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Background: Diseases and health conditions have been classified according
to anatomical site, etiological, and clinical criteria. Physico-chemical mechanisms
underlying the biology of diseases, such as the flow of energy through cells and tissues,
have been often overlooked in classification systems.
Objective: We propose a conceptual framework toward the development of an
energy-oriented classification of diseases, based on the principles of physical chemistry.
Methods: A review of literature on the physical chemistry of biological interactions in
a number of diseases is traced from the point of view of the fluid and solid mechanics,
electricity, and chemistry.
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Results: We found consistent evidence in literature of decreased and/or increased
physical and chemical forces intertwined with biological processes of numerous
diseases, which allowed the identification of mechanical, electric and chemical
phenotypes of diseases.
Discussion: Biological mechanisms of diseases need to be evaluated and integrated
into more comprehensive theories that should account with principles of physics and
chemistry. A hypothetical model is proposed relating the natural history of diseases to
mechanical stress, electric field, and chemical equilibria (ATP) changes. The present
perspective toward an innovative disease classification may improve drug-repurposing
strategies in the future.
Keywords: disease classification, physico-chemical forces, cell membrane, metabolism, mitochondria

INTRODUCTION
Diseases have been historically classified according to their nature, anatomical site, association to
an external cause, and the cause of death (Moriyama et al., 2011). The International Classification
of Diseases (ICD) provides a health care classification that has been based on these criteria. In
its 11th revision, the ICD-11 proposes different dimensions for a given disorder as a function
of its topography, temporal properties (acute, chronic), severity, clinical phenotypes (signs and
symptoms), and etiology (Jiang et al., 2013). Classification of diseases has excluded the influence
of physical and chemical forces governing transformation of energy in both matter and living
systems. Energy takes many forms in biological systems. At the cellular level, biological functions
are primarily regarded as being influenced by electric, magnetic, light, mechanical, heat, and
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production (Seyfried and Shelton, 2010; Lane and Martin,
2012). Oxidative phosphorylation (OxPhos) provides about 88%
of the total energy and substrate phosphorylation (mainly
glycolysis) contributes the remaining 12%. In OxPhos, which
occurs within mitochondria, electrical charges are transferred
to oxygen via redox reactions and protons are pumped from
the matrix across the mitochondrial inner membrane. ATP
is synthesized when protons return to the mitochondrial
matrix down their electrochemical gradient. The rate of energy
production in OxPhos is determined by the conductance
of the bio-membrane and the electromotive potential across
the membrane (Nicholls et al., 2002). Energy production
in glycolysis, however, is independent of electrical gradients.
Now, the rate of energy production is determined by the
activity of the glycolytic enzymes of the cytoplasm, without
exchanging charges with dielectric membranes (Demetrius et al.,
2010).
Cell differentiation and proliferation are at least in part
controlled by the intracellular pH. Differentiated cells have a
lower pH than proliferating cells (Lee et al., 2003). Pouyssegur’s
group showed that cells cannot proliferate when the intracellular
pH is below 7.2 (Sardet et al., 1989). pH change inside cells can
be explained by several phenomena, such as the sodium/proton
transmembrane exchanger (Moolenaar et al., 1981; Boron, 2004).
The intracellular pH plays a key role in determining the way cells
allocate energy, especially driving the switch between OxPhos
and glycolysis (da Veiga Moreira et al., 2015). At acidic pH,
cytoplasmic activity of ATPase is inhibited and mitochondrial
respiration is optimal, implicating increased ATP concentrations.
On the other hand, when cytoplasmic pH is alkaline, ATP
concentration falls, probably due to impaired mitochondrial
respiration and increased ATPase activity (Christen et al., 1983).
Moreover, it has been demonstrated that intracellular pH drives
protein synthesis and DNA replication (Busa et al., 1982; Busa
and Crowe, 1983; Hand and Carpenter, 1986). Intracellular
acidic pH is followed by global histone deacetylation, leading
to chromatin compaction, the phenotype of a dormant cell, like
a myocyte or a neuron. Conversely, intracellular pH increase
toward alkalinisation is reported to favor acetylation of histone,
leading to chromatin decompaction and DNA replication
(McBrian et al., 2013; Kurdistani, 2014). These phenomena occur
after resting cells are committed to proliferate, such as in cancer.
All such chemical equilibria contribute to the chemical driving
forces distribution at play in the body.

chemical energies. Heat is cyclically exchanged between cells
and environment. Plants, algae, and cyanobacteria absorb light
energy via photosynthesis, whereas nuclear forces have only
a negligible impact on living systems. Excluding infections,
most diseases have unknown etiology, and more or less unclear
pathophysiology. In the late 1850s, Louis Pasteur and Robert
Koch, put forward the germ theory, according to which diseases
are caused by infectious microbes, impairing functioning of
structures of different organ systems (Pasteur, 1881). The concept
of etiology, or disease’s specific causation, was crystallized
by the germ theory (Carter, 1980). The physiologist Claude
Bernard, Pasteur’s contemporary and friend, argued instead for
importance of the balance in body internal environment—what
he called le milieu intérieur (Bernard, 2013). The other points
in his argument are that the physical and chemical sciences
provide the foundation for physiology and that biology depends
on recognizing that the processes of life are mechanistically
determined by physico-chemical forces (Bernard, 1865). Here,
we put forward a conceptual framework outlining integrative
approaches to classify diseases based on physico-chemical-based
phenotypes. These dimensions comprise the same laws that
govern inorganic and organic matter.

PHYSICO-CHEMICAL FUNDAMENTAL
UNDERPINNINGS OF PHYSIOLOGICAL
PROCESSES
Chemistry Governs Cellular Metabolism
Metabolism is a physico-chemical process which involves the
chemical conversion of energy into biological work (Lehninger,
1971). Molecules are absorbed through pores in the membrane
and they react to break down molecules to generate energy
used in heat formation, which when dissipated maintains body
temperature constant and in synthesis of nucleic acids, proteins,
and lipids. In a thermodynamic sense, cells can be viewed
essentially as an isothermal combustion engine engaged in
a Carnot cycle, performing work and generating heat, thus
requiring a constant supply of energy-giving molecules like
glucose (Fermi, 1956; Lehninger, 1971). Cell metabolism is
the sum of all the chemical reactions and dynamic exchanges
between a cell and its microenvironment. Utilization of free
energy from molecular bond rearrangement of nutrients powers
biological processes in every biological organism.
Eukaryote cells, exhibit two opposite metabolisms: catabolic
reactions, leading to the breakdown of macromolecules for
energetic use and anabolic reactions, which consists of synthesis
of biomass. Cells convert energy by means of an electronproton transfer process to produce ATP. The energy of
electron flow is stored under the form of chemical free
energy of ATP, which is then used to execute the mechanical,
osmotic, and biosynthetic work of cells (Lehninger, 1965, 1971).
Metabolic networks continue to generate the requisite amount
of energy after removal of certain reactions, characterizing
stability and resilience in the face of endogenous and exogenous
perturbation (Demetrius, 2013). The standard energy of ATP
hydrolysis remains within a narrow range among cells with
widely varying membrane potential and mechanisms of energy
Frontiers in Physiology | www.frontiersin.org

Mechanical Forces Underlie Cell Biology
The influence of mechanical energy of living organisms is
omnipresent. Cells are continuously subjected to stretching,
compression, and shear forces that influence cell division,
gene expression, cell migration, morphogenesis, cell adhesion,
fluid homeostasis, ion channel gating, and vesicular transport
(Hamill and Martinac, 2001; Kim et al., 2009; Eyckmans et al.,
2011). The seminal work of D’Arcy Thompson demonstrated
that mechanical forces play a key role in plant and animal
morphogenesis (Thompson, 1942). These physical forces displace
the relative locations of molecules within cells and tissues,
which give rise to viscoelastic deformation of membranes and
cytoskeletal and extracellular matrices (Eyckmans et al., 2011).
2
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are excitable fiber conductors like neurons. In these cells, action
potentials are triggered by arrival of synaptic currents at the
neuromuscular junction. Electrical current plays also a key role
in cell growth regulation and organogenesis (Pethig and Kell,
1987; Kubota et al., 1995; Thakral et al., 2013). All such electrical
interactions contribute to the electric fields distribution at play in
the body.

We already have an intuitive understanding of the distribution of
mechanical forces when we consider pressure, which depends not
only on environmental and endogenous loads (pressure exerted
by cavities and blood) but also on intrinsic mechanical factors
of organs, such as shape, architecture, and mechanical properties
of tissues (Brinckmann et al., 2002; Jacobs et al., 2012; Levy
Nogueira et al., 2016).
Fluid mechanics can influence cell function via osmotic
pressure. This form of pressure is exerted when water is
transported across a semi-permeable membrane, a membrane
allowing only water molecules but none of solute molecules
to pass through (DeDuve, 1991). Oncotic pressure is a form
of osmotic pressure exerted by proteins, notably albumin, in
blood plasma that usually tends to pull water from interstitial,
lymphatic and cerebrospinal fluids, into the circulatory system.
Enhanced anabolism results into production of dissolved biomass
products, hence in increased osmotic and oncotic pressures. It
is the opposing force to hydrostatic pressure, generated by the
weight of a liquid in presence of gravity. In blood circulation,
hydraulic pressure changes with body posture. The hydraulic
pressure is due to the external force acting on a surface of a liquid;
in blood circulation, the origin of this force is the heart and blood
vessels. When a liquid flows, a dynamic pressure is produced in
the flow direction and the total pressure in this liquid is the sum
of hydrostatic and dynamic pressures. All these forces contribute
to the mechanical driving forces distribution at play in the body.

PHYSICO-CHEMICAL-BASED
PHENOTYPES OF DISEASES
Diseases Exhibiting Changes in Metabolic
Rates: Chemical Phenotypes
Hypermetabolism, an increase in metabolic rate, is a hallmark
of sustained pathophysiological stress response observed in
fever, burn injury, severe trauma, and systemic inflammatory
reaction in critically ill patients (Frankenfield et al., 1997; Porter
et al., 2014). The initial description of the effects thyroid
hormones on metabolic rate has made more than 100 years ago
(Magnus-Levy, 1895). Thyroxin and triiodothyronin hormones,
as well as adrenergic drugs, like epinephrine, and amphetamines
increase metabolic yield (Nahorski and Rogers, 1973; Fisher
et al., 1998; Ratheiser et al., 1998). Inversely, there are multiple
mechanisms for decreased metabolic energy yield. The most
common is probable age, a key risk factor for most diseases.
Decreased metabolic rate may be due to lack of nutrients, such
as in malnutrition, ischemia or anemia; or associated to some
endocrine diseases like type 1 diabetes and hypothyroidism
(Charlton and Nair, 1998; Singhal et al., 2002; Emery, 2005;
McAninch and Bianco, 2016).
As stated by Otto Warburg almost 90 years ago, cancer is the
simple consequence of altered metabolism (Warburg, 1956). In
cancer cells, there is an increased uptake of glucose to compensate
for the decrease energy yield, itself a consequence of a decreased
mitochondrial activity. The pyruvate cannot be degraded via
the Krebs cycle because the number of mitochondria is reduced
(Levine and Puzio-Kuter, 2010; Schwartz et al., 2010; Israël and
Schwartz, 2011; Porporato et al., 2011; Abolhassani et al., 2012).
The mitochondrial defect results in decreased CO2 synthesis
and alkalinization of the cytoplasm. A consequence of decreased
mitochondrial activity is activation of the Pentose Pathway and
tumor growth (Israël and Schwartz, 2011). In cancer, metabolic
fluxes are diverted toward the pentose phosphate shunt rather
than OxPhos, due to Warburg effect. Activation of this pathway
results in synthesis of DNA and RNA (Levine and Puzio-Kuter,
2010; Schwartz et al., 2010; Israël and Schwartz, 2011; Porporato
et al., 2011; Abolhassani et al., 2012). In cancer cells, the fuel is
glucose and mitochondria do not secrete enough CO2 to acidify
the cytoplasm. Therefore, the cytoplasm of the cancer cell is
alkaline.
Mitochondrial dysfunction has been reported in numerous
brain diseases—to name a few: Alzheimer’s disease (AD)
(Moreira et al., 2007), Parkinson’s disease (Narendra et al.,
2009), Huntington disease (Beal, 2005), bipolar disorders and
schizophrenia (Clay et al., 2011). In AD, mitochondrial instability
and dysfunction appear in a distinct population of neurons (Hirai

Electrical Forces Drive Cell Membrane
Functions
Local electric fields within cells result mostly from the
distributions of charged particles, such as ions Na+ , K+ ,
Ca2+ , and Cl− across phospholipid bilayer membranes by the
opening and closing of channels. Such distributions result from
diffusion and electrostatic forces generated by ion gradients
and electrochemical potentials. The first cell studied from the
point of view of the electricity was the neuron. The flow of
electrical currents through an axon was firstly described by
the cable theory, developed in the nineteenth century by Lord
Kelvin to explain the flow of electricity in submarine cables.
Cole, Goldman, Hodgkin and Katz adapted cable theory in
the 1920–40s, considering resistances and capacitances of cells
membranes and the properties of electrolytes that surround it
(Goldman, 1943; Hodgkin and Huxley, 1952). Later, cable theory,
Hodgkin and Huxley model and its modified versions took
into account the influence of ion channels and ionic dynamics
to study the electrical conduction and excitability of dendrites
and neural networks (Butera et al., 1999; Stuart et al., 2016).
More recently, synaptic currents have been more accurately
described at nanoscale dimensions using the Poisson–Nernst–
Planck equation and electro-diffusion modeling (Holcman and
Yuste, 2015). Electrical currents propagate along the axon in
neuronal networks but also it plays an important role in
coordinating the contraction of the heart. Cardiac electrical
potentials are generated by the sinoatrial node, the natural
pacemaker of the heart and propagate from atria to ventricles
via the atrioventricular node. Cardiac and skeletal muscle cell
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and Gotlieb, 2005; Anwar et al., 2012). The exact mechanism
of converting shear energy into biochemical signal is not yet
well understood. The strain in atherosclerotic plaques due to the
pulsatile pressure is highly correlated to plaque rupture and thus
an ischemic event (De Korte et al., 2016). Hemodynamic stress
also induces cardiac valve disease (Robicsek and Thubrikar,
2002), ventricular hypertrophy (Neeland et al., 2013), pulmonary
hypertension (Puwanant et al., 2010), brain lacunar infarcts,
microbleeds, and white matter hyperintensities (Saji et al., 2016),
as well as glomerulopathy (Gnudi et al., 2003).
Chronic adult hydrocephalus is characterized by an excessive
enlargement of the brain ventricles, which leads to parenchymal
shrinkage. It is most commonly accepted that continuous or
transient cerebrospinal fluid hypertension leads to chronic
hydrodynamic stress on ventricular walls, ultimately resulting in
ventricular dilatation (Streitberger et al., 2011). Hemodynamic
stress has also associated with migraine (van Alphen, 1986;
Gudmundsson et al., 2006). Epidemiological, neuropathological,
microstructural studies largely support the notion that
mechanical stress triggers and/or accelerates neurodegenerative
diseases, including AD, Parkinson’ disease and amyotrophic
lateral sclerosis. Hemodynamic and hydrodynamic factors,
such as hypertension and chronic adult hydrocephalus, and
exposition to traumatic brain injury consists on well-established
risk factors for AD (Plassman et al., 2000; Schmidt et al., 2001;
Goldman et al., 2006; Uryu et al., 2007; Johnson et al., 2012; Levy
Nogueira et al., 2016). Finally, energy storage and dissipation,
explained by the laws of solid mechanics, are related to possible
mechanisms of changes in cartilage structure and function that
occur in osteoarthritis (Silver and Bradica, 2002; Vincent et al.,
2012; Visser et al., 2014).

et al., 2001). In order to sustain their energy needs, these neurons
will disproportionally up-regulate OxPhos and consume more
fuel substrates (lactate) (Demetrius and Driver, 2013). More
vulnerable neurons, such as those from entorhinal cortex and
hippocampus, could be damaged in consequence of glucose and
lactate shortage. Circumscribed hypometabolism over these areas
can be visualized in early stages of the disease of the brain
[18 F]fluorodeoxyglucose PET (FDG-PET) (Yakushev et al., 2011).
This mode of neuroenergetic reprogramming is called the inverse
Warburg effect (Demetrius et al., 2014). Inversely to cancer, the
cytoplasm of brain cell in AD patients has an acidic pH in
consequence of accumulation of lactic acid (Fang et al., 2010;
Demetrius and Driver, 2013). Alkaline cytoplasm is strongly
mitogenic, while acidic pH results in cell death (Zetterberg and
Engström, 1981; Gottlieb et al., 1996).

Diseases Exhibiting Changes in
Mechanical Forces: Mechanical
Phenotypes
During an acute inflammatory reaction, extravasation of plasma
proteins occurs from the intravascular to the interstitial space
(Table 1). For diagnostic proposes, clinicians currently identify
high concentrations of protein in inflammatory fluids, such as
in pleural effusion or pericarditis. This high protein content
results in increased osmotic and colloid pressure. We have
previously shown both in vivo and in vitro that hyperosmolarity
can induce proinflammatory cytokine responses in epithelial cells
(Abolhassani et al., 2008; Schwartz et al., 2008, 2009). Our group
and others recently demonstrated that inflammation results
from increased interstitial pressure (Grimble, 2003; Abolhassani
et al., 2008; Schwartz et al., 2008, 2009). Osmotic forces have
been linked to conditions like Crohn’s disease, or ulcerative
colitis (Schilli et al., 1982), ascites (Runyon, 1994), pericarditis
(Szturmowicz et al., 1997), atherosclerosis (Blake and Ridker,
2002), arthritis (Sipe, 1995), pneumonia (Montón and Torres,
1998), and glaucoma (Flammer et al., 2002). The increased
interstitial pressure may be responsible for common features
of fibrosis and cancer. Increased fluid pressure is known to
induce collagen deposition and modulate cell proliferation either
by cell death or by cell multiplication (Schwartz et al., 2002).
Cancer invades preferentially soft tissues such as glands or
muscle rather than fascia or bone (Schwartz, 2004). Changes
in physical constraints explain the stellar dendritic shape of
cancer, enabling cells to escape physical constraints from their
neighbors (Schwartz et al., 2002; Fleury and Schwartz, 2003).
This functional polarity is most often lost during carcinogenesis
(Locke, 1998).
Fluid mechanical constraints can also be caused by
hemodynamic stress. Hydrodynamic forces acting on vessel walls
include shear stress generated by blood flow and circumferential
stress resulting from blood pressure. Morphological and
molecular changes in blood vessels ascribed to elevated pressure
consist of endothelial damage, neointima formation, activation
of inflammatory cascades, uptake of atherogenic lipoproteins,
hypertrophy, migration and changes in vascular smooth muscle
cells, as well as extracellular matrix imbalances (Cunningham

Frontiers in Physiology | www.frontiersin.org

Diseases Exhibiting Changes in Electrical
Features: Electric Phenotypes
Depression and neurodegenerative disorders are characterized by
reduced electrical brain excitability (Concerto et al., 2013; Ni and
Chen, 2015) (Table 2). For this reason, numerous studies have
addressed short-term and long-term effects of transcranial direct
current stimulation (tDCS) (Meinzer et al., 2014), transcranial
magnetic stimulation (TMS) (Jay et al., 2016), electroconvulsive
therapy (ECT), and deep brain stimulation (DBS) on these
affections (Kumar et al., 1998). Bradyarrhythmias could also be
classified as diseases with reduced electrical currents (Song et al.,
2012). They have been classically treated by cardiac pacemaker
stimulation. Epilepsy (Reynolds, 2001), restless legs syndrome
(Bara-Jimenez et al., 2000), pain disorders (Theuvenet et al.,
1999), bipolar disorder (Mertens et al., 2015), essential tremor
(Louis, 2014), cardiac tachyarrhythmias (Li et al., 2009) (e.g.,
atrial fibrillation, flutter) are diseases characterized by electrical
hyperexcitability. They have been treated by drugs that modulate
ion channels, such as antiepileptic drugs, benzodiazepines
and antiarrhythmic agents (Katzung et al., 2015). They target
transmembrane channels modulating transmembrane currents.

Thermodynamic Phenotypes of Cancer
In the case of cancer there is concomitant increased pressure
and decreased electromagnetic fields. During hepatic biopsy, the
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Orthostatic hypotension (Eiken et al., 2008)
Hypovolemia, hypoperfusion (Kreimeier,
2000)
Hypoxia, ischemia (Rumsey et al., 1994)
Space Obstructive Syndrome (Wiener,
2012)

Hypoxic respiratory failure (Henderson and
Sheel, 2012)
High-altitude pulmonary edema (Swenson
et al., 2002)
Chronic Mountain Sickness (Villafuerte and
Corante, 2016)
Restrictive syndrome due to neuromuscular
disorders (Celli, 2002)

Gastroesophageal reflux disease (Diamant,
2006; Pandolfino et al., 2010)
Hiatus hernia (Diamant, 2006; Pandolfino
et al., 2010)

Spontaneous intracranial hypotension
(Hasiloglu et al., 2012)
High-altitude cerebral edema (Imray, 2016)
High-altitude and microgravity headache
(Wilson et al., 2011)
Post-lumbar puncture headache and brain
herniation (Kongstad and Grände, 1999)

Cardiovascular

Respiratory

Digestive

Nervous

* Fluid

Fluid shifts* (Bloomfield et al., 2016; Johnson and
Luks, 2016)
Soft tissue damage due to traumatic and
non-traumatic loads (Shoham and Gefen, 2012;
Valdez and Balachandran, 2013)
End-organ damage due to blood pressure (Safar
et al., 2012) Inflammation (Abolhassani et al., 2008;
Schwartz et al., 2008; Levy Nogueira et al., 2016)
Cancer (Schwartz et al., 2002; Schwartz, 2004;
Levy Nogueira et al., 2016)

Adult chronic hydrocephalus (Orešković and Klarica,
2011)
Chronic traumatic encephalopathy (McKee et al.,
2013; Stein et al., 2014)
Alzheimer’s diseases (Levy Nogueira et al., 2015a,b)
Parkinson’s disease (Goldman et al., 2006)
Amyotrophic lateral sclerosis (Pupillo et al., 2012)
Noise-induced hearing loss (Sun et al., 2015)

Avula, 1994; Schwartz et al., 2002; Schwartz,
2004; Abolhassani et al., 2008; Safar et al.,
2012; Shoham and Gefen, 2012; Valdez and
Balachandran, 2013; Bloomfield et al., 2016;
Johnson and Luks, 2016; Levy Nogueira et al.,
2016

Goldman et al., 2006; Wilson et al., 2011; Levy
Nogueira et al., 2015a,b
Kongstad and Grände, 1999; McKee et al.,
2013; Stein et al., 2014
Pupillo et al., 2012; Sun et al., 2015

Diamant, 2006; Zhang et al., 2008; Pandolfino
et al., 2010

Puwanant et al., 2010; Henderson and Sheel,
2012; Bidan et al., 2015; Villafuerte and
Corante, 2016
Douville et al., 2011

Pulmonary hypertension (Puwanant et al., 2010)
Pulmonary congestion (Picano and Pellikka, 2016)
Chronic obstructive pulmonary disease (Bidan et al.,
2015)
Surfactant dysfunction (Douville et al., 2011)

Cirrhosis (Schwartz, 2014)
Portal hypertension (Zhang et al., 2008)

Kreimeier, 2000; Eiken et al., 2008; Anwar
et al., 2012; Wiener, 2012; Modesto and
Sengupta, 2014

Silver and Bradica, 2002; Gregory and
Callaghan, 2010; Neviaser et al., 2012; Vincent
et al., 2012; Visser et al., 2014; Mirzaali et al.,
2015; Bloomfield et al., 2016

Tensile, compressive shear forces
(Solid mechanics)

Arterial hypertension (Safar et al., 2003)
Aneurysm and arterial dissection (Numata et al.,
2016)
Atherosclerosis (Anwar et al., 2012)
Plaque rupture (De Korte et al., 2016)
Cardiomyopathy (Modesto and Sengupta, 2014)

Bone fracture (Mirzaali et al., 2015)
Muscle and tendon rupture (Neviaser et al., 2012)
Disk herniation (Gregory and Callaghan, 2010)
Osteoarthritis (Silver and Bradica, 2002; Abramson
and Attur, 2009; Vincent et al., 2012; Visser et al.,
2014)

Increased (accumulation of)

shifts: edema, ascites, pleural, pericardial and joint effusion. ** Numbers in square are the related references.

Fluid shifts * (Bloomfield et al., 2016;
Johnson and Luks, 2016)
Soft tissue changes due to microgravity
(Avula, 1994)

Osteopenia, osteoporosis (Bloomfield et al.,
2016)**
Muscle atrophy (Bloomfield et al., 2016)
- Due to long-duration bed rest,
microgravity, limb paralysis or insufficient
physical activity

Osteomuscular

Systemic conditions

Decreased
(insufficient)

Mechanical
phenotype
system

TABLE 1 | Mechanical phenotypes of diseases.

Schwartz et al., 2002, 2008; Schwartz,
2004; Safar et al., 2012; Levy Nogueira
et al., 2016

Kongstad and Grände, 1999; Wilson
et al., 2011; Hasiloglu et al., 2012;
Imray, 2016
Orešković and Klarica, 2011; Sun et al.,
2015

Zhang et al., 2008; Schwartz, 2014

Celli, 2002; Swenson et al., 2002;
Puwanant et al., 2010; Douville et al.,
2011; Henderson and Sheel, 2012;
Bidan et al., 2015; Picano and Pellikka,
2016; Villafuerte and Corante, 2016

Rumsey et al., 1994; Kreimeier, 2000;
Safar et al., 2003; Eiken et al., 2008
Anwar et al., 2012; Modesto and
Sengupta, 2014; De Korte et al., 2016;
Numata et al., 2016

Abramson and Attur, 2009

Hydrostatic hydrodynamic, osmotic
and oncotic forces
(Fluid mechanics)

Schwartz et al.
Disease Classification
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TABLE 2 | Electric phenotypes of diseases.
Electrical
phenotype

Decreased

Increased

Electrical forces, energy, potentials, currents,
discharges, excitability

Skeletal muscle
and nerve

Myopathies
Neuropathies
Channelopathies
Myasthenia gravis

Muscle spasticity, tetany and reinnervation
Neuropathic pain

Gutmann and Gutmann, 1996; Theuvenet et al., 1999;
Preston and Shapiro, 2012; Sheean, 2012; Abraham
et al., 2016

Cardiac muscle

Bradyarrhythmias

Tachyarrhythmias
(flutter, atrial fibrillation)

Li et al., 2009; Song et al., 2012

Brain and spinal
cord

Depression
Neurodegenerative diseases
Coma and brain death

Bipolar disorder
Restless legs syndrome
Epilepsy
Essential tremor

Bara-Jimenez et al., 2000; Concerto et al., 2013;
Mertens et al., 2015; Ni and Chen, 2015
Reynolds, 2001; Louis, 2014

Cancer

Mitochondrial dysfunction
(Warburg effect)

Therapies

Drugs: antiepileptics, neuroleptics
benzodiazepines, anesthetics, muscle
relaxants, antiarrhythmics

Pokorný et al., 2014

Transcranial direct current stimulation (tDCS)
Transcranial magnetic stimulation (TMS)
Deep brain stimulation (DBS)
Electroconvulsive therapy (ECT)

inhibition of mitochondrial activity (Srivastava and Mannam,
2015; Aounallah et al., 2016). In both cancer and inflammation
situations, energy is redirected from oxidative phosphorylation
(mitochondria) to the pentose phosphate pathway (cytosol),
increasing biomass synthesis and, theoretically, intracellular
osmotic pressure and colloid pressure (aka oncotic pressure, a
special osmotic pressure due to the presence of colloidal proteins
in the blood plasma).
The effect of mechanical forces on mitochondrion has
been poorly studied. This organelle is composed essentially
of soft bilayer membranes and many of its functions involve
the manipulation of its curvature, as it is easy to sustain
curvature strains in a membrane due to its high elasticity
(Kumar et al., 1998). Differences in tension between the two
membrane interfaces can create changes in curvature with the
displacement of lipids, channels, and pumps. As a consequence,
the resultant of the electrical forces across curved membranes can
change (Petrov, 2006). This phenomenon is called flexoelectric
effect (Petrov, 2002, 2006) and it explains, for example, how
mechanosensing organelles of hair cells respond to the fluid
motion in the inner ear, converting membrane deformation into
electric signals. Conformational changes induced by cytoskeletal
tension or osmotic pressure may convert mitochondrion into
a non-energized state, impairing electrical currents, but still
allowing mitochondrial smooth movements of fission and
fusion. The fact that energized mitochondria have inner
membranes extensively curved is quite indicative of the role
of flexoelectricity in the energy transformation (Hackenbrock,
1968; Harris et al., 1968; Green and Young, 1971). Indeed,
thermodynamic laws have predicted that membrane tension
modulates transmembrane voltage (Zhang et al., 2001). Figure 1
shows a hypothetical model relating the natural history of
diseases to mechanical stress accumulation, electric forces, and
chemical energy (ATP).

interstitial pressure of the hepatic parenchyma was measured.
About 17–19 gauge guiding needle was advanced to the tumor
under CT guidance (Schwartz, 2014). The pressure of the
normal liver parenchyma is 4 mm Hg. It raises to 13 in
premalignant cirrhosis. The pressure of primary liver cancer was
between 25 and 26 mm Hg. The increased pressure may be a
direct consequence of impaired mitochondrial activity such as
described by Otto Warburg (Schwartz et al., 2017) (Table 3).

MECHANICAL, ELECTRIC, AND
CHEMICAL PHENOTYPES ARE
INTERTWINED
The different forms of energy are interconvertible, following
James Joule’s discovery (Joule, 1843). The first law of
thermodynamics is a statement regarding the conservation
of energy: although energy can be converted from one form to
another, the total energy of a closed isolated system is constant.
Inorganic as well as living organisms are following the rules of
thermodynamics. They are most of the time in a non-equilibrium
state, but are very often in a stationary state. But in general for
local analysis (in the order of cell size) or for stationary state
one may describe their behavior as a near-equilibrium system,
using therefore equilibrium thermodynamics variables. Diseases
could be explained by their departure from a homeostatic
stationary state (Demetrius, 2013). Consequently, mechanical,
electric and chemical energies are intertwined in metabolism of
living organisms. As stated before, cancer is related to increased
interstitial and intracellular pressure and decreased chemical
rate of ATP formation within mitochondria (Warburg effect).
Inflammation is also linked to increased osmotic pressure, a way
to translate chemical gradients into pseudo-mechanical driving
forces, and a transient Warburg effect, a partial and reversible
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Kumar et al., 1998; Meinzer et al., 2014; Katzung et al.,
2015; Jay et al., 2016
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TABLE 3 | Thermodynamic phenotypes of the diseases.
Thermodynamic
phenotype

Decreased

Increased

Metabolic rate

Lifespan

Aging

Childhood

Demetrius et al., 2014

Consciousness level

Sleep, delirium, torpor, coma

Wakefulness

Staples, 2016

Physical activity

Rest

Exercise

Systemic conditions

Hypothyroidism
Metabolic syndrome
Malnutrition
Anemia
Ischemia
Drugs: beta blockers

Hyperthyroidism
Fever
Burn injury
Drugs: thyroid hormones, metformin,
epinephrine and other adrenergic agonists

Magnus-Levy, 1895; Nahorski and Rogers, 1973; Fisher
et al., 1998; Ratheiser et al., 1998; Singhal et al., 2002;
Emery, 2005; Porter et al., 2014

Cancer

Mitochondrial OxPhos*
-Therapeutic approach:
ր mitochondrial OxPhos*

-Cytosolic glucose metabolism*
-Therapeutic approach:
ց cytosolic glucose metabolism

Warburg, 1956; Levine and Puzio-Kuter, 2010; Schwartz
et al., 2010; Israël and Schwartz, 2011; Porporato et al.,
2011; Abolhassani et al., 2012

Neuropsychiatric
conditions

Alzheimer’s disease:
-Cytosolic glucose metabolism**
Parkinson’s disease
Huntington disease
Schizophrenia

Alzheimer’s disease:
-Mitochondrial OxPhos**
Epilepsy
Drugs: amphetamines

Hirai et al., 2001; Beal, 2005; Moreira et al., 2007;
Narendra et al., 2009; Clay et al., 2011
Yakushev et al., 2011; Demetrius and Driver, 2013;
Demetrius et al., 2014

* Warburg

effect, ** Inverse Warburg effect, ր stimulate, ւinhibit. OxPhos, oxidative phosphorylation.

FIGURE 1 | Hypothetical model relating the natural history of diseases to mechanical stress accumulation coupled to electric forces and free energy (ATP) decline.
Intra and extracellular long-term consequences of mechanical stress imply in deformation and/or breakdown of extracellular matrix, cytoskeleton, and membranes
(including mitochondria). Consequently, transmembrane plasmatic and mitochondrial electric potentials decline. The metabolic rate of generation of free energy
through ATP also declines, due to its dependence to mitochondrial inner membrane integrity. Glycolysis will be abnormally up-regulated (Warburg effect), as it does
not depends on mitochondrial membranes. This mode of fermentation generates thermodynamically stable biomass, composed by, for example, phospholipid
membranes, nucleic acid (proliferation) and cellular waste aggregates (fibrosis, brain protein deposits).
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HANDLING THE COMPLEXITY OF
PHENOTYPES IN A SINGLE FRAME

can be chosen as the stationary states, or homeostatic standard
states.
Once this set of axiomatic choice has been made then a
disease will be described by all the functional components that
are strongly linked leading to a subset of the large system, leaving
the weak linkages outside the primary scope of description. The
variables attached to the nodes of the graph as well as the graph
are the representation of the physico-chemical phenotype of the
disease.
In the current state of such “network medicine” formalism
the current phenotypes based on non-physico-chemical elements
are inadequate (Loscalzo et al., 2007). However, if molecular
entities are taken into account it is surprising that physical
parameters seem paradoxically to be completely absent from
the postgenomic era approach. Electric, magnetic field, T, P
have to be added in a thermodynamic system. Furthermore,
these physical parameters might not be constant, but variable,
as for example a radio-frequency electric or magnetic field.
Cellular phones, all sorts of wireless connections, are generating
such frequencies and are definitely part of a phenotype.
Pressure pulsations are generated by acoustic waves etc.
All free energies available for describing the thermodynamic
model in phenotypes, not only for assessing the disease but
addressing the therapeutical strategies, may contain all sort of
physical energy contributions creating much more connections
between nodes than the simple molecular genetic or metabolic
pathways.
To face such a complexity, hierarchization of the system
is mandatory. However this hierarchization must fulfill one
essential criterion: phenotypes must be as mentioned earlier
at the same time able to group, within a limited number of
categories, a large number of diseases and must be usable by
practitioners to define a possible strategy for curing the disease.
Most of graph theories developed up to now are focused on
molecular and genetic approaches giving rise to metabolomics,
genomics and other typologies but they are missing several
of the critical criteria that could them make usable by the
researcher as well as the practitioner. Among the obvious
missing pieces of information, physical phenotypic parameters
are not considered may be useful for medical doctors in his/her
therapeutic guidance.
The purpose of this contribution is to propose another vision
of describing diseases by using a set of phenotypes analogous
to Mendeleev’s table (Table 1). This would give rise to an
infinite possibility of combinations with a reasonable small set of
phenotypes and to a very large set of rules leading to an infinite
number of diseases, analogous to the extremely large scope of
chemistry in all its incarnations.

Up to now, single components of phenotypes have been
reported, as well as intertwined components. For each category:
mechanical, electric, and chemical physico-chemical phenotypes
a wide variety of incarnations exists. Each component of a
phenotype is characterized by its free energy, and the global
system described is a full thermodynamic system. Physicochemical phenotypes can be extended to any sort of energy
containing interaction as is immediately understandable for
magnetic or light (electromagnetic) or radiations interactions.
MRI, Radiotherapy, laser medicine are common applications of
using such means of interactions with physical constraint. Each
energy component of a phenotype can involve several intensive
parameters. An energy may arise from simultaneous action
of two metabolic pathways coupling two chemical reactions.
Another may involve pressure and a chemical gradient, etc. For
each doubly, triply or most of the time more coupled interactions,
a much wider variety of components exist. Would it be therefore
possible to combine them in order to profile diseases from
the phenotypic point of view? This may be a way to act onto
proper variables in order to reprogram them and to restore the
homeostatic state.
Biological systems when modeled as physical systems
are thermodynamic open systems exhibiting a hierarchical
organization. Therefore the global system must be represented
by sub-systems that are weakly connected and can each be
considered as an open system itself. When in a stationary
state, they may be treated as at equilibrium, and the variables
to manipulate each sub-system can be those of equilibrium.
Therefore, such a frame offers the ability to organize phenotypes
by their disease profile, a successful strategy used by Damasio in
his research about the structure of the brain called the “human
lesion method.” In such a strategy the number of variables
modified by the existence of the lesion is much lower than
the total number of variables necessary to describe the overall
thermodynamic system.
Therefore if a system of objects is to be analyzed, each
component or entity like a cell or any relevant organ or organelle
is to be thermodynamically described. Its free energy can be
described as the sum of the free energy of a standard state plus the
sum of all additional free energy components needed to describe
their departure from the standard state. Chemical electric and
mechanical energies, as well as magnetic and electromagnetic
(light) energies, must be considered for each node of the graph of
the subsystem. Moving from point approximation for electrons
or atoms to molecules or ions, the space extension of larger
objects must be take into account. This is done by attaching to
each node a shape. Therefore energies that are expressed in their
simple point version as product of numbers (ex: charge, voltage)
become spatial extensions described by geometrical “tensors.”
Point objects are rank 0 tensors, a rod or wire a rank 1 tensor,
an ellipsoidal object (spherical cell or oblong cell) a rank 2
tensor and so on. Most of simple products like an electric energy
zi.8i become tensor products {zi}⊗{8i }. Here a charge tensor
and an electric field tensor, each of rank 2. Standard states
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CONCLUSION AND PERSPECTIVES
To advance our understanding of the mechanisms of diseases,
biological process needs to be evaluated and integrated into more
comprehensive and global theories, accounting with principles
of physics. The word “physician” is a reminiscence of the
time when medicine was a part of Physics. We propose a

8

February 2018 | Volume 9 | Article 94

Schwartz et al.

Disease Classification

conceptual framework that outlines integrative approaches to
classify diseases based on physics-based phenotypes. Classical
diagnostic systems may not capture mechanical, electric and
thermodynamic underlying common mechanisms of diseases.
Identifying syndromes based on these phenotypes may improve
therapeutic outcomes. For example, electrical energy is a
treatment for numerous brain disorders via (tDCS) (Meinzer
et al., 2014), TMS (Jay et al., 2016), electroconvulsive therapy
(ECT), and DBS (Kumar et al., 1998). The present perspective
toward an innovative disease classification may also improve
drug-repurposing strategies in the future. We recognize that we
are still a long way from knowing if this approach will succeed.
The physical parameters should be introduced in “omics”
studies and especially correlations between parameters governing

basic thermodynamic behavior. Such correlations affect many
processes at a time, and must be extremely useful to correlate with
other metabolic profiling methods.
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