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Abstract Metabolic reprogramming, such as abnormal utilization of glucose, addiction to glutamine, and
increased de-novo lipid synthesis, extensively occurs in proliferating cancer cells, but the underneath rationale has
remained to be elucidated. Based on the concept of the degree of reduction of a compound, we have recently
proposed a calculation termed as potential of electron transfer (PET), which is used to characterize the degree of
electron redistribution coupled with metabolic transformations. When this calculation is combined with the
assumed model of electron balance in a cellular context, the enforced selective reprogramming could be predicted
by examining the net changes of the PET values associated with the biochemical pathways in anaerobic
metabolism. Some interesting properties of PET in cancer cells were also discussed, and the model was extended to
uncover the chemical nature underlying aerobic glycolysis that essentially results from energy requirement and
electron balance. Enabling electron transfer could drive metabolic reprogramming in cancer metabolism.
Therefore, the concept and model established on electron transfer could guide the treatment strategies of tumors
and future studies on cellular metabolism.
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Introduction

Proliferating cells, such as cancer cells, require increased
nutrients for intracellular biomass accumulation. There-
fore, they need to upregulate the uptake of nutritional
bricks and rewire the intracellular metabolic pathways
relative to those of non-proliferating cells, known as
“metabolic reprogramming” [1-3]. With the special
context of rapid growth, poor vasculature and complex
microenvironments, cancer cells tend to develop unusual
metabolic behavior [4—7], such as abnormal glucose
metabolism [8], ectopic utilization of alanine [9] and
branched-chained amino acid [10,11], active proline
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synthesis [4,12—14], and de-novo lipid synthesis from
glutamine [15-18] or acetate [19-23]. Such metabolic
changes are usually recognized as instructed by specific
physiological, including molecular and biochemical sig-
nals.

Metabolic reprogramming, as a hallmark of cancers,
occurs highly heterogeneously, and it is determined by
diverse signal pathways [4,24-26]. Although blocking
such pathways and the corresponding phenotypes could be
possibly blocked in accordance with each individual
context, such blockade usually appears as transient due
to the development of eventual compensation effects
between the pathways, particularly in in-vivo conditions.
This phenomenon of metabolic compensation is an
example when dealing with an autonomous self-adopting
system, such as cancer, and equivalent types of frustration
are usually encountered when other types of cancer
pathways are focused for therapeutic targeting, including
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those involved in growth, metastasis, and drug resistance.
In all these situations, multiple pathways exist, and each of
them may take equivalent and sufficient roles in function-
ing and thus become substitutable but not indispensable. In
other words, identification of the cause of a particular
cancer promoting event does not necessarily guarantee a
definitive treatment by targeting against that cause, even
that may be a sufficient condition. Therefore, identifying
the necessary events, not the sufficient causes, is
imperative to obtain a real persistent treatment. In terms
of targeting cancer metabolism, the prerequisite metabolic
routes satisfying the criteria are expected to be identified as
necessary for the growth of cancer cells, and no alternative
detours could be adopted by compensation. Building up a
type of capability is important to achieve this, as it may
help discriminating each individual metabolic event in the
cell and understand the driving force of metabolic
reprogramming. In this review, the global landscape of
cellular metabolism was revisited, especially focusing on
the basic principles encoded in the chemical nature of the
metabolic reactions.

A

Electron transfer

Metabolic transformations are actually chemical reac-
tions characterized by the transfer of electrons between
reactors. In mammalian cells, the number of metabolic
reactions is large, and it could form a network. However,
no matter how complicated the situation of the metabolism
is, the total amount of electrons released from the whole set
of the reactions is eventually transferred to oxygen as
mediated by the electron transport chain (ETC) and must
be conserved (Fig. 1A). Even the electrons could be
translocated spatially and between acceptors (Fig. 1B).
Here, an electron balance model for proliferating cells was
built on the basis of the basic law of electron conservation.
In this model, we first made an assignment system for all
common biomolecules involved in metabolism, by which a
numeric value is endowed for each molecule in accordance
with its potential to serve as a donor or receiver of
electrons. This type of value was then applied for all the
reactors and products in metabolic reactions to calculate
the net value changes in the reactions. The results showed
that it could reasonably reflect the electrons required for a
particular reaction. This model assisted in identifying the
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Fig. 1 Electron transfer and energy generation in cells. (A) Model for electron transfer and ATP generation. Cellular metabolism releases electrons
for electron transport chain (ETC) to generate ATP, and aerobic glycolysis produces ATP without the involvement of electrons. (B) Translocation of
electrons. Electrons in NADH + H' or NADPH + H* could be translocated spatially or to each other. “~,” production of electrons; “+,” dissipation
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pathways or conditions necessary or obligated for cell to
choose for proliferation under hypoxia [27]. Some more
interesting insights on cell metabolism were discussed in
the present study, with special emphases on the introduc-
tion and utilization of electron transfer as the concept or
tool key to describe some basic phenomena in cell biology,
and further extended it to discuss some other important
phenomena, including the Warburg effect (aerobic glyco-
lysis) in cell proliferation.

Equation of state of electrons required for
transformations

With the presence of multiple pathways for a particular
metabolic event, one may ask if determinant factors for
making the selective decisions exist. As a chemical
reaction potentially involves electron transfer that depends
on the number of valence electrons, a method to evaluate
the relative capability of electron donation for biomole-
cules in general was designed in this study. The number of
valence electrons of each single atom of the molecule was
added together, disregarding the structure complexity nor
the real donating consequence of the molecule in any type
of reaction, and this value was nominated as the relative
potential of electron transfer (PET), symbolized by “Y.”
Therefore, for a particular biomolecule,

Y = 4Ne + Ny—3Ny—2N, (1)

where Nc, Ny, Ny, and N represent the atom number of
carbon, hydrogen, oxygen, and nitrogen of metabolites,
respectively, and 4, 1, =3 and —2 are the numbers of
electrons each atom of the molecule could donate to reach

Table 1 The PET of metabolites

a full valence shell. In this manner, the Y values of CO,,
H,0, and NHs/urea are equal to zero, and these were
notably recognized as the end products of all bio-reactions.
Therefore, Y could be recognized as a parameter reflecting
the relative PET of a biomolecule in respect to the end
point products.

When the Y value is applied to calculate the net change
of this value in a reaction, a AY value which reflects the
relative PET accompanied with a biochemical reaction,
could be obtained.

Avps =D Y- Y5, @
j=1 i=1

where S and P are the carbon-containing substrates in the

m
initial state and products in the final state, and Z Yp, and
=t

n
Ys, represent the sums of Y of all the products and
i=1
reactors of the reaction, respectively. As such, AY is the
number of electrons required for the reaction. If PET
change is negative, the transformation releases electrons.
For the convenience of calculation, all metabolites could
be reduced to the forms without derivatives, such as
phosphate group, coenzyme, and tetrahydrofolic acid.
Thus, Y could be recognized as a parameter of state, while
AY is a function of state that could serve as a convenient
calculation to evaluate the electron consumptions for a
particular reaction (Table 1). In the metabolic system, AY
only depends on the components of the initial substrates
and final products regardless of the detailed metabolic
routes [27]. Thus, it could exactly reflect the chemical
nature of a metabolic transformation.

Metabolites Formula Y Y
Carbohydrate Glucose CsH 1,06 24 4.00
Ribose CsH (05 20 4.00
Fructose CeH 5,04 24 4.00
Glyceraldehyde C3HgO3 12 4.00
Glyceric acid C3HeO4 10 3.33
Pyruvate C3H405 10 3.33
Lactate C3HeO3 12 4.00
Oxaloacetate C4H405 10 2.50
Malate C4HgOs 12 3.00
Fumarate C4H,04 12 3.00
Succinate C4HgOy4 14 3.50
a-Ketoglutarate CsHgOs5 16 3.20
Citrate CcHgO4 18 3.00
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(Continued)
Metabolites Formula Y Y
Nucleobase Adenine CsHsNs 10 2.00
Guanine CsHsNsO 8 1.60
Cytosine C4Hs5N;0 10 2.50
Thymine CsHgN,O, 16 3.20
Uracil C4H4N,0O, 10 2.50
Ribonucleoside Adenosine C1oH13N504 30 3.00
Guanosine C1oH3N505 28 2.80
Cytidine CoH/3N305 30 3.33
Uridine CoH/,N,04 30 3.33
Deoxy-ribonucleoside Deoxyadenosine CoH3N503 32 3.20
Deoxyguanosine CoH3N50,4 30 3.00
Deoxycytidine CoH3N304 32 3.56
Deoxythymidine CoH14N;05 38 3.80
Non-essential amino acids Glycine C,HsNO, 6 3.00
Serine C3H/NO; 10 3.33
Aspartate C4H,NO, 12 3.00
Asparagine C4HgN,04 12 3.00
Glutamine CsH;oN,O3 18 3.60
Glutamate CsHoNO, 18 3.60
Alanine C3H,NO, 12 4.00
Proline CsHgNO, 22 4.40
Semi-essential amino acids ~ Histidine Ce¢HoN30, 20 3.33
Arginine CeH14N4O, 22 3.67
Essential amino acids Threonine C4HgNO;3 16 4.00
Cysteine® C3;H,NO,S 16 5.33
Methionine® CsH;{NO,S 28 5.60
Lysine CH 14N,0, 28 4.66
Valine CsH NO, 24 4.8
Leucine CsH13NO, 30 5.00
Isoleucine CsH3NO, 30 5.00
Tryptophan C1H,N,0, 46 4.18
Phenylalanine CoH{1NO, 40 4.44
Tyrosine CoH 1NO; 38 4.22
Acetyl-CoA Acetate C,H,0, 8 4.00
Lipid components Glycerol C3;HgO3 14 4.67
Palmitate C6H3,0, 92 5.75
Farnesol” C5Ha60 84 5.60
End metabolites Carbon dioxide CO,
Water H,O
Urea/ammonia CH4N,0O/NH;
Electron acceptor Oxygen 0O, —4

“The degree of reduction of sulphur is counted as +4.
Farnesol (farnesyl pyrophosphate) is the precursor of sterols.

For the description of a chemical reaction, state equation
is a powerful tool and has been wildly employed in the
study of physical chemistry. For example, AG, AH, and AS
are classical functions of state to calculate the net change of
the free energy, enthalpy, and entropy of the reaction,
respectively. However, in contrast to such thermodynamic

calculations, which are not readily measurable and further
limited by the prerequisite conditions typically not satisfied
in a complicated biological background, the calculation of
AY is readily practical to be performed. Furthermore, by a
straightforward calculation of AY, setting forth a direct
estimation of the superiority for a particular reaction to take
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place becomes possible, and this is in an order of hierarchy
determined by the numeric values of AY. The reliability of
such evaluation was tested in metabolic conditions and
exemplified below.

Application of electron balance model for
proliferating cells

The establishment of the function of AY for the description
and evaluation of metabolic reactions was extended to a
cellular background. To support proliferation, cells need to
generate ATP and accumulate biomass. Besides inorganic
ions (3%) that are unrelated to electron transfer, the
macromolecules, including nucleic acids, sugars, proteins
and lipids, their precursors and the related intermediates
account for more than 96% of cell mass [28]. However, the

biosynthesis of macromolecules from their precursors does
not involve electron transfer. Therefore, to build up the
electron balance model, it only needs to take into account of
ATP, and the precursors of nucleic acids (nucleotides),
sugars (monosaccharides), proteins (non-essential amino
acids) and lipids (fatty acids and glycerol) as the final cell
state products, and the major carbon sources of glucose and
glutamine as the initiate cell state substrates (Table 2).
Given that electrons must keep conserved in an integrated
cell, no matter how many reactions are involved and what
types are, the sum of all AY should come to zero. Therefore,

AYoar = Y  AVyiewn + Y AYerc= 0, (3)

where > AYyeran and 2 AYgrc represent the sums of AY of
all the reactions belonging to the metabolic and ETC
categories, respectively. Based on the values in Table 2,

ATP

D Alyteas ={O_ AYpyr sgic + Y AYco, 205/ D Aiacrapy) + > A¥eac-}
Nucleotid.
+ {Z AYf{)ﬁ)ﬁ;74’Glc/ ZAYE{;’P;;,O,GIC + ZAYNucf} ucleotide

s
+ {Z AYsug6.Gin/ Z AVsug oG}

+ {Z AYSE:rf&Gln/ Z AYSE:r72,Glc + Z AYAleh(),Gln/ Z AYAla 0,Glc
+ Z AYAsp76,Gln/ Z AYAsp O,G]c/ Z AY(Palm,Asp)JrS.S,G]n + Z AYPro—Z,G]c/ Z AYPro+4,Gln }Amino acid

+ {Z AYGio-4.Gin/ Z AYGlo+2.61c

+ Z AY(Palm,Asp)+5.5,Gln/ Z AY(Palm,Lac)+5‘5,G1r1/ Z AY(Palm,COZ) -6.5,Gln
/ Z AY(Palm,Asp) 70.5,G1c/ Z AY(Palm,Lac) 70.5,Glc/ Z AY(Palm,COZ) —12.5,Gle }Lipid

The slash symbol means that electrons released from
metabolic pathways depend on the substrates and products.
In normal aerobic conditions, electrons are produced for
the mitochondria to effectively generate ATP. Therefore,
mitochondrial respiration essentially functions as a pri-
mary electron acceptor to enable metabolic transforma-
tions to process forward [29-31]. However, under the
condition of hypoxia, such cost-effective mitochondrial
ETC becomes disabled, which forces the metabolisms to
be substantively rewired to take alternative pathways
coupled with higher AY, as listed in Table 2.

Some rewired metabolic pathways could be easily
identified using isotope-labeled glucose or glutamine,
including the fermentation of pyruvate to lactate
(ZAYLact4pyr), activated non-oxidative phosphate pentose
pathway (3 AYEREL, o) (Fig. 2), increased glucose-

derived glycerol 3-phosphate (XAYGioi2.61c) and gluta-
mine-derived proline (XAYpor4.61m), and glutamine-
initiated lipogenesis (ZAYv(pa]m’Asp)_’_s'S,G]n). By contrast,
sugars, serine, and alanine are directly derived from
glucose (ZAYsyg 0,G1cy 2AYser2,61c and 2XAY a1 o.6ie)- If
glutamine is oxidized to provide electrons for mitochon-
drial ATP generation, glucose could be saved as carbon
source to synthesize sugars, serine, or alanine, which is

essentially equivalent to that the carbon source was from
glutamine. Therefore, glutamine could be diverted to
reductive metabolism to avoid producing more electrons
under hypoxia. All these hypoxia-associated metabolic
preferences were experimentally tested in the previous
paper [27] or supported by the works from other groups
[4,14-18,32-34].

Finally, the coupled pathways were integrated and an
equation for proliferating cells under hypoxia was obtained
as follows:

YHypo
A YCell

= (Z A¥ac- + ZAYNuc— + ZAYSer—LGlc)
+ (O AYproracm + Y AViprom)
=0
“

A notable detail that serine biosynthesis, from either
glutamine or glucose, produces electrons, which are
disadvantageous to cell growth under hypoxia based on
this model. By contrast, many cancers rely on the uptake of
nutritional serine for their proliferation [5,35,36]. There-
fore, enforcing the unfavored de-novo synthesis of serine
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Table 2 PET changes in metabolic transformations

Pathways Initial substrates Final products AY

ATP generation Electrons+4H +0, H,O AYgre < 0
Glucose Pyruvate AYpyrsGic =4
Pyruvate CO, AYco, 20, pyr = 20
Pyruvate Lactate AYLactapyr =+4
Citric acid cycle CO, AYcac- <0
intermediates

Nucleotide biosynthesis Glucose Ribose+CO, AYSERP agle= 4
Glucose Ribose Ayﬁﬁfe,o,mc =0
Ribose+ amino acids Nucleotides AYnpe < 0

Sugar biosynthesis Glutamine Sugar AYsug6,Gin = —6
Glucose Sugar AYsyg 0,G1e =0

Amino acid biosynthesis Glutamine Serine AYser-8.Gin = 8
Glucose Serine AYser2.Gle = 2
Glutamine Alanine AYpja6.Gin = 6
Glucose Alanine AYA1a 0.G1e = 0
Glutamine Aspartate AYpsp-6,Gln = —6
Glucose Aspartate AYaqp 0,61 = 0
Glutamine Proline AYprora,Gin =+4
Glucose Proline AYpro 2,61 = 2

Lipid biosynthesis Glutamine Glycerol-3P AYGlo-a.6m =4
Glucose Glycerol-3P AYGlo12.Gle =+2
Glutamine Palmitate+ Aspartate AYpaim, Asp)+5.5.Gin =+5.5
Glutamine Palmitate+ Lactate AY(paim,Lac)+5.5,Gln =+5.5
Glutamine Palmitate+ CO, AYpaim,co,)-6.5.Gn = —6.5
Glucose Palmitate+ Aspartate AY(paim, Aspy-0.5.6lc = 0.5
Glucose Palmitate+ Lactate AYpaim,Lac)-0.5,Glc = —0.5
Glucose Palmitate+ CO, AY(paim,co,) 12.5,G1c = —12.5

could hinder cell proliferation under hypoxia, the putative
in-vivo tumor micro-environment. Such speculation is well
supported by recent reports that showed that dietary
restriction of serine and glycine indeed suppresses tumor
growth in mouse models [36,37] by increasing the
generation of ROS, an indicator of overproduced electrons
[38]. In addition, serine is catabolized to provide 10-
formyltetrahydrofolate for the biosynthesis of nucleotides
and releases electrons and thus could potentially deterio-
rate electron transfer when the ETC is out of operation
[39]. However, based on Equation (4), the processes of
glutamine-initiated lipogenesis and proline biosynthesis
could essentially function as the major substitutive electron
acceptors under hypoxia [27].

Metabolic equivalent of glutamine-asso-
ciated metabolic reactions

Cells could adapt to hypoxia by initiating glutamine-
derived lipid and/or proline biosynthesis [27]. In the
present study, the overall AY value for the metabolic

equivalent of glutamine-associated metabolic reactions
(GMR) is denoted as

AYomr = AYpro14.Gin + AYpaim5.5Gin

where palmitate is used for quantitation. The available
glutamine could be synthesized to either palmitate or
proline to dissipate electrons under hypoxia. Considering
the energy consumption,

AYGMR = AYPalm+5.5,Gln = +55 (Wlth AY/ATP: +293)

or AYGMR = AYPr0+4,G1n = +4 (W]th AY/ATP = +4)

Apparently, the conversion of glutamine to proline is
more cost-effective, although it dissipates less electrons
compared with glutamine-initiated fatty acid synthesis.
Therefore, in some cases, cells could opt for a preferential
conversion of the glutamine to proline. Scavenging
nutritional lipids or synthesizing the lipids from other
carbon sources is then necessary. Given that acetyl-CoA is
the precursor of fatty acids, AYgyur now depends on the
synthesis of acetyl-CoA from other nutrients. Thus,
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AYGMR = AYPIO+4,G]1’1 + AYPalm-‘,—3.5,Ac + AYAC,Nutr
= +75 + AYAC,Nutr (5)

As listed in Table 3, some nutrients have a positive
AYgmr- In particular, acetate with AYgyr = +7.5 is higher
than glutamine with AYgyr = + 4—+ 5.5 and thus could be
preferentially utilized for lipogenesis under hypoxia
[20,22]. In addition, leucine with AYgmr = +5.5 (Table
3) could be an alternative carbon source for lipid
biosynthesis and bias used by cancer cells [10,11].
Although these metabolic pathways could be cell type-
specific and context-dependent, all of them are centered on
the biosynthesis of lipid and proline.

When glutamine carbon is used for lipogenesis, its
nitrogen could be used for the biosynthesis of amino acids
or the secretory dihydroorotate if beyond the demand [18].
However, if glutamine is synthesized to the secretory
proline, cells need to acquire sufficient nitrogen source for
amino acid synthesis. Among the amino acids, alanine
could be converted to excretory lactate after providing
nitrogen with AY = 0. Therefore, as the second most
abundant amino acid in human blood, alanine is the ideal
nitrogen source and could be the favorite for in-vivo tumor
cells [9].

Aerobic glycolysis results from energy
demand and electron balance

Despite the extensive studies on aerobic glycolysis, also
termed the Warburg effect, a serious lack of clarity
regarding its ontology still exists [40]. In the present
study, metabolic model based on energy requirement and
electron balance was built to address the issue of lactate
excretion of cells even under normal conditions (Fig. 3A).
ATP energy is generated by glycolysis and mitochondrial
respiration, termed as E, and E,, respectively. Balancing
electrons transferred between intracellular transformations
is required. Here, the conversion of glucose to the end
product, lactate, or CO, is denoted as catabolism, while all
other metabolic reactions are referred to as anabolism.
Electrons produced by catabolism (ZAYc,) and anabolism
(ZAY Ana) should be equal to those dissipated by the ETC
(XAYgrc). Thus,

D AYeut Y AVau+ > AYprer =0 (6)

Electrons produced by glucose catabolism rely on the
detailed metabolic pathway. If glycolytic pyruvate is
completely oxidized to CO, through the citric acid cycle
(CAC), one mole of glucose could produce 24 moles of
electrons. Alternatively, upon fermentation, glucose does
not release electron. Therefore, the value of AY, ranges
from —24 to 0. There is a notable detail that > AYgc has

the extremums, ranging from 0 to the maximum, that is
determined by the robustness of ETC, such as the normal
expression and function of mitochondrial proteins and the
availability of oxygen. When HeLa cells were treated with
antimycin A, glucose oxidation through the CAC was
totally blocked [27]. In such condition, AYgrc= 0 and
AYEq = 0, and thus, the reprogrammed AY},, = 0. On the
basis of Equation (4), AY,, Was substantially enhanced to
AY7na [27]. Therefore, AYan, < 0, indicating that cellular
anabolism releases electrons under normal condition.

As for non-proliferating cells, cellular anabolism is
inactive and glucose catabolism mainly provides electrons
(XAYc,) for mitochondrial energy generation (Fig. 3A).
When cells are proliferating, anabolism-produced elec-
trons (ZAYap,) also fuel the ETC and compete with those
from catabolism, which forces the fermentation of a part of
glucose (Fig. 3B). Meanwhile, they need more ATP for
biosynthesis [41], but the electron-consuming ability of the
mitochondria in proliferating cells is even reduced due to
the decreased mitochondrial protein levels [42] or limited
by the mitochondrial ATP synthesis ability [43]. Therefore,
the additional energy (AE) should be provided by
additional glycolysis (aerobic glycolysis) due to the
saturated mitochondrial activity. This speculation was
supported by a recent report, which showed that increasing
ATP demand by activating membrane pumps resulted in an
increase in aerobic glycolysis, but it did not affect
oxidative phosphorylation [44]. On the account of the
saturated ETC, the mutual exclusion of electron dissipation
could readily lead to a compromise: glucose catabolism
partially shifting to fermentation to avoid electron produc-
tion (aerobic glycolysis) and anabolism partially repro-
grammed to reduce electron production according to the
electron balance model. Therefore, concomitantly with
aerobic glycolysis, metabolic reprogramming usually also
occurs in proliferating cells. The extent metabolism
reprogrammed to could be cell context-dependent, thus
giving rise to metabolic heterogeneity. Whether aerobic
glycolysis is the cause or outcome of cell proliferation has
been long debated. In fact, a mutual causality apparently
exists between them based on the model (Fig. 3).
Proliferation-associated anabolism generates electrons for
the mitochondria to push aerobic glycolysis. Meanwhile,
aerobic glycolysis reserves mitochondrial space for cell
proliferation. Summarily, for the reason of electron
balance, aerobic glycolysis results from and contributes
to cell proliferation.

A flux balance of glucose metabolism recently
suggested that the demand of regenerating NAD* from
NADH produced in glycolsysis and serine biosynthesis
leads to aerobic glycolysis [45]. In the present study, the
electron balance model successfully revealed the chemical
mechanism underlying aerobic glycolysis that essentially
resulted from energy requirement and electron balance

(Fig. 3).
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Fig. 2 Sugar metabolism. (A) Bacterial phosphoketolase pathway. Xylulose-5-phosphate/fructose-6-phosphate phosphoketolase (Xfp) catalyzes the
production of acetyl phosphate (C,) from the breakdown of xylulose-5-phosphate (Cs) or fructose-6-phosphate (C¢). Glyceraldehydes-3-phosphate
(C5) or erythrose-4-phosphate (C,) is simultaneously generated. (B) Glycolysis and pentose phosphate pathway (PPP). In the glycolytic pathway,
glucose is converted to fructose-1,6-biphosphate (Ce) that is further split by aldolase into dihydroxyacetone phosphate (C3) and glyceraldehydes-3-
phosphate (C3). In PPP, glyceraldehydes-3-phosphate (Cs;), erythrose-4-phosphate (C,4), xylulose-5-phosphate (Cs), ribose-5-phosphate (Cs), fructose-
6-phosphate (Cg), and sedoheptulose-7-phosphate are produced by transketolase or transaldolase.

Y and y, same value but different signifi-
cance in biology

The Y value of a molecule is divided by the number of
carbon presented in that molecule to obtain Y (Y per
carbon) to establish a relative comparison of the PET
evaluation between molecules of different sizes, reflecting
here an average relative PET per carbon of the molecule
when all carbons are supposed to be converted to the end-
product CO,. Interestingly, a very similar type of value
called degree of reduction (symbolized as y) has been used
by researchers in the field of bioprocess engineering, where
the y value is equal to the Y value in the present study and
defined as “the number of equivalents of available

electrons per gram atom C” [46]. Therefore, y is essentially
made to reflect the element balance in a bioprocess and
used to calculate and predict the growth yields of bio-
products in aerobic fermentations. However, when Y is
applied to calculate the net change of this value in a
reaction, a AY value, which reflects the electrons required
for a biochemical reaction, could be obtained. By contrast,
the value of Y of the metabolites seems to bear key intrinsic
characteristics and could be categorized by a cutoff value
of “4.”

Token of “4” in the organic system

First, as for all the essential amino acids (Table 1), cysteine
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Table 3 Metabolic equivalent of nutrients

Nutrients Products AY AY e Nutr AYomr
Acetate Ac-CoA 0 0 +7.5
Leucine 3Ac-CoA -6 -2 +5.5
Glucose 2Ac-CoA -8 —4 +3.5
Lactate Ac-CoA —4 —4 +3.5
Alanine Ac-CoA -4 —4 +3.5
Aspartate Ac-CoA -4 —4 +3.5
Tyrosine 3Ac-CoA —-14 -4.67 +2.83
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Fig. 3 Aerobic glycolysis results from energy requirement and electron balance. (A) In non-proliferating cells, anabolism is inactive and glucose is
mainly oxidized to carbon dioxide through glycolysis and the citric acid cycle. Glucose catabolism produces electrons for mitochondrial ATP
generation. (B) In proliferating cells, anabolism is active and produces electrons that could enter the mitochondria. By contrast, glucose is fermented to
lactate to avoid electron production. E,, ATP generation from mitochondrial ETC; E,, ATP generation from glycolysis; AE, additional ATP required

for anabolic transformations.
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and tyrosine are counted as essential amino acids because
of their biosynthesis from essential amino acids methio-
nine and phenylalanine, and their Y values are > 4. By
contrast, the Y values of non-essential amino acids are less
than 4, with the exception of alanine and proline. Two
semi-essential amino acids (histidine and arginine) that
could be conditionally de novo synthesized have low Y
values (< 4) but high Y values (Table 1). Alanine and
proline are the only amino acids that could be easily de
novo synthesized, but they have a high Y value (= 4) in
human cells (Table 1). Similarly, lactate and lipid
components, including glycerol, palmitate, and farnesol
(sterol precursor, Table 1), have Y values > 4, but they
could be readily de mnovo synthesized. The chemical
analyses and experimental results showed that cancer
cells produce lactate to reduce the production of electrons,
synthesize proline to excrete intracellular electrons with
the help of alanine, and make lipids to increase the
consumption of electrons [27]. Unfortunately, these non-
essential metabolites with ¥ values > 4, including lactate,
proline, lipid, and alanine, are actively made or abnormally
used by tumor cells [9,25,47]. These metabolic pathways
with “Y > 4” are fully excavated by and indispensable for
cancer cells to ensure electron transfer under hypoxia.
Therefore, the metabolic pathways with “Y > 4” support
cell proliferation under hypoxia and thus are indispensable
to the progress of tumor cells in vivo. The specific
metabolic characteristics may be used to guide the
diagnosis and treatment of tumors.

Second, when the carbon chain of a metabolite (M) is
split into two products without electron gain, one with
shorter carbon chain (S, not CO,) and the other with longer
carbon chain (L), Y seems to be 4.

S could be one-carbon unit C; carried by tetrahydrofolic
acid (C,-THF) or two-carbon unit acetyl group by co-
enzyme A (acetyl-CoA). For example,

Serine — Glycine + C,-THF = Y¢, = 4
Citrate <4 Oxaloacetate + Acetyl-CoA = Y, = 4

B-Ketoacyl-CoA coq Acyl-CoA + Acetyl-CoA = Y 5, = 4

Serine is converted by serine hydroxymethyltransferase
to glycine and methylenetetrahydrofolate (C,-THF).
Citrate is lysed by ATP citrate lyase (ACL) to oxaloactetate
and acetyl-CoA. Upon B-oxidation, fatty acids are
processed to B-ketoacyl-CoA that is ready to be cleaved
by PB-ketothiolase to release acetyl-CoA [48]. The Y of
sugars (C,H,,0,) is 4, and their two- or three-carbon

groups could be reversibly split out or translocated
between each other without the involvement of electron
transfer. These processes take place in the bacterial
phosphoketolase pathway [49] (R1 and R2, detailed in
Fig. 2A), occur in the glycolytic pathway [48] (R3, detailed
in Fig. 2B), or are featured in the pentose phosphate
pathway [48] (R4-R6, detailed in Fig. 2B). The conver-
sions produce saccharides with different carbon atoms.

Phosphoketolase pathway
Cs C, +Cy (R1)

C5 Phosphoketolase pathway C2 + C3 (R2)
C6 Glycolytic pathway C3 + C3 (R3)

Pentose phosphate pathway
A3

Cs +Cs

3 +C; (R4)

Pentose _phosphate_pathway
A7

C3+Cy s +Cy (RS)

Pentose _phosphate pathway

C4 + Cs Cs +C; (R6)

The number 4 seems to be the tag Y value for a split unit
from metabolite transformations without electron gain.
This phenomenon may be related to the chemical
characteristics of carbon. The carbon atom with four
valence electrons could have a stable electron configura-
tion by losing or obtaining four electrons in chemical
reactions. It serves as an optimized organizing center for an
organic molecule to build up, because based on the stable
outer shell electron configuration as eight, four valence
electrons provide the highest possibility for a single atom
to combine with as more other atoms as possible. This
phenomenon is critical not only for the satisfaction in
generating versatile structures for organic molecules but
also for the stability of the molecules once formed. This
may also provide the foundation as to why carbon is
selected as the backbone for life in evolution. Taken
together, the analysis of ¥ and Y may help look at life
science more closely from the perspective of its chemical
nature. It may also be useful in piloting valuable
approaches for cancer diagnosis and treatment.

Metabolic reprogramming, cancer metasta-
sis, and cancer treatments

Based on all of the above, lipogenesis could be rewired to
function as the major electron-dissipated pathway. There-
fore, to enable electron transfer in hypoxic microenviron-
ments, in-vivo tumor cells could potentially elevate lipid
biosynthesis from glutamine or other carbon sources, such
as acetate and leucine, and even store them as lipid droplets
if beyond the requirements for biomass accumulation,
particularly in malignant tumors [7,50-53]. Lipid droplets
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consist of variable lipid and protein components, and they
are swaddled with a single layer of phospholipids, thus
considered as the organelles [50]. Cells may also take up
some kinds of lipids to form a stable fat storage
compartment [54,55]. In addition, tumor cells could
scavenge the surrounding proteins as the source of amino
acids [56] due to the poor vasculature usually associated
with physiological hypoxia. Such hash conditions may
render tumor cells to detach from the lesions and thus
initiate metastasis. Once the detached single cells move
into the vessels, they could not efficiently absorb glucose
for energy generation due to the impaired glucose
transporters [57] that immersed in the blood with abundant
glucose and oxygen. In this stage, these cruising cells turn
to energy generation from oxidative phosphorylation of
fatty acids [57-59]. As such, metabolic reprogramming
could promote cancer metastasis by untying cells and
providing energy storage for their moving.

On the basis of the established model, electron transfer-
driven metabolic reprogramming was mainly achieved by
enhancing aerobic glycolysis, proline biosynthesis, and
glutamine-initiated lipid syntheses. The involved critical
enzymes could be the potential targets, including glyco-
lytic enzymes [60,61]; PSCS and P5CR1/2 in proline
biosynthesis pathway [12,27]; ACSS1/2, ACL, and
BCAT1/2 in the biosynthesis of acetyl-CoA from acetate,
citrate and leucine [11,19,21,62]; and ACC1/2 and
HMGR, the rate-limiting enzymes in the biosynthesis of
lipids, mainly fatty acids and sterols [63,64]. Metabolic
reprogramming could be regulated and maintained by
numerous signal transduction pathways, including Ras,
Myc, and HIF1-mediated typical cascades, with a high
degree of heterogeneity in cancer cells [24,25,65]. In
particular, the hypoxia-associated HIFla signal could
facilitate glucose fermentation [66], brake the citrate acid
cycle by inactivating a-KGDH and PDH [67,68], and
decrease oxidative PPP while increasing non-oxidative
PPP [69]. These resultant actions restrict electron produc-
tion. In addition, HIF1 induces FASN expression to
promote lipogenesis to consume electrons [70]. Impor-
tantly, by bypassing these intricate and interchangeable
cascades, electron transfer under hypoxia could be readily
controlled through a cocktail of targets.

Conclusions

A metabolic flux concept of PET was put forward to profile
the number of electrons that could be potentially released
from cellular metabolites, and its state equation was
defined. The state equation for metabolic transformations
was derived on the basis of the law of conversation of
electron in chemical reactions. Through the equivalent
transformation, an electron balance model for proliferating
cells was set up and further specified to describe hypoxic

cells. In particular, the model was expanded to uncover the
origin and function of aerobic glycolysis. Proliferating
cells have active anabolism that produces electrons. When
the produced electrons are beyond the consumption ability
of mitochondria under normal or hypoxic conditions, they
provoke metabolic reprogramming to dissipate them
according to the established model. Clearly, enabling
electron transfer drives metabolic reprogramming. There-
fore, this model conferred the chemical mechanism for and
integrated major findings in metabolic reprogramming in
cancers [24-26], and it is complementary to their
molecular machineries. Importantly, this model helped
identify the necessary conditions for cell proliferation
under hypoxia and thus could guide the combinations of
targets for cancers [27].
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