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ABSTRACT

Background: Keloids most commonly develop in the regions where the skin is constantly stretched. Although some keloid-
derived fibroblasts exhibit higher single calcium spikes than normal dermal fibroblasts during short-time cyclical stretching, the
calcium signal responses to long-time stretching remain unclear.

Methods: This study compared the intracellular Ca** dynamics induced by cyclical stretching stimuli between the control
group (normal dermal fibroblasts) and the keloid group (keloid-derived fibroblasts). Each group was cyclically exposed to a two-
dimensional stretch (10% strain). A confocal laser microscope was used to examine intracellular Ca** for 30 min fluorescently.
The fluorescence intensity ratio (Fluo-8H/calcein red-orange) was used to evaluate intracellular Ca®* concentration every 0.5s.
A calcium spike was a transient ratio increase of > 20%. Receiver operating characteristic analysis was performed to determine
the cutoff value of a normal calcium spike.

Results: No significant difference was observed between the keloid and control groups in the calcium signal response-positive rates
(26.9% vs. 25.0%; p = 0.9). However, the calcium spike amplitudes were significantly higher in the keloid group than in the control group
(1.66 vs. 1.41; p=0.02). The cutoff value was 2.12, and 9.6% of keloid-derived fibroblasts exhibited multiple hypercalcium spikes.
Discussion: We are conducting further research based on the hypothesis that this keloid-specific subpopulation triggers the
pathogenesis of keloid formation, that is, collagen overproduction, accelerated angiogenesis, and chronic inflammation.

1 | Introduction stretching, such as the anterior chest, abdomen, scapular region,
and upper arm [4]. There is no definitive curative treatment based

Keloid formation commonly occurs in people with darker skin of = on detailed molecular biological evidence [5].

both sexes, such as Black and Hispanic populations [1, 2]. It is often

associated with hypersensitivity, pruritus, or pain [3]. Additionally, Clinically, keloids grow horizontally in characteristic shapes

keloids tend to develop on body parts exposed to constant depending on their location. For example, keloids on the
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anterior chest grow in a crab's claw-like pattern, whereas
shoulder keloids have a “butterfly” shape. These patterns reflect
the predominant directions of skin tension in these regions [6].
Akaishi et al. revealed high skin tension at the keloid edges and
lower tension at the keloid centers by finite-element analysis of
the mechanical force distribution around keloids [7].

Most studies reporting the results of stretching stimuli to
keloid-derived fibroblasts have investigated genes and protein
expressions in cells before and after cyclical stretching on a
stretch device by quantitative real-time polymerase chain
reaction and afterward by enzyme-linked immunosorbent
assay. For example, cyclic stretching for cultured keloid-derived
fibroblasts is downregulated by tissue inhibitors of
metalloproteinase-2, which suppress collagen production [8].
Cyclic stretching for keloid-derived microvascular endothelial
cells increased endothelin-1 gene expression and secretion and
involved collagen overproduction [9]. However, the definitive
mechanism of keloid formation has not been elucidated.

We developed an original stretch device that enables real-time
observation of intracellular Ca** dynamics during stretching
because the stretching device design made it difficult to perform
real-time detail observation under a microscope [10]. We have
previously used this stretch device to report real-time changes
in intracellular Ca®* concentrations between keloid-derived fi-
broblasts and normal human-derived dermal fibroblasts during
a 5-min cyclical stretching [11].

The results showed that approximately 10% of keloid-derived fi-
broblasts had a single excessive calcium spike not observed in
normal skin-derived fibroblasts. The intracellular calcium concen-
tration increases with transient receptor potential C3, a mechan-
osensitive calcium channel, which promotes fibronectin
overexpression via the nuclear factor-kappa B pathway in fibroblasts
[12]. This specific calcium spike can involve mechanisms other than
fibronectin in keloid formation. However, a limitation of the pre-
vious study was the short observation time of 5 min.

In this study, the observation time was extended to 30 min,
which is the limit of the real-time observation on the confocal
laser microscope. This study aimed to demonstrate specific
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responses of keloid skin-derived fibroblasts during cyclical
stretching by evaluating these response characteristics.

2 | Materials and Methods

2.1 | Original Stretch Device and Cyclical
Stretching Pattern

In this study, an originally developed cell-stretching device
consisting of 134 thin transparent silicone sheets was used [13].
The sheets were placed between a fixed and a movable block
made of light-curing resin in a 35-mm-diameter glass bottom
dish (Figure 1a). Manipulators are attached to the microscope
stage (Figure 1b) and are each fitted with a metal needle driven
under computer control to stretch the silicon sheet horizontally.

In this study, cells underwent cyclical stretching (10% strain)
using a stretching pattern that simulated thoracic movements
associated with breathing, similar to our previous study [11].

As the pilot study, it was confirmed that fibroblasts did not peel off
the silicone sheet during long-term cyclical stretching (30 min).

2.2 | Prepared Cells, Culture Procedure, and
Fluorescent Labeling

The normal dermal fibroblasts (control group) and keloid-
derived fibroblasts (keloid group) were cultured by the explant
method from three different patients’ samples (Table 1). The
remaining dermis was dissected into small blocks, arranged on
10-cm dish, and incubated under explant conditions (37°C, 5%
CO,) with fibroblast growth medium (PromoCell, Germany).
The medium was replaced every 2-3 days, and cells were used
in experiments during passages 2 or 3.

Our previous study reported that the silicone sheets were coated
with fibronectin to enhance cellular adhesion [10]. Normal and
keloid-derived fibroblasts were then seeded onto the device at a
density of 100,000 cells/dish and incubated overnight. After
preincubation, Fluo-8H (AAT Bioquest Inc., USA) and calcein

b
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Structure and operating environment of the stretch device. (a) The cell-stretching microchamber consists of a 5-pum-thick trans-

parent silicone elastomer and extension structures, including a movable and a fixed block. (b) Manipulators are attached to the microscope stage.
These manipulators are each fitted with a metal needle driven under computer control.
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red-orange (Thermo Fisher Scientific, USA) were, respectively,
used as markers of intracellular Ca** and cytoplasm.

This protocol was approved by the ethics review committee of
Tokushima University Hospital (approval number: 2835-1).

2.3 | Fluorescent Observation and Image
Analysis

Cells adhering to the sheets were checked under a microscope,
and sheets with dense or sparse cells were excluded. Since one
experimental system is limited to observing one sheet, the ex-
periment was repeated at least 10 times in each group.

A confocal laser microscope, Nikon A1R, was used for fluo-
rescence observation to capture the intracellular Ca®* and
cytoplasm every 0.5 s (Figure 2 and Video S1). The fluorescence
intensity ratio was defined as the fluorescence intensities of
Fluo-8H/calcein red-orange. By calculating the ratio used by
Image] software (NIH), intracellular Ca** changes were nor-
malized and quantitatively evaluated.

2.4 | Definition of Positive Calcium Signal
Response

A positive calcium signal response (calcium spike) was defined
as a spike that could be clearly determined as a transient
increase in fluorescence intensity ratio by >20%. Furthermore,
TABLE 1 | Profiles of cultured fibroblasts derived from control and
keloid groups.

Number Sex  Age (years) Location
Control 1 F 8 Back
2 F 48 Abdomen
3 F 2 Abdomen
Keloid 1 M 32 Precordium
2 F 20 Precordium
3 F 38 Abdomen
Note: F: Female, M: Male.
Fluo-8H

FIGURE 2

intensity ratlos were used to create heat maps illustrating intracellular Ca**
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assuming that all control fibroblasts had normal responsive
peaks of the intracellular Ca®* concentration, receiver operating
characteristic (ROC) analysis was performed to determine the
cutoff value.

2.5 | Statistics

Two researchers analyzed the results of 5-10 observable cells
per silicone sheet without blinding. All results are expressed as
medians [interquartile ranges] for each condition. SPSS Statis-
tics v25 (IBM, USA) was used to evaluate the statistical differ-
ences between the groups. Fisher's exact test, Mann-Whitney U
test, and ROC analysis were conducted, and a p-value < 0.05
was considered significant.

3 | Results

3.1 | Calcium Signal Response-Positive Rates
Between the Control and Keloid Groups

Figure 3 showed real-time dynamics of the intracellular
Ca?* in individual cells, based on the fluorescence intensity
ratio. The calcium signal response-positive rates in the
control group were 25.0% (6/24 cells), 16.0% (4/25 cells), and
28.1% (9/32 cells) (Figure 3a, left), whereas the rates in the
keloid groups were 26.9% (7/26 cells), 19.2% (5/26 cells), and
29.0% (9/31 cells) (Figure 3a, right). No significant differ-
ence was observed in the median rates of the keloid (26.9%
[23.0% to 30.0%]) and control (25.0% [20.5% to 26.6%])
(Figure 3b; p=0.9).

3.2 | Higher Calcium Spikes in the Keloid Than
in the Control Groups

When only calcium signal response-positive cells were collected
in each group, the keloid group had many cells with higher
calcium spikes than the control group (Figure 4a).

The median peak value was 1.66 [1.45 to 2.25] in the keloid

group, which was significantly higher than 1.41 [1.27-1.63] in
the control group (Figure 4b; p =0.02). The maximum peak

Heat map

and cytoplasm were intermittently captured. The fluorescence
dynamics.
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FIGURE 3 | Real-time dynamics of the intracellular Ca®* in the control and keloid groups. (a) In the control group, calcium signal response-

positive rates were 25.0%, 16.0%, and 28.1%, respectively. The rates were 26.9%, 19.2%, and 29.0%, respectively, in the keloid group. (b) The median
response-positive rates were not significant between the keloid and control groups (p = 0.9).

value of each cell in the control and keloid groups was analyzed
for the ROC curve, and the cutoff value within the normal range
was 2.12 (Figure 4c). About 9.6% of keloid-derived fibroblasts
had an excessive influx of intracellular Ca** above the normal
range during cyclical stretching.

3.3 | More Calcium Oscillations in the Keloid
Than in the Control Groups

Only in calcium signal response-positive cells, compared to the
average of approximately 70% that showed only single calcium
spike in control groups, more than the average half of keloid
groups showed multiple calcium spikes (calcium oscillations),
and approximately 5% of them showed as many as 9 calcium
spikes (Figure 5). Furthermore, keloid-derived fibroblasts
showed a tendency for higher calcium spikes to produce more
oscillations.

4 | Discussion

Calcium ion (Ca®*) is a second messenger, fulfilling a plethora
of intracellular functions, such as neurotransmitter release,
muscle contraction, secretion, synaptic plasticity, and apoptosis
[13-15]. Under normal conditions, the intracellular Ca** con-
centration is kept very low, and an increase in the concentration
triggers downstream signaling cascades [16].

Advances in the definition of calcium signal responses provided
evidence of the high spatiotemporal complexity and asynchro-
nicity of intracellular Ca®* [17, 18]. These responses are rep-
resented by localized calcium spikes that gradually propagate
into the cell as calcium waves [19, 20]. In our previous 5-min
observation [10], the calcium signal response rates were sig-
nificantly higher in the keloid group than in the control group
(4.5% vs. 15.7%). However, this study found that the calcium
spikes were asynchronously induced after 5 min during cyclical

4 of 7

Health Science Reports, 2025



)

Control

/™ -

Fluorescence intensity ratio
o

B e e st T o i

0 300 600 900 1200 1500 1800
sec
Keloid
15
=3
= 40
£
2> 3k
z
= 30
=
g 25
¥
e 20
>
g 15 1 v A\
2 &
S 10 % o passiE el N o o o G s
B WM,N ST g e S
- 05
0 300 600 900 1200 1500 1800
sec
FIGURE 4 |

b

_g 45 + %

€ 40 +

>

7 3.5 +

g 304

8 25 1

g 201

=

E - I

E10d

Control Keloid

C
g 45

£ 40
Z > o+ Keloid-specific
;,_.‘: 3.0 response
; -

g 20 : 2.1214

:"j 1.5 I ; » Normal response

i
£ 10
Control Keloid

Differences in peak calcium spike values between the control and keloid groups. (a) In both groups, only calcium signal response-

positive fibroblasts were collected. (b) The median peak value of calcium spikes was 1.66 in the keloid group, significantly higher than 1.41 in the
control group (p=0.02). (¢) The maximum peak value of each cell in the control and keloid groups was analyzed for the receiver operating

characteristic curve, and the cutoff value within the normal range was 2.12.
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FIGURE 5 | Differences in calcium oscillation between the control

and keloid groups. Only in calcium signal response-positive cells, more
than the average half of keloid groups showed multiple calcium spikes,
and approximately 5% of these showed as many as nine spikes.

stretching and were not significantly different between the two
groups. Furthermore, calcium oscillations with multiple cal-
cium spikes were observed for the first time in both groups.

The correlation between calcium spikes and various physiological
responses remains poorly understood. The downstream calcium
signal responses (secretion, gene expression, proliferation, and so
on) are controlled by oscillations and detailed characteristics such as
amplitude, baseline, and sustainability [21]. In this study, the
baseline Ca®* levels were almost constant between the control and
keloid groups, including nonresponsive cells (no calcium spikes).
However, the frequency and amplitude of calcium spikes were
disjointed in the response-positive cells. Approximately 10% of
keloid-derived fibroblasts had excessive calcium spikes above

normal based on ROC analysis, comparable to our previous study
and inferred to be a keloid-specific subpopulation. New evidence is
that this subpopulation showed multiple oscillations above four,
including nine times in 30 min. We hypothesize that this minor
subpopulation triggers the pathogenesis of keloid formation, that is,
collagen overproduction, accelerated angiogenesis, and chronic
inflammation. However, because this study was conducted using
monolayer cultures in vitro, reproducing the calcium signal
response to stretching was limited for keloids in vivo.

An abnormal increase of intracellular Ca** has been observed
in the neutrophils in human cystic fibrosis compared with those
in noncystic fibrosis. Transient receptor potential vanilloid 4
(TRPV4) is responsible for the excessive Ca®' influx into the
neutrophil cells [22]. TRPV2 is responsible for a sustained
increase of the intracellular Ca** in myogenic cells of animal
models with dilated cardiomyopathy [23]. A recent study has
shown that tranilast, as a TRPV2 antagonist, suppresses the
abnormal increase of intracellular Ca** and improves cardio-
myopathy with heart failure in vivo [24].

Tranilast has a prophylactic effect on keloid development but is
not sufficiently effective to ameliorate keloids [25]. Verapamil, a
calcium antagonist, has also been reported to relieve pain and
itching and inhibit erythema and hypertrophy in keloids, but to
a limited extent [26-29]. Lee reported that cyclical stretching
induced calcium spike through a mechanosensitive channel in
human dermal fibroblasts and that the calcium spike was
suppressed by a Ca®* channel blocker [30]. Sakamoto et al.
reported that decreased mitochondrial complex activities and
abnormal mitochondria were detected in keloid-derived fibro-
blasts under normoxic conditions and that glycolysis is en-
hanced and mitochondrial function is impaired under hypoxia
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[31]. Wang et al. reported that electron microscope examina-
tions revealed increased dysmorphic mitochondria and ex-
panded endoplasmic reticulum (ER) in human keloid tissue.
They noted the contributions of mitochondrial dysfunction and
dysregulated ER stress signaling in human keloid formation
[32]. Since the ER and mitochondria are stores of intracellular
Ca’titis possible that their organic or functional abnormalities
are related to Ca** dynamics as a second messenger. Based on
the above, we speculated that multiple excessive calcium spikes
in keloid-specific subpopulations were caused by dysregulation
of mechanosensitive Ca?* channels as TRPV2, ER, and
mitochondria in keloid-derived fibroblasts (Figure S1). We are
attempting to isolate and culture this subpopulation using
single-cell culture methods.

Therefore, if this keloid-specific subpopulation can be isolated,
it will be possible to study the relationship between stretch
stimuli and intracellular Ca** and functional and organic
abnormalities in mitochondria and ER. Ultimately, the focus
should be on whether normalization of the keloid-specific cal-
cium signaling response can inhibit the physiological char-
acteristics of keloid formation. Thus, we will try to identify the
causes of this dysregulation and develop agents capable of
normalizing the keloid-specific calcium signal response.
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