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Abstract The complexity of the cells can be described and
understood by a number of networks such as protein–protein
interaction, cytoskeletal, organelle, signalling, gene transcription
and metabolic networks. All these networks are highly dynamic
producing continuous rearrangements in their links, hubs, net-
work-skeleton and modules. Here we describe the adaptation
of cellular networks after various forms of stress causing pertur-
bations, congestions and network damage. Chronic stress de-
creases link-density, decouples or even quarantines modules,
and induces an increased competition between network hubs
and bridges. Extremely long or strong stress may induce a topo-
logical phase transition in the respective cellular networks, which
switches the cell to a completely different mode of cellular func-
tion. We summarize our initial knowledge on network restora-
tion after stress including the role of molecular chaperones in
this process. Finally, we discuss the implications of stress-in-
duced network rearrangements in diseases and ageing, and pro-
pose therapeutic approaches both to increase the robustness
and help the repair of cellular networks.
� 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction: Cellular networks, stress responses, adaptation

and learning

The complexity of the cells can be described reasonably well,

if we catalogue those interactions of cellular molecules only,

which have a relatively high affinity, and, therefore, are unique

and specific interactions of the cell. Here the interacting mole-

cules behave as network elements, and their interactions form

the weighted, but not necessarily directed links of the respec-
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tive structural network. Alternatively, we may also envision di-

rected links as representations of signalling or metabolic

processes of the functional networks in the cell (Table 1, [1–3]).

Cellular networks often form small worlds, where two ele-

ments of the network are separated by only a few other ele-

ments. Networks of our cells contain hubs, i.e. elements,

which have a large number of neighbours. These networks

can be dissected to overlapping modules, which form hierar-

chical communities [4–6]. However, this summary of the major

features of cellular networks is largely a generalization, and

needs to be validated through critical scrutiny of the datasets,

sampling procedures and methods of data analysis at each net-

work examined [7,8].

The word, ‘stress’ has been coined by Selye [9,10], who was

born a hundred years before the writing and publication of this

paper. Here we use a definition of stress from the point of the

cellular networks. Stress is any unexpected, large and sudden

perturbation of the cellular network, to which the network

(1) does not have a prepared adaptive response or (2) does

not have enough time to mobilize the adaptive response. From

the network point of view we talk about an adaptive response,

if a massive network rearrangement occurs. Learning of net-

works can be differentiated from adaptation, if we restrict

learning to those network rearrangements, which are extended

only to a few links and network elements.

The cellular response to stress involves a number of specific

signalling events as well as the activation and extensive synthe-

sis of molecular chaperones, many of which are also called heat

shock, or stress proteins. While the signalling events mostly

prepare for the specific cellular adaptation steps in the metab-

olism, membranes, cytoskeleton, and for those of other cellular

elements and functions, chaperones provide a general response

to stress by repairing damaged proteins [11–13].
2. Stress of networks

Stress can be a single network perturbation (which becomes

noteworthy, if it was large enough), but it is often repeated,

which may cause a congestion of the perturbations at special

points of the cellular networks (Fig. 1). Congestion often affects

most the communication boundaries, such as the central hubs

of hierarchical networks, or the overlaps of network modules

[14]. Rather paradoxically, the chances to develop congestion

become higher, if the network is denser, meaning that the aver-

age number of neighbours is higher in the network [15].
blished by Elsevier B.V. All rights reserved.
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Table 1
Cellular networks

Name of cellular
network

Network elements Network links

Protein interaction
network

Cellular proteins Transient or permanent bonds

Cytoskeletal
network

Cytoskeletal filaments Transient or permanent bonds

Organelle network Membrane segments (membrane vesicles,
domains, rafts, of cellular membranes) and
cellular organelles (mitochondria, lysosomes,
segments of the endoplasmic reticulum, etc.)

Proteins, protein complexes and/or membrane vesicles, channels

Signalling network Proteins, protein complexes, RNA (such as micro-
RNA)

Highly specific interactions undergoing a profound change (either
activation or inhibition), when a specific signal reaches the cell

Metabolic network Metabolites, small molecules, such as glucose or
adenine

Enzyme reactions transforming one metabolite to the other

Gene transcription
network

Transcriptional factors or their complexes and
DNA gene sequences

Functional (and physical) interactions between transcription
factor proteins (sometimes RNA-s) and various parts of the gene
sequences in the cellular DNA

Fig. 1. Network perturbations, congestions and damage: a ‘Le-
Chatelier type principle’ of network stabilization after stress. (a) The
congestion of network perturbations is preferentially observed at
communication boundaries, such as central hubs of hierarchical
networks or overlaps of network modules. (b) Extensively repeated
or large perturbations may lead to the damage of most affected
network elements, which makes the links of the given element weaker
to its neighbours as before. Damage-induced link-weakening may act
as a fuse and by re-channelling the perturbation to alternative routes of
weak links may counteract stress-induced network destabilization.
Solid and dotted lines represent strong and weak (high and low
affinity) links, respectively.
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If perturbations repeatedly arrive within the relaxation time

of the element or group of elements, network damage may oc-

cur. Network may also be damaged, if the propagation of such

a single but large perturbation becomes prevented. As a very

simple scenario, extensively repeated smaller conformational

changes of proteins (or an extremely large change in the shape

of a protein) may induce a partial unfolding, which is large en-

ough to misfold, and denature the protein in question [16]. The

propagation of network perturbations exemplified as confor-

mational changes of protein structural networks and their con-

sequence as partial unfolding (damage) of protein segments

can be nicely followed by the differential unfolding of active

centres of enzymes [17] and antibodies [18] as well as the

growth of initial perturbations to local and global unfolding

events in the course of protein extension by optical tweezers

[19].

Continuing the description of the above scenario, altered

shapes of proteins will not properly serve the very same con-
tacts the respective protein had before. In other words, links

to the former neighbours in the protein–protein interaction

network will be more transient, weaker. Consequently, stress

induces a decrease in the average link-strength and link-den-

sity. Deleting links may be actually beneficial, and may help

to prevent the propagation of damage [20]. Stress-induced shift

from strong links to weaker ones may actually form a part of a

‘Le-Chatelier type network principle’ meaning that upon dis-

turbing the former network equilibrium, the network starts

to have an automatic attenuation of link-strength, which acts

as a fuse, re-channels the perturbations to alternative routes,

and induces an extra stabilization counteracting the original

damage (Fig. 1, [3,21]).
3. Network rearrangements in stress

Stress-induced decrease in the strength and number of links

leads to a gradual detachment of network elements from each

other. This results in a larger number of ‘lonely’ elements,

but – more importantly – induces an increased competition

between the hubs of the network for the remaining links. Dur-

ing a prolonged stress the segregation of ‘loser hubs’ and ‘win-

ner hubs’ will occur, where winner hubs will be preferentially

those, which are more flexible, can endure the transmission

of perturbations better, had more links to their neighbours

before, and the average strength of these links was stronger.

Similarly, stress-induced scarcity of stronger links also leads

to an increased competition of bridges, resulting in weaker,

more rigid ‘loser bridges’ and ‘winner bridges’ (Fig. 2a).

Extending this description winner hubs and bridges may have

a larger repertoire of game strategies in the iterative scenarios

of making and maintaining protein–protein interactions,

which might also be called protein games [22].

Parallel with the stress-induced segregation of loser and win-

ner hubs and bridges, stress also provokes an increased de-cou-

pling of network modules. The overlap decreases between

modules (Fig. 2a). This leads to simpler, less regulated, more

specialized cellular functions. This fits well to the requirement



Fig. 2. Network rearrangements in stress. (a) Stress-induced decrease
in the strength and number of links leads to detached elements, and
results in an increased competition between the strongest hubs and
bridges for remaining links. Parallel with this, an increased de-coupling
(in extreme case: quarantining) of network modules is observed, which
leads to simpler, less regulated, more specialized cellular functions.
Solid and dotted lines represent strong and weak (high and low
affinity) links, respectively. (b) In chronic stress or extreme changes in
the environment parts of cellular network may undergo a topological
phase transition, where the distribution of the number of neighbours
becomes more and more uneven. Here the topology changes from a
random network to a hub-containing network, where the number of
neighbours has a scale-free distribution, then a star-network develops,
where a ‘dictator-hub’ attains most connections, and finally the
network falls apart to densely-connected small groups – called isolated
subgraphs.
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for more efficient energy utilization and preparation for larger

autonomy of various cellular modules during stress. (A larger

autonomy is expected to occur, if there is an increased chance

for a damage of various parts of the network – which is exactly

the scenario during stress, where random-type damages may

hit one or another module.)

The larger autonomy may be increased to such an extent

that certain modules become completely de-coupled from the

rest of the network. This quarantining may affect those mod-

ules which suffered the largest damage or may isolate those

segments, which would utilize the most resources from the

diminished reserves.

Modular rearrangements certainly affect the hierarchical

structure of cellular modules [23]. Elementary modules of some

super-modules may coalesce into a single grand-module and

suffer a significant reduction, while other super-modules may

fall apart to a loose or even isolated assembly of single mod-

ules.

All these ‘simplifications’ of cellular networks during stress

resemble to an accelerated and reversible version of the reduc-

tive evolution of symbiotic organisms, especially, where the

engulfment by the host provides a safe and stable environment

for the ‘guest’, e.g. a parasite [24,25]. In both processes major

segments of the original networks become attenuated parallel

with a specialization of the network structure for a specific

set of environmental conditions provided by either the stress

or the host. This network simplification gives a more rigid
structure, where most of the original universal and flexible

adaptation strategies were temporarily or irreversibly lost.

During stress, chaperones become increasingly occupied by

damaged proteins and a so-called ‘chaperone overload’ occurs

[26]. Since chaperones often couple various cellular modules of

protein–protein interaction [27] and cellular organelle net-

works [28], their inhibition might lead to a de-coupling of all

these chaperone-mediated contacts between network modules.

Since de-coupling of modules stops the propagation of

network damage at the modular boundaries, the above

mechanism provides an additional safety measure for the cell

[13].

In chronic stress or extreme changes in the environment,

smaller or larger parts of cellular network may undergo a

topological phase transition [29]. When the cell has plenty of

resources, there is ample energy to build a large amount of

links between network elements, which means that the result-

ing topology will be very close to that of a random network.

If the network experiences stress, and if its resources become

more and more depleted, in agreement with the above notions,

a larger and larger number of links will cease to operate. This

leads to a discrimination of network elements. A few of them

will retain and even gain links, while most of them will be pau-

perized. The ‘link-winners’ will become the hubs of the novel

network structure. If the stress is stronger or it lasts longer,

an increased competition of hubs will occur, and in an extreme

case, the network may be switched to a star-network, where

the ‘winner hub takes all’ and an extremely centralized, highly

hierarchical structure develops. If the resources will become

even smaller, the star-network collapses and a number of iso-

lated, small groups will be formed. This corresponds to the

death of the former gross structure, which we called cell or

organism (Fig. 2b). The latter, disintegration-type topological

phase transition may be preceded by quarantining the most

damaged parts of the network, and might accompany various

forms of programmed cell death [30].
4. Network re-establishment after stress

When the stress is over, and cellular resources slowly start to

get back to normal again, cellular networks start to re-estab-

lish those links, which were ceased to operate during stress.

Bridges, local hubs are re-built, modules are re-coupled. As a

gross summary of these processes, the cell re-establishes its lost

repertoire of weak links, which enable its networks to a large

number of flexible changes. In this way the re-gaining of the

links shed during stress can be envisioned as a purchase of a

general ‘insurance’, which enables the stressed cell to recover

from its former, rigid state highly specialized to the given form

of stress, and to attain a more flexible structure, which will be

able cope with a large number of unexpected changes in the fu-

ture.

These processes are helped by the newly synthesized molec-

ular chaperones, since their low affinity interactions effectively

sample a large number of proteins, and allow the rearrange-

ment of hubs, re-formation of bridges and binding of de-cou-

pled modules each other in a very flexible, partially stochastic

manner. Thus, chaperones give the cell a refined and flexible

way for the gradual build-up of the complex modular structure

and function, when the stress is already over [27,31].
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5. Examples for stressed-induced network rearrangements

The above descriptions of stress-induced rearrangements of

cellular networks (which may also be called as network re-

modelling or re-configuration) were mostly based on our gen-

eral knowledge on network behaviour during and after stress.

In this section we list a few initial examples, where we already

have evidence for a similar behaviour in cellular systems. How-

ever, we have to note that this field has not become yet a main-

stream approach, and, therefore, the examples below are

rather sporadic and prompt further research efforts in the field.

A molecular complex, where stress-induced rearrangements

were extensively studied is the cytoskeleton, where stress is

exemplified by the mechanical stress of stretching. Networks

of actin filaments show an exceptional elastic behaviour, where

stretch-induced stiffening is followed by reversible softening at

higher loads. Stiffening (which is also called as strain-harden-

ing) is induced by cross-linking and may span changes of sev-

eral magnitudes in elasticity. Cross-linking of actin filaments is

helped by a whole family of proteins including alpha-actinin

and filamin. At higher loads softening becomes the major form

of further rearrangements instead of stiffening to avoid a cata-

strophic fracture of the network [32–35]. This complex behav-

iour of the cytoskeletal network resembles to the stress-

induced rearrangement of networks described in Section 3,

which is also followed by the appearance of a more rigid struc-

ture. The consecutive softening is similar to the de-coupling of

network modules after extensive stress [13,29]. De-coupling of

individual mitochondria from each other also saves non-dam-

aged parts of the mitochondrial network during oxidative [36]

and osmotic damage [37] by stopping the propagation of the

damage from mitochondrion to mitochondrion. The rear-

rangement of the cytoskeletal network after stress [38] also

resembles to general features of network-evolution [2,3], when

first minor sub-networks are formed, which become cross-

linked later, and coalesce to larger networks.

As an excellent example for complex networks helping an

efficient stress response, the modularity and robustness of the

heat shock response system have been studied in the Escherichia

coli in detail. The extensive analysis revealed that the module

around the sigma-32 transcription factor acts as a central mod-

ule-hub, and orchestrates the regulation of a number of other

cellular modules. A balance of feed-forward mechanisms and

the sequestration/degradation of sigma-32 induces a fast and

efficient response preventing gross protein unfolding. Noise

reduction during E. coli stress is helped by protein degradation

(such as the degradation of sigma-32), which may be a stress-in-

duced stabilization mechanism in eukaryotes, too [39–41]. A

modular structure of the chaperone networks in the eukaryotic

cytosol has been also uncovered, where a distinction between

stress-induced chaperones participating in the re-folding of

damaged proteins and stress-repressed chaperones helping the

folding of de novo synthesized proteins was found [42]. The

above, relatively minor, local re-adjustments of protein levels

and activities of chaperone-networks may trigger a large

network re-shuffling at the level of the whole cell, which is

due to the central position of chaperones and their network-

modules in the complete cellular network system [13,27]. Such

behaviour is suggested by the active centre-induced gross con-

formational rearrangements of proteins, which is a result of

the central position of triggering amino acid residues in the pro-

tein structural networks [16].
6. Stressed cellular networks in disease and ageing

The increased vulnerability of stressed cellular networks,

together with the significantly reduced range of adaptive

responses of stressed networks become especially critical, if

the cellular network already experienced a previous damage.

This happens under the repeated waves of chronic stress, but

also prevalent in disease and in aged cells. In these scenarios

stress-induced severing of various links in cellular networks

affects a network structure, which has been already weakened

by the preceding permanent damage. An additional type of

danger is raised by the fact that in disease and ageing the noise

level is already much higher than usual [43]. If disease and age-

induced noise is accompanied by the extra, stress-generated

noise, it may well go beyond the tolerable threshold, and

induces an ‘error-catastrophe’.
7. Robustness and repair of stressed networks: consequences

to pharmacology and drug design

Networks have a number of efficient measures to protect

themselves from stress-induced damage. If the traffic of the

most central network elements is redistributed to other, non-

central nodes, the network capacity can be increased by 10

times [44,45]. If a network element is destroyed, an isoform

may be synthesized as a back-up, or an emergency rewiring

of its neighbors can also save the network [46]. Additionally,

the selective removal of network elements and links with either

a small load, or a large excess of overload also diminishes the

size of the cascading damage [20].

Efficient repair of the multiple rearrangements and defects of

disease-, ageing- and stress-affected cellular networks is rather

seldom reached by a single-target drug having a well-designed,

high affinity interaction with one of the cellular proteins [47].

In agreement with this general assumption, several examples

show that multi-target therapy may be superior to the usual

single-target approach. The best known examples of multi-tar-

get drugs include Aspirin, Metformin or Gleevec as well as

combinatorial therapy and natural remedies, such as herbal

teas [48]. Due to the multiple regulatory roles of chaperones,

chaperone-modulators provide additional examples for mul-

ti-target drugs. Indeed, chaperone substitution (in the form

of chemical chaperones), the help of chaperone induction

and chaperone inhibition are all promising therapeutic strate-

gies [49–52].
8. Summary and perspectives

Recent progress in network science and, especially, our

emerging knowledge of network dynamics provides a unique

chance to understand and modulate stress-induced changes

in cellular networks. We have an initial idea on stress-induced

network rearrangements as well as on a few mechanisms help-

ing the cell to preserve robustness under these conditions.

However, a number of key issues have not been tackled yet

both from the theoretical and the experimental points of view.

� We do not have a detailed view on the vulnerable points of

real, cellular networks suffering from congestions or being

exposed to damage during stress.
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� We are at the very beginning to understand stress-induced

network rearrangements: the exploration of the rules of

hub- and bridge-competition as well as changes in the hier-

archical modular structure is largely missing.

� Parallel data-sets showing the differences between protein–

protein interaction, organelle and functional cellular net-

works under normal and stressful conditions are missing.

� The exploration of topological phase transitions of cellular

networks by comparing their topology in extremely re-

source-rich and resource-poor environments awaits experi-

mentation.

� Our knowledge on the re-establishment, re-building of cellu-

lar networks after stress is practically zero.

� We need a much better understanding of cellular network

changes in disease and ageing.

� Lastly, but perhaps most importantly, besides chaperones,

and chaperone-related therapies we do not have a detailed

knowledge on the mechanisms helping cellular networks to

cope with their stress and on the possibilities for efficient

therapeutic interventions.

We are quite certain that stressed networks will give a lot of

excitement and pleasure for systems biologists, who would like

to understand the dynamics of cellular networks. As a result of

these studies the emergence of network-based therapies is ex-

pected, where the target-sets of multi-target drugs will be iden-

tified using our knowledge on the vulnerable points (hot-spots)

of cellular networks in stress, disease and ageing.
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