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Abstract

The role of electrical forces in angiogenesis is widely studied. The electric field
(EF) induces polarization of the endothelial cells, and in this way, it is a mor-
phogen in angiogenesis. Additional to the polarization, it may build up by
newborn cells in the process of cellular fission. Due to the weak direct expe-
rimental results on the transitions of endothelial cells, we used an analogy to
these epithelial transitions. This involved using the injury current, which in-
duces oriented cell migration and morphological arrangement in wound
healing. The injury-current considerations are applied for malignant prolife-
ration as well.
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1. Introduction

Two processes are involved in the expansion of the transport network during the
development of an organism: vasculogenesis and angiogenesis [1]; the first
forms the rough vessel structure, while the latter is responsible for the detail,
forming the network together with capillaries. In the post-developmental organ-
ism, this process is no longer active, except in special cases, when new vessel
parts are required to attach to pre-existing blood vessels. The exceptions like
wound healing to repair damaged tissues [2], exercise to increase oxygen deli-
very [3], and in pathological situations (e.g. solid tumors and inflammation) [4].
Physiological demand is required to activate angiogenesis. The natural growth of
organs and muscles creates hypoxia, the elimination of which requires new ves-

sels. The same hypoxic initialization occurs during malignant cell proliferation
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when the demand for nutrients is essential for growth.

A link between tumor growth and angiogenesis was recognized early on [5],
and numerous publications have shown that angiogenesis is active in most solid
tumors [6]. Tumours induce angiogenesis in the same way as the developing or-
gan in the period before final maturation of the organism. A hypothesis was de-
veloped regarding the dependence of tumor growth and angiogenesis [7] and
was subsequently experimentally proven [8]. The process is governed by the en-
dothelial growth factor (EGF) and its specialized form, vascular endothelial
growth factor (VEGF). Mature endothelial cells must allow both acute and
chronic remodeling of the vessel wall.

In the first stage of angiogenesis, the form of the endothelial cells building up
the vessel wall changes in a small area of the wall. The vascular tone reduces,
leading to higher permeability of the wall, which could help increase the flux of
nutrients in the area.

In the second stage of angiogenesis, secreted proteolytic enzymes (protease or
peptidase) break the long chainlike molecules of proteins into shorter fragments,
fluidizing the extracellular matrix (ECM) and promoting cellular mobility.
VEGF stimulates the fission of cells, resulting in chemotaxis (chemically pro-
moted migration) directed by the gradients of the growth factor. One of the
most important aspects of this scenario is the formation of the various gradients
required for morphogenesis. Two particular states exist for endothelial cells (as
for other cells): interconnected (bonded) cells that form part of the tissue (en-
dothelial cell) and autonomic, not bonded to neighboring (mesenchymal) cells.
Phase-transition between the two states is possible and is called the endotheli-
al-mesenchymal transition (EndMT). EndMT is a complex process in which
endothelial cells lose their specific markers, and the adherent connections be-
tween the cells are lost when vascular endothelial cadherin (VE-cadherin) un-
binds. The cytoskeleton of the cell subsequently becomes disoriented and results
in deformable, autonomic mesenchymal cells, which are mobile and are capable
of migrating into surrounding tissues.

EndMT was first recognized in heart development [9] [10]. A subset of endo-
thelial cells was observed forming a primitive heart tube with a mesenchymal
phenotype and invading the surrounding tissue.

Embryonic heart formation has provided most of the current knowledge
about EndMT. Recently it was shown that EndMT could occur in a variety of
pathological conditions including malignancies [11]. About cancer, EndMT is
now recognized as a unique source of cancer-associated fibroblasts [12], facilitat-
ing tumor progression [13]. Nevertheless, the molecular mechanism of EndMT in
tumors has not yet been specifically studied, although there is strong evidence
that angiogenic vessels can undergo EndMT, playing a role in angiogenesis by
forming tip cells, which migrate into adjacent tissue [14]. EndMT could be a
major mechanism in angiogenesis [15] and could play a major role in stabilizing the

neovasculature during vasculogenesis and angiogenesis. This self-organizing process
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makes the vascularization fractal, which allows a certain mathematical descrip-

tion of its structure [16].

2. Cellular Transitions

The angiogenetic vascularization and the tumor growth are well-modeled ma-
thematically [17], but unfortunately, EndMT and angiogenesis are not unders-
tood well enough to explain the transition in detail. EndMT is often described as
a form of epithelial-to-mesenchymal transition (EMT) [18]. EMT has a basic
role in repairing (reconstructing) epithelial injury and can also occur in individ-
ual tumor cells as an important mechanism of invasion and metastasis [19] [20]
[21] [22].

EMT has been extensively studied and offers an orienting guideline for re-
search on EndMT. Both transitions have a similar mesenchymal phenotype and
probably involve common signaling pathways. Consequently, we could use the
similarities of EndMT and EMT processes, which are proceeded in some publi-
cations too, [23] [24] [25].

It is a plausible assumption that nature works by the same principles, Ze. it
solves similar tasks in the same way. We call this assumption the permanence
principle. On this basis, to learn about the processes taking place in endothelial
cells we study the cells of the epithelium.

Epithelia separate adjacent tissues from each other and have a specific role in
the homeostasis of organs, fixing the post-developed whole organism for the en-
tire life. Epithelia are vital tissues of the body and are the basis of most complex
organs. Epithelia form a well-structured layer with tight physical coupling and
quasi-translational symmetry similar to crystalline materials, formed by cell-cell
junctions with apical-basal polarity. The permanently polarized epithelial sheet
is one of the final tissue forms of multicellular organisms.

Polarization interactions are one of the crucial factors in the building of tis-
sues and organs [26]. They are not only decisional in epithelial cells, but active in
many electrolytes in the human body, where the water structure is polarizable,
semi-crystalline [27]. This ordering vanishes in malignancy [28], facilitating de-
tection [29]. It is likely that the ordered water bound to the membrane is
oriented by the membrane potential, and by the polarized epithelial sheets as
well.

As the cytoskeleton defines the form of a cell, the adherent connections and
junctions need a certain formal condition too. There is a stage of cells when or-
ganized in harmonic connections with their neighbors (most common are the
epithelial cells) and fixed in this form, losing their intercellular chemical bonds,
forming mesenchymal cells. EMT was first studied in embryogenesis. EMT, and
the opposite direction the mesenchymal-epithelial transition (MET) are critical
for the development of many tissues and organs in the developing embryo [30].

These processes require a change in the endothelial cells of the existing vessel

in the area of attachment. Epithelial cells have an apicobasal polarity, which
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guides the polarization of the cytoskeleton. Intercellular connections (in the case
of epithelial cells these typically involve E-cadherin; regarding endothelial cells
these typically involve VE-cadherin) requires connected cytoskeleton inside the
cells, where the cadherin-catenin-complex bonds form chains of molecules [31]
(Figure 1).

Polarization is lacking in mesenchymal cells, which have a spindle-shaped
morphology. While the epithelial cells can be connected chemically, the mesen-
chymal cells have only physical interactions (mechanical connections) with their
neighbors.

EMT can induce in various ways, but the signals of the ECM have a guiding
role. There are EMT effectors [32], extracellular signals [33] and collective sig-
nals [34] regulating the exchange of information between cells. This collective
harmony is the basis of homeostasis of the complete organism [35]. The EMT
and MET transitions may involve various chemical complexes as effectors, and
in the cycle of transformations may form various endothelial structures [36]
(Figure 2), developing new tissue including, unfortunately, tumorous tissues.
The cells in this cycle have to break their bonds with their neighbors; they mi-
grate to morphogenetic direction and form chains to build-up a new tube-like
structure. The breakage of neighboring connections starts with the collapse of
the cytoskeleton of the cells involved. During this step the cells become deform-
able, and the intercellular adherent connections are terminated. This is the first
step in angiogenesis too, whereby the separation of the cells makes it possible to
form new connected structures.

Development of the living orgasm and the consequent tissue homeostasis re-
quire the evolutionarily conserved process of EMT. EMT and MET as reverse
processes, are essential for the physiological response to injury (wound healing)
as well as in carcinogenesis [37] [38].

An important consequence of changes in the polarization of cells is the change in
the structure of water associated with them. Water undergoes an order-disorder

phase transition that may be connected with cellular proliferation [39], and
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Figure 1. The adherent connection complex is one mechanism of intercellular bonding in
tissues. The intercellular interactions are connected with the intracellular, affecting the
actual stage of cytoskeleton.
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Figure 2. Interconnection of EMT-MET transformations, showing the critical effectors
and the main properties at each stage. After losing the structure of the cytoskeleton the
cell shape becomes indefinite, and the cell can be deformed easily. These cells are mobile
and can relocate easily. Reconstruction of MET needs re-establishing the intercellular
connections.

could even be one of the key factors in EMT from bio-electromagnetism. As the
process of cell fission begins, the water structure gradually becomes disordered
around the cell [40], increasing the dielectric permeability of the water [41] and
changing many transport properties [42]. This is probably connected with the
cytoskeletal restructuring that takes place during EMT, with the fixed polariza-
tion of the cellular layer being gradually lost, making disorder by of the con-
nected water layer. The increased permittivity caused by disorder further de-
creases cell-cell adhesion and may be additional support of the cell-division or
even for the proliferation. From water ordering and polarization, the two phases
of the transition are defined as the beta (5 collective, well polarized, ordered,
low dielectric permittivity) and alpha (a, autonomic, not polarized, disordered,
high dielectric permittivity) states [43]. Highly organized, developed living tis-
sues are naturally built up from water structures in the f state. This cellular fis-
sion is well controlled. One of the guiding factors is the water order, which re-
gulates the interaction forces between the cells without considering actual
chemical bonds.

The order-disorder transition of the aqueous electrolytes probably plays a role
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Figure 3. The role of EF as an effector in the EMT-MET pair of transitions.

in the a > ftransitions [44]. This ordering of the water states may promote the
adherent bonds during the end-stage of MET. In the same way, the changes in
the final stages of EMT are supported by the disordering of the surrounding wa-
ter structures (Figure 3).

The cells in the healthy tissue are in cooperative interactions mostly run on
mitochondria-driven metabolism, producing 36 ATPs from one glucose mole-
cule in the rather complex Krebs cycle. When cellular cleavage starts, a larger
energy flux is necessary to support the production of the daughter cells or simply
to supply energy for the cellular transitions. The larger demand for energy could
activate glycolytic energy production mainly under hypoxic conditions. Mesen-
chymal cancer cells are mostly hypoxic, and so exhibit a high rate of glycolysis
[45]. In this simple process, only two ATPs are produced from one glucose mo-
lecule. The efficacy of this glycolysis is low but is compensated by the large flux
of materials due to the very simple production process. The intensive energy flux
of the fermentative metabolism increases the heat liberated in the cell, and thus
the temperature gradient between the extra and intracellular compartments. The
increasing temperature difference will eventually reach a critical threshold, at
which the heat flow changes from conductive to convective [46]. The convective
flow promotes ionic flow through the cellular membrane, increasing the mem-

brane permeability to glucose and thus supporting the glycolytic way of meta-
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bolism together with changes in the intracellular circulation [47] [48].

An interesting relation between energy flux and cooperativity in vitro, the
specific metabolic rate in the cultured cells was constant [49] in conditions when
overall metabolic rate normalized to the actual mass. The reason for this is sim-
ple: when available nutrient levels are practically infinite due to the permanent
concentration of nutrients for the culture, the efficacy of energy use is not an is-
sue. High supportive energy flux makes the cells autonomic, placing them in the
a state. However, when the cells are cooperative the scaling shows (-1/4) expo-
nent [47], which characterizes the general allometric scaling of the specific me-
tabolic rate vs. mass [50] [51]. Consequently, the metabolic rate depends on col-
lectivity; when cells are cooperative, the efficacy of energy consumption is better
than in the case of autonomic cells. A low energy supply makes the cells cooper-
ative and also sophisticated, being very efficient in power generation and envi-
ronmental adaptation as well. A spectacular demonstration of this is shown by
slime-mold cells [52]. In the case of “infinite” nutrient availability, the cells are
autonomic. However, upon starvation of slime mold, some cells act as collecting
centers, leading to the aggregation of cells, and enhancing the efficacy of energy

use due to the limited availability of nutrients.

3. Effect of EF

There are two consequences of the separation of epithelial cells: the cytoskeleton
collapses at least partially, and the intercellular bonds disintegrate (at least in-
tercellular signaling is disrupted). In this way, cell migration is promoted, and a
new kind of elongated, fusiform cellular arrangement could appear, allowing the
formation of chain-like structures. Effectors promote this process. They free the
cells and allow the reorganization of the cells (transforming them into the me-
senchymal form). One of the effectors of this process is a form-factor that is re-
sponsible for morphogenesis: this is the electric field (EF) [53].

The epithelial and mesenchymal cells differ from a functional and phenotypic
point of view. Epithelial cells form layers in which the cells interact closely and
are well connected by specific transmembrane proteins, forming adherent con-
nections and various junctions. The epithelial cells are polarized in the apic-
al-basolateral direction, due to the special local distribution of cadherin and in-
tegrin molecules, and the surrounding ordered structure of aqueous electrolyte
(p state). Epithelial cells may have some displacements in their neighborhood
but strictly remain in the epithelial layer.

Mesenchymal cells do not form any ordered layer, do not show polarization
and are not connected by adherins, integrins or junctions. They have a disor-
dered aqueous electrolyte structure (a state). Their fusiform shape, as well as the
disordered electrolyte structure, supports their migration and the formation of
chains. This shape ensures the heterogenic charge distribution on their mem-
brane, which influences the chain orientation and ordering and supports their

migration along the lines of EF. Hypoxic and necrotic cells liberate EMT effec-

DOI: 10.4236/0jbiphy.2018.82005

55 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2018.82005

O.Szaszetal.

tors into the ECM, supporting the destruction of connections between the en-
dothelial cells and collapsing the standard cytoskeletal network intracellularly.

Electromagnetic effects could initiate regeneration of the intercellular connec-
tion (transformation from a-state to B-state). Experiments show the reestablish-
ing of the E-cadherin S-catenin complex intercellular bonds [54], and downre-
gulates the molecular factors for neoangiogenesis, [55].

The role of EF-induced biocurrents has been debated in biophysics for many
years. The automatic biological charge transfers have an important role and
might be a basic phenomenon of tissue repair [56] [57].

To clarify the role of EF as an effector of angiogenesis, we again apply the
permanence principle, using the morphogenesis of epithelial cells to investigate
in detail the processes connected to wound healing [58]. The inner side of the
epithelial layer is positively charged, while the outside is negative. In the cornea
(which has been studied in detail), this gradient, which is called the transcorneal
potential difference (TPC), is caused by an active ion pump that produces an in-
flux of positive Na" and K* ions and efflux of negative Cl-ions. The value of the
TPC is typically 40 mV. In the case of injury, the wound in the epithelium pro-
vides a short-cut, its potential tends to zero in this localization. However, in dis-
tance of 05 - 1 mm, the original potential value could be measured, causing a
certain gradient of EF. This EF-difference induces electric current directed to the
wound (Figure 4). The current, powered by this process of the endogenous
field-strength, is called injury-current, [59].

The injury current certainly plays a central role in wound healing [60]. Injury
currents are physiological [61], and their typical value is around 100 pA/cm’ on
the physiological potential-gradient drops ~100 mV/cm and may be extended to
mm distance from the wound [50]. This very low power (approx. 0.01 mW/g)
does not increase the local temperature, [62], but can be measured using high-tech
methods during the wound-healing process [63] [64] [65]. The EF in the tissue is
oriented to the wounded area, and the current has a closed loop through the
surface of the epithelium, with the current traveling from inside to the surface of
the wound itself. This electrically controls the wound-healing process and pers-
ists as long as the wound exists. It regulates the orientation and the frequency of

cell division [66], directs the cell migration to heal the wound [67].

4. Discussion

The endogenous EF that gives rise to the injury current is a primary morphogen,
acting on the inner side of the epithelium. The physiological effects of the endo-
genous EF are shown in Figure 5.

During the wound-healing process, cells isolate themselves from others,
breaking the adherent connections and junctions, while de-structuring of the
cytoskeleton results in deformability and the possible formation of new shapes.
The injury itself produces growth factors and compounds promoting cellular fis-

sion. This effect is intensive apart from the wound, where the injury-induced
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Figure 4. Generation of the endogenous EF and injury current. (a) No current, polarization is constant. (b) The wound provides a
short-cut, through which the current flows. (c) A circuit picture of the injury current. When the injury is healed, there is no longer
a shortcut, so the current disappears, and the situation shown in (a) is re-established.

Cell-migration to
fill the wound E F

Figure 5. Physiological processes are driven by the endogenous EF. Cell migration during
wound healing induced by the injury current is well documented.

electric field is low. Together with the new cells, the wound shows directional
proliferation (centripetal migration [68], regulated from a relatively large dis-
tance, 0.5 - 1 mm). The steps in wound healing are as follows:

o Cells migrate from the distant (healthy) domains toward the wound (Figure
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6);
e The axis of proliferation is oriented at the verge of the wound. Proliferation
declines gradually with distance from the wound;
e The current is proportional to the EF-induced by the injury;
e The speed of wound healing is accelerated by a higher EF;
e EF controls cell proliferation at the wound. It orients the cells and the devel-
opment of the nerve and transport networks;
e EF changes the distribution of the receptors of growth factors along the cell
membranes;
e The normalized on control of potential difference could be altered by drugs.
At the start of angiogenesis new cells develop, and these are more negatively
charged than their older counterparts; furthermore, their supply of nutrients and
oxygen is not yet organized. The local hypoxia induces VEGF, which is sup-
ported by the gradient of EF caused by the negative newborn cells. In this case,
the new cells in meaning to generate EF and EF-induced current play the same
role as a wound. The old vessel wall starts rearranging in isolated areas, and the
free wound helps build up the new vessel network by the injury current. Vessel
forming may lead to bifurcative branching, for what the mathematical model ex-
ists [69]. We state that the morphogenesis needs EF, as it controls the orienta-
tion of cell fission, and regulates the direction of cell migration as well as the
movement of compounds (like growth factors) towards the site of action.
Based on the permanence principle we hypothesize that the EF is caused by
the cleavage and appearance of the new cells (Figure 6).

Experimental proof of the oriented cell division of epithelial cells has been

proliferating cells =

- = negatively charged

EF ﬁ
veSSE|'WéL+ - i 4 4 " M positively charged
I +
blood-vessel S
[5) o s

Figure 6. EF robustly formed when a group of newborn cells appears in the tissue.
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presented [70]. The endogenous EF organizes the dipole molecules and could
increase the lipids and associated receptors of growth factors on the negative
pole. When the ends of astral microtubules bind to the transmembrane proteins,
the EF orients the spindle microtubules intracellularly.

Possible mechanisms of cell migration are also connected to the effect of EF.
Without EF the cells would have a negative membrane potential and an equili-
brated distribution of charges (dipoles) in the membrane. When EF appears the
side of the cell nearest to the positive pole hyperpolarizes. This polarization effect
modifies the Ca** transport from the ECM. When neglecting the voltage-gated ef-
fects, the diffusion will form a larger concentration of Ca* in the intracellular
electrolyte on the positive pole of the cell than on the negative side. Due to this
misbalance, the positive side of the cell undergoes a contraction, while the nega-
tive side dilates at the same time. This causes a displacement (migration) of the
cell in the positive-to-negative direction of the EF [71].

In the case of active voltage-gated ionic channels are considered the ion con-
centration on the positive side of the cytoplasm increases by diffusion. On the
negative electric pole of the cell, the activity of voltage-gated channels will be in-
tensified by the depolarization of the EF. These effects both lead to contraction
of the cell. The direction of the displacement is determined by the size of the
contractions. The action of voltage-gated ion channels is more efficient than
diffusion, causing migration in the opposite direction than would occur without
voltage-gated channels. Migration may involve individual cells and clusters of
cells too.

Oriented cell fission and migration are highest at the edge of the wound, while
proliferation is maximal when the EF is zero. This means that wound healing
results from centripetal cell migration towards the wound. More precisely, the
process of migration delivers the cells, but the oriented cell division makes it or-
dered and forms the tissue structure.

The above considerations of the permanence principle in the case of angioge-
nesis suggest that the endothelial cells migrate from a distance guided by the old
vessel wall towards the negative newborn cells, where the large EF accelerated
migration and oriented cellular fission. This may explain how the diameter of
the blood vessel becomes smaller and the tube narrower, forming a capillary in
the distance. In the next step of angiogenesis, the cells leave its cycle in a hostile
environment to survive and build up a physiological capillary structure. In the
final step of angiogenesis, the appropriate ECM is built up, cellular connections
are formed, and other cells (like smooth muscle cells) complete the complex
structure of the vessel tissue. Angiopoietin molecules play a role in this stage of
development, by uniting the new capillary with the existing one, forming a phy-
siologically functional structure.

The effectors forming the cellular connections are mandatory in the angi-
ogenic process. These connections probably start with E-cadherin, which initia-

lizes the next steps via EF construction. The electrochemistry of the cytoskeleton
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polymerization may be as follows: The positive side of the cell is hyperpolarized,
increasing the Ca* influx into the cell by diffusion. On the negative side, the
voltage-gated channels pump more Ca*" into the cell. In this way the Ca®* con-
centration in the cell gradually increases, activating the rho GTPases:

Ca* — adenylate cyclase - cAMP/PKA — rho GTPases — cytoskeleton

which is mandatory in the building of the cytoskeleton [50].

It is clear that the process is the same when the EF is in the opposite direction;
consequently, the process takes place in the alternating field too, although the
direction of migration would be indefinite.

Via this process, the cells finally build the vessel wall, and gradually build up
their final communication channels too.

The final stage of angiogenesis comprises remodeling when the complete
network is optimized for its task. The un-used capillaries dissolve, and anasto-
moses appear between the capillaries.

All the above considerations are entirely applicable to the development of ma-
lignancy. The malignant tissue has a specific gradient in potential with its
healthy neighborhood [62] [71], and this acts to promote and direct cancer cell
migration [72]. There are arguments on the cancerous process as a wound repair
[73]. The bio-system falsely recognizes the tumor as a wound and stimulates its
environment to heal the irregularity (that is, to produce cells to heal the wound).
This false wound-healing mechanism is actively supported by the actual injury
currents caused by the potential gradients.

Cancer treatment has been developed [74] [75] based on the concept of “bio-
logically closed electric circuits” (BCEC) [76] [77]. This type of method involves
applying an external electric field to generate currents, and has been found effec-
tive against cancer [78] [79] [80]. Wound healing by external EF stimulation has
also been reported [81].

Dielectric polarization depends on the gradients of permittivity and the natu-
ral logarithm of conductivity. Due to the weak dependence on conductivity, let

us consider the permittivity gradient as a linear function:

E-A=p 1)
where A is the gradient of permittivity (A = grad(¢)), E is the electric field, and p
is the density of charge in the target. For the easiest geometry let us consider a
disc-shaped skin cancer (surface tumor) with full cylindrical symmetry. Given its
higher permittivity and negative charge compared to its healthy neighbors, the
distribution of the physical parameters shown in Figure 7 is realistic.

The geometry of the tumor involves the maximal value of the space charge,
and Fand A = grad(¢) are parallel enough to calculate the product of their abso-
lute values. The permittivity gradient is opposite to the field-strength vector, due
to the negative charge of cancer. To compensate the negative space charge, the
field restricts the electric current to the cancer disc, starting an injury current

between the cancerous and healthy parts. This current could dedifferentiate
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Figure 7. Distribution of relevant physical parameters in the disc-shaped tumor (& is the
dielectric permittivity, p is the charge density). (a) The radius of the disc is R. (b) The
change in the gradient effect widens this distance, by the modification or the dielectric
permittivity in a Ar-range. (c) The gradient of permittivity differs from zero only in the
transition zone, (d) where the charge density is also not zero.

healthy cells into multipotent ones, which could become autonomic and rediffe-
rentiate into cancerous cells. This mechanism creates “precancerous cells” [82]
[83]. Injury current is not able to compensate the space charge. Due to the high
metabolic rate of the tumor, the cancerous cells are in a state of permanent divi-
sion and produce a negative space charge. The natural mechanisms of the
bio-system are not able to block the cancerous growth after a certain size. Con-
sequently, artificial intervention to deliver positive charges to compensate could
be helpful. For this, the necessary electric field strength should be parallel with
the gradient of permittivity.

In cancerous proliferation, the massive numbers of newly produced cells
create a definite EF. The injury current becomes permanent. The simplest reason
for this is the grouping of the newborn cells, which have no possibility of neutra-
lizing themselves to the potential of the natural surroundings. (The new cells are
charged more negatively than the cells in the normal host tissue.) It can be hy-
pothesized that as a constrained current the injury current depolarizes the cell
membrane. The depolarization of the cell membrane is associated with prolifera-

tion [84] [85], and therefore could induce cell division and wound healing.

5. Conclusion

We argue that the process of angiogenesis is guided by the EF, which itself arises
due to the polarization and proliferation of cells. By analogy with the epitheli-
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al-mesenchymal-transformation, we have reached conclusions about the endo-

thelial-mesenchymal-transformation. The analogy shows a perfect fit with the

available literature, so we can conclude that electric field and its effect on charge

distribution have a role in endothelial-mesenchymal-transformation and conse-

quently in the neoangiogenesis as well.
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