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Biological complexity has forced scientists to develop highly reductive
approaches, with an ever-increasing degree of specialization. As a
consequence, research projects have become fragmented, and their results
strongly dependent on the experimental context. The general research ques-
tion, that originally motivated these projects, appears to have been forgot-
ten in many highly specialized research programmes. We here investigate
the prospects for use of an old regulative ideal from systems theory to
describe the organization of cellular systems ‘in general’ by identifying key
concepts, challenges and strategies to pursue the search for organizing prin-
ciples. We argue that there is no tension between the complexity of biologi-
cal systems and the search for organizing principles. On the contrary, it is
the complexity of organisms and the current level of techniques and knowl-
edge that urge us to renew the search for organizing principles in order to
meet the challenges that are arise from reductive approaches in systems
medicine. Reductive approaches, as important and inevitable as they are,
should be complemented by an integrative strategy that de-contextualizes
through abstractions, and thereby generalizes results.

Introduction

Cell-biological systems are difficult to study because
they are complex in several ways [1]. One aspect of
biological complexity that is particularly important to
systems medicine is multi-levelness: the structural and
functional organization of the human body into organ
systems and tissues composed of cells. From molecules
to organs, levels are inter-related and inter-dependent,
so that the organism is able to conserve and adapt the
integrity of its structural and functional organization
against a back-drop of continuous changes within the
organism and its environment. This capacity, whether
it is described as ‘autoconservation’ [2], ‘functional sta-
bility’ [3], ‘evolvability’ or ‘robustness’ [4-6], is a con-
sequence of non-linear spatio-temporal intra- and
inter-cellular interactions. To understand disease-
relevant cellular processes, we therefore require
methodologies that allow us to study non-linear
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spatio-temporal systems with multiple levels of struc-
tural and functional organization.

The most recent decades of research in the life sci-
ences have been largely driven by development of new
technologies, which have brought about unprecedented
insights into the structural organization of cells [7,8].
Together with these technological developments, a
form of reductionism, i.e. studying higher-level phe-
nomena by analysing the lower levels, has been estab-
lished [9]. While some aspects of this ‘zooming in’ are
a pragmatic and indispensible response to biological
complexity, we here demonstrate the negative side-
effects of molecule-, pathway- and cell-centred
approaches.

The emergence of systems biology is connected to
the limitations of molecule-centred approaches [10].
Systems biology has shifted the focus from
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identification and characterization of molecular com-
ponents towards an understanding of networks and
functional activity. As a consequence, dynamic systems
theory has played an increasingly important role in
understanding cellular processes [11,12]. We argue
that, for the transition from systems biology to sys-
tems medicine, a further shift of perspective has to
occur: re-focusing our attention away from pathway-
centred approaches to an understanding of complex
multi-level systems. Looking at the developments from
biochemistry to systems biology, it becomes quite
apparent that reductive approaches are rather limited
when it comes to answering questions in systems medi-
cine [13]. In systems medicine, our understanding of
cellular functions must be integrated across multiple
levels of structural and functional organization: from
cells to tissues and organs to whole organisms, and
from cell functions (growth, proliferation, differentia-
tion and apoptosis) to the physiology of organs or the
human body [14]. Multi-levelness is a hallmark of dis-
ease-relevant processes, which challenges conventional
dynamic systems theory [15,16]. Here we provide an
example from cancer research that demonstrates the
limitations of pathway- and cell-centred approaches.

Our goal in this review is to evaluate, from a per-
sonal and necessarily biased perspective, reductive
approaches and their limitations in answering questions
at the tissue and organ level by conducting experiments
at the molecular and cell level. We first consider how
biological complexity challenges experimentalists and
modellers alike, and then look at how the associated
difficulties have led to specialization, fragmentation
and the contextualization of knowledge. Following a
discussion of reductive approaches and their negative
consequences (in our view), we suggest possible future
directions for research in systems medicine. In particu-
lar, we argue that the search for organizing principles
may serve as a cure against the side-effects of reductive
approaches in systems medicine.

While not essential to our arguments, here we
understand systems biology as the science that studies
how biological function emerges from interactions
between the components of living systems, and how
these emergent properties constrain the behaviour of
these components. In practice, systems biology is an
inter-disciplinary approach by which biological ques-
tions are addressed by integrating experiments in itera-
tive cycles with mathematical and computational
analysis. Systems medicine should be understood as
application of the systems biology approach to dis-
ease-focused or clinically relevant research problems.
A research challenge arising from systems medicine,
that is discussed in detail here, is the fact that, for
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many diseases, it is necessary to study and model com-
plex systems from the molecular to the organ level.

Reductionism and specialization

In studying networks rather than individual molecular
components, some proponents of systems biology have
considered systems biology a ‘holistic approach’ [17—
19]. This unfortunate misconception ignores the fact
that technological advances have continued to enforce
reductive approaches, along with increasing levels of
specialization. Ten years ago, the focus on pathways
rather than single molecules may have been seen to be
a more comprehensive approach, but even today we
are still far down the reductive route, with the current
dominance of pathway-centred approaches to under-
stand disease phenomena. Reductive strategies are
indeed an indispensible response to biological complex-
ity, but, as we discuss here, they have negative side-
effects. One such side-effect is over-specialization,
which, in the current practice of systems biology,
means that the choice of experimental and modelling
strategies is more frequently guided and limited by
personal and practical considerations than by the need
to validate a general hypothesis that underlies the
research project. The approaches chosen are frequently
linked to decisions based on pragmatic considerations
of the associated efforts in terms of time and costs
required for experiments. For example, in research on
metastasis, many projects are focused on single mole-
cules or small pathways, frequently using specific cell
lines. There is a mismatch between the research goal
(understanding mechanisms underlying metastasis in
humans) and the highly specialized projects, whose
results are only valid in a narrowly defined context.
There is an obvious need for integration of results
from individual research projects and a need for gener-
alization (de-contextualization) of results.

Below, we describe several reductive strategies used
in biological and biomedical research. We first empha-
size how the use of model organisms and the develop-
ment of new experimental technologies provide key
resources for biomedical research, but also require a
high degree of specialization that may lead to fragmen-
tation. Next, we indicate the difficulties arising from
pathway-centred approaches and mechanistic model-
ling. Finally, we discuss the limitation of cell-centred
approaches in cancer research.

The use of model organisms is one response to biolog-
ical complexity, allowing us to study a complex organ-
ism by using another one that is either simpler or easier
to handle in experiments. An example is yeast studies in
cancer research, motivated by questions related to the
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cell cycle and its consequences for carcinogenesis or
tumor progression [20]. The experimental focus on a
particular model organism, the decision to perform cell
line in vitro experiments or the availability of a suitable
in vivo model are our first examples of a common reduc-
tive approach, which also imply a disciplinary special-
ization with separate conferences and journals.
However, research on model organisms also provides
de-contextualized insights. A basic assumption in using
model organisms or cell lines is that, while details may
differ, there are some generalizable principles at work.
We believe that the relationship between reductive
choices, inevitable and successful as they are, and the
generalization of results obtained, requires more atten-
tion from scientists, philosophers of science and funding
bodies. For reductive approaches to succeed, they must
be complemented by integrative strategies. We argue
that these integrative strategies also require higher levels
of abstraction than most biological and biomedical
researchers currently feel comfortable with, and this
requires further mathematical research.

What have been heralded as revolutionary advances
in molecular and cell biology are largely due to tech-
nological developments, allowing us to study molecules
and cells in greater detail and more comprehensively.
The costs and the specialist expertise required to per-
form experiments with state-of-the-art measurement
devices have meant that only one or a selection of
technologies are used in any one study for most
research projects. Whether the choice is microscopy,
proteomics, transcriptomics or deep sequencing, their
use requires a high degree of specialization. ‘Omics’
technologies are frequently tied to a focus on a partic-
ular class of subcellular processes, i.e. gene regulation
(e.g. transcriptomics), signal transduction (e.g. proteo-
mics) or metabolism (e.g. metabolomics). Again, a dis-
ciplinary fragmentation, with specialized conferences
and journals, may be observed. Furthermore, another
enforcement of scientific specialization is linked to the
focus on a particular cell function, such as cell growth,
proliferation, differentiation and apoptosis. It is quite
obvious, albeit not generally appreciated, that, for
application of systems biology approaches in biomedi-
cal research, there is not only a need for computa-
tional tools that enable integration of data from
heterogeneous sources, but also a need for radically
new methodologies that enable generalization of con-
text-dependent experimental results.

Our next example of a reductive strategy is the focus
on selected pathways or networks. Pathways are fre-
quently defined by practical considerations, meaning
that only a relatively small number of molecules are
considered in experiments. However, for most disease-
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relevant processes, these pathways are sub-systems of
a larger whole. Rational criteria to identify modules or
sub-systems are largely lacking. In practice, one is usu-
ally forced to define a boundary for the network as it
is investigated experimentally. If this pathway is one of
several that contribute to a particular cell function, for
example, the notion of ‘cross-talk’ between pathways
has been used. However, for most pathways that inter-
act, this notion of cross-talk raises questions about the
conceptual and experimental isolation of the two sys-
tems. In order to use the experimental results related
to a specific pathway in a wider context (e.g. studying
the Jak—Stat signalling pathway to investigate cell dif-
ferentiation), we require new methodological and con-
ceptual frameworks to de-contextualize and generalize.
A similar situation occurs when studies at the cellular
level (looking at single cells, cell cultures and single
pathways) need to be related to tissue-level phenomena
and the physiology of an organ. We believe that the
problem of generalization through de-contextualization
and the integration of experimental results requires
more attention and research, as otherwise the currently
favoured pathway-centred approaches will be of lim-
ited value.

Systems biology is largely defined as an inter-disci-
plinary approach that combines experiments with
mathematical and computational modelling. Like ex-
perimentalists, who are often not free to choose any
technology they want, most modellers are not really
free to choose a conceptual framework for modelling.
Despite the development of user-friendly tools that
guide the modelling and simulation of biological sys-
tems, the construction of a model and its parameteri-
zation requires expert knowledge. Although the choice
of an appropriate approach should in principle be
guided by the question under consideration alone,
more often, practical considerations and personal
choices are decisive. Similar to the efforts required to
perform experiments, the construction and analysis of
a model may be challenging, requiring a high degree
of specialization and experience. For example, non-lin-
ear ordinary differential equations are the most fre-
quently used framework, but, for larger numbers of
variables, parameterization and analysis of these mod-
els is difficult. Dynamic systems theory is particularly
intuitive if systems can be reduced to a few variables.
For systems with only two variables, and for systems
that are linearized around a steady state, the theory is
most powerful and well developed. It is therefore not
surprising that some case studies are selected to fit the
tools, rather than the other way round. In contrast to
differential equation models, agent-based simulation
models handle many variables and represent spatial
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aspects more easily, but the ‘model’ is programmed,
lacking the desirable simplicity of representation. Also,
stochastic approaches, even if the most appropriate,
are often avoided because they require a deeper under-
standing of the maths by the modeller. The choice of
an appropriate modelling formalism, the construction
of the model, the estimation of parameter values and
subsequent exploration of the model through simula-
tion and formal analysis are aspects of a craft that
requires specialization. Tailoring a model around a
particular question, making various assumptions and
simplifications along the way, will unfortunately also
make it context-dependent.

The creation of large collections of information
from experiments using various experimental models
and employing a wide range of technologies and meth-
odologies requires integrative strategies through which
fragmented information may be put together
[13,21,22]. A pragmatic, computational way forward is
to support integration of information through visuali-
zation of information in data management systems or
data warehouses. However, this would only be a par-
tial contribution to what is the actual scientific chal-
lenge: how can we, from large collections of
information, extract principles, understood as robust
generalizations, independent of the experimental con-
text of any particular study? Take, for example, our
understanding of cell functions, say apoptosis, for
which numerous studies, using different technologies
and experimental models (e.g. cell lines, genetic mouse
models), have provided pieces of a puzzle that give us
deeper insights into apoptosis in the context of carci-
nogenesis. Many experiments in molecular and cell
biology are however valid only within a well and often
narrowly defined experimental context, determined by
the choice of technology and the biological model.
Furthermore, most mathematical models are con-
structed to answer specific questions, and, while the
assumptions made may be valid in this particular con-
text, it is difficult if not impossible to merge models
for complex multi-level systems. An important chal-
lenge for systems medicine is thus the integration and
decontextualization of results, to put the pieces of a
puzzle together.

A survey of review articles focusing on epithelial cell
renewal in the context of colon cancer uncovers
numerous speculations about the theories and (explan-
atory) models that may be formulated as organizing
principles, including the ‘unitarian hypothesis’ of
monoclonal conversion, the ‘single stem cell hypothe-
sis’ or the ‘stem cell niche hypothesis’ in the context of
niche succession, the ‘hierarchical model’ compared to
the ‘stochastic model’ for niche homeostasis, the
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‘somatic mutation theory’ versus ‘tissue field organiza-
tion theory’ to explain carcinogenesis, or the ‘top-
down’ versus ‘bottom-up’ hypothesis of clonal expan-
sion linked to early growth of adenomas, or cancer
progression being discussed in terms of the ‘cancer
stem cell model’ versus the ‘clonal evolution model’
versus the ‘interconversion model’. What this selection
exemplifies is that the formulation of such principles
and arguments for or against them are developed in
exceptionally well-written review articles in biological
journals: leading experts integrate knowledge by inter-
preting collections of fragmented pieces of informa-
tion. Very often, the experimental studies are about
cellular processes, but the results are interpreted with
respect to consequences at the tissue level. What we
propose is not simply to support this integrative pro-
cess through data management and visualization tools.
In addition, the search for organizing principles should
be supported by systems theoretic approaches, specifi-
cally new forms of mathematical modelling to formal-
ize cross-level relationships from molecules and cells to
tissues and organs.

Our argument here is that a review of current prac-
tice leads us to the proposition that, if you want to
understand a tissue, you need to study it as a whole!
Interestingly, this argument mirrors an aspect in the
transition from biochemistry to systems biology. In
1986, Kacser, commenting on whole—part relationships
in metabolism, wrote ‘to understand the whole, one
must study the whole’ [21]. Here, however, we reach
an apparent contradiction because we also argue that
reductive approaches, focusing on pathways and cells,
are inevitable in the light of biological complexity and
the experimental/technical challenges. How then may
we escape the reductive cul-de-sac? One avenue is to
‘up-scale’ experiments and models, to incrementally
increase the number of molecular components and
pathways to be looked at. However, we have come to
the conclusion that it is necessary to try to comple-
ment such reductive strategies by novel approaches
that provide higher levels of abstraction, using systems
theory. Abstraction in mathematical modelling allows
us to link evidence and knowledge of the subcellular
domain or cell level with the tissue and whole-organ
level. A conceptual framework that provides a
straightforward generalization of mechanistic models
and that has been considered elsewhere is mathemati-
cal general systems theory [22,23]. An interesting prob-
lem that arises in this context is transition of a
mechanistic model as an ‘ontological’ description of a
biochemical and biophysical reality to a mathematical
representation of what we know about the biological
system — an ‘epistemological’ version of logical possi-
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bilities that link evidence [24]. The move to higher lev-
els of abstraction poses a number of challenges. For
example, abstraction implies generalization, which in
turn implies a lack of specificity — the more abstract
the representation becomes, the less predictive the
models are about a specific experimental context. In
our view, this aspect is in fact showing the way for-
ward: reductive approaches that ‘zoom in’ on cellular
mechanisms in the context of human medicine ought
to be complemented by a search for general organizing
principles at higher levels of structural and functional
organization in tissues and organs.

Below, we identify the challenges specific to systems
medicine, leading up to a proposal for a way forward
that addresses the complexity of disease-relevant pro-
cesses. We argue that, despite its limitations, model-
ling is essential not only for systems biology and
systems medicine, but for science in general. In our
view, the response to biological complexity should
not only be a reductive one. To go forward, there is
also a need to strategically focus on the development
of approaches that ‘zoom out’ to help us understand
multi-level systems. Addressing experimentalists and
modellers alike, we wish to proclaim that, to study
disease-relevant processes in tissues, one should also
study tissues through an active search for organizing
principles.

Consequences for systems medicine

Many diseases represent problems of tissue organiza-
tion: changes in the structure and function of a tissue
may be the results of changes within cells (e.g. muta-
tions), leading to cellular malfunction, but, simulta-
neously, tissue organization may also induce changes
within cells (e.g. through epigenetic mechanisms). It
therefore appears obvious that we require methodolo-
gies to investigate systems across multiple levels of
functional and structural organization.

Cancer research is an example that illustrates the
problems arising from reductive approaches, fragmen-
tation and the dependency of results on a particular
technological and/or experimental context. Hanahan
and Weinberg’s review ‘The hallmarks of cancer’ [25]
may serve as a classification of research efforts. Most
cancer projects focus on a particular cancer and on
either carcinogenesis, tumour progression, or metasti-
zation and invasion. These high-level/tissue-level phe-
nomena provide the motivation and background for
the projects, but, in practice, the highly specialized
research in most projects actually does not address
such general questions directly. Instead, the current
practice is rather ‘pathway-centred’, where most pro-
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jects ask a very specific question, related to a specific
pathway, say the Jak-Stat pathway or an MAPK
pathway, or concentrate on the role of a particular
molecule, say p53 or E2F1 [26]. The ‘zooming in’ on
molecular components has been very important and
has generated enormous amounts of valuable infor-
mation. The work on a particular molecule, say p53,
is argued to be justified on the basis of its role in a
cellular process, like DNA damage response. This
focus on a particular molecule leads to definition of a
network of molecules linked to p53, small enough to
be experimentally tractable. However, as the cancer
biologist Lazebnik notes: ‘the mystery of what the
tumour suppressor p53 actually does seems only to
deepen as the number of publications about this pro-
tein rises above 23 000 [27]. In this famous and pro-
vocative paper, Lazebnik asks whether biologists can
meet two challenges described as analogous: fixing a
radio and developing a general characterization of
apoptosis. He comes to the conclusion that the strat-
egy of biologists would fail in both cases, as this most
likely would be to crush the radio down to all its
components and analyse these, just as much of medi-
cal research has been a search for a miracle target
whose malfunction is thought to explain the investi-
gated disease. If no such master gene exists that can
explain cancer, Lazebnik argues, the status of research
is like the Chinese proverb alluding to the search for
a cat in darkness that is not even there.

It appears that we have become so preoccupied with
molecular details that we have forgotten to ask how
all the research results relate to answering the big
(higher-level) questions. We believe that, for some dis-
ease-related phenomena, we are failing to see the wood
for the trees. It is paradoxical that most cancer
research projects are motivated by a far more general
research question that is largely ignored in the execu-
tion of these research programmes. The pragmatic
reductionism that focuses on particular molecules and
pathways creates a fundamental problem. The focus
on a particular molecule or pathway may be justified
by researchers on the basis of its relevance for an
important cellular process (e.g. DNA repair), which in
turn is associated to some cell function (e.g. apopto-
sis), that is then linked to some disease-relevant pro-
cess (e.g. carcinogenesis). However, starting with a
high-level phenomenon, say angiogenesis, one may
easily identify a large number of molecules and path-
ways that are relevant. Therefore, how may any single
project, motivated by a higher-level process but limited
to a particular experimental context, provide any
meaningful contribution? In our view, the current
practice is not sustainable, and requires re-thinking of
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how we go about answering bio-medically relevant
questions in molecular and cell biology.

Systems biology emerged from a shift of focus, away
from identification of cellular components and their
molecular characterization towards an understanding
of functional activity [28,29]. For systems medicine, it
will be of utmost importance to move on from path-
way-centred approaches. Rather than starting with
subcellular mechanisms and models thereof, before
generalizing these to the level of cell functions and
their role in phenomena at the tissue level, we wish to
promote an alternative route that starts with a hypoth-
esized general principle about tissue organization, to
then identify and investigate cellular functions and
subcellular processes in an effort to validate the origi-
nal hypothesis.

We believe that such a search for organizing princi-
ples is happening but is mostly hidden in a few review
articles and left to the inspiration of a few scientists.
Cancer research is an area in which review articles play
a particularly important role due to the above-men-
tioned flood of information about individual molecular
components. Exceptionally good review articles not
only gather and list information in a summarized form,
but the authors try to organize the information to spec-
ulate about the larger picture into which the pieces of
the puzzle may fit. Take, for example, the highly cited
review article ‘The hallmarks of cancer’ by Hanahan
and Weinberg [25]. Looking at a quarter of a century of
rapid advances in cancer research, the authors argue
that rather than ‘adding further layers of complexity to
a scientific literature that is already complex beyond
measure’, the search for the origin and treatment of
cancer will not only be driven by developments at the
technical level ‘but ultimately, the more fundamental
challenge will be conceptual’. In 2000, Hanahan and
Weinberg foresaw ‘cancer research developing into a
logical science, where the complexities of the disease,
described in the laboratory and clinic, will become
understandable in terms of a small number of underly-
ing principles’ [25]. In their seminal review article,
Hanahan and Weinberg ‘suggest that the vast catalog
of cancer cell genotypes is a manifestation of six essen-
tial alterations in cell physiology that collectively dic-
tate malignant growth’ which ‘are shared in common
by most and perhaps all types of human tumors’. They
refer to the functional capabilities that cancers acquire
during their development as ‘hallmarks of cancer’. A
hallmark of cancer is here understood to be a general-
ization in the sense that it may be acquired by various
cellular mechanisms. Hanahan and Weinberg’s hall-
marks therefore take us some way towards the search
for organizing principles as an epistemological tool.

0. Wolkenhauer and S. Green

As discussed further below, organs and tissues are
multi-level systems manifesting both ‘regressive deter-
mination” and ‘progressive determination’: the whole
(organ or tissue) is the product of the parts (tissue or
cells, respectively), but the parts in turn depend upon
the whole for their own functioning and existence.
Karsenti’s initial definition of self-organization implied
that understanding of functions in living systems
implied an understanding of (self) organization [30].
This also implies that we should focus on principles
rather than on single molecules or pathways alone. In
our view, the current practices in cancer systems biol-
ogy require re-thinking. The technological advances
that have enabled us to ‘zoom in’ should be comple-
mented by methodologies that allow us to ‘zoom out’:
the microscope of molecular and cell biology should
be complemented by the ‘macroscope’ of systems
theory.

Multi-levelness and the search for
organizing principles

Living systems, from organisms to organs, tissues and
cells are phenomena of organized complexity [31]
whose relationships and properties are largely deter-
mined by their function as a whole. The tissues of our
human body are self-organizing systems: every cell
owes its presence to the action of all its surrounding
cells, and also exists for the sake of the others. The
whole (tissue) and its parts (cells) reciprocally deter-
mine functioning of each other. For instance, the pace-
maker rhythm of the heart is not only caused by the
activity of the ion channels at the molecular level, but
is also dependent on the functioning of the organ, and
even the body, as a whole. The systems biologist Denis
Noble elegantly demonstrated the importance of such
downward determination in simulations of the heart
rhythm, where feedback from cell voltage was removed
and fluctuations in ion current ceased [32,33]. To
understand such phenomena in multi-level systems, it
is not only important to understand molecular mecha-
nisms but also to understand the organizational main-
tenance of the system at higher levels.

The human body provides the prototypical example
of a multi-level system, where molecules, cells, tissues
and organs are sub-systems of physiological systems
(e.g. the cardiovascular system, the digestive system,
the immune system etc.) The human body is thus
structurally organized into spatio-temporal scales and
functionally organized into behavioural levels (Fig. 1).
A characteristic of the system, as a whole, is its func-
tional stability against a back-drop of continuously
changing and perturbed sub-systems [3].

FEBS Journal (2013) © 2013 FEBS
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Fig. 1. Structural and functional (self) organization of tissues using the intestinal colon as an example.

Take, for example, the large intestine (colon) of the
digestive system, which is also a common site for carci-
nogenesis. The inner lining of the colon is organized
into millions of crypts [34,35]. The base of the crypts
form a niche and micro-environment for a small num-
ber of stem cells that continuously renew the epithelial
layer in order to maintain the physiological function
of the colon (nutrient absorption) and to repair or
avoid possibly detrimental effects from mechanical or
chemo-toxic stress, which may lead to the formation
of neoplasms and possibly carcinomas. The structural
organization of the crypt emerges ‘bottom-up’, and its
function is maintained through division and differenti-
ation of stem cells. At the same time, the behaviour of
these stem cells is coordinated by higher-level phenom-
ena resulting from the need for tissue maintenance and
repair. In the more general framework of multi-level
systems with reciprocal and simultaneous cross-level
determination, levels are inter-dependent but not nec-
essarily causally linked [36]. Here, intra-level relation-
ships may be conventional causal interactions, such as
the mechanisms realized through subcellular biochemi-
cal networks, where causality is understood as a prin-
ciple of explanation of change, not changes of things,
but changes of states, represented with mechanistic
models from dynamical systems theory. Inter-level
relationships, on the other hand, constitute an inter-
dependence in which levels are allowed a degree of
autonomy [35,37]. The fact that levels are inter-depen-
dent, but not necessarily causally linked, challenges the
current practice of reductive approaches in experimen-
tation and modelling. While systems approaches have
been quite successful in describing mechanisms under-
lying intra-level relationships or ‘causal interactions’,
we are in need of new ideas when it comes to under-
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standing inter-level relationships. Below, we argue that
mathematical general systems theory is one possible
conceptual framework that abstracts conventional
dynamical models and thus provides a basis for gener-
alization from mechanistic models.

Let us consider an example from cancer research,
where the need for identification and understanding of
cross-level principles is of crucial importance. This
example continues our discussion about the negative
side-effects of reductive approaches. A widely accepted
view on cancer is that it is a cell-based disease [38].
With cancer research following closely the develop-
ments in molecular and cell biology, pathway- and
cell-centred (reductive) approaches have enforced the
view that sporadic cancers are initiated and largely dri-
ven by accumulation of mutations in what may then
be called a ‘cancer cell’ that loses control over its
proliferation. Hanahan and Weinberg state that, ‘By
simplifying the nature of cancer — portraying it as a
cell-autonomous process intrinsic to the cancer cell —
these experimental models have turned their back on a
central biological reality of tumor formation in vivo:
cancer development depends upon changes in the het-
erotypic interactions between incipient tumor cells and
their normal neighbors’ [25]. Soto and Sonnenschein
[39], who refer to the cell-centred view of carcinogene-
sis as the ‘somatic mutation theory’, have proposed an
appealing alternative theory that considers cancer to
be a problem of tissue organization. A key premise to
their ‘tissue field organization theory’ is that ‘carcino-
genesis takes place at the tissue level of biological
organization, as does normal morphogenesis’. Here
cancer is not a cell-based phenomenon but a tissue-
based phenomenon, comparable to organogenesis dur-
ing early development. A startling conclusion is that
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the genetic instability of tumours is likely to be a con-
sequence, not a cause, of cancer. As new deep-sequenc-
ing technologies are pushing forward the reductionist
agenda, we here call for a reflection about the original
questions at tissue level, and ask whether the technol-
ogy-driven reductionism should not be complemented
by an equally well supported research programme into
new, integrative and abstract methodologies. The pur-
chase of technologies that dig deeper into the molecu-
lar details of a tumour sample is the seemingly more
comfortable route. However, if cancer is a problem of
tissue organization rather than of single cells, new
experimental designs will be required. For modelling,
the outlook is as challenging as it is exciting: if cancer
is a problem of tissue organization, reciprocal interac-
tions between cells and their environment come into
focus, and ordinary differential equations are no
longer sufficient to capture the spatial coupling of bio-
chemical and biophysical/mechanical interactions. As
discussed below, modelling complex systems across
multiple scales of spatial and temporal organization
may take two routes.

From multi-scale to multi-level
systems analysis

How does one study multi-level systems, i.e. investi-
gate, the functioning at higher levels of tissue organi-
zation? One possibility, proposed by several large-scale
research projects such as the Virtual Physiological
Human Project [14,40] or the Human Brain Project
[41-43] is to simulate organs in physical and chemical
detail, bottom-up, from molecules to organs. However,
the attempt to meet biological complexity with a com-
plexity of models that include ever increasing details
seems somewhat to be analogous to Lewis Carroll’s
and Jorge Borge’s fictions, where the art of cartogra-
phy attains such perfection that the maps become as
detailed and as big as the countries they represent.
These maps are abandoned as useless, not because of
the lack of precision, but because of their exact accu-
racy [44,45]. Similarly, it has been argued that the way
forward in the biological and biomedical sciences is
not to try to include all details and to add further lev-
els of complexity to models and the scientific literature,
but rather to develop approaches that zoom out
and focus on key aspects of the phenomena studied
[46-48].

An alternative response to the complexity of tissues
and organs is to abstract away from the biophysical
and biochemical details. The basis for such generaliza-
tion of mechanistic models into more abstract repre-
sentations is mathematical general systems theory [23].
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While more abstract, and therefore less specific about
a particular system, these approaches provide a frame-
work to formulate and identify organizing principles
[24,35,37]. An example of what such a theory should
deliver is a formal framework to represent tissue orga-
nization, which may then be used to decide between
the alternative theories of carcinogenesis discussed
above.

The focus here on organizing principles is a re-intro-
duction of an old regulative ideal in systems sciences
dating back to Bertalanffy’s ideals for a general sys-
tems theory [49], to Rashevsky and Rosen’s notion of
optimality principles [50-52], and to Savageau’s
so-called demand theory for gene expression, which
exemplify design principles in biochemical systems the-
ory [53,54]. The prospects of a more theoretically
grounded biology searching for general and perhaps
even law-like principles of living systems has been the
issue of long debate in philosophy of biology [55-57].
However, the search for organizing principles need not
rest on the widely criticized optimality approach
[37,58,59], but is here understood as robust generaliza-
tions that account for the general behaviour of a class
of (often different) systems. This strategy is not an
attempt to reduce away biological complexity with
abstract approaches. Our proposed focus on organiz-
ing principles is not an alternative to bottom-up
approaches, or mechanistic modelling; it is a comple-
mentary approach. For that matter, it is also reduc-
tionist, but in a different sense. Every model or
scientific theory is a reduction of something complex
to something simpler [47]. The search for organizing
principles is a matter of reducing the number of details
and the amount of context-dependent information for
the sake of the generality achieved through abstrac-
tion. This ideal is not in opposition to finding biologi-
cal mechanisms but rather has a different aim, namely
to find out how a class of systems works in principle.

In recent years, interest in general principles under-
pinning the organization of biological systems has
intensified, and we expect this to continue. Efforts in
network modeling have led to the discovery of general
topological aspects and shared functional constraints
of various networks [54,60-63]. Evolutionary systems
biology has initiated the search for evolutionary design
principles that demonstrate general features of evolv-
ing networks [59]. Furthermore, attempts to develop
abstract cell models and explore the potential of cate-
gory theory and mathematical general systems theory
have recently been initiated [35,37,64—68]. As these
approaches address questions at a higher level of
abstraction, the relationships between theoretical mod-
els and experimental practices will be an important
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point of discussion in future biology and medicine
[69]. Another example from our own work is the study
of epithelial cell renewal in the context of colon cancer
[35]. Using simple-order relationships to link the divi-
sion of stem cells in their niche to the fate of the crypt,
we formulated a theorem that shows how the fate of
the tissue is determined by a single lineage. The
approach does not use any numbers to characterize
the system, but analyses what is logically possible ‘in
principle’ [24]. In such approaches, the definition of
(and assumptions about) variables and the subsequent
formulation of the theorem create an argument about
an organizing principle relating to a tissue. To identify
or suggest a principle is to generalize a phenomenon
from particular instances, to de-contextualize it, for
example, generalizing it beyond a specific experimental
context. We believe that, if the gap between systems
theory and mainstream biology can be bridged
through more research in this direction, theoretical
models may be of high practical value because they
address fundamental properties of the system under
consideration.

In summary, we here considered the transition from
systems biology to systems medicine by personal reflec-
tion upon the developments that took us from bio-
chemistry and molecular biology to systems biology.
We noted that advances in molecular and cell biology
were largely technology-driven, leading to high degrees
of specialization and a reduction of the validity of
results to the specific experimental context. In the con-
text of many diseases, which cross multiple levels of
structural and functional organization, reductive
approaches and conventional dynamic systems theory
are limited in facilitating identification of general prin-
ciples underlying these diseases. Another contribution
of our analysis is the proposal for a strategy that
promotes integrative approaches and the search for
organizing principles. While new technologies are
widely welcome and their development is well sup-
ported, we hope that our analysis contributes to a bet-
ter appreciation of the development of new and
abstract methodologies. We firmly believe that systems
medicine not only requires new means of measuring
things, but also new ways of thinking.

Conclusions

A review of the current practice of molecular and cell
biology reveals negative side-effects of technology-dri-
ven reductive approaches. Although much has been
learned about molecular components and subcellular
processes, these sub-systems are part of a larger whole
that is frequently ignored when it comes to under-
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standing tissue- and organ-level questions. Many dis-
eases are a problem of tissue organization, and require
us to integrate our knowledge from the molecular level
all the way up to the tissue and organ level. Multi-lev-
elness is a hallmark of biological complexity, and, in
our view, is the final frontier and the greatest hurdle in
the success of systems medicine. In our analysis, path-
way- and cell-centred approaches have severe limita-
tions when it comes to understanding disease-relevant
multi-level systems. As a consequence, we believe that
the future of systems medicine will rely not only on
technologies, but will also require a strategic focus on
the development of new methodologies. Our analysis
has revealed a need for generalization through abstrac-
tion, and we proposed the search for organizing princi-
ples as a cure against negative side-effects of reductive
approaches. To this end, we suggest systems theory as
systems medicine’s next stethoscope.

The search for organizing principles is not only of
theoretical value but of high relevance for solving prac-
tical problems. The ideal of general principles has a
long history [49,50,70-72], but is still not fully appreci-
ated [24,35,37,66]. The focus on general principles
enables a shift away from molecule- and cell-centred
studies and from what Robert Rosen called ‘thinghood
properties’, towards an understanding of ‘systemhood
similarities’ [57]. Organizing principles do not provide
fine-grained causal explanations of biological mechan-
isms. Their epistemic value lies elsewhere; as higher-
level abstractions, organizing principles may facilitate
transfer of methods across disciplinary boundaries, and
development of what Bertalanffy called ‘in principle
explanations’ [49]. These are coarse-grained descrip-
tions of the behaviour of a system that may be seen as
templates for how such a system can be investigated.
Organizing principles thus signify an epistemological
framework for understanding complex phenomena.
The formal framework of mathematical general sys-
tems theory forces us to be precise about our assump-
tions, and helps us to check the logical consistency of
the argument made about a biology system [24,35].
Understood this way, they are not fruitful despite their
abstract and often idealized nature, but because of it.

We believe that the Ilimitations of reductive
approaches will be particularly detrimental to progress
in systems medicine. We provided an example from can-
cer research, demonstrating that many phenomena at
the level of tissues and organs cannot be reduced to cel-
lular events. Tissue organization, the tissue’s structure
and function are emergent properties that reciprocally
determine the behaviour of the cells that make up the
tissue. Cancer provides an example of a problem of tis-
sue organization, and we argue that if one wants to
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study tissues, one has to study tissues as a whole and
not only focus on single pathways and single cells.
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