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In the last decades, electromagnetotherapy
generated an intense interest for the medical
treatment of some pathological states
related to the musculoskeletal system. In
particular, extremely low frequency (ELF)
electromagnetic fields (EMFs) are used to
improve tissue regeneration in bone non-
union fractures, to facilitate skin wound
healing and to reduce pain symptomatology.
This therapy represents a valid and non-
invasive approach widely used to treat the
area of interest limiting the adverse effects
related to drug administration. The molecular
mechanisms by which ELF EMFs act on cell
behavior is still not completely known, but
numerous and heterogeneous effects have
been observed on a very large number of
biological processes. These effects vary in
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relation to the treatment parameters and
intrinsic susceptibility of specific cell lines.

In order to study the molecular mechanism
by which ELF EMFs act on fibroblasts, the
mouse-derived NIH3T3 cell line was chosen
as the experimental model to carry out
some biochemical investigations. After EMF
exposure, the cells showed an increased
level of ROS and a decreasing activity of
the enzyme pyruvate kinase (PK), leading
to a slowdown of the glycolytic flux and a
redirection of glycolytic metabolites towards
the pentose phosphate pathway (PPP).
Hence, the results of the study define a
coherent biochemical mechanism by which
ELF EMFs are able to promote a shift of
cell metabolism from catabolic to anabolic
processes. Additional investigations such
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as the evaluation of reduced glutathione
levels, are however necessary to confirm the
mechanism.

Extremely low frequency (ELF)
electromagnetic fields (EMFs) have generated
a growing interest for their use in medicine.
This therapeutic treatment represents a safe,
non-invasive approach, characterized by
lack of toxicity and the possibility of being
combined with other available therapies.
Furthermore, one of the main advantages of
electromagnetic therapy is the possibility of
applying the treatment exclusively to the
targeted area in order to minimize the
adverse effects affecting non-targeted tissues
and organs.

Electromagnetic therapy is successfully
used for the medical treatment of several
pathological conditions such as disorders
related to  musculoskeletal  system,
Parkinson's disease, multiple sclerosis [1]
and, even though the biochemical and
molecular basis is still unknown, the Food
& Drug Administration (FDA) approved the
use of ELF EMFs as safe for treating bone
pathologies and delayed fractures. In fact,
it has been reported that EMFs are able to
promote proliferation and differentiation of
osteoblasts [2]. Another common application
of electromagnetic therapy is to facilitate
the healing process in chronic wounds
because electromagnetic treatments seem
to influence the process of tissue repairing
by acting on various secondary messengers
[3]. From a molecular point of view, it seems
that electromagnetic therapy exerts an anti-
inflammatory effects in treated tissues due to
a down-regulation of COX-2 expression and
a lower production of PGE-2 [4].

Hence, electromagnetic therapy constitutes
an adjuvant therapy and a valid alternative
to use when traditional medicine do not
produce any significant improvement and, for
these reasons, it is necessary to increase the
molecular and biochemical comprehension
related to the mechanism of action of ELF
EMFs on biological systems in order to
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improve its therapeutic potential.

The biological effects of ELF EMFs have
been investigated in several in vitro studies
and results indicate that ELF EMFs have
heterogeneous effects on a very large
number of biological processes such as
cell cycle distribution and proliferation [5,
6], cell migration [7], apoptosis [8], gene
expression [9] and differentiation [10]. All
of these effects vary in relation to frequency,
amplitude, length of exposure and are also
related to intrinsic susceptibility of different
cell types. Sul et al. [11], for example, have
compared the effects of electromagnetic
exposure (60 Hz, 2 mT) on four kinds of
human cell lines demonstrating that there is
a specific celltype response to EMFs, tightly
correlated to the duration of exposure.
Moreover, different effects can be observed
even when similar cells are exposed to EMFs.
In fact, when HaCaT and NHEK cells are
exposed to EMFs (60 Hz, 1,5 mT), a G1
arrest is detected in HaCat cells, while no
effects on cell proliferation and cell cycle
distribution is observed in NHEK cells [12].
A lot of assumptions have been made to
explain how physical stimulus is converted
to chemical signal, but the transduction
pathway by which EMF acts on cells, has
not been elucidated. Calcium signaling plays
an important role in regulating proliferation,
differentiation and apoptosis and it was
reported that ELF EMFs can alter the levels
of cytosolic Ca2+ [13], although this effect
seems to be specific to the cell type and
the EMFs parameters applied. Another
important molecular response to ELF EMFs
is represented by an increasing level of
intracellular reactive oxygen species (ROS)
in cells exposed to EMFs [14]. Since ELF
EMFs seems to work by affecting the redox
state of cells by promoting variations of
physiological ROS levels, biological processes
can be influenced by the electromagnetic
treatment and this aspect could provide a
possible molecular mechanism to explain
the beneficial effects of electromagnetic
therapy. In fact, it was demonstrated that
increasing levels of ROS occurred after ELF

EMFs treatment, taking to the activation
of the molecular events able to induce cell
proliferation due to the activation of redox
signals involving NFkB proteins [15].

Since ROS can act as signaling molecules
deeply involved in regulating cellular
processes and metabolism, via cysteine
oxidation, as recently reported in literature
[16, 17], the activities of the enzymes
involved in the principal metabolic pathways
have been evaluated in NIH3T3 cells exposed
to ELF EMFs. In particular, our attention has
been focused on the isoform M2 of pyruvate
kinase (PKM2) because it has been described
that the oxidation of Cys358 causes the
inhibition of the enzyme [18]. In order
to establish whether ELF EMFs can exert
metabolic modifications in NIH3T3 cells,
the intracellular levels of ROS, the enzymatic
activity of PK, citrate synthase (CS) and the
endogenous concentrations of ATP have
been evaluated after EMF exposure.

Cell cultures

Mouse embryonic fibroblasts (NIH3T3
cell line) were used as cellular model to
investigate the cellular and molecular effects
of ELF EMFs. Since this model system has
been used in a multitude of different studies,
NIH3T3 cells were chosen to conduct the
investigation because it represent a well
characterized cellular model. Cells were
grown at 37°C, in 5% CO?/air atmosphere,
in Dulbecco's Modified Eagle Medium
(DMEM) (Sigma-Aldrich) supplemented with
10% (v/v) heat- inactivated foetal calf serum
(FCS) (Biowest) and 2 mM Lglutamine
(Biowest). Cells were seeded (3.0x105) in
100 mm Falcon dishes and propagated every
3 days with a 0.25% trypsin solution (Sigma-
Aldrich) Cells were purchased from ATCC
(ATCC CRL-1658). No antibiotics were used
in cell cultures. Cell cultures were periodically
tested for Mycoplasma contamination.
Experimental setup for exposure cells
to ELF EMFs

Cell exposure to ELF EMFs was carried out by
amedical device commercially available (Easy
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Qs device), produced by ASAlaser (Vicenza,
ltaly). The source of EMFs constituted of
a rectangular shaped surface applicator
provided of 12 coils. Each coil generates a
sinusoidal signal and magnetic flux density
was longitudinally and transversely evaluated
by the company that realizes the device.

In  our investigations two different
electromagnetic treatments were evaluated.
Cells were exposed for 20 minutes to the
frequencies of 25 Hz (1.62 mT) and 50 Hz
(2.4 mT). During the time of exposure to
EMFs, control and treated cells were kept
under the same environmental conditions.
Cells were seeded (2.0x105) on 60 mm Petri
dishes and cultured until reaching exponential
growth phase. Hence, cells were treated with
EMFs and prepared for the assays.

MTT assay

MTT assay is a rapid colorimetric analysis
routinely used to investigate the state of cell
energy metabolism and possible cytotoxic
effects. Thisassay is based on the principle that
metabolically active cells are able to convert
a yellow watersoluble tetrazolium salt,
3-(4,5-dimethylthazolk-2-yl)-2,5-diphenyl
tetrazolium bromide) (MTT), into a purple
colored formazan product by mitochondrial
succinate  dehydrogenases (SDH). MTT
assay was also used to evaluate the
enzymatic activity of SDH because it has
been demonstrated that SDH activity and
MTT reduction were closely related [19].
Cells were exposed to EMFs and MTT assay
was performed immediately after the end
of treatment and 24 hours later. Cells were
incubated for 40 minutes with 1 mM thiazolyl
blue tetrazolium bromide (Sigma-Aldrich).
At the end of incubation, the medium was
removed and DMSO was added in each
plate to dissolve formazan crystals. The
absorbance signal was read at 570 nm by
a microplate reader (Infinite M200PRO,
Tecan). The background absorbance was
read at 630 nm and subtracted from signal
absorbance to obtain normalized absorbance
values.

Immunofluorescence analysis

Cells were fixed on the cover slides using
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4% formalin for 10 minutes, permeabilized
for 5 minutes with 0,1% Triton X-100 and
blocked for 1 hour with 3% FBS in PBS
solution at room temperature. For tubulin
detection, mouse anti o-tubulin antibody
conjugated with Alexa Fluor 488 (1:500; Life
Technologies) was incubated for 2 hours at
room temperature. Actin was stained for 20
minutes with CF594 conjugated Phalloidin
(1:40; Biotium), at room temperature. Nuclei
were stained by Fluoroshield with DAPI
mountant (Sigma-Aldrich).

Measurement of intracellular ROS

The level of intracellular ROS was quantified
by fluorescence with 2-7dichlorofluorescein
diacetate (DCFH2-DA, Sigma-Aldrich, Italy),
as described by Bass et al. [20]. Before ELF
EMFs exposure, cells were incubated with
DCF-DA (20 puM) for 1 hour at 37°C. After
treatment to EMFs, cells were immediately
washed twice with PBS and the relative
levels of fluorescence were quantified by a
multi-detection microplate reader (Infinite
M200PRO, Tecan; Aex=485 nm; Aem=535
nm). Fluorescence values were reported as
mean of fluorescence intensity. Hydrogen

peroxide was used as a positive control (80
UM, for 30 minutes).

Experimental setup for enzymatic
activities assays

Cells were treated with EMFs and prepared
for biochemical investigations which have
been conducted 5 and 24 hours after EMFs
exposure.

The enzymatic activities of pyruvate kinase
(PK) and citrate synthase (CS) have been
evaluated in order to detect a possible
alteration in cell metabolism following
treatment with EMFs. In order to verify a
possible role of ROS in regulating enzymatic
activities, DASA-10 (Sigma-Aldrich), diamide
(Sigma-Aldrich) and H,O, (Sigma-Aldrich)
were used in enzymatic activities evaluations.
DASA-10 is a little molecule that binds to
the isoform M2 of PK and cover cys358,
maintaining the - SH of cys358 in its reduced
state, and then, protecting PKM2 (PKM2)
from ROS-induced inhibition [18]. In our
experiment DASA-10 was used at 20 pM
for 1 hour before treatments. Some further
control groups were establish in order to
assess the protective action of DASA-10 in
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oxidative conditions and these groups are

listed below:

»  Control cells were treated with H,O,
(80 pM) for 40 minutes.

e Control cells were treated with diamide
(250 uM) for 15 minutes.

e Control cells were treated wit DASA-
10 (20 pM) for 1 hour and then with
H,O, (80 puM) for 40 minutes.

e Control cells were treated with DASA-
10 (20 pM) for 1 hour and then with
diamide (250 pM) for 15 minutes.

The activities assays were repeated after

incubating the samples for 2 hours with 2

mM dithiothreitol (DTT).

This experimental design was also utilized in

the evaluation of ATP levels.

Cell lysis

Cell lysis was performed in cold buffer

(50 mM TrisHCl pH 7.4) containing Sigma

protease inhibitors mix (1:100, v/v), DTT

(5 mM), or not DTT. After 30 min of

incubation on ice, lysates were sonicated

(three short bursts) and centrifuged in a

microcentrifuge for 30 min at 12.000 g

(4°C). Supernatants were used for the
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evaluation of enzymatic activities with
respect to proteins content.

Determination of total proteins content
Total proteins concentration was determined
spectrophotometrically according to the
Bradford method [21], using a reagent
produced by Sigma-Aldrich.

Pyruvate kinase (PK) activity

(EC 2.7.1.40)

The enzymatic assays were performed at
30°C spectrophotometrically using an UV-
2100 spectrophotometer (Shimadzu). PK
activity was determined according to Hess
and Wieker [22], with slight modifications,
monitoring the NADH oxidation at 340 nm.
The values of 6.22 mM-1 cm- 1 and 14.15
mM-1 cm-1 are considered to be the NADH
molar extinction coefficients. One unit of
activity is defined as that quantity of enzyme
which transforms one pmole of substrate in
one minute, at 30°C.

The assay mixture consisted of 50 mM
triethanolamine (pH 7.6), 8 mM MgSO4, 5
mM EDTA, 75 mL KCl, 1.5 mM ADP, 0.15
mM NADH, 5 pg/ml lactate dehydrogenase.
The reaction was started by adding the
substrate (0.8 mM phosphoenolpyruvate).
Citrate synthase (CS) activity (EC 2.3.3.1)
The citrate synthase is the key enzyme of the
Krebs cycle ant it catalyzes the synthesis of
citric acid from oxaloacitic acid and acetyl-
CoA. Citrate synthase activity was evaluated
in order to establish Krebs cycle functionality.
For the determination of CS activity, the
citrate synthase assay kit (Sigma-Aldrich;
CS0720) was used.

ATP bioluminescent assay

The possible effects of EMFs exposure on
cellular energy metabolism were evaluated
by measuring the levels of adenosine
Briphosphate (ATP). For the quantitative
determination of intracellular ATP levels,
bioluminescent assay kit (Sigma-Aldrich;
FLAA) was used. The assay is based on
the luciferinduciferase reaction that utilizes
ATP to oxidize DHuciferin producing adenyl
luciferin. During the enzymatic reaction, ATP
is consumed and light is emitted. Hence, the
light emitted is proportional to ATP content.

Statistical analysis

Statistical analysis was calculated based
on two+tailed ttest using Prism Graphpad.
Differences were considered statistically
significant for P < 0.05. All data are
presented as mean + DS of thee independent
experiments.

MTT assays

MTT assay was performed in order to
estimate cell metabolic activity and possible
cytotoxic effects of EMFs on cells. NIH3T3
cells were treated with ELF EMF radiation for
20 minutes and the assays were performed
immediately at the end of EMF exposure (T)
and after 24 (T,,). The results are reported in
figure 1 and they indicate that the EMF effects
on cell viability were quite heterogeneous
with regards to exposure parameters. In fact,
when cells were treated with 50 Hz EMFs,
no significant changes in cell viability have
been observed, whereas cells treated with
25 Hz EMFs showed a reduction in the
absorbance signal immediately after the
end of treatment. Nevertheless, it should

Energy for Health [17]

be noted that this difference resulted less
marked after 24 hours, indicating a recovery
in cell metabolism or in the cell number.
Cytoskeleton

Cytoskeleton is the fundamental structure
that allows both cellular movement and
shape maintaining and it is also fundamental
in coordinating vesicles trafficking and the
organelles  motion.  Immunofluorescence
analysis of the main cytoskeleton components
(actin microfilaments and microtubules) has
been conducted 24 hours after EMF treatment
in order to evaluate possible morphological
changes after EMF treatment. In figure 2
immunofluorescence results are reported.
In control cells (left column) cytoskeleton
components appear well defined, showing
actin microfilaments ~ homogeneously
distributed and a well organized pattern
for microtubules. In treated cells (25 Hz for
actin and 50 Hz for tubulin), alterations in
cytoskeleton structure are evident for actin
microfilaments and for microtubules: the
precise organization found in control cells
is totally lost and cytoskeleton components
appear completely unstructured.
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Evaluation of ROS and enzymatic
activities

Since it has been reported that ELF EMFs
could act on cells, inducing an increased
intracellular level of ROS [23], measurements
of ROS production were conducted after EMFs
exposure using DCFH,DA assay. NIH3T3 cells
were labeled with DCFH, DA, as previously
described in "Materials and Methods" section
and then cells were exposed for 20 minutes to
EMFs at 25 Hz (1.62 mT) and 50 Hz (2.4 mT).
Results show that ROS production is significantly
higher in cells exposed to EMFs (Fig. 3) and the
increasing fluorescence of DCF is registered in
both treatments. In particular, NIH3T3 resuft
more susceptible when exposed at 50 Hz EMF
(2.4 mT) rather than 25 Hz EMF (1.62 mT).
Enzymatic activities assays

NIH3T3 cells express the M2 isoform of PK,
an homotetramer composed of four 56 kDa
subunits containing three cysteine residues; Cys*',
Cys®8, Cys424. Cys**® is located in a beta-barrel
that includes residues essential for the catalytic
activity. Recent literature widely described how
the oxidation of Cys*® causes the inhibition of
PKM, and how this inhibitory effect could be
reverted using reductive agents, such as DTT
[18]. Since evaluations of intracellular ROS level
demonstrate an increasing ROS production in
cells exposed to EMFs, an inhibitory effect on PK
activity following EMF treatment was assumed.
In figure 4 have been reported the specific
activity levels of PK. Diamide and H,O, have
been used as positive control of Cys358
oxidation of PKM2; H,O, causes oxidation
due to ROS generation, whereas diamide is an
oxidant compound which act selectively on -SH
groups of proteins. DASA- 10 is a small molecule
used as a protective agent for Cys®® oxidation of
PKM2 because it binds the subunit of PKIM?2 at
the level of Cys*®, preventing Cys**® oxidation
and the consequent inhibitory effect on PKM?2.
Hence, cells treated with DASA-10 constitute a
negative control.

Cells treated with DASA-10 (Dasa-10 group)
show an higher PK activity rather than control
cells and this effect can be explained due to the
protective action exerted by DASA-10 during
the cell lysis because lysis buffer do not contain
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any antioxidant agent (DTT). The specific activity
of PK in cells treated with H,O, or diamide
(H,0, group and diamide group) appears lower
than that of control cells, indicating that an
inhibitory effect of PKIM2 occurred. When cells
are pretreated with DASA-10 and then exposed
to HO, (or diamide), the specific activity
of PK results comparable with "DASA-10"
group. Once again, data indicate that DASA-
10 preserve the activity of PKM2, protecting
Cys*™® from oxidation. The activity level of PK
in cells exposed to 25 Hz results similar to those
of positive control (H,O, group and diamide
group). When cells are pretreated with DASA-
10 and then exposed to 25 Hz (DASA-10_25
Hz), PK activity results comparable to "DASA-
10_H,0," group, indicating that EMFs and
H,O, could act through the same effector
substance, ROS. As regards "50 Hz" and "50

Hz_DASA-10" groups, the specific activities level
are comparable to those observed in "25 Hz"
and "25 Hz_DASA" groups. In order to establish
whether could be possible restoring PKM2
activity using reductive agents (DTT) which could
reduce Cys*® of PKM2, every experimental
group was evaluated immediately after cell lysis
(no DTT), and after an incubation of 2 h with
DTT 2 mM,. When PKM2 was inhibited by
H,O,, diamide and EMF treatments (both 25
and 50 Hz), it was possible to restore its specific
activity after incubation with DTT, showing
activity values comparable to control group.
The protective action exerts by DASA- 10 on
the activity of PKM2 and its restoring following
DTT incubation demonstrate that the inhibition
of PKM2 is attributable at least in part to the
oxidation of Cys**®. Moreover, results indicate
that EMF treatments could act on the activity
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Specific activities of CS in NIH3T3, evaluated 5 hours after treatments. Control:
No treated cells. DASA- 10: Cells treated with DASA-10 (20 uM for 1 h).

H,O,: Cells treated with H,O, (80 uM for 40 min). Diamide: Cells treated with
diamide (250 uM for 15 min). Dasa10_H,O,: Cells pre-treated with DASA-10
(20 uM for 1 h) and then exposed to H,0O, (80 uM for 40 min). Dasa10_
Diamide: Cells pre-treated with DASA-10 (20 uM for 1 h) and then exposed to
diamide (250 uM for 15 min). 25 Hz: cells exposed for 20 minutes to ELF EMFs
at 25 Hz. 25 Hz_DASA-10: Cells pre-treated with DASA-10 (20 uM for 1 h) and
then exposed to EMFs at 25 Hz. 50 Hz: cells exposed for 20 minutes to ELF
EMFs at 50 Hz. 50 Hz_DASA-10: Cells pre-treated with DASA-10 (20 uM for 1
h) and then exposed to EMFs at 50 Hz.

ATP concentrations (pmol/mg protein) in NIH3T3 cells, evaluated 5 hours after
treatments. Control: No treated cells. DASA-10: Cells treated with DASA-10 (20
uM for 1 h). H,O,: Cells treated with H,O, (80 uM for 40 min). Diamide: Cells
treated with diamide (250 uM for 15 min). Dasa10_H,O,: Cells pre-treated
with DASA-10 (20 uM for 1 h) and then exposed to H,0O, (80 uM for 40 min).
Dasa10_Diamide: Cells pre-treated with DASA-10 (20 uM for 1 h) and then
exposed to diamide (250 uM for 15 min). 25 Hz: cells exposed for 20 minutes
to ELF EMFs at 25 Hz. 25 Hz_DASA-10: Cells pre-treated with DASA-10 (20
uM for 1 h) and then exposed to EMFs at 25 Hz. 50 Hz: cells exposed for 20
minutes to ELF EMFs at 50 Hz. 50 Hz_DASA-10: Cells pre-treated with DASA-10
(20 uM for 1 h) and then exposed to EMFs at 50 Hz.

level of PK with a mechanism ROS- mediated.
The inhibition of PKM2 mediated by the
oxidation of Cys**® implies a deficiency of
pyruvate, resulting in a lower production of ATP
by Krebs cycle. Therefore, the activity levels of
PK have been related to the specific activity of
CS in order to evaluate the functionality of Krebs
cycle. CS, key enzyme of Krebs cycle, catalyzes
the condensation reaction of one molecule of
acetyHCoA and

a molecule of oxalacetate to form citrate,
triggering Krebs cycle. The activity levels of CS
are reported in figure 5.

Similarly as for PK activity, the specific activity
of CS in cells treated with EMFs (both 25 Hz
and 50 Hz) show groups are comparable to
"DASA-10_H202" and "DASA-10_diamide".
Here again, when cells are pretreated with
DASA-10 and then exposed to EMFs (both 25

Hz and 50 Hz), the specific activity levels of CS
are comparable to those of control cells.

ATP concentrations

Intracellular ATP concentration was measured in
order to evaluate if the variations observed in PK
and CS activity levels may lead to variations of
ATP contents. Results are presented in figure 6.
When cells are exposed to EMFs, the
concentration of ATP is significantly reduced
(both 25 Hz and 50 Hz groups). When cells are
pretreated with DASA-10, ATP concentration
results comparable to control cells (25 Hz_
DASA-10 group) and higher than control cells
(50 Hz_DASA-10 group).

DISCUSSION

The MTT assay is a colorimetric assay for
assessing cell metabolic activity. Tetrazolium dye
essays can also be used to measure cytotoxicity

(loss of viable cells) or cytostatic activity (shift
from proliferation to quiescence) due to different
causes.

The results of MTT essays performed on samples
exposed to EMFs showed a lower absorbance
in comparison with untreated controls. The
difference was more evident immediately after
the exposure than at T=24h. The absorbance is
related to the number of cells and also to their
metabolic state. Seeing that after 24h there is
a partial recovery, we hypothesized that the
absorbance decrease could indicate a temporary
metabolic slowdown or a temporary shift from
proliferation to quiescence rather than a lower
cell viability.

Immunofluorescence experiments, performed
staining actin and tubulin, showed that the
organization of the main cytoskeletal elements
was altered and both microfilaments and
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microtubules seemed depolymerized . These
cytoskeletal alterations are in agreement with
the increase in ROS concentration found after
exposure to EMFs and provide important
morphological  information  about  the
possibility that ROS could act also promoting
the cytoskeleton remodeling, enriching
the variety of molecular effects exerted by
EMF on cells. In fact, it has been reported
that ROS could affect the balance between
polymerization/depolymerization ~ of  actin
filaments and microtubules [25]. In particular,
it has been reported that an increased level of
intracellular ROS seems to be related to a lower
polymerization of cytoskeletal elements through
effects on PKM2 [26]. Our experimental
results are consistent with the literature,
because we found that cells exposed to EMFs
present an increased level of ROS, enhanced
depolymerization and an active remodeling of
cytoskeleton. Hence, a molecular mechanism
by which EMF can act on the cytoskeleton
remodeling of cells is proposed.

PK is the enzyme that catalyzes the final reaction
of glycolysis where a phosphate group is
transferred from phosphoenolpyruvate (PEP) to
ADRP, yielding to the formation of one molecule
of pyruvate and one molecule of ATP. There
are several isoforms of PK and PKM2 isoform
is highly susceptible to oxidation at the level of
Cys*®. The oxidation of Cys**® results in the
inhibition of the catalytic activity of the enzyme,
promoting a slowdown of the glycolytic flux. In
fact, since the PKM2 activity results inhibited
by the oxidation of Cys**® pyruvate is not
synthesized and the

glycolytic flux slows down, promoting the
accumulation of metabolites that are diverted
to the pentose phosphate pathway (PPP),
causing a metabolic shift toward anabolic
processes. These considerations indicate that
the redox state of the cells represent a way of
regulating the enzymatic reactions involved
in cellular metabolism [24]. In fact, cells with
high anabolism (e.g. neoplastic cells, embryonic
cells and cells involved in repair processes)
are characterized by metabolic regulation
mechanisms strictly related to their redox state
and our experimental evidences support this
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kind of metabolic regulation also in NIH3T3
cells.

According to literature, our results indicate an
increased intracellular ROS level after EMF
treatments [14] and, since NIH3T3 cells express
the isoform M2 of PK, a metabolic shift toward
anabolism has been hypothesized.

In fact, our findings demonstrated that PK
activity decreased after EMF exposure (25 Hz
and 50 Hz), while ROS levels increased, similarly
to what happens as a result of oxidative stress
(H,0,) . The same effect was observed when
cells were treated with diamide, a chemical
compound used for the specific oxidation of -SH
groups in proteins. From these observations we
can assume that the mechanism by which ROS
and diamide act, is similar and it includes the
oxidation of Cys**®, promoting the inhibition of
PKM2. These considerations are supported by
the results obtained when cells were pre-treated
with DASA-10, a specific molecule used to
protect the oxidation of Cys358 in PKM2: cells
pretreated with DASA-10 and then exposed
EMFs, or to oxidant treatments, did not show
reduced PKasic activity compared with controls.
Moreover, PKasic activity resutted totally restored
after DTT incubation, showing values of specific
activity comparable to those of control.

The decrease in PKM2 activity fits with the
depolymerization of cytoskeleton: recently, an
interaction between PKM2 and the elements of
cytoskeleton has been demonstrated [26].
Pyruvate is a key metabolite connecting
different metabolic pathways such as glycolysis,
gluconeogenesis, Krebs cycle, fatty acids
synthesis. In fact, it can be converted in acety+
CoA by pyruvate dehydrogenase and it can
be diverted towards Krebs cycle and fatty acid
synthesis. Therefore, pyruvate provides the
substrate of CS, the key enzyme of Krebs cycle,
which catalyzes the condensation reaction of
a molecule of acetytCoA and a molecule of
oxalacetate to form citrate, triggering Krebs
cydle. In this context, the activity level of PK
is strictly correlated to CS activity and ATP
production.

Indeed, the results of the experiments showed
that in cells exposed to EMFs a decrease in
CS activity also occurs. All that, prompted
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us to hypothesize that also a slowdown of
the Krebs cycle, with consequent decrease in
ATP production, could occur. This hypothesis
was then supported by data conceming ATP
concentration: samples exposed to EMFs
showed ATP levels markedly lower than controls.
Moreover, the results obtained with the MTT
essays reinforce our hypothesis of a metabolic
shift following EMF treatments. In fact, MTT
was performed not only to evaluate possible
cytotoxic effects of EMF treatment, but also to
provide a general evaluation of the activity of
succinate dehydrogenase (SDH), the common
enzyme between Krebs cycle and the electron
transport chain. Atthough MTT assay for SDH
activity results less accurate than classic methods
used in enzymatic activity determinations,
it provides a first assessment of the electron
transport chain efficiency that is strictly related
to the production of ATP. The results of the MTT
assay are consistent with a framework of Krebs
cycle slowdown, decrease in CS activity, lower
efficiency of the electron transport chain and
decrease in ATP production.

To sum up, our results demonstrate a
molecular mechanism by which ELF EMFs
are able to promote a metabolic shift toward
anabolic processes in NIH3T3 cells, inducing
an increased level of intracellular ROS first,
and a reduced activity of PKM2 then. The
sowdown of glycolytic flux causes the
accumulation of glycolytic intermediates which
are diverted to PPP, a metabolic pathway
with anabolic character. In fact, PPP promotes
the production of 5<carbon sugars, required
for nuclectides synthesis in cell proliferation,
and generation of reduced NADPH, the
cofactor implicated in anabolic processes such
as lipid synthesis. Moreover, NADPH is also
involved in regeneration of glutathione (GSH),
constituting the antioxidant system implicated in
maintaining a basal level of ROS inside the cells.
As a result, the effects of ELF EMFs are assumed
to be temporary, because the increased ROS
level following EMF treatment is constrained
by the antioxidant system, that is supported by
the production of NADPH through PPP with a
positive feedback.

This mechanism, that starts as response to a
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stress, could trigger a series of anabolic pathways
in cells expressing PKM2, which are generally
characterized by high anabolic rates.

In condusion, in NIH3T3 fibroblasts, and
probably in all the cells expressing PKM?2, ELF
EMFs induce a shift of the cell metabolism from
catabolic to anabolic processes via a temporary
increase in the ROS levels that can be controlled
by the antioxidant system through a feedback
mechanism.
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