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Abstract

In 1966 Francis Crick declared that: “The ultimate aim of the modern movement in biology is to explain all biology in terms
of physics and chemistry.” This motivated us to contemplate approaches that unify biology at a fundamental level.
Exploration led us to consider the features of energy, entropy, and motion. Overall, it can be considered that motion of
matter is the feature of life function. No motion. No function. In initial work we evaluated the hypothesis that the scope for
biologic function is mediated mechanistically by a differential for energy transfer. Maximal treadmill running capacity
served as a proxy for energy transfer. The span for capacity was estimated “biologically” by application of two-way artificial
selection in rats for running capacity. Consistent with our “Energy Transfer Hypothesis” (ETH), low physical health and
dysfunction segregated with low running capacity and high physical health and function segregated with high running
capacity. The high energy yield of aerobic metabolism is also consonant with the ETH; that is, amongst the elements of the
universe, oxygen is second only to fluorine in electronegativity. Although we deem these energy findings possibly correct,
they are based on correlation and do not illuminate function via fundamental principles. For consideration of life, Entropy
(2nd Law of thermodynamics) can be viewed as an open system that exchanges energy with the universe operating via
nonequilibrium thermodynamics. The Principle of Maximal Entropy Production (MEP) states that: If a source of free energy
is present, complex systems can intercept the free energy flow, and self-organize to enhance entropy production. The
development of Benard convection cells in a water heat gradient demonstrate simplistic operation of MEP. A direct step
forward would be to explain the mechanism of the obligatory motion of molecules for life function. Motion may be mediated
by operation of “action at a distance” for molecules as considered by the Einstein-Podolsky-Rosen Paradox and confirmed
by JS Bell. Magnetism, electricity, and gravity are also examples of action at a distance. We propose that some variant of
“action at a distance” as directed by the property of Maximal Entropy Production (MEP) underwrites biologic motion.

Key words: energy transfer; entropy; quantum biology; thermodynamics; evolution; rats; low capacity runners; high
capacity runners

Initial Idea

The following series led us to formulate a mechanistic view of
biology based upon energy transfer.1 We had noted in the clinical
literature the development of a strong statistical link between
low capacity for oxygen metabolism and high risk for disease
that started about 40 years ago and is now extensively con-
firmed in large-scale contemporary studies. Indeed, it is widely

accepted that low capacity for oxygen metabolism (aerobic func-
tion) is more of a risk factor for death relative to other clin-
ical indicators including type 2 diabetes, smoking, and coro-
nary artery disease. Thus, based upon association studies, it
seemed plausible that oxygen metabolism is a unifying com-
mon denominator for the distribution of biologic function and
health.2 From this linkage of complex disease risks with low
capacity for oxygen metabolism, we initiated the Energy Transfer
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Figure 1. Rats selectively bred for high running capacity (maximal energy trans-
fer) are healthier and live longer than rats selected for low running capacity.

Figure 2. Forty generations of two-way selection for maximal running capacity

starting with a founder stock of genetically heterogenous rats (N/NIH:HS). High
Capacity Runners (HCR) and Low Capacity Runners (LCR).

Hypothesis (ETH): Variation in capacity for energy transfer is the cen-
tral mechanistic determinant of the divide between disease and health.
We adopted the term “energy transfer” to be inclusive of both
aerobic and anaerobic metabolism.

We Devised Two Goals to Guide Progress

Goal One: Test Directly the Energy Transfer Hypothesis
At the Biological Level.

Our association with quantitative geneticist John P. Rapp3 led
us to consider that artificial selective breeding can be used as
a tool to test the ETH. That is, as an unbiased test of the ETH,
we reasoned that: divergent (two-way) selection based on low and
high maximal running capacity in rats would yield contrasting models
of capacity for energy transfer that also divide for disease risks and
biologic dysfunction.

In 1996, we started a large-scale selection experiment for
low and high intrinsic (i.e., not trained) running capacity. Selec-
tion was based upon a test for maximal distance run to exhaus-
tion on a motorized treadmill using a velocity-ramped protocol
similar to tests used clinically (Figure 1). As predicted, because
we started with a genetically heterogeneous founder population
(N: NIH),4 the rats responded robustly to selective breeding for
low and high running capacity. By generation 40 of selection (18
years), the lines (Low Capacity Runners; LCR vs. High Capacity
Runners; HCR) differed by more than 8-fold for maximal run-
ning distance (Figure 2). Selection is consistent with the ETH.
That is, disease risks segregated with selection for low capacity
exercise, and a resilience to risks including increased longevity,
segregated with selection for high capacity exercise. Essentially

every study using the LCR and HCR rats has revealed a divide for
biologic function that also often demonstrated a property of dis-
ease. This conclusion was derived from + 125 published studies
performed in ∼40 institutions in 11 countries.

The strong clustering of disease and dysfunction with low
exercise capacity suggests common causality. While it is widely
hypothesized that some aspect of mitochondrial dysfunction
is the mediator of the disease-exercise connection, a gen-
eral mechanistic explanation for this association has not been
defined. At the applied level, it is not surprising that transfer
(i.e., transplantation) of isolated healthy mitochondria into dis-
eased tissues provides therapeutic retrieval.5 The strong differ-
ential for mitochondrial function between the LCR (low) and HCR
(high) rat models provides substrate for exploring the origin and
treatment of complex diseases.6,7

Goal Two: Formulate an Explanation of the Energy
Transfer Hypothesis.

There is to some degree an unwarranted, intuitive-based, notion
that evermore fine-grained biologic information will yield mech-
anistic insight that can be integrated into quantitative predictive
models. Yet, even with detailed information about all molecu-
lar processes including intracellular machines, interactions, and
regulatory pathways, the formula for building a comprehensive
mechanistic model remains elusive. In large part, this is because
biological function has an unknown number of degrees of free-
dom (the number of independent factors required to specify a
system: e.g., gene expression, protein levels, etc.) which also can
assume an unknown number of physico-chemical states. We
sought a path for explanation of operation for the ETH that was
objective. Our search led us to a 1981 paper by Hans Krebs and
Jack Baldwin8 titled “The evolution of metabolic cycles.” From
this paper we extracted the critical view that: within evolution,
life evolves along the transfer of energy for motion.

Function via ATP-mediated motion
In 2000, Vale and Milligan9 published an influential paper titled
“The way things move: looking under the hood of molecular
motor proteins.” The tenet is that that kinesin and myosin share
a common core structure and convert energy from ATP into
protein motion using a similar conformational change strategy.
While probably true, this statement is of narrow value without
explanation of what property drives the summed behavior of the
atoms of molecular motors to manifest the motion of life. Simi-
larly, it is widely accepted that evolution is mediated by natural
selection as it is influenced by mutation without accounting for
what property produces changes in atoms that mediate muta-
tion.

Some investigators have provided abstract explanatory
approaches for biology. Somewhat recently this includes Ilya Pri-
gogine,10 Jeremy England,11 and Robert Endres.12 Endres’ most
general thesis proposes that energy dissipation leading to orga-
nization seems to be the fundamental property of matter in
response to an external energy transfer. That is: (1) Total entropy
(S) is always increasing (or is zero at equilibrium., (2) Entropy
can temporarily decrease and ordered systems can form (order
from disorder), (3) Ordered systems dissipate energy faster than
non-ordered systems, and (4) Systems tend towards Maximal
Entropy Production (MEP). Simplistically, consider an increment
in entropy (dS) as a two-part system:

dS = deS + diS
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where deS is the flow of entropy due to exchanges with the sur-
roundings (external environment) and diS is the entropy produc-
tion due to processes inside the system such as diffusion, chem-
ical reactions, and heat conduction (internal metabolism). That
is, living systems are dependent on outside energy fluxes (deS)
to maintain their organization and dissipate energy gradients
to carry out self-organizing processes. The fundamental idea is
that the origin and evolution of biological systems are paths
for energy transfer via dissipative structures that lead to the
development of ordered systems that dispel energy even more
effectively (MEP). Per unit mass, living things, such as a grass
lawn, most certainly produce more entropy relative to inanimate
objects such as rocks.13

Biology Is Difficult At the Mechanistic Level
Because of Two Possibly Related Features

Feature One: The Omnigenic Model

Recent work of Jonathan Pritchard and colleagues14 provides a
new view for the genetic contribution to complex traits as sum-
marized in three statements:

1. The bulk of heritability can be attributed to a huge number
of genetic variants, each with a very small effect, that have
no “currently obvious” functional connection to phenotype.

2. These variants tend to be spread very broadly across the
genome.

3. For complex traits, such as height, analyses demonstrate
that as many as half of all SNPs may be in linkage disequi-
librium (i.e., associated, inherited together) with causal vari-
ants.

Much of the progress in classical genetics has come from
detailed molecular work to dissect the biological mechanisms
of individual mutations. That work operated on the expectation
that there is a relatively direct molecular pathway from geno-
type to phenotype. Yet, Pritchard demonstrates that the genetic
basis of complex traits is highly diffuse. The Omnigenic Model
makes it clear that molecular mapping from genotype to pheno-
type is difficult to conceptualize.

The Omnigenic Model type of function is, however, con-
sistent with our above theoretical arguments that emergence
and evolution of life funnel largely through a single mecha-
nistic entropic path. That is, the emergence of life represented
pathways for enhanced energy transfer that utilized the entire
genome for moment-to-moment infinitesimal adjustments to
environment. In refinement, we propose that the small effect
phenotypes are driven by variants that mediate energy trans-
fer capacity that is concealed by the miniscule scale of each
accumulative genetic change that occurs with evolution. Under-
standing how the small individual variants aggregate to produce
a “map” for phenotypes is a new frontier.

Feature Two: The Mediator of Biologic Motion is Not
Known

Forces can be divided into two types: (1) those that act by direct
contact (“collision”) that is termed local reality and, (2) those that
act at a distance, where there is no apparent physical contact
between the objects termed action at a distance. The idea of local
reality purports that an event at one location cannot affect what
happens at a distance. The principle of local reality was long
regarded as a bedrock assumption about the laws of physics and
fits with the human intuitive view of reality (13).

In 1935 Einstein, Podolsky, and Rosen15 discussed, without
resolve, whether quantum mechanics permits action at a dis-
tance. Then, in 1964 John Stewart Bell published a paper titled:
“On the Einstein Podolsky Rosen Paradox” that enunciated his
theorem showing that quantum mechanics allows instanta-
neous connections for action at a distance.16 This paper was
published in a short-lived physics journal and has subsequently
been used to prove operation of action at a distance many
times.17 Magnetism, electrical charge, and gravitation are exam-
ples of forces that operate via action at a distance. In a specula-
tive step, we propose that some variant of action at a distance
drives biologic motion as directed by the property of maximal
entropy production. Action at distance is a property as real as
blood pressure or an action potential in physiology. Mathemat-
ical and machine learning resolution of these features may be
required for progress. See: “The Unreasonable Effectiveness of
Mathematics in the Natural Sciences” as per Eugene Wigner.18
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