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ABSTRACT: Enolase is a conservative protein. Its cellular
enzymatic activity catalyzes the conversion of 2-phospho-D-
glycerate (2-PGA) to a phosphoenolpyruvate (PEP) product in
the glycolysis pathway. This enzyme also has a multifunctional
nature participating in several biological processes. This work aims
to determine the effect of water polarization on the catalytic
activity of enolase. The experiments have been set based on the
concept that water, a polar dielectric, may undergo the
phenomenon of electric polarization, decreasing its configurational
and vibrational entropy. Prior to the reaction, the 2-PGA substrate
was incubated for 5 h in the glass cuvette with an attached chip-
inductor. The latter device was designed to transfer quantum information about a given quantum state from the quantum state
generator to water by a phonon resonance. Then, such substrate samples preincubated with the chip-inductor were removed every
hour in a separate quartz cuvette with the enzyme to determine its catalytic activity. The influence of the chip-inductor on the
preincubated substrate resulted in an increase in the catalytic activity of enolase by 30% compared to the control substrate, not
preincubated with the chip-inductor. This suggests that the catalytic activity of the enzyme is augmented when the substrate was
primed by chip-inductors. In another kind of experiment, wherein enolase was exposed to methylglyoxal modification, the catalytic
activity of the enzyme dropped to 71.7%, while the same enzyme glycated with methylglyoxal primed by chip-inductors restored its
activity by 8.4%. This shows the protective effect of chip-inductors on enolase activity despite the harmful effect of methylglyoxal on
the protein.

■ INTRODUCTION

Enolase (E.C. 4.2.1.11) acts as 2-phospho-D-glycerate hydro-
lase, catalyzing the conversion of 2-phospho-D-glycerate (2-
PGA) to phosphoenolpyruvate (PEP) in the glycolysis
pathway, and also in the reverse reaction, i.e., in the
gluconeogenesis pathway as phosphoenolpyruvate hydratase.1

It works in both catabolic and anabolic ways. This highly
conserved protein preserves similar catalytic function both in
prokaryotes and eukaryotes.2 Enolase is a dimer, formed by
three types of subunits, α, β, and γ, each encoded by a separate
gene. Both homo- and heterodimers are formed. The α
homodimer is found both in the human fetus and adult tissues
such as lungs, liver, adipose tissue, pancreas, spleen, and
kidneys. The β isoenzyme is found in tissues requiring high
energy such as the heart and skeletal muscle (αβ and ββ
isoenzymes), while γ-enolase is present in neuronal and
neuroendocrine cells (αγ and γγ isoforms). Enolase also
performs multiple functions in the non-glycolytic pathway, and
is therefore named the “moonlighting” protein, it is also
involved in the regulation of the morphology of the cell and it
interacts with the cytoskeleton system.3 α-Enolase has been

linked to numerous diseases including metastatic cancer,
neurodegenerative diseases, autoimmune disorders, and
bacterial infections.2,4 Moreover, enolase plays a role in some
allergies caused by pathogenic fungi. It is worth mentioning
that α-enolase is a common autoantigen in various auto-
immune diseases.5 This multifunctional nature of enolase is
determined based on preliminary studies on the effect of water
electric polarization on the catalytic activity of the enzyme.
The aim of this work is to investigate whether the catalytic
activity of enolase can be affected by the electric polarization of
water generated by the chip-inductor in the quantum state of
suitably lower entropy than that of water, which may lead to a
decrease in both configurational and vibrational entropy of
water, and hence, also stabilize its hydrogen-bonding network,
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similar to the effect reported previously.6 In turn, the so-called
quantum tunneling is considered to play a crucial role during
hydrogen transfer in enzymes.7 The catalytic reaction can be
very fast due to quantum effects (tunnel effect). The
phenomenon of macroscopic quantum nonlocality was
observed primarily for entangled pairs of photons or atoms.8

However, recently, this has also been detected for entangled
pairs of phonon modes in two macroscopic crystals of
diamonds spatially separated at room temperature.9 A similar
phenomenon to the latter one also appears to be realized in
our experiments, in which quantum entanglement with a fixed
and coherent state is maintained by the generator and
resonator of the system used.10 Interestingly, transmission
and reception of information at the subquantum level (the
conversion of information into energy) and quantum level
turns out to be a general feature of matter because matter
shows a wide-range reception of electromagnetic information,
especially in polar dielectrics and semiconductors.11−13 In this
context, the role of phonon or vibrational resonance that has
been observed (e.g., in ref 14) is not well recognized. Our
experiments were performed in the solution of the substrate
used in the enolase reaction. As a control, the enzymatic

reaction has been performed using samples either without the
chip-inductor or with a nonactivated chip. We assume here
that quantum information about the quantum states of the
single-crystal silicon is transferred from the crystal by the
phenomenon of quantum entanglement of multimolecular
systems to the chip-inductor and, then, to the sample due to
phonon resonance. The experiments revealed for the first time
that the transferred quantum states affect the enzymatic
reaction, most likely, by the phenomenon of water electric
polarization decreasing its entropy.

■ MATERIALS AND METHODS

Materials and Buffers. 2-Phospho-D-glycerate was pur-
chased from Fluka (Fluka Analytical, St. Gallen, Switzerland).
Other reagents were purchased from Sigma-Aldrich (Sigma-
Aldrich Poland, Poznan, Poland). All chemicals were of the
analytical grade. Chip-inductors A, B, C, and D, aluminum
plates with a surface area of 1 × 2 cm2 and 0.8 mm thickness,
were stored in polyethylene bags at room temperature (RT)
and taken out and kept for 30 min before the experiment.
Working chip-inductors W are marked in Figure 1a. Enolase

Figure 1. Schedule of (a) the system composed of a quantum state generator (G), quantum state resonator (R), the first pair (1P), and the second
pair (2P) of chip-inductors, where the working chip-inductor (W) of the second pair of chip-inductors is in contact with glass cuvettes for the
preincubated substrate or standard test buffer before enolase activity determination, as shown in (b). Glycation with methylglyoxal (c).
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isolated from human muscle tissue by the method of Bednarz-
Misa et al. was used in the experiment.15 Enzyme stock
solution R0 was prepared in stabilizing buffer 7.5 mM
imidazole−HCl, pH 6.8, containing 2.5 mM MgSO4, 50 mM
NaCl, and 50% glycerol (kept at 4 °C). The concentration of
enolase in this stock solution R0 was 5 mg/ml, and its catalytic
activity was 52 IU/mg, and the concentration of the working
solution of the enzyme was 1 mg/ml (diluted from R0 in test
buffer pH 6.8). Standard test buffer contained 50 mM
imidazole−HCl pH 6.8, 3 mM MgSO4, and 0.4 M KCl and
was used for enolase catalytic activity determination. The
concentration of water stock solution R0 of substrate 2-PGA
(in the form of sodium salt) was 63 mM. The concentration of
the protein was determined by measuring its absorbance at 280
nm. Quartz cuvettes were used for protein and catalytic activity
determinations.
Chip-Inductors. In this study, the transmitter and receiver

of quantum information are two pairs of quantum inductors.
The first inductor of the first pair is connected to a quantum
state generator in contact with a silicon crystal, as the source of
quantum information (G in Figure 1a), and the second
inductor is connected to a quantum phonon resonator (R in
Figure 1a).16 Note that the distance between the chip-inductor
of the quantum resonator R and the working chip-inductor W
(Figure 1a), both of the second pair of chip-inductors, is 160
km (Figure 1). The chips are made of previously crafted

condensed matter of aluminum, for which each pair is
separately quantum tangled in the superposition state.16 The
chip retrieves information upon direct contact. Activated chip-
inductors transfer quantum information through interaction
with silicon and about the entropy level of its crystalline
network by a phonon resonance.

Medium Activation with the Chip-Inductor. Three
series of experiments have been performed. In the first one (I),
five 200 μL aliquots of the 2-PGA substrate stock solution
were kept in 5 glass cuvettes for 5 h at RT, exposed to visual
light with chip-inductors A, B, C, or D attached to cuvettes.
Control Ko was without a chip-inductor. The distance between
all five incubated samples was 3 m. Aliquots of 17 μL of 2-PGA
were withdrawn from five vessels every hour to quartz cuvettes
with 8 μL enzyme in 0.775 mL of buffer to perform the
catalytic reaction. In the second experiment (II), five 4 ml
samples of test buffer in separate glass cuvettes were interacted
for 5 h at RT with the chip-inductors A, B, C, and D and Ko
control sample without a chip-inductor attached to cuvettes.
Then, 0.775 mL aliquots of treated test buffer were withdrawn
every hour and placed in quartz cuvettes with 8 μg of enolase
and 17 μL of 2-PGA for enzymatic activity measurement
(Figure 1b). The third experiment (III) was set with both 2-
PGA substrate and test buffer under the influence of the chip-
inductor D, and then withdrawn to measure the catalytic
activity of the enzyme. The chip-inductor labels were blinded,

Table 1. Influence of the Chip-Inductors on the 2-PGA Substrate in Water or on Buffer Used for Enolase Activity
Determination (data in brackets) and the Effect on Catalytic Human Muscle Enolase Activity Not Subjected to Chip-Inductor
Contact

sample

time of incubation [min] 0 60 120 180 240 300

A activity [IU/mg] 41,75 43,43 42,56 41,65 41,7 41,59
(43,31) (44,98) (42,99) (35,60) (34,15) (33,23)

Wi/W0 [%] 100 104 102 99.8 99.9 99.6
(100) (104) (99,3) (82,2) (78,85) (76,7)

Wi/K0i [%] 105.9 109.8 108.3 103.3 107.4 113.5
(102,6) (109,7) (108,3) (105,9) (107,1) (111)

B activity [IU/mg] 45.85 47.43 46.20 46.50 46.95 46.08
(49,56) (51,22) (50,80) (46,37) (41,54) (39,0)

Wi/W0 [%] 100 103.4 100.8 101.4 102.4 102.5
(100) (103,3) (102,5) (93,6) (83,8) (78,7)

Wi/K0i [%] 114.8 119.8 117.6 115.3 122.9 125.7
(117,4) (125,6) (136,5) (137,4) (130,3) (97,8)

D activity [IU/mg] 49.91 47.55 44.79 44.36 44.10 43.93
(46,34) (49,40) (48,27) (44,27) (40,43) (37,14)

Wi/W0 [%] 100 95.3 89.7 88.8 88.4 88.0
(100) (106,6) (104,2) (96,5) (87,2) (80,1)

Wi/K0i [%] 126.6 120.2 114 110 113.6 119.6
(109,8) (120,7) (129,5) (132,5) (126,8) (124,1)

control chip-inductor C activity [IU/mg] 38.49 38.4 37.75 36.2 35.1 35.33
(41,9) (39,38) (35,96) (33,25) (30,13) (29,27)

Wi/W0 [%] 100 99.8 98.1 94.1 91.2 91.8
(100) (94) (85,8) (79,4) (71,9) (69,9)

Wi/K0i [%] 97.6 97.1 96.1 89.8 90.4 96.4
(99,3) (96,2) (96,6) (98,5) (94,5) (97,8)

control Ko (system without chip-inductor contact) activity [IU/mg] 39.43 39.56 39.30 40.33 38.82 36.65
(42,2) (40,93) (37,23) (33,96) (31,89) (29,93)

K0i/K0 [%] 100 100.3 99.7 109.8 98.5 93.0
(100) (97) (88,2) (80,5) (75,6) (70,9)

K0i/K0i [%] 100 100 100 100 100 100
(100) (100) (100) (100) (100) (100)
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and their identity was revealed after finishing the experiments.
All experiments were repeated in triplicates for statistical
analysis.
Enolase Activity Assay. The enzymatic activity of enolase

was determined as previously described.15 Briefly, the substrate
2-PGA was added at 1 mM concentration to test buffer. The
conversion of the 2-PGA to phosphoenolpyruvate (PEP) was
followed with 8 μg of enolase. The absorbance of the PEP
product was monitored at 240 nm at 25 °C for 1 min with a
spectrophotometer, JASCO UV−vis V-530. One unit of
enolase activity is defined as the amount of 1 μmole of PEP
formed in 1 min by 1 mg of the enzyme under the reaction
conditions. The molar absorption coefficient was taken as 1520
/(M-1 cm-1) to calculate the amount of product formed from 2-
PGA. The specific activity was expressed as international units
per milligram of enzyme protein.
Glycation of Enolase by Methylglyoxal in the

Presence of the Chip-Inductor. The stock solution of
enolase, R0 was used for modification of the enzyme.
Methylglyoxal, also formed in the glycolytic pathway, is one
of the most reactive compounds to protein glycation agents.
The glycation has been performed using a large excess of
methylglyoxal versus enolase (300:1 mol/mol ratio), as
published previously.17 A 175 μL sample of phosphate-
buffered saline (PBS) was placed in a glass cuvette, then 20
μL of enolase stock solution and 5 μL of 0.8% aqueous
solution of methylglyoxal were added. Glycation of enolase was
performed for 3 h at RT in the presence of two chip-inductors,
A and B, both attached to the external walls of the cuvette
(Figure 1c). In the control K1 glycation experiment, the
enolase was treated in a cuvette without the chip-inductor. In
the second K2 control experiment, the enolase (20 μL) with
180 μL of PBS was neither modified with methylglyoxal nor
exposed to a chip-inductor. During the enolase glycation,
changes in catalytic activity were tested at every 1-h interval in
15 μL aliquots of enolase (12 μg of protein) transferred to 870
μL of test buffer and 15 μL of the 2-PGA substrate stock
solution. The glycation of enolase was stopped by adding 15
μL of aqueous lysine solution (4 mg/mL) to bind the excess of
unreacted methylglyoxal. To detect the presence of high
molecular mass advanced glycation end-products (AGE), the
samples were subjected to sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE), as discussed previ-
ously.18 Samples of 12 μg of protein were added to the wells of
the PAGE gel.

■ RESULTS AND DISCUSSION
Enolase Enzymatic Activity in the Presence of the

Chip-Inductor. The experiments have been carried out to
check the concept that transferred information on the quantum
states might influence the enzymatic reaction. Only a small loss
of enolase activity was observed during exposure of enzyme at
RT in the Ko sample treated with the substrate not exposed to
any chip-inductor. This indicates the stability of enolase kept at
RT for 5 h (Table 1 and Figure 2). The changes in the activity
of human enolase were observed only when substrate 2-PGA
or test buffer were, prior to reaction, exposed to the chip-
inductors. The effects of the chip-inductors on the 2-PGA
substrate in water were beneficial for the catalytic activity of
the enzyme (Figure 2a). The exposure of the substrate for a
longer time to the chip-inductor resulted in an increase in the
specific activity of the enzyme. After 5 h exposure of the
substrate to the chip-inductor, the enzyme activity increased by

20−30% compared to the Ko control (Table 1). The observed
phenomenon may possibly indicate the reduced energy needed
to achieve proper orientation of the functional groups in 2-
PGA (carboxyl and phosphate) toward the catalytic center of
the enzyme. One may presume that substrate molecules
ordered by the exposure to chip-inductors result in certain
changes in the spatial structure of the enzyme catalytic pocket,
facilitating reaction, 2-PGA → PEP. The catalytic activity of
enolase, tested in the buffer exposed earlier to the chip-

Figure 2. Enolase activity under various experimental conditions,
determined in test assay containing: (a) substrate subjected to
activated chip-inductors A, B, or D and nonactivated chip-inductor C
as well as a control sample (Ko)without contact of 2-PGA with the
chip-inductor; (b) buffer exposed to activated chip-inductors A, B, or
D and nonactivated chip-inductor C as well as the control sample
(Ko)without contact of the test buffer with the chip-inductor; and
(c) substrate alone (line 1) or assay buffer alone (line 2) as well as
substrate and assay buffer, both (line 3) exposed to chip-inductor D
interactions and used for enolase activity determination, as described
in the Materials and Methods section.
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inductor D, was significantly higher compared to the control
sample, where the buffer was not influenced by the chip-
inductor (Figure 2b). In a subsequent experiment, we tested
enolase activity on the 2-PGA substrate and the buffer both
exposed to the chip-inductor D. As shown in Figure 2c, the
enzyme tested under both conditions showed the highest
activity. This indicates the favorable effect of chip-inductors on
buffer or substrate and buffer on the 2-PGA → PEP + H2O
catalytic reaction. More effective participation of water
molecules in inducing the changes in the spatial structure of
the catalytic pocket is also highly probable, facilitating the
transformation of the substrate to the reaction product. These
experiments have been performed using β-enolase, the isoform
studied in our laboratory, as a potential marker of heart muscle
injury. ββ enolase accounts for 3% of the soluble protein in the
human skeletal muscle, and more than 90% of the enzymatic
activity is attributed to this enolase variant.3,19 The catalytic
center of enolase and the subunit interface in the native
molecule are highly conserved and composed of identical
amino acids, but there are short variable regions located on the
surface of the molecule that are probably responsible for the
interaction of enolase with other macromolecules.20 The
results of our experiment (I) indicate that the polar ordering of
water molecules may be transferred with the substrate sample
added to the test. The same phenomenon could be observed in
experiment (II) where the buffer exposed to the chip-inductors
is added to the enzymatic reaction. Hence, the conclusion may
be drawn that during the determination of enolase activity,
there is, most likely, a transfer of that ordered state induced by
the activated chip-inductor in water molecules from buffer or
substrate 2-PGA to structural water constitutively present in
the active center of the enzyme. In the mechanism of the
reaction of enolase, three water molecules and two magnesium
ions are spatially oriented in the catalytic pocket. It has been
well documented that the alteration of the solvation layer and
hydrogen bond network can affect, among others, the protein
dynamics.21,22 Water is needed for stabilizing the position of
magnesium ionscatalytic and conformational, necessary for
the 2-PGA → PEP reaction to proceed, and through this
transformation, there are dislocations of hydrogen bonds in the
area of the active center.23 The chip-inductor activated by the
generation of the quantum state is efficient at ordering the
water molecules. The investigated effects might also influence
noncatalytic functions of enolase as a “moonlighting protein”.
In the cytoplasm of eukaryotic cells, enolase participates in the
stabilization of the cytoskeleton for maintaining the proper
structure of myotubules, in the stabilization of tRNA.24 It acts
as a chaperon protein under conditions of oxidative, thermic,
and metabolic stress or protects the genome by blocking the
nuclear c-myc oncogene.25 In the formation of the complex
with plasminogen in the plasma membranes, is involved in
extracellular processes associated with pathogen invasiveness,
tumor tissue growth, and myogenesis.26 During the develop-
ment of inflammation, the enolase−plasminogen system on the
surface of immune cells is involved in the initiation of anti-
inflammatory activities.4 In the nervous system cells, the
receptor of enolase plays a neuroprotective role by binding
active plasmin, which allows the degradation of neurotoxic β-
amyloid aggregates.27

Glycation of Human Enolase in the Presence of the
Chip-Inductor. An enzyme exposed to room temperature
partially loses its activity in a control sample (K2) containing a
native enzyme not exposed to chip-inductors, while its specific

activity after 3 h of incubation with chip-inductors decreased
from 24.7 to 19.48 IU/mg and was more than 21% lower than
the initial (Table 2 and Figure 3b). The modification of

enolase with methylglyoxal inactivated the enzyme to a greater
extent, after 3 h of glycation, the specific activity of the K1
sample decreased from 24.6 to 17.64 IU/mg, i.e., 28.3%. In the

Table 2. Activity (Marked in Bold) of Human Muscle
Enolase Glycated with Methylglyoxal in the Presence of
Chip-Inductors (A + B)a

sample

time of incubation [h] 0 1 2 3

W activity [IU/mg] 29.22 25.78 24.12 23.4
Wi=/W0 [%] 100 88.2 82.5 80.1
Wi/K(2)I [%] 118.3 113.2 117.3 120.1

K1 activity [IU/mg] 24.60 21.37 19.15 17.64
K(1)/K(1)0 [%] 100 86.9 77.85 71.7
K(1)i/K(2)I [%] 99.6 93.8 88.8 90.6

K2 activity [IU/mg] 24.70 22.78 20.56 19.48
K(2)i/K(2)0 [%] 100 92.2 83.2 78.9

aW: analyzed sample (enolase + methylglyoxal + chips A + B); K1:
control sample 1 (enolase + methylglyoxal, without contact with chips
A and B); K2: control sample 2 (enolase without methylglyoxal,
without contact with chips A, B).

Figure 3. Glycation of human muscle enolase with excess
methylglyoxal (1:300 mol/mol) in pH 7.4 PBS at room temperature
for 3 h. Picture of SDS/PAGE using 10% resolving gel (a) and
changes of enolase activity (b) in the analyzed sample W (enzyme
modified with MG in the presence of 2 chip-inductor A and B, (1 × 2
cm2)) and control K1 (glycation of the enzyme without the influence
of chip-inductors) and control K2 (enolase unmodified with MG).
Protein standards of molecular mass are shown in lane 4.
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presence of chip-inductors, the pattern of changes of specific
activity was lowered to 19.9%, but higher specific activity
values were observed from 29.22 IU/mg initially to 23.4 IU/
mg in the third hour of the glycation experiment. Comparing
the relative changes in enzyme specific activity in the analyzed
sample (W) compared to the values obtained for enolase in the
unmodified control (K2), the beneficial effect could be
observed in the electric polarization on the catalytic efficiency
of the enzyme. Throughout the experiment, the glycated
enzyme maintained high activity in the presence of chip-
inductorsit represented 113−120% of the specific activity of
the unmodified control sample (Table 2). At the same time,
contact with the chip-inductors did not affect the formation of
AGE during the glycation of enolase by methylglyoxal. The
profile of the high molecular mass products of advanced
glycation is visible in Figure 3a. Both in the analyzed sample
treated with chip-inductors (lane 1) and in the control sample,
where glycation occurred in the absence of chip-inductors
(lane 2), AGE was observed at Mw of 180 and 230 kDa
(marked with stars), while lane 3 shows the protein profile of
the native enolase, not glycated. Glycation that occurs in an
organism throughout its life is an unfavorable process, as it
reduces the metabolic efficiency of the body. Accumulation of
AGE in cells can lead to the activation of intracellular signal
transduction pathways, causing a number of adverse metabolic
changes during aging.28 In previous reports, we have shown the
susceptibility of muscle enolase to glycation by several reactive
glycation agents, especially methylglyoxal among others.17,18

Methylglyoxal (H3C-CO-CHO) is formed in the body mainly
as a product of defective glycolysis or in the process of lipid
peroxidation, as well as in the disordered defense systems
during carbonyl and oxidative stress. It is interesting that
despite the formation of AGE, the enzyme maintained good
catalytic activity (Table 2). Compared to the control K1
(enzyme glycation without contact with the chip-inductor), the
observed relative increase in enzyme activity ranged from
about 19% to approx. 33% (Table 2). Thus, the effects of the
chip-inductor on the enzymatic reaction indicate the possibility
of a protective effect on enolase, despite conditions promoting
glycation in cells (hyperglycemia, carbonyl stress, oxidative
stress). This could ensure that the effective glycolysis process is
maintained. The positive effect of electric polarization indicates
a possible therapeutic potential in diabetic complications and
neurodegenerative diseases.

■ CONCLUSIONS
The electric polarization phenomenon generated by the chip-
inductors has a beneficial effect on the catalytic activity of the
enzyme. This indicates the arrangement of substrate molecules.
This phenomenon can reduce the energy effort needed to
achieve the correct orientation of 2-PGA functional groups
toward the catalytic enzyme center. In addition, it is possible to
induce some changes in the spatial structure of the catalytic
pocket by thus ordered substrate molecules, facilitating the 2-
PGA → PEP reaction. It is advisable to further study the effect
of polarization on the enzyme to check this effect on the
kinetic parameters of enolase. It is expedient to examine how
the maximum reaction speed (Vmax) and affinity (Michaelis−
Menten KM constant) change in relation to substrates in both
direct (2-PGA → PEP) and inverted (PEP → 2-PGA)
reactions. It is important to investigate the effect of
polarization on the sensitivity of the enzyme to fluoride and
phosphatesits natural inhibitors. It will be important to

check in vitro the ability of enolase to bind plasminogen after
the polarization phenomenon is triggered. It is also important
to investigate the effect of these phenomena on the
susceptibility of enolase on glycation and the creation of
high molecular mass products AGEtypical in the chronic
state of hyperglycemia, which causes pathologies associated
with diabetes and neurodegenerative diseases.
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