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Abstract

Collagen is widely used in the cosmetics industry as an active ingredient in skin-care for-
mulations due to its biocompatibility, biodegradability, low antigenicity, and high biolog-
ical activity. As a natural humectant, collagen binds water molecules within the skin, re-
duces transepidermal water loss, and helps maintain skin elasticity and hydration. De-
spite its broad application, the influence of collagen on epithelial ion transport remains
insufficiently understood. This study evaluated the effect of a gel containing triple-helical
collagen on sodium and chloride ion transport in the isolated rabbit skin. The collagen gel
was applied to 25 skin specimens for 24 h and compared with 30 untreated control speci-
mens. Electrophysiological analyses included measurements of transepithelial electrical
potential (PD), electrical resistance (R), and potential changes during stimulation (PDmin
and PDmax). Collagen gel significantly decreased R compared with control tissues, indi-
cating altered tissue permeability. Collagen gel-treated tissues also exhibited a signifi-
cantly more electropositive PDmin than controls, whereas PDmax values remained com-
parable between groups, suggesting that electrophysiological responsiveness was main-
tained under the experimental conditions. The observed electropositive shift in PDmin
may reflect altered sodium ion transport. Whether these electrophysiological changes are
associated with changes in tissue hydration requires direct investigation.

Keywords: chloride; collagen; electrical potential; ion transport; resistance;
skin hydration; sodium

1. Introduction

Collagen is a fibrillar protein and the most abundant structural protein in vertebrates
[1-6]. It is most abundant in the extracellular matrix (EMC) [4,6]. It is a major component
of the extracellular matrix (ECM) and is found predominantly in fibrous tissues such as
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the skin, ligaments, bones, blood vessels, tendons, muscles, cornea, and dentin [1,3,4,6-8].
Collagen provides structural support and preserves tissue integrity, contributing to tissue
strength, stability, and elasticity [7-10].

Due to its biocompatibility, biodegradability, favorable mechanical properties, low
antigenicity, and high biological activity [5,9,10], collagen has attracted considerable in-
terest in tissue engineering [3,7,8], regenerative medicine [11,12], as well as in the medical
[13], pharmaceutical [14], and cosmetic industries [15,16]. Common sources of collagen
include animal-derived collagen (porcine, bovine, or fish), autologous collagen, and col-
lagen derived from cultured human fibroblasts [13,17,18]. In biomedical and cosmetic ap-
plications, the most frequently used forms are hydrolyzed collagen (collagen peptides),
native collagen (the undenatured form), and gelatin (the fully denatured form) [7,17].

Collagen is used in a wide range of formulations, including hydrogels [2,7,19],
sponges [2,7], films [2,20], emulsions [7], nanoparticles [2], and nanofibers [2,7]. It is also
incorporated into biomaterials designed to support drug delivery systems, often in com-
bination with anti-inflammatory and antimicrobial agents [2,7,11]. In the cosmetics indus-
try, collagen is primarily applied as an active ingredient in products intended for the care
of the skin and its appendages. Importantly, due to its natural humectant properties, col-
lagen can bind water molecules within the skin, thereby reducing transepidermal water
loss (TEWL) and helping maintain skin elasticity and hydration [16,21,22].

Nearly half of the collagen in the human body is located in the skin, predominantly
as type I and type III collagen [23-25]. High-molecular-weight collagen is responsible for
maintaining the structural integrity of the skin by forming a dense network of fibers
within the dermis [26]. In contrast, low-molecular-weight collagen contributes to increas-
ing the density and diameter of collagen fibers [26,27]. With aging, progressive collagen
degradation leads to reduced skin firmness, altered facial contours, and the formation of
wrinkles [24,28-34]. Collagen, particularly low-molecular-weight collagen and collagen-
derived peptides, may improve skin hydration, elasticity, and barrier function [35,36].
These effects have been attributed to enhanced water retention, improved extracellular
matrix organization, stimulation of fibroblast activity, and modulation of skin barrier in-
tegrity. Collagen may influence the skin microenvironment by affecting extracellular hy-
dration and tissue permeability. However, despite substantial evidence supporting the
beneficial effects of collagen on skin hydration and barrier-related parameters, little is
known about its direct influence on ion transport mechanisms and electrophysiological
properties of skin tissue. Understanding these mechanisms may provide new insight into
how collagen modulates skin hydration and microenvironment homeostasis.

Epithelial cells forming the epidermis exhibit a characteristic polarized structure, and
transepithelial ion transport across these cells is essential for maintaining skin homeosta-
sis and proper tissue function [37,38]. The electrostatic field generated at the skin surface
by ion transport contributes to the skin’s proper appearance and reactivity [39]. Therefore,
maintaining homeostasis in the transport of ions and water, both within epidermal cells
and across individual skin layers, is crucial for preserving skin integrity [39,40]. Disturb-
ances in water distribution are closely associated with alterations in ion transport, partic-
ularly involving sodium and chloride ions. Likewise, increased ion transport affects water
movement within the tissue [37,41,42].

Numerous studies have demonstrated that the epithelial sodium channel (ENaC) is
involved in regulating cellular hydration and maintaining the local microenvironment
[38,40]. Moreover, altered sodium ion transport has been associated with changes in local
intercellular osmolality [43], which have been implicated in immune activation and may
contribute to allergies, skin hypersensitivity, and hypertrophic scarring [38,39,42]. ENaC
channels have also been shown to actively participate in wound healing processes [44],
keratinocyte differentiation [45], and normal epidermal growth [38,42,46,47]. Moreover,
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ENaC dysfunction may be associated with increased transport of oxidized low-density
lipoproteins (ox-LDLs) and the initiation of an inflammatory response [48].

Chloride ion transport occurs primarily through the cystic fibrosis transmembrane
conductance regulator (CFTR) channel, which is involved in regulating both the amount
and composition of sweat secretion [47]. Similarly to ENaC, CFTR participates in the acti-
vation of immunocompetent cells [40]. Furthermore, abnormalities in chloride channel
function may impair skin healing and regeneration, disrupt water transport, leading to
cellular dehydration or overhydration, and disturb in the surrounding microenvironment
[39,40,44,45,47].

The growing interest in collagen and its widespread use in cosmetology makes it im-
portant to determine the mechanisms through which this protein affects skin tissue. Since
ion transport plays a key role in maintaining skin hydration and microenvironment ho-
meostasis, investigating collagen-induced changes in these parameters may provide new
mechanistic insight into its biological activity. We hypothesized that collagen gel might
alter skin electrophysiological properties by modulating ion transport, with potential
downstream effects on hydration and barrier function. In the present study, a fish-derived
triple-helical collagen preparation was used. A ready-to-use cosmetic gel with a known,
stable composition and uniformly distributed collagen fragments, which would yield re-
producible, reliable data, was selected. Due to limited experimental data on the effect of
collagen on ion transport in the skin, an experimental model was developed to evaluate
the prolonged influence of collagen gel on the electrophysiological parameters of isolated
rabbit skin fragments. To explore the possible involvement of sodium- and chloride-
transport pathways in the observed electrophysiological responses, tissues were sequen-
tially exposed to amiloride, an ENaC blocker, and bumetanide, an inhibitor of the sodium-
potassium-chloride cotransporter (NKCC).

2. Materials and Methods

The experiment was conducted on 55 isolated skin fragments collected from five New
Zealand White rabbits. The animals of both sexes were approximately 2-3 months old and
weighed between 3.5 and 4.0 kg. The animals were handled in accordance with European
Union regulations governing animal welfare. All animals were housed under identical
standard conditions, with free access to food and water (ad libitum), in an environment
with controlled humidity (55-60%) and a temperature of 22-23 °C, maintained on a 12-h
day/night cycle. All animals were healthy and showed no signs of inflammation or skin
lesions. Furthermore, they had not been subjected to any experimental procedures or in-
terventions that could have altered their physiological status. The animals were eu-
thanized by CO2 asphyxiation using a 60% concentration in air. This experiment did not
involve live animals and, in accordance with European Union law, did not require ap-
proval from a bioethics committee. The following tissue samples were also collected from
the sacrificed experimental animals for other studies: abdominal skin, large intestine, res-
piratory tract, tendons, liver, kidneys, bile, and blood.

2.1. Chemicals and Solutions
The following reagents and solutions were used in the experiment:

- Ringer solution (RS): the isoosmotic solution that includes K* 4.0 mM; Na* 147.2 mM;
Mg? 2.6 mM; Caz 2.2 mM; CI- 160.8 mM (Avantor Performance Materials Poland
S.A, Gliwice, Poland); 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 10.0 mM
(Sigma-Aldrich, St. Louis, MO, USA). RS was used for incubation and mechanical
stimulation.
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- Amiloride (Ami): 0.1 mM (3,5-diamino-6-chloro-2-carboxylic acid) 266.09 g/mol
(Sigma-Aldrich, St. Louis, MO, USA) in RS. Ami was used as an inhibitor of the so-
dium ion transport pathway.

- Bumetanide (Bume): 0.1 mM (3-butylamino-4-phenoxy-5-sulfamoylbenzoic acid)
364.42 g/mol (Sigma-Aldrich, St. Louis, MO, USA) in RS. Bume was used as an inhib-
itor of the chloride ion transport pathway.

- Collagen—a gel, ready-to-use cosmetic product (Inventia Polish Technologies Sp. z
0. 0., Zutawka, Poland). Dry product contains 89.9% of protein substances, of which
collagen proteins constitute 75%. The water content of the preparation is around 95%.
The collagen proteins in the preparation form a triple helix consisting of the following
subunits: alphal (120 kDa, 43%), alpha2 (130 kDa, 23%), and alpha3 (220 kDa, 34%).
Additionally, the gel contains, in amounts below 0.20%, the following compounds:
caprylyl glycol, elastin, and lactic acid; the pH of the cosmetic product is ~7.4.

2.2. Experimental Procedure

Tissue samples for testing were collected from the inner surface of the auricle. All
samples were then rinsed with RS and randomly divided into two groups, which were
incubated for 24 h in an incubator at 25 °C, 60% humidity, in the dark:

(1) Control (1 =30): skin specimens incubated in RS.
(2) Collagen (n = 25): skin specimens treated with collagen in the amount of gel 1 g/cm?
and incubated in RS.

Each rabbit contributed skin fragments to both the control and collagen-treated
groups. The collagen treatment was applied independently to each skin fragment, which
was used only once. Skin specimens were incubated at room temperature (25 °C) to main-
tain stable ex vivo conditions during prolonged exposure to the collagen preparation and
to preserve functional ion transport. This temperature also reflects the practical conditions
under which topical collagen gels are handled and initially applied before equilibrating
with skin temperature.

After incubation, electrophysiological parameters of the skin were measured using a
modified Ussing chamber under stationary conditions and during mechanical-chemical
stimulation. Skin tissue fragments of 1 cm? were placed horizontally in the Ussing cham-
ber filled with RS. The design and operation of the modified Ussing chamber have been
described previously [39]. Briefly, the modified Ussing chamber consists of two symmet-
rical chambers, enabling electrical isolation and incubation of horizontally arranged tissue
samples in fluid. The chamber modification enables mechanical or mechanical-chemical
stimulation using a nozzle connected to a peristaltic pump at a flow rate of 0.05 mL/s,
thereby stimulating the superficial layer of the skin fragments. The stimulation nozzle was
located 3 mm above the tissue. Below the nozzle level, on the other side of the chamber,
vent holes allowed excess liquid to flow freely, eliminating the pressure difference. The
experiment lasted 24 h of incubation in RS (Control) and/or collagen (Collagen), followed
by 30 min of electrophysiological parameter measurements. The experiment involved
measuring the following electrophysiological parameters:

- PD—transepithelial electric potential [mV] measured continuously during 30 min of
experiment.

- PDmin—minimal transepithelial electric potential [mV] measured during 15-sec
stimulation.

- PDmax—maximal transepithelial electric potential [mV] measured during 15-sec
stimulation.

- R—transepithelial resistance [Q-cm?], was determined by applying a constant current
of 10 pA across the tissue sample using a pair of electrodes positioned on opposite
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sides of the sample. Then the voltage change was measured using the voltage-meas-
uring electrode placed on the epidermal side of the tissue sample, corresponding to
the surface exposed to the external environment, and the reference electrode posi-
tioned on the opposite (internal) side of the tissue. The value of R was calculated
using Ohm’s law.

After stabilization of electrophysiological parameters for each skin fragment, three
stimulations were performed sequentially using solutions containing RS, Ami, and Bume,
respectively. The order of stimulation was fixed and was not randomized. The stimulation
solutions were applied as 0.75-mL aliquots onto the tissue surface through the stimulation
nozzle. Following application, the solution was dispersed within the 10-mL apical cham-
ber and was continuously diluted and removed through the chamber outlet by the flow-
ing RS. The subsequent stimulation was performed only after the electrophysiological pa-
rameters had returned to their pre-stimulation baseline values. Although the experi-
mental protocol was designed to minimize carry-over and order effects, the potential in-
fluence of the fixed stimulation order cannot be completely excluded and should be
acknowledged as a methodological limitation of the present study.

2.3. Data Analysis

Data were recorded in accordance with the experimental protocol for the EVC 4000
instrument (WPI, Worcester, MA, USA). The instrument was connected to an MPP150 data
acquisition system, which sequentially transferred the acquired data to AcqKnowledge
3.8.1 (Biopac Systems, Inc., Goleta, CA, USA) software for data collection and analysis.
Statistical analysis was performed using Statistica 13.3 (StatSoft, Inc., Krakéw, Poland).
The distribution of the data was assessed using the Kolmogorov—-Smirnov test with the
Lilliefors correction, in accordance with recommendations for statistical analysis in the
biological and medical sciences. Since most variables did not meet the assumption of nor-
mal distribution, non-parametric tests were applied. The Wilcoxon signed-rank test was
used for paired comparisons within the same tissue samples under the same incubation
conditions. The Mann-Whitney U test was used for unpaired comparisons between inde-
pendent groups of skin tissue samples (control vs. collagen gel-treated samples). Statisti-
cal significance was set at p < 0.05. For comparisons performed using the Mann-Whitney
U test, the effect size (r) was calculated from the standardized Z statistic using the formula
r = |Z|/V/N, where N is the total number of observations. Effect sizes were interpreted as
negligible (r < 0.10), small (0.10 < r < 0.30), moderate (0.30 < r < 0.50), and large (r = 0.50).

3. Results

Incubation of tissues in collagen gel resulted in a significant reduction in R measured
at the beginning of the experiment from 11,779 Q-cm? (median, R initial, control frag-
ments) to 1675 ()-cm? (median, R initial, collagen gel). R values measured at the end of the
experiment did not differ significantly between the examined tissues, both in the control
and in the collagen gel-treated fragments (Table 1; Wilcoxon test). The collagen gel had a
large effect on the tested skin fragments in terms of changes in R (r > 0.6, Table 1). The PD
values measured at the beginning and end of the experiment for collagen gel-treated tis-
sues were electropositive (PD initial 0.41 mV and PD final 0.45 mV, respectively), statisti-
cally significantly higher than for the control fragments (PD initial -0.22 mV and PD final
-0.32 mV, respectively, Table 1, Mann—-Whitney U test). No significant changes in PD were
observed throughout the experiment in either the control or collagen gel-treated group.
Collagen gel did not produce an effect on constant ion transport, as measured by PD
changes.
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Table 1. Values of transepithelial resistance (R) and transepithelial electric potential (PD) of the con-

trol skin specimens and samples exposed to collagen gel for 24 h.

Control (1 = 30) Collagen Gel (n = 25) Mann-Whitney Test (p/r)

PD Control vs. R Control vs.

. 2 . 2
R[Q-em?]  PD [mV] R[Q-em?]  PD[mV] Collagen Gel Collagen Gel

median 11,779 -0.22 1675 0.41
initial lower quartile 5417 -0.56 705 -0.55 0.00319/0.32479 <0.001/0.623499
upper quartile 28,493 0 4143 0.65
median 12,907 -0.32 2001 0.45
final lower quartile 6565 -0.57 707 -0.56 0.01419/0.13959 <0.001/0.618945
upper quartile 28,891 -0.12 4363 0.64
PD initial vs. PD
Wilcoxon final 0.22047 0.07524
test(p)  Rinitial vs. R fi- 0.05875 0.45908
nal
Abbreviations: Control —skin specimens incubated in Ringer solution (RS), Collagen gel —skin spec-
imens treated with collagen gel 1 g/cm? for 24 h and incubated in RS, p <0.05, r—effect size according
to Mann-Whitney results.
The PDmax and PDmin values measured during stimulation differed significantly in
both control tissues and tissues treated with collagen gel (Table 2; Wilcoxon test). The
PDmax values observed in collagen gel-treated tissues were comparable to those recorded
in the control samples, regardless of the stimulation solution applied. In contrast, the me-
dian PDmin value in specimens treated with collagen gel was 0 mV for all stimulation
conditions.
Table 2. Values of the minimal (PDmin) and maximal (PDmax) transepithelial electric potential
measured during 15-sec stimulation of the control skin specimens and samples exposed to collagen
gel for 24 h.
Control (1 = 30) Collagen Gel (n = 25)
PDmin Wilcoxon Test PDmin  Wilcoxon Test
PDmax (mV) PDmaxvs. PDmax (mV) .
(mV) . (mV) PDmax vs. PDmin
PDmin
median 0.88 -0.5 0.76 0
RS lower quartile 0.21 -1.07  <0.001 0 -0.79 <0.001
upper quartile 2.72 -0.21 1.5 0.58
median 0.7 -0.64 0.73 0
Bume lower quartile 0.08 -1.56  <0.001 0.12 -0.82 <0.001
upper quartile 2.2 -0.39 1.19 0.52
median 0.92 -0.54 0.79 0
Ami lower quartile 0.08 -1.22  <0.001 0.12 -1.37 <0.001
upper quartile 1.82 -0.28 1.68 0.34

Abbreviations: Control —skin specimens incubated in Ringer solution (RS), Collagen gel —skin spec-
imens treated with Collagen gel 1 g/cm? for 24 h and incubated in RS, Ami—amiloride (0.1 mmol/L)
solution, Bume —bumetanide (0.1 mmol/L) solution, p < 0.05.

Comparison of PDmax values between the two tissue groups revealed no statistically
significant differences, regardless of the stimulation solution applied. However, analysis
of PDmin demonstrated a significant increase from electronegative values to a median of
0 mV in collagen gel-treated specimens for RS and Bume stimulation. Nevertheless,
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following Ami stimulation, the shift toward a more electropositive potential persisted,
although the difference did not reach statistical significance and the effect size was small
(Table 3). For PDmayx, the effect size was negligible following Ami and Bume stimulation
and small following RS stimulation, whereas moderate effect sizes were observed for
PDmin following RS and Bume stimulation (Table 3).

Table 3. Results of the Mann-Whitney U test of control skin specimens and samples exposed to

collagen gel for 24 h.
Stimulation ]
Fluid PDmin 2 r PDmax p r

RS Controlvs. - 0107 033981 SOMIOLVS 00381 0283762
Collagen gel Collagen gel

Bume Controlvs. 1 43620 Controlvs. ) oec1n 0.042044
Collagen gel Collagen gel

Ami Controlvs. 4 1or05 Controlvs. ) /0731 0.002402
Collagen gel Collagen gel

Abbreviations: Control —skin specimens incubated in Ringer solution (RS), Collagen gel —skin spec-
imens treated with collagen gel 1 g/cm? for 24 h and incubated in RS, Ami—amiloride (0.1 mmol/L)
solution, Bume —bumetanide (0.1 mmol/L) solution, PDmin—minimal transepithelial potential dif-
ference measured during a 15-sec stimulation of skin surface (mV), PDmax—maximal transepithe-
lial potential difference measured during a 15-sec stimulation of skin surface (mV), p <0.05, r—effect

size according to Mann-Whitney results.

4. Discussion

Studies investigating the effects of externally applied collagen preparations on the
skin are essential for understanding the mechanisms of action of cosmetic preparations
within the unique skin microenvironment [16,18,19]. Experiments on cosmetic prepara-
tions conducted on living tissues help elucidate their mechanisms of action and provide a
reliable model for reflecting potential changes in living organisms [2,13,26,31]. The pro-
posed experimental model seems especially valuable because it uses full-thickness skin
fragments that remain viable and fully responsive, with preserved neural connections and
cells capable of rapidly responding to environmental and chemical stimuli [39,41,42,49].

In the present study, the application of collagen gel to skin tissue resulted in a signif-
icant reduction in R compared with the control specimens (median: 1675 QO-cm? vs. 11,779
Q-cm?, respectively). However, statistical significance should be interpreted in light of the
potential within-animal correlation of skin fragments. Despite the observed decrease in R,
the maintained electrophysiological responses suggest that tissue function was preserved,
although subtle structural alterations cannot be excluded, while ion permeability in-
creased (large effect side, Table 1). The R values measured throughout the experiment
remained stable and did not change significantly in either the control or collagen gel-
treated preparations. Changes in electrical resistance have been described as useful for
assessing tissue barrier integrity, including layer tightness, the absence of structural dam-
age or microdeformations, as well as the effects of various substances on ion and water
transport across the skin [37,50,51]. Although a single measurement of electrical resistance
cannot directly demonstrate the absence of microdamage, the maintenance of stable elec-
trophysiological responses throughout the experiment indicates that the tissue retained
its functional ion-transport capacity. Active transepithelial ion transport requires meta-
bolically active cells with preserved plasma membrane integrity and adequate adenosine
5-triphosphate (ATP) production. Severely damaged or non-viable tissue would not be
expected to generate a measurable transepithelial PD or reproducible changes in PD in
response to sequential chemical stimulation. Therefore, our findings support the
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conclusion that the tissue remained functionally responsive under the experimental con-
ditions, but they do not exclude subtle structural alterations or microdamage. Based on
the observed R values, we presume that after collagen gel application, the tissue remained
functionally responsive and retained active transepithelial ion transport under the exper-
imental conditions. The maintained electrophysiological responsiveness suggests that the
collagen gel did not markedly compromise the functional viability of the skin fragments
[18,52]. Instead, the observed reduction in R may suggest increased skin permeability,
potentially associated with enlargement of intercellular spaces resulting from water influx
accompanying ion transport. Therefore, it is important to ensure that collagen prepara-
tions are applied with adequate hydration to avoid disrupting skin barrier function [53].
Overall, collagen gel treatment may contribute to enhanced hydration of the examined
tissue fragments; however, this interpretation should be considered with caution [7,30,32].
Further studies combining electrophysiological, histological, and hydration measure-
ments are required to clarify the underlying mechanisms.

An electropositive PD measured under stationary conditions was observed in colla-
gen gel-treated skin fragments (median: 0.41 mV), indicating increased ion permeability.
The stationary potential remained stable regardless of the type of stimulation applied or
the tissue group analyzed. The results of the Wilcoxon test demonstrated that the potential
measured under stationary conditions (i.e., in the absence of stimulation) differed signifi-
cantly from the potential recorded during both mechanical and mechanical-chemical
stimulation. Each type of stimulation induced reproducible, measurable changes in po-
tential in all tested skin fragments (Table 2). Importantly, collagen gel application did not
alter the responsiveness of skin cells to mechanical stimuli in the analyzed system. The
ability of the tissue to perceive and respond to mechanical and mechanical-chemical stim-
ulation remained comparable to that observed in the control group following collagen gel
administration. The results confirm that collagen-containing preparations do not alter
stimulus perception when applied to the skin [2,7,17,18,31].

In the study group, a significant increase in PDmin was observed compared with the
control group (median: 0 mV vs. =0.5 mV, respectively), which may be consistent with
partial inhibition of transepithelial sodium ion transport. However, this proposed mech-
anism was not directly examined in the present study. PDmin values are primarily de-
pendent on intensive intracellular sodium transport and, to a lesser extent, on the inhibi-
tion of chloride ion transport. The observed increase in potential may therefore be associ-
ated with decreased sodium transport in keratinocytes [39]. Retention of sodium ions
within the intercellular spaces may enhance local hydration, thereby explaining the ob-
served reduction in R. Changes in tissue hydration following collagen application have
been reported in studies involving both human participants [24,27,29] and cell culture
models treated with collagen [31,32,52,54]. Importantly, the absence of a collagen gel-in-
duced increase in sodium ion transport may be a favorable finding, as excessive sodium
transport has been implicated in promoting inflammatory responses and the recruitment
of immunocompetent cells [40,46]. However, because inflammatory markers were not
evaluated in the present study, the proposed association between reduced sodium
transport and anti-inflammatory effects remains speculative and requires further investi-
gation.

PDmax values measured under stimulated conditions did not differ significantly be-
tween the analyzed groups. The PDmax parameter is primarily associated with intensive
intracellular chloride transport and, to a lesser extent, with inhibition of sodium influx
into cells. Therefore, the lack of significant changes in PDmax may suggest that collagen
gel treatment did not affect chloride ion secretion from the cells. Analysis of changes in
chloride ion transport is particularly important for initiating regenerative processes.
Therefore, the mild regulatory effect on chloride ion secretion observed in the present
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study may be associated with the limited influence of collagen-containing preparations
on the initiation of cellular regeneration processes [24,44,45], tissue reconstruction, and/or
the maintenance of pro-regenerative properties and adequate hydration of intercellular
spaces [34]. The lack of significant changes in PDmax following sequential application of
Bume and Ami may help narrow the possible mechanisms underlying the observed elec-
trophysiological changes. Since Bume and Ami affect distinct ion transport pathways, the
absence of measurable differences after their application may suggest that collagen gel
treatment did not substantially alter chloride ion transport under the experimental condi-
tions used. However, it should be noted that PDmax is an indirect marker of chloride
secretion, and the presented interpretation should be considered with caution.

The electrophysiological effects of collagen gel application on the skin are summa-
rized in Figure 1.

{ COLLAGEN TREATMENT 1

L

MEASURED PARAMETERS (experimental observations)
—
R 1~ PD 4 PD, —PBna
(electrical (basal ion (mainly Na* (mainly CI-
resistance) transport) transport) transport)
Shift to Increased No significant
Decreased o
electropositive toward 0 mV change
' %
~
i N A i ‘f T i 0
‘ ¢ Inhibitior.l ?f $ Reduced Na* i %L Decre.ased ‘ ) Wz.zter influx | | T Increased
ENaC ?ctlwty s transport | ; b?rrler into intercellular | | hydration of
on keratinocytes ‘ F‘)‘ resistance |~ > spaces " " the tissue
|
|
Consistent with T Consistent with ‘ Consistent with | lnferlred from | R i | Overall
PD i, toward O ‘ 1 PDrmin JR and ion transport | interpretation
( | | changes | | |
b oy L ey P S A e

Figure 1. Collagen gel-induced changes in electrophysiological parameters of epithelial tissue. Hy-
pothetical mechanisms responsible for the observed changes are presented in parentheses. Solid
lines and arrows (upper panel) indicate experimentally measured parameters. Dashed lines and
arrows (lower panel) indicate inferred relationships not directly measured. Abbreviations: PD —
transepithelial electrical potential, R—electrical resistance, PDmin—minimal transepithelial poten-
tial difference measured during a 15-sec stimulation of skin surface, PDmax—maximal transepithe-

lial potential difference measured during a 15-sec stimulation of skin surface.

In collagen gel-treated preparations, PDmax values remained comparable to those
measured in control tissues, regardless of the type of stimulation applied. In contrast,
PDmin values increased toward electropositive values. This phenomenon may be ex-
plained, at least in part, by a putative inhibitory effect of collagen gel on sodium ion
transport, which could be consistent with reports describing the low allergenic potential
of collagen-containing preparations [1,7,18]. The application of the Ami solution elicited
a response nonsignificantly modified to that observed in the control group, as also re-
ported following the use of ointment with vitamin A [42]. Importantly, tissues treated
with collagen gel retained the full ability to regulate the activation and inhibition of
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selected ion transport pathways, including those involving potassium ions. The collagen
preparation had a mild effect and did not impair the physiological capacity of the skin to
modulate ion transport pathways, which may be beneficial for users of collagen-based
products. Furthermore, the applied collagen gel did not affect the ability of the tissue to
respond to the stimulation used in the experiment.

The presented study has some limitations that should be explicated. One of the major
limitations is the use of rabbit auricle skin as the experimental model. Although this model
is well-suited for controlled electrophysiological studies, rabbit skin differs from human
skin in structural organization, barrier properties, permeability, and potentially ion
transport characteristics. Therefore, caution should be exercised when directly extrapolat-
ing these findings to human skin. Further studies using human skin models are needed to
confirm the translational relevance of the observed effects. Another limitation is that mul-
tiple skin fragments originated from the same rabbits. Although fragments were ran-
domly allocated to both treatment groups and treated independently ex vivo, potential
within-animal correlations cannot be completely excluded because hierarchical statistical
modeling could not be performed. While this allocation strategy reduced the potential
influence of inter-animal variability on group comparisons, animal-level clustering may
still have affected the estimated variability. Therefore, statistical significance should be
interpreted with appropriate caution, and future studies with a larger number of animals
should incorporate animal-level clustering into the statistical analysis. Additionally, a lim-
itation of the present study is the lack of a vehicle-gel control. Therefore, the observed
electrophysiological effects should be interpreted as those of the collagen preparation ra-
ther than of collagen alone, since the possible contributions of the gel matrix, hydration,
occlusive properties, or minor formulation components cannot be completely excluded.
Future studies incorporating a collagen-free vehicle with otherwise identical physico-
chemical properties will be required to determine the specific contribution of collagen.

5. Conclusions

In conclusion, the results of the present study indicate that the application of triple-
helical collagen-containing gel preparation significantly affects the electrophysiological
properties of skin tissue. Skin specimens treated with collagen gel remained responsive
throughout the experiment, maintaining their ability to react to mechanical and mechan-
ical-chemical stimulation.

Collagen gel treatment was associated with reduced transepithelial resistance and
changes in ion transport-related parameters, suggesting altered tissue permeability and
modulation of ion transport pathways. The observed changes in PDmin, together with the
reduction in tissue resistance, may indicate that the mechanism of action of the collagen
preparation may be associated with altered sodium transport in keratinocytes, potentially
contributing to altered water distribution within intercellular spaces. However, the pre-
sented findings represent preliminary electrophysiological effects of the collagen gel and
do not directly demonstrate ENaC inhibition, changes in skin hydration, or cosmetic effi-
cacy of the preparation examined.

At the same time, collagen gel treatment did not significantly alter chloride ion
transport-related parameters or the capacity of skin tissue to respond to stimulation, sug-
gesting preserved electrophysiological responsiveness. These findings provide prelimi-
nary insight into the potential effects of collagen-based preparations on skin electrophys-
iology and support further studies investigating their potential role in modulating the
skin microenvironment.
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Abbreviations

The following abbreviations are used in this manuscript:

Ami Amiloride 0.1 mM solution

Bume Bumetanide 0.1 mM solution

CFTR Cystic Fibrosis Transmembrane Regulator

ENaC Epithelial Sodium Channel

PD Transepithelial electric potential measured during stationary conditions (mV)

PDmax Maximal transepithelial electric potential measured during 15-s stimulation (mV)
PDmin Minimal transepithelial electric potential measured during 15-s stimulation (mV)

R Resistance (QQ/cm?)
RS Ringer solution
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