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Review 
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Factor in Human Metabolism and Cancer? An 
Essential Role for Proline 
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seneff@csail.mit.edu. 

Abstract: Deuterium is a heavy nonradioactive isotope of hydrogen, having a neutron as well as a proton, 
making it twice as heavy. It is a natural element, present at 156 parts per million in seawater. The ATPase 
pumps in the mitochondria utilize proton motive force to drive ATP synthesis, and deuterons damage the 
pumps, producing a stutter that can cause reactive oxygen release and inefficiencies in ATP synthesis. Cellular 
metabolism incorporates several novel mechanisms to assure low deuterium content in the mitochondria and 
other organelles. Nicotinamide adenine dinucleotide (NAD) is a major carrier of deuterium depleted 
(deupleted) protons to supply the mitochondria. Many enzymes, especially flavoproteins, are able to use 
proton tunneling to fractionate out deuterium. In this paper, we argue that the amino acid proline is able to 
trap and sequester deuterium, and that peptidyl prolyl isomerases (PPIases) play a central role in facilitating 
deuterium trapping in proline-rich proteins, most notably collagen. The endothelial glycocalyx also sequesters 
deuterium in gelled water lining the blood vessels, creating a battery and promoting low deuterium in the 
circulation. Excess deuterium promotes cancer growth, and cancer cells release large quantities of lactate via 
aerobic glycolysis to help reverse deuterium overload, systemically.  
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Introduction  
The complex metabolic policies of biological organisms are very difficult to explain, but one 

possibility that may be a previously overlooked strong influencing factor is that much of the 
complexity might relate to maintaining deuterium homeostasis. Deuterium is a natural heavy isotope 
of hydrogen, the most common atom in the universe. While hydrogen contains just one proton and 
one electron, deuterium also contains a neutron, and this makes it about twice as heavy as hydrogen, 
changing its biophysical and biochemical properties in significant ways, compared to hydrogen. 
Wherever there is a hydrogen atom in a molecule, there is a small probability that it could be a 
deuterium atom. Deuterium is present in sea water at 156 parts per million, which sounds small, but, 
because hydrogen is so common, this translates into a level in the blood that is at least five times as 
high as the amount of calcium, atom for atom [1].  

Most of the energy supplied to human cells is produced by ATP synthase (ATPase) in the 
mitochondria via the synthesis of ATP from ADP. Mitochondrial ATP production depends upon the 
universal cofactor nicotinamide adenine dinucleotide (NAD). In multiple steps in the citric acid cycle 
in the mitochondrial matrix, NAD+ gets reduced to NADH by gaining two electrons and one proton 
from various substrates. NADH then provides protons to the intermembrane space to build up a 
proton gradient, while providing electrons to the electron transport chain in the inner membrane. 
Ultimately, the protons leave the intermembrane space to return to the matrix, exiting via ATPase 
pumps and providing the motive force to rotate the pump and fuel the production of ATP, while 
reducing oxygen to metabolic water [2].  

F0F1 ATPase (F-ATPase) is a molecular motor positioned in the inner membrane of the 
mitochondrial intermembrane space that uses proton motive force as protons cross the membrane to 
generate the energy needed to phosphorylate ATP, while producing water from oxygen molecules. 
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Protons moving through the ATPase pumps need to dissociate rapidly from Asp61 in F0 as an 
essential part of the catalytic reaction. Deuterons bind more tightly to organic molecules, and 
dissociate more slowly, resulting in a stutter [1,3].  

The γ c-terminal helix of the ATPase molecular motor is the tip of the rotor that drives ATP 
synthesis. A hydrogen-deuterium exchange experiment showed that this helix accumulates 
significantly more deuterium from heavy water than other parts of the enzyme complex. Rotation of 
the γ rotor caused greatly enhanced deuteration in this c-terminal helix. The rotor tip is also prone to 
get stuck and unfold, being much less stable than other helices in the protein. Deuterium weakens 
hydrogen bonds, and their breakage likely causes unfolding, inducing a stutter in the motor rotation 
and possibly ultimately completely disabling the enzyme [4].  

Repeated stutters caused by deuterons can be highly disruptive of the ATPase function, leading 
to inefficiencies in ATP production and increases in reactive oxygen species (ROS) [1,3]. Figure 1 
shows a schematic representation of the electron transport chain (ETC), including the delivery of 
protons to the intermembrane space by Complex I-IV, the reduction of oxygen to metabolic water by 
Complex IV, and the synthesis of ATP in Complex V. When ATP synthesis gets stalled by deuterons, 
Complex I and III in particular can release reactive oxygen species (ROS), most notably the 
superoxide anion (O2*-). 

Mitochondrial dysfunction is a core feature of many chronic diseases, including 
neurodegenerative and neurodevelopmental diseases, metabolic diseases, autoimmune diseases and 
cancer [5,6]. It therefore behooves the cell to minimize the number of deuterium atoms in the 
mitochondrial water, to the extent that this is possible.  

The cell likely also needs to minimize deuterium concentrations in the DNA molecules in the 
nucleus. The two strands of DNA are held together by hydrogen bonds between the two bases on 
opposite strands. Deuterium, being heavier, binds more strongly in covalent bonds, weakening its 
bond strength in ionic bonds [1,7]. Human stem cells grown in vitro on deuterium-enriched medium 
show a reduction in population doubling time, reflecting a slowing down of the cell cycle [8].  

Over many decades, researchers have determined through cleverly designed experiments that 
different enzymes are compartmentalized into different organelles within the cell, and complex 
transport mechanisms are required to deliver both substrate and enzyme to and from the appropriate 
compartment [9]. A good example is malic enzyme, which converts malate to pyruvate, releasing 
carbon dioxide and reducing NAD(P)+ to NAD(P)H [10]. The malate-aspartate shuttle transports 
malate from the cytoplasm to the mitochondrial matrix, where mitochondrial malic enzyme can then 
convert it to pyruvate, while reducing NAD+ to NADH. NADH then provides protons to fuel the 
ATPase pumps, while pyruvate can feed into the citric acid cycle. Rather remarkably, NADH is 
unable to cross the mitochondrial membrane, so malate serves as a transport molecule to indirectly 
deliver NADH to the mitochondria. There are three different isoforms of malic enzyme, one in the 
cytoplasm that reduces NADP+ to NADPH, and two in the mitochondria, one using NAD+ as a 
cofactor and the other using NADP+. It is highly likely that deuterium plays a significant role in 
influencing these complex maneuvers.  
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Figure 1. Schematic of the electron transport chain (ETC) in the inner membrane of the mitochondrial 
intermembrane space, showing the release of damaging ROS at Complex I and III that comes about 
due to stalling of the ATPase pumps by deuterium. The various reactions that  take place at 
each stage, aimed at filling the intermembrane space with protons, are also specified.  The 
protons ultimately provide the motive force that drives ATP production. 

Because deuterium has different physical and chemical properties from hydrogen, it is often the 
case that an enzyme that extracts a hydrogen atom from a substrate may show significantly different 
kinetics if that hydrogen is replaced by deuterium. Researchers have defined a deuterium kinetic 
isotope effect (KIE) as a measure of the change in the rate of a reaction when deuterium replaces 
hydrogen, compared to the reaction when hydrogen is present. Generally, the KIE is greater than 1.0, 
meaning that deuterium weakens the enzyme’s kinetics. Some enzymes have a remarkable ability to 
reject deuterium, with KIEs over 100 [11].  

At least half of all enzyme-catalyzed reactions involve hydrogen transfer. Furthermore, many 
hydrogen transfer reactions involve some amount of quantum mechanical hydrogen tunneling. 
Protons, being lighter, are much more capable of tunneling than are deuterons [12], and therefore 
these reactions tend to have a high deuterium KIE [13]. Flavoproteins are a large class of enzymes 
that exploit proton tunneling mediated by the bound flavin, such as flavin adenine dinucleotide 
(FAD). They tend to have a KIE for deuterium that ranges from 3.5 to 10 and can be as high as 25 [14]. 
Most dehydrogenases are flavoproteins, and therefore they are capable of depleting deuterium in the 
product of their reaction.  

One more example should suffice to drive this point home. There are three primary isoforms of 
the enyzme isocitrate dehydrogenase (IDH), two in the mitochondria and one in the cytoplasm. 
Highly significant is IDH3 in the mitochondria, which uses NAD+ as a cofactor and which is a critical 
participant in the citric acid cycle. IDH2, also in the mitochondria, reduces NADP+ to NADPH, which 
is essential for catalyzing the reduction of oxidized glutathione, GSSG, to two glutathione molecules 
via glutathione reductase. Glutathione is an essential antioxidant in the mitochondria. The third 
isoform is in the cytoplasm, and it too uses NADP+ as a cofactor [15].  

Both of the mitochondrial isoforms have a high deuterium KIE, so the isocitrate that they leave 
behind is enriched in deuterium. This unmetabolized pool of isocitrate is actively transported to the 
cytoplasm, where it is converted to alpha-ketoglutarate by IDH3, which has no ability to select 
hydrogen over deuterium. As a consequence, the protons carried by NADPH produced by IDH3 in 
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the cytoplasm are relatively enriched in deuterium, whereas the protons carried by NADH and 
NADPH in the mitochondria are deuterium depleted (deupleted) [16].  

NADPH oxidase (NOX) is a large family of enzymes that are a major source of reactive oxygen 
species (ROS) in the cell. NOX2 is rapidly activated in neutrophils, macrophages, and dendritic cells 
when they encounter a pathogen, and it releases ROS into the extracellular space and the phagosomal 
lumen, to facilitate the destruction of the pathogen [17]. NOX2 operates at the plasma membrane, 
and it transfers an electron from intracellular NADPH across the membrane, to generate the highly 
reactive molecule, O*-, in the extracellular space. At the same time, it also transfers two protons to the 
extracellular space, acidifying the water there. The protons can react with the superoxide to produce 
hydrogen peroxide, which will be enriched in deuterium if it came from an NADPH molecule 
produced through IDH3. Thus, by exporting deuterium-rich protons, the cell is reducing its internal 
deuterium burden.  

Overall, a pattern emerges that suggests that the cells are able to somewhat independently 
control deuterium levels in the water in different compartments so as to optimize metabolic health. 
To a first approximation, it appears that the cell strategizes to maintain deupleted water in the major 
organelles, most especially the mitochondria, but also the endoplasmic reticulum (ER), the 
peroxisome, the lysosomes and the nucleus. In parallel, as we will argue later on, the cell likely 
sequesters deuterium in the collagen molecules and gelled water in the extracellular matrix, 
particularly in the bone [18]. Deuterium doping actually strengthens bone, whereas deuterium is 
toxic to the mitochondrial ATPase pumps, so such a strategy is consistent with metabolic needs.  

In this paper, we will carefully examine several aspects of disease from the perspective of 
impaired deuterium homeostasis, and we find that the need to maintain different concentrations of 
deuterium in different compartments may begin to explain why cells behave the way they do. Every 
effort is made to maintain low deuterium levels in mitochondrial NADH, because this is the molecule 
that delivers protons to the intermembrane space. We will argue that the amino acid proline has a 
unique capability to sequester deuterium, and that this capability is exploited by the cells to trap 
proline in the extracellular space while maintaining low levels of deuterium in the cell interior, in 
order to protect mitochondria and DNA from deuterium toxicity. Finally, we will make a case for the 
idea that cancer cells not only thrive in the presence of excess deuterium, but also carry out a program 
that can ameliorate deuterium toxicity in the organism as a whole, beginning with the immune cells 
that infiltrate the tumor microenvironment.  

Isomerases and Deuterium  
Isomerases are an important class of enzymes in biological organisms. The reactions they 

catalyze involve converting two isomers back and forth from one to the other. Isomers are molecules 
that have identical molecular formulas but different atomic configurations. There is an apparent 
futility in isomerase reactions, but this is deceptive because most of them result in redistributing 
deuterium between the two isomers and in exchange with the water medium. A good example is 
triosephosphate isomerase, a core enzyme of the glycolysis pathway. During glycolysis, the six-
carbon glucose molecule is split into two phosphorylated 3-carbon sugars, dihydroxyacetone 
phosphate (DHAP) and glyceraldehyde-3-phosphate (G3P), which are isomers of each other. At 
equilibrium, 95% of the triosephosphates are DHAP. Yet only G3P continues along the glycolysis 
pathway, with the next step being a dehydrogenase that rapidly converts NAD+ to NADH. The 
isomerase forms an enzyme-enediol intermediate, and any deuterium present at that time will most 
likely exchange with a proton in the medium that displaces the deuteron, such that a proton ends up 
on the product [19]. Repeated cyclic activity of the isomerase eventually completely scrubs deuterium 
from the carbon atom in G3P that ultimately delivers a proton to NAD+ via the dehydrogenase. As a 
result, the hydrogen atom of the NADH produced by the dehydrogenase is severely deupleted. 
Experiments on deuterium tracing have shown that, if C1 of glucose is doped with deuterium that is 
then traced through metabolic pathways, it gets lost to the water during the activity of triose 
phosphate isomerase [20].  
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Redox Reactions and the “Redox Triangle”  
Protein Disulfide Isomerase (PDI) is an essential protein in the ER, which assists in protein 

folding by repeatedly forming cysteine disulfide links between pairs of cysteine molecules in proteins 
undergoing folding. It works in conjunction with ER oxidoreductin 1 (ERO1), which reoxidizes PDI, 
in order to allow it to once again catalyze a disulfide bond formation between two new cysteine 
residues. ERO1 passes its electrons to molecular oxygen via FAD, ultimately producing hydrogen 
peroxide (H2O2). Together these two enzymes gather protons from cysteine residues and use them to 
reduce oxygen to deupleted H2O2 [21].  

Reduction/oxidation (redox) reactions govern nearly all aspects of life. They typically produce 
reactive oxygen species as “by-products,” which need to be metabolized quickly to water to avoid 
damage to the cellular organelles. A typical pathway involves reducing oxygen to superoxide, which 
is then converted to H2O2 by an enzyme such as superoxide dismutase (SOD), and then ultimately 
further reduced to water, often by the antioxidant enzymes catalase and/or glutathione peroxidase 
(GPx). Many of the enzymes involved are flavoproteins, which use FAD as a cofactor to temporarily 
house the protons, and which often involve proton tunneling which then results in a high deuterium 
KIE [22]. It is likely that a primary outcome of these reactions is to produce deupleted metabolic water 
to minimize the amount of deuterium in the organelles.  

It is thought that enzymes that regulate the redox state assemble at a “redox triangle” formed 
by the ER, peroxisomes and mitochondria. The protein-folding process where protons are scooped 
up from cysteine residues and used to reduce oxygen to H2O2 is an important source of ROS, which 
can then be transferred to the peroxisomes, where catalase reduces two molecules of H2O2 to two 
water molecules, releasing oxygen, and on to the mitochondria, where GPx reduces a single molecule 
of H2O2 to two water molecules, pulling protons off of the cysteines of glutathione [23]. Those protons 
can be expected to be deupleted, because they are resupplied from NADPH via the mitochondrial 
enzyme glutathione reductase, a flavoprotein [24]. These pathways are illustrated schematically in 
Figure 2.  

 
Figure 2: Simplified schematic of metabolic pathways that use protein disulfide isomerase(PDI) as a 
starting point to ultimately yield deupleted metabolic water in the mitochondria and peroxisomes. 

Proline  
Due to its cyclic structure, the amino acid proline has many peculiar properties compared to 

other amino acids. In fact, proline is technically an imino acid rather than an amino acid. As a 
consequence, it requires specialized enzymes to break the bond between proline residues and their 
left neighbors [25]. Proline is unusual in several respects. It is the only coding amino acid where the 
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side chain circles back around and reattaches to the nitrogen atom, forming a ring. It is distributed 
highly unevenly among proteins, with particularly high proline representation in several 
extracellular proteins, most notably, collagen.  

Proline’s pyrrolidine ring provides stearic restraints that reduce the energy difference between 
cisand trans- conformers involving its peptide bonds with the preceding residue in a peptide chain. 
Whereas all the other amino acids are in the cis- conformation less than 0.5% of the time, proline 
residues can be in cis- confirmation up to 10% of the time [26]. The cis- configuration is favored even 
more when the proline residue is preceded by an aromatic amino acid, especially tyrosine [27]. The 
rate of Xaa-Pro cis/trans isomerism is a rate-limiting step in protein folding [28].  

There is a class of enzymes called peptidyl prolyl isomerase (PPIase) that specializes in 
accelerating the rate at which proline residues flip between the cis- and trans- isomers. Various 
isoforms of PPIase are present in several different compartments in the cell, and they have remarkable 
abilities to regulate many cellular functions, independent of their isomerase capabilities, affecting 
many aspects of cellular policy [29]. PPIases in the endoplasmic reticulum (ER) play an essential role 
in protein folding. PIN1 (PPIase, NIMA-interacting 1) is overexpressed in many cancer cells and it 
facilitates proliferation and metastasis [30]. We will have more to say about PPIases later in this paper.  

There is evidence in the research literature that proline residues have a unique ability to capture 
and sequester deuterium. In a seminal paper published in 1943, the authors synthesized proline 
molecules doped with 17% deuterium enrichment, and boiled the proline in water buffered with 20% 
hydrochloric acid for 72 hours. Despite this very aggressive effort to allow the deuterium bound to 
the proline molecules to exchange with protons from the water, the percent deuterium in the proline 
molecules was reduced by only 0.8% to 16.2% following this treatment. The authors stated that 
proline uniquely among all the amino acids has this special property to trap and retain deuterium 
[31].  

A study on seals published in 2022 revealed that the bone collagen of seals is remarkably 
enriched in deuterium, having twice the normal amounts. This deuterium doping led to significant 
strengthening of the bones, which allowed the seals to resist crushing at the extreme water pressure 
of deep dives [18]. The authors conducted several experiments aimed at understanding exactly how 
the seals achieved this deuterium enrichment, but none of the proposed hypotheses was confirmed 
experimentally. They concluded that the mechanism by which the seals achieved this enrichment 
remained a mystery.  

4.1. Cyclic Peptides  

Proline and small-molecule derivatives of proline have been shown to act as potent catalysts of 
organic transformations, and this feature has been attributed in part to cis/trans isomerization. As we 
will explain below, the proton attached to the alpha carbon of proline appears to be extremely labile 
under certain conditions, which would allow it to readily exchange with deuterium from the water. 
Once the carbon atom binds to deuterium, it retains it indefinitely, and this property is likely highly 
exploited by biological organisms.  

Cyclic peptides are short sequences of amino acids that are joined at both ends, and they have 
been shown to have remarkable therapeutic value in treating cancer. They show a resistance to 
hydrolysis by exopeptidases due to the lack of both amino and carboxyl termini [32]. Thus, their cyclic 
structure protects them from proteolysis. Interestingly, they are more readily taken up by cancer cells 
than by other cells. They are typically enriched in glycine, proline and the aromatic amino acids, 
tryptophan, tyrosine and phenylalanine. They can influence metabolism by binding to receptors and 
displacing other ligands. Cyclic peptides have been identified as powerful therapeutics to treat 
cancer, including breast, lung, liver, colon, and prostate cancers [33]. It is conceivable that their 
therapeutic value is due to their powerful ability to sequester deuterium in the proline residues.  

Cyclic dipeptides called diketopiperazines (DKPs) are an interesting class of molecules defined 
as a two amino acid sequence with amide bonds on both ends. A study on multiple DKPs configured 
from several different pairs of amino acids found that the specific dipeptide, cyclic-glycine-proline 
(cGP) was by far the most reactive in deuterium hydrogen exchange, and protons attached to the 
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alpha carbon of proline stood out as the most labile above all the other protons in this molecule, 
accumulating deuterium at an accelerated rate in highly deuterated water [28]. cGP is produced 
naturally from the N-terminal tripeptide of the endogenous hormone insulin-like growth factor-1 
(IGF-1), and it circulates freely in the circulation. cGP has shown promise as a therapy to treat various 
conditions associated with aging [34].  

During the metabolism of IGF-1, the terminal tripeptide (GPE), also known as glypromate, is 
released. This tripeptide has shown promise pharmacologically as a potential treatment for 
Parkinson’s, Alzheimer’s, and Huntington’s disease [35,36], and the pharmaceutical industry is 
exploring the use of several drugs that are derived from glypromate for potential benefit as 
neuroprotective agents [36]. It is conceivable that part of the beneficial action of these short peptides 
has to do with their ability to sequester deuterium.  

4.2. Cyclophilins  

Cyclosporin A is a natural cyclic peptide metabolite found in the fungus Tolypocladium 
inflatum. It is widely used therapeutically for immune suppression during transplant therapy. 
However, it can be toxic to the liver and kidneys, and there is an increased risk to lymphoma due to 
severe immune suppression [37,38]. Cyclosporin A’s effects are due to suppression of a fascinating 
highly conserved class of enzymes called cyclophilins (CyPs), most especially CyPA and CyPD [39]. 
CyPs are a ubiquitous family of proteins present in all prokaryotes and eukaryotes. CyPs are PPIases, 
although it is not understood how this enzymatic activity influences their function. CyPA plays an 
important role in protein folding, protein trafficking and T-cell activation. It can be secreted from 
cells in response to hypoxia, infection, and oxidative stress. Extracellular CyPA stimulates pro-
inflammatory signaling in endothelial cells and vascular smooth muscle cells. CyPA is upregulated 
in cancer, and it promotes malignant transformation and metastasis [40]. It is possible that the PPIase 
activity of CyPA helps to facilitate deuterium capture by proline molecules, which are also highly 
abundant in cancer cells [41]. CyPA is expressed predominantly in the cytoplasm, but it can also be 
released into the circulation under stressful conditions, where it induces an inflammatory response 
[40].  

CyPD is localized to the mitochondria, where it has fascinating roles to influence mitochondrial 
function [42]. While the outer mitochondrial membrane is freely permeable to small molecules, the 
inner membrane is very restrictive, and a mitochondrial permeability transition pore (mPTP) tightly 
regulates transport across this membrane [2]. CyPD has a remarkable ability to open the mPTP when 
it is acetylated on a lysine residue [43]. Hyperacetylated CyPD is a feature of heart failure. Short-term 
opening of the MPTP enables the efflux of calcium ions from the mitochondrial matrix, but long-term 
opening triggers an irreversible cascade leading to cell death. mPTP opening plays a key role in many 
diseases [44].  

Loss of CyPD protects from ischemic injury but promotes heart failure. CypD-/- mice have a 
decreased ability to oxidize fats in the heart [45]. Transient opening of the pore allows easy entry of 
NAD+ across the inner mitochondrial membrane, boosting its levels in the matrix. Abundant NAD+ 
supports the activity of the sirtuin deacetylase SIRT3, which deacetylates multiple proteins in the 
matrix, including CyPD, but consumes NAD+ in the process [46].  

Importantly, unlike NAD+, neither NADH nor NADPH can be transferred between the 
cytoplasm and the mitochondria, so these two compartments maintain separate pools of the reduced 
form. By requiring the mitochondria to produce their own NADH, it can be assured that the proton 
is deupleted and that the ATPase pumps are protected. Instead of importing NADH, the cell shuttles 
small organic molecules that carry reducing equivalents across the mitochondrial membrane, for 
example, through the malate-aspartate and glycerol-3-phosphate shuttles [2]. We discussed in the 
introduction how the cell can maintain deupleted NADPH in the mitochondria and deuterium 
enriched NADPH at the plasma membrane through separate IDH reductases in the mitochondria 
and at the cell membrane, with only the mitochondrial IDH having a high deuterium KIE.  

4.3. Proline and Collagen  
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An obvious way to reduce the deuterium load in the organelles is to trap deuterium outside the 
cell, if such a strategy is feasible. In this section, we will argue that proline may play a critical role in 
trapping deuterium and sequestering it in the extracellular space. Collagen is the most common 
protein in the body, making up as much as 30% of the body’s proteins. It is a major constituent of 
bones, joints, skin, and cartilage, and it is found in horses’ hooves and birds’ feathers. Collagen is a 
structural protein that is secreted into the extracellular environment. Glycine, proline, and 
hydroxyproline (derived from proline) are the dominant amino acids in collagen, and together they 
represent 57% of the total amino acids in collagen. Collagen is essential for maintaining the normal 
structure and strength of connective tissue [47].  

After synthesis, collagen gets folded into its triple-helix structure in the ER and then secreted 
into the extracellular space. Collagen molecules self-assemble into interconnecting fibrils that form 
the scaffold for all tissues. They are the largest constituent of the fascia, the connective tissue that 
holds the organs, blood vessels, bones, muscles and nerve fibers in place. Collagen molecules bind to 
glycosaminoglycan chains of heparan sulfate to form the extracellular matrix, and the sulfate anions 
help to maintain gelled water, also known as “structured water” or “exclusion zone” (EZ) water, 
which excludes most solutes [48].  

Prof. Gerald Pollack has conducted many experiments demonstrating the ability of EZ water 
near hydrophilic surfaces such as hydrogels and biological tissues to create a battery, whereby the 
gel becomes negatively charged and protons gather at the interface between the gelled water and the 
adjacent fluid water. Pollack wrote in 2010: “Recent observations have shown an unexpected feature 
of water adjacent to hydrophilic surfaces: the presence of a wide interfacial zone that excludes solutes. 
The exclusion zone is charged, while the water beyond is oppositely charged, yielding a battery-like 
feature.” [49]. It seems clear that protons would be excreted from the gel much more readily than 
deuterons, given that deuterons bind more strongly to oxygen in the water molecule. Photons from 
sunlight separate charge, splitting water molecules and facilitating proton expulsion [49].  

Nafion is a sulfonated tetrafluoroethylene-based fluoropolymer that has been used in 
experiments to study the properties of EZ water. Its effects on water may be an appropriate synthetic 
model for the sulfonated glycocalyx [50]. Deuterium adsorbs competitively on the sulfonic groups in 
Nafion compared to hydrogen. The polymer fibers unwind into the bulk of the adjoining water upon 
swelling. These unwound fibers form a vastly extended brush type border, projecting out from the 
membrane surface, reminiscent of the brush-like fibers that form in the endothelial glycocalyx [51]. 
A remarkable experiment demonstrated that, if the water next to a hydrophilic Nafion surface is 
replaced with deupleted water (3 ppm), the fibrils no longer form [52]. It is possible that deuterium 
enrichment in the gelled water promotes the formation of a rich network of fibrils that are essential 
for the many functions of the glycocalyx.  

A thin (impaired) endothelial glycocalyx is associated with an increased risk to cardiovascular 
disease, as shown by elegant experiments where the thickness of the glycocalyx in sublingual 
microvessels was measured through Darkfield Imaging. Six hundred patients were tracked for six 
years following this measurement, and those with a thin glycocalyx had a significantly increased risk 
to major adverse cardiac events, with a hazard ratio of 6.44 (p = 0.011) [53]. It is possible that a primary 
consequence of a thin glycocalyx is an inability to supply the blood with a sufficient number of 
deupleted protons, ultimately resulting in excess deuterium in the mitochondria, systemically. This 
defect could be due to a decrease in the amount of heparan sulfate in the glycocalyx and/or 
insufficient sulfation of the heparan sulfate proteoglycans, reducing the size of the EZ water pool 
[54].  

Water is heavily involved in the self-assembly of collagen molecules. The attractive forces of the 
water molecules surround the collagen network and tightly bind to it, creating a well-ordered 
hydrogen shell that controls its properties. Water forms bridges that contribute to the stability of the 
triple helix. It creates a repulsive interaction between collagen molecules, since the water bridges 
must be reorganized in order for the collagen molecules to get close to each other [55]. If the water is 
replaced by heavy water, the assembly of collagen occurs ten times faster. This is due to the lowering 
of the energy penalty incurred by displacing the water bridges, which enhances the initial nucleation 
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rate [55]. It is plausible that the enrichment in deuterium as a consequence of the battery formation 
accelerates collagen cross-link formation and assembly in the extracellular space.  

There are other structural proteins besides collagen that are enriched in proline. The stratum 
corneum is the outermost layer of the epidermis. Many of the structural proteins of the cornified 
envelope are very rich in proline content. For example, nearly 40% of the amino acids in the 73-amino 
acid envelope protein small proline rich protein 2G (SPRR2G) are proline residues [56].  

While this is speculative, it is possible that proline doping with deuterium in collagen molecules 
takes place in the ER, during protein folding, and that PPIase plays a catalytic role. This process 
would also result in deupletion of the water-based medium in the ER, reducing deuterium levels in 
proteins with low proline content. A special property of proline is the fact that it is the only amino 
acid that has both cis- and trans- isomers. PPIase greatly accelerates (by a factor of 1000) the rate at 
which proline residues flip between the cis- and trans- isomers [57]. This causes rapid fire movements 
in the peptide backbone, switching from bent to straight back and forth in rapid succession. Such 
flipping would introduce kinetic energy into the system, mobilizing protons, deuterons, hydroxyl 
groups and deutroxyl groups and facilitating the exchange of hydrogen for deuterium between the 
proline residues and the water molecules during isomerization.  

We theorize that, whenever a proline residue picks up a deuterium atom at the alpha carbon, it 
resists further exchange with hydrogen, thus permanently sequestering the deuterium atom within 
the collagen molecule. PPIase is highly expressed in the ER, and it plays an essential role in facilitating 
the folding of collagen into its triple-helix structure [58]. If, as we propose, proline can sequester 
deuterium, it is logical that the high density of proline in collagen can result in a greater ability to 
trap deuterium outside the cell, which would be a powerful mechanism for reducing deuterium 
levels in the organelles.  

4.4. Collagen Recycling  

During extracellular matrix remodelling, collagen is constantly being broken down and 
resynthesized. Since collagen is very rich in proline, and since proline is resistant to cleavage from its 
left neighbor, the breakdown of collagen results in a large number of dipeptides and tripeptides 
terminating in proline.  

Enzymes called matrix metalloproteinases (MMPs) specialize in breaking down collagen in the 
extracellular matrix. These chop the long collagen molecule up into smaller pieces that are then 
further metabolized by prolylendopeptidase, which produces a large number of tripeptides 
consisting of proline-glycine-proline (pro-gly-pro) sequences, a very common but proteolytic-
resistant sequence in collagen. Pro-gly-pro is an inflammatory agent that induces migration of 
neutrophils to the site. A final enzyme, leukotriene A4 hydrolase (LTA4H) can resolve the 
inflammatory response by breaking down the pro-gly-pro tripeptides. However, exaggerated activity 
of LTA4H is believed to contribute to the pathogenesis of many diseases, including sepsis, cystic 
fibrosis, asthma, emphysema and chronic obstructive pulmonary disease (COPD) [59] (and 
references therein).  

A key protein involved in the final stage of collagen metabolism is prolidase, a di- and 
tripeptidase that specifically cleaves [Xaa]-Xaa-Pro sequences, resulting in a free proline molecule 
that can then participate in cellular metabolism or be reassembled into new collagen molecules. 
Prolidase is expressed in all three domains of life, archaea, bacteria, and eukaryotes, attesting to its 
importance in metabolism. It is essential not just for the recycling of collagen but also for the digestion 
of proline-rich proteins [60]. Prolidase deficiency is a very rare genetic disease with severe 
manifestations, including multiple skin lesions on the legs and feet, mental retardation, and a 
weakened immune system, leading to frequent respiratory infections [61]. This makes it clear that the 
complete degradation of collagen molecules to release free proline is an essential step in collagen 
recycling.  

LTA4H is a dual-purpose enzyme in that it converts leukotriene A4 into leukotriene B4 and also 
clears pro-gly-pro peptides. Inflammation induces upregulation of LTA4H in immune cells, which 
both increases the production of leukotriene B4 and increases the clearance of pro-gly-pro peptides, 
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in a kind of race. Leukotriene B4, in turn, promotes extravasation of leukocytes into the tissues and 
the release of reactive oxygen species by the neutrophils, i.e., enhances the inflammatory response 
[62]. Thus, LRA4H is a double-edged sword in that it can both reduce (through clearance of pro-gly-
pro) and increase (through production of leukotriene A4) inflammation.  

4.5. Proline Role in Intrinsically Disordered Proteins  

Proteins can be broadly grouped into globular proteins and intrinsically disordered proteins 
(IDPs). IDPs are typically enriched in proline, relative to globular proteins [26]. Around 30% of all 
proteins in eukaryotic organisms are IDPs, and they clearly must have important functions, although 
their purpose has been relatively obscure, in part because they do not crystallize. Their lack of folded 
structure is probably crucial to their unknown but surely essential functions. They often participate 
in critical cellular control mechanisms. As a general rule, they can bind to many target molecules, and 
many of them become structured upon binding. When left unbound, they are often rapidly broken 
down [63].  

Tau is an IDP whose amyloidogenic potential is linked to Alzheimer’s disease. Tau 
hyperphosphorylation increases amyloidogenic potential. PIN1 stimulates dephosphorylation 
through increased isomerization of proline at pSer-Pro sites [64]. Only the trans- isoform of proline 
supports dephosphorylation of pSer-Pro sequences in the tau protein, and the maintenance of the 
trans- isoform depends on PIN1 activity [65]. Tau has a proline-rich domain which facilitates binding 
to actin fibers [66]. Serine phosphorylation in the proline-rich domain inhibits its binding to 
microtubules, promoting self-aggregation [67]. Suppression of PIN1 activity is a characteristic feature 
of Alzheimer’s disease [68]. Tau also has enzymatic capability for self-acetylation, and tau acetylation 
increases its aggregation propensity [64]. Misfolded phosphorylated tau protein is a significant 
feature of Alzheimer’s disease. It is intriguing that multiple PPIases, including PIN1, FK506-binding 
protein (FKBP) 52, FKB51, and FKBP12 interact with and regulate tau biology. Tau phosphorylation 
is a key aspect of the aggregation and oligomerization of tau [69].  

Tau has a long proline-rich region spanning residues 151-244, and there are several serine and 
threonine phosphorylation sites within this region. Tau is hyperphosphorylated in the Alzheimer’s 
brain, and phosphorylation is necessary in order to activate PIN1 and induce proline flipping [69]. It 
is possible that serine phosphorylation facilitates deuterium access to the adjacent proline residue, as 
the phosphate anion can attract deuterons and temporarily bind to them, transferring them to the 
proline residue during the isomerization step.  

Some support for this concept comes from studies on D/H exchange in adenosine 
monophosphate (AMP) compared to cyclic AMP (cAMP) [69,70]. Freitas et al. suggest that the 
phosphate anion in nucleotide monophosphates “complexes with the exchange reagent and assists 
H/D exchange at a neighboring site.” [70]. In the gaseous phase, cyclic AMP and other cyclic 
nucleotides do not participate in H/D exchange with D2O, whereas 3’ and 5’ nucleotide 
monophosphates readily do exchange. This implies that a charged phosphate group near the base is 
required to catalyze the reaction [71]. By analogy, the phosphate attached to phosphoserine may play 
a crucial catalytic role in the H/D exchange that could take place on proline residues catalyzed to 
isomerize by PIN1. This would be a potent mechanism to allow deuterium to become trapped in 
proline residues adjacent to phosphorylated serine residues.  

α-Synuclein is an IDP that contains five X-Pro bonds. CyPA’s role in neurodegeneration might 
be due to its ability to accelerate the rate at which proline residues flip between the two 
conformations. CyPA is highly expressed in neurons, and it has been shown experimentally to bind 
to α-synuclein. CyPA catalyzes the cis/trans isomerization of P128 of α-synuclein. People with certain 
mutations in α-synuclein that interfere with its binding to CyPA are at increased risk to Parkinson’s 
disease, which is associated with the misfolding of α-synuclein. The mutation A53E in α-synuclein 
causes early-onset PD, and it has been shown experimentally that this mutation strongy attenuates 
the interaction of α-synuclein with CyPA [72]. This suggests that disruption of the PPIase function of 
CyPA towards α-synuclein either through mutations or through post-translational modifications 
may play an important role in α-synuclein-mediated neurotoxicity. It is possible that CyPA’s ability 
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to greatly accelerate the rate of flipping of the proline residues facilitates mobilization of the water 
molecules in the solvation shell, protecting α-synuclein from aggregation.  

Yeast Overgrowth and Serum Ethanol  

An in vivo study on human non-small cell lung cancer showed that lactate is the preferred fuel 
for the citric acid cycle in the tumor cells. The cells release lactate derived from glucose through 
glycolysis into the circulation and then retrieve it later for further processing in the mitochondria [73]. 
It is likely that the primary purpose of these extra steps is to further reduce the likelihood that the 
proton that ultimately becomes the hydrogen atom in NADH, produced in the mitochondria, is a 
deuteron.  

This same principle probably applies for yeast cells populating the gut, except that the glucose 
is converted to ethanol rather than lactate. A rare condition aptly named “auto-brewery syndrome” 
happens when a person experiences a massive overgrowth of yeast in the gut, which are producing 
large quantities of ethanol from glucose via fermentation and releasing it into the gut, from which it 
is ultimately absorbed into the bloodstream [74]. The person experiences symptoms of severe 
inebriation, despite not having consumed any alcohol. Two species of yeast are most noted for 
causing this condition, namely Saccharomyces and Candida [75].  

Ethanol and lactate have long been viewed as waste products of glycolysis, but this view is 
rapidly changing. Tracer studies conducted in 2020 on 13C-labeled lactate have shown that this 
nutrient is taken up by every tissue in the body, even tumor cells [76]. A study on fermenting yeast 
cells (Saccharomyces cerevisiae) showed that these cells practice a near complete uncoupling of 
glycolysis from oxidative phosphorylation. These authors wrote: “Specifically, we show that 
fermenting budding yeast simultaneously release and uptake ethanol, much as many mammalian 
cells simultaneously produce and consume circulating lactate.” [77]. Two dehydrogenase steps take 
ethanol to acetaldehyde and then acetyl-CoA, which directly feeds into the citric acid cycle. Both steps 
convert NAD+ to NADH. Under oxidative stress conditions, an even larger portion of the supply of 
protons for NADH production in the mitochondria is contributed by externally supplied ethanol, 
compared to pyruvate derived from glucose metabolism [77]. Figure 3 illustrates the common but 
surprising metabolic practice of yeast cells.  

 
Figure 3. During fermentation, yeast cells convert glucose to ethanol in the cytoplasm, and release the 
ethanol into the extracellular space. During oxidative phosphorylation, they take up external ethanol 
from a collective pool and use it to fuel the citric acid cycle. 
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Deuterium and Cancer  
The growth of cancer cells in vitro is suppressed when their medium is deupleted (e.g., half the 

amount in seawater), whereas it is accelerated when the medium is deuterium enriched (e.g., twice 
the amount in seawater) [78]. This suggests that cancer cells are capable of sensing the amount of 
deuterium in the medium, and when it is elevated they are triggered through signaling mechanisms 
to proliferate. It could even be the case that the main reason for their existence is to help restore 
deuterium homeostasis for the organism as a whole. When the deuterium level in their surrounding 
medium is low, they commit apoptosis, since deuterium overload is no longer a problem.  

In another experiment involving nasopharyngeal carcinoma (NPC) cells, researchers showed 
that deuterium-depleted water (DDW) with deuterium concentrations at 100, 75, and 50 ppm 
suppressed the growth and invasiveness of the tumor cells and caused cell cycle arrest. By contrast, 
DDW promoted the growth of normal control cells [79].  

There is gaining support for the concept of treating cancer with DDW. A double-blind clinical 
trial showed that administration of DDW caused a 3-7 fold increase in mean survival time in lung 
cancer patients, and a 2-fold increased survival time in breast cancer [80]. A case-control study 
involved pancreatic cancer patients, where both groups received chemotherapy but the treatment 
group also drank deupleted water (45-65 ppm deuterium tailored down over a three month period). 
The treated group survived on average for 19.6 months compared to only 6.36 months for the control 
group [1]. Exposure of tumor cells to DDW decreases the number of cells in S phase and increases the 
number in G1 phase, essentially inducing G1-phase cell growth arrest [81].  

Yeast cells and cancer cells have much in common. It seems that both have a responsibility to try 
to restore deuterium homeostasis to the organism, or perhaps more specifically to the immune cells 
that infiltrate their microenvironment. Candida albicans is an opportunistic pathogenic fungus, and 
it tends to infect those with an impaired immune function, including cancer patients [82]. Ironically, 
Candida overgrowth is also a risk factor for cancer [83]. As was discussed previously, Candida 
overgrowth leads to excess accumulation of ethanol in the blood.  

Ethanol is metabolized into acetate in two steps involving ethanol dehydrogenase (producing 
acetaldehyde) and acetaldehyde dehydrogenase (Aldh), producing acetate. The primary enzyme in 
the liver for metabolizing acetaldehyde is Aldh2, localized to the mitochondria. Genetic mutations 
causing deficiencies in Aldh2 increase the risk to hepatic cell carcinoma (HCC) following alcohol-
related liver fibrosis. The description of this process by Seo et al. is precise and revealing: 
“Mechanistic studies revealed that after chronic alcohol exposure, Aldh2-deficient hepatocytes 
produce a large amount of harmful oxidized mitochondrial DNA via extracellular vesicles, which can 
be delivered into neighboring HCC cells and subsequently activate multiple oncogenic pathways, 
promoting HCC.” [84].  

Chronic ethanol consumption increases cancer risk, not only in the liver but also in the digestive 
tract and breast [85]. People with genetic defects in Aldh are especially vulnerable to cancer from 
chronic ethanol exposure, because acetaldehyde lingers long enough to cause DNA damage [84]. It 
may be for this reason that frequent episodes of Candida overgrowth are a risk factor for cancer [83]. 
Several strains of Candida are transcriptionally active in gastrointestinal tumors and predictive of 
worse tumor outcomes, but it is likely that their presence is just an indicator, not a cause [86]. It is 
also interesting from the standpoint of the potential for systemic deupletion that the development of 
cancer might alleviate the burden on the Candida fungi to repair the deuterium overload problem, a 
rather clever design. Chemotherapy can increase the risk of systemic Candidiasis in cancer patients 
[87], and this may simply be because the cancer cells can no longer adequately support deuterium 
detoxification for the host, so Candida species rise to the occasion.  

Chronological aging is defined as diminished survival of nondividing cells. In an experiment 
involving growing yeast cells on a medium with 50% D2O enrichment, it was found that D2O actually 
increased the chronological lifespan of the yeast cells by up to 85%. D2O substantially suppressed the 
production of reactive oxygen species, which was thought to be due to increased use of glycolysis 
and reduced use of oxidative phosphorylation for ATP synthesis. It was hypothesized that aging 
could be a consequence of the damaging effects of ROS produced primarily by the mitochondria [88]. 
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Yeast cells can survive in both an aerobic and an anaerobic environment. They are quite capable of 
surviving long term on glycolysis alone, and, apparently, they can alter their metabolism strategically 
towards aerobic glycolysis, in the presence of high deuterium exposure, shutting down ATP 
production by the mitochondria. The same could be said of cancer cells, and both cell types may serve 
a positive role in the organism through the release of deupleted nutrients such as lactate and ethanol, 
triggered by elevated deuterium levels in the medium.  

6.1. V-ATPase and Microenvironment Proton Deupletion  

There are two main types of ATPases in biological organisms: F-ATPase and V-ATPase. We have 
seen that F-ATPase is the enzyme in the mitochondria that synthesizes ATP from ADP, while 
reducing oxygen to metabolic water. It relies on deupleted protons crossing the inner membrane of 
the mitochondria from a proton-dense to a proton-sparse medium as the motive force. V-ATPases (V 
stands for “vacuole”) have an opposite function. Protons are pumped across a membrane from a 
proton-sparse medium to a proton-dense medium, and this requires work, which is supplied by 
converting ATP to ADP. When they are localized to the plasma membrane, they pump protons into the 
extracellular space, and when they are localized at the membrane of the endosome/lysosome 
organelle, they can acidify the endosome to convert it to a lysosome [89].  

A seminal paper published in 1990 involved evaluating the deuterium KIE of yeast V-ATPase 
acting at the plasma membrane. The authors were surprised to find that the extrusion of H+ ions was 
reduced by as much as 90% when the cells were suspended in heavy water. In referring to V-ATPase, 
these authors wrote: “It thus appears that the binding site for protons (or hydronium ions) to be 
transported does not accept deuterons (or deuteronium ions) with equal ease or perhaps not at all.” 
[90]. In other words, yeast V-ATPase has an extremely high deuterium KIE.  

It is significant that human breast cancer cells with high metastatic potential overexpress V-
ATPase at the plasma membrane, and they use it presumably to transfer deupleted protons into the 
extracellular space, thus enriching deuterium levels in the cell’s cytoplasm [91]. This strange practice 
is consistent with a theory that the primary role of cancer cells is in some sense to maintain high 
internal levels of deuterium in order to promote reduced deuterium levels systemically.  

Immune cells routinely invade the tumor microenvironment, but there are signaling 
mechanisms that cause them to stand down, failing to kill the tumor cells, via a process called “tumor 
immune escape” [92]. These immune cells can presumably benefit from the deupleted protons 
released by the tumor cells to help them maintain low deuterium levels in their own organelles, with 
the ultimate goal of restoring their ability to kill and clear the cancer cells, once they regain health.  

6.2. Lactate  

While lactate had long been viewed as a waste product of glycolysis, researchers have now come 
to appreciate the fact that it is actually a valuable nutrient, and that its presence in the 
microenvironment has powerful signaling capabilities, especially towards immune cells [93]. Lactate 
accumulation in the tissue microenvironment is a common feature of both inflammatory disease and 
cancer [94]. The Warburg effect is a hallmark characteristic of cancer cells: they produce ATP 
primarily through glycolysis even in the presence of adequate oxygen for oxidative phosphorylation 
[95]. This is similar to the strategy that yeast use in the presence of excess deuterium. Aerobic 
glycolysis produces lactate under stressful conditions, such as trauma, infection, myocardial 
infarction, and heart failure [94].  

Lactate is a very useful fuel for the mitochondria, because it can easily be converted to pyruvate 
via lactate dehydrogenase. Glycolysis, taking place in the cytoplasm, converts glucose to pyruvate. 
This pyruvate molecule can be transported into the mitochondria and used directly to generate large 
amounts of ATP via the citric acid cycle. However, most of the time this is not what happens. Instead, 
pyruvate is converted to lactate in the cytoplasm, and then the lactate is transported across the 
mitochondrial membrane and converted back to pyruvate [96].  

While this appears to be a superfluous step, it is actually a very clever strategy for assuring that 
the hydrogen atoms in the mitochondrial NADH are deupleted. Cytoplasmic lactate dehydrogenase 
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has a high deuterium KIE ( 3-4) [97], so it provides lactate with a deupleted proton, which is then 
delivered to NAD+ in the mitochondria, to finally produce a further deupleted NADH molecule 
within the mitochondria, again, most likely, since it is a flavoprotein, with a high deuterium KIE. The 
extra steps of passing a proton to lactate and then from lactate to NAD+ provide a simple mechanism 
for further shedding of deuterium. Figure 4 depicts the lactate shuttle.  

Very frequently, the metabolism of glucose to produce ATP is carried out in two steps in two 
different cells, with the first cell producing lactate from glucose via glycolysis in the cytoplasm, and 
the second one metabolizing lactate to CO2 and water in the mitochondria. A paper published by 
Xiao et al. in 2022 brings awareness to the fact that lactate, rather than being a waste product, is a 
very common metabolic intermediate between glycolysis in one cell and the citric acid cycle in 
another distant cell. These authors wrote: “Indeed, it seems that most carbohydrate oxidation in 
mammals, rather than occurring by a tissue taking up glucose and fully oxidizing it to carbon dioxide, 
instead involves carbon flowing through circulating lactate as a metabolic intermediate” [77].  

Cancer cells commonly overproduce lactate and then release it to the circulation, allowing the 
recipient cell to skip glycolysis and efficiently produce ATP directly from the tumor-provided lactate 
molecule, a process known as the Warburg effect. Meanwhile, the cancer cell can repurpose its 
mitochondria towards anabolic pathways, thus avoiding exposure to ROS generated by oxidative 
phosphorylation [98]. 

 

Figure 4. Illustration of the lactate shuttle. Most of the pyruvate produced in the cytoplasm gets 
metabolized to lactate in the cytoplasm, and then the lactate is taken up into the  mitochondrial 
matrix, utilizing mitochondrial MCT. Mitochondrial LDH is primarily  responsible for converting 
lactate back to pyruvate, which can then enter the citric acid cycle for metabolism to CO2 and H2O. 
This assures that the proton attached to NADH in the matrix is derived from matrix metabolic water, 
i.e., is low in deuterium. mMCT = mitochondrial monocarboxylate transporter. ETC = electron 
transport chain. mLDH = mitochondrial lactate dehydrogenase. cLDH = cytoplasmic lactate 
dehydrogenase. Figure  adapted from Figure 5 in Brooks et al., 1999 [96]. 

6.3. Succinate Dehydrogenase and Proline Dehydrogenase  

The tumor microenvironment, i.e., the extracellular space encasing the cancer cells, accumulates 
a unique set of metabolites that are released from the cancer cells, including not only lactate, but also 
glutamate, fumarate and succinate. These organic molecules collectively are called 
“oncometabolites,” but they are actually useful fuels for the cells that migrate into the tumor 
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microenvironment, including immune cells, fibroblasts and endothelial cells lining the 
neovasculature [99].  

Through suppression of oxidative phosphorylation, the tumor accumulates but then disposes of 
metabolic intermediates of the citric acid cycle, providing them as nutrients to their supporting cells. 
Succinate dehydrogenase (SDH) is the only enzyme that participates in both the citric acid cycle and 
oxidative phosphorylation. SDH is often defective in cancer cells, whether through genetic mutations, 
post-translational modifications or endogenous SDH inhibitors [100].  

Protein acetylation is a post-translational modification that is particularly prevalent in the 
mitochondrial proteins. SDH has been shown to be suppressed by acetylation, and pre-incubation of 
mitochondria with NAD+ could partially prevent this effect [101]. Sirtuins (SIRTs) are an important 
class of enzymes that deacetylate proteins. SIRT3 is highly expressed in mitochondria, but its 
deacetylation activity depends upon adequate availability of NAD+, which is needed as a cofactor 
and consumed in the process. Hence, NAD+ deficiency could lead to inactivation of SDH. When SDH 
is deficient, succinate accumulates in the mitochondria, and it is transported to the cytoplasm and 
secreted into the extracellular space. Extracellular succinate promotes tumor growth by inducing 
tumor angiogenesis [102].  

When SDH is deficient, proline can step up to substitute for succinate to fuel the electron 
transport chain. Proline dehydrogenase (PDH) is the first step in the metabolism of proline, and it 
can donate electrons to the electron transport chain to support ATP production [103]. The activity of 
enzymes involved in proline synthesis is reduced in senescent stem cells, and proline 
supplementation has been shown to restore mitochondrial function and offer therapeutic value in 
slowing the aging process [104].There is a reversible pathway between proline and glutamate which 
cyclically converts NADH to NAD+ while delivering two protons to ubiquinol to form ubiquinone in 
the inner membrane of the mitochondrial intermembrane space. Those protons will be deupleted 
because PDH has a deuterium KIE of 5.2 [105]. Furthermore, the proline that is left behind will be 
enriched in deuterium. The enriched proline can be put back into the extracellular matrix after it has 
been incorporated into newly synthesized collagen molecules [106].  

It had long been a mystery as to which protein transports NAD+ into the mitochondria, but only 
recently it was conclusively shown to be the elusive protein named solute carrier family 25 member 
51 (SLC25A51), also known as Myc-DDK-tagged-Human mitochondrial carrier triple repeat 1 
(MCART1), which is localized to the inner membrane of the intermembrane space [107]. This protein 
is upregulated in multiple cancers, and it promotes cancer cell proliferation. Loss of MCART1 leads 
to SIRT3 dysfunction due to insufficient NAD+, which is a substrate for SIRT3’s deacetylation activity. 
Pharmacological inhibition of MCART1 causes protein hyperacetylation in the mitochondria. By 
upregulating MCART1, cancer cells increase mitochondrial NAD+, which promotes deacetylation 
and thereby activates various proteins involved in mitochondrial metabolism.  

One of those enzymes that is activated through deacetylation is P5CS, the key enzyme in proline 
biosynthesis from glutamate. As a result, cancer cells synthesize abundant amounts of proline in their 
mitochondria [108]. Not only do tumor cells upregulate proline synthesis, but also the fibroblasts that 
are associated with tumor cells in the tumor microenvironment produce excessive amounts of proline 
from glutamine in order to synthesize large quantities of collagen to support the build-up of a 
deuterium-enriched extracellular matrix in the tumor [109]. 

The process that takes place in cancer cells that cycles between glutamate and proline, delivering 
deupleted protons to the ATPase pumps in the mitochondria, while enriching deuterium levels in 
the extracellular matrix collagen, is depicted schematically in Figure 5. 
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Figure 5. Illustration of the activities that take place in tumor cells to accommodate a loss in succinate 
dehydrogenase, by replacing its role with proline. The proline that is left behind  after proline 
dehydrogenase delivers protons to the quinone in the inner membrane is used to synthesize 
deuterium-rich collagen molecules that are added to the extracellular matrix pool. 

6.4. Epidermal Growth Factor and Cancer  

The epidermal growth factor receptor (EGFR) plays a critical role in cancer and malignancy. Its 
activity enhances tumor growth, invasion, and metastasis [110]. HER2 (human EGFR-2) is 
upregulated in many chemotherapy-resistant cancers, particularly breast cancer. HER2-positive 
breast cancer is generally associated with poor outcomes and higher mortality rates compared to 
other breast cancer subtypes [111].  

Prolidase is a high-affinity ligand to HER2. It binds to the extracellular domain of HER2 and 
causes its internalization and degradation. It inhibits growth, invasion and migration of cancer cells 
that overexpress HER2 [112]. The fact that it can free up proline to both fuel the mitochondria with 
deupleted protons and promote trapping of deuterium in the extracellular matrix may give it license 
to suppress tumor growth.  

6.5. NOX4 and DDW 

NOX4 is a member of the NOX family that localizes to the inner membrane of the mitochondrial 
intermembrane space. Remarkably, it binds to ATP and such binding suppresses its activity. When 
ATP production is low (an indicator of mitochondrial dysfunction), NOX4 becomes liberated and 
starts producing large quantities of superoxide, derived from mitochondrial NADPH, according to 
the following equation: NADPH + 2O2  NADP+ + H+ + 2O2- 

 Superoxide dismutase (SOD), in turn, can combine protons with superoxide to produce 
hydrogen peroxide: 2H+ + 2O2-   H2O2 + O2 
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This superoxide will be deupleted if the H+ came from mitochondrial NADPH, and either 
catalase or glutathione peroxidase (important antioxidants) can convert it to DDW, thus reducing the 
levels of deuterium in the mitochondrial water. This in turn can help restore the health of the 
mitochondria. NOX4 is upregulated in cancer cells, and it seems to play a protective role in 
preventing apoptosis [113]. Critically, the concept that superoxide can be a source of deupleted water 
may be key to answering the question of why inflammation has beneficial effects. On the other hand, 
if antioxidant defenses are inadequate, the cell will likely be vulnerable to cellular death from 
excessive production of oxygen radicals.  

 Conclusion  

In this paper, we have developed a theory that deuterium, a natural heavy isotope of hydrogen, 
plays a central role in metabolism, and that disrupted deuterium homeostasis is a major driver behind 
human disease. We have shown how cellular metabolism utilizes specialized enzymes such as 
isomerases and flavoproteins to sequester deuterium in the extracellular space and deplete 
deuterium levels in the cellular organelles. Deuterium doping in the bones increases their strength, 
whereas deuterium is toxic to the ATPase pumps in the mitochondria. Mitochondrial dysfunction is 
a core feature of many human diseases and might even be characterized as a primary feature of aging. 
We have shown how yeast cells and cancer cells alike practice certain metabolic policies utilizing 
aerobic glycolysis to synthesize large quantities of deupleted nutrients (ethanol in the case of yeast 
cells and lactate in cancer cells) which are released into the extracellular space and shared with the 
host cells, ameliorating their deuterium overload problem. Cancer cells repurpose their mitochondria 
towards anabolic synthesis of substrates to support proliferation. They also release many deupleted 
nutrients that can help infiltrating immune cells recover from deuterium toxicity.  

The amino acid proline has unique properties that make it ideal for trapping deuterium, and we 
argue that peptidyl prolyl isomerases facilitate deuterium trapping in proline residues of proline-rich 
proteins, which are especially common as structural proteins in the extracellular space. The 
endothelial glycocalyx supports deuterium trapping in the gelled water maintained by the highly 
sulfated heparan sulfate molecules found there. The so-called exclusion zone (EZ) water in the 
glycocalyx releases protons preferentially into the circulation, generally leaving behind the 
deuterons, which strengthen the gel and the collagen matrices. Deficiencies in sulfation in the 
glycocalyx lead to weakening of the battery maintained by the gelled water, ultimately resulting in 
higher levels of deuterium circulating in the blood. It is possible although still speculative that 
proline-rich intrinsically disordered proteins (IDPs) fractionate deuterium out of the medium and 
sequester it in the “misfolded” oligomers and fibrils that are a feature of neurodegenerative diseases 
such as Alzheimer’s.  

Some aspects of this paper are admittedly speculative, but speculation is sometimes essential to 
stimulate ideas that can lead to the design of carefully constructed research experiments to either 
verify or disprove the hypotheses presented. There is no doubt that more research is needed in the 
budding field of deutenomics. 

Funding: This research was funded by Quanta Computer, Inc. under contract #6950759. 

Acknowledgments: The author would like to thank Prof. László Boros for introducing her to the 
concept of deuterium dysbiosis and to the new field of deutenomics. 

Conflict of Interest Statement: The author denies any conflict of interest.  

References  

1. Boros LG, D’Agostino DP, Katz HE, Roth JP, Meuillet EJ, Somlyai G. Submolecular regulation of cell 
transformation by deuterium depleting water exchange reactions in the tricarboxylic acid substrate cycle. 
Med Hypotheses. 2016;87:69-74. https://doi.org/10.1016/j.mehy.2015.11.016  

2. Stein LR, Imai S. The dynamic regulation of NAD metabolism in mitochondria. Trends Endocrinol Metab. 
2012;23(9):420-8. https://doi.org/10.1016/j.tem.2012.06.005.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 September 2024 doi:10.20944/preprints202406.1284.v3

https://doi.org/10.20944/preprints202406.1284.v3


 18 

 

3. Olgun A. Biological effects of deuteronation: ATP synthase as an example. Theor Biol Med Model. 2007;4:9. 
https://doi.org/10.1186/1742-4682-4-9.  

4. Murcia Rios A, Vahidi S, Dunn SD, Konermann L. Evidence for a partially stalled γ rotor in F1-ATPase 
from Hydrogen-Deuterium Exchange Experiments and Molecular Dynamics Simulations. J Am Chem Soc. 
2018;140(44):14860-14869. https://doi.org/10.1021/jacs.8b08692.  

5. Giulivi C, Zhang K, Arakawa H. Recent advances and new perspectives in mitochondrial dysfunction. Sci 
Rep 2023; 13: 7977. https://doi.org/10.1038/s41598-023-34624-8  

6. Nicolson GL. Mitochondrial dysfunction and chronic disease: treatment with natural supplements. Integr 
Med (Encinitas). 2014;13(4):35-43.  

7. Jiang C, Liu Y, Wang L, Lu F. Interaction between Heavy Water and Single-Strand DNA: A SERS Study. 
Molecules. 2022;27(18):6023. https://doi.org/10.3390/molecules27186023. PMC9505314.  

8. Zlatska A, Gordiienko I, Vasyliev R, Zubov D, Gubar O, Rodnichenko A, Syroeshkin A, Zlatskiy I. In vitro 
study of deuterium effect on biological properties of human cultured adipose-derived stem cells. 
ScientificWorldJournal. 2018;2018:5454367. https://doi.org/10.1155/2018/5454367.  

9. Bar-Peled L, Kory N. Principles and functions of metabolic compartmentalization. Nat Metab. 
2022;4(10):1232-1244. https://doi.org/10.1038/s42255-022-00645-2.  

10. Pongratz RL, Kibbey RG, Shulman GI, Cline GW. Cytosolic and mitochondrial malic enzyme isoforms 
differentially control insulin secretion. J Biol Chem. 2007;282(1):200-7. 
https://doi.org/10.1074/jbc.M602954200.  

11. Navratil AR, Shchepinov MS, Dennis EA. Lipidomics reveals dramatic physiological kinetic isotope effects 
during the enzymatic oxygenation of polyunsaturated fatty acids ex vivo. J Am Chem Soc. 2018;140(1):235-
243. https://doi.org/10.1021/jacs.7b09493.  

12. Henkel S, Ertelt M, Sander W. Deuterium and hydrogen tunneling in the hydrogenation of 4-oxocyclohexa-
2,5-dienylidene. Chemistry. 2014;20(25):7585-8. https://doi.org/10.1002/chem.201402064.  

13. Sutcliffe MJ, Scrutton NS. A new conceptual framework for enzyme catalysis. Hydrogen tunnelling 
coupled to enzyme dynamics in flavoprotein and quinoprotein enzymes. Eur J Biochem. 2002;269(13):3096-
102. https://doi.org/10.1046/j.1432-1033.2002.03020.x.  

14. Hay S, Pudney CR, Scrutton NS. Structural and mechanistic aspects of flavoproteins: probes of hydrogen 
tunnelling. FEBS J. 2009;276(15):3930-41. https://doi.org/10.1111/j.1742-4658.2009.07121.x.  

15. Al-Khallaf H. Isocitrate dehydrogenases in physiology and cancer: biochemical and molecular insight. Cell 
Biosci. 2017;7:37. https://doi.org/10.1186/s13578-017-0165-3.  

16. Maloney AE, Kopf SH, Zhang Z, McFarlin J, Nelson DB, Masterson AL, Zhang X. Large enrichments in 
fatty acid 2H/1H ratios distinguish respiration from aerobic fermentation in yeast Saccharomyces 
cerevisiae. Proc Natl Acad Sci U S A. 2024;121(20):e2310771121. https://doi.org/10.1073/pnas.2310771121.  

17. Paardekooper LM, Dingjan I, Linders PTA, Staal AHJ, Cristescu SM, Verberk WCEP, van den Bogaart G. 
Human monocyte-derived dendritic cells produce millimolar concentrations of ROS in phagosomes per 
second. Front Immunol. 2019;10:1216. https://doi.org/10.3389/fimmu.2019.01216.  

18. Gharibi H, Chernobrovkin AL, Eriksson G, Saei AA, Timmons Z, Kitchener AC, Kalthoff DC, Lidn K, 
Makarov AA, Zubarev RA. Abnormal (hydroxy)proline deuterium content redefines hydrogen chemical 
mass. J Am Chem Soc. 2022;144(6):2484-2487. https://doi.org/10.1021/jacs.1c12512.  

19. Leadlay PF, Albery WJ, Knowles JR. Energetics of triosephosphate isomerase: deuterium isotope effects in 
the enzyme-catalyzed reaction. Biochemistry. 1976;15(25):5617-20.  

20. Lewis CA, Parker SJ, Fiske BP, McCloskey D, Gui DY, Green CR, Vokes NI, Feist AM, Vander Heiden MG, 
Metallo CM. Tracing compartmentalized NADPH metabolism in the cytosol and mitochondria of 
mammalian cells. Mol Cell. 2014;55(2):253-63. https://doi.org/10.1016/j.molcel.2014.05.008.  

21. Sun J, Cui J, He Q, Chen Z, Arvan P, Liu M. Proinsulin misfolding and endoplasmic reticulum stress during 
the development and progression of diabetes. Mol Aspects Med. 2015;42:105-18. 
https://doi.org/10.1016/j.mam.2015.01.001. PMC4404191.  

22. Pudney CR, Hay S, Scrutton NS. Practical aspects on the use of kinetic isotope effects as probes of 
flavoprotein enzyme mechanisms. Methods Mol Biol. 2014;1146:161-75. https://doi.org/10.1007/978-1-4939-
0452-5 8.  

23. Yoboue ED, Sitia R, Simmen T. Redox crosstalk at endoplasmic reticulum (ER) membrane contact sites 
(MCS) uses toxic waste to deliver messages. Cell Death Dis. 2018;9(3):331. https://doi.org/10.1038/s41419-
017-0033-4.  

24. Argyrou A, Blanchard JS. Flavoprotein disulfide reductases: advances in chemistry and function. Prog 
Nucleic Acid Res Mol Biol. 2004;78:89-142. https://doi.org/10.1016/S0079-6603(04)78003-4.15210329.  

25. Dunaevsky YE, Tereshchenkova VF, Oppert B, Belozersky MA, Filippova IY, Elpidina EN. Human proline 
specific peptidases: a comprehensive analysis. Biochim Biophys Acta Gen Subj. 2020;1864(9):129636. 
https://doi.org/10.1016/j.bbagen.2020.129636.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 September 2024 doi:10.20944/preprints202406.1284.v3

https://doi.org/10.20944/preprints202406.1284.v3


 19 

 

26. Mateos B, Conrad-Billroth C, Schiavina M, Beier A, Kontaxis G, Konrat R, Felli IC, Pierattelli R. The 
ambivalent role of proline residues in an intrinsically disordered protein: from disorder promoters to 
compaction facilitators. J Mol Biol. 2020;432(9):3093-3111. https://doi.org/10.1016/j.jmb.2019.11.015.  

27. Wu WJ, Raleigh DP. Local control of peptide conformation: stabilization of cis proline peptide bonds by 
aromatic proline interactions. Biopolymers. 1998;45(5):381-94. https://doi.org/10.1002/(SICI)1097-
0282(19980415)45:5¡381::AID-BIP6¿3.0.CO;2-H.  

28. Maguire OR, Taylor B, Higgins EM, Rees M, Cobb SL, Simpkins NS, Hayes CJ, O’Donoghue AC. Unusually 
high α-proton acidity of prolyl residues in cyclic peptides. Chem Sci. 2020;11(29):7722-7729. 
https://doi.org/10.1039/d0sc02508a.  

29. Tuccinardi T, Rizzolio F. Editorial: Peptidyl-prolyl isomerases in human pathologies. Front Pharmacol. 
2019;10:794. https://doi.org/10.3389/fphar.2019.00794.  

30. Chen Y, Wu YR, Yang HY, Li XZ, Jie MM, Hu CJ, Wu YY, Yang SM, Yang YB. Prolyl isomerase Pin1: a 
promoter of cancer and a target for therapy. Cell Death Dis. 2018;9(9):883. https://doi.org/10.1038/s41419-
018-0844-y. PMID: 30158600.  

31. Sletten MR, Schoenheimer R. The metabolism of 1(-)-proline studied with the aid of deuterium and isotopic 
nitrogen. J Biol Chem 1944; 153: 113-132.  

32. Joo SH. Cyclic peptides as therapeutic agents and biochemical tools. Biomol Ther (Seoul). 2012;20(1):19-26. 
https://doi.org/10.4062/biomolther.2012.20.1.019.  

33. Ramadhani D, Maharani R, Gazzali AM, Muchtaridi M. Cyclic peptides for the treatment of cancers: a 
review. Molecules. 2022;27(14):4428. https://doi.org/10.3390/molecules27144428. PMC9317348.  

34. Guan J, Li F, Kang D, Anderson T, Pitcher T, Dalrymple-Alford J, Shorten P, Singh-Mallah G. Cyclic glycine-
proline (cGP) normalises insulin-like growth factor-1 (IGF-1) function: clinical significance in the ageing 
brain and in age-related neurological conditions. Molecules. 2023;28(3):1021. 
https://doi.org/10.3390/molecules28031021.  

35. Guan J, Krishnamurthi R, Waldvogel HJ, Faull RL, Clark R, Gluckman P. N-terminal tripeptide of IGF-1 
(GPE) prevents the loss of TH positive neurons after 6-OHDA induced nigral lesion in rats. Brain Res. 
2000;859(2):286-92. https://doi.org/10.1016/s0006-8993(00)01988-0.  

36. Silva-Reis SC, Sampaio-Dias IE, Costa VM, Correia XC, Costa-Almeida HF, Garca-Mera X, Rodrguez-
Borges JE. Concise overview of glypromate neuropeptide research: from chemistry to pharmacological 
applications in neurosciences. ACS Chem Neurosci. 2023;14(4):554-572. 
https://doi.org/10.1021/acschemneuro.2c00675.  

37. Thomson AW, Cameron ID. Immune suppression with cyclosporin A-optimism and caution. Scott Med J. 
1981;26(2):139-44. https://doi.org/10.1177/003693308102600210.  

38. Boyle TJ, Coles RE, Kizilbash AM, Lyerly HK. Effects of cyclosporine on human B-cell lymphoma 
development in vivo. Surg Oncol. 1992;1(1):79-86. https://doi.org/10.1016/0960-7404(92)90060-x.  

39. Wang P, Heitman J. The cyclophilins. Genome Biol. 2005;6(7):226. https://doi.org/10.1186/gb-2005-6-7-226.  
40. Nigro, P., Pompilio, G., Capogrossi, M. Cyclophilin A: a key player for human disease. Cell Death Dis 2013; 

4: e888. https://doi.org/10.1038/cddis.2013.410.  
41. Kay EJ, Zanivan S, Rufini A. Proline metabolism shapes the tumor microenvironment: from collagen 

deposition to immune evasion. Curr Opin Biotechnol. 2023;84:103011. 
https://doi.org/10.1016/j.copbio.2023.103011.  

42. Elrod JW, Molkentin JD. Physiologic functions of cyclophilin D and the mitochondrial permeability 
transition pore. Circ J. 2013;77(5):1111-22. https://doi.org/10.1253/circj.cj-13-0321.  

43. Castillo EC, Morales JA, Chapoy-Villanueva H, Silva-Platas C, Trevio-Saldaa N, Guerrero-Beltrn CE, 
Bernal-Ramrez J, Torres-Quintanilla A, Garca N, Youker K, Torre-Amione G, Garca-Rivas G. Mitochondrial 
hyperacetylation in the failing hearts of obese patients mediated partly by a reduction in SIRT3: the 
involvement of the mitochondrial permeability transition pore. Cell Physiol Biochem. 2019;53(3):465-479. 
https://doi.org/10.33594/000000151.  

44. Endlicher R, Drahota Z, tefkov K, ervinkov Z, Kuera O. The Mitochondrial permeability transition pore-
current knowledge of its structure, function, and regulation, and optimized methods for evaluating its 
functional state. Cells. 2023;12(9):1273. https://doi.org/10.3390/cells12091273.  

45. Lam MP, Lau E, Liem DA, Ping P. Cyclophilin D and acetylation: a new link in cardiac signaling. Circ Res. 
2013;113(12):1268-9. https://doi.org/10.1161/CIRCRESAHA.  

46. Ansari A, Rahman MS, Saha SK, Saikot FK, Deep A, Kim KH. Function of the SIRT3 mitochondrial 
deacetylase in cellular physiology, cancer, and neurodegenerative disease. Aging Cell. 2017;16(1):4-16. 
https://doi.org/10.1111/acel.12538. 

47. Li P, Wu G. Roles of dietary glycine, proline, and hydroxyproline in collagen synthesis and animal growth. 
Amino Acids. 2018;50(1):29-38. https://doi.org/10.1007/s00726-017-2490-6.  

48. Elton DC, Spencer PD, Riches JD, Williams ED. Exclusion zone phenomena in water - a critical review of 
experimental findings and theories. Int J Mol Sci. 2020;21(14):5041. https://doi.org/10.3390/ijms21145041.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 September 2024 doi:10.20944/preprints202406.1284.v3

https://doi.org/10.20944/preprints202406.1284.v3


 20 

 

49. Pollack GH. Water, energy and life: Fresh views from the water’s edge. Int J Des Nat Ecodyn. 2010;5(1):27-
29. https://doi.org/10.2495/DNE-V5-N1-27-29.  

50. Hwang SG, Hong JK, Sharma A, Pollack GH, Bahng G. Exclusion zone and heterogeneous water structure 
at ambient temperature. PLoS One. 2018;13(4):e0195057. https://doi.org/10.1371/journal.pone.0195057.  

51. Kabedev A, Lobaskin V. Structure and elasticity of bush and brush-like models of the endothelial 
glycocalyx. Sci Rep. 2018;8(1):240. https://doi.org/10.1038/s41598-017-18577-3.  

52. Ninham BW, Battye MJ, Bolotskova PN, Gerasimov RY, Kozlov VA, Bunkin NF. Nafion: New and old 
insights into structure and function. Polymers (Basel). 2023;15(9):2214. 
https://doi.org/10.3390/polym15092214.  

53. Ikonomidis I, Thymis J, Simitsis P, Koliou GA, Katsanos S, Triantafyllou C, Kousathana F, Pavlidis G, 
Kountouri A, Polyzogopoulou E, Katogiannis K, Vlastos D, Kostelli G, Triantafyllidi H, Parissis J, 
Papadavid E, Lekakis J, Filippatos G, Lambadiari V. Impaired endothelial glycocalyx predicts adverse 
outcome in subjects without overt cardiovascular disease: a 6-year follow-up study. J Cardiovasc Transl 
Res. 2022;15(4):890-902. https://doi.org/10.1007/s12265-021-10180-2.  

54. Pretorius D, Richter RP, Anand T, Cardenas JC, Richter JR. Alterations in heparan sulfate proteoglycan 
synthesis and sulfation and the impact on vascular endothelial function. Matrix Biol Plus. 2022;16:100121. 
https://doi.org/10.1016/j.mbplus.2022.100121.  

55. Giubertoni G, Feng L, Klein K, Giannetti G, Rutten L, Choi Y, van der Net A, Castro-Linares G, Caporaletti 
F, Micha D, Hunger J, Deblais A, Bonn D, Sommerdijk N, ari A, Ilie IM, Koenderink GH, Woutersen S. 
Elucidating the role of water in collagen self-assembly by isotopically modulating collagen hydration. Proc 
Natl Acad Sci U S A. 2024;121(11):e2313162121. https://doi.org/10.1073/pnas.2313162121.  

56. Morgan AA, Rubenstein E. Proline: the distribution, frequency, positioning, and common functional roles 
of proline and polyproline sequences in the human proteome. PLoS One. 2013;8(1):e53785. 
https://doi.org/10.1371/journal.pone.0053785.  

57. Chen XR, Igumenova TI. Regulation of eukaryotic protein kinases by Pin1, a peptidyl-prolyl isomerase. 
Adv Biol Regul. 2023;87:100938. https://doi.org/10.1016/j.jbior.2022.100938.  

58. Ishikawa Y, Boudko S, Bchinger HP. Ziploc-ing the structure: Triple helix formation is coordinated by 
rough endoplasmic reticulum resident PPIases. Biochim Biophys Acta. 2015;1850(10):1983-93. 
https://doi.org/10.1016/j.bbagen.2014.12.024.  

59. Paige M, Wang K, Burdick M, Park S, Cha J, Jeffery E, Sherman N, Shim YM. Role of leukotriene A4 
hydrolase aminopeptidase in the pathogenesis of emphysema. J Immunol. 2014;192(11):5059-68. 
https://doi.org/10.4049/jimmunol.1400452.  

60. Eni-Aganga I, Lanaghan ZM, Balasubramaniam M, Dash C, Pandhare J. Prolidase: a review from discovery 
to its role in health and disease. Front Mol Biosci. 2021;8:723003. https://doi.org/10.3389/fmolb.2021.723003.  

61. Lupi A, De Riso A, Torre SD, Rossi A, Campari E, Vilarinho L, Cetta G, Forlino A. Characterization of a 
new PEPD allele causing prolidase deficiency in two unrelated patients: natural-occurrent mutations as a 
tool to investigate structure-function relationship. J Hum Genet. 2004;49(9):500-506. doi: 10.1007/s10038-
004-0180-1.  

62. Stsiapanava A, Olsson U, Wan M, Kleinschmidt T, Rutishauser D, Zubarev RA, Samuelsson B, Rinaldo-
Matthis A, Haeggström JZ. Binding of Pro-Gly-Pro at the active site of leukotriene A4 
hydrolase/aminopeptidase and development of an epoxide hydrolase selective inhibitor. Proc Natl Acad 
Sci U S A. 2014;111(11):4227-32. https://doi.org/10.1073/pnas.1402136111. 

63. Wright PE, Dyson HJ. Intrinsically unstructured proteins: re-assessing the protein structure-function 
paradigm. J Mol Biol. 1999;293(2):321-31. https://doi.org/10.1006/jmbi.1999.3110.  

64. Luo Y, Ma B, Nussinov R,, Wei G. Structural insight into tau proteins paradox of intrinsically disordered 
behavior, self-acetylation activity, and aggregation. Journal of Physical Chemistry Letters 2014; 5: 30263031. 
https://doi.org/10.1021/jz501457f.  

65. Xiao Zhen Zhou, Oliver Kops, Andreas Werner, Pei-Jung Lu, Minhui Shen, Gerlind Stoller, Gerhard Kllertz, 
Michael Stark, Gunter Fischer, Kun Ping Lu, Pin1-dependent prolyl isomerization regulates 
dephosphorylation of Cdc25C and tau proteins. Molecular Cell 2000; 6(4): 873-883, 
https://doi.org/10.1016/S1097-2765(05)00083-3.  

66. He HJ, Wang XS, Pan R, Wang DL, Liu MN, He RQ. The proline-rich domain of tau plays a role in 
interactions with actin. BMC Cell Biol. 2009;10:81. https://doi.org/10.1186/1471-2121-10-81.  

67. Gong CX, Iqbal K. Hyperphosphorylation of microtubule-associated protein tau: a promising therapeutic 
target for Alzheimer disease. Curr Med Chem. 2008;15(23):2321-8. 
https://doi.org/10.2174/092986708785909111.  

68. Malter JS. Pin1 and Alzheimer’s disease. Transl Res. 2023;254:24-33. 
https://doi.org/10.1016/j.trsl.2022.09.003.  

69. Blair LJ, Baker JD, Sabbagh JJ, Dickey CA. The emerging role of peptidyl-prolyl isomerase chaperones in 
tau oligomerization, amyloid processing, and Alzheimer’s disease. J Neurochem. 2015;133(1):1-13. 
https://doi.org/10.1111/jnc.13033.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 September 2024 doi:10.20944/preprints202406.1284.v3

https://doi.org/10.20944/preprints202406.1284.v3


 21 

 

70. Freitas MA, Marshall AG. Gas phase RNA and DNA ions 2. Conformational dependence of the gas-phase 
H/D exchange of nucleotide-5’-monophosphates. J Am Soc Mass Spectrom. 2001;12(7):780-5. 
https://doi.org/10.1016/S1044-0305(01)00260-4.  

71. Robinson JM, Greig MJ, Griffey RH, Mohan V, Laude DA. Hydrogen/deuterium exchange of nucleotides 
in the gas phase. Anal. Chem. 1998; 70: 3566-3571. https://doi.org/10.1021/ac9805302.  

72. Favretto F, Baker JD, Strohker T, Andreas LB, Blair LJ, Becker S, Zweckstetter M. The molecular basis of the 
interaction of cyclophilinA with α-synuclein. Angew Chem Int Ed Engl. 2020;59(14):5643-5646. 
https://doi.org/10.1002/anie.201914878.  

73. Faubert B, Li KY, Cai L, Hensley CT, Kim J, Zacharias LG, Yang C, Do QN, Doucette S, Burguete D, Li H, 
Huet G, Yuan Q, Wigal T, Butt Y, Ni M, Torrealba J, Oliver D, Lenkinski RE, Malloy CR, Wachsmann JW, 
Young JD, Kernstine K, De-Berardinis RJ. Lactate metabolism in human lung tumors. Cell. 2017;171(2):358-
371.e9. https://doi.org/10.1016/j.cell.2017.09.019.  

74. Zewude, RT, Croitoru, K, Das, R, Goldman B, Bogoch II. Auto-brewery syndrome in a 50-year-old woman. 
CMAJ 2024; 196(21): E724-E727. https://doi.org/https://doi.org/10.1503/cma j.231319.  

75. Tameez Ud Din A, Alam F, Tameez-Ud-Din A, Chaudhary FMD. Auto-brewery syndrome: a clinical 
dilemma. Cureus. 2020;12(10):e10983. https://doi.org/10.7759/cureus.10983.  

76. Rabinowitz JD, Enerbck S. Lactate: the ugly duckling of energy metabolism. Nat Metab. 2020;2(7):566-571. 
https://doi.org/10.1038/s42255-020-0243-4.  

77. Xiao T, Khan A, Shen Y, Chen L, Rabinowitz JD. Glucose feeds the tricarboxylic acid cycle via excreted 
ethanol in fermenting yeast. Nat Chem Biol 2022; 18: 1380-1387. https://doi.org/10.1038/s41589-022-01091-
7. 

78. Zhang X, Wang J, Zubarev RA. Slight deuterium enrichment in water acts as an antioxidant: is deuterium 
a cell growth regulator? Mol Cell Proteomics. 2020;19(11):1790-1804. 
https://doi.org/10.1074/mcp.RA120.002231. PMC7664117.  

79. Wang H, Zhu B, Liu C, Fang W, Yang H. [Deuterium-depleted water selectively inhibits nasopharyngeal 
carcinoma cell proliferation in vitro]. Nan Fang Yi Ke Da Xue Xue Bao. 2012;32(10):1394-9. Chinese.  

80. Somlyai G, Gy ̈ongyi Z,, Somlyai I, Boros L. LG. Pre-clinical and clinical data confirm the anticancer effect 
of deuterium depletion. Eur. J. Integr. Med. 2016; 8: 28.  

81. Yaglova NV, Timokhina EP, Obernikhin SS, Yaglov VV. Emerging role of deuterium/protium disbalance 
in cell cycle and apoptosis. Int J Mol Sci. 2023;24(4):3107. https://doi.org/10.3390/ijms24043107.  

82. Yu D, Liu Z. The research progress in the interaction between Candida albicans and cancers. Front 
Microbiol. 2022;13:988734. https://doi.org/10.3389/fmicb.2022.988734.  

83. Wang X, Zhang W, Wu W, Wu S, Young A, Yan Z. Is Candida albicans a contributor to cancer? A critical 
review based on the current evidence. Microbiol Res. 2023;272:127370. 
https://doi.org/10.1016/j.micres.2023.127370.  

84. Seo W, Gao Y, He Y, Sun J, Xu H, Feng D, Park SH, Cho YE, Guillot A, Ren T, Wu R, Wang J, Kim SJ, Hwang 
S, Liangpunsakul S, Yang Y, Niu J, Gao B. ALDH2 deficiency promotes alcohol-associated liver cancer by 
activating oncogenic pathways via oxidized DNA-enriched extracellular vesicles. J Hepatol. 
2019;71(5):1000-1011. https://doi.org/10.1016/j.jhep.2019.06.018.  

85. Seitz HK, Stickel F. Acetaldehyde as an underestimated risk factor for cancer development: role of genetics 
in ethanol metabolism. Genes Nutr. 2010;5(2):121-8. https://doi.org/10.1007/s12263-009-0154-1.  

86. Dohlman AB, Klug J, Mesko M, Gao IH, Lipkin SM, Shen X, Iliev ID. A pan-cancer mycobiome analysis 
reveals fungal involvement in gastrointestinal and lung tumors. Cell. 2022; 185(20):3807-3822.e12. 
https://doi.org/10.1016/j.cell.2022.09.015. 

87. Teoh F, Pavelka N. How Chemotherapy increases the risk of systemic Candidiasis in cancer patients: 
current paradigm and future directions. Pathogens. 2016;5(1):6. https://doi.org/10.3390/pathogens5010006.  

88. Li X, Snyder MP. Yeast longevity promoted by reversing aging-associated decline in heavy isotope content. 
NPJ Aging Mech Dis. 2016;2:16004. https://doi.org/10.1038/npjamd.2016.4.  

89. Perzov N, Padler-Karavani V, Nelson H, Nelson N. Features of V-ATPases that distinguish them from F-
ATPases. FEBS Lett. 2001;504(3):223-8. https://doi.org/10.1016/s0014-5793(01)02709-0.  

90. Kotyk A, Dvorkov M, Koryta J. Deuterons cannot replace protons in active transport processes in yeast. 
FEBS Lett. 1990;264(2):203-5. https://doi.org/10.1016/0014-5793(90)80248-h.  

91. Sennoune SR, Bakunts K, Martnez GM, Chua-Tuan JL, Kebir Y, Attaya MN, Martnez-Zaguiln R. Vacuolar 
H+-ATPase in human breast cancer cells with distinct metastatic potential: distribution and functional 
activity. Am J Physiol Cell Physiol. 2004;286(6):C1443-52. https://doi.org/10.1152/ajpcell.00407.2003.  

92. Jiang X, Wang J, Deng X, Xiong F, Ge J, Xiang B, Wu X, Ma J, Zhou M, Li X, Li Y, Li G, Xiong W, Guo C, 
Zeng Z. Role of the tumor microenvironment in PD-L1/PD-1-mediated tumor immune escape. Mol Cancer 
2019; 18: 10. https://doi.org/10.1186/s12943-018-0928-4.  

93. Caslin HL, Abebayehu D, Pinette JA, Ryan JJ. Lactate is a metabolic mediator that shapes immune cell fate 
and function. Front Physiol. 2021;12:688485. https://doi.org/10.3389/fphys.2021.688485.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 September 2024 doi:10.20944/preprints202406.1284.v3

https://doi.org/10.20944/preprints202406.1284.v3


 22 

 

94. Li X,Yang Y, Zhang B, Lin X, Fu X, An Y, Zou Y, Wang JX, Wang Z, Yu T. Lactate metabolism in human 
health and disease. Signal Transduct Target Ther. 2022;7(1):305. https://doi.org/10.1038/s41392-022-01151-
3. Erratum in: Signal Transduct Target Ther. 2022;7(1):372.  

95. Warburg O, Wind F, Negelein E. The metabolism of tumors in the body. J. Gen. Physiol. 1927;8:519-530. 
https://doi.org/10.1085/jgp.8.6.519.  

96. Brooks GA, Dubouchaud H, Brown M, Sicurello JP, Butz CE. Role of mitochondrial lactate dehydrogenase 
and lactate oxidation in the intracellular lactate shuttle. Proc Natl Acad Sci U S A. 1999;96(3):1129-34. 
https://doi.org/10.1073/pnas.96.3.1129.  

97. Grimshaw CE, Cleland WW. Deuterium isotope effects on lactate dehydrogenase using L-2-
hydroxysuccinamate and effect of an inhibitor in the variable substrate on observed isotope effects. 
Biochemistry. 1980;19(14):3153-7. https://doi.org/10.1021/bi00555a006.  

98. Potter M, Newport E, Morten KJ. The Warburg effect: 80 years on. Biochem Soc Trans. 2016;44(5):1499-1505. 
https://doi.org/10.1042/BST20160094. 

99. Barya M, Semeniuk-Wojta A, Rg L, Kraj L, Mayszko M, Stec R. Oncometabolites – a link between cancer 
cells and tumor microenvironment. Biology (Basel). 2022;11(2):270. 
https://doi.org/10.3390/biology11020270.  

100. Dalla Pozza E, Dando I, Pacchiana R, Liboi E, Scupoli MT, Donadelli M, Palmieri M. Regulation of succinate 
dehydrogenase and role of succinate in cancer. Semin Cell Dev Biol. 2020;98:4-14. 
https://doi.org/10.1016/j.semcdb.2019.04.013  

101. Fedotcheva NI, Kondrashova MN, Litvinova EG, Zakharchenko MV, Khunderyakova NV, Beloborodova 
NV. Modulation of the activity of succinate dehydrogenase by acetylation with chemicals, drugs, and 
microbial metabolites. Biophysics 2018; 63: 743-750. https://doi.org/10.1134/S0006350918050081  

102. Kuo CC, Wu JY, Wu KK. Cancer-derived extracellular succinate: a driver of cancer metastasis. J Biomed Sci 
2022; 29: 93. https://doi.org/10.1186/s12929-022-00878-z  

103. Goncalves RL, Rothschild DE, Quinlan CL, Scott GK, Benz CC, Brand MD. Sources of superoxide/ H2O2 
during mitochondrial proline oxidation. Redox Biol. 2014;2:901-9. 
https://doi.org/10.1016/j.redox.2014.07.003.  

104. Choudhury D, Rong N, Senthil Kumar HV, Swedick S, Samuel RZ, Mehrotra P, Toftegaard J, Rajabian N, 
Thiyagarajan R, Podder AK, Wu Y, Shahini S, Seldeen KL, Troen B, Lei P, Andreadis ST. Proline restores 
mitochondrial function and reverses aging hallmarks in senescent cells. Cell Rep. 2024;43(2):113738. 
https://doi.org/10.1016/j.celrep.2024.113738. 

105. Serrano H, Blanchard JS. Kinetic and isotopic characterization of L-proline dehydrogenase from 
Mycobacterium tuberculosis. Biochemistry. 2013;52(29):5009-15. https://doi.org/10.1021/bi400338f.  

106. Phang JM, Liu W, Hancock CN, Fischer JW. Proline metabolism and cancer: emerging links to glutamine 
and collagen. Current Opinion in Clinical Nutrition and Metabolic Care 2015; 18(1):71-77. 
https://doi.org/10.1097/MCO.0000000000000121.  

107. Kory N, Uit de Bos J, van der Rijt S, Jankovic N, Gra M, Arp N, Pena IA, Prakash G, Chan SH, Kunchok T, 
Lewis CA, Sabatini DM. MCART1/SLC25A51 is required for mitochondrial NAD transport. Sci Adv. 
2020;6(43):eabe5310. https://doi.org/10.1126/sciadv.abe5310.  

108. Li Y, Bie J, Zhao L, Song C, Zhang T, Li M, Yang C, Luo J. SLC25A51 promotes tumor growth through 
sustaining mitochondria acetylation homeostasis and proline biogenesis. Cell Death Differ. 2023;30(8):1916-
1930. https://doi.org/10.1038/s41418-023-01185-2.  

109. Kay EJ, Paterson K, Riera-Domingo C, Sumpton D, Dbritz JHM, Tardito S, Boldrini C, Hernandez-Fernaud 
JR, Athineos D, Dhayade S, Stepanova E, Gjerga E, Neilson LJ, Lilla S, Hedley A, Koulouras G, McGregor 
G, Jamieson C, Johnson RM, Park M, Kirschner K, Miller C, Kamphorst JJ, Loayza-Puch F, Saez-Rodriguez 
J, Mazzone M, Blyth K, Zagnoni M, Zanivan S. Cancer-associated fibroblasts require proline synthesis by 
PYCR1 for the deposition of pro-tumorigenic extracellular matrix. Nat Metab. 2022;4(6):693-710. 
https://doi.org/10.1038/s42255-022-00582-0. 

110. Sasaki T, Hiroki K, Yamashita Y. The role of epidermal growth factor receptor in cancer metastasis and 
microenvironment. Biomed Res Int. 2013;2013:546318. https://doi.org/10.1155/2013/546318.  

111. Patel A, Unni N, Peng Y. The changing paradigm for the treatment of HER2-positive breast cancer. Cancers 
(Basel). 2020;12(8):2081. https://doi.org/10.3390/cancers12082081.  

112. Yang L, Li Y, Zhang Y. Identification of prolidase as a high affinity ligand of the ErbB2 receptor and its 
regulation of ErbB2 signaling and cell growth. Cell Death Dis. 2014;5(5):e1211. 
https://doi.org/10.1038/cddis.2014.187.  

113. Shanmugasundaram K, Nayak BK, Friedrichs WE, Kaushik D, Rodriguez R, Block K. NOX4 functions as a 
mitochondrial energetic sensor coupling cancer metabolic reprogram- ming to drug resistance. Nat 
Commun. 2017;8(1):997. https://doi.org/10.1038/s41467- 017-01106-1. 

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) 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 September 2024 doi:10.20944/preprints202406.1284.v3

https://doi.org/10.20944/preprints202406.1284.v3


 23 

 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 September 2024 doi:10.20944/preprints202406.1284.v3

https://doi.org/10.20944/preprints202406.1284.v3

