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Chapter 5
General Discussion
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The stimulus-response relationship has long been of great interest to a variety of 
researchers. The relationship itself, the conditions under which it occurs, the underlying 
mechanisms, and the possible functional implications of it are under constant 
investigation in various disciplines, including psychology (Holland 2008; Pavlov 1955; 
Spence 1950), mathematics (Bailer 2005; Heyman et al. 2016), neurology (Daum et al. 
1989; Daum et al. 1996; Jensen-Dahm et al. 2015; Ruebenbauer 2007), and political 
science (Cashman 2000; Graber 2001). The most widely studied stimulus-response 
theories relate to classical conditioning, as exemplified by the work commonly referred 
to as “Pavlov`s dog” (Pavlov; Pavlov 1955; Pavlov et al. 1928), or to preconditioning, 
as primarily introduced with the “ischemia” experiments conducted by Murry and 
colleagues (Murry et al. 1986). It is important to note that while both theories refer 
to adaptation initiated by a prior stimulus, the conditions and response to subsequent 
stimuli differs in the two theories. 
Classical conditioning is provoked when two types of stimulus are given together: an 
unconditioned and a neutral stimulus. Together, these create a response (explicitly 
named as the “unconditioned” response), which is primarily driven by the unconditioned 
stimulus, upon first exposure. Subsequent exposures to the two stimuli together promotes 
a learning curve whereby the same response (now called “conditioned” reflecting that 
there has been prior experience) can occur to the neutral stimulus alone, i.e. without the 
unconditioned stimulus. In the most famous example of classical conditioning, Pavlov’s 
dogs, the unconditioned stimulus was presentation of food, the neutral stimulus was a 
bell, and the response salivation. As the dogs became conditioned to the fact that ringing 
of the bell was associated with food, they would salivate in response to not only food, 
but also the bell. 
Preconditioning is where the response provoked by a low intensity stimulus weakens 
the response to subsequent, stronger stimuli through an adaptation process (Murry et 
al. 1986). The most prominent example of preconditioning is where a brief  ischemic 
episode reduces the magnitudes and the severity of subsequent myocardial infarctions 
(Iliodromitis et al. 1997; Iliodromitis et al. 1996; Li et al. 1990; Liu et al. 1991; Liu 
and Downey 1992; Murry et al. 1986). There are several other terms that cover similar 
concepts, but in a more discipline-specific manner: hormesis (Southam 1943), adaptive 
response (Jeggo et al. 1977), and autoprotection (Ugazio et al. 1972). Due to this 
similarity in the descriptions, Calabrese and colleagues published a report that suggests 
a standardized terminology for these terms across disciplines (Calabrese et al. 2007). As 
we shall focus on the effect of an initial spike in a signal on the response to a subsequent 
spike, we use the term “preconditioning” in this study.
The underlying mechanism of preconditioning is an adaptation process that is triggered 
by a brief  episode of stimulus/stimuli. The adapted system enhances the cell’s or 
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organism’s capability to withstand a more intense subsequent challenge, and may thus 
potentiate the probability of survival. In this sense, preconditioning has parallels to 
the concept of “homeostasis”, the self-regulatory process of a biological system that 
preserves its internal conditions to the ones optimal for surviving external challenges 
(Bernard 1870; Langley 1973). Unlike preconditioning, homeostasis is a property of 
a system that occurs continuously and independently from the nature of the external 
stimuli (Cannon 1932). In this sense, homeostasis maintains the system in the same 
steady state, either in the absence or presence of external perturbation: in the latter 
case, this corresponds to so-called perfect adaptation (He et al. 2016). Perhaps more 
commonly, homeostasis is incomplete and non-perfect, making the definition of 
robustness relevant, i.e. the percentage to which a component activity may be altered by 
an external perturbation whilst limiting the consequence to the relevant performance of 
the system to 1% (Quinton-Tulloch et al. 2013).
Preconditioning is different from homeostasis in that it is a stimulus-magnitude and 
frequency-dependent mechanism that is mediated by a compensatory biological 
processes functioning with respect to the initial stimulus (Calabrese and Baldwin 2002). 
Hence, it refers to an alteration in homeostasis (which is related to an alteration in 
response), or an alteration in robustness to a perturbation, caused by a prior stimulus, 
where stimulus and perturbation may well be of the same type and even magnitude. 
These differences in the general definition between preconditioning and homeostasis/
robustness are consistent with differing mechanistic paradigms.
In this study, we have elaborated on the definition of preconditioning and introduced two 
new sub-types: progressive (PROP) and regressive (REP) preconditioning. With these 
two terms, our description of preconditioning still covers the adaptation mechanism 
triggered by a prior stimulus but is not limited to the protective effect it causes. Rather, 
it is expanded to cover the reverse outcome: REP refers to cases where the presence of a 
prior stimulus decreases homeostasis or robustness, increasing the propensity of a fatal 
outcome, rather than protecting from it. Although such REP may seem inconsistent 
with the ultimate biological aim of preconditioning, i.e. survival, it enables one to 
clarify ambiguities when defining “survival”. For instance, preconditioning may occur 
in the case of prior mitochondrial damage (mitoptosis) whilst protecting the cell from 
apoptosis to proceed. This then contributes to the cell’s survival, whereby demonstrating 
an example for PROP behavior. Altering the magnitude of the initial stimulus, or the 
delay between stimuli can prevent mitoptosis from fully functioning, and promote REP 
behavior. This then constitutes a fatal end for the cell indeed, but the death of the latter 
promotes tissue/organ survival on a higher level. From this perspective, the REP sub-
term of preconditioning still achieves the critical goal: ultimate survival of the selectable 
entity, i.e. the organism as a whole. 
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One step ahead of this story obtains if  the previous challenge is so intense that intensive 
mitoptosis occurs, leaving only very few healthy mitochondria and thereby pre-empting 
from apoptosis as response to a subsequent challenge. Although survival of the cell is 
acquired under these conditions, accumulation of cells with fewer mitochondria and lack 
of the apoptotic function may promote tumor progression by eliminating the apoptotic 
defense line against tumorigenesis. This contradicts the ultimate aim of preconditioning. 
In order to prevent that outcome, the cell activates an alternative function of death: 
necrosis and sacrifices for the greater good. That case then becomes an example of REP. 
We have established a mathematical basis for our sub-terms: PROP and REP, and 
exemplified them by applying various stimuli to two different networks, i.e. mitoptosis-
apoptosis and nuclear hormone receptor signaling. Although the mechanism of ischemic 
preconditioning and the underlying network have already received detailed investigation 
(Iliodromitis et al. 1997; Iliodromitis et al. 1996; Li et al. 1990; Liu et al. 1991; Liu and 
Downey 1992; Schott et al. 1990), other systems showing preconditioning behavior have 
not yet been examined systematically. In the present study, we used two complex and 
experimentally challenging networks and demonstrated that they exhibited a pattern in 
their responses to two consecutive stimuli with various magnitudes and delays between 
stimuli. By expressing this pattern mathematically and using our newly introduced terms, 
we were able to disclose complex stimuli-response relationships in this thesis.
Preconditioning is an important phenomenon in biology, as (i) it provides mechanistic 
insight into the stimulus-response relationship, and (ii) the adaptation process it regulates 
is not limited to any particular tissue, organ or system (Bolli 2007). Consequently, it is 
widely observed in various branches of the life sciences: in toxicology, for example, the 
administration of a sub-lethal dose of a toxic substance such as carbon tetrachloride, can 
provide protection to the liver with respect to subsequent, otherwise lethal doses of the 
chemical (Ugazio et al. 1972); in microbiology, exposure of E. coli to low-level alkylating 
agents makes the organism more resistant to the lethal, mutagenic effects of subsequent 
more intensive exposures to alkylating substances (Volkert 1988). A better known 
example in microbiology is “antibiotic resistance”, whereby mutation of resistance genes 
followed by selection during an encounter with similar antibiotics delivers bacterial 
colonies protected against stronger and more intense antibiotic exposure(Baquero et 
al. 2009; Martinez and Baquero 2014); finally, immunology provides the example of 
vaccination, whereby the administration of a weak or less concentrated antigen provides 
protection from subsequent pathogens with the same antigenic determinants (Lin et al. 
2014). This response is part of the innate immune response (Abraham and Medzhitov 
2011; Janeway 2001), which later contributes to an antigen-specific and faster protection 
from the pathogens (Chaplin 2003). The latter is known as the adaptive immune 
response, which refers to an “adaptive response” that constitutes an alternative term 
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for “preconditioning”. During this process, inflammation is limited via suppression of 
several inflammatory cytokines, i.e. IL-2, IL-4, IL-5 and IL-10 (Hviid et al. 2015; Mola 
et al. 1999; Withanage et al. 2005). This limitation in the inflammatory response occurs 
in concert with the preconditioning effect generated by the previous exposure to the 
antigen. 
Stress-induced pathophysiology, the second example examined within this thesis, has a 
specific alternative nomenclature that addresses preconditioning principles: the boost 
hypothesis. This hypothesis examines the role of the cortisol awakening response (CAR) 
and morning cortisol levels, in the response to upcoming daily stressors. It suggests that 
higher CAR lowers the physical symptoms of fatigue and stress (Adam et al. 2006). 
Assuming that CAR acts as a prior stimulus and that it raises the morning cortisol levels, 
the observations that higher morning cortisol levels are associated with individuals who 
are happier (Steptoe and Wardle 2005), less worried (Schlotz et al. 2004; Wust et al. 
2000), enjoy weekends (Schlotz et al. 2004), and belong to higher social classes (Garcia 
et al. 2008), may validate such a positive influence of CAR. In contrast, low morning 
cortisol levels are associated with pathologies such as burn out (Pruessner et al. 1999), 
type-2 diabetes mellitus (T2DM) (Bruehl et al. 2009), chronic fatigue (MacHale et al. 
1998; Roberts et al. 2004), fibromyalgia (Crofford et al. 1994) and rheumatoid arthritis 
(Neeck et al. 1990). 
While we have emphasized the biological applications of preconditioning, it should 
be noted that these types of stimuli-response relationships are observed more widely, 
for instance in ecology, sociology, and politics. In sociology, preconditioning is studied 
under as the adaptive response to temporary or prolonged disturbances. For example, 
one socio-ecological study examined five forest communities, observing their responses 
to discrete events, such as the unwelcome cutting of trees. The study concluded that 
some of the communities created or reinforced formal rules to prevent more tree 
cutting in the future (Fleischman 2010). With this short-term failure, i.e. tree cutting, 
and then their response with institutional changes and gaining collective experience 
(Fleischman 2010),not only allowed the communities to recover from the harm of the 
primary failure, but also contributed to their long-term robustness (Anderies 2007). 
This positive adaptation is consistent with what has been suggested for preconditioning, 
and our definition of PROP. In contrast, maladaptive responses, conflicting decisions 
or unresponsiveness of communities hinder the ability of their system to deal with 
forthcoming challenges therefore leading to instabilities in the community structure in 
the future (Fleischman 2010). Such instabilities might trigger a stronger response to 
subsequent disturbances, such as revolutionary acts, as seen with the recent mass uprising 
called the Arab Spring. In 2010, Mohamed Bouazizi setting himself  on fire in Tunisia, 
caused the latest and relatively minor disturbance for that society but still triggered the 
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uprising. In terms of our preconditioning concept, the previous maladaptive responses 
to preliminary disturbances, i.e. perception of corruption, social unrest, authoritarian 
actions of governments, were the first phase of the story and thus initiator of this massive 
population action (Hess 2013). An analogous situation may have led to World War 1. 
The primary stimulations were the competition between the European countries, and 
the secondary one the assassination of the Austrian Archduke Ferdinand (Hamilton 
and Herwig 2003). This sequel of responses: a primary low-level response and then a 
secondary very intensive response to a relatively minor second stimulus is also a form of 
preconditioning, but exemplifies our definition of REP. 
Understanding the progress, conditions and limitations of preconditioning will lead to 
benefits in various fields. Within the area of biology, cancer studies could be accelerated 
by incorporating the role of preconditioning in mediating the necrosis-apoptosis 
relationship during drug design. As tumor cells are commonly eliminated through 
targeting of damage and death pathways, understanding how to drive a REP behavior 
could increase therapeutic efficacy. With regard to vaccination, applications might be 
improved by a detailed mechanistic analysis of the timing and dose of antigen exposure, so 
as to optimize PROP and acquire a stronger and longer-lasting immunity. A more formal 
consideration of the impact of chronotherapy studies of vaccination administration, 
where a preference for morning over afternoon vaccination was observed (Long et 
al. 2016), could allow the preconditioning effect to be enriched further. A promising 
result for such an enrichment is shown with the stress induction scenarios conducted 
using the signaling model with diurnal cortisol rhythm in chapter 3. In view of these 
simulation results, chronotherapy-preconditioning influence may be extended to studies 
focusing on preventive medicines. For instance, stress-induced metabolic disorders 
could be mitigated against with medication taken in the morning of the anticipated 
challenging day. The aim of this would be to increase the basal blood cortisol, simulating 
a strong CAR (cortisol awakening response), which might help deal with the upcoming 
stressful situations. Finally, preconditioning principles may be envisioned as part of 
“personalized medicine” research. By using preconditioning principles, customized dose 
and administration timings might be introduced, considering the individual’s diurnal 
hormonal map and its influence on drug metabolism pathways. Thereby, the impact of 
medicines might be maximized for each individual, whilst the side effects are reduced.
Mathematical modeling is a first step towards personalized medicine (Ogilvie et al. 2015). 
In silico modeling has become an accepted methodology for working with complex 
biological systems and a convenient tool for handling the legacy of data accumulating 
due to technological developments in the last decades (Geenen et al. 2012; Rehman 
et al. 2012). One aim of in silico modeling is the the establishment of the “Silicon 
human” (Kolodkin et al. 2012; Thiele et al. 2013). This will allow prediction of whole 
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body responses to drug therapy, as well as chronotherapy, in a faster and ethically safe 
environment: computational models (Kolodkin et al. 2013b; Westerhoff et al. 2008). 
For example, by processing high-throughput data from genomic to transcriptomic, and 
by using corresponding mathematically complex algorithms, in silico models are able 
to provide an understanding of systems-level interactions, such as between tumor and 
neighboring healthy cells (Edelman et al. 2010) or between the external disturbance 
and the internal adaptation of the tumor cell. Personalization of these mechanistic 
mathematical models (Kolodkin et al. 2013b; Westerhoff et al. 2008) will further allow 
virtual experiments on optimum drug dosage and efficacy at the individual level, truly 
delivering precison medicine (Hornberg et al. 2007; Sacan et al. 2012; Snoep et al. 2015). 
Chapter 4 demonstrated the utility of in silico modelling to predict system-level behaviors 
from molecular interactions, though the generation of a small dynamic network covering 
the crosstalk between apoptosis, mitoptosis and necrosis. Since the examination of 
apoptosis, mitoptosis/mitophagy and necrosis is experimentally challenging due to 
their transient nature (Elmore 2007), and because responses may differ from tissue to 
tissue, our computational research contribute to the general understanding of tumor cell 
behavior that has a damaged apoptotic mechanism and therefore to further clinical and 
diagnostic paradigm shifts (Hornberg et al. 2006). Additionally, systems biology tools 
provide a more comprehensive insight into multi-level interactions (Bruggeman et al. 
2007). We exemplified this capability and its advantages in chapters 2 and 3, with a large 
model showing interactions between three different levels: organ, tissue and cell. In the 
latter chapter this association became possible via combining metabolic and dynamic 
signaling in in silico models.
In conclusion, we have hereby expanded perspectives around “preconditioning”, by using 
mathematical models of authentic, complex molecular networks. We mathematically 
defined the preconditioning principles and showed examples of their presence, 
limitations, and potential role(s) in the context of diseases such as metabolic disorder, 
depression, and cancer. With this “Discussion Chapter”, we developed a more generic 
appreciation of the occurrence and generic nature of preconditioning, by provoking 
analogies with topics in various other fields of science. Preconditioning is another aspect 
of biological complexity; an aspect ripe for implementation in systems medicine. 






