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ABSTRACT

ARTICLE INFORMATION

Biological systems depend on the high-fidelity transmission of
biochemical and bioenergetic signals to maintain homeostatic
regulation and structural integrity. In complex, multi-systemic
pathophysiological states, non-specific metabolic fluctuations,
uncoupled electron transport cascades, and elevated trans-membrane
impedance act as biophysical “noise,” degrading signaling clarity and
inducing functional decoupling. This paper formulates an extended
mathematical and thermodynamic framework for the biological
Signal-to-Noise Ratio (SNR bio) within cellular information
networks. By integrating Shannon’s information capacity theorem,
Landauer’s principle of information erasure, and Friston’s free-energy
principle, we model how thermodynamic dissipation and trans-
membrane electrical impedance (Z membrane) constrain cellular
computing velocity. We demonstrate that therapeutic optimization
should prioritize lowering the noise floor rather than increasing
signal amplitude, thereby preventing receptor desensitization
and restoring bioenergetic coherence. This expanded framework
provides a quantitative foundation for non-reductionist biophysical
interventions aimed at enhancing systemic cellular resilience without
increasing exogenous chemical load.
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Introduction: The Information Paradigm
in Modern Biophysics

Classical reductionist biology has historically treated
cellular communication as a series of isolated, deterministic
ligand-receptor collisions governed strictly by mass-action
kinetics. While this framework has yielded essential
insights into specific enzymatic pathways, it frequently
fails when applied to complex, multi-systemic chronic
dysregulations. Under conditions of environmental,
thermal, or metabolic stress, biological signaling does not
occur in a vacuum; it operates within a dense, fluctuating
thermodynamic substrate.

In physical cybernetics and information theory, any
biological transducer—whether a GPCR protein, an ion
channel, or a nuclear transcription factor—functions as

an information processing node. The fidelity of signal
transfer across such nodes is fundamentally bounded by
the thermodynamic environment. When systemic stress
elevates entropic dissipation and metabolic background
noise, the signal-to-noise ratio drops below critical
processing thresholds. Consequently, the cell experiences
informational drift, leading to a state of biological thermal
throttling wherein metabolic throughput is forcibly
restricted to prevent irreversible structural damage.

Extended Mathematical Formalization of
Cellular SNR (SNR _bio)

To establish a quantitative metric for signaling efficiency in
cellular networks, we define the biological Signal-to-Noise
Ratio (SNR bio) over a temporal observation window 7
as the ratio of coherent bioenergetic signal power to the
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combined sum of thermodynamic noise density and trans-
membrane impedance:

JoT|S_coherent(t)P dt
SNR_ bio =

JoT IN_thermo(t)P dt + Z_membrane(t) - y_entropy

By applying Shannon’s channel capacity formula to
cellular information channels, the maximum error-free

information transmission rate C (in bits per second) across
a biological membrane interface is given by:

C=B - logz(1 + SNR_bio)

where B represents the thermodynamic bandwidth of the
channel (determined by ion channel opening frequencies
and enzymatic turnover rates). When SNR_bio approaches
zero due to unmitigated noise, information capacity
collapses, inducing metabolic stasis regardless of chemical
ligand availability.

Table 1. Comprehensive Parameter Definitions for the Cellular SNR_bio Model

Parameter Physical Dimension

Biological & Physiological Correlate
Coherent receptor-ligand docking,

S_coherent(t) J-s7' (Watts) ) ) o o
ATP-driven enzymatic flux, synchronized intracellular Ca*" oscillations.
Uncoupled electron leakage (ROS generation), random thermal molecular
N_thermo(t) W-Hz! P .. ge ( g' . )
- collisions, metabolic toxin interference.
Z_ membrane(t) Q-cm? Trans-membrane electrical impedance, lipid peroxidation, ion channel
misalignment, membrane rigidity.
v_entropy Dimensionless Non-linear coupling coefficient reflecting environmental and thermal
entropic pressure.
N thermo (t)
Thermal / Oxidative Noise
(ROS Fluctuations)
\\\ 2 ‘Jj ROS
Scoherent ( t )

Coherent Signal
(Information)

bR ATAT A

mmxﬂmmm
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C =B-log,(1+ SNR,;,)

Shannon Channel Capacity
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Z membrane (t)

Membrane Impedance
(Structural Resistance)
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Figure 1. Conceptual schematic of cellular information processing under thermodynamic noise and membrane impedance

The coherent bioenergetic input signal S_coherent(t) passes through the membrane interface, where it is subjected to thermodynamic

background noise N_thermo(t) (uncoupled ROS generation) and trans-membrane impedance Z_membrane(t) (lipid peroxidation
and channel misalignment). Signal transmission capacity C drops as noise elevates, inducing biological thermal throttling.

Biophysical Sources of Metabolic Noise and
Structural Impedance

Uncoupled Electron Transport and Reactive Oxygen
Species (ROS)

Mitochondrial oxidative phosphorylation represents the
primary engine of cellular negentropy. However, under
chronic stress or hypoxia, electrontransferalong Complexes
I, II, and III becomes uncoupled from ATP synthesis.
Premature single-electron reduction of molecular oxygen
generates superoxide radicals Oz¢~ and hydrogen peroxide
(H,0,).

This ROS production acts as high-amplitude background
noise, degrading protein folding accuracy and disrupting
thiol-based redox switches across cellular networks.

Trans-membrane Electrical Impedance (Z_membrane)

The cellular plasma membrane functions as a biological
capacitor storing electrical potential (A¥, = -70 mV).
Lipid peroxidation by free radicals impairs bilayer fluid
dynamics, increasing electrical resistance and impedance
(Z_membrane). As impedance rises, the energy required to
drive voltage-gated ion channels increases exponentially,
reducing signal propagation speed and triggering phase
decoherence between neighboring cells.
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Thermodynamic  Limits: Landauer’s
Principle & Free Energy Minima

Landauer’s Limit in Biological Computing

Rolf Landauer demonstrated that erasing one bit of physical
information dissipates a minimum quantity of thermal
energy given by:

E_ =k, -T-InQ)

where k_B is the Boltzmann constant and T is the absolute
temperature. In biological systems, resetting an activated
protein kinase or clearing a desensitized receptor is
physical information erasure. When background noise
N_thermo elevates cellular temperature or entropic chaos,
the heat dissipation cost per signaling cycle rises far above
Landauer’s theoretical minimum, draining mitochondrial
ATP pools solely to manage thermal waste.

Friston’s Free Energy Principle and Negentropy
Preservation

According to Karl Friston’s Free Energy Principle,
biological self-organizing systems minimize variational
free energy (F) to maintain structural boundaries against
second-law  entropic  dissolution. = Mathematically,
variational free energy bounds the difference between
internal state predictions and external environmental
fluctuations:

F = Internal Energy - Entropy (State Alignment)

Optimizing SNR_bio directly minimizes variational free
energy F, allowing the cell to maintain internal order
without expending catastrophic amounts of bioenergetic
work.

Strategies for Noise Floor Reduction vs.
Mass Signal Amplification

Conventional pharmacological approaches often attempt
to restore biological function by dramatically increasing
ligand concentration (mass signal amplification). However,
in a low-SNR environment, escalating signal amplitude
S rapidly leads to receptor down-regulation, channel

coherent

desensitization, and accelerated metabolic congestion.

The biophysical paradigm proposed here prioritizes
lowering the noise floor (N_thermo) and reducing trans-
membrane impedance (Z membrane). Key biophysical
avenues include:

e Mitochondrial Coupling Support: Utilizing
hydrophobic, highly bioavailable electron donors
(e.g., lipid-vectorized Ubiquinol) to optimize Complex
[-IIT flux, reducing electron leakage and ROS noise
generation.

e Membrane Fluidity Stabilization: Integrating

lipophilic  carotenoid shields (e.g., Lycopene)
within cell membranes to prevent lipid peroxidation
and maintain minimal electrical impedance (Z_
membrane).

e Non-Sulfur Nrf2 Induction: Triggering endogenous
Phase II antioxidant gene expression via electrophilic,
non-sulfur pathways (such as bioavailable curcumin
or polyphenols) to eliminate cellular debris without
fueling sulfur-reducing bacterial pathways or
producing toxic H,S metabolic noise.

Conclusion and Systemic Implications

Viewing cellular physiology through the lens of information
theory and non-equilibrium thermodynamics provides
a powerful alternative to reductionist pharmacology.
By formalizing the biological Signal-to-Noise Ratio
(SNR_bio), this study proves that systemic resilience
depends on maintaining low metabolic noise and optimal
trans-membrane fluidic impedance.
biophysics can leverage these principles to design targeted
interventions that maximize information transmission
capacity and preserve cellular sovereignty under severe
environmental stress.

Future medical
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