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Abstract: Accumulating evidence suggests that an important role is played by electric signals in
modifying cell behaviour during developmental, regenerative and pathological processes. However,
their role in asthma has not yet been addressed. Bronchial fibroblasts have recently been identified
having important roles in asthma development. Therefore, we adapted an experimental approach
based on the lineages of human bronchial fibroblasts (HBF) derived from non-asthmatic (NA) donors
and asthmatic (AS) patients to elucidate whether their reactivity to direct current electric fields (dcEF)
could participate in the asthmatic process. The efficient responsiveness of NA HBF to an electric
field in the range of 2–4 V/cm was illustrated based on the perpendicular orientation of long axes
of the cells to the field lines and their directional movement towards the anode. These responses
were related to the activity of TGF-β signalling, as the electrotaxis and re-orientation of NA HBF
polarity was impaired by the inhibitors of canonical and non-canonical TGF-β-dependent pathways.
A similar tendency towards perpendicular cell-dcEF orientation was observed for AS HBF. However,
their motility remained insensitive to the electric field applied at 2–4 V/cm. Collectively, these
observations demonstrate the sensitivity of NA HBF to dcEF, as well as the inter-relations between
this parameter and the canonical and non-canonical TGF-β pathways, and the differences between the
electrotactic responses of NA and AS HBF point to the possible role of their dcEFs in desensitisation
in the asthmatic process. This process may impair the physiologic behaviour of AS HBF functions,
including cell motility, ECM deposition, and contractility, thus promoting bronchial wall remodelling,
which is a characteristic of bronchial asthma.

Keywords: electrotaxis; galvanotaxis; human bronchial fibroblasts; asthma

1. Introduction

The presence of endogenous direct current electric fields (dcEFs) within extracellular
spaces of tissues was detected for the first time more than 170 years ago [1]. However,
only in recent decades have numerous studies demonstrated the crucial role played by
electric signals in the regulation of cell behaviour during developmental, regenerative,
and pathological processes [2–4]. Most commonly, they participate in these processes by
guiding cell migration in a process known as electrotaxis or galvanotaxis, i.e., a directional
movement towards the cathode or anode. In vitro application of physiological strength
dcEF was found to induce electrotaxis in a variety of cultured cells [5]. Most of the cell types
migrate towards the cathode, including human retinal pigment epithelial cells [6]; human
keratinocytes [7–10]; bovine, rabbit, and human corneal epithelial cells [11–13]; bovine
aortic vascular endothelial cells [14]; neonatal human dermal fibroblasts (nHDFs) [15]; am-
phibian and avian neural crest cells [16–18]; fish epidermal cells [19–21]; rat carcinosarcoma
WC256 cells [22]; and metastatic rat prostate cancer cells [4]. On the other hand, rabbit
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osteoclasts [23], murine resident peritoneal macrophages [24], human granulocytes [25],
human-induced pluripotent stem (hiPS) cells [26] and human umbilical vein endothelial
cells (HUVECs) were found to migrate towards the anode [27]. It is assumed that the
quality and quantity of electrotaxis is determined based on cellular phenotype and the
tissue-specific context.

dcEFs in epithelial tissues are generated by the directional transport of ions across
epithelial layers as a result of the polarised distribution of membrane ion channels and
transporters. Consequently, polarised ion transport leads to the creation of a transepithelial
potential (TEP) [2,3]. After rupture of the epithelium, TEP collapses at the wound centre but
remains stable distally. The resulting voltage gradient establishes the dcEF with a vector
parallel to the epithelial surface and the wound centre as the cathode [28]. Such dcEFs with
a magnitude of 0.4–2 V/cm were detected at mammalian skin wounds [29]. They guide the
electrotaxis of keratinocytes towards the wound centre (cathode). During the healing of
the wound, epidermal cells cooperate with fibroblasts that support the whole process by
triggering wound contraction and depositing new extracellular matrix (ECM) [30]. Previ-
ous studies demonstrated that fibroblasts respond to dcEF by active directional migration
toward the cathode or anode. Consequently, dcEF promotes wound healing by the cooper-
ative induction of re-epithelialisation and the activation of stromal fibroblasts that includes
directional movement, the secretion of ECM and pro-myofibroblastic transformation [31].

Endogenous dcEF may also be important for wound healing and the restitution of
the respiratory system [32]. Respiratory epithelia generate considerable TEPs [33,34] that
generate lateral EFs after injury, inducing the electrotaxis of airway epithelial cells. Epithe-
lial dynamics, differentiation, and regeneration also seem to play prominent roles in the
asthmatic process [35]. Asthma is a chronic inflammatory disease that is defined as a series
of chronic structural changes that lead to epithelial damage, subepithelial fibrosis, increased
accumulation of extracellular matrix (ECM), smooth muscle hypertrophy, thickening of the
airway wall, and increased vascularity [36]. Growing evidence is accumulating that the
dysregulated epithelial repair of the airway wall is present in asthma [37]. For example,
asthmatic airway epithelial cells were shown to exhibit impaired wound healing [38]. Fur-
thermore, dysregulated differentiation of asthmatic epithelium allows repair, but not proper
regeneration, following injury [39]. Consequently, it was suggested that, as observed in
asthma, airway inflammation and remodelling occur as a result of increased susceptibility
to injury and impaired wound healing [40]. It is conceivable that dcEF may also be involved
in asthma development. On the other hand, the role of dcEF in asthma development has
not yet been considered.

Damage to the epithelium during airway remodelling is accompanied by the activation
of neighbouring fibroblasts in the process of fibroblast-to-myofibroblast transition (FMT).
Our previous studies have shown that some inherent characteristics of fibroblasts can play
a significant role in the FMT. Differences observed between AS and NA HBF concern, in
particular, their susceptibility to TGF-β-induced FMT [41–46]. In addition to their different
reactivity to TGF-β, asthmatic (AS) and non-asthmatic (NA) human bronchial fibroblasts
(HBF) also show differences in terms of cell shape, elasticity, and protein expression pro-
file [36,47,48]. However, these differences have not yet been considered in terms of their
sensitivity to dcEFs. Therefore, to outline the role of physiologic dcEFs in the asthmatic
process, we evaluated the following aspects: (i) the reactivity of NA HBF to dcEFs, (ii) its
potential links to canonical/non-canonical TGF-β signalling, and (iii) its relationship with
the pro-asthmatic phenotype of AS HBF.

2. Materials and Methods
2.1. Cell Culture

Human bronchial fibroblasts (HBF), from asthmatic patients (AS)—isolated as de-
scribed previously [42], or donors with asthma excluded (NA) (Lonza, CC-2512, Lonza
Group AG, Basel, Switzerland). Cells were cultured in a ‘complete culture medium’—
DMEM HG (Dulbecco’s modified Eagle’s Medium High Glucose), with 10% FBS (Foetal
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Bovine Serum) and both penicillin (100 I.U./mL)/streptomycin (100 µg/mL) at 37 ◦C and
5% CO2. Cells were routinely passaged at the confluence of 80%.

2.2. Application of Electric Field

The direct current electric field was applied using a custom-made electrotactic chamber
and the protocol described earlier [49], albeit with minor modifications. An observation
chamber made of two glasses that measured 60 × 35 × 0.2 mm separated by two glasses
that measured 60 × 10 × 0.2 mm, with all glasses connected by double-sided adhesive
tape (tesa SE, Hamburg, Germany), was mounted in the PVC chamber and sealed with
silicon paste. Cells were seeded in the incomplete observation chamber (without top glass)
24 h prior to the experiment at a density of 2.5 × 103 per cm2 in 400 µL of complete culture
medium and kept in the humidity chamber. During chamber assembly, the culture medium
was replaced with an analogous medium that lacked sodium bicarbonate. The new medium
contained HEPES buffer (15 mM), and the pH was set at 7. This medium was later referred
to as the ‘recording medium’. Ag/AgCl electrodes (6 cm2 each) immersed in PBS, which
were connected to the power supply, were used to apply a dcEF of 1 to 4 V/cm. Continuous
monitoring of EF intensity was made possible by the use of two measuring electrodes
located near both openings of the observation chamber.

2.3. Registration of Cell Migration and Morphology

Time-lapse imaging was performed at integrated modulation contrast (IMC) using a
fully motorised Leica DMi8 microscope equipped with an MC170-HD CMOS camera and
HC FL PLAN 10×/0.25 DRY objective controlled via LAS X 3.7 software (all Leica, Wetzlar,
Germany). A temperature of 37 ◦C was maintained inside the observation chamber (described
earlier) using an environmental chamber and a heating unit (PeCon GmbH, Erbach, Germany).
The images were captured every 10 min for 8 h and 30 min, with EF application occurring
after an initial 30-min period (with the cathode at the right-hand side).

2.4. Analysis of Cell Migration

Single-cell migration analysis was performed using the method previously
described [50,51] via Hiro 1.0.0.4 software (written by Wojciech Czapla, Kraków, Poland).
Cell migration trajectories were constructed from cell centroids that were manually deter-
mined. To obtain circular diagrams, the initial point of each trajectory was placed in the
origin of the coordinate system. The following quantitative parameters were calculated:
(a) the speed of cell migration (µm/min)—the total length of the cell trajectory divided by
time of recording; (b) cell displacement (µm)—the length of line segment from the first to
the last position of a cell; (c) average directional cosine γ—γ is the angle formed by the
line that connected the initial point of trajectory to subsequent cell positions and the X-axis
(parallel to the vector of EF).

2.5. Analysis of Cell Orientation

Outlines of cells manually created via the Fiji ImageJ 1.53m program (National Insti-
tutes of Health, Bethesda, MD, USA) [52] were used to assess the orientation of the long
axis of cell to the X axis (parallel to the vector of EF, if applied). Values designated using
the program were reduced to angle α (ranging from 0 to 90 for parallel to perpendicular
orientation, respectively), and the orientation index was subsequently calculated using the
formula (α-45)/45, resulting in a value range of −1 to 1 (for parallel and perpendicular
orientation to EF, respectively). Additionally, the value 0 within cell population, on average,
denotes random orientation relative to the X-axis.

2.6. Inhibition of Signalling Pathways

Particular components of TGF-β receptor signalling pathways were pharmacologically
inhibited. Specifically, recording medium that contained SB431542 (for the TGF-β receptor
I itself), U0126 (for MEK1/2), SB203580 (for p38), or Y-27632 (for ROCK) (all Sigma-Aldrich,
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St. Louis, MO, USA) at a concentration of 10 µM (as described earlier [53]) was provided to
cells during electrotactic chamber assembly, with this process occurring 30 min prior to the
start of time-lapse imaging and being present throughout the experiment.

2.7. Induction of the Fibroblast-to-Myofibroblast Transition (FMT)

Each cell population was seeded in two wells of silicone culture inserts (Ibidi GmbH,
Gräfelfing, Germany) that were placed onto a single glass of the observation chamber
(measuring 60 × 35 × 0.2 mm) at a density of 2.5 × 103/cm2 in complete culture medium.
After 24 h, the medium was replaced with serum-free DMEM HG medium that contained
0.1% BSA. After another 24 h, TGF-β was added (human natural, Corning Incorporated,
Corning, NY, USA; (356040)) at a final concentration of 5 ng/mL. Control cells in the neigh-
bouring compartment remained untreated. After 5 days of incubation, dcEF application
and time-lapse imaging were performed using the method described earlier. Cells that
presented a phenotype of myofibroblasts (i.e., well-spread cells with significantly larger
areas) were selected for quantitative analysis.

2.8. Immunofluorescent Staining and Fluorescence Microscopy

Myofibroblasts were detected via α-SMA immunofluorescence staining. Cells were
seeded at a density of 5.0 × 103/cm2 in a 12-well plate that contained sterile cover glasses.
FMT induction was conducted via the method previously described [42]. Cells were fixed
with 3.7% formaldehyde in PBS for 15 min and permeabilised with 0.1% Triton X-100 for
10 min (both steps occurred at room temperature). The non-specific binding sites were
blocked with 1% BSA in PBS (Sigma-Aldrich) for 45 min, followed by overnight incu-
bation with mouse monoclonal antibody anti-α-SMA in 1% BSA (Sigma-Aldrich, A2547,
1:400). Next, the cover glasses were incubated with secondary goat anti-mouse antibody
conjugated with AlexaFluor 488 (A-11001, 1:500, Invitrogen, Waltham, MA, USA) and
Hoechst 33258 (Sigma-Aldrich, 1 µg/mL), which all occurred in 1% BSA for 1 h. Finally,
cellular microscope slides were embedded in a fluorescence mounting medium (Dako,
Glostrup, Denmark). Imaging was performed via a fully motorised fluorescence microscope
Leica DMI6000B, which was equipped with a DFC360FX monochromatic CCD camera and
HCX PL APO 40×/1.25 OIL immersion objective, as well as controlled via LAS X 3.4 (all
Leica, Wetzlar, Germany).

2.9. Statistical Analysis

The statistical significance of differences in the speed of cell migration and cell dis-
placement were assessed via Student’s t-test, while for directionality and orientation, these
differences were assessed via a non-parametric U–Mann–Whitney test using Statistica
13 software (TIBCO Software Inc., Palo Alto, CA, USA) due to the nature of these pa-
rameters and the inherent lack of a normal distribution associated with them. Statistical
significance was determined based on p < 0.05.

3. Results
3.1. Electrotactic Responses of NA HBF to dcEFs

Electrotaxis is the most prominent dcEF-induced cellular response. Therefore, to
estimate the electrotactic responsiveness of NA HBF, we first analysed their motility after
exposition to dcEFs applied at 1–4 V/cm (Table 1; Figure 1). In the absence of an external
electric field, NA HBF showed random directionality in cell movement. At the single-cell
level, this observation was illustrated by the circular diagrams that show the distribution
of single-cell trajectories (Figure 1A) and displacements (Figure 1B). At the population
level, the random directionality of NA HBF movement is shown by the value of cosine γ

(0.004 ± 0.091; Table 1; Figure 1E). Following the application of an electric field, NA HBF
movement became strongly directional towards the anode. The increase in dcEF strength
significantly enhanced the directionality of cell movement, as illustrated by cosine γ values
(Table 1; Figure 1E). These data demonstrate the significant reactivity of NA HBF to dcEFs



Biomedicines 2023, 11, 2138 5 of 14

and suggest their involvement in bronchial healing and remodelling. On the other hand,
the induction of NA HBF electrotaxis was accompanied by a significant decrease in other
motility parameters, including the speed of cell migration and displacement, that occurred
in the presence of dcEF (Table 1; Figure 1C,D). This effect was probably related to a change
in the orientation of the long axes of the migrating NA HBF in the electric field (see below).

Table 1. Migration of NA HBF in isotropic conditions and an electric field of physiological magnitude.

NA HBF; n = 50 Speed of Cell
Migration [µm/min]

Cell Displacement
[µm]

Directionality (cos γ)
[No Unit]

dcEF Intensity Mean ± SEM Mean ± SEM Mean ± SEM

w/o (Control) 0.825 ± 0.039 175.248 ± 13.693 0.004 ± 0.091
1 V/cm 0.520 ± 0.036 * 87.540 ± 10.835 * −0.128 ± 0.077
2 V/cm 0.319 ± 0.028 * 77.610 ± 13.450 * −0.220 ± 0.076 *
3 V/cm 0.301 ± 0.020 * 75.796 ± 8.270 * −0.451 ± 0.061 *
4 V/cm 0.191 ± 0.016 * 40.143 ± 4.967 * −0.435 ± 0.065 *

* statistically significant values relative to those of the control (p < 0.05).
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Figure 1. Migration of NA HBF in isotropic conditions and an electric field of physiological magnitude.
(A) Composite trajectories of NA HBF migration both without and in the presence of a direct current
electric field (dcEF) of physiological magnitude (1–4 V/cm) are shown as circular diagrams. The initial
point of each trajectory was moved to the origin of the coordinate system. Each trajectory was created
using 48 points of cell centroids recorded at 10-minute intervals for 8 h. The positive electrode (anode) of
dcEF (if present) is located on the left side. Scale in µm; n = 50 cells per condition. (B) Final positions of NA
HBF migration plotted on the coordinate system. dcEF (if present) is oriented as previously. Points located
on the left (anodal) side of the 0Y axis are marked in red, while points located on the right (cathodal)
side of the 0Y axis are marked in black. Scale in µm; n = 50 cells per condition. (C–E) The quantitative
parameters of NA HBF migration both without and in the presence of dcEF. (C) Speed of cell migration;
(D) cell displacement; (E) directionality of cell migration. Values are calculated as the mean value for the
analysed population± SEM (n = 50); * statistically significant values relative to those of control (p < 0.05).
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3.2. The Effect of an Electric Field on the Orientation of the Long Axis of NA HBF

To elucidate the processes that drove the inhibition of the NA HBF speed of movement
during the electrotaxis, we analysed the effect of dcEF (applied at 1–4 V/cm) on the
orientation of the long axes of NA HBF in relation to the lines of the electric field. When
cultivated in control conditions, no predominant orientation of the NA HBF axes could
be seen. This finding is illustrated by photomicrographs and data from morphometric
analyses that gave an orientation index value (Oi) close to 0 (Oi equal to 1 means that every
cell is perfectly perpendicularly aligned relative to the electric field lines, while Oi equal
to −1 denotes the cells’ parallel orientation to the electric field lines; Figure 2A(left),B).
dcEF application induced the reorientation of cellular axes, meaning that their alignment
was mostly perpendicular to the electric field lines (Figure 2A(right)). This response was
dcEF strength-dependent, and its greatest magnitude was observed for NA HBF exposed
to 3 V/cm of dcEF (Figure 2B), where the average Oi reached 0.731 ± 0.040. In turn, its
time dependence was demonstrated using Oi dynamics, which increased with the duration
of the experiment (Figure 2C). Collectively, these data confirm the sensitivity of NA HBF
to dcEFs. They also show that electric fields may affect arrangement of fibroblasts at the
periphery of the wound.
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Figure 2. Orientation of NA HBF in dcEF compared to isotropic conditions. (A) Cell morphology
before and after 8 h of application of 3 V/cm of dcEF. The positive electrode (anode) of dcEF (if
present) is located on the left side of the field of view. (B) Orientations of the long axes of NA HBF in
relation to the electric field vector (and EF lines). Mean orientation index for cell population (n = 50)
after 8 h of exposure to EF of specified strength (1–4 V/cm) ± SEM. A value of 0 denotes random
orientation, while a value of 1 denotes perpendicular orientation and a value of −1 denotes parallel
orientation of the long axes of cells to EF lines. * statistically significant values compared to those
of the control (p < 0.05) (C) Change in orientation index over time. 3 V/cm of dcEF was applied to
NA HBF for 8 h, and cell orientation was assessed every hour as the mean value ± SEM (n = 50).
* statistically significant values compared to the initial time point (p < 0.05).

3.3. TGF-β Signalling Participates in NA HBF Responses to dcEFs

TGF-β is a crucial cytokine for the remodelling of bronchial walls during the asthmatic
process. Moreover, it was suggested that directed cell migration in the electric field is
dependent on TGF-β [13]. In this model, asymmetric signalling results from the increase in
the density of TGF-β membrane receptors on one side of the cell, while the concentration
of TGF-β (present in serum) around the cell remains uniform.

Therefore, we further elucidated whether TGF-β signalling determines the suscep-
tibility of NA HBF to dcEFs. To address this point, we used specific inhibitors relevant
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to the canonical (TGF-β receptor I inhibitor: SB431542; 10 µM) and non-canonical (p38
MAPK inhibitor: SB203580; MEK inhibitor: U0126; ROCK inhibitor: Y-27632; 10 µM) TGF-β
signalling pathways. All investigated inhibitors impaired the electrotactic responses of NA
HBF to 3 V/cm of dcEF (Table 2, Figure 3C). This observation is illustrated by changes
in the direction of cosine values calculated for NA HBF exposed to 3 V/cm of dcEF in
their presence (Figure 3C). Considerable differences between their effects on other NA HBF
responses are illustrated based on a moderate impairment of the NA HBF displacement
in the presence of 3 V/cm of dcEF and SB431542 (inhibitor of TGF-β receptor I; ALK4,
ALK5 and ALK7: to the 67% of the control value; 50.99 ± 6.97 µm vs. 75.80 ± 8.27 µm). On
the other hand, ROCK inhibitor Y-27632 significantly stimulated cell migration (150% of
the displacement control value; 113.53 ± 12.97 µm vs. 75.80 ± 8.27 µm) (Figure 3B). The
inhibitors of canonical and non-canonical TGF-β signalling pathways exerted correspond-
ing effects on the orientation of NA HBF in dcEF. Our data show the significance of the
interplay between downstream effectors of TGF-β-dependent pathways in enabling the
fine-tuning of electrotactic cell responses to dcEFs.

Table 2. The effect of pharmacological inhibition of TGF-β signalling on the response of NA HBF to
the dcEF.

NA HBF;
3 V/cm dcEF;

n = 50

Speed of Cell
Migration
[µm/min]

Cell
Displacement

[µm]

Directionality
(cos γ) [No Unit]

Orientation Index
[No Unit]

Inhibitor
(Target Protein) Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM

w/o (Control) 0.301 ± 0.020 75.796 ± 8.270 −0.451 ± 0.061 0.731 ± 0.040
SB431542
(TGFβR1) 0.302 ± 0.025 50.990 ± 6.972 * −0.024 ± 0.083 * 0.404 ± 0.078 *

U0126 (MEK1/2) 0.376 ± 0.033 76.163 ± 10.766 −0.137 ± 0.068 * 0.531 ± 0.072
SB203580 (p38) 0.357 ± 0.031 72.527 ± 8.941 −0.047 ± 0.066 * 0.356 ± 0.077 *

Y-27632 (ROCK) 0.355 ± 0.030 113.532 ± 12.974 * −0.208 ± 0.069 * 0.492 ± 0.065 *
* statistically significant value compared to that of the control (p < 0.05).
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Figure 3. The effect of pharmacological inhibition of TGF-β signalling on the response of NA HBF to
the dcEF. (A–D) The quantitative parameters of NA HBF migration and orientation in a 3 V/cm dcEF
applied for 8 h both without and in the presence of particular inhibitors of TGF-β signalling pathways.
The names of the inhibitors and targeted proteins are listed under the X axis. Each inhibitor was used
at a concentration of 10 µM. (A) Speed of cell migration; (B) cell displacement; (C) directionality of cell
migration; (D) orientation of the long axis in relation to EF lines; mean ± SEM (n = 50); * statistically
significant value compared to that of the control (p < 0.05).
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3.4. AS HBF Display Aberrant Reactivity to dcEFs

As our data show the sensitivity of NA HBF to external dcEF, we further concentrated
on its involvement in the asthmatic process. For this purpose, we used an experimental
approach based on the HBF lineages derived from asthmatic (AS) patients and traced the
differences between the reactivity of AS and NA HBF to dcEFs. Whereas AS HBF showed
a clear tendency to assume a perpendicular orientation of the long axis of the cell in the
electric field (similarly to NA HBF, Table 3; Figure 4D), considerable differences could be
seen in their motile activity and electrotactic response (Table 3; Figure 4A–C).

Table 3. Reactivity of human bronchial fibroblasts derived from asthmatic patients (AS HBF) to an
electric field.

AS HBF; n = 50
Speed of Cell

Migration
[µm/min]

Cell
Displacement

[µm]

Directionality
(cos γ) [No Unit]

Orientation Index
[No Unit]

dcEF Intensity Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM

w/o (Control) 0.437 ± 0.039 * 74.273 ± 8.689 * 0.142 ± 0.080 −0.220 ± 0.078
2 V/cm 0.269 ± 0.014 64.999 ± 5.579 −0.125 ± 0.077 0.389 ± 0.072
3 V/cm 0.210 ± 0.013 * 42.496 ± 3.504 * −0.075 ± 0.069 * 0.685 ± 0.050
4 V/cm 0.198 ± 0.012 34.867 ± 4.502 0.154 ± 0.071 * 0.649 ± 0.057

* statistically significant differences between AS and NA HBF (p < 0.05).
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Figure 4. Reactivity of human bronchial fibroblasts derived from asthmatic patients (AS HBF) to an
electric field. (A–D) The quantitative parameters that defined the migratory activity and orientation
of AS HBF compared to NA HBF both without and in the presence of a direct current electric field
(dcEF) of physiological magnitude (2–4 V/cm) which were applied for 8 h. (A) Speed of cell migration;
(B) cell displacement; (C) directionality of cell migration; (D) orientation of the long axis in relation to
EF lines. Mean values for the cell population (n = 50) ± SEM. * statistically significant differences
between AS and NA (p < 0.05).

In particular, no electrotactic reaction of AS HBF could be observed in the presence of
dcEFs applied at 2–4 V/cm (Figure 4C). This observation extends the list of differences between
these two cell populations to include different reactivity to physiological electric fields.
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Mechanistic studies revealed that AS HBF were much more susceptible than NA
HBF to differentiation into myofibroblasts after TGF-β stimulation in serum-free media
(Figure 5A,B). Notably, we also observed a significant effect of TGF-β-induced fibroblast–
myofibroblast transition (FMT) on their susceptibility to dcEFs. The ability of NA HBF
to respond to the electric field was markedly impaired after their differentiation into
myofibroblasts (Table 4; Figure 5C). Its magnitude was reduced to the values characteristic
for AS HBF. Although our data indicate that the TGF-β present in the serum is necessary
for the induction of electrotactic NA HBF responses, after TGF-β induced differentiation of
fibroblasts into myofibroblasts, their ability to react in response to the presence of electric
fields decreases and remains at a similar level for cells derived from asthmatic patients.
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Figure 5. Reactivity of myofibroblasts derived from NA and AS HBF to an electric field. (A–B) AS
HBF are compared to NA HBF before and after 5 days of stimulation with TGF-β (5 ng/mL) to
induce a fibroblast-to-myofibroblast transition (FMT). (A) Images of cell morphology obtained via
modulation contrast. Scale bar—100 µm. (B) Immunodetection of α-SMA (green). Images obtained
via fluorescence microscopy. Cells are counterstained for cell nuclei (blue). Scale bar—50 µm.
(C) The quantitative parameters that define the migratory activities and orientations of AS HBF
and NA HBF that underwent FMT both without and in the presence of a 3 V/cm dcEF applied
for 8 h. Mean values for the cell population ± SEM. * statistically significant differences between
myofibroblasts (n = 20) and undifferentiated (n = 50) cells (p < 0.05).

Table 4. Reactivity of myofibroblasts derived from NA and AS HBF to an electric field.

3 V/cm dcEF;
FMT (TGF-β 5 ng/mL

for 5 days); n = 20

Speed of Cell
Migration
[µm/min]

Cell
Displacement

[µm]

Directionality
(cos γ)

[No Unit]

Orientation Index
[No Unit]

Cell Population Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM

NA HBF 0.196 ± 0.026 * 59.106 ±
10.895 0.136 ± 0.131 * 0.357 ± 0.133 *

AS HBF 0.197 ± 0.022 55.431 ± 9.580 0.050 ± 0.118 0.438 ± 0.124
* statistically significant differences between myofibroblasts and undifferentiated cells (p < 0.05).
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4. Discussion

Respiratory epithelium has been found to generate the TEP that is responsible for the
creation of lateral dcEF after injury [32–34], which affects directional migration of airway
epithelial cells. Therefore, it was reasonable to assume that dcEF might also affect the
bronchial fibroblasts present in the wound area, whereas electrotactic AS HBF aberrations
might be responsible for initiating the asthmatic process. Surprisingly, this point has not
yet been addressed. Our study is the first project to demonstrate the following points:
(i) that adult human bronchial fibroblasts are sensitive to dcEFs, (ii) this sensitivity de-
pends on TGF-β activity, and (iii) AS HBF display aberrant reactivity to dcEFs. Appar-
ently, these findings may account for bronchial wall remodelling that occurs during the
asthmatic process.

The reactivity of human bronchial fibroblasts, which responded efficiently to dcEF, is
consistent with observations made in other laboratories. For example, an anodal electrotac-
tic response to dcEFs has been reported for the foetal human lung fibroblasts MCR-5 [54],
cardiac fibroblasts (CFs) [55], human skin fibroblasts [31,56], and mouse skin fibroblasts [57].
However, the reactivity of fibroblasts to dcEF is controversial. For example, it was reported
that C3H/10T1/2 mouse embryo fibroblasts [58], neonatal human dermal fibroblasts
(nHDFs) [15], mouse embryonic 3T3 fibroblasts [59–61], mouse skin fibroblasts [62], and
embryonic quail somite fibroblasts [63] migrated towards the cathode, while human gin-
gival fibroblasts [64] and human dermal fibroblasts [65] did not respond to EF. Also, the
perpendicular orientations of the long axes of the cells relative to the electric field lines
have previously been observed for the fibroblasts derived from other tissues [57,58,60,63].
Our study was the first project to report such a response in bronchial fibroblasts. It can be
speculated that the dcEF induced migration of fibroblasts to the periphery of the wound
(toward the anode) and their uniform arrangement in relation to the electric field lines may
have a positive effect on wound contraction and ultimately accelerate wound healing.

Our study was also the first project to link disturbed electrotaxis of bronchial fibroblasts
to the asthmatic process. Our previous papers reported on the differences observed between
AS and NA HBF, such as by determining the reactivity of these fibroblasts to TGF-β, cell
shapes, elasticity and contractility, and protein expression profiles [41–45,47]. Here, we
showed that HBF populations derived from AS patients and NA donors showed the same
tendency towards perpendicular alignment of the long axes of the cells relative to the field
lines (Figure 4). However, unlike NA HBF, AS HBF do not show electrotactic reactions in
an electric field of 2–4 V/cm. The results of this report extend the list of differences between
AS and NA HBF and indicate that different reactivity to physiological electric fields may
participate in aberrant bronchial remodelling and the development of asthma.

Despite performing an intensive research, the mechanism of electrotaxis was not
fully elucidated. One of the proposed hypotheses used to explain this process assumed
that membrane receptors for chemoattractants are moved to one side of the cell via EF
and direct cell migration [2]. Such a mechanism has been demonstrated for the EGF re-
ceptor and, to lesser extent, for the FGF and TGF-β receptors [13,66]. For instance, the
cathodal electrotactic response and perpendicular orientation of bovine corneal epithelial
cells were TGF-β dependent [13]. However, it was not investigated whether this reaction
was related to TGF-β-induced canonical or non-canonical signalling. TGF-β is one of the
main mediators involved in the regulation of fibroblast differentiation and tissue remod-
elling in the bronchi. In our hands, the inhibitors of both canonical and non-canonical
TGF-β signalling pathways efficiently weakened electrotaxis and the morphologic reori-
entation of NA HBF in dcEFs, indicating that activity of these pathways is necessary for
NA HBF electrotaxis. It was previously demonstrated that RhoA activity controls the
perpendicular orientation of mouse skin fibroblasts in response to dcEF [57]. In this study,
inhibiting ROCK (the main RhoA effector) resulted in a significant decrease in both the
orientation index and directionality of HBF migration. On the other hand, although p38
activity was found to be essential in generating the directional response to dcEF identi-
fied in this study, its crucial role in the electrotaxis of human fibrosarcoma and glioma
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cells was ruled out [67,68]. In addition to short-term effects, human bronchial fibrob-
lasts drive the fibroblast-to-myofibroblast transition (FMT) in response to transforming
growth factor-β (TGF-β), and this reaction depends both on canonical Smad-dependent
signalling [41–45] and non-canonical MAPK signalling [53]. As NA HBF loses the ability
to perform anodal electrotaxis after FMT, this finding may suggest that TGF-β-induced
differentiation brings the phenotype closer to that of AS HBF, which is non-responsive to
EF in terms of directional migration.

It should be mentioned that although TGF-β is only one of the cytokines involved
in the control of cell migration, as discussed in the literature above, it may serve as the
connecting point between electrotaxis and airway remodelling that occurs in asthma.
However, to obtain a more in-depth understanding of HBF electrotaxis, other cytokines
(including other growth factors) should be examined in further research. In particular, the
role of the EGF receptor and its signalling pathways could be assessed due to its robust
redistribution in the dcEF. The results presented in this study have another limitation: all
experiments were conducted using rigid 2D substrates. It can be expected that an elastic
substratum or 3D conditions based on collagen gel could affect both the migratory activity
and FMT efficiency of the examined cells. However, it is worth noting that mouse skin
fibroblasts presented similar electrotaxis and perpendicular orientations to dcEF lines in
both 2D conditions and when embedded in a collagen matrix [57]. Therefore, we hope
that the results obtained in this study could be reflected in more physiological conditions.
Such a model would be particularly convenient, especially since certain cells (such as
human fibrosarcoma HT1080) demonstrate sensitivity to weaker dcEF when placed in
3D conditions [69], suggesting an even more robust response than that recorded in our
cellular model.

In conclusion, we have demonstrated for the first time that adult human bronchial
fibroblasts respond to physiologically tuned external electric fields. dcEFs induce cell
orientation that is perpendicular to the field lines and efficient electrotaxis in the direction
of the anode. These processes depended both on canonical and non-canonical TGF-β
pathways. Differences between the electrotactic responses of fibroblasts sourced from
asthmatic (AS) patients and non-asthmatic (NA) donors may be crucial to subepithelial
fibrosis during the remodelling of the bronchial wall during the asthmatic process.
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