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Chapter 7

Abstract

The aim of this study was twofold, that is generation of a reliable model for skin
barrier disruption and repair and to evaluate recovery of damaged skin after
application of vernix caseosa. This biofilm was selected as its wound healing
properties were suggested previously but never clearly demonstrated. Five
different levels of barrier disruption in mice, accomplished by tape stripping,
were evaluated. Disruption models moderate, severe #1 and #2 (TEWL of 31 £ 2,
59 +4 and 66 +3 g/m?2/h, respectively) showed complete recovery within 72h.
However, not all corneocytes were removed after tape stripping. Additionally
models severe #3 and #4 (TEWL of 73 £5 and 79 + 6 g/m?2/h, respectively) with
a more severe disruption were evaluated. After tape stripping, all corneocytes
were removed and the remaining epidermis was intact. However, model #3 still
showed complete recovery within 72h. With model #4 a crust was formed and
almost complete recovery (~90%) was obtained within only 8 days. The effect of
vernix caseosa application on recovery of disrupted skin was evaluated with
model #3 and #4. Model #3 showed that application of vernix caseosa predomi-
nantly influenced initial recovery and is therefore merely appropriate to study
the effect of formulations in the initial recovery period. Topical application of
vernix caseosa on model #4 considerably increased initial and long-term
recovery. Moreover, vernix caseosa application promoted rapid formation of
stratum corneum and prevented epidermal thickening. These observations not
only confirm the ability of vernix caseosa to enhance barrier recovery, but also
suggest potential use of this treatment clinically.

Introduction

The cutaneous permeability barrier is an essential defense system against
exogenous agents on the one hand, and prevents dehydration on the other. The
stratum corneum (SC), the outermost layer of the epidermis, forms the main
barrier for diffusion of substances across the skin [1, 2]. One of the commonly
used methods to remove SC is sequential tape stripping [2-5]. Increasing the
number of tape strips increases the amount of corneocytes removed. Once the
barrier function is impaired, a homeostatic repair response is initiated within the
epidermis, which results in a recovery of the skin barrier [3, 6]. By measuring the
changes in transepidermal water loss (TEWL), the barrier recovery can be
monitored non-invasively [3, 5, 7, 8].

Epidermal barrier perturbation can be a consequence of various environmental
factors such as burns or injuries. Furthermore, an impaired barrier function is
also encountered in diseased skin and in skin of pre-term infants. These infants
have an ineffective skin barrier due to a deficient or even absent SC [9-11].
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A murine model to study effects of vernix caseosa

Importantly, in preterm infants the protective natural biofilm vernix caseosa (VC)
is also lacking. VC is a lipid-rich material that covers the skin surface of the
foetus and the newborn. The structure of VC is very similar to that of SC. VC
consists of dead cells with high water binding capacity, nevertheless, it lacks
intercorneocyte desmosomal connections and might therefore be referred to as a
‘mobile phase” SC [12-14]. It is suggested that VC promotes the formation of the
horny layer of the fetus [12, 13] and, moreover, that it acts as a lubricant and
moisturizer. Additionally, VC shows a temperature-dependent dehydration
behaviour [15] and exhibit anti-infective [16], anti-oxidant [17], skin hydrating
[18] and skin cleansing properties postnatally [10]. These multiple biological
functions of VC imply that this natural biofilm is an excellent candidate to
promote the repair of the skin barrier of preterm infants [10, 11], and may
enhance wound healing in adult skin as well [12].

The purpose of the present study is twofold, namely to generate a reliable model
for skin barrier disruption and repair, and to evaluate the recovery of damaged
skin after application of VC. As previous studies [3, 8, 19, 20] only examined
barrier disruption models that resulted in a very fast recovery (i.e. a few hours),
it is difficult to design and study formulations that would accelerate skin barrier
repair. Our study therefore focused on a skin barrier disruption model with slow
recovery. Disruption of the skin barrier was accomplished by tape stripping,
which induces skin damage also observed in a variety of clinically relevant
situations [3]. VC was applied topically on the disrupted mouse skin to
determine whether the barrier recovery could be accelerated. This natural biofilm
was selected as its wound healing properties were suggested previously [9, 12, 13,
21], but were never clearly demonstrated. Results of VC were compared to the
oil-based ointment Vaseline (petrolatum; Vas). Changes in TEWL were selected
to monitor barrier recovery. Additionally, biopsies were harvested to evaluate
the recovery of the SC by histology.

Materials & Methods

Materials

Tissue-Tek® O.C.T.™ compound was obtained from Sakura Finetek Europe B.V.
(Zoeterwoude, The Netherlands). Black D-squame (rectangles of 70 mm x 25 mm)
was obtained from CuDerm (Dallas, USA). Gelatin capsules were provided by
Spruyt-Hillen (IJsselstein, The Netherlands). Safranin O was purchased from
Sigma (Schnellendorf, Germany). Vaseline (petrolatum) was purchased from
Elida Fabergé (London, UK).
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Vernix caseosa collection

VC was gently scraped off from healthy full-term neonates immediately after
vaginal delivery or caesarean section. The samples were transferred into sterile
plastic tubes and stored at 4°C until use. The collection of VC was approved by
the ethical committee of the Leiden University Medical Center and informed
consent was given by the parents.

Model for skin barrier disruption

Male hairless mice (SKH-rhl), 7-9 weeks old and 28 +2 g in weight, were
purchased from Charles River Laboratories (St Aubin Les Elbeuf, France). All
animal experiments were conducted in conformity with the Public Health Service
Policy on use of laboratory animals and had been approved by the Research
Ethical Committee of Leiden University (UDEC, nr. 07002). The mice were
maintained in the animal care facility of the Gorlaeus Laboratories, Leiden
University, in temperature- and humidity-controlled rooms, and fed standard
laboratory chow and tap water ad libitum.

The animals were anesthetized using a mixture of Ketamine (150 mg/kg body
weight; Nimatek® Euovet Animal Health B.V., Bladel, The Netherlands) and
Xylazine (10 mg/kg body weight; Rompun® Bayer B.V. Mijdrecht, The
Netherlands)) by intraperitoneal injection (i.p.). During anaesthesia, the mice
were kept on a warm mattress with their face down and their eyes wetted with
Visagel®. The mice were grouped randomly (six per group), with each group
receiving a different treatment. The skin of the mice was washed carefully with
deionised water prior to marking two areas (~1 cm? both left and right) on the
upper flank of the back of the mice, near the head. The skin barrier was
disrupted by sequential tape stripping by a single individual. For this purpose,
tape strips (black D-squame) of ~1 cm? were cut and applied on the marked areas.
The strips were compressed with finger tips for 5 seconds before rapid removal
in alternated stripping direction. An increase in the number of tape strips led to
an increase in number of removed SC cells and consequently reduces the skin
barrier function. Several levels of barrier disruption were induced: from
moderate (defined as TEWL of 30 g/m? per h; 4 tape strips) to severe (defined as
TEWL of 260 g/m? per h; 12 tape strips). After treatment, the mice were housed
individually to avoid fight-induced skin injury. No scratching of the treated area
or any abnormal behaviour was observed during the studies.
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Application

Immediately after disruption of the skin barrier, one test area per mouse was
treated with either 5 mg/cm?, two times 5 mg/cm? (second application 4h after
first application),15 mg/cm? VC or 5 mg/cm? Vas. VC was not pooled but VC
from three different donors was applied on different mice. A single individual
rubbed the samples onto the treatment area with a spatula. Untreated contra
lateral sites served as controls.

Biophysical evaluation of the skin

a. Transepidermal water loss

The level of barrier disruption and the repair rate were assessed by measuring
the TEWL at regular intervals using the Tewameter TM 210 (Courage & Khazaka,
Cologne, Germany). The TEWL was measured by holding the probe lightly
against the test area until a constant TEWL value was obtained. The pressure
applied to the probe was just enough to prevent leakage of air between the lower
rim of the Teflon cylinder and the skin.

The percentage of barrier recovery was calculated using the following equation:
1- ((TEWL at indicated time point - TEWL of average control ‘undamaged
skin’)/(TEWL immediately after stripping - TEWL of average control
‘“undamaged skin’)) x 100%.

b. Histology

Biopsies were taken, using a pair of scissors in conjunction with metal tweezers,
from the central part of the (treated) sites. The biopsies were immediately placed
in a gelatine capsule, processed by fixation in Tissue-Tek®, frozen in liquid
nitrogen and stored in liquid nitrogen prior to slicing. Samples (thickness 5 pm)
were sliced perpendicular to the skin surface with a cryotome (Leica CM 30505,
Wetzlar, Germany). After fixation in cold acetone (4°C), the sections were stained
for 1 min with a 1% (w/v) aqueous safranin solution for contrast. Subsequently,
the sections were washed with deionised water. To allow the corneocytes to
swell, a 2% (w/v) KOH solution was applied to the sections for 20 min.
Visualization was performed with a light microscope combined with a digital
camera (Carl Zeiss axioskop, Jena, Germany).

The thickness of the viable epidermis was measured in at least 18 different
locations of the stained cross-sections. Statistical differences between the groups
(i.e. VC treated, Vas treated and untreated) were determined by a one-way
ANOVA with a Bonferroni post-test. All data analysis was performed using
GraphPad Prism 4.0.
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Results & Discussion

Skin barrier disruption

Disruption of the skin barrier was accomplished by tape stripping. The mice
were grouped in several grades of barrier perturbation (i.e. varying from
moderate to severe disruption), which simulate a variety of clinically relevant
situations [3]. In table 1 the various characteristics of the different skin barrier
disruption models are listed. The moderate (4 tape strips) and severe #1 (6 tape
strips) barrier disruption model resulted in a TEWL of 31+2g/m2/h and
59 + 4 g/m?2/h, respectively. In comparison, normal (undisrupted and untreated)
skin has a TEWL of ~9 g/m?2/h. Both models did not show any sign of redness or
irritation. The recovery of the skin was monitored by TEWL measurements at
regular time intervals and it was observed that complete recovery occurred
already within 72h for both moderate and severe #1 (data not shown).
Importantly, histological images of the cross-sections clearly revealed that not all
corneocytes were removed directly after tape stripping (Fig. 1A and 1B). As the
skin repair process occurred within 3 days and not all corneocytes were removed,
additional models with a more severe barrier disruption were evaluated: the
number of sequential tape strips was increased to 7 (severe #2; mean TEWL of
66 +3 g/m2/h), 8 (severe #3; mean TEWL of 73 +5 g/m?2/h) or 12 (severe #4;
mean TEWL of 79 £ 6 g/m2/h). Disruption model severe #2 did not show any
sign of redness or irritation but showed a slight glistening of the skin, which is
indicative for complete removal of the SC [5]. However, still some corneocytes
were visible by histology (Fig. 1C).

Table 1. Applied levels of barrier disruption by tape stripping with their characteristics.

Disruption Nr of strips TEWL* Skin Corneocytes  Recovery Recovery

level applied (g/m?¥h) appearance present (24 h) (72 h)

Moderate 4 312 normal Yes 70% 95%

Severe #1 6 59+4 normal Yes 70% 95%

Severe #2 7 66+3 shiny Yes 70% 95%

Severe #3 8 7345 shiny, No 64% 95%

slightly red
Severe #4 12 79+6  Vveryshiny, No 4%S$ 50%$
very red

* Undamaged skin has a TEWL of ~9 g/m?2/h
§ After disruption a crust was formed within a few hours
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Between disruption model severe #3 and #4 a considerable difference in both
skin appearance and barrier recovery was observed. With model severe #3, the
skin was glistening and showed some initial redness indicating an irritation of
the skin. The skin of model severe #4 was clearly glistening and an intense
redness of the skin was observed. Light microscopic images of the biopsies, taken
directly after tape stripping, confirmed that the SC was completely removed for
both severe #3 (data not shown) and severe #4 (Fig. 1D), and that the remaining
epidermis was intact. Although the SC was completely removed, model
severe #3 still showed complete recovery of the TEWL within 72h. However,
with model severe #4 a crust was formed on the disrupted area within a few
hours. As a result only 50% recovery of the TEWL was observed in 72h. As no
scratching of the treated area or any abnormal behaviour was observed, the
recovery was monitored for an additional 5 days and an almost complete
recovery (~90%) of the skin barrier was obtained within this time period,
although some scars developed. As the light microscopic images of both model
severe #3 and model severe #4 showed complete removal of SC, and severe #4
showed a rather long recovery time, both models were assessed to study the
changes in barrier repair rate after topical application of VC.
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Figure 1. Cross-sections of hairless mouse skin prior to (A) and directly after tape stripping to obtain
the barrier disruption model moderate (B), severe #2 (C) or severe #4 (D). Scale bars =20 pm.
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Figure 2. (A) Representative macroscopic observations of undisrupted skin (i), disrupted skin (model
severe #3) directly after tape stripping (ii) and the effect of topical application of VC (iii, iv and v;
5 mg/cm?) on the disrupted skin after 1 min, 3 h and 8 h.

(B) Skin barrier recovery after tape stripping (barrier disruption model severe #3) as function of time:
VC application (A; 5 mg/cm?) and untreated, disrupted skin (m). The inset shows the recovery of the
first 24 h after disruption. In the initial phase (phase1) VC is applied and covers the skin. VC
disappears within 3 to 4h (phase 2). As the skin is not fully recovered, skin barrier repair is further
monitored (phase 3) until complete recovery. Data are shown as average + SD (n = 6).
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Effect of treatment with VC on barrier recovery

To study the effect of VC on the recovery of tape stripped skin, both models,
severe #3 and severe #4, were employed. Model severe #3 typically resembles
the models previously described in literature that have a very fast recovery (i.e.
several hours) [3, 8, 19, 20], whereas severe #4 is an innovative model with
extensively damaged skin resulting in substantial slower recovery (i.e. 200h).
Macroscopic observations of the VC application site of the damaged skin of
model severe #3 are shown in figure 2A. Immediately after tape stripping, the
skin was glistening and slightly red (Fig. 2A-ii). However, upon VC application,
the redness disappeared within a few minutes (applied on left side; Fig. 2A-iii).
Four hours after application, VC was not visible anymore at the skin surface and
the skin had a normal appearance (Fig. 2A-iv and 2A-v). Although the untreated
area (right side; Fig. 2A) was glistening and slightly red after tape stripping, the
skin visually recovered within a few hours as well. The recovery of the skin was
also monitored by TEWL measurements (Fig. 2B). Application of VC (5 mg/cm?)
immediately increased barrier recovery (TEWL decreased from 73 +5 g/m?2/h to
23 +1 g/m?2/h after application of VC), indicated as phase 1 in figure 2B. Once
applied, VC disappeared visually within 3 to 4h (phase 2, Fig. 2B). As the skin
was not fully recovered a high TEWL was measured (36 +1 g/m?2/h; barrier
recovery of 58 £3%). Subsequently, skin barrier repair is monitored (phase 3,
Fig. 2B) and complete recovery occurred within 72h. Since the disrupted,
untreated skin of this severe #3 model also showed a recovery in 72h, application
of VC predominantly influenced initial barrier recovery. Moreover, the
application of a higher dose (i.e. 15 mg/cm?) of VC on the disrupted skin did not
improve barrier recovery significantly (based on TEWL data; data not shown).
Due to its fast recovery, this model is appropriate to study the effect of
formulations in the initial recovery period, as described in literature [3, 8, 19, 20].
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Figure 3. Cross-sections of undisrupted mouse skin (A), disrupted skin (model severe #3) directly

after stripping (B) and the recovery of skin after 2h, 6 h, 24h and 72h (C to F, respectively).
Scale bars = 20 um.

In figure 3 light microscopic images of the damaged skin without treatment,
collected at several time intervals, are depicted. Normal skin is characterized by
stained nuclei of the viable epidermis cells while swollen corneocytes are also
clearly visible (Fig.3A). After complete barrier disruption (model severe #3)
corneocytes were absent (Fig. 3B). During the recovery phase, cell layers of
corneocytes gradually reappeared: after 2h and 6 h one up to two corneocyte
layers were observed (Fig. 3C and 3D). After one day, three corneocyte layers
were present whereas a complete SC (4 to 6 cell layers) was observed again after
72h of recovery (Fig.3E and 3F, respectively). Upon application of VC,
histological images did not differ from those of skin which was not treated with
VC: an equal number of stratum corneum layers could be observed at the various
time intervals (results not shown). As the barrier repair model severe #3 is
merely appropriate to study the effect of formulations in the initial recovery
period due to its fast recovery, the effect of VC treatment on a more extensively
damaged skin (severe #4) was also evaluated.

Figure 4A shows that the skin was very red and glistening after tape stripping
and subsequently a crust was formed within a few hours (Fig. 4A-ii-v, right side).
This crust was still present 100 h (Fig. 4A-ix; right side) after stripping but was

138



A murine model to study effects of vernix caseosa

fully absent within 168 h (Fig. 4A-x; right side), although some scars developed.
However, when VC was applied directly after stripping (Fig. 4A-iii, the left side)
the redness disappeared in a few minutes and no crust formation occurred
(Fig. 4A-iv,v,vi left side). Furthermore, the skin recovered much faster (visually:
~72 h in stead of ~168 h; see Fig. 4A) and no scars were formed as compared to
untreated skin (Fig. 4A-iv-ix). As seen in figure 4, disrupted skin treated with VC
showed fast and complete recovery after approximately 100 h. Initially, the skin
was covered with VC (phase 1, Fig. 4B) decreasing the TEWL from 79 + 6 g/m?2/h
to 29 + 2 g/m?2/h. Subsequently, VC disappeared visually within 3 to 4h (phase 2,
Fig. 4B). As the skin was not fully recovered a TEWL of 57 £5 g/m2/h was
measured (barrier recovery of 37+5%). Next, the skin barrier repair was
monitored (phase 3, Fig. 4B) and complete recovery occurred within 100 h.
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Figure 4. (A) Representative macroscopic observations of undisrupted skin (i), skin barrier disruption
(model severe #4) immediately after tape stripping (ii) and the effect of topical application of VC after
1min, 3h, 5h, 8h, 24h, 72h, 100 h and 168 h (iii, iv, v, vi, vii, viii, ix and x, respectively) on the
disrupted skin. (B) Skin barrier recovery of disrupted skin (model severe #4) as function of time: VC
application (A; 5 mg/cm?), Vas treated (e; dashed line) and disrupted, untreated skin (w). The inset
shows the recovery of the first 24h after disruption. Data are shown as average + SD (1 = 6).
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Neither application of a higher dose (i.e. 15 mg/cm?) nor multiple applications
(i.e. twice 5 mg/cm?; second dose applied 4h after first dose) of VC did further
accelerate the skin barrier recovery (based on TEWL data; data not shown)
compared to a single application of 5 mg VC. VC was obtained from 3 different
donors; VC from different donors were not pooled but was applied on different
mice. However, no donor-to-donor variation was observed (based on TEWL
data). Untreated, disrupted skin showed an initial lag time of 7 h after which
barrier repair developed slowly and nearly complete recovery (~90 %) only
occurred after 200 h. These observations not only confirm the ability of VC to
enhance initial and long-term barrier recovery of extensively damaged skin[12],
but they also suggest the potential use of this treatment clinically for wound
healing purposes. To date, these wound healing properties of VC were only
shown in adult patients with trophic ulcers [22]. One can speculate whether the
suggested mechanism of action, i.e. the stimulation of tissue metabolism, is also
valid for our study.

The effect of VC on the recovery of extensively disrupted skin was also
histologically studied (Fig.5). A number of corneocytes could already be
perceived on the VC treated skin (Fig. 5A) 6 h after tape stripping, whereas no SC
was visible on disrupted, untreated skin at the same time point (Fig. 5B). After
24 h even more corneocytes were present on the VC treated skin whereas the
untreated damaged skin was still free from corneocytes (Fig.5C and 5D,
respectively). The SC was clearly visible (Fig.5E) after 48h on disrupted,
untreated skin and no major difference could be observed between VC treated
and untreated skin (Fig.5E and 5F, respectively). When the skin was fully
recovered (after 8 days; Fig. 5G and 5H) the histology was similar to that prior to
the disruption procedure. Hence, VC application promotes a fast recovery of the
SC. When analyzing the dermal areas in the histological sections no
abnormalities of the appearance, i.e. signs of inflammation, could be observed.
Vas already has been speculated to accelerate barrier recovery in mice [23].
Therefore the effect of Vas was investigated with model severe #4 and compared
to VC. When Vas was applied directly after stripping, the treated site remained
red (data not shown). Moreover, 3 days post application the disrupted treated
site was still slightly red and minor crust formation was observed. These
observations indicate an improved wound healing compared to disrupted,
untreated skin (strong crust development), however less effective compared to
VC treated skin (absence of crust). Application of Vas (5 mg/cm?) immediately
restored the barrier function of the skin (indicated as phase 1 in Fig. 4B; TEWL
decreased from 79+6 g/m?2/h to 3 £0.5 g/m?2/h) demonstrating the occlusive
properties of Vas.
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VC treated disrupted, untreated
A 6h B

Figure 5. Representative histological cross-sections of mouse skin after disruption (model severe #4):
with VC treatment (A, C, E, G) or without treatment (B, D, F, H) 6 h, 24 h, 48 h and 8 days after tape
stripping, respectively. Scale bars = 20 pm.
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Figure 6. Thickness of viable epidermis of untreated, VC or Vas treated disrupted mouse skin after 3
or 8 days of recovery compared to undisrupted untreated skin (negative control). Per treatment, at
least 18 different locations of the cross-sections were measured. The error bars show SD. *P<0.05;
n.s. = not significant

Vas disappeared visually within 2 h, which was associated with loss of its barrier
function (phase 2, Fig. 4B). As a result, the TEWL rose again to 77 +7 g/m2/h,
which is comparable to disrupted, untreated skin (ie. 796 g/m?2/h).
Subsequent monitoring of the skin barrier showed that complete recovery
occurred within 150 h (phase 3, Fig.4B). Since the disrupted, untreated skin
showed nearly complete recovery within 200 h, application of Vas did enhance
barrier recovery however to a lesser extent than VC (i.e. 100 h). A histological
study of the effect of Vas on the recovery of extensively disrupted skin revealed a
similar trend in SC recovery (data not shown) as was observed after VC
treatment (Fig. 5). These results clearly indicate that occlusion of the skin (i.e.
upon application of Vas) is not sufficient to elucidate the effect of VC. Hence, the
water content of VC and/or the presence of specific groups of lipids/proteins
may play a role in the favourable effects of VC on skin barrier recovery.

In addition, the occurrence of epidermal thickening was evaluated. Epidermal
thickening has been partly associated with hyperproliferation [24] and is an
indication for different skin diseases such as atopic dermatitis and psoriasis [5].
Figure 6 shows the thickness of the viable epidermis of untreated, VC or Vas
treated disrupted mouse skin after 3 and 8 days of recovery in comparison to
undisrupted, untreated skin. The thickness of the viable epidermis of
undamaged and untreated hairless mouse skin is 16 £ 6 pm. 3 and 8 days after
recovery the disrupted but untreated epidermis is 68 £ 20 pm and 43 + 20 pm,
respectively. This is significantly thicker (P<0.05) than the VC treated site after 3
and 8 days where the epidermis exhibited a thickness of 25+ 5 pm and 18 + 6 pm,
respectively, which is comparable to undamaged, untreated skin.
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The Vas treated site, however, showed a thickened epidermis after 3 days
(48 £10 pm) similar to disrupted, untreated skin. Moreover, this is significantly
different (P<0.05) from the VC treated site. Eight days after treatment, the Vas
treated skin showed a less thickened epidermis (17 + 5 pm), which is comparable
to VC. Epidermal thickening of disrupted, untreated skin and of Vas treated skin
after 3 days of recovery is likely due to hyperproliferation that is not observed on
disrupted, VC treated areas. Therefore, application of VC not only accelerates
barrier recovery but also effectively prevents epidermal thickening after severe
barrier insults.

In conclusion, the present study demonstrates that sequential tape stripping is an
efficient method to generate reliable models for skin barrier disruption and
repair. By increasing the number of tape strips different models could be
obtained with a disrupted skin varying from moderate to severe. Only
extensively damaged skin (i.e. model severe #4) showed a rather slow recovery,
whereas all other models resulted in a very fast skin barrier repair. It was
observed that topical application of VC on severely disrupted skin (model
severe #4) considerably increased the skin barrier recovery and was more
efficient than Vas treatment. Moreover, VC application promoted a rapid
formation of SC and prevented most effectively epidermal thickening. These
observations not only confirm the ability of VC to enhance skin barrier recovery,
but suggests its potential clinical use.
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