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From isolated to networked: a paradigmatic shift in 
mitochondrial physiology
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A new paradigm of mitochondrial function in networks is emerging which includes, without 
undermining, the glorious and still useful paradigm of the isolated mitochondrion. The mitochondrial 
network paradigm introduces new concepts, tools, and analytical techniques. Among them 
is that mitochondrial function in networks exhibits interdependence and multiplicative effects 
based on synchronization mechanisms, which involve communication between mitochondrial 
neighbors. The collective dynamics of these networks become advantageous for coordinating 
function spanning from the cell, to the tissue, and the organ. However, under severely stressful 
conditions the network behavior of mitochondria may become life threatening.
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cycle represent major achievements – and the chemiosmotic 
principle introduced by Peter Mitchell. An illustration of what 
this paradigm is unable to explain is that, under critical condi-
tions, a failure in the mitochondrial network can take your life if 
it happens in your heart and, I would like to anticipate, in your 
brain. Mitochondrial function in a network is inter-dependent 
resulting in multiplicative rather than additive effects. Under 
normal physiological conditions, the coordinated function of 
mitochondria confers robustness (i.e., a failure in a few of them 
does not affect overall function) whereas under pathophysiologi-
cal conditions failure in a considerable number of mitochondria 
is needed to initiate the collapse of the whole network (Aon 
et al., 2004; Zhou et al., 2010). For example, the triggering of 
the apoptotic pathway by cytochrome c release, or the open-
ing of sarcolemmal K

ATP
 channels under energy failure, do not 

depend on one or just a few mitochondria but on a considerable 
number of them. The collapse of the mitochondrial network 
membrane potential under oxidative stress involves at least 60% 
of them, representing an emergent, macroscopic, property of the 
network (Aon et al., 2004). Emergent properties, the single most 
distinguishing feature of complex behavior in a system, cannot 
be anticipated from the behavior of the isolated components 
of such a system. The statistical behavior of the mitochondrial 
network, consistent with fractal, scale-free, oscillatory dynamics 
(Aon et al., 2006; Beraud et al., 2009, see Glossary), represent 
an emergent behavior in the form of dynamic fractals. In the 
case of mitochondria, dynamic fractals express the long-term 
correlation (memory) and intrinsic coordination of the mito-
chondrial network dynamics, which does not exhibit a “charac-
teristic” oscillatory frequency but a broad range of them. The 
existence of dynamic fractals can be of basic significance for the 

It has become almost common place in the biological literature to 
refer to the influential work of the science historian and epistemolo-
gist Tomas Kuhn in order to analyze paradigmatic shifts in science 
(Strohman, 1997; Mayr, 2004). For Kuhn, a paradigm is comprised 
by conceptual schemes or models (e.g., Copernican, Mendelian, 
Darwinian) which are utilized by the majority, in a particular sci-
entific community. Scientific work within a paradigm allows its 
reinforcement and as such is essentially conservative; Kuhn dubbed 
it “normal science”. However, the constant practice of a paradigm 
shows its weaknesses until a point in which they cannot be ignored 
anymore. This is the point where “paradigm shifts” happen. The 
thesis of this article is that the field of mitochondrial physiology 
is at this point now.

The new paradigmatic shift starts to emerge when dust is not 
yet settled for mitochondria expanding role from powerhouse to 
signaling organelle, allowing them to gather the reputation of “gate-
keepers of life and death” (better than the “housekeeper” notion 
attributed to them, and metabolism in general, during the heydays 
of molecular biology). The respectable but insufficient paradigm 
of the isolated mitochondrion with which every mitochondrial 
physiologist has grown up, starts to be replaced – without denying 
it – by the more realistic paradigm of mitochondrial function in 
networks. This paradigm shift in mitochondrial physiology ech-
oes the more general return to integrative physiology, now called 
Systems Biology. A more complete understanding of networks and 
their properties is a key to understanding the conceptual idea driv-
ing this paradigm shift (Barabasi and Oltvai, 2004; Weiss et al., 
2006; Aon et al., 2007).

The paradigm of the isolated mitochondrion was very much 
guided by the description of its biochemical machinery – of 
which the respiratory chain and the tricarboxylic acid (TCA) 
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requires both constancy and flexibility in mitochondrial functional-
ity; constancy to provide a steady supply of ATP to fuel contraction, 
and flexibility, to adapt the rate of respiration and mitochondrial 
ATP production.

The notion of mitochondrial networks within networks, i.e., the 
overall metabolic network, stresses the fact that not all the control 
of mitochondrial respiration in vivo, resides within the mitochon-
drion itself. In fact, as part of the network of mechano-electrical 
processes in the heart, mitochondria, as the main energy suppli-
ers, both modulate and are modulated by the overall network. For 
instance, during the contraction cycle, when the contractile force is 
close to its maximum, the respiratory flux is not only controlled by 
mitochondrial processes but also by the cytoplasmic and sarcolem-
mal ATP-consuming motors and pumps, like the myofibrillar and 
Na/K ATPases (Cortassa et al., 2009).

A prospective for future studies within the 
pArAdigm of mitochondriAl networks
The study of mitochondrial function as and in networks implies 
considering unique traits such as interdependence, multiplica-
tive effects, collective dynamics spanning several temporal scales, 
and communication. Together, these traits are necessary and 
sufficient to define the confines, conceptually and in tools, of a 
new paradigm.

Several attempts, whose approach qualifies for the network 
paradigm, are to a certain extent already underway in the brain 
(Nicholls, 2008) and in the heart (Aon et al., 2008a,b; Arsac et al., 
2008; Beraud et al., 2009; Zhou et al., 2009, 2010; Yang et al., 2010). 
Applying this integrative approach to cells is the most immedi-
ate use of the new paradigm, which includes but transcends by 
far the mere analysis of differences between isolated and in vivo 
mitochondrial physiology.

Simulating complex physiological responses with computa-
tional models, at several simultaneous temporal and spatial scales 
(Cortassa et al., 2006; Shim et al., 2006; Plank et al., 2008; Cortassa 
et al., 2009), in conjunction with high throughput technologies, has 
a great future for its potential ability to produce unprecedented 
insights into the inner working of organ physiological mecha-
nisms, under health and disease. The combined experimental-
 computational strategy represents the edge of the future for 
mitochondrial networks. The computational approach provides 
the ability to calculate basic control and regulatory properties of 
extended networks, comprising processes of different nature, i.e., 
metabolic, transport, electro-mechanical, like in the heart. Due 
to the interdependence factor that characterizes network behav-
ior, affecting them with pharmacological agents, triggers diffuse 
control loops with consequences that go beyond intuition and the 
expected targets, i.e., so-called “secondary” or “collateral” effects 
(see Cortassa et al., 2009, and Glossary).

The emerging science of networks represents a new chapter 
within systemic approaches to Biology and Medicine in health and 
disease. Mitochondrial physiology already belongs to this new era.
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 scale-free temporal organization of energetic timekeeping, from 
the organelle to the cell, and organism levels, and across evolu-
tionary scales (Aon et al., 2008b; Lloyd and Rossi, 2008).

In the emerging paradigm, mitochondria represent “hubs” in the 
network of metabolic processes because the TCA cycle sits at the 
convergence of most catabolic and anabolic pathways (Aon et al., 
2007). This positioning of the TCA cycle gives mitochondria, as a 
network within the more general metabolic network, the character 
of a true “hub” due to their multiple links to other pathways, as 
either an input (source) or an output (sink).

Morphologically, mitochondria form dynamic networks, regu-
lar – lattice-like as in the heart or skeletal muscle – or irregular 
–  reticular-like as in neurons. The functional and morphological 
dynamic behavior of these networks largely influence as well as 
reflect the status of the entire cellular, tissue, and organ, ensemble 
(Benard and Rossignol, 2008). Highly non-linear mechanisms gov-
ern the network dynamics, highlighting the inseparability of the 
spatial and temporal aspects of mitochondrial network behavior, 
under both physiological and pathophysiological conditions. The 
strong interconnectedness among components bestows scaling 
properties to these networks, implying that the result of an action 
in the subcellular realm, e.g., mitochondrial network, can escalate 
to the tissue and organ levels, such as under crises, like heart attack 
or disease, resulting in catastrophic arrhythmias (Aon et al., 2009). 
The propagation of mitochondrial failure under critical conditions 
is amplified by the multiple non-linear interactions among electri-
cal, mechanical, and energetic, processes (Zhou et al., 2009; Yang 
et al., 2010).

It is timely to stress at this point that the dynamic of mito-
chondrial networks does not necessarily imply physical continu-
ity, for chemical communication among mitochondrial neighbors 
can convey information about their status. In fact, local diffusion 
(∼1–2 μm between mitochondrial neighbors) of chemical mes-
sengers such as ROS, can give long-range (∼100 μm cellular, or 
even longer tissue and organ), global, behavior (Aon et al., 2004; 
Zhou et al., 2010). The physiological status of the global network, 
gathered through local interactions, is the macroscopic spatial cue 
of the network collective dynamics. In heart, the collective dynamics 
in key energetic and redox mitochondrial variables – ∆Ψ

m
, NADH, 

and ROS – is oscillatory. Under physiological conditions, the oscil-
latory dynamics is of low amplitude and high frequency, depending 
on a loose, weak, ROS communication. Under stressful conditions, 
such as lack of substrate or oxidative stress (Romashko et al., 1998; 
Aon et al., 2003), ROS becomes a strong coupling messenger result-
ing in low frequency, high-amplitude, cell-wide oscillations of the 
mitochondrial network (Aon et al., 2008a).

The tight match between energy supply and demand in the 
heart can be more readily fulfilled by the highly synchronized and 
robust action of mitochondrial networks. In the heart cell, during 
maximal workload, the whole ATP pool can be turned over in a 
few seconds since ∼2% of that pool is consumed in each heart 
beat (Harris and Das, 1991). From a temporal perspective, these 
numbers underscore the highly tuned response in energy supply by 
the mitochondrial network to the demand by electro-mechanical 
events operating in the millisecond range (e.g., action potential, 
calcium transient, myofibrils crossbridge cycling) (Cortassa et al., 
2006). The changing metabolic demand as a function of workload 
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statistical fractals exhibit scale-free dynamics, i.e., they span a 
wide range of temporal scales simultaneously (e.g., from mil-
liseconds to several minutes), in such a way that the short-term 
fluctuations are related to longer-term trends in the dynamic 
behavior. As a result, what affects one time scale affects them all: 
a fundamental property of dynamic fractals. The long-term cor-
relation in mitochondrial dynamic behavior can be interpreted 
as memory since their status in the present is dependent on their 
condition in the past, a fact underscored by their non-random 
statistical behavior.

Control by diffuse loops: It is defined as the control that a process 
A exerts over process C or D without an apparent direct mechanistic 
link among them. This is a new conceptual tool uncovered from 
calculating control and regulatory properties of the overall network 
of energetic and electro-mechanical processes involved in cardio-
myocyte function. For example, inhibition of the Na/K ATPase 
controls mitochondrial respiration through an extensive diffuse 
loop involving the sarcoplasmic reticulum Ca2+ ATPase (SERCA), 
the sarcolemmal Na+/Ca2+ exchanger, and the levels of cytoplasmic 
Na+, Ca2+, and ATP.

glossAry
Network: The collective organization of an ensemble of objects, 
or groups of them, in space (structural and topological) and 
time (dynamics).

Emergent behavior: Novel and sometimes surprising macroscopic 
properties arising from the self-organizing capacity of biological sys-
tems’ internal structure and dynamics. Self-organization appears in 
non-linear open systems like cells, organisms, and ecosystems, away 
from thermodynamic equilibrium, i.e., constantly driven by exchange 
of matter and energy or information with the environment.

Fractal: An object of geometric, statistical, or dynamical 
nature that obeys power laws of the form M(L) ∝LD, with D as 
the non- integer fractal dimension (∝means “is proportional to”). 
Mandelbrot introduced “fractal geometry” and defined a fractal “as 
a shape made of parts similar to the whole in some way”. This last 
property is called self-similarity, and represents one of the most 
distinctive features of fractals.

Dynamic fractals: Self-similar statistical objects described 
in time series, i.e., the time-dependent behavior of an observ-
able (e.g., mitochondrial membrane potential, NADH). These 


