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Abstract
The present article focuses on the model metabolic stress in AD. This novel model proposes that nitrogen
nanobubbles, having invaded the brain interstitial fluid from the blood through glucose transporter-1 (GLUT-1), cause
the pressure to increase in the close surroundings, before being embedded in amyloid-β fibrils in the form of cerebral
amyloid angiopathy that fixes the pollutant. Following the huge increase in the surrounding pressure, molecular
oxygen, the regular form of oxygen in a low PO2 solute, gather into oxygen nanobubbles, leading to various normal
responses, albeit damaging. Therefore, nanobubbles trigger the NADPH oxidase-NO antibubble biomachinery that
produces superoxide and peroxynitrite. The high NADPH/NADP+ turnover is supported by the pentose phosphate
pathway.
Oxygen nanobubbles in mitochondria could explain the impairment of complexes I and IV. The amyloid percolation
well model might resolve the issue of the coimmunoprecipitation of Aβ with the latter complexes, Aβ stabilizing oxygen
bubbles, as it might stabilize nitrogen bubbles in the ISF. The permeabilization of the mitochondrial membrane by
unspecific pores fixes the overpressure on the mitochondria. The bubble-induced crowding of the respiratory chains
causes energy depletion due to the disruption of oxidative phosphorylation, leading to the irreversible injury of
respiration, also known as Warburg effect. The main consequence is a deficit in the cholinergic system. Last, the
peroxynitrite/CO2 system is deciphered as a CO2 antibubble buffer, rescuing the impaired carbonic anhydrase in
AD. Sometimes, CO2 is not released from peroxynitrite, and then produces nitrite anions and carbonyl radicals after
intermediate reactions. These respectively lead to the nitrotyrosination and carbonylation of numerous proteins but
hold the cells free from a CO2 bubble-induced disruption of the cytoplasmic and the mitochondrial membranes. The
AD Gas Model paves the way to new approaches to address the pathophysiology of the most devastating brain
disease in human beings.
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“Free radical biology and medicine: it’s a gas, man!” Pryor et al. [2]
Foreword: the main features of the Gas Model of Alzheimer’s disease
(AD) [1] will be reminded step by step in the Discussion section, which
means that the reader doesn’t need to read the first article in Medical
Hypothesis.

Introduction
The present article focuses on the previous model [1] of metabolic
stress in AD. The Gas Model of AD stated that the pathological
lesions that define the sporadic forms of “Alzheimer’s disease would
be linked to the insidious accumulation of nitrogen, having invaded
the brain interstitial fluid (ISF) from the blood via the physiological
cycling pool of vascular glucose transporters (GLUT-1). According to
this hypothesis, the nitrogen nanobubbles, being chemically inert and
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actually indestructible for human beings, cannot escape from the ISF
anymore. They would exert a huge and deleterious pressure against
cellular components, especially in microglia and in astrocytes. They
could enhance the existing cell oxygen anisotropy, which might enhance
the natural bubble nucleation of O2− 2O2 in cells or in mitochondria
[1].”
The classic problem of oxygen toxicity states that superoxide radical
ion O2− is one key understanding [2], superoxide being scavenged in the
form of peroxynitrite. Peroxynitrite appears as a pivot molecule among
all Reactive Oxygen Species (ROS). An extensive literature exists on
ROS formation in AD, especially those released by microglia [3], the
resident macrophages in the brain. However, the literature on the
subject does not deal with bubble occurrence when gases found in cells
−
are O2, NO, O2 and CO2. Indeed, I believe that the oxygen and also the
CO2 toxicity depend mainly on the ability of any gas to generate bubbles
in a solute, and not only on their respective chemical reactivities.
The Results section lists a few major pathological hallmarks
regarding the metabolic stress in AD, such as the ROS formation and
nitrosative stress, the main mitochondrial abnormalities, and the shift
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in the metabolic pathway. Obviously, the presentation is not as neat
as it could be and the paragraphs will probably appear unconnected.
Last, the discussion section will connect all the latter observations into
an intelligible framework, from the point of view of dissolved gases.
The AD Gas Model will throw light on their meanings, leading to an
expected conclusion: these could be normal and desirable reactions
against the presence of an indestructible (=inert) pollutant having
contaminated the ISF.

Materials and Methods
The scientific method is chosen according to the Inventor’s Paradox
from G. Pólya (1887-1985) and its heuristic approach [4]. The heuristic
approach has been complemented by Bayesian statistics [5] that are
already under way in many other areas of science.

Results
The reactive oxygen species (ROS)
An extensive literature demonstrated an enhanced NADPHoxidase (also known as NOX) activity in AD [6,7], especially within
microglia [8], and the strong association between NOX activity and
the individual’s cognitive scores [6]. NADPH oxidase leads to ROS
formation such as superoxide and peroxynitrite.

The nitrosative stress
The pathological hallmarks related to nitrite ( NO2− )or nitrate (
−
NO3 ) molecules are called nitrosative stress. There is increasing
evidence that nitrosative stress is involved in the pathogenesis of AD
[9-11].
The nitrite formation: Keith and Powell pioneered the study of
peroxynitrite with bicarbonate buffers [12]. According to Squadrito and
Pryor [13], Calabrese et al. [9], nitrating species arise in vivo mainly
from the reaction of peroxynitrite on carbon dioxide, which is a fast
and efficient reaction, and do not involve nitric oxide itself as a nitrating
agent. Meli et al. [14] determined the extent of radical formation by
mixing peroxynitrite, carbon dioxide and NO. Nitrite anions and a CO3carbonyl radical result from the reaction of peroxynitrite with carbon
dioxide as follows. The chemical representation of bubbles (CRB) [1]
is helpful to represent CO2 as a gas in the following equation. The CRB
is a novel chemical notation for gas particles in a solute, where a circle
depicts a quantum bubble (which is the true representation of a gas
particle in a solute).
ONOO. +CO2 → ONOOCO2 → CO3. + NO2. → 3 NO

(1)

Immunohistochemistry shows the presence in the neurons of
protein carbonyl immunoreactivity in β-tubulin, β-actin and creatine
kinase BB in AD but also in control brain extracts [15]. Hippocampus
in AD shows an increase in protein carbonylation [16].
The nitrotyrosination: Nitrotyrosination is one of the major events
in the neurotoxicity induced by Aβ [17]. Tyrosine residues partially
trap intermediates that arise from the CO2- peroxynitrite reaction [18]
(Equation 1). The nitro group. NO2 reacts with a phenol compound
such as tyrosine producing 3-nitrotyrosine.

tyrosine + .NO2− > NO2Tyr

(2)

Equation 2 is an oversimplification since reactions undergo a
radical mechanism Squadrito and Pryor [13]. The discussion section
will reduce the involvement of nitrosative stress in AD, which seems at
first sight a complicated task.
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The mitochondrial abnormalities
The mitochondrial dysfunction: “Mitochondrial dysfunction has
been observed as characteristic of many neurodegenerative diseases,
even before other distinctive disease features and symptoms appear’’
[19]. We shall study the results of some experiment carried out in AD
samples.
The Complex IV dysfunction: A variety of studies have
demonstrated that complex IV dysfunction can increase ROS
generation. Complex IV (also referred to as cytochrome c oxidase)
is the last enzyme in the respiratory transport chain of mitochondria
(or bacteria). It receives an electron from each of the four cytochrome
c molecules, and transfers them to one oxygen molecule, converting
molecular oxygen into two molecules of water.
There is evidence that the mitochondria are a direct site of Aβ
accumulation in AD neurons [20] and that Aβ can penetrate into
mitochondria through mitochondrial outer membrane import
receptors [21]. β-amyloid can directly disrupt mitochondrial function
and inhibits key enzymes [22]. In Aβ-rich synaptic mitochondria in
brains of transgenic mice, coimmunoprecipitation assays show the
binding of Aβ with cytochrome c [23]. However, the current amyloid
hypothesis does not explain why β-amyloid is toxic for mitochondria,
as in a model of AD transgenic mouse [20].
The Complex I dysfunction: Complex I (also referred to as NADH:
ubiquinone oxidoreductase or NADH dehydrogenase) is a potent
source of reactive oxygen species [24]. Complex I can produce ROS
such as superoxide and hydrogen peroxide [25]. In normal conditions,
during forward electron transfer, a premature electron leakage to
oxygen occurs, resulting in a very small amount of superoxide being
produced.
In vitro studies showed that β-amyloid caused a selective defect in
Complex I activity. Furthermore, the defect in Complex I was associated
with an increase (5 fold) of intracellular reactive oxygen species [26].
The permeabilization of the mitochondrial membrane: The
permeability transition denotes an increase of the mitochondrial inner
membrane permeability to solutes with molecular weights up to about
1,500 Da [27]. It is assumed to be mediated by the opening of a channel,
the permeability transition pore (MPTP), “whose molecular nature
remains a mystery’’ [27].
There is evidence that the opening of the MPTP leads to calcium
overload in the cytoplasm [28]. Intracellular Ca2+ alters the lipid
organization of the inner mitochondrial membrane by interacting
with cardiolipin, the major phospholipid of this membrane. Calcium
complexation with cardiolipin is one of the early steps, which sets off
additional inner mitochondrial membrane permeabilization [29].

The abnormalities in the neuron metabolism
The astrocyte-neuron lactate shuttle model: Within the neuron,
the energy supply mainly involves lactate, and not glucose [30]. Lactate
is provided through specific transporters by the nearby astrocyte, as a
by-product of glucose-6-P (G6P) hydrolysis. At first, in astrocyte, G6P
is metabolized through the glycolytic pathway to pyruvate.
G 6 P(astrocyte) + 2 NAD + +2 ADP + 2 Pi − > [enzymes]

2 pyruvate + 2 NADH + 2 H + +2 H 2O

(3)

then pyruvate is converted into lactate
pyruvate + NADH < − > [lactatedehydrogenase LDHA] lactate(astrocyte) + NAD +

(4)
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Lactate is exported out of the astrocyte by the monocarboxylate
transporter 1 or 4 (MCT1/4) and carried into neuron via MCT2 [30].
lactate (astrocyte)− > [MCT1/4] lactate( ISF )− > [MCT2] lactate(neuron)

Once in the neuron, lactate dehydrogenase B converts lactate to
pyruvate which is converted into ATP through Krebs cycle within
mitochondria.

lactate (neuron) < − > [lactatedehydrogenaseLDHB] pyruvate
Some glycolytic enzyme samples from several brains from AD
patients at autopsy increase and correlate with increased contents of
lactate dehydrogenase [31].
The whole process is depicted as the astrocyte-neuron lactate
shuttle model [30,32].
The carbonic anhydrase: The main reaction that scavenges CO2
coming from the Krebs cycle (see Appendix B) involves the enzyme
carbonic anhydrase (CA). CAs (comprised of at least five distinct
families) catalyze the interconversion of CO2 and water into bicarbonate
and protons [33].

CO2 + H 2O <=> [carbonicanhydrase]HCO3− + H +

(5)

CA, especially isoenzyme I is an extraordinarily efficient catalyst
[34]. The catalytic mechanism of CA II, which is also a potent catalyst
in the brain tissue, has been studied in great detail [35,36]. Impaired CA
may lead to pH imbalance in AD [16]. There is evidence that oxidative
modification of CA II could explain its diminished activity that has been
reported in AD brain compared to age-matched control brain [16,37].
The change of metabolism (Warburg effect): The main
consequences of mitochondrial dysfunction is that aerobic metabolism
(Krebs cycle within mitochondria) is turned into aerobic glycolysis, a
lower energetic pathway. There is evidence that in presence of Aβ in
brain cell cultures, the decrease in glucose transport was followed by
a decrease in cellular ATP levels [38]. Despite an apparently normal
oxygen content, oxidative reactions are prevented from properly
recycling NAD+. It complies with aerobic glycosysis in AD, also known
as Warburg effect [30]. The Warburg effect is one of the most important
characteristics of cancer cells [39]. It is defined as a high rate of glycolysis
followed by lactate accumulation in the cytosol in the presence of
oxygen [40], rather than as a comparatively low rate of glycolysis
followed by oxidation of pyruvate in mitochondria during normal
oxidative phosphorylation [41]. In other words, despite an apparently
sufficient oxygen concentration, ATP generation does not occur within
mitochondria but through glycolysis within the cytoplasm.

The pentose phosphate pathway: There is evidence that the activity
of pentose phosphate pathway increases in AD [47]. The change of
metabolism from mitochondrial oxidative phoshorylation to glycolysis
is accompanied by the engagement of the pentose phosphate pathway.
The activity of G6PD in AD is almost double the one of normal controls
[48] and is involved in the following step during the PPP
Glucose − 6 − P + NADP + <=> [G 6 PD]6 − phospho − glucono − 1,5 − lactone + NADPH + H +

Discussion
This paper aims to decipher all the above observations to the light
of the Gas Model of AD. Some propositions are really speculative. They
should be understood as directions for future research, as novel ideas
rather than as a vain desire to completely unravel the disease.

New insights into ROS in AD
Currently, NADPH oxidase is believed to have the primary purpose
of producing ROS [6]. The phagocytic NADPH oxidase plays an essential
role in innate immunity by catalyzing the formation of superoxide,
which facilitates the destruction of invading microorganisms during
phagocytosis [8], however the authors cannot link an aseptic disease
such as AD with this role. Recently, NADPH-oxidase, SOD and NOS
have been linked to an antibubble biomachinery [1]. An antibubble
enzyme is involved during a 3-stage pathway: nanobubble fission,
implosion and scavenging. Last, molecular oxygen is recycled, allowing
further oxidative phosphorylations within mitochondria. For example
SOD is one of the most typical bubble fission enzyme, catalyzing the
fission of the 2O2− bubble into hydrogen peroxide and molecular oxygen
(Figure 1). A low oxygen level in cells is common [49-51] and might
prevent bubble nucleation. Sometimes, molecular oxygen, the regular
form of oxygen in a low PO2 solute, gather into oxygen nanobubbles,
leading to various normal responses, albeit damaging: the antibubble
biomachinery prevents further bubble enlargement but produces
harmful molecules (=ROS).
Oxidative stress plays a crucial role in the pathophysiology of AD,
but the origin of ROS is not clearly established, and authors note that

NADPH

O 2 + O 2 O -2

pyruvate + NAD + − > [CoA − SH][pyruvatedehydrogenase] acetyl − CoA
+ NADH + H + + CO2 [ scale = 0.5](0, 0)circle(0.5);
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Pyruvate dehydrogenase is lowered in post mortem brain tissue
from cases of AD [46]. The reaction that leads to Ach involves choline
acetyltransferase (ChAT)

acetylCoA + choline− > [ChAT] acetylcholine

NADP

O -2 2O 2
recycled

Pyruvate is the most important precursor of the acetyl group of Ach
[45]. AcetylCoA arises from the following reaction that occurs within
mitochondria

+

NO .

Acetylcholine (Ach)
The deficiency in ACh synthesis [42] and the finding that
acetylcholinesterase (AChE) is lowered in the cerebral cortex and
hippocampus of patients with AD [43,44] are prominent features of AD.

(8)

Arginine

iNOS

ONOO

2

.

Citrulline

Figure 1: The antibubble biomachinery in a normal cell and in AD. The upper
part depicts the normal NADPH oxidase-NO antibubble biomachinery. To the
side, an additional system depicts the hypothetical oxygen bubble overload in
AD. The overwhelming of the NADPH oxidase-NO antibubble biomachinery is
assisted by the superoxide dismutase, the catalase and finally the involvement
of iron. Note that iron has not been depicted [1].
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most abnormalities are already found in the normal aging brain [52]. The
Gas Model of AD proposes that nitrogen nanobubbles, having invaded
the brain ISF from the blood through GLUT1, increase the pressure
in the close surroundings. The overpressure is assumed to enhance
the gathering of gas particules in the cytoplasm or in mitochondria
within neighbouring cells, leading to oxygen nanobubble formation,
and finally the overwhelming of the antibubble biomachinery and the
related peroxidative stress (e.g. lipid peroxidation [53], cholesterol
oxidation to oxysterols [54], mitochondrial DNA oxidation [55]).

The β-amyloid
Involvement of pore-like structures into the regulation of
the pressure: From the perspective of engineering, in the AD Gas
Model, “the action of APP has been reduced to an electromechanical
pressure sensor. The infra-nanometric checking of the APP levels in the
membrane occurs through the action of different membrane-spanning
enzymes (e.g. α-, β- and γ-secretases); it is transduced with specific
protein fragments, such as Aβ. It logically leads to a 3-D mapping of the
surrounding pressure. The cell integrates APP oscillations from various
locations around the cell, giving rise to elongation or migration’’ [1].
Inert gas bubbles in the ISF are expected to exert a huge pressure
on neurons and astrocytes. Laplace’s Law indicates that nanobubbles
exert a pressure of several hundred atmosphere (Appendix A) which
results in shear stress or crushing, depending on the bubble situation.
When the cell membrane is crushed by a nearby structure, APP is also
pushed down, sliding through the membrane since its frail C-terminal
domain does not anchor it, and there is evidence that Aβ is sometimes
released beside the membrane after its enzymatic cleavage in AD [56].
Aβ forms the annular pore-like protofibrils found in the cytoplasmic
membrane [57,58]. The pores could work as a safety valve against
the pressure increase. This could explain the poor selectivity of these
channels toward smaller ions [59]; then Aβ, following the cytoplasmic
leak, could be expelled out of the neuron through the pore, then toward
the bubbles.
Following the same logic as above, MPTP could rescue the
overpressure in the mitochondrial matrix. The opening of the MPTP
could depress the matrix, which is a kind of rescue solution that allows
mitochondria to produce further energy and prevents metabolic stress.
The cytotoxicity by Aβ as a direct consequence of its action
as foam-stabilizing agent: The Gas Model of AD proposed that in
the ISF, amyloid fibrils could entrap any minute bubbles in a mixed
hydrophobic and water soluble protein web, enclosing progressively
the amyloid pores through epitaxial growth (amyloid percolation well
model). The soluble Aβ (1-40) would solubilize the amyloid plaque
in the ISF, while the insoluble Aβ (1-42) would directly be in contact
with the hydrophobic nitrogen bubbles (what is currently called the
central hydrophobic cluster of Aβ). The Cerebral Amyloid Angiopathy
(CAA) stabilizes the pollutant, since nitrogen as an inert gas is an
indestructible component in the humain brain. The pressure is also
stabilized. The amyloid percolation well model resolves the issue of the
mitochondrial dysfunction and the metabolic/energetic stress related
to the Warburg effect and to the pentose phosphate pathway activation
(see below). The Gas Model of AD predicts that oxygen nanobubbles
are generated within the mitochondria.Therefore, and according to
the amyloid percolation well model, Aβ should interact with oxygen
bubbles found close to the cytochrome c. This is consistent with Du’s
findings of Aβ -rich synaptic mitochondria in the brain of transgenic
mice. Coimmunoprecipitation assays carried out for Aβ 1-42 with this
subunit confirmed the binding to cytochrome c [23]. Additionnaly,
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the interaction between Aβ 1-42 and subunit 1 of the cytochrome c
oxidase (complex IV) explains the decline in the activity of the complex
IV enzyme [60]. This binding is more likely to be linked to a crowding
effect (for crowding effect, Ellis [61] and Minton [62]).
Further, I propose that NO is trapped in β-amyloid deposits,
because we have described β-amyloid as a foam-stabilizing agent. There
is evidence of an increased expression of NO-synthase in the presence
of Aβ peptide [63]. In addition, the possible entrapment of NO in
amyloid deposists may have enhanced the conditions for a guanylyl
cyclase-mediated inflammatory cascade. This is consistent with the
activation of microglia after infusion of Aβ [64].
To summarize, Aβ as a foam-stabilizing agent is supposed to stabilize
the air bubbles in the ISF (it gives rise to CAA) or having nucleated
on respiratory chain proteins (Figures 2 and 4). Aβ prevents further
enlargement of bubbles and the danger of a membrane disruption,
though it prevents the respiratory chains from working properly. All
these hypotheses need further experiments to be confirmed.
Issues related to the amyloid hypothesis: The amyloid percolation
well model could put an end to the current confusion surrounding
the disease [65] or the disillusionment with the amyloid hypothesis
[66], by redefining all the features that define the pathophysiology
from the point of view of foam physics. In 1992, the amyloid
hypothesis [67] proposed that Aβ accumulation is the primary event
in AD pathogenesis, and that AD represents the effects of a chronic
imbalance between Aβ production and Aβ clearance. However, some
authors consider the hypothesis to be a controversial theory, “primarily
because there is a poor correlation between the concentrations and
distribution of amyloid depositions in the brain and several parameters
of AD pathology, including degree of dementia, loss of synapses, loss
of neurons and abnormalities of the cytoskeleton’’ [68]. In the AD
Gas Model, APP processing is triggered by the pressure oscillation on
the membrane. Since the theoretical invasion of nitrogen through the
GLUT nitrogen noria [1] seems to be a normal senile process, Aβ is
constitutionally produced and stabilizes bubbles, buffering inert gas
and fixing the pressure rise. It complies with previous evidence that
Aβ is a normal product of APP metabolism throughout life [69,70]
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Figure 2: The amyloid hypothesis according to the amyloid percolation well
model. A β is a nanofoam-stabilizing agent, which stabilizes N2 bubbles in
the ISF (=amyloid fibrills?), O2 bubbles within mitochondria (=mitochondrial
dysfunction?) and air bubbles in the ISF (=senile plaques and CAA?). It traps
NO which triggers a calcium-dependent guanylyl cyclase-mediated (GC)
inflammation (=cytotoxicity by A β ?). Amyloid fibril from [1].
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and some humans without symptoms of AD have many cortical Aβ
deposits, the latter being diffuse forms of amyloid plaques, consistent
with a slow and usual diffuse process of inert gas from the blood to the
ISF, in short: brain aging (?)
Mutations of APP in familial Alzheimer’s disease (FAD) increase
β-protein production [71,72]. Cultured cells which express a β-APP
complementary DNA bearing a double mutation found in a Swedish
FAD family produce 6-8 times more Aβ than cells expressing normal
β-APP [71]. As a matter of fact, cultured cells are exposed to a very
low pressure, as a soft tissue. Since the tissue architecture is destroyed,
cohesion forces have to disappear. Then, APP slides faster and more
easily in the membrane, given rise to enhanced APP processing, and
obviously all the more since the protein is mutated. Then Aβ stabilizes
bubbles found in the bulk, according to the limitless amount of oxygen
and nitrogen.
Twenty years after the amyloid hypothesis, and despite extensive
researches, therapies based on this hypothesis have failed to prove
any benefits, which is consistent with the idea that the disease is not
triggered by APP processing, but by something else (inert gas?), and
consistent with the arguments of rare declared opponents of the
amyloid hypothesis [73].
To summarize, the Gas Model of AD is consistent with ``the
possibility that Aβ deposition may be a common bystander, not an agent
provocateur’’ [73]. In such a way, Aβ stabilizes bubbles, preventing their
further natural enlargement (Figure 2).

The change of metabolism
Issues related to the Warburg effect: The Warburg effect has been
defined as a high rate of glycolysis followed by lactate accumulation
in the cytosol in the presence of oxygen [40]. There is evidence that
activities of some glycolytic enzyme sampling from several brains of
AD patients at autopsy increase [31]. In an earlier study [37] (1984),
the finding that the activities of glycolytic enzymes were lower in AD
and in Pick’s disease could be linked to the severity of the disease. The
fact that ATPases, acetylcholinesterase and protein kinase were also
reduced in the whole temporal lobe is an indication that the patients
were extremely ill and finally that biopsy samples contained less living
cells than the controls.
As a consequence of the above analysis, the Warburg effect is
believed to be the consequence of the oxygen bubble toxicity, the
bubbles being a kind of respiratory poison. There would just be a
physical shift in the oxygen distribution, the oxygen content being the
same when comparing normal and AD brains. The normal diffusion
process of oxygen in cells [74] involves oxygen monoparticles whereas
the same diffusion process seems disturbed according to the AD Gas
Model. Nanobubbles take the place of oxygen monoparticules after the
huge (though local) increase in the surrounding pressure, especially
within mitochondria.
Mitochondial Respiration<=>[ Oxygen nanobubbles within
mitochondria][Oxygen monoparticles within mitochondria] Aerobic
Glycolysis
The latter equation comes from the ``Pasteur-Warburg frame’’
(Figure 3), which is a novel picture that summarizes the process shifts.
The “Pasteur-Warburg frame”, although hypothetical, shows the link
between the physical appearance of oxygen within mitochondria and
the predominant metabolism pathway which will occur in the cell. This
is in agreement with the Warburg effect in cancer cells, the coupling
J Alzheimers Dis Parkinsonism
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between respiration and the formation of adenosine triphosphate
having been broken [75]. This is also in agreement with the irreversible
injury of respiration [75], since once a bubble has grown from a smaller
one, there is no possibility to cut it. It seems that there is no “big bubble’’
fission enzyme but just nanobubble fission enzymes such as NOX and
SOD that break 2- or 3-oxygen particle bubbles. The bubble-induced
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Figure 3: The Pasteur-Warburg frame. The Pasteur effect is defined by
the inhibition of fermentation by oxygen. During the Warburg effect, oxygen
bubbles within a mitochondrion are supposed to lead to a mitochondrial
dysfunction, and therefore to enhance the aerobic glycolysis and the pentose
phosphate pathway. Note that both mitochondria contain the same amount
of oxygen particles. Cell divisions are expected to restore a normal oxidative
phosphorylation.
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+ is expected to provides ATP molecules during oxidative phosphorylation
(large arrow) within the mitochondrion. Beta-oxidation of fatty acid molecules
is another common way to AcetylCoA and it has not been depicted. It requiers
NAD + and FAD to function, hence this pathway is impaired in AD. On the
right, during the Warburg effect, the conversion of pyruvate into lactate recyles
NAD + to maintain glycolysis despite the mitochondrial dysfunction (and the
related impaired NADH 2--NAD + interconversion). Indeed, according to the
AD Gas Model, oxygen bubbles are depicted standing on Complexes I and
IV, leading to complex dysfunctions and impairment of NADH + oxidation
to NAD +. The figure is not as neat as it could be, since within the neuron,
the energy supply mainly involves lactate rather than glucose, lactate being
provided by the nearby astrocyte (the astrocyte-neuron lactate shuttle model
is not depicted).

Volume 4 Issue 3 • 1000149

Citation: Denis PA (2014) The Continuum of Metabolic Stress According to the Gas Model of Alzheimer’s Disease. J Alzheimers Dis Parkinsonism
4: 149. doi: 10.4172/2161-0460.1000149

Page 6 of 9
Warburg effect complies with the amyloid percolation well model: when
Aβ stabilizes an oxygen bubble having nucleated on the respiratory
chains, the latter bubble becomes isolated from the bulk and cannot be
broken, therefore producing an irreversible inhibition of the respiratory
chains (Figure 4). However, in cancer, a cell division might decrease the
number of bubbles per mitochondrion and restore a normal respiration
process.
Further investigations are needed to assert the mechanistic role of
macrobubbles in the Warburg effect. Foams being known to increase
optical density, it would be of interest to measure and compare the
optical densities of mitochondrial fractions from normal cultured cells,
cancer cell lines and cells found in AD brain.
The failure of the astrocyte-neuron lactate shuttle model
leads to memory dysfunction in AD: PET studies show a glucose
hypometabolism in AD [76,77]. The competition for carbohydrate
substrate, such as lactate between astrocytes and healthy neurons,
could explain why the said neurons become dysfunctional [78]. In
other words, the astrocyte-neuron pair competes to retain lactate,
which is consistent with the glucose starvation. The best way to retain
lactate within astrocytes is to engage it in another chemical pathway,
which prevents lactate from being carried by MCT to the neuron, and
prevents further lactate spoliation. This could explain why activities of
some glycolytic enzyme samples from several brains of AD patients at
autopsy increase [31], which also complies with the Warburg effect in
astrocytes and neurons.
Astrocyte-neuron lactate transport is required for long-term
memory formation [79], and disrupting the expression of the neuronal
lactate transporter MCT2 also leads to amnesia. These observations
are helpful to understand memory dysfunction in AD. During
the Warburg effect, the conversion of pyruvate into lactate recyles
NAD+ (see Equation (4) and Figure 4) to maintain glycolysis despite
the mitochondrial dysfunction (and the related impaired NADH2NAD+ interconversion). It complies with the elevated level of lactate
dehydrogenase [31]. However, as seen previously, the energy supply
within the neuron mainly involves lactate, and not glucose. Eventually,
since the Warburg effect provides much lactate, metabolic exchanges
between astrocytes and neurons fail, since neurons become independent
from the supply of lactate by astrocytes. The main consequence is
logically the impairment of the astrocyte-neuron lactate shuttle, and
hence a memory impairment.
The pentose phosphate pathway (PPP) rescues the antibubble
biomachinery: According to the AD Gas Model, the coenzyme
nicotinamide adenine dinucleotide phosphate (NADPH), is a key
molecule during the process of bubble fission and is involved in the
following chemical reaction
O2 − 2O2 [ scale = 0.7](0, 0)circle(0.5); + NADPH + H + −
> [NADPHoxidase]O2 − [ scale = 0.5](0, 0)circle(0.5);
+O2 − O2 [ scale = 0.6](0, 0)circle(0.5); + NADP +
The second (and fourth) step of the pentose phosphate pathway
recycles NADPH. Indeed, glucose-6-phosphate could be reduced by
glucose-6-phosphate dehydrogenase (G6PD), an enzyme in the pentose
phosphate pathway, as it releases NADPH (Equation 8). The triggering
of the pentose phosphate pathway is believed to assist the mitochondrial
dysfunction, therefore preventing the premature death of neurons and
astrocytes from oxygen bubble overload. Eventually, the high NADPH/
NADP+ turnover, resulting from of the overwhelming of the NADPH
oxidase-NO antibubble biomachinery, is supported by the PPP.

Issues related to the cholinergic hypothesis: The finding
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that AChE is lowered in AD has led to the hypothesis that AD is a
consequence of a deficit in the cholinergic system. The AD Gas Model is
in agreement with this conclusion. The cholinergic hypothesis has led to
the development of cholinesterase inhibitors such as donepezil [80,81].
Unfortunately, clinical benefits show neither extensive improvement
nor stabilization of the patients [82]. Donepezil, rivastigmine,
galantamine and memantine are symptomatic and do not decelerate
or prevent the progression of the disease [83]. This is consistent with
the irreversibility of the nitrogen leak though the BBB, once it has
begun. As a matter of fact, the mitochondrial dysfunction impairs
the whole cholinergic system, in reducing the amount of substrate for
ACh. Mitochondrial pores and nanobubble-induced crowding of the
respiratory chains cause energy depletion due to the disruption from
oxidative phosphorylation to aerobic glycolysis (Warburg effect). The
early consequences of the mitochondrial dysfunction is that NADH
molecules (resulting from the glycolysis (Equation 3), the oxidative
decarboxylation of pyruvate to Acetyl-CoA (Equation 6) and the
Krebs cycle (Equation 12) are not oxidized anymore to NAD+ in
Complex I (NADH dehydrogenase). Therefore Krebs cycle reactions
stop, leading to lactate accumulation [84], a metabolic pathway close
to the fermentation pathway. The decrease in pyruvate dehydrogenase
in post mortem brain tissue from cases of AD [46] appears to be a
normal down-regulation process of the enzyme synthesis. Another
study concluded that lowered pyruvate dehydrogenase reflected
neuronal loss [84]. Hence, within mitochondria, pyruvate cannot be
converted into acetylCoA anymore since Reaction (6) requires NAD+
(Figure 4). It leads to reduce the amount of substrate for ACh. Finally,
the lowered levels in AChE seem to be the consequence of a normal
down-regulation process. On the whole, the mitochondrial dyfunction
explains the failures in the cholinergic system.

New insights into the nitrosative stress
The current literature seems confused about the role (if any) of
nitrotyrosination and carbonylation in AD [9].
In fact, nitrosative stress raises the issue of why CO2 reacts with
ONOO., rather than its putative role.
There is a general acceptance of the role of carbonic anhydrase
(CA) in biology: it interconverts carbon dioxide and bicarbonate to
maintain acid-base balance. However, to my knowledge, despite the
extensive literature on the subject, there is no paper dealing with the
fact that CO2 is a gas, and that it should generate nanobubbles within
cells or mitochondria if it is not scavenged into bicarbonate or another
form. Eventually, the production of this gas seems extremely regulated,
and once one CO2 molecule is formed, CA catalyzes its implosion.
This could be the main purpose of the celerity of the enzyme, in other
words, to prevent the conditions for a bubble enlargement. The CRB is a
potent and easy way to understand how CA is involved as an antibubble
enzyme (like SOD and NADPH-oxidase), showing that a quantum
bubble vanishes.
CO2 [ scale = 0.5](0, 0)circle(0.5); + H 2O <=> [carbonicanhydrase]HCO3− + H +

(9)

However, it is logical to propose that impaired CA may lead
to CO2 bubble overload or delay the implosion process. Carbonic
anhydrase dysfunction impairs cognition and is associated with mental
retardation, AD and aging [85]. When carbonic anhydrase is impaired,
the delayed implosion of CO2 is expected to favour the reaction with
peroxynitrite, all the more since the rate of reaction of peroxynitrite
4
with CO2 is fast (rate constant pH-independent k = 5.8 ⋅10 )
squadrito1998oxidative. Hereafter I recall Equation [1].
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ONOO. + CO2 [ scale = 0.5](0, 0)circle(0.5); − > ONOOCO2 − [ scale = 0.6](0, 0)circle(0.5);
−
2

− > CO3 . + NO2 .− > 3 NO

However, the above reaction is not accurate because CO2 could
be rapidly regenerated after reaction with ONOO. according to the
following reaction [13,18,86].
ONOO. + CO2 [ scale = 0.5](0, 0)circle(0.5); − > [intermediates ] −
> [rapid]CO2 [ scale = 0.6](0, 0)circle(0.5); + NO3−

(10)

Eventually, the peroxynitrite/CO2 system (and incidentally the
NO/CO2 system) is deciphered as a CO2 buffer, rescuing the impaired
carbonic anhydrase in AD. This complies with the comprehensive
statement of the NO antibubble biomachinery, and more generally
complies with the previous discovery of several unidentified antibubble
pathways. (i) When CO2 is released from the buffer-like peroxynitrite
(Equation 10), it can correctly implode through CA, though numerous
CAs may be impaired. (ii) When CO2 is not released from peroxynitrite
(Equation 1), it produces nitrite anions and carbonyl radicals after
intermediate reactions. These respectively lead to the nitrotyrosination
and carbonylation of numerous molecules, but hold the cells free
from a CO2 bubble-induced disruption of the cytoplasmic and the
mitochondrial membranes.
Nitrotyrosination of proteins may interfere with tyrosine
phosphorylation, thereby affecting the activity of the proteins
(enzymes). Proteins such as α -actin, α -tubulin [87], tau protein [88]
and various other molecules show posttranslational nitrotyrosination
in AD, probably leading to impaired axonal transport, or to alterations
in the glucose metabolism (nitrotyrosination of triosephosphate
isomerase [89]).

Conclusion and Future Directions

The AD Gas Model paves the way for new diagnostic and therapeutic
approaches to address the most devastating brain disease. It expands
the frontiers of neurodegenerative diseases to facilitate understanding
of the complexity of cancer.

Appendix A: The Law Of Laplace
The Law of Laplace gives the pressure difference between a bubble
and the solution:

γ

(11)

non where ∆P is the pressure difference across the fluid interface,
the surface tension (or wall tension) and R the radius.
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Appendix B: The Krebs Cycle
Within mitochondria of astrocytes, neurons and microglia, the
Krebs cycle transforms pyruvate arising from the glycolysis (within the
cytoplasm) into CO2, water and ATP.
pyruvate + NAD + − > [CoA − SH][pyruvatedehydrogenase] acetyl −
CoA + NADH + H + + CO2 [ scale = 0.5](0, 0)circle(0.5);

2acetyl − CoA + 6 NAD + + 2 FAD + 2GDP + 2 Pi − > [Krebs cycle]
4(CO2 [ scale = 0.5](0, 0)circle(0.5);) + water + 2GTP + 6 NADH + 6 H + + 2 FADH 2

(12)
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