓platelet factors-(pw73)-

↓Hypercoagulability. 

The potential decrease in four of the five CHD hallmarks due to moderate exercise before 

onset of COVID-19 (creating a healthier vascular system “baseline”) could partially explain the 

decreased risk of COVID-19 severity. These beneficial effects of exercise are based on 

moderate exertion and not heavy exertion. Heavy exertion exercise has the following 

detrimental effects: transient immune dysfunction, elevated inflammatory biomarkers, and 

increased risk of upper respiratory tract infections [318]. Therefore, exercise exertion is an 

important factor to consider during the COVID-19 pandemic. 

(b) Smoking  

Smoking is a risk factor for CHD with a RR of 1.72 [302]. A recent systematic review and meta‑

analysis of 47 studies (32 849 hospitalised COVID-19 patients) showed that current smokers 

have an increased risk of developing severe or critical COVID-19, RR of 1.98 [303]. 

Most smokers develop insulin resistance and/or Hyperinsulinaemia as compared to non-

smokers [319], [320]. This association may either be due to the lower adiponectin levels or 

higher cortisol secretion levels seen in current smokers compared to non-smokers [321], [322]. 

This increases a smoker’s risk for Hyperglycaemia/Hyperinsulinaemia. 

Moreover, most smokers also have higher plasma triglyceride and lower High-density 

lipoprotein (HDL) cholesterol concentrations than non-smokers [320], [323]. This increases a 

smoker’s risk of Hypercholesterolaemia. 

Another CHD hallmark that is upregulated in smokers is a heightened Inflammatory state. This 

is due to an upregulation of several inflammatory markers and cytokines such as TNF-α, 

granulocyte-macrophage colony-stimulating factor (GM-CSF) and monocyte chemoattractant 

protein (MCP-1) [324].  

Smoking also induces an imbalance between various haemostatic molecules in the blood 

thereby increasing the state of Hypercoagulability [325]. This may be due to functional 

changes in clotting factors such as fibrinogen [325]. 

The associated pathways and respective CHD hallmarks increased by smoking are shown in 

Figure 6.4 as the following: 

• Hyperglycaemia/Hyperinsulinaemia: Smoking-(pw4a)-visceral adiposity-(pw19)-

↓adiponectin-(pw39)-↑insulin resistance-(pw72)- ↑Hyperglycaemia/Hyperinsulinaemia.  



Chapter 6: Integrated CHD/COVID-19 model 

118 | Page 

Smoking-(pw4b)-central nervous system-(pw27)-↑cortisol-(pw47)-↑insulin resistance-

(pw72)- ↑Hyperglycaemia/Hyperinsulinaemia. 

• Hypercholesterolaemia: Smoking-(pw4a)-visceral adiposity-(pw30)-↓HDL-(pw31)-↑ 

Hypercholesterolaemia. 

• Inflammatory state: Smoking-(pw4b)-central nervous system-(pw41)-↑TNF-α-(pw41)-

↑Inflammatory state. 

• Hypercoagulability: Smoking-(pw4a)-visceral adiposity-(pw49)-↑Fibrinogen-(pw73)-

↑Hypercoagulability. 

The activation of these pathways and respective CHD hallmarks may explain some of the 

increased risk of smokers developing severe COVID-19 compared to non-smokers [303]. 

(c) Oral health 

A paper on a detailed analysis of the mechanism by which oral health (in the form of 

periodontal disease) can influence CHD was published using the model of Figure 6.1 [249]. 

Important elements relevant to this study are discussed below. 

Oral health in the form of periodontal disease is known to increase the risk of CHD by 1.34-fold 

[304] (Figure 6.11 and Table 6.2). COVID-19 patients with periodontitis have a much higher 

risk of mortality, OR of 8.81 (Figure 6.11 and Table 6.2) [305]. This value is quite large and 

could be overestimated. There are several reasons for potential overestimation, namely the 

small study size (n=568), the data is widely spread (95% CI of 1.00-77.7) and the data is not 

statistically significant (this statistical insignificance is illustrated on Figure 6.11 with an 

(*)) [305]. 

Nevertheless, the increased risk of COVID-19 severity due to periodontitis could partially be 

explained by the increase in several CHD hallmarks, namely Inflammatory state, 

Hypercoagulability and Hypercholesterolaemia [240], [249].  

An increased risk of Hypercoagulability and Inflammation in these patients is through a 

common periodontitis associated bacteria, p.gingivalis [326]. This bacteria invades endothelial 

cells which concomitantly increases platelet activity and stimulates proinflammatory 

mediators/cytokines (CRP, TNF-α and IL-6) [326].  

Inflammation can also be increased via ROS which is associated with periodontal disease 

[240], [249]. Subsequently, this also affects oxidised LDL levels pertaining to an increase in 

the risk for Hypercholesterolaemia [240], [249].  
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The associated pathways and respective CHD hallmarks increased by oral health in the form 

of periodontitis are shown in Figure 6.4 as the following: 

• Hypercoagulability: Oral health-(pw5)-periodontium-(pw23)-↑P. gingivalis-(pw43)-

↑periodontitis-(pw64)-↑platelet factors-(pw73)-↑Hypercoagulability.  

• Inflammatory state: Oral health-(pw5)-periodontium-(pw23)-↑P. gingivalis-(pw43)-

↑periodontitis-(pw41)-↑TNFα/IL6-(pw41)-↑inflammatory state.  

Oral health-(pw5)-periodontium-(pw23)-↑P. gingivalis-(pw43)-↑periodontitis-(pw62)-

↑ROS-(pw85)-↑inflammatory state.  

• Hypercholesterolaemia: Oral health-(pw5)-periodontium-(pw23)-↑P. gingivalis-(pw43)-

↑periodontitis-(pw65)-↑oxLDL-(pw51)-↑Hypercholesterolaemia. 

The potential increase of these CHD hallmarks due to periodontitis could partially explain the 

increased risk of COVID-19 severity. 

(d) Chronic stress 

Chronic stress (definition in Section 6.4.3) is also a common factor linked to an increased risk 

for CHD, with an OR of 2.17 [306], presented in Figure 6.11 and Table 6.2. COVID-19 severity 

is also increased by chronic stress with a HR of 1.4 [307], see Figure 6.11.  

Chronic stress is known to elevate secretion of glucocorticoids in the form of cortisol. These 

high cortisol levels due to stress may elevate biomarkers such as blood glucose, TNF-α and 

insulin resistance [240]. These stress-related biomarkers are also upregulated in severe 

COVID-19 patients [240], [291], [292], [327]–[330].  

The respective CHD hallmarks and activated pathways activated by chronic stress are 

denoted in Figure 6.4 as:  

• Hypercoagulability: Chronic stress-(pw6)-central nervous system-(pw27)-↑cortisol-

(pw48)-liver-(pw14)-↑blood glucose-(pw54)-PI3K:MAPK-(pw69)-↑insulin resistance-

(pw72)-↑platelet factors-(pw73)-↑Hypercoagulability. 

• Hypercholesterolaemia: Chronic stress-(pw6)-central nervous system-(pw27)-↑cortisol-

(pw48)-liver-(pw12)-↑LDL-(pw33)-↑oxLDL-(pw51)-↑Hypercholesterolaemia. 

• Hyperglycaemia/Hyperinsulinaemia: Chronic stress-(pw6)-central nervous system-

(pw27)-↑cortisol-(pw48)-liver-(pw14)-↑blood glucose-(pw54)-PI3K:MAPK-(pw69)-↑insulin 

resistance-(pw72)-↑Hyperglycaemia/Hyperinsulinaemia. 
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• Inflammatory state: Chronic stress-(pw6)-central nervous system-(pw27)-↑cortisol-

(pw48)-liver-(pw14)-↑blood glucose-(pw54)-PI3K:MAPK-(pw69)-↑insulin resistance-

(pw70)-↑angiotensin II-(pw88)-renin-(pw50)-↑TNFα-(pw41)-↑Inflammatory state. 

• Hypertension: Chronic stress-(pw6)-central nervous system-(pw27)-↑cortisol-(pw48)-

liver-(pw14)-↑blood glucose-(pw54)-PI3K:MAPK-(pw69)-↑insulin resistance-(pw70)-

↑angiotensin II-(pw89)- ↑Hypertension. 

Although the COVID-19 study is small (n=535, see Table 6.2) stress affects all five CHD 

hallmarks. Future larger clinical studies are expected to emphasise the importance of stress 

management in patients with COVID-19. 

(e) Depression 

The effect of depression on CHD, using the CHD model in Figure 6.1, was described in detail 

in paper [241]. A summary of the potential effects of depression on COVID-19 are given in the 

rest of this section. 

Depression increases one’s risk for CHD by 1.90-fold (RR) [308], shown in Figure 6.11 and 

Table 6.2 This is also the case for COVID-19, where the odds of developing more severe 

disease in a person with pre-pandemic depression is 2.68-fold (OR) higher than without 

depression [309], see Figure 6.11.  

Depression is thought to mediate, amongst others, over stimulation of the hypothalamic-

pituitary-adrenocortical (HPA) axis induced by elevated levels of corticotropin-releasing factor 

and adrenocorticotropic hormone [240], [241]. Chronic dysregulation of the hypothalamic-

pituitary-adrenal axis can lead to increased serum levels of cortisol. Similar to chronic stress, 

elevated cortisol levels can increase the risk of upregulating four CHD hallmarks, namely 

Inflammatory state, Hypercholesterolaemia, Hypertension and Hyperglycaemia or 

Hyperinsulinaemia [240], [241].  

In addition to increased cortisol levels, the overstimulation of the hypothalamic-pituitary-

adrenal axis may augment sympathoadrenal hyperactivity via central regulatory pathways. 

This results in increased plasma catecholamines [240], [241]. An increase of catecholamines 

can lead to abnormalities in insulin and platelet factors, thus also increasing another CHD 

hallmark, namely Hypercoagulability [240], [241]. 

The respective CHD hallmarks and activated pathways induced by depression are denoted in 

Figure 6.4 as the following: 
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• Hypercholesterolaemia: Depression-(pw7b)-central nervous system-(pw27)-↑cortisol-

(pw48)-liver-(pw12)-↑LDL-(pw33)-↑oxLDL-(pw51)-↑Hypercholesterolaemia. 

• Inflammatory state: Depression-(pw7b)-central nervous system-(pw27)-↑cortisol-(pw48)-

liver-(pw14)-↑blood glucose-(pw54)-PI3K:MAPK-(pw69)-↑insulin resistance-(pw70)-

↑angiotensin II-(pw88)-renin-(pw50)-↑TNFα-(pw41)-↑Inflammatory state. 

• Hypertension: Depression-(pw7b)-central nervous system-(pw27)-↑cortisol-(pw48)-liver-

(pw14)-↑blood glucose-(pw54)-PI3K:MAPK-(pw69)-↑insulin resistance-(pw70)-

↑angiotensin II-(pw89)- ↑Hypertension. 

• Hyperglycaemia/Hyperinsulinaemia: Depression-(pw7b)-central nervous system-

(pw26)-↑catecholamines / ↓serotonin / ↓BDNF-(pw44)-↑insulin resistance-(pw72)- 

↑Hyperglycaemia / Hyperinsulinaemia. 

• Hypercoagulability: Depression-(pw7b)-central nervous system-(pw26)-

↑catecholamines / ↓serotonin / ↓BDNF-(pw44)-↑insulin resistance-(pw72)-↑platelet 

factors-(pw73)-↑Hypercoagulability. 

Since depression can upregulate all five CHD hallmarks [240], [241], it may play a more 

important role in COVID-19 severity than expected.  

(f) Apnoea 

Figure 6.11 and Table 6.2 shows that obstructive sleep apnoea (OSA) is associated with an 

increased risk for CHD with an HR of 2.06 [310]. Amongst 15 835 COVID-19 patients, those 

with OSA have a 2.37-fold (OR) increased odds of developing severe COVID-19 [311].  

Similar to depression, the effects of OSA may also include alterations of the hypothalamic-

pituitary-adrenal axis and sympathetic nervous activity. This results in changes of 

catecholamine and cortisol secretion levels, which concomitantly serve to up-regulate two 

CHD hallmarks, namely Inflammatory state and Hypertension [240]. Subsequently, increased 

cortisol levels also increase the risk for elevated LDL and platelet factors, which influence the 

risk for two more CHD hallmarks, namely Hypercholesterolaemia and 

Hypercoagulability [240].  
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The respective CHD hallmarks and activated pathways induced by OSA are denoted in Figure 

6.4 as the following: 

• Inflammatory state: Apnoea-(pw9)-central nervous system-(pw27)-↑cortisol-OSA-

(pw42)-hypoxia-(pw61)-↑ROS-(pw85)-↑Inflammatory state. 

• Hypertension: Apnoea-(pw9)-central nervous system-(pw27)-↑cortisol-OSA-(pw42)-

↑hypoxia-(pw42)-insulin resistance-(pw70)-↑angiotensin II-(pw89)-↑Hypertension.  

• Hypercholesterolaemia: Apnoea-(pw9)-central nervous system-(pw27)-↑cortisol-

(pw48)-visceral adiposity-(pw21)-↑TNF-α/IL-6-(pw56)-liver-(pw12)-↑LDL-(pw33)-↑oxLDL-

(pw51)-↑Hypercholesterolaemia.  

• Hypercoagulability: Apnoea-(pw9)-central nervous system-(pw27)-↑cortisol-(pw47)-

↑insulin resistance-(pw42)-↑platelet factors-(pw73)-↑Hypercoagulability.  

The activation of proinflammatory mediators, namely TNF-α, IL-6 and CRP induced by OSA 

are also elevated in severe COVID-19 patients without OSA [237]–[239]. Therefore, OSA 

could aggravate these mediators, leading to an increased risk of COVID-19 severity. 

(g) Insomnia 

Insomnia is another health factor that increases a person’s risk for CHD with a RR of 1.45 

[312], see Figure 6.11 and Table 6.2. The effect of insomnia on increased COVID-19 severity 

seems negligible with an OR of 1.09 [313], see Figure 6.11. Unfortunately, the study is small 

(n=568) and the data are statistically insignificant (95% CI of 0.44-2.71) [313], see Table 6.2 

and Figure 6.11. 

Nevertheless, insomnia affects several pathogenic pathways that may play an important role 

in COVID-19 severity [240]. Insomnia has shown to directly affect the levels of leptin 

(decreases) and ghrelin (increases), which are important hormones that regulate appetite. 

This could cause an increase in caloric consumption which, if left untreated, could negatively 

impact blood glucose levels and insulin sensitivity [240]. This would therefore result in an 

increased risk for Hyperglycaemia/Hyperinsulinaemia [240].  

Subsequently, insulin resistance stemming from excessive caloric intake can stimulate 

pro-inflammatory mediators and cytokines such as TNF-α, IL-6 and CRP. This could result in 

a heightened Inflammatory state, which is common in severe COVID-19 patients [237]–[240]. 

Another CHD hallmark upregulated by insulin resistance through the regulation of platelet 

homeostasis is Hypercoagulability [240]. Coagulation is also a common risk factor in severe 

COVID-19 patients [40]–[44], [240]. 
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The respective CHD hallmarks and activated pathways induced by insomnia are denoted in 

Figure 6.4 as the following: 

• Hyperglycaemia/Hyperinsulinaemia: Insomnia-(pw8b)-central nervous system-(pw25)-

(pw66)-↑ghrelin:leptin-(pw67)-↑insulin resistance-(pw72)-liver-(pw14)-↑blood glucose-

(pw55)-↑Hyperglycaemia/Hyperinsulinaemia. 

• Inflammatory state: Insomnia-(pw8b)-central nervous system-(pw25)-(pw66)-

↑ghrelin:leptin-(pw67)-↑insulin resistance-(pw70)-↑angiotensin II-(pw88)-renin-(pw50)-

↑TNF-α, IL-6-(pw41)-↑Inflammatory state. 

• Hypercoagulability: Insomnia-(pw8b)-central nervous system-(pw25)-(pw66)-

↑ghrelin:leptin-(pw67)-↑insulin resistance-(pw72)-↑platelet factors-(pw73)-

↑Hypercoagulability.  

Unfortunately, the clinical data on insomnia and its effect on COVID-19 severity are small. Its 

effect may be underestimated.  

(h) Moderate alcohol use 

The mechanism by which moderate alcohol consumption may influence CHD was described 

in detail in paper [248]. Moderate alcohol consumption is accepted to reduce the risk of CHD 

[240], [248], [314].  

Table 6.2 shows a decrease risk (RR) of 0.75 (n=645 087, N=33) [314]. This translates to a 

1.41-fold decrease in CHD risk [240], [248], illustrated in Figure 6.11. This decrease in CHD 

risk may be due to several pathways that decrease the risk for CHD hallmarks.  

Moderate alcohol consumption may reduce fibrinogen levels, clotting factors, and platelet 

aggregation. Downregulation of these biomarkers reduces a state of Hypercoagulability [248]. 

In addition, it can also upregulate HDL and downregulate LDL, which decrease 

Hypercholesterolaemia [248]. 

Moreover, moderate alcohol consumption can reduce hepatic gluconeogenesis and 

concomitantly decrease plasma glucose levels, which decreases the incidence of 

Hyperglycaemia and Hyperinsulinaemia [248]. Lastly, it can serve to reduce chronic 

Inflammation through regulation of insulin resistance [248]. 
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These respective CHD hallmarks and pathogenic pathways activated by moderate alcohol 

consumption  [248], are denoted in Figure 6.4 as: 

• Hypercoagulability: Alcohol-(pw1)-Liver-(pw49)- ↓fibrinogen/clotting factors-(pw73)- 

↓Hypercoagulability and Alcohol-(pw1)-Liver-(pw49)-↑fibrinogen/clotting factors-(pw75)- 

↓platelet aggregation. 

• Hypercholesterolaemia: Alcohol-(pw1)-Liver-(pw10)-↑HDL-(pw31)-

↓Hypercholesterolaemia and Alcohol-(pw1)-Liver-(pw12)-↓LDL-(pw33)- oxLDL-(pw51)-

↓Hypercholesterolaemia. 

• Hyperglycaemia/Hyperinsulinaemia: Alcohol-(pw1)-Liver-(pw14)-↓blood glucose-

(pw55)-↓Hyperglycaemia/Hyperinsulinaemia. 

• Inflammation: Alcohol-(pw1)-Liver-(pw14)-↓blood glucose-(pw54)-PI3K:MAPK-(pw69)-

insulin resistance-(pw70)-Angiotensin II-(pw89)-↓Hypertension-(pw100)-↓ROS-(pw85)-

↓Inflammatory state. 

These pathways demonstrate an important role moderate alcohol consumption plays in four 

of the five CHD hallmarks. The argument whether moderate alcohol consumption before 

infection decreases or increases COVID-19 severity has not yet been thoroughly explored. 

However, the prevailing point of view is that alcohol consumption during COVID-19 could 

increase COVID-19 severity [331]. This is due to alcohol increasing the risk of acute 

respiratory distress syndrome and admission to intensive care unit in patients with pneumonia 

[331], [332]. These are common risk factors in critical COVID-19 patients [331], [332].   

Increased hypercoagulability, Hyperglycaemia and inflammation are common in severe 

COVID-19 patients [40]–[44], [46], [48], [49]. Therefore, the reduction of these CHD hallmarks 

by moderate alcohol consumption before infection of SARS-CoV-2 could be advantageous. It 

seems to create a better vascular “baseline” and could thus potentially reduce the risk of 

developing severe COVID-19 complications. These effects should, however, be studied in 

well-designed clinical trials.  
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(i) Food intake (high glycaemic diets) 

It has previously been explained, with reference to Figure 6.1, how high glycaemic diets 

(HGDs) affect CHD [247].  Only a summary of the elements relevant to COVID-19 are given 

below.  

A high glycaemic diet (HGD) increases the risk for CHD with a RR of 1.36 [315], see Figure 

6.11 and Table 6.2. These diets could play an important role in COVID-19 severity through 

regulation of all five CHD hallmarks [240], [247].   

HGDs influences glycaemic control by raising blood glucose levels via carbohydrate 

consumption. This may result in Hyperglycaemia [240], [247]. Hyperglycaemia resulting from 

HGDs can increase the risk of insulin resistance by upregulating the Phosphatidylinositol 3-

kinase: Mitogen-activated protein kinase (PI3K:MAPK) ratio [240], [247]. Subsequently, an 

increased insulin resistance has been associated with increased levels of platelet factors that 

upregulate the potential for Hypercoagulation [240], [247].  

Excessive intake of HGDs can result in increased adipose tissue, which enhances pro-

inflammatory mediators such as CRP and TNF-α [240], [247]. These mediators are, amongst 

others, important to consider since they are upregulated in critical COVID-19 patients [328], 

[329], [333]–[339]. Macrophages, residing in adipose tissue, are also one of the most active 

secretory cells in the body that mediate activities of adipocytes and release a vast array of 

inflammatory mediators [240], [247]. This increases the risk for an Inflammatory state. 

Moreover, excessive intake of HGDs can also increase visceral fat build-up and reduce the 

clearance of triglycerides, which leads to increased LDL and decreased HDL levels [240], 

[247]. This constitutes to a potential risk of Hypercholesterolaemia [240], [247]. Consequently, 

HGDs pertaining to visceral fat build-up also increases the risk of Hypertension. This happens 

through a build-up of excess adipose tissue, which increases the expression of 

angiotensinogen, thus leading to activation of the renin-angiotensin system [240], [247].  

These respective CHD hallmarks and pathogenic pathways activated by HGD are denoted in 

Figure 6.4 as the following: 

• Hyperglycaemia: Food-(pw2)-gastro-intestines-(pw17)-↑blood glucose-(pw55)-

↑Hyperglycaemia.  

• Hypercoagulability: Food-(pw2)-gastro-intestines-(pw17)-↑blood glucose-(pw54)-

↑PI3K:MAPK-(pw69)-↑insulin resistance-(pw72)-↑platelet factors-(pw73)-

↑Hypercoagulability.  
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• Inflammatory state: Food-(pw2)-gastro-intestines-(pw15)-plasma lipids-(pw34)-liver-

(pw13)-TMAO/NLRP3-(pw52)-macrophage-(pw77)-↑Inflammatory state.  

• Hypercholesterolaemia: Food-(pw2)-gastro-intestines-(pw15)-plasma lipids-(pw34)-

liver-(pw12)-↑LDL-(pw33)-oxLDL-(pw51)-↑Hypercholesterolaemia.  

• Hypertension: Food-(pw2)-gastro-intestines-(pw14)-blood glucose-(pw54)-↑angiotensin 

II-(pw89)-↑Hypertension.  

These pathways demonstrate the detrimental effect HGDs may have on an individual’s 

“baseline” vascular system before infection from SARS-CoV-2. It could potentially increase 

the risk of developing severe COVID-19 complications. 

 Effects of different CHD pharmaceutical interventions on COVID-19 severity  

The integrated CHD/COVID-19 model shows that similar outcomes for different health factors 

are seen in CHD and COVID-19. The next question is: Since it is known that various 

pharmaceutical interventions decreases one’s risk for CHD, will they also work for COVID-19? 

A positive outcome can build a stronger validity base for the proposed integrated 

CHD/COVID-19 model.  

The pharmaceutical interventions are shown in Figure 6.4 as blue boxes, where blunted blue 

arrows (  ) denote antagonise or inhibit and pointed blue arrows (  ) denote up-regulate 

or facilitate. The question is whether these pharmaceuticals would also decrease one’s risk 

for severe COVID-19. This was investigated, despite the limited clinical data available for 

COVID-19.  

Table 6.3 summarises the CHD and COVID-19 data for the different pharmaceutical 

interventions extracted from literature, namely study size (N), number of participants (n), risk 

type (RR/HR/OR), respective risk value, 95% confidence interval (CI), fold change (as 

calculated via the non-traditional method) and the respective references. Data not statistically 

significant are indicated with an (*) in Figure 6.12.  

No risk value was available for antidepressants’ effect on COVID-19 severity. However, its 

effect on COVID-19 severity is still discussed in this section as depression was shown to 

increase the odds of developing severe COVID-19 complications by 2.68 (Section 6.5.4, Table 

6.3). 
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It is thus hypothesised that certain anti-depressants should have an important influence on 

COVID-19 severity. The effects each pharmaceutical intervention has on the CHD hallmarks, 

and how this could affect COVID-19 severity will be discussed, in more detail, in the rest of 

this section. 

(a) Statins 

The use of statins decreases the risk of CHD with a RR of 0.78 [340]. This translates to a 

1.28-fold decrease in CHD risk [240], illustrated in Table 6.3. and Figure 6.12. Statins also 

decrease COVID-19 severity, with a HR of 0.58 (n=13 981) [341] (Table 6.3). This translates 

to a decrease of COVID-19 severity by 1.72-fold as shown in Figure 6.12. The effects statins 

have on all of the CHD hallmarks, which may partially explain the large reduction in COVID-19 

severity with the use of statins, were evaluated.  

Firstly, statins cholesterol lowering effect inhibits the following pathways in Figure 6.4: (pw11) 

and (pw12). Besides these cholesterol lowering effects, it also has an anti-inflammatory effect 

[240], [341]. The anti-inflammatory biomarkers and pathways on which inhibition is observed 

are denoted in Figure 6.4 as: NFκβ, ROS and (pw21), (pw57), (pw74).  

In addition to their beneficial effects on cholesterol and inflammation, statins also have 

antihypertensive effects by reducing systolic, diastolic and mean arterial blood pressure [342]. 

The hypertensive pathways on which its actions are observed are denoted in Figure 6.4 as 

(pw88) and (pw89).  

(b) Salicylates 

Salicylates, such as aspirin is a common anti-inflammatory [343] and anti-thrombotic [344] 

medication that decreases the risk for CHD with a RR of 0.82 [345], see Table 6.3. This 

translates to a 1.22-fold decrease in CHD risk [240], illustrated in Figure 6.12. Its use in 

COVID-19 patients also showed a decrease in severity with HR of 0.53 [274]. This is shown 

in Figure 6.12 as a 1.89-fold decrease in COVID-19 severity [274].  

This reduction in risk could be expected because of the detrimental effect of inflammation and 

coagulation seen in most severe COVID-19 patients [40]–[44], [237]–[239]. The pathways on 

which aspirin’s actions are observed are denoted in Figure 6.4 as (pw73) and (pw74).
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Note: An accurate quantitative comparison is not possible, mostly due to differences in study design and size. 

Figure 6.12. Qualitative risk of different pharmaceuticals on CHD and COVID-19. 
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Table 6.3. The effect of different pharmaceuticals on CHD and COVID-19. 

 

 

 

 

 

 

 

 

 

 

Note: CHD, Coronary Heart Disease; CI, Confidence Interval; COVID-19, Coronavirus Disease of 2019; HR, Hazard Ratio; OR, Odds Ratio; RR, Relative Risk. A minus sign 
shows a reduction in risk. (#) denotes that the respective study did not provide this data. A small preliminary study [316] on the effect of the SSRI antidepressant, fluvoxamine, 

on COVID-19 has shown positive effects. Risk data were not given.  

 

 

Risk for CHD 

Ref 

Risk for increased COVID-19 severity 

Ref Study size (n=no. of 

participants, N=no. of 

studies) 

RR, HR 

or OR 
Value 95% CI 

Fold change 

as per 

definition 

Study size (n=no. 

of participants, 

N=no. of studies) 

RR, HR 

or OR 
Value 95% CI 

Fold change 

as per 

definition 

Statins n=169 138, N=26 RR 0.78 (0.76-0.80) -1.28 
[240], 

[340] 
n=13 981, N=1 HR 0.58 

(0.43-

0.80) 
-1.72 [341] 

Salicylates (Aspirin) n=112 000, N=6 RR 0.82 (0.75-0.90) -1.22 
[240], 

[345] 
n=412, N=1 HR 0.53 

(0.31-

0.90) 
-1.89 [274] 

Indirect thrombin inhibitors 

(Heparin) 
n=31 402, N=6 OR 0.91 (0.84-0.98) -1.10 

[240], 

[346] 
n=449, N=1 OR 0.37 

(0.15-

0.90) 
-2.70 [347] 

Direct thrombin inhibitors 

(Angiomax) 
n=1 883, N=1 HR 0.76 (0.59-0.98) -1.32 

[240], 

[348] 
n=103 703, N=1 HR 0.90 

(0.71-

1.15) 
-1.11 [349] 

ACE inhibitors n=19 141, N=8 OR 0.79 (0.71-0.88) -1.27 
[240], 

[350] 
n=19 486, N=1 HR 0.89 

(0.75-

1.06) 
-1.12 [351] 

Angiotensin-renin inhibitors n=108 212, N=26 OR 0.92 (0.87-0.97) -1.09 
[240], 

[352] 
n=2877, N=1 RR 0.65 

(0.45-

0.94) 
-1.54 [353] 

β-blockers n=12 825, N=9 RR 0.69 (0.59-0.82) -1.45 
[240], 

[354] 
n=101 141, N=8 OR 1.23 

(0.74-

2.04) 
1.23 [355] 

Calcium channel blockers n=10 136, N=8 OR 0.83 (0.67-1.03) -1.20 
[240], 

[350] 
n=106 566, N=8 OR 0.94 (0.8-1.10) -1.06 [355] 

Diuretics n=192 478, N=42 RR 0.79 (0.69-0.92) -1.27 
[240], 

[356] 
n=99 669, N=5 OR 0.96 

(0.81-

1.15) 
-1.04 [355] 

Biguanides (Metformin) n=11 385, N=6 OR 0.74 (0.62-0.89) -1.35 
[240], 

[357] 
n=1 800 005, N=1 HR 0.77 

(0.73-

0.81) 
-1.30 [358] 

Antidepressants n=93 653, N=1 HR 0.48 (0.44-0.52) -2.08 
[240], 

[359] 
# # # # # # 
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(c) Indirect thrombin inhibitors  

Indirect thrombin inhibitors, such as heparin, are used as an anticoagulant, which decreases 

the odds of CHD with OR 0.91 [346], see Table 6.3. This translates to a 1.10-fold decrease in 

CHD risk [240] as shown in Figure 6.12. Since many severe cases of COVID-19 present 

venous thromboembolisms and microthrombi [40]–[44], indirect thrombin inhibitors should be 

of benefit to such cases.  

Heparin was thus expected to reduce these thrombi and reduce COVID-19 severity. A small 

retrospective analysis (n=449) investigated heparin’s effect in COVID-19 patients [347]. The 

study found an OR of 0.37 in COVID-19 mortality [347], see Table 6.3. This is illustrated in 

Figure 6.12 as a 2.7-fold decrease in odds of developing severe COVID-19 [347]. The 

coagulation pathway on which heparin’s action is observed is shown in Figure 6.4 as (pw73).  

Heparin also seems to have an anti-inflammatory effect [360], which is presented in Figure 

6.4 as pathway (pw74). However, this effect is only seen at much higher concentrations, which 

could increase the risk of bleeding [360]. Therefore, heparin’s anti-thrombotic effect would 

predominantly be the reason for lower COVID-19 severity. 

(d) Direct thrombin inhibitors 

Direct thrombin inhibitors have shown to decrease the risk of CHD with HR of 0.76 [348], see 

Table 6.3. This translates to a 1.32-fold decrease in CHD risk [240], illustrated in Figure 6.12. 

These pharmaceuticals’ actions are also observed on the coagulation pathway (pw74) [240], 

see Figure 6.4. 

For COVID-19, direct thrombin inhibitors are shown to slightly reduce the risk of developing 

severe disease with a HR of 0.90 [349], see Table 6.3. This translates to a 1.11-fold reduction 

in risk [349], illustrated in Figure 6.12. However, as shown in Figure 6.12 by an (*), this value 

is not statistically significant with the 95% CI of 0.71-1.15 presented in Table 6.3. 

(e) Antihypertensive pharmaceuticals 

The antihypertensive pharmaceutical interventions in Figure 6.4 are: ACE inhibitors, 

angiotensin-renin inhibitors, β-blockers, calcium channel blockers and diuretics. The pathways 

on which their actions are observed are shown in Figure 6.4 as (pw88), (pw89) and (pw50) 

[240].  
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The respective reduction of CHD risks for each pharmaceutical [240], [350], [352], [354], [356] 

is given in Figure 6.12 and Table 6.3 as the following: 

• Angiotensin-renin inhibitors: 1.09 (OR of 0.92) 

• Calcium channel blockers: 1.20 (OR of 0.83) 

• ACE inhibitors: 1.27 (OR of 0.79) 

• β-blockers: 1.46 (RR of 0.69) 

• Diuretics: 1.27 (RR of 0.79) 

The reduction in CHD risk is small for angiotensin-renin inhibitors with an OR close to one 

(0.92) [352]. However, angiotensin-renin inhibitors seem to be more beneficial for COVID-19 

severity with a reduction in 1.54-fold [353], see Figure 6.12.  

The risk data for calcium channel blockers (OR of 0.94) [355], ACE inhibitors (HR of 0.89) 

[351] and diuretics (OR of 0.96) [355] are currently not associated with COVID-19 severity. All 

risk values are close to one and the respective 95% CI’s all show statistically insignificance 

(containing 1.0), see Table 6.3. This statistically insignificance is illustrated in Figure 6.12 with 

an (*). 

The most interesting of the antihypertensive pharmaceutical interventions is β-blockers, which 

reduced the risk of CHD (RR of 0.69). However, its use increases ones odds of developing 

severe COVID-19 (OR of 1.23) [355], see Figure 6.12. The reason for this is unclear and 

further studies are warranted to investigate the mechanism of action involved. However, one 

explanation for this difference could be that the data is insignificant for COVID-19, with a 95% 

CI of 0.74-2.04 [355], see Table 6.3. 

(f) Biguanides 

Biguanides such as metformin has been used for many decades to treat type 2 diabetes and 

its use decreases the odds of developing CHD, with a OR of 0.74 [357], see Table 6.3. This 

translates to a 1.35-fold decrease in CHD risk [240], illustrated in Figure 6.12. Metformin’s 

inhibition is observed on pathway (pw14) [240], see Figure 6.4. 

Elevated blood glucose levels at admission is an independent predictor of COVID-19 severity 

irrespective of diabetes [291]. Therefore, glucose lowering agents are expected to reduce 

COVID-19 mortality. This is indeed the case since a large observational cohort study of type-2 

diabetics (n=1 800 005) showed that the use of metformin decreased COVID-19-related 

mortality by 1.30-fold (HR of 0.77) [358], see Figure 6.12 and Table 6.3. 
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(g) Antidepressants  

A detailed study of the mechanisms by which Selective serotonin uptake inhibitors (SSRIs) 

antidepressants may reduce CHD risk was published [241]. The study showed that SSRIs can 

influence most of the CHD hallmarks [241]. A summary, relevant to COVID-19, is given here. 

SSRIs such as sertraline has shown to decrease the risk of CHD, with a HR of 0.48 [359], see 

Table 6.3. This translates to a 2.08-fold decrease in CHD risk [240], illustrated in Figure 6.12. 

Sertraline’s actions are observed on the anti-inflammatory pathway (pw94), as shown in Figure 

6.4.  

A similar SSRI antidepressant, fluvoxamine’s effect on COVID-19 severity is currently being 

investigated in a clinical trial (NCT04727424). This study was initiated by results from a small 

double-blind, randomised clinical trial of 152 COVID-19 positive patients treated with 

fluvoxamine [316]. The outcomes of this study showed that patients treated with fluvoxamine, 

compared with a placebo, had a lower likelihood of clinical deterioration (0% vs 8.3%) [316].  

The study did not report any risk data. For this reason, the data could not be added to Figure 

6.12 and Table 6.3. Nevertheless, since a therapeutic effect is seen in the small COVID-19 

study, a dotted bar was added to Figure 6.12. It is hypothesised, based on the previous study 

[241], that most SSRIs will be beneficial.  

 Insights gained from the integrated CHD/COVID-19 model 

 Why do some patients with severe COVID-19 experience sudden death?  

Although aspects of this have been proposed elsewhere [236], [239], [337], [361]–[364], here 

its integrated mechanism is systematically and visually shown with the relevant pathogenetic 

pathways with reference to CHD. This model further elucidates other underlying pathogenesis 

that may influence this death spiral before infection of SARS-CoV-2.  

The death spiral was summarised as follows: Increased inflammation at the lungs causes EC 

injury, which can result in vascular leakage and/or activation of the coagulation cascade at the 

lungs, thereby causing hypoxia which can further increase inflammation, creating two closed 

positive feedback loops and causing severe COVID-19 through a death spiral (Figure 6.5). 
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 How do CHD comorbidities influence this death spiral?  

It is widely accepted that patients with pre-existing CHD comorbidities (thus a poor initial 

vascular “baseline”) have a high risk of developing severe COVID-19 [46]–[49]. The detailed 

mechanisms of how these comorbidities may influence the death spiral was not fully integrated 

before.  

This question was answered in this chapter by visually (Figure 6.8 to Figure 6.10) detailing the 

mechanisms of how three CHD comorbidities, namely Hypercholesterolaemia, 

Hyperglycaemia/Hyperinsulinaemia and Hypertension can fuel the death spiral. 

 How can an individual reduce the risk of developing severe COVID-19 

from a cardiovascular point of view?  

In literature different health factors [301], [303], [305], [307], [309], [311], [313] and CHD 

related pharmaceuticals [274], [341], [347], [349], [351], [353], [355], [358] present either a 

reduction or aggravation of COVID-19 severity. In this chapter the pathogenesis detailing the 

effect these health factors and pharmaceuticals may have on this death spiral was provided, 

especially for those with an increased risk for CHD.  

It was shown that severe COVID-19 and CHD have similarities in underlying pathogenesis. 

Therefore, following a lifestyle that would decrease one’s risk for CHD before onset of 

COVID-19 should also decrease the chances of developing severe COVID-19.    

The remaining two research questions ((4) and (5)) have partially been answered by the model 

but future research is still needed. These are discussed in more detail in the following two 

sections. 
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6.6 VERIFICATION AND VALIDATION 

 Verification 

As per definition, verification implies that the proposed solution is correctly implemented and 

thereby provides the expected results. Given the vast coverage of this extensive model, with 

multiple possibilities such as individualised predictions of COVID-19 severity, a more detailed 

verification would have been difficult. Therefore, research is needed to further investigate how 

the risk factors for CHD and COVID-19 can be verified. 

Nevertheless, Figure 6.11 and Figure 6.12 clearly illustrate that the risk factors for CHD and 

COVID-19 are similar (except for β-blockers). Although COVID-19 data is still limited, this is 

aligned with the expected results. Therefore, one can conclude that the systems-based 

integration method used to develop the integrated CHD/COVID-19 model is partially verified. 

 Validation 

As per definition, validation implies that the proposed method achieves the objectives and 

thereby solves the problem. The objectives of this chapter and the respective sections in which 

these objectives were achieved are the following:  

1. To develop an integrated CHD/COVID-19 model, which explains the mechanisms of 

interaction of severe COVID-19 on the vascular system. This objective was achieved in 

Section 6.5.1 with the detailed model provided in Figure 6.4. 

2. To use the integrated CHD/COVID-19 model to: 

(a) Investigate why some patients with severe COVID-19 experience sudden death. 

This objective was achieved in Section 6.5.1.3, refer to Figure 6.5 for the detailed 

death spiral and to Figure 6.6 for a simplified schematic. 

(b) Examine the effect of CHD comorbidities on COVID-19 severity. This objective was 

achieved in Section 6.5.2, refer to Figure 6.8, Figure 6.9 and Figure 6.10. 

(c) Examine how different health factors influence COVID-19 severity. This objective 

was achieved in Section 6.5.3, refer to Figure 6.11 and Table 6.2. 

(d) Explore how various CHD pharmaceutical interventions could help reduce an 

individual's risk of developing severe COVID-19. This objective was achieved in 

Section 6.5.4, refer to Figure 6.12 and Table 6.3. 

Since all of the objectives were achieved in this chapter, after using the verified method, the 

proposed solution is validated. 
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6.7 CONCLUSIONS 

COVID-19 data show that disease severity mostly occurs in patients with pre-existing 

cardiovascular comorbidities, i.e. in patients with poor initial vascular “baselines”. This chapter 

detailed how a systems approach can explore the mechanisms of cardiovascular 

complications in COVID-19. 

Activated pathogenetic pathways of severe COVID-19 patients were integrated into an 

existing CHD model, thereby achieving the first objective detailed in Section 6.3. The resulting 

integrated CHD/COVID-19 model, depicted in Figure 6.4, addresses the remaining objectives 

of this study and gives insights into the following issues found in literature:  

• The integrated CHD/COVID-19 pathogenesis of the death spiral seen in some critical 

COVID-19 patients. 

• The comprehensive mechanisms of how underlying CHD comorbidities, namely 

Hyperglycaemia/Hyperinsulinaemia, Hypercholesterolaemia and/or Hypertension may 

fuel the death spiral.  

• The detailed pathogeneses of different health factors, which affect CHD risk and 

COVID-19 severity. 

• The mechanisms of how chronic CHD pharmaceutical interventions may influence 

COVID-19 severity.  

• The proposed model shows many pathways that currently do not have pharmaceuticals 

which influence them. This information can be the focus of future drug discovery.  

• Insights into the hallmarks of CHD, shown in the integrated CHD/COVID-19 model, also 

led to various research questions that can form the basis for future research. This includes 

potential repurposing of an existing drug for cardiovascular disease. 

Although the details in this chapter are complex the message is simple. Studies such as this 

not only highlight the value of a cardiovascular healthy lifestyle in general but also specifically 

for COVID-19.  
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6.8 NOVEL CONTRIBUTIONS 

 Novel contributions of integrated CHD/COVID-19 model 

COVID-19 data show that disease severity mainly occurs in patients with pre-existing 

cardiovascular comorbidities, i.e., poor initial vascular “baselines”. This chapter integrated the 

activated pathways of severe COVID-19 into an existing CHD model. The resulting integrated 

CHD/COVID-19 model provides the following novel insights:  

• The integrated CHD/COVID-19 model presents the main pathogenesis activated during 

the death spiral seen in some critical COVID-19 patients. 

• The comprehensive mechanisms of how underlying CHD comorbidities, namely 

Hyperglycaemia/Hyperinsulinaemia, Hypercholesterolaemia and/or Hypertension may 

fuel the death spiral.  

• The integrated CHD/COVID-19 model provides the detailed pathogeneses of different 

health factors, which affect CHD risk and COVID-19 severity. 

• The integrated CHD/COVID-19 model provides the mechanisms of how chronic CHD 

pharmaceutical interventions may influence COVID-19 severity.  

• The integrated CHD/COVID-19 model shows many pathways that currently do not have 

pharmaceuticals that influence them. This information can be used to identify possible 

future therapeutic interventions.  

• Insights into the hallmarks of CHD, shown in the integrated CHD/COVID-19 model, also 

led to various research questions that can form the basis for future research. This includes 

potential repurposing of an existing drug for cardiovascular disease. 

 Dissemination of results 

This chapter has already been successfully published in a special edition research topic of 

Frontiers in Cardiovascular Medicine (impact factor 6.0 at the time of writing), namely “What 

do we know about COVID-19 implications for cardiovascular disease?”. The manuscript title: 

Using a systems approach to explore the mechanisms of interaction between severe 

COVID-19 and its coronary heart disease complications. DOI number: 

10.3389/fcvm.2022.737592 (see Appendix D for the published manuscript). 
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7.1 PREAMBLE 

This chapter presents, in two separate sections, the limitations of the study, recommendations 

for future work and conclusions of Part A and B, respectively.  

7.2 PART A: ENGINEERING EXPERIMENTAL MODELLING FOR IN VITRO 

CANCER MODELS  

 Limitations of the study 

It is recognised that this study had some limitations. Identifying these limitations is essential 

to be able to make improvements for future work. This study had the following limitations: 

• The experimental tests were limited to the available laboratory space and were 

subsequently only conducted on four available cell lines. 

• Given the large amounts of accumulated data, only RCG were calculated from crystal 

violet staining and spectrophotometry. Whereas more detailed assays, which investigate 

the mechanism of action for the decrease in RCG, were not used.  

• The glucose concentration used for the in vitro treatments to mimic those of typical cancer 

patients’ glucose levels during long-term glucose deprivation was assumed.  

• Constant values for both glucose and glutamine were assumed, which in reality would 

fluctuate throughout the day. 

• It is still controversial whether in vitro chemotherapy dosages can be translated to in vivo 

pharmacokinetic values. Therefore, a limitation of this study is the chosen concentrations 

for both paclitaxel and carmustine, which were used for the non-metabolic Pulses.  

 Recommendations for future research 

Chapters 2 to 4 demonstrate that each cancer cell line reacts differently to metabolic cancer 

treatments. One should ask why all three cancer cell lines respond differently to long-and 

short-term GD if glucose is a primary fuel for most cancer cells? To help answer this question, 

the following future research is proposed. 

Firstly, the glucose uptake of the cancer cell lines needs to be quantified. Fortunately, this has 

been done before [365]–[367]. However, in these studies, the cells were cultured in much 

higher glucose concentrations (25.52 mmol/l) and not allowed to stabilise in typical cancer 

patients’ glucose levels [365]–[367]. Therefore, a new method to measure cancer cells' 

glucose uptake at typical cancer patients’ glucose concentrations should provide more 

replicable results. 
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Fortunately, a pilot study has recently been developed to test the glucose uptake of these 

three cancer cell lines at typical glucose concentrations of cancer patients. These tests are 

currently being conducted at South African Nuclear Energy Corporation’s (NECSA) 

radiochemistry department. The study protocol is attached as Appendix E.  

In short, the pilot study protocol can be summarised as follows: 

1. Expose cells to typical glucose concentrations of cancer patients for 30 days. This 

ensures that the cells are stabilised at these new concentrations. 

2. Expose cells to the glucose PET-tracer, namely FDG, for 1 hour. The FDG is metabolised 

by the cells in the same way as they would utilise glucose.  

3. Measure the FDG uptake of these cells by using the following three different imaging 

techniques: gamma counter, phosphorimaging, and microPET imaging.  

4. Calculate the respective glucose uptake value for each cell line. The most important of 

these values is the respective cell lines’ SUV which is obtained from the microPET 

scanner (SUVcells). 

This protocol will, therefore, provide one with the SUVcells. Once the SUVcells are known for 

each cell line, they can be matched with the respective cell line’s metabolic treatment efficacy 

(MTEcells). This should thereby create a repository with each cell lines’ SUVcells and their 

respective (MTEcells). Why would this be necessary? This is explained next. 

PET scanners are commonly used in clinical practice to measure a cancer patient’s tumour 

glucose uptake (SUVtumour). With the availability of the cell line repository, the SUVtumour could 

then be used to identify a cell line (of the same cancer type) with a similar SUVcells , i.e., 

SUVcells = SUVtumour. This repository would then help the doctor predict whether metabolic 

treatment is viable for the patient or not. 

This future research is illustrated in Figure 7.1 by the following example: A patient is diagnosed 

with cancer. The patient goes for a PET scan to determine the patient’s tumour SUVtumour. For 

this example, the SUVtumour is assumed to be 12. The doctor then uses the repository (which 

consists of the SUVcells and their respective MTEcells) to identify a cell line with a similar SUV. 

Once a cell line with a similar SUV is found, the doctor is then able to see what the cell line’s 

MTEcells is (in this case 60%). The MTEcells would then provide the doctor with a rough 

prediction of the patients metabolic treatment efficacy (MTEpatient), which in this case would be 

approximately 60%. This should help the doctor determine whether metabolic treatment would 

be viable for the patient.  
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Note: PET, Positron Emission Tomography; SUV, Standard Uptake Value; MTE, Metabolic Treatment Efficacy. 

Figure 7.1. Future work to predict metabolic treatment efficacy in cancer patients. 

This work can further be improved by combining several cell lines, of the same cancer type, 

with similar SUVcells. Therefore, the average efficacy of metabolic treatments of the combined 

cell lines should provide a more calculated estimation of the patient’s MTEpatient.  

Therefore, after considering the bigger picture, one can conclude that the novel in vitro cancer 

models developed in this study act as the stepping-stones to future personalised metabolic 

treatment. If one creates such a prediction model, the following considerations, amongst 

others, should be accounted for: 

1. SUV is calculated based on volume. Therefore, the volume and number of cells should 

be kept constant. Therefore, a ratio of the patient’s tumour (SUVtumour) could be compared 

to the same non-tumour tissue (SUVnon-tumour). This would provide a normalised tumour-

to-non-tumour SUV ratio. This method has been used to potentially characterise brain 

tumour FDG uptake [368], [369].  
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2. Several confounding factors influence SUV, namely scanner variability, region of interest, 

partial-volume and spill over effects, attenuation correction, reconstruction methods, time 

of SUV evaluation, etc. [84], [370]. Therefore, these factors should be accounted for to 

ensure that the SUVtumour corresponds to the technique used to develop the SUVcells.  

Lastly, the proposed future research only considered glucose PET-tracers and could be 

expanded to other energy sources of cancer cells, namely glutamine, ketones, lactate and 

free fatty acids [15]. However, new cell culture media would first need to be developed since 

current cell culture media only contains glucose and glutamine [371]–[373]. Fortunately, new 

media known as human plasma-like medium has recently been developed and includes these 

other energy sources [374], [375]. 

In addition to the future work on FDG, another method could be used to further focus on 

determining the degree of dependency on both glucose (which provides the carbons for 

biomass synthesis) and glutamine (which provides the nitrogen and ATP synthesis through 

the glutaminolysis pathway) [376]. 

This may be done by growing cancer cells in basal media in the absence of added glucose, 

glutamine, and serum to determine their basal survival time. Thereafter, the control cells 

should be grown in basal media with glucose (12 mM) and glutamine (2 mM). The cells may 

then be grown in either glucose alone or glutamine alone to determine the degree of 

dependency on each fuel. 

Furthermore, future work could also employ molecular studies that should help one 

understand the metabolic changes the cells undergo during long-term glucose deprivation. 

Recent research has shown that the expression of the (Pyruvate Kinase M2) PKM2 variant in 

the glycolytic pathway largely prevents ATP synthesis from glucose [377], [378].  

Therefore, since the cells recovered from glucose deprivation, it is important to focus on new 

pathways that the cells may use for ATP synthesis. New information shows that cancer cells 

obtain their energy from mitochondrial substrate level phosphorylation in the glutaminolysis 

pathway [124]–[126]. 

Gene expressions can also be also be considered, namely the human Ki-67 protein that is 

associated with cell proliferation in tumourigenic cells via flow cytometry [379]. These findings 

can be supported via cell cycle progression experiments, which can be conducted by utilizing 

flow cytometry and propidium iodide staining [380].  

Cell signalling should also be considered and can be evaluated by means of western blot and 

polymerase chain reaction for effects induced by the long-term Press deprivation conditions. 
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The following pathways should be the focus of this future work: phosphoinositide 3-

kinases/protein kinase-b pathway (involved in cell survival, proliferation, protein synthesis and 

glucose metabolism), extracellular signal-regulated kinase (involved in cell survival and 

glucose metabolism), nuclear factor kappa-light-chain-enhancer of activated B-cells (which 

play a role in inflammation and cellular stress), lastly an energy status indicator and glucose 

cellular sensor, namely 5' AMP-activated protein kinase should also be evaluated since these 

pathways are essential for cell survival signalling [381]–[383].  

Lastly, to evaluate cell death and not only relative cell growth, induction via autophagy and 

apoptosis can also be investigated by means of LC3II expression (western blot) and Annexin 

V-FITC and/or caspase activation (flow cytometry), respectively [384], [385]. 

 Conclusions  

The success rate for developing a new drug for cancer treatment is 3.4%, the lowest for all 

major diseases. Many have questioned the translatability of in vitro cancer models (the first 

step in novel drug development) to clinical outcomes.   

This study identified problems with current in vitro cancer models, particularly used for 

metabolic treatments, using the principle of similarity (see Chapter 1, Section 1.2.1). This 

principle is commonly used in aerodynamics to ensure that the small-scale model is designed 

within the bounds of scaling validity, thereby accurately representing the full-scale model. 

Current metabolic treatments, tested on in vitro cancer models, present the following 

problems: 

(i) The initial glucose and glutamine concentrations of metabolic treatments tested on cells 

are much higher than typical cancer patients’ concentrations.  

(ii) The glucose concentrations are then decreased to levels far below what is achievable 

in humans. 

(iii) Metabolic treatment durations tested on in vitro cancer models do not mimic typical 

metabolic therapy durations of clinical practice.  

These problems all indicate that current in vitro cancer models are designed outside of the 

bounds of scaling validity, i.e., not designed to mimic metabolic conditions of cancer patients 

during metabolic cancer treatments. Hence, Part A of this thesis aimed to address these 

problems by applying an engineering experimental modelling approach. This approach was 

used to mimic typical cancer patients’ glucose and glutamine concentrations during metabolic 

treatments.   
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These new in vitro cancer models were achieved through seven specific research objectives:  

1. To develop new in vitro cancer models that mimic typical cancer patients’ glucose and 

glutamine levels. 

2. To develop long-term GD tests that model GD concentrations of humans during 

metabolic treatments for investigating the effect on cancer and non-cancer cell growth. 

3. To investigate the effect of additional very low, yet achievable, short-term GD on cancer 

and non-cancer cell growth combined with long-term GD. 

4. To investigate the effect of chemotherapy on cancer and non-cancer cell growth when 

administered at typical cancer patients’ glucose and glutamine concentrations. 

5. To investigate the effect that additional non-metabolic chemotherapy treatment has on 

cancer and non-cancer cell growth when combined with long-term GD.  

6. To determine if a lower chemotherapy dosage combined with GD will have a similar 

therapeutic effect compared to a higher chemotherapy dosage administered without GD.  

7. To develop a non-toxic GD method that can be implemented in future clinical trials to 

investigate the effect of combined short- and long-term metabolic treatments. 

The first two objectives were achieved by developing new in vitro cancer models that mimic 

normal (objective 1) and long-term GD (objective 2) conditions of typical cancer patients’ 

glucose and glutamine levels during metabolic cancer treatments. The outcomes of these new 

methods provided the following valuable insights: (a) Long-term GD affects different cancer 

cell lines differently; (b) full cancer extinction is not possible with long-term GD deprivation 

alone, and (c) adjuvant therapies are needed to further reduce cell growth.  

The third objective was achieved in Chapter 3 by developing new long-term GD (Press 

treatment) in combination with two different metabolic Pulses. The metabolic Pulses were the 

following: (i) short-term glucose-only Pulses (Treatment 1), and (ii) combined glucose and 

glutamine Pulses (Treatment 2). The results showed that only one of the three cancer cell 

lines presented a lower RCG after comparing the combined glucose and glutamine Pulses 

with the glucose-only Pulses. More importantly, the RCG of all cell lines were lower after the 

metabolic Press-Pulse treatments than after the Press only treatment. 

In Chapter 4, objective four was achieved by developing new methods that expose cells to 

different chemotherapies (paclitaxel and carmustine) in combination with long-term GD. The 

results showed that the efficacy of chemotherapy is enhanced when combined with long-term 
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GD. However, the non-cancer cells’ RCG also decreased further, which hints at increased 

toxicity.  

In addition, objectives five and six were achieved by exposing cells to chemotherapy Pulses 

without GD, i.e., at typical cancer patients’ glucose and glutamine concentrations. These 

results were compared to chemotherapy combined with GD. The comparison showed that 

lower doses of chemotherapy combined with GD achieved similar decreases in RCG rates in 

cells than at higher doses of chemotherapy without GD. 

Insights gained from the above findings (Chapters 2 to 4) were used to achieve the last 

objective. A Press-Pulse method was developed that could be used to investigate the effect 

of future long-and short-term combined metabolic cancer treatments in clinical trials 

(Chapter 5). The use of this method would be feasible after further refinement and ethical 

clearance.  

In conclusion, the novel metabolic in vitro cancer models developed in this study and their 

subsequent results provide evidence that the aim of Part A of this thesis, which was to develop 

new long-term metabolic in vitro methods by applying an engineering experimental approach 

that models typical cancer patients’ glucose and glutamine concentrations during metabolic 

treatments, was achieved. 
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7.3 PART B: A SYSTEMS ENGINEERING APPROACH TO SEVERE COVID-19 AND 

ITS VASCULAR COMPLICATIONS  

 Limitations of the study 

Given the novelty of COVID-19, this study has the following limitations: 

• The integrated model only accounts for CHD and not other cardiovascular diseases such 

as stroke, heart failure, valvular, peripheral artery and cerebrovascular disease. 

• Clinical data for the effect of the different health factors and pharmaceutical interventions 

on COVID-19 is limited. Therefore, due to the study designs and sizes of the available 

studies, a statistically significant comparison between these effects on COVID-19 and 

CHD could not be drawn. 

• The model does not update automatically as new literature is published and could become 

outdated. This is due to the novelty of COVID-19, with new evidence published daily. This 

new research should be integrated into the model to ensure that its relevance is 

maintained. 

 Recommendations for future research 

The resulting integrated CHD/COVID-19 model highlighted a number of research questions 

and could be used to provide some insight during future investigations. 

 How can computational analysis help to assess the risk of severity in 

COVID-19 in cardiovascular disease? 

To explore how computational analysis can help to assess the risk of COVID-19 in 

cardiovascular disease the following can be done: 

Step 1: Development of a fully integrated network model for the disease, accounting for all 

effects including cross linking. 

Step 2: Characterisation of each interaction (typically at the nodes of the network in Step 1) 

is needed to solve the network. 
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The first attempt at Step 1 for severe COVID-19 in cardiovascular disease was conducted in 

Chapter 6 (Figure 6.4). The next step will be the characterisation of the network using 

Equation 7.1: 

𝑂𝑢𝑡1→𝑛 =  𝑓1→𝑛𝐼𝑛1→𝑛      (7.1) 

where 𝐼𝑛1→𝑛 are the inputs (1 to 𝑛) to a node, 𝑜𝑢𝑡1→𝑛 are the outputs (1 to 𝑛) from the node, 

and 𝑓 (1 to 𝑛) are the resulting transfer functions. The inputs and outputs are typically 

measured. More detail of this process is given in a previous study [240]. Fortunately, in 

engineering, it is easy to develop transfer functions (Equation 7.1) as it is relatively easy to do 

the required measurements. The challenge for medical networks is the measurements of all 

the relevant pathways in Figure 6.4. 

A typical deep level mine simulation model (A) and a CHD simulation model (B) proposed in 

[240] are shown in Figure 7.2. If all the biomarkers can be measured for the proposed 

integrated CHD/COVID-19 model, it will be possible to individualise the network (Figure 6.4), 

thereby making it patient specific.  

This is similar to individualising an engineering simulation to a specific mine. The risk for 

COVID-19 severity in CHD can thus be established for any specific individual by inputting the 

measured biomarkers of that person into the simulation model based on Figure 6.4. Step 1 

has already been attempted. However, for Step 2, much work and data are still needed.  

Fortunately, there are numerous clinical trials currently underway that focus on treatments for 

COVID-19 with respect to the CHD hallmarks, namely the following: 

(a) Hypercoagulation (122 trials)  

(b) Hypercholesterolaemia (23 trials) 

(c) Hyperglycaemia/Hyperinsulinaemia (Diabetes) (84 trials) 

(d) Inflammation (265 trials)  

(e) Hypertension (68 trials)  

The clinical trial numbers and respective treatments are available from the supplementary data 

of the published manuscript. The total number of registered clinical trials on CHD hallmarks 

effect on COVID-19 are 562. This also includes 94 duplicate studies that focus on more than 

one CHD hallmark.  

Although this approach seems promising, it is unlikely that individual prediction will be feasible. 

The reason for this is that the data from these clinical trials are based on a large group of 
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patients, each with their own health complications. Therefore, future research should focus on 

evaluating studies that explore the risks of similar individuals to further explore this research 

question. 

If such a model can be developed, one would hope that it may help identify optimal treatment 

strategies (pharmaceuticals) for each patient with Covid-19 or CHD. This approach would then 

be similar to identifying the optimum control strategies, routinely calculated in engineering, for 

each individual mine or industrial complexes. 

 Are there other opportunities in cardiovascular disease that can be derived 

from this study and the COVID-19 crisis?   

This study showed that the late-stage consequences of severe COVID-19 seem to result in 

the form of accelerated cardiovascular disease. Furthermore, it was shown that most 

pharmaceutical interventions which mediate CHD also mediate the effects of COVID-19.  

The question arises if the reverse is true. Are there any reported pharmaceutical interventions 

that reduced COVID-19 severity that could potentially be of value for vascular disease? This 

is an important question as approximately five times more people died during the past year 

from cardiovascular disease than from COVID-19. 

Such a repurposed drug should preferably treat most of the hallmarks of cardiovascular 

disease. Such a drug was investigated, namely ivermectin [386]–[391]. Although ivermectin 

use is still controversial as a drug against COVID-19, studies over nearly three decades before 

COVID-19 have shown to reduce four of the five hallmarks of cardiovascular disease. These 

results and the publication dates are given below: 

(a) Hypercoagulability: (1992) by increasing prothrombin time in 6.7% (ivermectin 

group) vs 1.4% (control group) of participants in vivo (humans) [392].  

(b) Hypercholesterolaemia: cholesterol (2013) decreased by 1.5-fold in vivo (mice) 

[393]. 

(c) Hyperglycaemia: fasting blood glucose (2013) decreased by 1.4-fold in vivo (mice) 

[393].  

(d) Hyperinsulinaemia: fasting insulin (2013) decreased by 2.0-fold in vivo (mice) 

[393].  

(e) Inflammation: (2004) decreased IL-1β and TNF-α by 1.27-fold in vitro [394]. 

Except for the CHD hallmark Inflammation [395] the focus of ivermectin’s proposed 

mechanism of action (MOA) for COVID-19 is currently on its anti-viral effect [386]–[389]. 
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However, if ivermectin really shows promise for COVID-19 treatment, could the full vascular 

MOA for ivermectin be as important or even more important than its anti-viral effects?  

This research question can only be answered fully by clinical trials, which measure the relevant 

vascular biomarkers for each CHD hallmark before and after ivermectin use. Side effects of 

chronic use such as mild elevation of serum aminotransferases should also be investigated 

[396]. 

The MOA of ivermectin for the prevention of COVID-19, reportedly seen in small studies [397], 

is also not clear to the authors. Why would the anti-viral MOA of ivermectin have a preventable 

effect if the patient has not been infected yet?  

 

Suppose ivermectin really helps for the prevention of COVID-19. Could it rather help create a 

healthier vascular system (“baseline”) before the virus strikes, especially in vascular 

compromised individuals, rather than only help via its proposed anti-viral effect? Therefore, 

could ivermectin’s effect on the vascular system during severe COVID-19 be its most 

important MOA? 

 

If well designed clinical trials show that ivermectin could be a potential cardiovascular drug, 

could it be an ideal, inexpensive drug for low- and middle-income countries where a high 

percentage of global cardiovascular-related deaths occur [398]?  

 



Chapter 7: Limitations, recommendations and conclusions 

149 | Page 

 
Note: Figure 7.2 A provides a small section of a computer model of a relatively complex deep mine. Figure 7.2B shows the initial computer model [240] developed from the existing CHD 
model in Figure 6.1 [240] using the simulation software developed for Figure 7.2A. The CHD computer model includes all the known interactions for health factors, measured elements 
(salient biomarkers) and controls (pharmaceutical interventions). Remember, it is the measured biomarkers that individualise a patient.  

Figure 7.2. Simulation networks for engineering (A) and CHD (B) [240]. 

 

B A 
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 Other research questions emanating from this study 

Other research questions that should be investigated in future research are the following:  

1. Why would β -blockers have an opposite effect on COVID-19 severity than on CHD? 

2. There exists an anomaly between statin’s cholesterol-lowering effect and low cholesterol 

levels seen in end-stage COVID-19. How can this drug help decrease COVID-19 severity 

while it further decreases cholesterol? Can statin’s anti-inflammatory effect be so large that 

it overrides its cholesterol-lowering effect? Would it then be better to drop statins and rather 

only use anti-inflammatory medication? Or does it depend on the stage of the disease, 

beneficial at first but not in the end-stage? 

3. Does a high correlation of most CHD related pharmaceutical interventions and COVID-19 

mean that other CHD pharmaceuticals not investigated in detail for COVID-19 could also 

help reduce COVID-19 severity? 

4.  Are there pathways shown in the proposed model (Figure 6.4) that do not have 

pharmaceuticals to regulate them? Could this be the focus of new drug discovery for 

COVID-19 and cardiovascular disease? 

5. Could the model be extended to include cerebrovascular disease and other cardiac diseases 

such as heart failure, valvular heart disease and peripheral artery disease? 

 Conclusions  

A traditional method used in medical research is based on a reductionistic approach, which entails 

dividing complex systems into smaller, simpler parts. Such an approach focuses on these smaller 

parts to either solve the problem or provide insight. As a result, this provides an in-depth 

understanding of only the smaller aspects and not the larger overall problem.  

A reductionistic approach is seen in numerous medical studies of COVID-19, which showed that 

disease severity mostly occurs in patients with pre-existing cardiovascular comorbidities, i.e., 

patients with poor initial vascular “baselines”. In contrast, complex problems in engineering are 

primarily solved using a different approach, namely a systems approach (see Chapter 1, 

Section 1.2.2). A systems approach rather focuses on the inputs and outputs of each element 

within the system and their effect on the entire system. This systems approach provides a more 

holistic and integrated understanding of each element's role within the system. 
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Therefore, in Part B of this thesis, a systems-based engineering approach was used to integrate 

the vascular complications into an existing model of CHD. This integration resulted in the 

development of a new integrated CHD/COVID-19 model, thereby achieving the first objective, 

which was:  

1. To develop an integrated CHD/COVID-19 model, which explains the mechanisms of 

interaction of severe COVID-19 on the vascular system. 

The integrated CHD/COVID-19 model was then further used to achieve the following research 

objectives: 

2. To use the integrated CHD/COVID-19 model to 

(a) investigate why some patients with severe COVID-19 experience sudden death, 

(b) examine the effect of CHD comorbidities on COVID-19 severity, 

(c) examine how different health factors influence COVID-19 severity, and 

(d) explore how various CHD pharmaceutical interventions could help reduce an 

individual's risk of developing severe COVID-19. 

The new model provides an integrative view of the pathogenesis of a death spiral, which is evident 

in some critically ill COVID-19 patients. This death spiral consists of two feedback loops: 

Hypercoagulability (feedback loop 1) and Vascular leakage (feedback loop 2). These feedback 

loops achieve objective 2 (a) and are described as the following:  

• Hypercoagulability (feedback loop 1): Inflammation from COVID-19 results in EC injury, 

which may activate the coagulation cascade, forming blood clots in the blood vessels near the 

alveoli. These blood clots reduce oxygenation efficiency, resulting in hypoxia and further 

increasing Inflammation, and the death spiral continues. 

• Vascular leakage (feedback loop 2): Inflammation from COVID-19 results in EC injury in 

blood vessels near the alveoli, which can lead to vascular leakage. This causes fluid build-up 

within the alveoli, which reduces oxygenation efficiency, resulting in hypoxia. The hypoxia 

further increases Inflammation, and the death spiral continues. 

The new model illustrates the comprehensive mechanisms of how underlying CHD comorbidities, 

namely Hyperglycaemia/Hyperinsulinaemia, Hypercholesterolaemia and/or Hypertension may 

fuel the death spiral. The CHD comorbidities fuel the death spiral by either upregulating 

Inflammation and/or Hypercoagulability. Hypercholesterolaemia may upregulate both 

Inflammation and Hypercoagulability; whereas Hyperglycaemia/Hyperinsulinaemia and 

Hypertension mostly upregulate Inflammation. Therefore, objective 2 (b) was achieved. 
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The last two objectives, 2 (c) and 2 (d), were achieved using the new model to identify the 

pathogenesis of nine different health factors and eleven pharmaceutical interventions that affect 

the risk of CHD and COVID-19 severity. The available data showed that all health factors and 

most pharmaceutical interventions that increase CHD risk also increase one’s risk for COVID-19 

severity. Similarly, the health factors and most pharmaceutical interventions that decrease one’s 

risk for CHD also reduce one’s risk for COVID-19 severity 

Insights into the hallmarks of CHD, shown in the integrated CHD/COVID-19 model, also led to 

various research questions that can form the basis for future research. This includes the following: 

(i) potential repurposing of an existing drug for cardiovascular disease, (ii) the development of a 

computational tool for both COVID-19 applications and cardiovascular disease, and (iii) the 

addition of new treatments for COVID-19, which could be identified by exploring the pathways 

that currently do not have pharmaceuticals interventions on them. 

In conclusion, the integrated CHD/COVID-19 model and subsequent insights provide evidence 

that the aim of Part B in this thesis, which was to apply a systems-based engineering approach 

to integrate an existing CHD model with the activated pathogenetic pathways seen in severe 

COVID-19 complications, to explain the mechanisms of interaction of severe COVID-19 on the 

vascular system, was achieved. 
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GLOSSARY  

ACE inhibitors: A class of medication that inhibits angiotensin-converting enzyme and used for 

the treatment of hypertension [350]. 

Adipose tissue: More commonly known as body fat, which is stored as reserve energy in a 

collection of adipocytes [399]. 

Angiotensinogen: A hormone that regulates fluid balances and blood pressure in the body via 

the renin-angiotensin system [400]. 

Apoptosis: The process whereby cells undergo programmed cell death [401]. 

Atherosclerosis: A disease that affects the inner wall of arteries, mostly due to chronic 

inflammation that leads to thrombosis (blood clots) [402]. 

α-blockers: A class of pharmaceutical agents that lowers blood pressure by blocking 

norepinephrine and relaxing muscles in small arteries and veins [403]. 

β-blockers: A class of pharmaceutical agents that also lowers blood pressure by blocking 

epinephrine (adrenaline) action, thereby affecting blood flow from the heart [403]. 

Biguanides: Pharmaceuticals used by type-2 diabetes mellitus and other insulin resistance 

diseases to reduce glucose production, the most common of these is metformin [404]. 

Biomarkers: These are biological measures that provide the objective medical state of a patient. 

They are also used to indicate the biological, pathogenic or pharmacologic responses to a 

therapeutic intervention [405]. 

Blood glucose: The concentration of glucose present in the blood (average concentration of 

6 mmol/L), derived from the metabolism of foods and/or hepatic stores in the body [64]. 

Blood vessels: Veins and arteries. 

Calcium channel blockers: Pharmaceuticals that are used as antihypertensive agents and for 

the treatment of chest pain and an irregular heartbeat [406]. 

Catecholamines: One of the main hormones released into the bloodstream during physical or 

psychological stress [407].  

Cell proliferation: The process that defines cell growth and division [408]. 
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Chemotherapy: A type of cancer treatment where chemotherapeutic drugs are used in the aim 

of curing, prolonging lifespan and/or reducing symptoms of cancer patients [128].  

Cholesterol: An organic lipid molecule that helps maintain the integrity and fluidity of cell 

membranes. It also serves as a precursor for the synthesis of substances [409]. 

Coagulation: Also known as clotting, the process that leads to haemostasis, thereby preventing 

spontaneous bleeding [410]. 

Computed tomography: An imaging modality produced by a combination of X-ray 

measurements to develop cross-sectional images of a specified area in the human body [411]. 

Coronary heart disease: The incidence of atherosclerosis, coronary artery disease, or 

myocardial infarction [412]. 

Coronavirus disease: A disease caused by the infection of severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2), which first emerged in Wuhan, China [229]. 

Cortisol: A glucocorticoid (stress hormone) that raises blood glucose levels by increasing 

gluconeogenesis when released into the blood [413]. 

Cytokines: Small proteins that facilitate an immune response to infection, also playing an 

important role in regulating inflammation [414]. 

Cytokin storm: An out of control immune response to infection, which results in an increase in 

pro-inflammatory cytokines [414]. 

C-reactive protein: A protein synthesised in the liver and its level increases in response to 

inflammation [415]. 

Diabetes mellitus: A metabolic disorder that affects the body’s ability to maintain glucose 

homeostasis due to defective insulin secretion [416]. 

Direct thrombin inhibitors: Pharmaceuticals that delay blood clot formation (anticoagulant) by 

directly inhibiting thrombin [417]. 

Diuretics: Mainly used to treat edema and hypertension, which primary physiologic function is to 

allow osmotic water abstraction [418]. 

Electrocardiography: A method used to record the electrical activity of the heart on the body 

surface [419]. 
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Endothelial cells: Cells located on the inner walls of blood vessels, responsible for vascular 

elasticity (relaxation and contraction), control enzymes for coagulation and vascular permeability 

(fluid exchange between blood vessels and tissues) [267]. 

Endothelial cell injury: Damage of endothelial cells due to viral infection, inflammation, 

hyperlipidaemia, hypoxia and/or shear stress, etc., which can lead to, amongst others, 

uncontrolled vascular leakage and coagulation cascade [420]. 

Energy homeostasis: In biology, it involves the regulation of energy expenditure, food intake 

and storage [421]. 

Epinephrine: Also referred to as adrenaline, which is released via the adrenal glands. This 

release is usually activated by emotions such as fear or anger, which, amongst others, increases 

heart rate, blood pressure and sugar metabolism [407]. 

Fibrinogen: An essential protein in the blood that facilitates the coagulation process [422]. 

Fluorodeoxyglucose: A radioactive tracer that acts as a glucose analogue and is used for 

diagnostic purposes in conjunction with positron-emitting tomography (PET) to localise the tissues 

with altered glucose metabolism [423]. 

Free fatty acids: Unbound fatty acids that are metabolised and synthesised as a source of energy 

for biological processes [424]. 

Glucocorticoids: Steroid hormones that are used to treat acute inflammation [425].  

Gluconeogenesis: The formation of glucose in the liver when the body’s glucose storages are 

low [426].  

Glucose: The primary nutrient for maintenance and promotion of cell function also known as 

sugar [195].  

Glutamine: The most abundant free amino acid in the body with several important functions such 

as protein synthesis, muscle growth, acid-base balance and oxidative fuel for intestine and cells 

of the immune system [74]. 

Glycogen: A form of glucose that serves as a form of energy storage primarily stored in the 

muscles [195]. 

Glycolysis: The metabolic pathway in cells that convert glucose into energy [427]. 
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Haemodialysis: Renal replacement modality that removes solutes from the bloodstream by 

diffusion [428]. 

Haemodiafiltration: A combination of haemodialysis and haemofiltration that removes both small 

and larger solutes via diffusion and enhanced convection [428]. 

Haemofiltration: Renal replacement modality that removes solutes from the bloodstream by 

convection [428]. 

Haemoglobin A1c: The part of red blood cells that carries oxygen throughout your body, which 

can be used to measure the average level of blood sugar over the past 2 to 3 months [64]. 

Haemostasis: The mechanism that stops bleeding from a blood vessel via coagulation [429].  

Health factors: External aspects such as food, stress, exercise that have either a positive or 

negative influence on CHD.  

Highly glycolytic cancers: Cancers that have a much higher uptake of glucose for energy than 

other cancers. 

Hypercholesterolaemia: Elevated cholesterol levels.  

Hypercoagulability: An elevated state of coagulation.  

Hyperbaric oxygen therapy: A therapy where patients are exposed to a partial pressure of 

oxygen greater than one atmosphere [430]. 

Hyperglycaemia: Elevated blood glucose levels.  

Hyperinsulinaemia: Elevated levels of blood insulin.  

Hypertension: High blood pressure.  

Hypoglycaemia: Low blood glucose levels. 

Hypothalamic-pituitary-adrenocortical axis: A complex neuroendocrine mechanism that helps 

maintain physiological homeostasis by regulating various processes such as metabolism, 

nervous system and immune response [431]. 

Hypoxemia: A decrease in the partial pressure of oxygen in the blood [265]. 

Hypoxia: A reduced level of tissue oxygenation [265]. 
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Indirect thrombin inhibitors: Pharmaceuticals that delay blood clot formation (anticoagulant) by 

indirectly inhibiting thrombin and antithrombin [417]. 

Inflammation: The body’s main biological response to injuries, which include increased blood 

flow to that area, increased vascular permeability, and cellular infiltration. This results in swelling, 

redness, pain and fever at the site of inflammation. Inflammation forms a crucial component of 

tissue repair [432].  

Insomnia: A sleep disorder, i.e. difficulty initiating or maintaining sleep. 

Insulin: A hormone secreted by the pancreas which is used to maintain normal circulating blood 

glucose levels. Its main functions include: assisting cellular uptake of glucose and regulating 

carbohydrate, lipid and protein metabolism [433]. 

Insulin resistance: A state of irregular high insulin concentrations in the blood due to the body’s 

inability to use insulin for glucose disposal [433]. 

Insulin-like growth factor-1: An important growth hormone that facilitates the anabolic and linear 

growth promoting effects of growth hormone protein [434].  

Integrated model: A theoretical model of CHD and COVID-19 in which certain aspects of CHD 

pathogenesis, health factors, biomarkers and pharmaceuticals have been integrated with the 

pathogenesis of severe COVID-19 patients to show the interactions between the two. 

Interleukin: A type of cytokine that facilitates the activation and differentiation of immune 

cells [435]. 

In vitro: Tests, experiments or procedures conducted on cells in a controlled microenvironment, 

such as a test tube or petri dish.   

In vivo: Tests, experiments or procedures conducted in or on a living organism such as a human, 

animal or plant. 

Ischemia: A condition that results in a reduction of blood flow (and thus oxygen) to a part of the 

body [436].  

Ketogenic diet: A high fat and low carbohydrate diet, which was initially developed for the 

treatment of epilepsy. The diet consists of a typical ratio of fats to carbohydrates and protein is 

3:1 or 4:1 [169]. 
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Ketones: An alternative source of energy cells use when glucose is depleted due to prolonged 

fasting or ketogenic diets. Ketones are produced by the liver by breaking down fat [171].  

Leptin: A hormone that is secreted mainly by white adipose tissue, which helps inhibit hunger 

and regulate energy balance [437]. 

Lipids: Insoluble water molecules, which include cholesterol, free fatty acids and 

triglycerides [409]. 

Lipoprotein: Complex biochemical particles that transport cholesterol and triglycerides [409]. 

Magnetic resonance imaging: A medical imaging technique used in radiology to produce 

pictures of the inside of the body, by means of a magnetic field and computer-generated radio 

waves [438]. 

Meta-analysis: A statistical analyses that combines the results of several scientific studies that 

address the same research question [439]. 

Metastases: The stage where cancer has spread from its primary state throughout the body via 

the blood and lymph system, forming new tumours in different parts of the body [440]. 

Mitochondria: An organelle that acts as the power plant of the cell, orchestrating cellular energy 

production [441]. 

Mitogen-activated protein kinase: A type of protein kinase that regulates cellular progams (cell 

differentiation, division and death) via cellular signal transduction pathways [442]. 

Myocardial infarction: More commonly known as a heart attack. Irreversible death of heart 

muscle, which happens when the heart muscles do not receive enough blood flow and thus not 

enough oxygen [443]. 

Nitric oxide: A molecule that modulates vascular tone, blood pressure and hemodynamics [444]. 

Norepinephrine:  A hormone that increases heart rate, blood flow to muscles and glucose 

metabolism to provide the body with more energy [407]. 

Obstructive sleep apnoea: Repetitive narrowing or collapse of the throat during sleep, causing 

intermittent hypoxia [445]. 

Oxidative phosphorylation: The process in which energy is produced in the mitochondria of 

cells through electron transfer driven by substrate level oxidation [446]. 
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Pandemic: A global outbreak of an infectious disease that can increase morbidity and mortality 

worldwide and disrupt economic, social and political sectors, in this case, COVID-19 pandemic 

[447].  

Pathogenesis: The biological processes or pathways in which a disease develops [448]. 

Periodontal disease: An infection of the gum which causes severe damage through increased 

inflammation and, if left untreated, can destroy the bone that supports the teeth [449].  

Plasma: Plasma of the blood is the liquid part of blood, consisting of 92% water and carries water, 

salts and enzymes, which assists, amongst others, blood clotting, osmotic pressure and fluid 

balance [450]. 

Platelets: Small blood cells that form clots and help prevent bleeding [451]. 

Positron emission tomography: An imaging technique that measures physiological functions 

such as metabolism using radiolabelled drugs [423]. 

Reactive oxygen species: Oxygen metabolites which are highly reactive chemicals formed from 

oxygen and mediate physiological and pathophysiological signal transduction [452]. 

Reductionistic: A research methodology that entails dividing complex systems into smaller parts 

and focusing on these smaller parts to solve the problem. This leads to an in-depth understanding 

of only the smaller aspects and not the larger overall problem. 

Renin-angiotensin system: Plays an essential role in regulating sodium, water and blood 

pressure in the body [400]. 

Salicylates: Salicylates such as aspirin is a common anti-inflammatory [343] and anti-thrombotic 

[344] medication.  

Severe acute respiratory syndrome coronavirus 2: The virus that causes coronavirus disease 

of 2019, which first emerged in Wuhan, China [229]. 

Selective serotonin reuptake inhibitors: A psychotropic medication used as an antidepressant, 

which inhibits serotonin uptake in the nervous system, thereby reducing depression symptoms 

[453]. 

Serotonin: A neurotransmitter that stabilises, amongst others, mood, appetite and sleep [454].  

Statins: A lipid-lowering medication that inhibits hepatic cholesterol synthesis [342].  
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Stroke: Similar to myocardial infarction, the only difference is that it occurs in the brain and not 

the heart, i.e. when the brain does do not receive enough blood flow and thus not enough oxygen, 

causing lasting brain damage, long-term disability, or even death [455]. 

Systems approach: Integration of system elements by using a “black-box” method, which 

characterises each element in a system as a “black box”. It is important to understand the inputs 

and outputs of each element, rather than the internal detail of each element within the system. 

This provides a more holistic and integrated understanding of each element’s role in the system. 

Thrombosis: A blood clot that blocks the flow of blood in blood vessels [429].  

Tumour: An abnormal mass of cells in the body due to an abnormal increase in cell division and 

decrease in cell death [456]. 

Tumour necrosis factor: Multifunctional pro-inflammatory cytokine which effects cell survival, 

proliferation, and death [457]. 

Vascular: Vessels in the body that help circulate fluid, more specifically blood vessels. 

Visceral fat: Adipose tissue stored throughout the body, such as in the abdomen, which plays an 

important role in maintaining lipid and glucose homeostasis [458].
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