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Abstract: Mitochondria are commonly perceived as “cellular power plants”. Intriguingly, power
conversion is not their only function. In the first part of this paper, we review the role of mitochondria
in the evolution of eukaryotic organisms and in the regulation of the human body, specifically focusing
on cancer and autism in relation to mitochondrial dysfunction. In the second part, we overview our
previous works, revealing the physical principles of operation for proton-pumping complexes in
the inner mitochondrial membrane. Our proposed simple models reveal the physical mechanisms
of energy exchange. They can be further expanded to answer open questions about mitochondrial
functions and the medical treatment of diseases associated with mitochondrial disorders.
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1. Introduction

A mitochondrion (plural: mitochondria) is an organelle with a size between 0.75 and
3 µm and is present in most eukaryotic cells. The mitochondrion is called the “powerhouse
of the cell” [1] because it converts chemical energy from food into adenosine triphosphate
(ATP), a molecular “energy currency” used in many cell functions throughout organisms.
The energy conversion process in mitochondria starts in the cell matrix with the tricar-
boxylic acid cycle (TCA, also known as the Krebs cycle or the citric acid cycle), a series of
chemical reactions that release stored energy through the oxidation of acetyl-coenzyme
A molecules, which are derived from carbohydrates, fatty acids, and proteins. The TCA
cycle reduces nicotinamide adenine dinucleotide (NAD+) to NADH, consumes acetate and
water, and releases carbon dioxide. The NADH generated by the TCA cycle is supplied
into the oxidative phosphorylation (OXPHOS) pathway, and it donates electrons to the
mitochondrial electron transport chain. The machinery for OXPHOS is located in the inner
mitochondrial membrane, where electron energy is used in proton-pumping complexes
to create and maintain a proton population gradient. The resulting protonmotive force
facilitates the mechanical rotation of the F0-F1 complex, producing ATP. The coupling of
electron and proton transfer events to ATP production is at the center of the chemiosmotic
theory proposed by Peter Mitchell [2], which earned him the Nobel Prize in 1978.

In the distant past, an ancestor of modern mitochondria was engulfed by the protocell
and, rather than becoming digested, remained in a symbiotic relationship [3,4]. The
importance of this event for the development of life on Earth can be illustrated in the 12 h
scale shown in Figure 1. If life emerges at noon, it takes less than an hour to develop
photosynthesis. Cyanobacteria appear at a quarter past two, and they need less than two
hours to create an oxygen-rich atmosphere. Oxygenation is followed by a notable delay
of more than six hours until plants emerge. Finally, with a vast acceleration of events,
evolution goes from dinosaurs to mammals, primates, and Homo Sapiens, whose whole
history takes just four seconds on this scale. It can be argued that this acceleration period
is caused by mitochondria becoming fully operational, providing more energy for living
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organisms. In some sense, this development parallels the Industrial Revolution when
the exponential growth of production was facilitated by coal mining, i.e., using a very
condensed form of energy. Incidentally, mitochondria are fully functional without the
host cell. They maintain their composition, organization, membrane potential, and ability
to fuse [5]; they are fully competent for respiration and ATP synthesis [6], as well as for
protein import [7]. The same cannot be said about the host organism, as it would not
survive without mitochondria.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 2 of 15 
 

 

evolution goes from dinosaurs to mammals, primates, and Homo Sapiens, whose whole 
history takes just four seconds on this scale. It can be argued that this acceleration period 
is caused by mitochondria becoming fully operational, providing more energy for living 
organisms. In some sense, this development parallels the Industrial Revolution when the 
exponential growth of production was facilitated by coal mining, i.e., using a very 
condensed form of energy. Incidentally, mitochondria are fully functional without the 
host cell. They maintain their composition, organization, membrane potential, and ability 
to fuse [5]; they are fully competent for respiration and ATP synthesis [6], as well as for 
protein import [7]. The same cannot be said about the host organism, as it would not 
survive without mitochondria. 

 
Figure 1. The history of life on a 12 h scale, with life emerging at noon and the present time being at 
midnight. 

In addition to energy conversion, mitochondria play many other roles in cell 
operations. They act in calcium signaling [8], stress response [9], and stem cell regulation 
[10,11] and also serve as general cellular signaling hubs [12]. They regulate aging [13] and 
control cell death (apoptosis) [14]. Given these functions, human health strongly depends 
on proper mitochondrial operation. In addition to specific mitochondrial disorders [15], 
there are links between mitochondrial dysfunction and many pathologies, including 
Parkinson�s, Alzheimer�s, and Huntington�s diseases [16]. Mitochondrial dysfunction is 
known to account for the development of most cardiovascular illnesses [17]. Even the 
resistance to SARS-CoV-2 is shown to be related to mitochondrial health [18]. 

In this review, we discuss two specific topics related to mitochondrial disorders. The 
role of mitochondria in carcinogenesis is addressed in Section 2, while in Section 3, we 
overview the possible relationship between mitochondria and the origin of autism. We 
have chosen carcinogenesis and autism for two reasons. First, they have been previously 
discussed but still need to be appreciated further, and second, our prior studies (reviewed 
in Section 4) can be readily extended to examine them. In Section 5, we present the 
conclusions of our work. 

2. Mitochondria and Carcinogenesis 
2.1. General Discussion 

Cancer is a major public health problem worldwide and the second leading cause of 
death in the United States, with an estimated 609,360 people dying from cancer in 2022, 
corresponding to almost 1700 deaths per day [19]. Billions of dollars have been spent on 
cancer-related research and trillions more on treatment. Still, despite certain 
improvements in cancer survival rates and the development of successful treatment 

Figure 1. The history of life on a 12 h scale, with life emerging at noon and the present time being
at midnight.

In addition to energy conversion, mitochondria play many other roles in cell opera-
tions. They act in calcium signaling [8], stress response [9], and stem cell regulation [10,11]
and also serve as general cellular signaling hubs [12]. They regulate aging [13] and control
cell death (apoptosis) [14]. Given these functions, human health strongly depends on
proper mitochondrial operation. In addition to specific mitochondrial disorders [15], there
are links between mitochondrial dysfunction and many pathologies, including Parkinson’s,
Alzheimer’s, and Huntington’s diseases [16]. Mitochondrial dysfunction is known to ac-
count for the development of most cardiovascular illnesses [17]. Even the resistance to
SARS-CoV-2 is shown to be related to mitochondrial health [18].

In this review, we discuss two specific topics related to mitochondrial disorders. The
role of mitochondria in carcinogenesis is addressed in Section 2, while in Section 3, we
overview the possible relationship between mitochondria and the origin of autism. We
have chosen carcinogenesis and autism for two reasons. First, they have been previously
discussed but still need to be appreciated further, and second, our prior studies (reviewed in
Section 4) can be readily extended to examine them. In Section 5, we present the conclusions
of our work.

2. Mitochondria and Carcinogenesis
2.1. General Discussion

Cancer is a major public health problem worldwide and the second leading cause of
death in the United States, with an estimated 609,360 people dying from cancer in 2022,
corresponding to almost 1700 deaths per day [19]. Billions of dollars have been spent on
cancer-related research and trillions more on treatment. Still, despite certain improvements
in cancer survival rates and the development of successful treatment methods for certain
types of cancer, the War on Cancer is still far from victory. Diagnostics and treatments are
primarily aimed at the latter stages when carcinogenesis becomes almost irreversible. To
shift the paradigm, efforts should focus on precancerous changes, developing approaches
to determine these changes and return to a healthy state.
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Currently, the dominant concept of carcinogenesis is somatic mutation theory [20]. It
states that a single “renegade cell” [21] acquires a set of sufficiently advantageous mutations
that allows it to immortalize, proliferate autonomously, invade tissues, and metastasize.
However, carcinogens cannot affect the cell’s nucleus directly, except for high-frequency
irradiation. The immune system provides the initial response to carcinogens, and because
of “overhealing” [22,23], the extracellular matrix (ECM) is altered, affecting bioelectric
signaling [24]. The normal wound healing includes ECM remodeling and the formation
of new tissues (scars). The overproduction of the cells and other factors involved in
these processes, especially macrophages [23], can lead to overhealing and the start of
carcinogenesis. The idea that ECM alteration is the origin of carcinogenesis was previously
suggested [25,26], but the pathway from this starting point to DNA mutations was either
ignored [25] or vaguely described [26]. We believe that mitochondria play a crucial role
as a mediator between the ECM and the cell nucleus, and monitoring and controlling this
relationship can be important for cancer prevention and treatment. Mitochondrial defects
can include aberrated metabolism (the Warburg effect) or signaling dysfunction (reactive
oxygen species or ROS production). We discuss these two mechanisms below.

2.2. Warburg Effect

Historically, the Warburg effect was mitochondria’s first and solid connection to car-
cinogenesis. In the presence of oxygen, mitochondria perform oxidative phosphorylation
as the primary metabolic pathway. Alternatively, when oxygen is limited, anaerobic fer-
mentation can metabolize glycolytic products, with lactate as a final product. The second
pathway is much less effective, producing only two ATP molecules per glucose molecule,
while OXPHOS can make 30 to 36 ATP molecules [27]. Over one hundred years ago, Otto
Warburg observed that cancer cells use fermentation as the primary metabolic pathway,
even in the presence of oxygen, and this process is called aerobic glycolysis [28,29]. He sug-
gested that the associated mitochondrial dysfunction is the cause of cancer [30]. However,
this hypothesis has been challenged in recent years due to findings that upregulated glycol-
ysis in many cancers is not accompanied by detectable mitochondrial defects or OXPHOS
disruptions [31,32]. In addition, there is evidence that the upregulation of glycolysis is not
just for ATP synthesis but also for producing biomasses such as ribonucleotides [33] and
amino acids [34].

With the general conclusion that cancer does not inactivate mitochondrial functions
but instead alters its bioenergetic and biosynthetic state [35], the Warburg effect was
studied concerning its role in cell signaling [36,37]. In particular, researchers uncovered
its role in ROS regulation and redox balance [38,39], histone acetylation level [40,41],
and oncogene-induced senescence [42]. However, in all cases, the Warburg effect is a
consequence of tumorigenesis rather than its origin, as cancer cells actively reprogram
their microenvironment.

2.3. ROS Production

The chemical reduction of O2 forms reactive oxygen species (ROS), including super-
oxide (O2

−), hydrogen peroxide (H2O2), and the hydroxide (OH−). For many years, the
perception of ROS was solely destructive, as they were associated with oxidative stress and
thought to induce pathology generally by damaging lipids, proteins, and DNA [43]. Quite
recently, it has become evident that ROS contribute to intracellular signaling to control nu-
merous physiological and pathological cell processes [44,45]. The interplay of the damaging
effects and regulatory functions of ROS has been discussed in several reviews [46–48].

The primary source of ROS within a cell is mitochondria [49]. The electron transport
chain is a producer of ROS, with the electron leakages from Complexes I, II, and III creating
O2

− by single-electron oxygen reduction [50,51]. Under physiological conditions, it is
estimated that 0.2 to 2% of leaked electrons do not contribute to ATP production [52].
While Complexes I and II exclusively create O2

− in the mitochondrial matrix, Complex III
produces O2

− in both the matrix and intermembrane space [53,54]. In the latter case, O2
−
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travels through voltage-dependent channels in the outer mitochondrial membrane and into
the cytosol [55], where it can be converted into H2O2, participating in cellular signaling
events [56].

Oxidative DNA damage can be a significant contributor to cancer [57]. In particular,
the reaction of OH− with DNA accounts for most DNA strand breaks, representing the
primary molecular reaction leading to carcinogenesis. To defend from the damage, cells
use various antioxidant mechanisms, such as converting highly reactive O2

− into H2O2
using superoxide dismutases [58]. However, a high concentration of H2O2 is also detrimen-
tal since H2O2 can be reduced to the damaging hydroxides OH− in the presence of Fe2+

and Cu2+ [59]. Producing the amount of ROS needed for self-signaling without harmful
overproduction requires a delicate balance of various components, and its imbalance can
mediate damage transfer from the ECM to DNA. One of the pathways to ROS overpro-
duction can be aberrated bioelectric signaling in the ECM, increasing the mitochondrial
membrane potential [60].

The involvement of mitochondria in the process of carcinogenesis is evident. However,
the details are presently unclear, and we believe that understanding the physical mecha-
nisms of operation for various parts of mitochondrial machinery is necessary. In particular,
our models of the mitochondrial proton-pumping complexes described in Section 4 can
be extended to consider electron leakage, corresponding ROS production, and conditions
for their possible overproduction. This would be an essential step toward understanding
carcinogenesis, potentially leading to a paradigm shift in early diagnosis and treatment.

3. Mitochondria and Autism: Quantum Brain Hypothesis
3.1. Link between Autism and Mitochondrial Disorder

People with autism spectrum disorder (ASD) are characterized by impaired social
interaction and communication, as well as a deficiency in learning ability. It is a life-long
condition, with symptoms generally appearing in early childhood. There is currently no
cure for ASD, and the underlying reasons remain unclear. The most promising hypothe-
ses include genetic predisposition, epigenetic modifications, nutritional influences, and
exposure to environmental toxins during critical development periods [61,62].

Growing evidence implies that ASD is linked to mitochondrial dysfunction [63–66].
The earliest hint appears in [67], where an elevated level of lactate was observed in the
plasma of autistic patients, indicating a defect in oxidative phosphorylation. The concept of
ASD as a mitochondrial disorder was proposed in [68]. It was based on indirect evidence
such as lactic acidosis, elevated urine levels of Krebs cycle metabolites, plasma carnitine
deficiency, decreased brain glucose utilization, and decreased ATP levels in autistic patients.
The perception of bioenergetic deficiency in children with ASD was further supported by
detecting various abnormal biomarkers in the brain, plasma, cerebral spinal fluid, urine,
fibroblasts, skeletal muscle, and buccal mucosa [66,69]. There was also direct evidence of
the impairment of proton-pumping complexes of the electron transport chain (especially
Complex I) in mitochondria from skeletal muscle [70,71] and the brain [72,73] for autistic
patients. Furthermore, the condition called “mitochondrial hyperproliferation”, where chil-
dren have high numbers of mitochondria but reduced energy output from these organelles,
is connected to ASD [74].

The links discussed above are related to the bioenergetic functions of mitochondria.
However, ASD can be affected by other mitochondrial functions, such as oxidative stress
via ROS production or defects in calcium homeostasis. In particular, evidence of increased
oxidative damage to DNA, proteins, and lipids has been identified in blood, urine, and
postmortem brain samples from autistic individuals [75]. In this review, we propose
another possible link between mitochondrial dysfunction and ASD using the quantum
brain hypothesis.
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3.2. Quantum Cognition

The idea that quantum correlations play a role in the brain’s functioning was first
proposed by Roger Penrose [76]. It was swiftly dismissed because of the common belief that
such correlations cannot survive in the “hot and wet” brain environment [77]. Recently, the
notion of a quantum brain was revived in [78] by the suggestion that quantum correlations
can be stored in nuclear spins with extremely long decoherence times (in contrast to
previously proposed microtubules [79]). The idea is that when the adenosine triphosphate
(ATP) molecule is dissociated into adenosine monophosphate (AMP) and a pyrophosphate
ion (P2O7

4−), the two phosphorous nuclei are in the singlet state, forming biological qubits,
as the nuclei are in the entangled spinup–spindown superposition. These nuclei remain
entangled when the pyrophosphate ion is subsequently dissociated into two phosphate ions
(PO4

3−). Finally, these two phosphate ions separately join with calcium ions to form two
Posner molecules (Ca9(PO4)6), making them entangled. Posner molecules appear in two
different presynaptic neurons and melt simultaneously because of the entanglement. This
leads to the simultaneous injection of Ca2+ ions and activation of the neurotransmitters in
the two presynaptic neurons, introducing correlations that are assumed to be transferred to
the postsynaptic neurons and their correlated firings. In other words, it was suggested that
a quantum correlation between phosphorous nuclear spins might lead to a correlation in
operation between different neurons. Later, it was shown [80] that such correlations enable
full-scale quantum computations in the brain. Although it was recently demonstrated [81]
that the Posner molecule, as a trimer, is not stable enough to host the biological qubit, the
corresponding dimer can serve instead [81].

Mitochondria, which both produce ATP and host calcium stores, can be sites for
the formation of Posner molecules or associated dimers. To produce the pyrophosphate
molecule necessary for phosphorous spin entanglement, two phosphate groups should
be detached during ATP hydrolysis instead of a single one in the usual ATP-ADP cycle.
This double phosphate group detachment occurs in the synthesis of cAMP (cyclic AMP)
from ATP by adenylyl (adenylate) cyclase. cAMP is an important secondary messenger
crucial for intracellular signaling [82] and has been studied for decades. In particular, it
was shown [83,84] that cAMP is generated inside mitochondria by the action of soluble
adenylyl cyclase, and this reaction produces the pyrophosphates that drive quantum
brain computation.

3.3. Quantum Cognition and Autism

The following set of unproven statements are worth pursuing as directions for further
research and might usher in a basis for the early determination of pre-ASD conditions.
Operations of the human brain are not purely classical or purely quantum but rather a
combination of both. Each specific brain function can require either quantum or classical
cascades. A child’s brain learns to apply necessary tools for certain operations in the
first several years of human life. The proper balance of quantum and classical cognition
is essential throughout early childhood. When this balance is broken, aberrations in
brain development will arise. In particular, when quantum processes prevail, ASD forms.
Persons with ASD can be very advanced in fields requiring quantum computations, as
they can manipulate huge numbers or remember an enormous amount of music. However,
when classical computations are necessary, as in learning basic skills or communications,
the situation becomes challenging. Improper functioning of mitochondria (the wrong
ratio of produced phosphates and pyrophosphates) can be a reason for the unbalanced
inclination toward quantum computations in the brain. If they are detected and treated,
the preconditions of ASD can be eliminated.

Our hypothesis that mitochondria provide the molecular basis for quantum cognition
is clearly more speculative than the role of mitochondria in carcinogenesis discussed
in the previous section. Moreover, the connection between the prevalence of quantum
computations in the human brain and ASD is entirely unproven. However, we believe
that studies in this direction can be vital. They will lead to a better understanding of brain
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functions, mechanisms for their aberrations, even the origin of cognition, and possible
prevention and treatment of ASD. In this, revealing the physical principles of the interaction
between mitochondria and neuronal networks beyond energy production is crucial. Simple
physical models of the various mitochondrial operations described in Section 4 can be
readily extended to incorporate the ATP-cAMP reaction as a starting point for quantum
correlations in the brain. Determination of the dynamics of this process and, especially,
the production rate of the entangled phosphorous nuclei will shed light on the feasibility
of the quantum computations in the brain. Moreover, it can find the conditions for a
proper balance between classical and quantum cascades in neuronal networks, i.e., help to
diagnose, treat, or even prevent ASD if our hypothesis is validated.

4. Proton-Pumping Complexes of the Inner Mitochondrial Membrane: Physical
Principles of Operation
4.1. General Approach

Following the TCA cycle in the mitochondrial matrix, the respiratory chain of the inner
mitochondrial membrane converts and stores energy in ATP molecules via the OXPHOS
process [85]. The sequence of events is illustrated in Figure 2. Each electron donated by
NADH has more than one electron volt of excess energy, which can be easily lost to heat if
not converted into a more stable form. In the first step, performed by the proton-pumping
Complexes I, III, and IV, the electron energy is used to move protons from the negative
side of the membrane with a small proton population to the positive side with a large
proton population, i.e., to pump them against the chemical potential. In the second step, the
resulting proton current through the F0–F1 complex facilitates the rotation of the nanomotor,
i.e., the energy is converted into mechanical form. In the third step, mechanical energy
combines ADP and an inorganic phosphate molecule to form ATP.
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Electron transport along the chain occurs in several forms. Inside the protein com-
plexes, electrons jump from one metal atom (or FeS complex) to another. From Complex
I to Complex III, electrons ride quinol shuttles, which move inside the lipid membrane.
The polarized lipid membrane significantly suppresses the diffusion of charged objects. To
preserve charge neutrality, quinols are populated by electrons and protons, which actuates
proton pumping, as discussed in Section 4.4 below. Electrons are transferred from Com-
plex III to Complex IV using cytochrome c as a shuttle. Cytochrome c moves outside the
membrane and, accordingly, can be in reduced form.
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The single-particle nature of electron transport has pronounced similarities to semi-
conductor nanodevice operation, including similar energy scales. The total energy drop in
the mitochondrial electron transport chain is about 1.1 eV (in several steps), while quantum
transport in semiconductor nanostructures can be seen at cryogenic temperatures with
energy level separation typically in the meV range. Correspondingly, the energy scales
with temperature. Moreover, as the electron transfer event facilitates proton pumping,
the energy exchange can be described as a two-particle Coulomb interaction. We believe
that condensed matter and statistical physics approaches, which are well-established for
artificial nanostructures, can be applied to living objects at the nanoscale. If we consider
quantum dots as artificial atoms, we can think of atoms as natural quantum dots.

In the following sections, we discuss simple models for each proton-pumping complex
of the inner mitochondrial membrane to reveal the physical mechanisms of operation. For
our calculations, we start with the Heisenberg equation of motion for the electron and
proton operators in the presence of the environment. Averaging over the environment
and using a high-temperature approximation, valid for living objects, these equations can
be rewritten as rate equations for electron and proton populations. Electron and proton
currents can then be expressed in terms of these populations. Where a mechanical motion
is involved (see Sections 4.3 and 4.4), these rate equations are coupled to the empirical
Langevin equation. Solving the coupled equations numerically, we can determine the
proton and electron currents, their ratio (quantum yield), the efficiency of the energy
transfer, and the dependencies of these quantities on the parameters of the system. The
order of sections below is based on the complexity of calculations, from the simplest model
to the most complicated one.

4.2. Complex IV, Cytochrome c Oxidase

Electrons are brought to Complex IV (Figure 3a) by the cytochrome c shuttle and
subsequently jump to the Cu atom, followed by the haem and the haem/Cu binuclear
center [86]. After this last jump, an electron combines with a proton from the negative side
of the membrane and with oxygen to form water. Simultaneously, an additional proton is
transferred to the positive side of the membrane. In a series of papers [87–90], we proposed
several models revealing the physical principles of operation for Complex IV. The most
elaborate model [89] is shown in Figure 3b–d.

Electrons (shown as small red circles) move along the membrane from the source
(S) to the drain (D) through three intermediate sites. Protons move across the membrane
through three separate sites from negative (N) to positive (P) sides. The structure of the
energy levels is such that the electrons are moving from higher to lower potential, and our
goal is to use released energy to pump protons from lower to higher potential (tops of the
reservoir-representing rectangles). The energy levels of the left electron site and the lower
proton site are below the chemical potentials of the corresponding reservoirs, and initially,
they are populated (Figure 3b). The electron can proceed to the middle site, but then it
is stuck there temporarily because the energy separation between this level and the next
one (to the right) is too large, and it is not easy to unload this energy into heat. Now that
the middle electron site is populated, the energy of the middle proton site decreases due
to the electron–proton electrostatic interaction, and a proton can progress to the middle
site (Figure 3c). With the middle proton site populated, the energy of the middle electron
site decreases, and the electron can escape to the next site and reservoir on the right. With
the electron gone, the energy of the proton middle site increases (Figure 3d), allowing the
proton to proceed to the upper site and, finally, the positive side of the membrane.

Using the approach described in the previous section, we determined the proton
current, and our results show that proton pumping against the population gradient is
possible under physiological conditions. Moreover, cell parameters have been tuned
through evolution so that physiological temperatures are optimal for proton pumping. We
compared the kinetic phases predicted by our simple model [90] to those measured in the
experiment of [91] and found excellent agreement.
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shown as small green solid circles with positive signs, with N and P serving as reservoirs at the
negative and positive sides of the membrane, respectively. Larger red and green circles represent the
electron and proton sites, respectively. Electron and proton transfer events are shown by black arrows,
with the former positions for electrons and protons appearing as dashed circles with lighter colors.
Electron and proton energy levels are represented by solid horizontal lines. The former positions
are dashed.

4.3. Complex I, NADH-Quinone Oxidoreductase

Complex I has an L-shape, as shown in Figure 4a, with a hydrophobic arm embedded
in the membrane and a hydrophilic arm extending into the matrix [92]. This is the beginning
of the electron transport chain. The electrons donated by nicotinamide adenine dinucleotide
(NADH) travel to quinone through the hydrophilic arm via a series of FeS complexes. In
the model of [93], four proton pumps located at different subunits of the hydrophobic arm
transfer protons across the membrane. In vast contrast to Complex IV, the electron and
proton pathways here are well separated by a distance of tens of nanometers, prohibiting
direct Coulomb interaction. However, it is commonly accepted that electron transfer creates
a so-called electrostatic wave along the membrane arm, facilitating proton pumping [94].
Several physical mechanisms were suggested to account for this electrostatic wave. Initially,
the mechanical motion of the lateral helix was proposed [94,95]. In the oxidized state,
this helix moves to the right to open the upper half-channels for protons. In the reduced
state, it moves to the left to open the lower half-channels. However, the role of the helix in
proton pumping was not confirmed in mutation experiments [96]. An electrostatic wave
mechanism based on molecular dynamics involves coordinated forward and backward
waves of conformational changes and charge exchange [97]. Very recently [98], it was
proposed that the rotation of the transmembrane helix near the quinone-binding site
achieves the coupling of electron transport and proton pumps. It should be noted that in
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this work, it was also suggested that all the proton pumping occurs in the left-most subunit
of the membrane arm, shown in red in Figure 4a.
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In our work, we model the electrostatic wave as the motion of a piston, with positive
charges at the edges and negative charges in the middle, as shown as a grey rectangle in
Figure 4b–e [99]. It does not have a specific structural association and may represent the
action of the transmembrane helix of [98]. We use a similar set of electron and proton sites
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and a similar (albeit different) structure of the energy levels, as compared to the model of
Complex IV described above. Similar to that complex, electrons can move to the middle
site (Figure 4b). According to our model, the electron attracts the positive charge from the
right edge of the piston, and the piston moves to the right (Figure 4c). Consequentially, the
positive charge at the left edge would move away from the middle proton site, decreasing
its energy and allowing the proton to move there. At the same time, the positive charge at
the right edge moves closer to the middle electron site, decreasing its energy and allowing
the electron to escape into the reservoir (Figure 4d). When the electron is gone, elastic forces
return the piston to the left, increasing the energy of the already populated proton middle
site and facilitating proton pumping (Figure 4e).

In our calculations, the derived rate equations for the electron and proton populations
are coupled to the Langevin equation describing the motion of the piston [99]. In particular,
the energies of the middle sites depend on the piston position, while the electrostatic
forces on the piston (and hence the piston position) depend on the middle sites’ popula-
tions. These coupled equations were solved numerically, and the conditions for proton
pumping were determined. As in the case of Complex IV, optimal pumping is achieved at
physiological temperatures.

4.4. Complex III, Coenzyme Q—Cytochrome c Reductase

While Complexes I and IV are purely mitochondrial, Complex III belongs to the family
of the bc-complexes, which also includes bacterial cytochrome bc1 and cytochrome b6f in
chloroplasts [100], where the so-called Q-cycle occurs [101] (shown in Figure 5a). Each
quinone (Q) molecule is populated by two electrons and two protons at the N-side of
the membrane in Complex I, undergoing reduction to quinol (QH2) molecules. Shuttles
diffuse across the intramembrane space, and when they reach the Q0-site of Complex III,
the protons are translocated to the P-side of the membrane, while the electrons follow
different pathways. The first electron is accepted by the low-energy, iron–sulfur Rieske
protein. Afterward, it proceeds to the mobile shuttle cytochrome c toward Complex IV,
while the second electron is transferred via hemes bL and bH to the Qi-site (near the N-side).
After the second turnover, two electrons and two protons populate the quinone from the
Qi-site, and the resulting QH2 shuttle diffuses to the Q0-site.
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Our model [102] is presented in Figure 5b. The electron pathway originates in reservoir
S and terminates in reservoir D. Protons are transferred from reservoir N to P. Electron
transport is downhill from the reservoir of higher energy (S) to the reservoir of lower
energy (D). In contrast, the proton transfer is uphill against the electrochemical gradient
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across the membrane. The first quinone shuttle is populated by two electrons from site A,
representing the quinone-binding site of Complex I. When the first electron is transferred
to the shuttle, site A is immediately repopulated from reservoir S. With one electron on
quinone, the energy of the proton level on the shuttle decreases, and it can be populated
from the N-reservoir. After the process is repeated, the resulting quinol molecule diffuses
across the membrane. When the first electron is unloaded to site B, which represents the FeS
Rieske protein, the energy of the proton level on the shuttle increases, and it can proceed
to the P-reservoir, with the same process for the second electron and proton pair. Two
electrons moving through the L and H sites populate the second quinone and attract two
more protons from the N-reservoir. The second quinol also diffuses across the membrane
and unloads two electrons and two protons.

In our calculations [102], we derived the equations of motion for the electron and
proton creation/annihilation operators at all sites and shuttles. Averaging these equations
over the environment, we obtained rate equations for several coupled density matrices
representing different system parts. These rate equations are coupled to phenomenolog-
ical Langevin equations describing the motions of the shuttles, as electron and proton
population/depopulation depends on the distance between the shuttle and the site or
reservoir. We numerically solved the resulting set of 40 coupled equations and obtained
the time-dependent positions of the two shuttles and the time-dependent electron and
proton populations. We also calculated the number of translocated electrons and protons
to determine the quantum yield and thermodynamic efficiency. We obtained a quantum
yield of almost two for a short initial time, as can be expected from the ideal Q-cycle
performance. With elapsed time and the two shuttles unloaded to the same sites without
synchronization, the quantum yield value decreases but still significantly exceeds unity.
The oversimplification of our model can explain the deviation from the expected quantum
yield of two, as we only used two shuttles moving back and forth instead of a pool of
quinones available in the natural system.

5. Conclusions

For years, biology and physics were entirely separate fields of science. Biology studies
living organisms, including their origin, evolution, function, and structure. Physics studies
matter, energy, their interaction, and dynamics. Biophysics initially emerged as studies
of biological objects using methods of experimental physics. The first example can be the
works of Luigi Galvany, and an illuminating illustration is the discovery of the double-helix
DNA structure by Francis Crick and James Watson based on the X-ray diffraction patterns
obtained by Rosalind Franklin and Maurice Wilkins. Other applications of the physics-
based approaches, such as X-ray diffraction, nuclear magnetic resonance spectroscopy,
atomic force microscopy, electron microscopy, and optical tweezers, to biological objects
led to numerous Nobel Prizes [103]. Later, methods of statistical physics and physics-
originated computational techniques, such as molecular dynamics, were also used to
describe biological systems.

Physics can also help to reveal the operation principles by constructing simple models
of complex structures. In the words of Phil Nelson (cited in [104]): “Physical models
are often weirdly, unreasonably effective in stripping away the inessential from a biolog-
ical system—and in displaying connections between things that seemed not obviously
connected to our untrained imagination”. This is precisely what we have done in our
works on mitochondrial proton-pumping complexes, which are overviewed in this paper.
Our models elucidated the main physical mechanisms leading to biological functions. In
other words, our works connected the physics of moving electrons and protons and their
interactions to the biology of the mitochondrial respiratory chain.

This established connection can be explored in various medical applications. In this
review, we addressed only two diseases associated with mitochondrial dysfunction: cancer
and autism spectrum disorder. Specifically, we proposed that ROS overproduction in
mitochondria can be caused by aberrations in the ECM and, in turn, serve as a trigger for
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somatic mutations in DNA. Correspondingly, monitoring the ECM status and mitochon-
drial function can lead to early cancer diagnostics. In particular, we have recently shown
that the structural biomarkers of breast cancer can be found in the X-ray diffraction patterns
of the tissues [105]. Our physical models can be extended to account for electron leakage in
the proton-pumping complexes and corresponding ROS production.

We also suggested that the imbalance between classical and quantum brain functions
in early childhood can lead to autism spectrum disorder. This imbalance can be caused
by mitochondrial dysfunction, i.e., the disproportion of phosphates and pyrophosphates,
which are the products of the ATP-ADP and ATP-cAMP cycles, respectively. Our models
can be expanded to include both of these cycles. We can determine the production rates
and their dependencies on external parameters and, therefore, recommend how the proper
balance can be restored. It can lead to early diagnosis, treatment, and prevention of ASD
if our hypothesis is proven true. We believe that even if it is not verified, research in
these directions is worth pursuing, as it can lead to breakthroughs in various areas of
human well-being.

Author Contributions: Conceptualization, L.M.; methodology, L.M.; validation, J.F. and L.M.;
writing—original draft preparation, J.F. and L.M.; writing—review and editing, J.F. and L.M.; vi-
sualization, J.F.; supervision, L.M. All authors have read and agreed to the published version of
the manuscript.

Funding: L.M. acknowledges the partial support of PSC-CUNY, award # 66061-00 54.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: L.M. is grateful to Anatoly Smirnov and Pavel Lazarev for numerous
helpful discussions.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Siekevitz, P. Powerhouse of the cell. Sci. Amer. 1957, 197, 131–140. [CrossRef]
2. Mitchell, P. Coupling of Phosphorylation to Electron and Hydrogen Transfer by a Chemi-Osmotic Type of Mechanism. Nature

1961, 191, 144–148. [CrossRef] [PubMed]
3. Margulis, L. Symbiosis in Cell Evolution; Freeman: San Francisco, CA, USA, 1981.
4. Gray, M.W.; Burger, G.; Lang, B.F. Mitochondrial Evolution. Science 1999, 283, 1476–1481. [CrossRef] [PubMed]
5. Meeusen, S.; McCaffery, J.M.; Nunnari, J. Mitochondrial fusion intermediates revealed in vitro. Science 2004, 305, 1747–1752.

[CrossRef] [PubMed]
6. Alexandre, A.; Reynafarje, B.; Lehninger, A.L. Stoichiometry of vectorial H+ movements coupled to electron transport and to ATP

synthesis in mitochondria. Proc. Natl. Acad. Sci. USA 1978, 75, 5296–5300. [CrossRef]
7. Schmidt, O.; Pfanner, N.; Meisinger, C. Mitochondrial protein import: From proteomics to functional mechanisms. Nat. Rev. Mol.

Cell Biol. 2010, 11, 655–667. [CrossRef]
8. Rizzuto, R.; De Stefani, D.; Raffaello, A.; Mammucari, C. Mitochondria as sensors and regulators of calcium signaling. Nat. Rev.

Mol. Cell Biol. 2012, 13, 566–578. [CrossRef]
9. Pellegrino, M.W.; Haynes, C.M. Mitophagy and the mitochondrial unfolded protein response in neurodegeneration and bacterial

infection. BMC Biol. 2015, 13, 22. [CrossRef]
10. Lisowski, P.; Kannan, P.; Mlody, B.; Prigione, A. Mitochondria and the dynamic control of stem cell homeostasis. EMBO Rep. 2018,

19, e45432. [CrossRef]
11. Zhang, H.; Menzies, K.J.; Auwerx, J. The role of mitochondria in stem cell fate and aging. Development 2018, 145, dev143420.

[CrossRef]
12. Chandel, N.S. Mitochondria as signaling organelles. BMC Biol. 2014, 12, 34. [CrossRef]
13. Bratic, A.; Larsson, N.G. The role of mitochondria in aging. J. Clin. Investig. 2013, 123, 951–957. [CrossRef] [PubMed]
14. Wang, C.; Youle, R.J. The role of mitochondria in apoptosis. Annu. Rev. Genet. 2009, 43, 95–118. [CrossRef] [PubMed]
15. Gorman, G.S.; Chinnery, P.F.; DiMauro, S.; Hirano, M.; Koga, Y.; McFarland, R.; Suomalainen, A.; Thorburn, D.R.; Zeviani, M.;

Turnbull, D.M. Mitochondrial diseases. Nat. Rev. Dis. Primers 2016, 2, 16080. [CrossRef] [PubMed]
16. Beal, M. Mitochondrial dysfunction in neurodegenerative diseases. Biochim. Biophys. Acta (BBA) Bioenerg. 1998, 1366, 211–223.

[CrossRef]

https://doi.org/10.1038/scientificamerican0757-131
https://doi.org/10.1038/191144a0
https://www.ncbi.nlm.nih.gov/pubmed/13771349
https://doi.org/10.1126/science.283.5407.1476
https://www.ncbi.nlm.nih.gov/pubmed/10066161
https://doi.org/10.1126/science.1100612
https://www.ncbi.nlm.nih.gov/pubmed/15297626
https://doi.org/10.1073/pnas.75.11.5296
https://doi.org/10.1038/nrm2959
https://doi.org/10.1038/nrm3412
https://doi.org/10.1186/s12915-015-0129-1
https://doi.org/10.15252/embr.201745432
https://doi.org/10.1242/dev.143420
https://doi.org/10.1186/1741-7007-12-34
https://doi.org/10.1172/JCI64125
https://www.ncbi.nlm.nih.gov/pubmed/23454757
https://doi.org/10.1146/annurev-genet-102108-134850
https://www.ncbi.nlm.nih.gov/pubmed/19659442
https://doi.org/10.1038/nrdp.2016.80
https://www.ncbi.nlm.nih.gov/pubmed/27775730
https://doi.org/10.1016/S0005-2728(98)00114-5


Int. J. Mol. Sci. 2024, 25, 2835 13 of 15

17. Yang, J.; Guo, Q.; Feng, X.; Liu, Y.; Zhou, Y. Mitochondrial Dysfunction in Cardiovascular Diseases: Potential Targets for Treatment.
Front. Cell Dev. Biol. 2022, 10, 841523. [CrossRef] [PubMed]

18. Nunn, A.V.W.; Guy, G.W.; Brysch, W.; Botchway, S.W.; Frasch, W.; Calabrese, E.J.; Bell, J.D. SARS-CoV-2 and mitochondrial health:
Implications of lifestyle and ageing. Immun. Ageing 2020, 17, 33. [CrossRef]

19. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA Cancer J Clin. 2022, 72, 7–33. [CrossRef]
20. Stratton, M.R.; Campbell, P.J.; Futreal, P.A. The cancer genome. Nature 2009, 458, 719–724. [CrossRef]
21. Weinberg, R.A. One Renegade Cell: How Cancer Begins; Basic Books: New York, NY, USA, 1998.
22. Dvorak, H.F. Tumors: Wounds that do not heal. Similarities between tumor stroma generation and wound healing. N. Eng. J.

Med. 1986, 315, 1650–1659.
23. Schäfer, M.; Werner, S. Cancer as an overhealing wound: An old hypothesis revisited. Nat. Rev. Mol. Cell Biol. 2008, 9, 628.

[CrossRef] [PubMed]
24. Pietak, A.; Levin, M. Exploring Instructive Physiological Signaling with the Bioelectric Tissue Simulation Engine. Front. Bioeng.

Biotech. 2016, 4, 55. [CrossRef] [PubMed]
25. Soto, A.M.; Sonnenschein, C. The Society of Cells: Cancer and Control of Cell Proliferation; Springer: New York, NY, USA, 1999.
26. Brücher, B.L.D.M.; Jamall, I.S. Somatic Mutation Theory—Why it’s Wrong for Most Cancers. Cell. Physiol. Biochem. 2016,

38, 1663–1680. [CrossRef] [PubMed]
27. Hinkle, P.C. P/O ratios of mitochondrial oxidative phosphorylation. Biochim. Biophys. Acta (BBA) Bioenerg. 2005, 1706, 1–11.

[CrossRef] [PubMed]
28. Warburg, O. The chemical constitution of respiration ferment. Science 1928, 68, 437–443. [CrossRef] [PubMed]
29. Warburg, O.; Wind, F.; Negelein, E. The metabolism of tumors in the body. J. Gen. Physiol. 1927, 8, 519–530. [CrossRef] [PubMed]
30. Warburg, O. On the Origin of Cancer Cells. Science 1956, 123, 309–314. [CrossRef]
31. Fantin, V.R.; St-Pierre, J.; Leder, P. Attenuation of LDH-A expression uncovers a link between glycolysis, mitochondrial physiology,

and tumor maintenance. Cancer Cell 2006, 9, 425–434. [CrossRef]
32. Moreno-Sanchez, R.; Rodriguez-Enriquez, S.; Marin-Hernandez, A.; Saavedra, E. Energy metabolism in tumor cells. FEBS J. 2007,

274, 1393–1418. [CrossRef]
33. Tong, X.; Zhao, F.; Thompson, C.B. The molecular determinants of de novo nucleotide biosynthesis in cancer cells. Curr. Opin.

Genet. Dev. 2009, 19, 32–37. [CrossRef]
34. Locasale, J.W.; Grassian, A.R.; Melman, T.; Lyssiotis, C.A.; Mattaini, K.R.; Bass, A.J.; Heffron, G.; Metallo, C.M.; Muranen, T.;

Sharfi, H.; et al. Phosphoglycerate dehydrogenase diverts glycolytic flux and contributes to oncogenesis. Nat. Genet. 2011,
43, 869–874. [CrossRef] [PubMed]

35. Wallace, D.C. Mitochondria and cancer. Nat. Rev. Cancer. 2012, 12, 685–698. [CrossRef] [PubMed]
36. Locasale, J.W.; Cantley, L.C. Metabolic flux and the regulation of mammalian cell growth. Cell Metab. 2011, 14, 443–451. [CrossRef]

[PubMed]
37. Liberti, M.V.; Locasale, J.W. The Warburg Effect: How Does it Benefit Cancer Cells? Trends Biochem. Sci. 2016, 41, 211. [CrossRef]
38. Anastasiou, D.; Poulogiannis, G.; Asara, J.M.; Boxer, M.B.; Jiang, J.K.; Shen, M.; Bellinger, G.; Sasaki, A.T.; Locasale, J.W.; Auld,

D.S.; et al. Inhibition of pyruvate kinase M2 by reactive oxygen species contributes to cellular antioxidant responses. Science 2011,
334, 1278–1283. [CrossRef]

39. Hamanaka, R.B.; Chandel, N.S. Warburg effect and redox balance. Science 2011, 334, 1219–1220. [CrossRef]
40. Wellen, K.E.; Hatzivassiliou, G.; Sachdeva, U.M.; Bui, T.V.; Cross, J.R.; Thompson, C.B. ATP-citrate lyase links cellular metabolism

to histone acetylation. Science 2009, 324, 1076–1080. [CrossRef]
41. Lu, C.; Thompson, C.B. Metabolic regulation of epigenetics. Cell Metab. 2012, 16, 9–17. [CrossRef]
42. Kaplon, J.; Zheng, L.; Meissl, K.; Chaneton, B.; Selivanov, V.A.; Mackay, G.; Van Der Burg, S.H.; Verdegaal, E.M.; Cascante, M.;

Shlomi, T.; et al. A key role for mitochondrial gatekeeper pyruvate dehydrogenase in oncogene-induced senescence. Nature 2013,
498, 109–112. [CrossRef]

43. Cross, C.E.; Halliwell, B.; Borish, E.T.; Pryor, W.A.; Ames, B.N.; Saul, R.L.; Mccord, J.M.; Harman, D. Oxygen radicals and human
disease. Ann. Intern. Med. 1987, 107, 526–545. [CrossRef]

44. Weinberg, F.; Chandel, N.S. Reactive oxygen species-dependent signaling regulates cancer. Cell. Mol. Life Sci. 2009, 66, 3663–3673.
[CrossRef] [PubMed]

45. Rhee, S.G. Cell signaling. H2O2, a necessary evil for cell signaling. Science 2006, 312, 1882–1883. [CrossRef] [PubMed]
46. Angelova, P.R.; Abramov, A.Y. Functional role of mitochondrial reactive oxygen species in physiology. Free Radic. Biol. Med. 2016,

100, 81–85. [CrossRef] [PubMed]
47. Diebold, L.; Chandel, N.S. Mitochondrial ROS regulation of proliferating cell. Free Radic. Biol. Med. 2016, 100, 86–93. [CrossRef]

[PubMed]
48. Brillo, V.; Chieregato, L.; Leanza, L.; Muccioli, S.; Costa, R. Mitochondrial Dynamics, ROS, and Cell Signaling: A Blended

Overview. Life 2021, 11, 332. [CrossRef]
49. Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1–13. [CrossRef]
50. Quinlan, C.L.; Perevoshchikova, I.V.; Hey-Mogensen, M.; Orr, A.L.; Brand, M.D. Sites of reactive oxygen species generation by

mitochondria oxidizing different substrates. Redox Biol. 2013, 1, 304–312. [CrossRef]

https://doi.org/10.3389/fcell.2022.841523
https://www.ncbi.nlm.nih.gov/pubmed/35646910
https://doi.org/10.1186/s12979-020-00204-x
https://doi.org/10.3322/caac.21708
https://doi.org/10.1038/nature07943
https://doi.org/10.1038/nrm2455
https://www.ncbi.nlm.nih.gov/pubmed/18628784
https://doi.org/10.3389/fbioe.2016.00055
https://www.ncbi.nlm.nih.gov/pubmed/27458581
https://doi.org/10.1159/000443106
https://www.ncbi.nlm.nih.gov/pubmed/27160408
https://doi.org/10.1016/j.bbabio.2004.09.004
https://www.ncbi.nlm.nih.gov/pubmed/15620362
https://doi.org/10.1126/science.68.1767.437
https://www.ncbi.nlm.nih.gov/pubmed/17782077
https://doi.org/10.1085/jgp.8.6.519
https://www.ncbi.nlm.nih.gov/pubmed/19872213
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1016/j.ccr.2006.04.023
https://doi.org/10.1111/j.1742-4658.2007.05686.x
https://doi.org/10.1016/j.gde.2009.01.002
https://doi.org/10.1038/ng.890
https://www.ncbi.nlm.nih.gov/pubmed/21804546
https://doi.org/10.1038/nrc3365
https://www.ncbi.nlm.nih.gov/pubmed/23001348
https://doi.org/10.1016/j.cmet.2011.07.014
https://www.ncbi.nlm.nih.gov/pubmed/21982705
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1126/science.1211485
https://doi.org/10.1126/science.1215637
https://doi.org/10.1126/science.1164097
https://doi.org/10.1016/j.cmet.2012.06.001
https://doi.org/10.1038/nature12154
https://doi.org/10.7326/0003-4819-107-4-526
https://doi.org/10.1007/s00018-009-0099-y
https://www.ncbi.nlm.nih.gov/pubmed/19629388
https://doi.org/10.1126/science.1130481
https://www.ncbi.nlm.nih.gov/pubmed/16809515
https://doi.org/10.1016/j.freeradbiomed.2016.06.005
https://www.ncbi.nlm.nih.gov/pubmed/27296839
https://doi.org/10.1016/j.freeradbiomed.2016.04.198
https://www.ncbi.nlm.nih.gov/pubmed/27154978
https://doi.org/10.3390/life11040332
https://doi.org/10.1042/BJ20081386
https://doi.org/10.1016/j.redox.2013.04.005


Int. J. Mol. Sci. 2024, 25, 2835 14 of 15

51. Nickel, A.; Kohlhaas, M.; Maack, C. Mitochondrial reactive oxygen species production and elimination. J. Mol. Cell. Cardiol. 2014,
73, 26–33. [CrossRef]

52. Zhao, R.; Jiang, S.; Zhang, L.; Yu, Z. Mitochondrial electron transport chain, ROS generation and uncoupling (Review). Int. J. Mol.
Med. 2019, 44, 3–15. [CrossRef]

53. Turrens, J.F. Mitochondrial formation of reactive oxygen species. J. Physiol. 2003, 552, 335–344. [CrossRef]
54. Muller, F.L.; Liu, Y.; Van Remmen, H. Complex III releases superoxide to both sides of the inner mitochondrial membrane. J. Biol.

Chem. 2004, 279, 49064–49073. [CrossRef] [PubMed]
55. Han, D.; Antunes, F.; Canali, R.; Rettori, D.; Cadenas, E. Voltage-dependent anion channels control the release of the superoxide

anion from mitochondria to cytosol. J. Biol. Chem. 2003, 278, 5557–5563. [CrossRef] [PubMed]
56. Orr, A.L.; Vargas, L.; Turk, C.N.; Baaten, J.E.; Matzen, J.T.; Dardov, V.J.; Attle, S.J.; Li, J.; Quackenbush, D.C.; Goncalves, R.L.; et al.

Suppressors of superoxide production from mitochondrial complex III. Nat. Chem. Biol. 2015, 11, 834–836. [CrossRef]
57. Totter, J.R. Spontaneous cancer and its possible relationship to oxygen metabolism. Proc. Natl. Acad. Sci. USA 1980, 77, 1763–1767.

[CrossRef] [PubMed]
58. Weisiger, R.A.; Fridovich, I. Mitochondrial superoxide dismutase: Site of synthesis and intramitochondrial localization. J. Biol.

Chem. 1973, 248, 4793–4796. [CrossRef]
59. Winterbourn, C.C. The biological chemistry of hydrogen peroxide. Methods Enzymol. 2013, 528, 3–25.
60. Kushnareva, Y.; Murphy, A.N.; Andreyev, A. I-mediated reactive oxygen species generation: Modulation by cytochrome c and

NAD(P)+ oxidation-reduction state. Biochem. J. 2002, 368, 545–553. [CrossRef]
61. Currenti, S.A. Understanding and determining the etiology of autism. Cell. Mol. Neurobiol. 2010, 30, 161–171. [CrossRef]
62. Geschwind, D.H.; Levitt, P. Autism spectrum disorders: Developmental disconnection syndromes. Curr. Opin. Neurobiol. 2007, 17,

103–111. [CrossRef]
63. Haas, R.H. Autism and mitochondrial disease. Dev. Disabil. Res. Rev. 2010, 16, 144–153. [CrossRef]
64. Naviaux, R.K. Mitochondria and Autism Spectrum Disorders. In The Neuroscience of Autism Spectrum Disorders; Academic Press:

Cambridge, MA, USA; Elsevier: Waltham, MA, USA, 2013; pp. 179–193.
65. Rossignol, D.A.; Frye, R.E. Mitochondrial dysfunction in autism spectrum disorders: A systematic review and meta-analysis. Mol.

Psychiatry 2012, 17, 290–314. [CrossRef]
66. Griffiths, K.K.; Levy, R.J. Evidence of Mitochondrial Dysfunction in Autism: Biochemical Links, Genetic-Based Associations, and

Non-Energy-Related Mechanisms. Oxid. Med. Cell. Longev. 2017, 2017, 4314025. [CrossRef] [PubMed]
67. Coleman, M.; Blass, J.P. Autism and lactic acidosis. J. Autism Dev. Disord. 1985, 15, 1–8. [CrossRef] [PubMed]
68. Lombard, J. Autism: A mitochondrial disorder? Med. Hypotheses 1998, 50, 497–500. [CrossRef] [PubMed]
69. Legido, A.; Jethva, R.; Goldenthal, M.J. Mitochondrial dysfunction in autism. Semin. Pediatr. Neurol. 2013, 20, 163–175. [CrossRef]

[PubMed]
70. Graf, W.D.; Marin-Garcia, J.; Gao, H.G.; Pizzo, S.; Naviaux, R.K.; Markusic, D.; Barshop, B.A.; Courchesne, E.; Haas, R.H. Autism

associated with the mitochondrial DNA G8363A transfer RNA(Lys) mutation. J. Child Neurol. 2000, 15, 357–361. [CrossRef]
[PubMed]

71. Fillano, J.J.; Goldenthal, M.J.; Rhodes, C.H.; Marín-García, J. Mitochondrial dysfunction in patients with hypotonia, epilepsy,
autism, and developmental delay: HEADD syndrome. J. Child Neurol. 2002, 17, 435–439. [CrossRef] [PubMed]

72. Chauhan, A.; Gu, F.; Essa, M.M.; Wegiel, J.; Kaur, K.; Brown, W.T.; Chauhan, V. Brain region-specific deficit in mitochondrial
electron transport chain complexes in children with autism. J. Neurochem. 2011, 117, 209–220. [CrossRef] [PubMed]

73. Gu, F.; Chauhan, V.; Kaur, K.; Brown, W.T.; LaFauci, G.; Wegiel, J.; Chauhan, A. Alterations in mitochondrial DNA copy number
and the activities of electron transport chain complexes and pyruvate dehydrogenase in the frontal cortex from subjects with
autism. Transl. Psychiatry 2013, 3, e299. [CrossRef]

74. Filipek, P.A.; Juranek, J.; Smith, M.; Mays, L.Z.; Ramos, E.R.; Bocian, M.; Masser-Frye, D.; Laulhere, T.M.; Modahl, C.; Spence,
M.A.; et al. Mitochondrial Dysfunction in Autistic Patients with 15q Inverted Duplication. Ann. Neurol. 2003, 53, 801. [CrossRef]

75. Rossignol, D.A.; Frye, R.E. Evidence linking oxidative stress, mitochondrial dysfunction, and inflammation in the brain of
individuals with autism. Front. Physiol. 2014, 5, 150. [CrossRef] [PubMed]

76. Penrose, R. The Emperor’s New Mind: Concerning Computers, Minds, and the Laws of Physics; Oxford University Press: Oxford,
UK, 1989.

77. Tegmark, M. Importance of quantum decoherence in brain processes. Phys. Rev. E 2000, 61, 4194–4206. [CrossRef] [PubMed]
78. Fisher, M.P.A. Quantum cognition: The possibility of processing with nuclear spins in the brain. Ann. Phys. 2015, 362, 593–602.

[CrossRef]
79. Hameroff, S.; Penrose, R. Consciousness in the Universe: A review of the ‘Orch OR’ theory. Phys. Life Rev. 2014, 11, 39–78.

[CrossRef]
80. Halpern, N.Y.; Crosson, E. Quantum information in the Posner model of quantum cognition. Ann. Phys. 2019, 407, 92–147.

[CrossRef]
81. Agarwal, S.; Kattnig, D.R.; Aiello, C.D.; Banerjee, A.S. The Biological Qubit: Calcium Phosphate Dimers, Not Trimers. J. Phys.

Chem. Lett. 2023, 14, 2518–2525. [CrossRef]
82. Kramer, I.M. Signal Transduction, 3rd ed.; Academic Press: Cambridge, MA, USA; Elsevier: Waltham, MA, USA, 2016.

https://doi.org/10.1016/j.yjmcc.2014.03.011
https://doi.org/10.3892/ijmm.2019.4188
https://doi.org/10.1113/jphysiol.2003.049478
https://doi.org/10.1074/jbc.M407715200
https://www.ncbi.nlm.nih.gov/pubmed/15317809
https://doi.org/10.1074/jbc.M210269200
https://www.ncbi.nlm.nih.gov/pubmed/12482755
https://doi.org/10.1038/nchembio.1910
https://doi.org/10.1073/pnas.77.4.1763
https://www.ncbi.nlm.nih.gov/pubmed/6929519
https://doi.org/10.1016/S0021-9258(19)43735-6
https://doi.org/10.1042/bj20021121
https://doi.org/10.1007/s10571-009-9453-8
https://doi.org/10.1016/j.conb.2007.01.009
https://doi.org/10.1002/ddrr.112
https://doi.org/10.1038/mp.2010.136
https://doi.org/10.1155/2017/4314025
https://www.ncbi.nlm.nih.gov/pubmed/28630658
https://doi.org/10.1007/BF01837894
https://www.ncbi.nlm.nih.gov/pubmed/3980425
https://doi.org/10.1016/S0306-9877(98)90270-5
https://www.ncbi.nlm.nih.gov/pubmed/9710323
https://doi.org/10.1016/j.spen.2013.10.008
https://www.ncbi.nlm.nih.gov/pubmed/24331358
https://doi.org/10.1177/088307380001500601
https://www.ncbi.nlm.nih.gov/pubmed/10868777
https://doi.org/10.1177/088307380201700607
https://www.ncbi.nlm.nih.gov/pubmed/12174964
https://doi.org/10.1111/j.1471-4159.2011.07189.x
https://www.ncbi.nlm.nih.gov/pubmed/21250997
https://doi.org/10.1038/tp.2013.68
https://doi.org/10.1002/ana.10596
https://doi.org/10.3389/fphys.2014.00150
https://www.ncbi.nlm.nih.gov/pubmed/24795645
https://doi.org/10.1103/PhysRevE.61.4194
https://www.ncbi.nlm.nih.gov/pubmed/11088215
https://doi.org/10.1016/j.aop.2015.08.020
https://doi.org/10.1016/j.plrev.2013.08.002
https://doi.org/10.1016/j.aop.2018.11.016
https://doi.org/10.1021/acs.jpclett.2c03945


Int. J. Mol. Sci. 2024, 25, 2835 15 of 15

83. Acin-Perez, R.; Salazar, E.; Kamenetsky, M.; Buck, J.; Levin, L.R.; Manfredi, G. Cyclic AMP produced inside mitochondria
regulates oxidative phosphorylation. Cell Metab. 2009, 9, 265–276. [CrossRef]

84. Valsecchi, F.; Konrad, C.; Manfredi, G. Role of soluble adenylyl cyclase in mitochondria. Biochim. Biophys. Acta (BBA) Mol. Basis
Dis. 2014, 1842, 2555–2560. [CrossRef]

85. Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. Molecular Biology of the Cell; Garland Science: New York, NY,
USA, 2002; Chapter 7.

86. Voet, D.; Voet, J.G. Biochemistry, 4th ed.; John Wiley & Sons: Hoboken, NJ, USA, 2011.
87. Smirnov, A.Y.; Mourokh, L.G.; Nori, F. Resonant energy transfer in electron-driven proton pumps. Phys. Status Solidi (B) 2008,

5, 398. [CrossRef]
88. Smirnov, A.Y.; Mourokh, L.G.; Nori, F. Förster mechanism of electron-driven proton pumps. Phys. Rev. E 2008, 77, 011919.

[CrossRef]
89. Smirnov, A.Y.; Mourokh, L.G.; Nori, F. Kinetics of proton pumping in cytochrome c oxidase. J. Chem. Phys. 2009, 130, 235105.

[CrossRef] [PubMed]
90. Smirnov, A.Y.; Mourokh, L.G.; Nori, F. Electrostatic models of electron-driven proton transfer across a lipid membrane. J. Phys.

Condens. Matter 2011, 23, 234101. [CrossRef] [PubMed]
91. Belevich, I.; Bloch, D.A.; Belevich, N.; Wikström, M.; Verkhovsky, M.I. Exploring the proton pump mechanism of cytochrome c

oxidase in real time. Proc. Natl. Acad. Sci. USA 2007, 104, 2685. [CrossRef] [PubMed]
92. Sazanov, L.A. A giant molecular proton pump: Structure and mechanism of respiratory complex I. Nat. Rev. Mol. Cell Biol. 2015,

16, 375–388. [CrossRef]
93. Efremov, R.G.; Sazanov, L.A. Structure of the membrane domain of respiratory complex I. Nature 2011, 476, 414. [CrossRef]

[PubMed]
94. Kampjut, D.; Sazanov, L.A. The coupling mechanism of mammalian respiratory complex I. Science 2020, 370, eabc4209. [CrossRef]

[PubMed]
95. Ohnishi, T. Structural biology: Piston drives a proton pump. Nature 2010, 465, 428. [CrossRef] [PubMed]
96. Belevich, G.; Knuuti, J.; Verkhovsky, M.I.; Wikstrem, M.; Verkhovskaya, M. Probing the mechanistic role of the long α-helix in

subunit L of respiratory Complex I from Escherichia coli by site-directed mutagenesis. Mol. Microbiol. 2011, 82, 1086. [CrossRef]
97. Kaila, V.R.I. Long-range proton-coupled electron transfer in biological energy conversion: Towards mechanistic understanding of

respiratory complex I. J. R. Soc. Interface 2018, 15, 20170916. [CrossRef]
98. Kampjut, D.; Sazanov, L.A. Structure of respiratory complex I—An emerging blueprint for the mechanism. Curr. Opin. Struct.

Biol. 2022, 74, 102350. [CrossRef]
99. Friedman, J.; Mourokh, L.; Vittadello, M. Mechanism of proton pumping in complex I of the mitochondrial respiratory chain.

Quant. Rep. 2021, 3, 425–434. [CrossRef]
100. Cramer, W.A.; Kallas, T. (Eds.) Cytochrome Complexes: Evolution, Structures, Energy Transduction, and Signalling; Springer Science:

Dordrecht, The Netherlands, 2016.
101. Mitchell, P. Possible molecular mechanisms of the proton motive function of cytochrome systems. J. Theor. Biol. 1976, 62, 327–367.

[CrossRef] [PubMed]
102. Mourokh, L.; Vittadello, M. Physical Model of Proton-Pumping Q-cycle in Respiratory and Photosynthetic Electron Transport

Chains. Chem. Phys. 2020, 530, 110638. [CrossRef]
103. Zhou, H.X. Q&A: What is biophysics? BMC Biol. 2011, 9, 13.
104. Liu, D.W.C. Physics and Biology Collaborate to Color the World. CBE Life Sci. Educ. 2013, 12, 133–138. [CrossRef]
105. Friedman, J.; Blinchevsky, B.; Slight, M.; Tanaka, A.; Lazarev, A.; Zhang, W.; Aram, B.; Ghadimi, M.; Lomis, T.; Murokh, L.; et al.

Structural Biomarkers for Breast Cancer Determined by X-ray Diffraction. In Proceedings of the Conference 12863: Quantum
Effects and Measurement Techniques in Biology and Biophotonics, San Francisco, CA, USA, 27–30 January 2024.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.cmet.2009.01.012
https://doi.org/10.1016/j.bbadis.2014.05.035
https://doi.org/10.1002/pssc.200776560
https://doi.org/10.1103/PhysRevE.77.011919
https://doi.org/10.1063/1.3155213
https://www.ncbi.nlm.nih.gov/pubmed/19548766
https://doi.org/10.1088/0953-8984/23/23/234101
https://www.ncbi.nlm.nih.gov/pubmed/21613705
https://doi.org/10.1073/pnas.0608794104
https://www.ncbi.nlm.nih.gov/pubmed/17293458
https://doi.org/10.1038/nrm3997
https://doi.org/10.1038/nature10330
https://www.ncbi.nlm.nih.gov/pubmed/21822288
https://doi.org/10.1126/science.abc4209
https://www.ncbi.nlm.nih.gov/pubmed/32972993
https://doi.org/10.1038/465428a
https://www.ncbi.nlm.nih.gov/pubmed/20505714
https://doi.org/10.1111/j.1365-2958.2011.07883.x
https://doi.org/10.1098/rsif.2017.0916
https://doi.org/10.1016/j.sbi.2022.102350
https://doi.org/10.3390/quantum3030027
https://doi.org/10.1016/0022-5193(76)90124-7
https://www.ncbi.nlm.nih.gov/pubmed/186667
https://doi.org/10.1016/j.chemphys.2019.110638
https://doi.org/10.1187/cbe.13-03-0056

	Introduction 
	Mitochondria and Carcinogenesis 
	General Discussion 
	Warburg Effect 
	ROS Production 

	Mitochondria and Autism: Quantum Brain Hypothesis 
	Link between Autism and Mitochondrial Disorder 
	Quantum Cognition 
	Quantum Cognition and Autism 

	Proton-Pumping Complexes of the Inner Mitochondrial Membrane: Physical Principles of Operation 
	General Approach 
	Complex IV, Cytochrome c Oxidase 
	Complex I, NADH-Quinone Oxidoreductase 
	Complex III, Coenzyme Q—Cytochrome c Reductase 

	Conclusions 
	References

