5–20 minutes of mechanical stretching applied on facial skin
induces a proliferation of cells in skin layers1, 2.
Measurements of Beauty Band as an epidermal proliferation and collagen-productionenhancing system via mechanical stretching: A real-life application following research studies
published in the Journal of Investigative Dermatology, PLOS ONE, and Scientific Reports
Background
In 2004, a new research study, published in the Journal of Investigative Dermatology, found
that the keratinocytes of the epidermis proliferate after the application of mechanical
stretching due to the induction of cellular mechanisms and the activation of specific growth
factors1. Another research study, published in PLOS ONE in 2015, demonstrated structural
improvements in the epidermis and the basement membrane of human skin equivalents after
mechanical stretch stimulation while there was an increase of the deposition of laminin 5,
collagen IV, and collagen VII in the basal layer 2. Connective tissues primarily
contain collagen and proteoglycans and play an important role in skin ageing. Enhancing the
production of collagen improves the look of facial skin.
Aging decreases collagen IV expression in vivo in the dermo-epidermal junction and in vitro in
dermal fibroblasts3. The less type IV collagen in adult dermo-epidermal junctions results in
structural and functional changes4.Agents that stimulates production of collagen IV such as
tetra-hydro-jasmonic acid (LR2412) have a potential to correct signs of skin ageing5. Coenzyme
Q10 is another example of an agent that may have an antiaging effect by enhancement of
production of epidermal basement membrane components such as laminin 332 and type IV and
VII collagens6. Together with the demonstration that stretch increases the deposition of laminin
5 and collagen IV/VII in the basal layer2 our conclusion is that these findings suggest an
influence of mechanical stretch on skin ageing as well. Lastly, it is known in the plastic surgery
that stretching of skin and soft tissue helps overcome the problems of primary closure of
complex wound. A clinical study applying Wisebands (a device uniquely designed
for skin and soft-tissue stretching) to complex wound resulted in closure of
complex skin and soft-tissue wounds10. In summary, altogether there is a real potential of
correcting signs of skin ageing by mechanical stretching of facial skin.
In order to apply the research findings to real-life contexts, we decided to extrapolate facial
skin mechanical stretching to an in vivo system. We used the Beauty Band device to provide the
mechanical stretching of facial skin. The structure and shape of Beauty Band enables the
simultaneous mechanical stretching of all facial areas as well as the specific skin areas chosen
by the user. Measurements with Beauty Band were taken to evaluate its mechanical stretching
capabilities.
Many cosmetic agents are available for the treatment of various dermatologic facial skin
conditions. In addition to stretching, the aim of Beauty Band is to enlarge the surface of the
facial skin that is treated, thus enhancing the epidermis’s permeability to different topical
preparations.

Topical drugs and cosmetic preparations have to penetrate to different depths in the skin layers
in order to have a therapeutic or cosmetic effect on the skin7. The stratum corneum functions
as the main barrier of the skin8, and previous research has demonstrated that the stratum
corneum and the stratum granulosum are thicker in the flanks of a wrinkle than in the deepest
parts of that wrinkle9. The molecules responsible for the adhesion of the corneocytes, namely
keratohyalin granules, filaggrin, and transglutaminase, are also less abundant at the bottom of
the wrinkle compared to at the flanks9. We assume that exposing the bottom of the wrinkle by
means of mechanical stretching with Beauty Band will increase the surface area of the thinner
epidermis, thus—potentially—enhancing the permeability and effectiveness of topical drugs.
As the keratin and granular cell layers are significantly thinner in the folds compared to the
flanks of the wrinkle, there is better absorption in the depths of the folds compared to the
flanks. Moreover, various directions of skin stretching increase both pore size and the margins
between the keratin layers. The more severe the wrinkle, the greater the improvement of
absorption in the stretched area. We assume also that repetitive mechanical stretching can
permanently increase the distance between the wrinkle flanks and, thus, contribute to better
absorption on a more permanent basis.
Methods
Wrinkled areas of the face were painted with red ink. Digital photographs were taken before
and after the use of Beauty Band, using both a digital camera and a digital microscope
(DigiScopeTM Santa Monica, CA, USA). The magnifications used in the digital microscope ranged
from X20 to X210. The pictures were analyzed, and measurements were made with Portable
Capture Software Version 2.5 (Celestrone LLC, Torrance, CA, USA). The diameter and surface of
the painted area, the diameter of the pores, and the distance between the wrinkle edges were
evaluated and measured before and after the use of Beauty Band. The distance between the
wrinkle edges and the diameter of the pores were measured using a magnification of X210. In
order to check the application of Beauty Band in real-life contexts, imaging material was applied
on both healthy skin and acne affected skin, with and without stretching with Beauty Band. The
wrinkles and skin pore coverage with imaging material was measured using a magnification of
X180.
Results
The diameter of the painted wrinkle surface increased, on average, by 29% after stretching with
Beauty Band. An average increase of 51% was measured on the painted wrinkle surface after
stretching. The diameter of the skin pores increased by 17%, which improved the permeability
of the skin. The distance between the wrinkle edges increased, on average, by 66% after
stretching. An “accordion effect” was noted during the use of Beauty Band: the surface of the
skin that was available for treatment after stretching increased due to the straightening of
wrinkles. This effect was more prominent below the zygomatic area. The exposure of the
bottom of the wrinkles also increased the surface area of the thinner and more permeable
epidermis.

Without Beauty Band, wrinkles were not covered completely by the imaging material, and the
pores also showed partial covering of the imaging material. With Beauty Band, wrinkles and
pores were covered much more effectively by the imaging material. Without Beauty Band, after
cleaning the area that was covered with imaging material, it was evident that there was imaging
material left inside the wrinkles; with Beauty Band, only a small amount of imaging material
was left inside the wrinkles.
Conclusion
Beauty Band is the first device to allow the mechanical stretching of facial skin and, according to
molecular studies, an enhanced proliferation of keratinocytes in the epidermis, an increase in
epidermal and basement membrane thickness, and, possibly, an increase in collagen synthesis.
In addition to molecular changes that have a beneficial effect on skin appearance, Beauty Band
enables the delivery of topically applied cream to the deeper parts of wrinkles. Stretching and
smoothing the skin with Beauty Band also enables the exposure of wrinkle depth and is thus
more effective for eliminating topically applied agents from the skin.

Sincerely,
Avner Shemer M.D.
Clinical professor of Dermatology
Specialist in Skin and Venereal Diseases.
Dermatologic /Nail Surgery.
Dermatomycology.

Meir Babaev M.D.
Specialist in Skin and Venereal Diseases.
Dermatologic /Nail Surgery.
Dermatomycology.
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CROW’S FEET WITHOUT and WITH BEAUTY BAND

Here, it is evident that there is a smoothing of the “crow’s feet” wrinkles in the
lateral part of the eyes after using Beauty Band.

In order to emphasize the wrinkle fold size change, the wrinkle area was painted
with red ink. The stretching of the wrinkle folds is here demonstrated by the
increased distance between the painted edges of the skin.

RED DYE SHOWS SKIN STRETCHING in the AFTER PHOTO

These images illustrate the increase in skin surface area after using Beauty Band.

Here can be seen an increase of 13.16 mm² to 19.75mm² (in the surface area of
the circle that surrounds the dyed skin) after using Beauty Band.

These images show the increase in the dimensions of the pores after using Beauty
Band.

Here is a high-magnification microscope picture showing the increase in
the wrinkle opening due to the skin stretching from 0.12mm before
using Beauty Band to 0.20mm after using the device.

These images show an increase in the dyed skin surface area before and after
Beauty Band.

Here, the increase in skin diameter after using Beauty Band is evident.

This high-magnification microscope picture again shows an increase in the edges
of a wrinkle after using Beauty Band.

Another high-magnification image shows the increase in the wrinkle surface after
using Beauty Band.

Picture #1: After using the imaging material without
using Beauty Band, it can be seen that the wrinkles
are not completely covered. The pores evidence a
partial covering of the imaging material.

Picture #2: Looking at the same area while
using Beauty Band, it can be seen that the
pores and wrinkles are not covered with the
imaging material.

Picture #3: Without using Beauty Band, it appears
that the wrinkles and pores are covered with the
imaging material.

Picture #4: Using Beauty Band, it appears
that many wrinkles are not covered with the
imaging material and that the two pores are
only partially covered (the blue circles).

Picture #5: A 42-year-old female subject applied
her imaging material without Beauty Band. We can
observe that the wrinkles in her skin and pores are
not completely covered by the imaging material.

Picture #7: This area was covered with imaging
material powder. When looking at the same area
while using Beauty Band gently, it is evident that the
powder did not reach the wrinkles and pores.

Picture #6: The same 42-year-old female
subject applied her imaging material while
using Beauty Band. We can observe that the
wrinkles in her skin and pores are completely
covered by the imaging material

Picture #8: Looking at the same area as
Picture #7 while increasing the stretching of
Beauty Band, it is evident that the wrinkles
and pores are not covered.

Picture #9: This area was cleaned of imaging material
without using Beauty Band. The wrinkles and pores
are only partially clean.

Picture #10: This is an area adjacent to the
area in Picture #9. Beauty Band was used
while cleaning the area gently. Although the
wrinkles are clean, the pores are only
partially clean (due to the gentle cleaning).

No makeup powder and without Beauty Band

With the use of makeup powder

Pictures #15 & #16: The pores were covered with the powder.

Cleaning the area of powder without using Beauty Band

Pictures #17 & #18: The pores are still covered with the powder.
Note: Height differences affected the camera focus.

Cleaning of the powder while using the beauty band

Picture #19&20 : It can be easily seen that the pores in the whole area
are clean from the powder

Picture #21 : The pores
around the papula are
clean from the powder.

Mechanical Stretching In Vitro Regulates Signal Transduction
Pathways and Cellular Proliferation in Human Epidermal
Keratinocytes
Shoichiro Yano,w Mayumi Komine, Manabu Fujimoto,w Hitoshi Okochi,w and Kunihiko Tamaki
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Epidermal keratinocytes are continuously exposed to mechanical forces. The human skin surface can be thickened
and enlarged by various stresses such as tissue expander or abrasive pressure. To investigate the mechanism of
epidermal hyperproliferation by mechanical stress, keratinocytes were plated on ﬂexible silicone dishes, which
were continuously stretched by þ 20%. Stretching of cells for 24 h caused upregulation of 5-bromo-20 -deoxyuridine
(BrdU)-positive cells to 200%–220% and activation of extracellular signal-regulated kinases (ERK)1/2. Inhibition of
mitogen and ERK with U0126 and phosphoinositide 3-OH kinase attenuated BrdU incorporation and ERK1/2
activation. The EGF receptor kinase inhibitor and the calcium channel inhibitor also inhibited BrdU incorporation
and the activation of ERK1/2. Twenty-four hours of stretching stimulated reporter activity driven by activator
protein 1 (AP-1), induction of K6, and suppression of K10, which were inhibited by U0126. Our results indicate that
mechanical stretching induces proliferative signals on human keratinocytes via induction of calcium inﬂux,
phosphorylation of epidermal growth factor receptor (EGFR), and ERK1/2. These mechanisms may contribute to
the hyperproliferative nature of the epidermis, which is mechanically stretched by various stimuli.

Key words: ERK/keratinocytes/mechanical stretching/proliferation
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The skin, especially the epidermal keratinocytes, which
protects the human body from the external environment, is
continuously exposed to various stimuli. The effects of
chemical and UV light stimulation of the skin and the
epidermal keratinocytes have been investigated in detail
(Hruza and Pentland 1990; Nickoloff et al, 1993), and
phototherapy has been applied in dermatology as psoralen
and ultraviolet A (PUVA) therapy. Little, however, is known
about the consequences and mechanisms of action of
mechanical stimuli to the skin, especially to the epidermis.
The human skin surface can be stretched and enlarged by
tissue expander apparatus for skin grafts. The abdominal
skin of pregnant women is stretched and extended, which
allows the skin to cover a markedly increased area. During
wound healing, retracting adjacent tissue may stimulate
marginal epidermal cells to cause epithelial spreading into
the wound bed. Patients with acanthosis nigricans show
skin lesions in intertriginous skin, which is assumed to be
induced by continuous mechanical stretching or abrasion.
Psoriasis vulgaris tends to affect the skin of rubbed areas
such as the elbows and knees. Many dermatological
diseases present the Köebner phenomenon, in which

mechanically injured skin promotes new eruption. The
mechanisms of these phenomena, however, remain to be
fully elucidated. Recently, Kippenberger et al (2000)
reported that 3H-thymidine uptake was induced and
extracellular signal-related kinase (ERK)1/2 and c-Jun amino
terminal kinase (JNK) were activated in response to
keratinocyte stretching. As for fibroblast stretching, fibroblast–collagen matrix contraction causes isometric tension
to fibroblasts, ERK and p38 MAP kinases are activated (Lee
et al, 2000), and the level of c-fos mRNA increases
(Rosenfeldt et al, 1998), which indicates that these events
play a unique role for wound contraction and wound healing
(Grinnell, 2000).
Mechanical forces are related to many biological
phenomena. Isometric strength training and flexibility
training of the human muscles thicken muscle fibers and
increase the amount of these muscles (Goldspink et al,
1991; Timson, 1991; Booth et al, 1998). It is widely accepted
that mechanical loading is necessary to construct the
architecture of bone and to maintain bone mass (Salter et al,
2000; Kurata et al, 2001). These observations support the
theories of athletic training and rehabilitation. In the
cardiovascular field, mechanical forces applied to rat
vascular smooth muscle cells (VSMC) were shown to
induce the phosphorylation of epidermal growth factor
receptor (EGFR) (Iwasaki et al, 2000) and mitogen-activated
protein kinase (MAPK) (Komuro et al, 1996; MacKenna et al,
1998; Seko et al, 1999; Kushida et al, 2001), which then

Abbreviations: AP-1, activator protein 1; BrdU, 5-bromo-2́-deoxyuridine; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; HaCaT, human keratinocyte cells;
HRP, horseradish peroxidase; MEK1/2, mitogen and extracellular
signal-regulated kinase; NHK, normal human keratinocytes; PI 3-K,
phosphoinositide 3-OH kinase
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promoted cell proliferation and hypertrophy of VSMC
(Komuro et al, 1991; Sadoshima et al, 1992; Hishikawa
et al, 1994). Other groups reported that exposure of human
endothelial cells to fluid shear stress stimulated MAPK
(Tseng et al, 1995). Shear stress was also reported to
stimulate the migration and proliferation of endothelial cells
(Ando et al, 1987) and enhance endothelial cell DNA
synthesis during the repair of mechanical denudation (Ando
et al, 1990). These results may support the mechanism of
the alterations in cardiovascular and endothelial morphology and function induced by hypertension.
These phenomena surrounding human skin and other
organs prompted us to further investigate the nature of
stretched epidermal cells, including the signal transduction
pathways induced by mechanical stretching. We demonstrated that mechanical stretching promoted the proliferation of cultured human keratinocytes by measuring
5-bromo-20 -deoxyuridine (BrdU) incorporation and that
mechanical stretching also inhibited differentiation by the
upregulation of keratin K6 and the downregulation of keratin
K10.

mechanical stretching induced keratinocyte proliferation,
i.e., S-phase entry, and that keratinocyte proliferation
induced by mechanical stretching was MEK1/2 pathway-,
PI 3-K pathway-, EGFR-, and calcium channel-dependent.

Results

Mechanical stretching activates ERK1/2 The above
results indicated that mechanical stretching induces cell
proliferation through ERK1/2 and PI 3-K pathways, which
are also activated by various growth factors and cytokines
such as EGF. We examined ERK1/2 phosphorylation by
mechanical stretching by harvesting keratinocytes after 1–
60 min of stretching and performed western blotting using
an antibody to phosphorylated ERK1/2.
Western blotting revealed that phosphorylation of ERK1/
2 arose from 2 min of stretching, which reached the
maximal level at 5 and 15 min, and then ceased after 30
and 60 min (Fig 3A). On the same membrane re-probed with
anti-ERK2 antibody, the density of ERK2-positive bands
was almost the same among all lanes (Fig 3B). The
phosphorylation of ERK1/2 by EGF (50 ng per mL) was
strongly detected from 1 min and lasted up to 60 min (Fig
3C). These results suggested that mechanical stretching
activated the ERK1/2 signaling pathway in epidermal
keratinocytes in vitro.

BrdU incorporation was induced by mechanical stretching To verify observations on the nature of the epidermis
surrounding intraepidermal tumors, we examined whether
the stretching signal really induced proliferation of cultured
keratinocytes on flexible silicone chambers (see Fig 1).
We showed that continuous mechanical stretching of
keratinocytes by þ 20% for 24 h significantly induced BrdU
incorporation by 2.2  0.4-fold in NHK (Fig 2) and 2.0  0.5fold in HaCaT (not shown) compared to non-stretched
controls (po 0.05). U0126 (10 mM), wortmannin (1 mM),
AG1478 (200 nM), and gadolinium (150 mM), inhibitors of
MEK1/2, PI 3-K, EGF receptor, and calcium influx,
respectively, strongly inhibited BrdU incorporation induced
by mechanical stretching (Fig 2). This suggested that

ERK1/2 activation by mechanical stretching occurs
through both MEK1/2 and PI 3-K pathways, while
activation by EGF occurs only through MEK1/2 MEK1/
2 and PI 3-K are the two major kinases activated by growth
stimulatory signals such as EGF. We next investigated
whether MEK1/2 and PI 3-K pathways are involved in ERK1/
2 activation by mechanical stretching. ERK1/2 activation by
mechanical stretching was abolished by pre-treatment with
both MEK1/2 inhibitor U0126 (30 min) and PI 3-K inhibitor
wortmannin (60 min) in a concentration-dependent manner,
while ERK1/2 activation by EGF (50 ng per mL) was affected
only by U0126 (10 mM) but not by wortmannin in all doses
(Fig 4A, B). These results indicated that both EGF and

Figure 1
Stretching apparatus. Cells were seeded and grown in transparent
and cubic silicone chambers, the bottom of which was covered with
collagen type I as described in Materials and Methods. The overall view
of the flexible silicone chamber before stretching and after stretching to
þ 20% continuously and longitudinally using a stainless-steel stretching device was shown.

Figure 2
BrdU incorporation was induced by mechanical stretching. Continuous stretching of NHK for 24 h and EGF (50 ng per mL) stimulation
caused upregulation of BrdU-positive cells to 200%–220% as detected
using a commercial BrdU ELISA kit. This upregulation was inhibited by
MEK1/2 inhibitor U0126, PI 3-K inhibitor wortmannin, EGFR phosphorylation inhibitor AG1478, and calcium channel blocker gadolinium
(Gd3 þ ). SB202474 was used as a negative control and did not inhibit
BrdU upregulation by mechanical stretching (#: po0.01).
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kinase inhibitor AG1478, which specifically inhibits EGF
receptor autophosphorylation, inhibited the activation of
ERK1/2 in NHK by mechanical stretching as well as the
activation of ERK1/2 by EGF in a concentration-dependent
manner. AG1478 at 200 nM showed almost perfect
inhibition, 20 nM AG1478 showed moderate inhibition,
and 2 nM AG1478 showed only a slight inhibitory effect on
ERK1/2 activation both by mechanical stretching and by
EGF (Fig 6). These results suggested that mechanical
stretching induced ERK1/2 activation through the activation
of EGF receptors probably without stimulation by its ligand.
Figure 3
Mechanical stretching causes ERK1/2 phosphorylation. Time
courses of ERK1/2 phosphorylation induced by mechanical stretching
and EGF treatment of NHK. Equal amounts of protein extracts were
immunoblotted with antibodies specific for (A) phosphorylated ERK1/2
(p-ERK1/2) and (B) ERK2 (after stripping the same membrane). pERK1/2-positive bands showing phosphorylation were seen after 5–15
min of stretching and disappeared after 30–60 min of stretching. (C) On
the other hand, strong phosphorylation of ERK1/2 induced by EGF (50
ng per mL) was maintained for longer periods than that induced by
stretching.

mechanical stretching activated ERK1/2. EGF utilized only
the MEK1/2 pathway however, while stretching utilized both
MEK1/2 and PI 3-K pathways.
Calcium inﬂux is indispensable for activation of ERK1/2
by mechanical stretching, but not for its activation by
EGF Calcium metabolism is an important factor in the
activation of ERK1/2 in several lines of cells. To investigate
the effects of calcium metabolism in the activation of ERK
by mechanical stretching, we utilized the calcium influx
inhibitor gadolinium (Gd3 þ ). ERK1/2 phosphorylation by
mechanical stretching as determined by western blotting
was almost completely inhibited by Gd3 þ pre-treatment (for
60 min, 150 mM), and the inhibition of ERK1/2 phosphorylation by mechanical stretching was concentration-dependent, i.e., 50 mM Gd3 þ showed moderate inhibition, and 15
mM Gd3 þ showed only a slight inhibitory effect. On the other
hand, activation of ERK1/2 by EGF stimulation (50 ng per
mL) was not inhibited by all concentrations of Gd3 þ (Fig 5).
These phenomena, in addition to the experiment with
MEK1/2 and PI 3-K inhibitor, delineated the EGF signal
transduction pathway and the mechanical stretchinginduced signal transduction pathway.
ERK1/2 activation by mechanical stretching requires
EGF receptor phosphorylation We inhibited EGF receptor
phosphorylation to determine whether it affects the activation of ERK1/2 by mechanical stretching. The EGF receptor

Figure 4
Mechanisms of ERK1/2 activation were different between mechanical stretching and EGF stimulation. Both
(A) U0126 and (B) wortmannin suppressed p-ERK1/2 by
mechanical stretching in a concentration-dependent manner in NHK. Only U0126 (10 mM) suppressed p-ERK1/2 in
cells stimulated with EGF. The densities of the ERK2 bands
in each lane were almost equivalent (N, non-stretched NHK
lysate; S, NHK stretched for 15 min; E, NHK stimulated with
50 ng per mL EGF for 15 min).

Mechanical stretching also induced the phosphorylation of EGFR As EGFR autophosphorylation is responsible
for the activation of ERK1/2 by mechanical stretching as
described above, we next directly investigated EGFR
phosphorylation using anti-phospho-EGFR (Tyr845,
Tyr992, Tyr1045, Tyr1068) antibodies. Western blotting
analysis showed that only Tyr845-EGFR phosphorylation
was augmented at 2 and 5 min, as compared to the control
(0 min), but decreased thereafter. Tyr992, Tyr1045, or
Tyr1068-EGFR phosphorylation was not detected by mechanical stretching, although EGF stimulation strongly
phosphorylated all phospho-EGFR antibodies (Fig 7A–E).
Immunoprecipitation analysis showed that EGFR phosphorylation was augmented at 5–10 min, as compared to the
control (0 min), but decreased thereafter (Fig 7F). These
results suggested that mechanical stretching induced
phosphorylation of a part of EGFR prior to ERK1/2
phosphorylation.
AP-1-driven reporter activity is induced by mechanical
stretching AP-1, which is a complex of Jun, Fos, or
activating transcription factor (ATF), is one of the transcription factors activated by EGF and other cytokines such as
TNF and IL-1. We investigated whether the mechanical
stretching signal induces AP-1 activation. We transfected
keratinocytes with an AP-1 site-driven firefly luciferase
construct together with TK promoter-driven renilla luciferase
vector, and performed dual luciferase assay. AP-1 luciferase activities were normalized with renilla luciferase activity.
Six to forty-eight hours of stretching signal significantly
stimulated AP-1 consensus sequence-driven reporter activity in both NHK and HaCaT (not shown) as compared to
non-stretched keratinocytes, similar to the effect of EGF
(50 ng per mL) (Table I). The activation of AP-1-driven
reporter activity by mechanical stretching and EGF stimulation was strongly suppressed by MEK1/2 inhibitor U0126
pre-treatment (30 min, 10 mM) to almost the same level as in
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Table I. AP-1-driven reporter activity is induced by
mechanical stretching
Stretching time (h)

AP-1 activation ratio (against no stretch)

þ 20% strech

Figure 5
ERK1/2 phosphorylations by mechanical stretching require calcium influx. Gd3 þ inhibited ERK1/2 phosphorylation by mechanical
stretching in a concentration-dependent manner in NHK (15, 50, 150
mM concentration), while it did not inhibit phosphorylation of ERK1/2
induced by EGF stimulation at these concentrations (N, non-stretched
NHK lysate; S, NHK stretched for 15 min; E, NHK stimulated with 50 ng
per mL EGF for 15 min).

6

1.52  0.37 times

12

2.05  0.55 times

24

1.87  0.24 times

48

1.41  0.23 times

EGF 24

2.08  0.71 times

U0126 pre-treatment
12

1.04  0.08 times

24

1.08  0.08 times

EGF 24

1.15  0.32 times

Luciferase activity in NHK cell lysates was measured using a
luminometer. About 6–24 h of stretching signal stimulated AP-1
consensus sequence-driven luciferase reporter activity, similar to the
effect of EGF. The activation of AP-1-driven luciferase reporter activity by
mechanical stretching and EGF was suppressed by U0126 pretreatment.
po0.01,
po0.05 by using Student’s t test.

Figure 6
ERK1/2 activation by mechanical stretching requires EGF receptor
phosphorylation. AG1478 inhibited ERK1/2 phosphorylation induced
by mechanical stretching and EGF stimulation in a concentrationdependent manner in NHK (N, non-stretched NHK lysate; S, NHK
stretched for 15 min; E, NHK stimulated with 50 ng per mL EGF for 15 min).

non-stretched controls (Table I). Our results indicated that
mechanical stretching induces AP-1 activity via MEK1/2
activation in human keratinocytes.
Mechanical stretching induces epidermal keratinocyte
activation with K6 induction and K10 suppression
in vitro Keratins are convenient markers to investigate
keratinocyte differentiation. We examined two of the keratins,
keratin K6 and keratin K10, which represent activated and
differentiated keratinocytes, respectively, in cultured human
keratinocytes. Western blotting analysis indicated that 24 h
stretched and 50 ng per mL EGF-treated keratinocytes
showed strong K6 expression compared to sparse K6
expression in non-stretched controls. Pre-treatment with
the MEK1/2 inhibitor U0126 (30 min, 10 mM) abolished these
effects (Fig 8A, B). On the other hand, K10 was not observed
in stretched and 50 ng/ml EGF-treated keratinocytes, while
non-stretched keratinocytes showed strong K10 expression.
U0126 pretreatment (30 min, 10 mM) decreased K10
suppression caused by mechanical stretching and EGF (50
ng per mL) (Fig 8C, D). These results suggested that
mechanical stretching makes quiescent keratinocytes activated rather than differentiated via MEK1/2 activation.

Discussion
We could demonstrate several effects of mechanical
stretching in vitro. As described in Materials and Methods,

we utilized a unique culturing and stretching system. In this
system, basal collagen film itself does not contract or peel
off, and it stretches synchronously with a silicon chamber,
which enabled attached keratinocytes to be stretched
exactly by þ 20%. First, stretching of keratinocytes seeded
on silicone wells for 24 h caused the upregulation of BrdUpositive cells to 200%–220%, and this upregulation was
inhibited by the MEK1/2 inhibitor U0126, PI 3-K inhibitor
wortmannin, EGFR phosphorylation inhibitor AG1478, and
calcium channel blocker Gd3 þ . These observations indicated that mechanical stretching induces the S-phase entry
of keratinocytes via MEK1/2, PI 3-K, EGFR, and calcium
channel-dependent pathways. Although there is also a
possibility that the effects of stretching are mediated by
releasing soluble factors from stretched keratinocytes
themselves, this is the first study illustrating the signaling
molecules that induce BrdU incorporation by mechanical
stretching in human keratinocytes.
ERK1/2 activation in various types of cells is indispensable in cell proliferation and survival (Boulton et al, 1991;
Guyton et al, 1996; Whelchel et al, 1997). It is reported that
during fibroblast contraction of stressed collagen matrices
under isometric tension, both ERK and p38 MAP kinases
were activated (Lee et al, 2000). We demonstrated that
mechanical stretching induced ERK1/2 phosphorylation in a
time-dependent manner via a calcium channel and EGFR
activation-dependent pathway, thereby leading to the
stimulation of AP-1 activity in NHK and HaCaT cells.
Moreover, Akt phosphorylation was also induced by
mechanical stretching in a time-dependent manner via
EGFR activation and calcium channel activation, leading to
an anti-apoptotic effect (Yano et al, unpublished data).
Interestingly, wortmannin and U0126 both inhibited ERK1/2
phosphorylation induced by mechanical stretching. On the
other hand, ERK1/2 phosphorylation due to EGF stimulation
was not inhibited by wortmannin but was inhibited only by
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Figure 7
Mechanical stretching induces phosphorylation of EGFR. Time course (0–60
min) of EGFR phosphorylation after
stretching NHK. (A) EGFR phosphorylation
(Tyr845) was seen only after 2–5 min of
stretching and disappeared after 15–60
min of stretching. (B–D) EGFR phosphorylation (Tyr992, Tyr1045, Tyr1068) was not
detected. (E) EGFR bands detected on the
same membrane were also shown. The
densities of bands in all lanes were almost
equivalent. (F) After immunoprecipitation
(IP) with EGFR antibody, EGFR phosphorylation (4G10) was seen only after 5–10
min of stretching and disappeared after
15–60 min of stretching (IP, immunoprecipitation, IB, immunoblot).

U0126. These results suggested that PI 3-K and MEK1/2
pathways may function as activators of ERK in mechanical
stretching in these cells, and that both EGF and mechanical
stretching activate ERK1/2 through EGFR phosphorylation,
while their downstream signal transduction pathways are
not exactly the same. The results of the present study
represent the first evidence that PI 3-K is responsible for
ERK1/2 activation by mechanical stretching in human
keratinocytes.
Calcium channel activation on the cell membrane and
calcium influx play crucial roles in controlling cell growth
(Taylor and Simpson, 1992; Dascalu et al, 2000; Wang et al,
2000). We showed in this study that the calcium channel
blocker gadolinium inhibited the phosphorylation of ERK1/2
induced by mechanical stretching. This result indicated that
calcium channels receive mechanical stimuli, and then
transmit the signals to downstream pathways. The observation that the calcium channel blocker gadolinium did not
affect the phosphorylation of ERK1/2 due to EGF stimulation
supports the idea that there are differences in signal
transduction between mechanical stretching and EGF stimulation, although both cause EGFR phosphorylation. EGFR
exists on the cell membrane, and receives stimulation from
EGF and other members of the EGF family. The binding of
integrin a2b1 and EGFR is required for EGFR phosphorylation
in A431 cells (Yu et al, 2000). Therefore, we hypothesized that
EGFR received mechanical stimuli and was phosphorylated,
and then downstream signals of EGFR such as MEK1/2 and
PI 3-K were activated. We showed that EGFR phosphorylation (Tyr845) occurred after 2–5 min of keratinocyte stretching, and that AG1478, an inhibitor of EGFR phosphorylation,
blocked the phosphorylation of ERK1/2 induced by mechanical stretching. We also showed EGFR phosphorylation
by immunoprecipitation. These results suggested that the
mechanical stimulation by stretching of human keratinocytes
is received by EGFR, which results in MAPK activation.
Similar phenomena were reported in VSMC, which showed
the phosphorylation of EGFR (Iwasaki et al, 2000), followed
by activation of the Ras and Raf pathways (Yamazaki et al,

1995; Li et al, 1999) upon mechanical stretching. We showed
that mechanical stretching phosphorylated only the Tyr845
site compared to EGF stimulation which phosphorylated
many sites (Tyr845, Tyr992, Tyr1045, Tyr1068) and that the
density of positive bands by mechanical stretching was
weaker than that by EGF stimulation (Fig 8A, B). These
suggested that the effect on EGFR by mechanical stretching
is neither more various nor stronger than that by EGF
stimulation and that their downstream signal transduction
pathways are consequently different from each other.
Keratins constitute a large family of cytoskeletal proteins,
differentially expressed in various epithelial cells (Schweizer,
1993). K6 is a marker of activated keratinocytes (Komine
et al, 2000) and is expressed in psoriasis and carcinomas,
but not in the healthy interfollicular epidermis. EGF and TNFa
induce K6 in keratinocytes (Jiang et al, 1993; Komine et al,
2000) and there is an AP-1 binding site in the K6 gene
promoter (Bernerd et al, 1993; Ma et al, 1997). We showed
that mechanical stretching of keratinocytes for 24 h induced
K6 upregulation, which was strongly inhibited by MEK1/2
inhibitor U0126. This result suggests that mechanical
stretching induced the signals resulting in keratinocyte
activation and proliferation, which were probably mediated
via the MEK1/2 activation and AP-1 activation pathway.
Although there is a discrepancy between the strong
activation of K6 expression and the relatively small AP-1
activation induced by stretching, we suggest that the
expression of K6 gene requires not only AP-1 activation
but also other signaling or stimulating factors. Unexpectedly, the expression of K10 was clearly abolished when
keratinocytes were stretched for 24 h, and K10 downregulation was simultaneously suppressed by U0126. K10 is
a marker of differentiated keratinocytes (Ivanyi et al, 1989)
and is expressed in the differentiating suprabasal layers.
These phenomena suggested that mechanical stretching
suppresses keratinocyte differentiation probably via the
MEK1/2 activation pathway. In the epidermis of normal
human palm and sole skin, keratin K9, K6, K16, and K17
were shown to be expressed at the bottom of the deep
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primary epidermal ridges possibly due to the greater stress
that ridged skin has to withstand (Swensson et al, 1998).
This study, however, is the first to demonstrate that
mechanical forces can alter the expression patterns of
keratin, the constituent of intermediate filaments expressed
specifically in keratinocytes.
Our investigations elucidated that early activation of
signaling pathways such as EGFR, ERK1/2, and PI 3-K in
response to mechanical stretching is involved in epidermal
cell proliferation, and keratinocyte activation including
keratin K6 expression and keratin K10 suppression.
Although it shares many features with EGF signaling,
substantial parts of the response to mechanical stretching
are probably different from those of the response to EGF
stimulation. Moreover, we can hypothesize that mechanical
stretching on the epidermis or keratinocytes enables
epidermal regeneration and establishes new methods of
keratinocyte proliferation. Our data and model are useful for
explaining cutaneous changes caused by mechanical
stress in cases of tissue expander, pregnant women, wound
healing, and the Köebner phenomenon, and present
additional insights for signaling pathways in human keratinocytes. We are now investigating further functions and
clinical application using mechanical stretching systems.
Materials and Methods
Antibodies and materials Anti-phospho-ERK1/2, anti-phosphoEGFR (Tyr845, Tyr992, Tyr1045, Tyr1068), and anti-EGFR were
purchased from Cell Signaling (Beverly, Massachusetts). AntiERK2, anti-mouse IgG horseradish peroxidase (HRP) conjugate,
and anti-rabbit IgG HRP conjugate were from Santa Cruz (Santa
Cruz, California). HRP-conjugated anti-phosphotyrosine 4G10 was
from Upstate Biotechnology (Lake Placid, New York). Anticytokeratin 6 (K6) was from Progen (Heidelberg, Delaware). Antikeratin 10 (K10) was from Sanbio (San Diego, California). The
mitogen and extracellular signal-regulated kinase (MEK1/2)
inhibitor U0126 was from Promega (Madison, Wisconsin). The
phosphoinositide 3-OH kinase (PI 3-K) inhibitor wortmannin, the
EGFR kinase inhibitor AG1478, and negative control SB202474
were from Calbiochem (San Diego, California). The calcium
channel blocker gadolinium (Gd3 þ ) was from Sigma (St Louis,
Missouri).
Cell culture Normal human keratinocytes (NHK) were purchased
from Clonetics (San Diego, California) and were cultured in
keratinocyte-SFM (KBM) supplemented with epidermal growth
factor and bovine pituitary extract (KGM, Life Technologies,
Rockville, Maryland), and used at passage 3 to 5. Spontaneously
immortalized human keratinocyte cells (HaCaT) were a generous
gift from Dr. Kuroki (Showa University, Japan) with permission from
Dr Fusenig (Institute Fur Zell- und Tumourbiologie, Deutsches
Kresforschungszentrum, Heidelberg, Germany) and were maintained in minimal essential medium (MEM, Sigma) supplemented
with 10% fetal bovine serum, and used at passage 41 to 50. Both
types of cells were plated at 1  105cells per cm2 into flexible and
transparent silicone chambers (Taiyo Kogyo, Tokyo, Japan) (Fig 1).
Prior to plating, we covered the bottom of chambers with collagen
type I (Sigma, 2.5 mg per cm2) solution, and then dried them
overnight. Subsequently, a thin collagen film was formed on the
surface of the chamber, which enabled keratinocytes to attach the
chambers. Chambers were cultured at 371C and in a 5% CO2
incubator. After reaching confluence, the cells were incubated in
KBM or MEM for 24 h and then continuously stretched longitudinally by þ 20% on a stainless-steel stretching device (Towa
Kagaku, Tokyo, Japan) (Fig 1). The stretching chambers was
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achieved by hand carefully, and then we laid them over the
stretching device. It took 30 s to stretch and lay them. Finally,
chambers and devices were cultured at 371C and in a 5% CO2
incubator.
Proliferation assay Confluent NHK or HaCaT cells were stretched
continuously for 24 h as described above. For the last 3 h of the
24 h period of stretching, cells were pulsed with 100 mM BrdU.
Subsequently, cells were scraped into PBS, and then transferred to
96-well plates and centrifuged. After drying the plates, the
incorporation rate of BrdU was determined by Cell Proliferation
ELISA with a BrdU colorimetric system (Roche, Mannheim,
Germany) according to the manufacturer’s protocol. Briefly, cells
were fixed with ethanol for 20 min and then incubated with
peroxidase-conjugated anti-BrdU antibody (1:100) for 60 min. After
washing the cells three times, the reaction with tetramethylbenzidine as a substrate was performed for 15 min. The reaction was
stopped by adding 1 N H2SO4. Absorbance at 450 nm was
measured immediately using a microplate reader (Model 550, BIORAD, Hercules, California).
Immunoblotting and immunoprecipitation Cells were stretched
for the indicated periods, scraped into lysis buffer (20 mM Tris (pH
7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5
mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM
sodium orthovanadate, 1 mM PMSF, 1 mg per mL leupeptin),
sonicated, and microcentrifuged for 10 min at 41C. Supernatants
containing equal amounts of protein were boiled for 5 min at 951C
with 2  SDS sample buffer, separated by SDS-PAGE, transferred
onto PVDF membranes, and immunoblotted with anti-phosphoEGFR (1:1000), anti-phospho-ERK1/2 (1:1000), anti-ERK2 (1:500)
or anti-EGFR (1:1000) antibody overnight at 41C. The bound
primary antibodies were detected using appropriate secondary
antibodies conjugated with HRP (1:1000) for 60 min at room
temperature and visualized using an ECL detection kit (Cell
Signaling). The membranes were exposed to X-ray film, which
was developed and visualized.
Immunoprecipitations were performed as described (Fujimoto
et al, 2000). Briefly, cell lysates extracted above were incubated
with anti-EGFR (1:100) antibody and protein A/G agarose for 3 h at
41C. After washing, the pellets were mixed with 2  SDS sample
buffer and boiled. After centrifuging, the supernatants were
separated by SDS-PAGE, transferred to PVDF membrane, and
immunoblotted with HRP-conjugated anti-phosphotyrosine 4G10

Figure 8
Mechanical stretching induces epidermal keratinocyte activation
with keratin K6 induction and K10 suppression in vitro. NHK were
stretched for 24 h, and then collected and assayed as described in
Materials and Methods. (A, C) Keratin K6 induction and keratin K10
suppression by mechanical stretching and EGF stimulation were
detected. (B, D) U0126 abolished these effects on keratin K6 induction
and keratin K10 suppression (N, non-stretched NHK lysate; S, NHK
stretched for 24 h; E, NHK stimulated with 50 ng per mL EGF for 24 h).
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(1:10,000) antibody. All figures present representative results from
three independent experiments, all of which yielded similar results.
DNA transfection and luciferase reporter assay The plasmid
containing four activator protein 1 (AP-1) binding sites (TGAGTCAGTGAGTCACTGACTCACTGACTCATGAGTCAGCTGACTC)
and the firefly luciferase reporter gene (Clonetech, Palo Alto,
California), and a control plasmid containing the herpes simplex
virus thymidine kinase (TK) promoter region and renilla luciferase
reporter were co-transfected into confluent cells using the
polybrene-DMSO shock method (Jiang et al, 1991). After transfection, NHK or HaCaT were incubated in medium with KGM or MEM
with 10% FCS, respectively, for 24 h and then incubated without
EGF or FCS for another 24 h, respectively. Then, cells were
stretched for the indicated time. Using a Dual Luciferase Reporter
Assay system (Promega), cells were collected and lysed, and then
the dual intracellular luciferase activity was measured with a
luminescencer-PSN (Atto, Tokyo, Japan).
Keratin extraction and immunoblotting After cells reached
confluence, they were continuously incubated in KGM and then
stretched for 24 h. Cells were collected into PBS with a cell scraper
and centrifuged. The pellets were lysed using buffer A (25 mM Tris,
1.5 M KCl, 0.5% Triton X-100, 5 mM EDTA, 1 mM EGTA, 2 mM
PMSF), and the keratin was extracted from insoluble pellets using
buffer B (25 mM Tris, 9.5 M urea). These extracts were separated
by SDS-PAGE, transferred onto PVDF membranes, and immunoblotted with anti-keratin K6 (1:200) and K10 (1:200) antibodies. The
bound primary antibodies were detected using anti-mouse-IgG
HRP conjugate (1:1000). The membranes were exposed to X-ray
films, which were developed and visualized. All figures present
representative results from three independent experiments, all of
which yielded similar results.
Statistics Proliferation assays and luciferase reporter assays were
performed in four independent experiments, which yielded highly
comparable results, respectively. Data are presented as mean
values  SD as indicated in the results and Table I. Differences
between mean values were analyzed with Student’s t test, and
po0.05 was considered to be statistically significant.
DOI: 10.1111/j.0022-202X.2004.22328.x
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Abstract
All previous reports concerning the effect of stretch on cultured skin cells dealt with experiments on epidermal keratinocytes or dermal fibroblasts alone. The aim of the present study
was to develop a system that allows application of stretch stimuli to human skin equivalents
(HSEs), prepared by coculturing of these two types of cells. In addition, this study aimed to
analyze the effect of a stretch on keratinization of the epidermis and on the basement membrane. HSEs were prepared in a gutter-like structure created with a porous silicone sheet in
a silicone chamber. After 5-day stimulation with stretching, HSEs were analyzed histologically and immunohistologically. Stretch-stimulated HSEs had a thicker epidermal layer and
expressed significantly greater levels of laminin 5 and collagen IV/VII in the basal layer compared with HSEs not subjected to stretch stimulation. Transmission electron microscopy
revealed that the structure of the basement membrane was more developed in HSEs subjected to stretching. Our model may be relevant for extrapolating the effect of a stretch on
the skin in a state similar to an in vivo system. This experimental system may be useful for
analysis of the effects of stretch stimuli on skin properties and wound healing and is also
expected to be applicable to an in vitro model of a hypertrophic scar in the future.
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Introduction
In general, sites undergoing strong stretch stimulation such as articular extensors are known to
have thickened skin, retarded wound healing, and increased incidence of hypertrophic scars
and keloid. However, the causes are still not well understood.
The skin and other cells constituting our body are always exposed to some type of mechanical stimuli; for example, vascular endothelial cells are under sheer stress from blood flow and
the vessel wall is under stretch stimulation associated with cardiac beat. Reports of experiments
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analyzing responses of cultured cells to stretch stimulation began to appear in 1970s [1], and to
date, involve various types of cells, including myoblasts [2], vascular endothelial cells [3, 4],
chondrocytes [5], and bronchial fibroblasts [6]. A stretch stimulus applied to cells triggers
intracellular biochemical signaling, which is known to elicit cellular responses, such as
increased expression of various proteins, altered gene expression, and differentiation and proliferation of the cells. In addition to 2-dimensional cultures, studies conducted in combination
with 3-dimensional cultures have emerged in recent years [2, 7–9].
Many experiments involving stretch stimuli to cultured skin cells have also been reported
[7, 8, 10–28]. To the best of our knowledge, all of these experiments were performed on either
epidermal keratinocytes or dermal fibroblasts alone. With respect to fibroblasts, although
experiments in 3-dimensional culture have also been published [7–9], all experiments with epidermal keratinocytes involve monolayers cultured in media, with no experiments conducted in
the stratified or keratinized state[11, 14, 16, 18, 20, 22, 24, 26, 27]. Given that complex interactions occur between epidermal keratinocytes and dermal fibroblasts [29–35] and that epidermal keratinocytes are stratified and keratinized in vivo, these experimental methods are
unlikely to precisely reproduce in vivo phenomena. Therefore, we have designed an experimental system wherein stretch stimuli are applied to human skin equivalents (HSEs) created by
coculturing of these two types of cells as a means to perform experiments in settings closer to
the in vivo conditions. HSEs are based on a 3-dimensional cultured-skin model developed
using rat skin cells by Bell et al [36]. and have been used in various assays such as in vitro drug
safety tests [37] and percutaneous absorption tests [38]. In this study, we developed a system
allowing stretch stimulation of HSEs during their formation, and we analyzed the effects of
stretching on keratinization of epidermal keratinocytes and on the basement membrane
between the epidermal layer and the dermic layer. These phenomena could not be observed by
means of conventional methods.

Materials and Methods
Cell culture
Normal human dermal fibroblasts (NB1RGB) and normal human epidermal keratinocytes
(NHEK) were purchased from Riken Cell Bank (Tsukuba, Japan) and KURABO Industries
(Osaka, Japan), respectively. NB1RGB cells were subcultured in the MEM-α medium containing 10% FBS (Wako Pure Chemical Industries, Osaka, Japan), and subcultures between 3–8
passages were used. NHEK cells were subcultured in the serum-free keratinocyte growth
medium HuMedia-KG2 (KURABO Industries), and subcultures between 2–4 passages were
used in experiments.

Stretching chamber
In this experiment, we devised a stretch chamber for applying a mechanical stretch to HSEs
while they form. Three porous silicone sheets (pore diameter, 1 mm) were attached to the
inside of a conventional silicone chamber (Menicon, Aichi, Japan) to form a gutter-like shape.
A silicone resin (TSE3032; GE Toshiba Silicones, Tokyo, Japan) was used as an adhesive. The
“gutter” was placed such that its bottom was located 4 mm above the bottom of the chamber
(Fig 1A and 1C). Prior to use, the chamber was subjected to a 90-seconds plasma treatment
with a vacuum plasma apparatus (YHS-R; SAKIGAKE-Semiconductor, Kyoto, Japan) to
impart hydrophilicity to the silicone sheet surface.
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Fig 1. Stretching chamber and stretch device. (A) Over and side view of the chamber. Scale bar = 10 mm.
(B) Overhead view of the stretch device. Yellow arrow shows the stretching direction. (C) Schema of the
chamber.
doi:10.1371/journal.pone.0141989.g001

Human skin equivalents (HSEs)
Six hundred microliters of a 0.2% solution of type 1 collagen (Cellmatrix1; Nitta Gelatin,
Osaka, Japan) containing NB1RGB cells (1.0 × 105/mL) was injected into the gutter. After letting it settle in a CO2 incubator at 37°C for 30 minutes for gelation, we filled the chamber with
the MEM-α medium supplemented with 10% FBS and then incubated the chamber in 5% CO2
at 37°C for 3 days. After removing MEM-α from the chamber by aspiration, HuMedia-KG2
was injected and allowed to incubate for 3 hours to replace the medium in the gel. A 100-μL
suspension of NHEK cells (1.0 × 106 cells/mL) in HuMedia-KG2 was poured onto the collagen
gel and incubated without agitation for 5 hours to allow the adherence of NHEK cells to the
collagen gel. Subsequently, Humedia-KG2 was injected to fill the chamber to its upper edge.
After 24-hours incubation, the medium in the chamber was replaced with a 1:1 mixture of the
MEM-α medium and HuMedia-KG2 supplemented with 5% FBS, 1.8 mM Ca2+, and 50 μg/mL
ascorbic acid (3-D culture medium). After 48-hours incubation, the amount of the medium in
the chamber was reduced such that the skin model surface was exposed to the air and thereby
keratinized. After incubating it for an additional 24 hours, we initiated stretch loading (Fig 2).

Stretching HSEs
After preparing HSEs as described in Section 2.3, we mounted the chamber on a stretch device
(STB-140; STREX, Osaka, Japan) (Fig 1B). To this model, uniaxial stretch stimuli were applied
periodically (stretch rate 10%, stretch and return speed: 10%/sec, hold time: 30 seconds, waiting
time before next stretch: 30 seconds) for 5 days (stretched sample: ST). HSEs that were prepared in parallel using the same chamber without stretch stimulation were used as a control
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Fig 2. Procedure for establishing HSEs.
doi:10.1371/journal.pone.0141989.g002

(non-stretch sample: NST). In the course of these cultures, HSEs occasionally exfoliated from
the silicone sheets and shrunk; these were discarded and not used for analysis.

Histology and immunofluorescence staining
HSEs were fixed with 4% paraformaldehyde, embedded in paraffin, sectioned at 4.5 μm, and
stained with hematoxylin and eosin (H&E).
For immunofluorescence (IF) staining, HSEs in an embedding agent (Tissue-Tek1 O.C.T.
Compound; Sakura Finetek Japan, Tokyo, Japan) were frozen in liquid nitrogen and sectioned
at 7 μm with a cryostat. Sections were incubated with the following primary antibodies: a
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mouse anti-involucrin monoclonal antibody (ab68; Abcam, Cambridge, UK, diluted 1:200),
rabbit anti-type IV collagen polyclonal antibody (ab6586; Abcam, diluted 1:100), mouse antilaminin 5 monoclonal antibody (ab102539; Abcam, diluted 1:500), and mouse anti-type VII
collagen monoclonal antibody (NU-01-CO7; COSMO BIO, Tokyo, Japan, diluted 1:100). An
Alexa Fluor 488–conjugated anti-mouse IgG antibody (A-11001; Thermo Fisher Scientific,
MA, USA, diluted 1:200), Alexa Fluor 555–conjugated anti-rabbit IgG antibody (A-21428;
Abcam, diluted 1:200) and Alexa Fluor 555–conjugated anti-mouse IgG antibody (A-21427;
Abcam, diluted 1:200) were used as secondary antibodies. Nuclear counter-staining was performed using 4',6-diamidino-2-phenylindole (D-523; Dojindo, Kumamoto, Japan; diluted
1:1500). Fluorescent images were acquired using a box-type fluorescence microscope (FSX100; Olympus, Tokyo, Japan).

Transmission electron microscopy (TEM)
HSEs were prefixed with 2% paraformaldehyde containing 2% glutaraldehyde at 4°C overnight,
and then postfixed with 1% osmium tetroxide at 4°C for 1 h. After dehydration using graded
concentrations of ethanol (50–100%), the specimens were embedded in Epon 812 (Oken Shoji,
Tokyo, Japan) and ultrathin sections (60–90 nm) were prepared on an ultramicrotome (EM
UC6; Leica, Vienna, Austria). The sections were stained with 5% aqueous uranyl acetate and
lead citrate and examined under a transmission electron microscope (H-7650; Hitachi, Tokyo,
Japan) at 80 kV.

Statistical analysis
Data from the microscopy analysis and from the immunoblotting assay of HSEs were
expressed as mean ± SD. Differences in mean values between the NST and the ST group were
assessed using Mann Whitney U test and were considered significant when p < 0.05. JMP 8
(SAS Institute, NC, USA) was used for data analysis.

Results
Stretch causes an increase in the thickness of the epidermal layer
Based on macroscopic findings, the ST group had a thicker cuticle and reduced transparency
compared with the NST group (Fig 3).
In H&E-stained sections (Fig 4A and 4B), the number of basal cells per 100 μm of a dermal
—epidermal junction (mean of randomly picked five points) was 8.50 ± 1.83 cells in the NST
group (mean ± SD, n = 6) and 12.40 ± 1.03 cells in the ST group (mean ± SD, n = 8), showing a
significant increase in the ST group (p < 0.01) (Fig 4C). Furthermore, the thickness of the epidermal layer (mean of randomly chosen 10 points) was 27.2 ± 5.94 μm in the NST group
(mean ± SD, n = 6) and 46.8 ± 12.4 μm in the ST group (mean ± SD, n = 8), thereby showing a
significant increase in the ST group (p < 0.05) (Fig 4D).
Immunofluorescence staining of the sections for involucrin as a measure of the keratinization status revealed significantly increased expression of involucrin in the ST group (Fig 4E
and 4F). These results suggest that stretch stimulation promotes keratinization of epidermal
basal cells in HSEs and induces an increase in the thickness of the epidermal layer.

Stretch increases the deposition of laminin 5, collagen IV/VII in the basal
layer
In the tissue slices subjected to immunofluorescence staining for laminin 5 and collagen IV/VII
(Fig 5A–5F), the fluorescence intensity in the basal membrane was measured at five randomly
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Fig 3. Macroscopic view of the harvested HSEs. (A) Non-stretch sample. (B) Stretched sample. Stretched
sample had a thicker cuticle and reduced transparency compared with the non-stretch sample. Scale
bar = 10 mm.
doi:10.1371/journal.pone.0141989.g003

selected points, and the average value was used for comparison. In the ST group, the laminin 5
staining intensity was 1.45 ± 0.09 times (mean ± SD, n = 10) greater compared with the control
basal value (NST: 1.00 ± 0.30, mean ± SD, n = 8). Intensity of collagen IV staining was
1.56 ± 0.38 times (mean ± SD, n = 11) greater compared with the control basal value (NST:

Fig 4. Histlogic and immunohistologic analysis of HSEs. (A) Hematoxylin and eosin staining of the nonstretch sample (B) and of the stretched sample. Scale bar = 100 μm. (C and D) The number of basal cells per
100 μm of a dermal—epidermal junction and the thickness of the epidermal keratinized layer showing a
significant increase in the ST group. **p < 0.01 and *p < 0.05. (E and F) The expression of involurin was
significantly increased in the ST group. Dotted lines indicate basement membrane. Scale bar = 100μm.
doi:10.1371/journal.pone.0141989.g004
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Fig 5. Laminin 5 and collagen IV/VII expression analysis of HSEs by immunofluorescence staining. (A, B and C) Non-stretch sample. (D, E and F)
Stretched sample. Scale bar = 500 μm. (G) Fluorescence intensity of NST group was taken as control and adjusted to the 1 value. Each histogram bar
represents the mean value of the normalized and adjusted fluorescence intensity. All three proteins of ST group were significantly greater compared with
NST group. **p < 0.01.
doi:10.1371/journal.pone.0141989.g005

1.00 ± 0.33, mean ± SD, n = 10); intensity of collagen VII staining was 1.41 ± 0.24 times
(mean ± SD, n = 7) greater compared with the control basal value (NST: 1.00 ± 0.11,
mean ± SD, n = 6); and the differences were statistically significant (p < 0.01 for all 3; Fig 5G).
This result suggests that the stretch stimulus acted on the skin cells in HSEs and promotes
deposition of basement membrane proteins onto the basal layer.

Stretch develops the formation of the basement membrane
Electron micrographs of overlapping fields of basal area enlarged 4,000 times (Fig 6A and 6B)
were printed out. The number of hemidesmosomes and the length of lamina densa of each
focal area was counted and measured on the photographs, and the average number of hemidesmosomes and the length of lamina densa per 100 μm of the dermal-epidermal interface was
calculated. The number of hemidesmosomes per 100 μm of the dermal-epidermal interface
was 18.01 ± 2.26 in the NST group (mean ± SD, n = 5) and 39.01 ± 5.76 in the ST group
(mean ± SD, n = 5), showing a significant increase in the ST group (p < 0.01) (Fig 6C). And
the length of lamina densa per 100 μm of the dermal-epidermal interface was 3.84 ± 1.15 μm in
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Fig 6. TEM images of HSEs. (A) Non-stretch sample. (B) Stretched sample. White arrow: hemidesmosome.
Black arrow: lamina densa. Scale bar = 1 μm. (C, D) In the ST group, the length of lamina densa and the
number of hemidesmosomes per 100 μm of a dermal—epidermal junction were significantly greater than in
the NST group. **p < 0.01.
doi:10.1371/journal.pone.0141989.g006

the NST group (mean ± SD, n = 5) and 7.57 ± 2.15 μm in the ST group (mean ± SD, n = 5),
thereby showing a significant increase in the ST group (p < 0.01) (Fig 6D). This TEM analysis
revealed that stretch stimulation led to formation of more developed basal membrane
structures.

Discussion
According to previous reports, application of stretch stimulation to dermal fibroblasts triggers
signal transduction from ECM into cells via phosphorylation of focal adhesion kinase (FAK)
mediated by β1 integrin in the cell membrane [13], resulting in increased synthesis of ECM
proteins such as collagen I and III and elastin [7, 19, 23], as well as increased production of protease inhibitors such as plasminogen activator inhibitor (PAI) and tissue inhibitor of metalloproteinase (TIMP) [23].
In epidermal keratinocytes, stretch stimulation is also transmitted into cells via β1 integrin
and induces ERK phosphorylation [24], as is the case in dermal fibroblasts. Nonetheless, the
pattern of β1 integrin redistribution on the cell membrane after application of stretch stimuli is
similar to that of epidermal growth factor receptor (EGFR) [16]. The stretch signaling in epidermal keratinocytes is believed to involve interactions between β1 integrin and EGFR. In epidermal keratinocytes, stretch application promotes cellular adhesiveness [16], cell proliferation
[22, 24, 26], and protein synthesis [26]. In normal human skin, keratinocytes proliferate in the
basal layer and gradually migrate towards the surface, flattening out and becoming more differentiated towards the anuclear horny cells of the stratum corneum. At each stage of differentiation, keratinocytes express specific differentiation markers. Typically, keratinocytes in the basal
layer express K14, a marker of proliferative status, whereas those in the spinous layers express
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K10, a marker of differentiation status, and those in the granular layers express involucrin, a
marker of keratinization status [39]. Here, we analyzed the expression levels of these markers
and found increased expression of involucrin. In contrast, K10 and K14 expression levels, indicating the differentiation and proliferative status, respectively, were not significantly altered,
but showed a tendency to increase (data not shown).
There are various reports regarding the effects of basement membrane proteins on the basement membrane structure and epidermal layer formation. During preparation of HSEs, laminin 5, when added to the culture medium, reportedly promotes formation of lamina densa
[40]. Incubation of the cells with inhibitors of proteolytic enzymes, matrix metalloproteinase
(MMP), and plasminogen increases deposition of laminin 5 and collagen IV/VII on the basement membrane, leading to improvement of basement membrane structure as well as stratification and keratinization of the epidermal layer [41, 42]. In addition, there are reports about
the use of a collagen IV sheet [43] and an amniotic membrane [44] as the basement membrane,
and in both reports, differentiation of the epidermal layer is improved compared to conventional HSEs.
On the basis of these findings along with our study, it may be possible that stretch stimulation of HSEs is first transmitted to epidermal keratinocytes attached to the dermal layer; then
cell proliferation, protein synthesis, and adhesiveness are enhanced; the signal is transmitted to
dermal fibroblasts at the same time; and protein synthesis and protease inhibitor secretion are
enhanced. Therefore, deposition of laminin 5, collagen IV, and collagen VII in the basal layer is
increased, the basement membrane structure becomes more developed, and thereby keratinization of epidermal keratinocytes is enhanced further. The thickness of the keratinocyte layer is
increased.
Dermal fibroblasts in the dermal layer are required for maintenance of the epidermal layer;
without them stratification of the epidermis does not proceed properly. Complex interactions
between epidermal keratinocytes and dermal fibroblasts are intimately involved in this phenomenon, and it is known that IL-1α from epidermal keratinocytes acts on dermal fibroblasts
to regulate production of keratinocyte growth factor (KGF) and granulocyte macrophage colony-stimulating factor (GM-CSF). Consequently, the epidermal layer is maintained in an
appropriate condition [33]. Although we did not measure cytokines secreted by the cells in the
present experiments, it is conceivable that stretch stimuli applied to the skin affect cytokinemediated interactions between epidermal keratinocytes and dermal fibroblasts to some extent.
This effect may be related to delayed wound healing and high incidence of hypertrophic scars
in skin regions exposed to stretching.

Conclusions
In this study, we developed systems that enable application of stretch stimuli to HSEs during
formation. Consequently, we found that in the ST group, the epidermal layer is thicker than
NST group. Furthermore, synthesis of basement membrane proteins and deposition in the
basal layer are increased; therefore, a more developed basement membrane is formed. Further
research using this system may elucidate effects of stretching on skin properties and wound
healing. In addition, application to an in vitro model of a hypertrophic scar is also expected.
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Abstract
Background LR2412, a synthetic derivative of jasmonic acid, improved the reconstruction and homeostasis of our
organotypic skin models.
Objectives The need for efﬁcient ‘anti-ageing’ treatments, in particular for the management of photoaged skin,
prompted us to investigate this new ingredient for its potential to correct signs of skin ageing in vitro and in vivo and to
identify its mode of action.
Results In vitro, penetration of LR2412 was evaluated using a Franz diffusion cell on excised human skin. Its exfoliating
properties and interactions with the stratum corneum were studied using electron microscopy and X-ray diffraction.
Experiments were performed on a human reconstructed skin model. In vivo, the effects of LR2412 on steroid-induced
skin atrophy, a clinical skin ageing model, were assessed vs. vehicle. A patch test study evaluated its effect on deposition of ﬁbrillin-rich microﬁbrils in the papillary dermis in clinically photoaged volunteers. A clinical study on the appearance of crow's feet wrinkles was conducted over 3 months of daily application. Penetration studies revealed that
LR2412 reaches viable epidermis and superﬁcial dermis, which are skin targets of anti-ageing actives. Within the upper
layers of the stratum corneum LR2412 accelerates desquamation and improves the mechanical properties. At the dermal–epidermal junction of reconstructed skin, collagen IV, laminin-5 and ﬁbrillin were stimulated. In vivo, LR2412
reversed steroid-induced atrophy. The patch test model conﬁrms the deposition of ﬁbrillin-rich microﬁbrils, then an in
use clinical study revealed that it reduced facial wrinkles.
Conclusions The in vitro and in vivo data demonstrate that based on its multiple interactions within human skin,
LR2412 has potential to partially correct the signs of ageing in intrinsically and photoaged skin.
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Introduction
Like all organs, skin is subject to intrinsic ageing. It is also
directly exposed to the environment, thus making it particularly
vulnerable to extrinsic, in particular ultraviolet radiation (UV)induced, damage which accelerates the ageing process known as
photoageing. The epidermis becomes atrophied1 and the structure of the dermal–epidermal junction (DEJ) and the dermal
extracellular matrix (ECM) are altered, resulting in loss of
dermal papillae.2–4 Certain of the agents used to improve
the appearance of photoaged skin have inherent side effects, e.g.
irritation, teratogenicity.5
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We have identified a novel substance which may be reparative of photoaged skin. Jasmonic acid, a plant hormone derived
from linolenic acid, is known to be involved in plant stress regulation, wound repair and defence.6 Using green chemistry,7
we have synthesized analogues of jasmonic acid among which
20 were selected for further investigation. Following a thorough
safety analysis (irritancy, sensitization, mutagenesis, clastogenesis and teratogenesis), these selected analogues were pre-evaluated in human reconstructed skin models regarding their
capacity to sustain epidermal homeostasis. LR2412, a derivative
with amphiphilic properties, showed the most promising
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results and was selected for further in vitro and in vivo investigations.

Methods
Penetration studies

The study was conducted according to the OECD8 and SCCS
guidelines9 on excised human skin from abdominal plastic
surgery. This model has been shown to be predictive of in vivo
results.10,11 Briefly, the study was performed using a static
Franz-type diffusion cell. A precise quantity (2mg/cm2) of formulated LR2412 (4%, w/v) was applied topically for 24 h. At
the end of exposure time, the skin surface was washed twice with
0.6 mL of a 5% Lauryl ether sulfate solution. LR2412 was
assessed in the stratum corneum, epidermis, superficial dermis
and receptor fluid by chromatographic analyses using a HP1200
series system (Waldbronn, Germany) interfaced with a
API3200TM LC–MS/MS system (Applied Biosystems, Foster City,
CA, USA) by a Turbo VTM interface equipped with an ESI probe.
X-ray diffraction

X-ray diffraction was used for analysing lipid organization at
the molecular level. To assess the effect of LR2412 on the
human stratum corneum, we performed combined small-angle
X-ray scattering (SAXS) and wide-angle X-ray scattering
(WAXS) experiments, with a micrometric spatial resolution.
Experiments were performed at the European Synchrotron
Radiation Facility (Grenoble, France) at the microfocus beam
line ID13.12 Single sheets of human stratum corneum samples
were obtained and kept in physiological conditions (samples
were neither frozen nor stained). Thin strips were cut with a
razor blade ( 0.1 9 10 mm2). Both ends were then placed on
two horizontal notches 3 mm apart so that the incident beam
of X-rays was parallel to the plane of the stratum corneum.
Two types of sample were analysed at 22°C and 35% relative
humidity: untreated (control) and after treatment with LR2412
(2%; n = 2; with triplicate repeats).
Desquamation

Desquamation was evaluated by counting released corneocytes
following incubation of discs of 4 mm diameter punched out of
abdominal skin and placed in a 96-well plate. A 2% (w/v) solution of LR2412 was prepared in a PBS buffer supplemented with
0.1% Triton X100 (pH 7.4) and 50 lL added to each well (control: PBS buffer, 0.1% Triton X100). Incubation was carried out
at 37°C with continuous stirring for 24 h. Thereafter, 10 lL
were placed in a Malassez cell (hematimeter) to count released
corneocytes.
Transmission electronic microscopy

Skin biopsies from abdominal plastic surgery were treated for
18 h with either LR2412 (2%, w/v in PBS) or with PBS alone
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before fixation in Karnovsky fixative solution (0.1 mol/L cacodylate buffer, post-fixed in 1% (w/v) osmium tetroxide).13 Samples were dehydrated in a graded series of ethanol then
embedded in Epon 812 resin. Ultrathin sections (80 nm) were
double stained with uranyl acetate and lead citrate. The ultrastructure of the stratum corneum was observed in a Zeiss EM
C902 microscope (Zeiss Gmbh, Jena, Germany).
Reconstructed human skin

REALSKINâ samples (Episkin SNC, Lyon, France), a skin
equivalent composed of a living stratified epidermis on a
fibroblast populated collagen dermal equivalent, were incubated with fresh medium for 5 days at 37°C under 5% CO2
with 10 and 100 lM (0.0002% and 0.002%, respectively)
LR2412 added to culture medium vs. medium alone (the
media were renewed every 48 h). Skin equivalents were used
for immunohistochemical analysis. Samples were embedded in
optimal cutting temperature compound (Tissue Tekâ; Miles,
Naperville, IL, USA) and snap frozen in liquid nitrogen.
Immunofluorescence staining was performed on five cryosections per sample (7 lm). A panel of ECM proteins were identified including: collagen IV (clone M0785; Dako, Trappes,
France) diluted 1 : 50; laminin-5 (clone mAb19562; Millipore,
Molsheim, France) diluted 1 : 200 and mouse anti-human
fibrillin-rich microfibrils (clone 11C1.3; Southern Biotech,
Birmingham, AL, USA) diluted 1 : 100. Staining was visualized using the appropriate secondary antibody conjugated to
Alexa488â (1 : 500; Invitrogen, Carlsbad, CA, USA). Nuclei
were stained with propidium iodide (Sigma-Aldrich, St. Louis,
MO, USA) before examination under an Axiovert 135 fluorescent microscope (Zeiss, Satrouville, France).
Reversal of topical steroid-induced skin atrophy

A randomized, controlled pilot study was performed to evaluate
the potential of LR2412 to reverse steroid-induced skin atrophy.
The ethical committee of University Hospital, Cimiez, Nice,
France (Ref: 09.056) and the Agence Francßaise de Securite Sanitaire des Produits de Sante (AFSSAPS) (Ref: 2009-A01067-50)
approved the study. Thirty-two healthy subjects between 23 and
45 years (mean age: 33  7 years) were included after giving
written informed consent. Corticosteroids were applied for
4 weeks to induce histological and clinical signs of skin ageing
(dermatoporosis), each subject acting as their own control. Volunteers were pre-treated on their volar forearms with 2% (w/v)
LR2412 O/W emulsion or its vehicle, twice daily for 4 weeks
(2 mg/cm2). Sites of application were randomized. During the
next 4 weeks, they received concomitantly with their investigational products, topical 0.05% clobetasol propionate (Dermovalâ;
GlaxoSmithKline, Marly le Roi, France) on their forearms
(2 mg/cm2). Thereafter, 2% (w/v) LR2412 or the vehicle was
applied on the forearms for 2 weeks. Clinical grading for skin
atrophy was based on a 5-point scale for the skin microrelief
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Table 1 Penetration results : percent of applied dose of 4%
LR2412. The percent of applied dose, the amount and the concentration of LR2412 were quantiﬁed in each skin compartment. Values are the mean  SEM of three determinations in three donors.
Data are expressed as percentage of applied dose, amount of
LR2412 per unit area, and concentration
Stratum corneum

Epidermis

Applied dose (%)

0.928  0.190

Amount (μg/cm2)

0.762  0.157

Concentration (μmol/L)

3556  690

Applied dose (%)

0.741  0.171

Amount (μg/cm2)

0.606  0.138

Concentration (μmol/L)
Superﬁcial dermis

Receptor ﬂuid

283  61

Applied dose (%)

0.266  0.056

Amount (μg/cm2)

0.217  0.046

Concentration (μmol/L)

27.1  4.1

Applied dose (%)

3.59  1.04

Amount (μg/cm2)

2.94  0.852

(from 0 = normal to 4 = severe thinning and loss of appendages) and telangectasia (from 0 = normal to 4 = evident
telangectasia) was performed at baseline (D0), D28, D43, D56
(end of the corticoid application period) and D67 at CPCAD.
Skin biopsies (19 2 mm diameter punch) were fixed in 10%
phosphate-buffered formaldehyde and embedded in paraffin.
Sections (5 lm) were mounted onto slides and stained with
haematoxylin and eosin (HE) according to standard procedures.
All sections were examined under a Leica DMRB microscope
and epidermal thickness measurements were performed on
HE-stained slides using the IM1000 (Leica Microsystems,
Wetzlar, Germany) image analyzer software.
(a)
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Patch test study

Nine healthy but clinically photoaged volunteers were recruited
(male: 2; female: 7; age range 41–65 years) and subjected to an
extended 12-day patch test assay.14,15 Test substances (vehicle,
2% LR2412 and 0.07% retinol; 30 lL) were applied separately to
the extensor photoaged aspect of the forearm under standard
6 mm diameter Finn chambers (Scanpore, Tuulsula, Finland).
As a baseline untreated control, an area was occluded for the
study period. Products were applied to clean skin on days 1, 4
and 8 of the assay. All-trans retinoic acid provided our ‘gold
standard’ positive control (tRA; 0.025%; Retin-Aâ cream; Janssen-Cilag Ltd, Beerse, Belgium; 30 lL); this was applied to an
untreated site on day 8 of the assay and left in situ for 4 days to
avoid potential complications of irritancy caused by extended
occlusion. On day 12, all of the Finn chambers were removed
and 3 mm punch biopsies were taken under 1% lignocaine local
anaesthesia from each test site. Biopsies were embedded in Tissue-Tekâ, snap frozen in liquid nitrogen and stored at 70°C
prior to immunohistochemical analyses. The South Manchester
Local Research Ethics Committee approved the study and all
subjects gave written, informed consent (REC reference 09/
H1004/68).
Frozen sections were prepared at a thickness of 10 lm (OTF
cryostat, Bright Instruments Ltd, Cambridge, UK) and mounted
onto gelatin-coated slides. Immunohistochemistry was performed as previously described14–16 to identify a panel of ECM
molecules from the 12-day patch test assay. Primary antibodies
were applied overnight at 4°C. These were either: mouse antihuman fibrillin-rich microfibrils (clone 11C1.3) diluted 1 : 100;
rat anti-human pro-collagen I (clone M-58; Chemicon Interna(b)

Figure 1 X-ray diffraction reveals that LR2412 incorporates into the intercellular lipids without any structural disruption of their crystalline
organization. (a) Quatorial SAXS: only small differences exist between the two proﬁles. The positions of the two major peaks are almost
identical (S = 0.08 and 0.16 nm 1 for the controls, and S = 0.08 and 0.17 nm 1 for the treated sample, respectively). The shoulder at
0.2 nm 1 increased after treatment, reﬂecting a small change in the molecular organization within the Landmann units, indicating that
LR2412 incorporates into the intercellular lipids without any structural disruption (densiﬁcation of lipid organization). (b) Meridional WAXS:
exhibits two broad diffuse rings at 1.05 and 2.17 nm 1 (keratins) and two sharp arcs at 2.44 and 2.70 nm 1. Intensity and position of the
arcs remain unchanged after treatment, indicating that LR2412 does not disturb the crystalline organization of the intercellular lipids.
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tional, Inc., Temecula, CA, USA) diluted 1 : 1000 or mouse antihuman collagen VII (clone LH7.2; Sigma Chemical Company, St
Louis, MO, USA) diluted 1 : 100. Negative controls were by
incubation of isotype sera at the appropriate concentration or
omission of primary antibody. Sections were washed in TrisBuffered Saline, prior to incubation with the appropriate biotinylated secondary antibody for 30 min. Antibody staining was
visualized using an immunoperoxidase reaction (VectaStainâ
Elite ABC system; Vector Laboratories, Burlingame, CA, USA)
utilizing Vector SGâ as chromogen. Following light counterstaining with nuclear fast red, sections were serially dehydrated and
permanently mounted. Stained sections were randomized,
blinded and examined on a Nikon OPTIPHOT microscope
(Tokyo, Japan). The degree of immunostaining for fibrillin-rich
microfibrils and pro-collagen I were assessed as previously
described.15,16 In brief, a five point semi-quantitative scale was
used where 0 = no staining and 4 = maximal staining within the
experiment. Four sections (including control) were examined per
subject, per site, per treatment and the average score calculated.
Quantification of collagen VII staining was performed in ImageJ
(National Institute of Health, Bethesda, MA, USA). Twenty-four
bit RGB images were corrected for uneven illumination and split
into red, green and blue channel stacks to provide 8-bit greyscale
images. Images were inverted and signal across the DEJ quantified
(three sites per image; three images per site). Mean data produced
Control

from image analysis were then displayed as line profiles and the
area under the curve (AUC) integrated for statistical analysis.
Differences in the amount of immunostaining produced by
the different formulations under test were assessed for significance using the repeated measures analysis of variance (ANOVA).
Results were considered significant if P < 0.05 (95% confidence
level) and were calculated using SPSS+ v15 software (SPSS Inc.,
Chicago, IL, USA).
3-month facial application

Healthy female volunteers (n = 42; age range 52 –65 years) were
recruited for a randomized controlled pilot study. After 2 weeks of
pre-treatment of the whole face with a O/W emulsion (vehicle),
the same O/W formula containing 2% (w/v) LR2412 was applied
on one-half of the face (randomized) and the vehicle alone on the
other side for 3 months. At baseline (D0) and after 1 (D28) and 3
(D84) months of product use, assessment of crow’s foot wrinkles
was performed using the ‘shadow method’ first described by Corcuff.17 The shadows created on the silicone replicas (Silfloâ, Flexico, UK) were quantified by image analysis software (Quantiridesâ;
Monaderm, Monaco) on the negative Silfloâ replica.
Negative replicas were obtained from the two crow’s feet areas
(right and left side of the face) using Silfloâ polymer according
to a standardized procedure. Replicas were labeled and stored
until the end of the study and analysed at the same time.

LR 2412

2.3 μm
2.3 μm

LR 2412
Control

0.24 μm

0.24 μm
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Figure 2 LR2412 induced desquamation.
Transmission electron microscopy depicts
the tight cohesion between corneocytes by
corneodesmosomes (arrows) in the control
and the loss of cohesion after 24 h
exposure to 2% LR2412.
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The number of wrinkles was counted and their length,
depth and surface area measured and averaged. Evolution of
the wrinkles over time for each treatment was assessed using
an ANOVA with two factors (subject as random and time as
fixed factor, respectively) followed by a Dunett test comparing
D28 and D84 to D0. Data were compared at each time point
using a Student’s test or Wilcoxon test for paired data according to the normality of the distribution (Shapiro-Wilk test at
1%). The significant threshold for all analysis was fixed at the
95% confidence level.

Results
Penetration study

The overall recovery of LR2412 is between 91.7% and 110.1%, in
respect with the criteria of the guidelines (i.e. 100  15%). Evaluation of the penetration properties of LR2412 (4%) formulation applied (2 mg/cm²) onto human skin in a Franz diffusion
cell showed that following 24 h of treatment 0.93% of applied
LR2412 was present in the stratum corneum, 0.74% in the epidermis, 0.27% in the superficial dermis and 3.59% in the recep-

Collagene IV

Laminin 5
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tor fluid (Table 1). LR2412 concentrations in different skin
layers are consistent with its biological activity. LR2412 diffuses
in all skin layers with a decreasing penetration profile from the
stratum corneum to superficial dermis. LR2412 reaches viable
epidermis and superficial dermis, which are skin targets of antiageing actives.
Interaction with the stratum corneum

X-ray diffraction studies of isolated human stratum corneum
showed that LR2412 was incorporated into the intercellular lipids without any structural disruption of their crystalline organization (Fig. 1). Exposure of isolated human stratum corneum to
LR2412 (2% w/v) induced accelerated release of corneocytes.
Transmission electron microscopy of normal human skin biopsies revealed that LR2412 modified the corneodesmosomal
structure leading to a loss of corneocyte cohesion and eventually
desquamation (Fig. 2).
Reconstructed human skin

Exposure of REALSKINâ to LR2412 (10 lmol/L) for 5 days
increased the deposition of collagen IV, and laminin-5 at the

Fibrillin

Control

OH

H3C

O

HO

LR2412 10 µM
(0.0002%)
OH

H3C

O

HO

LR2412 100 µM
(0.002%)
Figure 3 Immunohistochemistry of extracellular matrix proteins in REALSKINâ. Representative immunohistological sections of
REALSKINâ (reconstructed human skin) after ﬁve days exposure to 10 lmol/L LR2412 reveal compared with non-treated controls, an
increased deposition of collagen IV and laminin-5 at the DEJ and ﬁbrillin in the upper dermis.
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level of the DEJ as well as the deposition of fibrillin in the upper
dermis as revealed by immunohistochemistry (Fig. 3).
Reversal of steroid-induced skin atrophy

Figure 4a shows that at day 1 (D1) all treated groups do not
present signs of atrophy. Atrophy in the different groups varies
significantly with time (P < 0.0001), increasing from D28 to
D56 and decreasing from D56 to D67 significantly (P = 0.0012).
At D56, LR2412 treated areas show a significantly reduced atrophy compared with placebo treated and untreated areas
(P = 0.0274 and 0.0009, respectively). Histological evaluation
(Fig. 6b) shows that at D56, areas treated with LR2412 present a
significantly thicker epidermis compared with untreated areas
(P = 0.0190) as measured by histometry.
Patch test study

As previously described, tRA (the clinical ‘gold’ standard) produced a significant deposit of fibrillin-rich microfibrills in the
papillary dermis compared with that observed at baseline
(P = 0.019). Application of vehicle, following the 12-day patchtest assay, produced little effect on fibrillin-rich microfibril
deposit (P > 0.05). In contrast, application of 2% LR2412
resulted in a significant deposit of fibrillin-rich microfibrils

(Fig. 5), the accumulation being at a similar level to that
observed using either retinol or tRA (mean  SE; baseline,
2.00  0.27; vehicle formulation, 2.28  0.31; test product,
2.79  0.26*; retinol, 2.89  0.23**; tRA, 2.85  0.23**;
*P < 0.05, **P < 0.01). As in previous studies, treatment with
tRA had little effect on pro-collagen I or collagen VII deposit.16
3-month facial application

Applying the « Shadow method » on Silfloâ imprints (Fig. 6),
we observed a slight reduction of wrinkles for the vehicle. In
subjects treated with LR2412 compared with vehicle, the total
wrinkle surface decreased at D28 and D84 (P < 0.05). We also
observed a significant difference at D28 and D84 (P < 0.05) for
the total wrinkle surface, and a trend for wrinkle length
(P < 0.06 at D84 for wrinkle length).
These data demonstrate the efficacy of LR2412 to reduce
crow’s feet wrinkles after 3 months application.

Discussion
Based on the promising results of LR2412 during the preliminary evaluation studies in terms of its safety profile and biological
activity, in-depth studies were performed to further evaluate its
potential as a skin ‘anti-ageing’ agent. As the ageing process

(a)

(b)
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Figure 4 Reversal of corticoid induced
atrophy by LR2412. (a) At baseline (D0), all
treated groups are comparable, presenting
no signs of atrophy. The degree of atrophy
varied signiﬁcantly with time (P < 0.0001),
increasing from D28 to D56 and signiﬁcantly
decreasing from D56 to D67 (P = 0.0012)
between the different treatment groups. At
D56, LR2412-treated areas present a
signiﬁcantly reduced atrophy score as
compared with placebo and non-treated
areas (P = 0.0274 and 0.0009, respectively).
(b) Histological evaluation shows that at
D56, areas treated with LR2412 present a
signiﬁcantly thicker epidermis compared
with untreated areas (P = 0.0190).
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affects all skin layers, penetration studies were performed to
assure that LR2412 passes the stratum corneum barrier and
reaches the underlying living structures including the dermis
(Table 1). The results of X-ray diffraction studies (Fig. 1)
revealed integration of LR2412 into the intercellular lipids of the
stratum corneum and excellent penetration into the underlying
layers, probably due to its amphiphilic physico-chemical characteristics, allowing LR2412 to reach the superficial structures of
the dermal compartment.
Corneocyte desquamation at the skin surface is an important
physiological process to maintain epidermal homeostasis. Corneocytes adhere to each other via corneodesmosomes, in particular via the glycoprotein corneodesmosin, which is progressively
proteolysed by serine proteases during desquamation.18 Dry,
xerotic and ‘winter’ skin, are very common disorders in the aged,
and xerosis is characterized by an impaired proteolytic degradation of corneodesmosomes leading to thickened stratum
corneum with a rough surface19 and LR2412 induced desquamation in isolated human stratum corneum. As observed in
subsequent electron microscopy studies, LR2412 induced des-

Figure 5 Application of LR2412 results in
deposition of ﬁbrillin-rich microﬁbrils in the
papillary dermis of chronically photoaged
skin. Sections of treated skin were assessed
for the presence of ﬁbrillin-rich microﬁbrils
by immunohistochemistry. Arrows indicate
the presence of these microﬁbrils in: (a)
untreated, photoaged skin and following
treatment with: (b) vehicle; (c) 2% LR2412;
(d) 0.07% retinol and (e) 0.025% all-trans
RA. Scale bar 50 lm. (f) Quantiﬁcation of
immunostaining, *P < 0.05 as compared
with baseline untreated skin.

JEADV 2014, 28, 415–423

421

quamation due to a loss of corneocyte cohesion at the level of
corneodesmosomes in the upper layers of the stratum corneum,
as described in vivo (Fig. 2). The results observed could be, at
least partially, explained by physicochemical properties of
LR2412. Indeed, one can predict that the surfactant properties of
LR2412 are due to the presence of an acidic function and an
alkyl side chain on a cyclopentane core. However, it is probable
that the whole structure of the molecule contributes to its desquamation properties since a surfactant property is not a guarantee for effectiveness in this process. In addition, confirming
the perfect fit of the LR2412 as a smooth desquamation agent in
cosmetic applications, this jasmonate derivative is very well tolerated unlike efficient but irritating desquamation molecules,
such as the ionic surfactant sodium lauryl sulfate.
The DEJ separates the epidermis from dermis. Composed of
ECM proteins that include collagen IV, laminin-5 and fibronectin,20 it has not only mechanical properties, but is also implicated in controlling the diffusion and exchange of molecules
between the dermis and epidermis, including those that may
influence keratinocyte proliferation.21 Ageing of the DEJ, due to

(a)

(b)

(c)

(d)

(e)
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Total surface wrinkles (mm2)

140
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14

**

┌─────┐

┌─────┐

**
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8
6
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┌─────┐
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┌─────┐

***

┌─────┐

100
80
60

*

*

40

*

4

20

2
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Mean ± CI

Mean ± CI

16
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Total length (mm)

D0

Vehicle

D28

D84

0

D0

Vehicle

LR 2412 2%

D28
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Figure 6 Effect of LR2412 (2%) on crow’s feet wrinkles at D0, after 1 month (D28) and 3 months (D84) application measured by Image
analysis of Silﬂo replicas. Applying the « Shadow method » on Silﬂo imprints), we observed a slight reduction of wrinkles for the vehicle.
Total wrinkle surface and length after 1-month treatment with LR 2412 showed an improvement (P < 0.05) that became statistically
signiﬁcant at D84 (P < 0.05) compared with D0 for the wrinkle length. Compared with the vehicle, this difference was signiﬁcant at D28
and D84 (P < 0.05) for the total wrinkle surface as well as for wrinkle length (P < 0.06 at D84 for wrinkle length).

alterations in its components and mainly a reduction of collagen
IV1 causes a strong reduction of its surface area and the loss of
dermal papillae.22 We show, using a skin equivalent model
(REALSKINâ), that LR2412 is able to stimulate deposition of
laminin-5, collagen IV and fibrillin close to the DEJ. Based on
these in vitro results, we performed clinical trials to confirm in
vivo the activity of LR2412.
First, a proof of principle study utilizing a model of skin ageing was performed; for many years, steroid-induced effects are
proposed as a functional and dynamic model of skin ageing.23
Indeed, systemic24 as well as topical application of corticosteroids25 induces skin atrophy. Analysis of the steroid-induced
alterations reveal that they are very similar to those observed in
atrophic, aged epidermis26 with reduced keratinocyte proliferation and glycosaminoglycan synthesis.25,27 It has been shown
that steroid-induced epidermal atrophy can be reduced by topical application of all-trans retinoic acid.24 We have applied a
similar protocol to evaluate the potential of LR2412 to reverse
epidermal atrophy. As shown in Fig. 4a,b, LR2412 has significant efficacy to reverses corticoid-induced skin atrophy. These
results demonstrate that topical LR2412 reverses clinical signs of
skin ageing and in an extended manner dermatoporosis.28
Secondly, in a validated double-blind patch test assay, LR2412
was applied to photoaged skin and compared with retinol and
all-trans retinoic acid; LR2412 significantly increased the deposition of fibrillin-rich microfibrils in the papillary dermis proximal
to the DEJ, the accumulation being at a similar level to that
observed using retinol or tRA (Fig. 4). These results confirm our
in vitro observation of fibrillin deposition in the upper dermis of
REALSKINâ.
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Finally, in an in use clinical study, performed in 42 women
over 3 months, we showed that applying a product containing
2% LR2412 twice a day significantly reduced the area and
length of crow’s feet wrinkles on the face (Fig. 5). This might
be explained by the fact that LR2412 induced in vitro and
in vivo the deposition of fibrillin rich-microfibrils the degradation of which during the process of photoageing may contribute to the loss of skin elasticity and wrinkle formation.29 It is
important to note that during our clinical studies we did not
observe notable adverse effects of LR2412 such as inflammation or irritation.
In conclusion, results from both in vitro and in vivo studies
show that LR2412 has the capacity to target different compartment of the skin affected by intrinsic and extrinsic ageing processes, and therefore has potential to partially correct signs of
skin ageing.
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Abstract.
Coenzyme Q10 (CoQ10), which has both energizing and
anti-oxidative effects, is also reported to have antiaging
action, e.g., reducing the area of facial wrinkles. However,
the mechanism of its anti-aging activity is not fully
established. Here, we examined the effect of CoQ10 on
human dermal and epidermal cells. CoQ10 promoted
proliferation of fibroblasts but not keratinocytes. It also
accelerated production of basement membrane components,
i.e., laminin 332 and type IV and VII collagens, in
keratinocytes and fibroblasts, respectively; however, it had
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1. Introduction
Skin aging can be classified into two types, intrinsic aging
and photoaging [1–6]. Intrinsic aging is characterized as an
age-dependent deterioration of skin functions and structures, such as epidermal atrophy and epidermal–dermal
junctional flattening. Photoaging is well known to be a consequence of chronic exposure of the skin to sunlight. Sunexposed skin, such as face or neck skin, clearly appears to
be prematurely aged in comparison with the relatively sunprotected skin of the trunk or thigh. The histological features of sun-exposed skin include cellular atypia, loss of
polarity, flattening of the dermal epidermal junctions (DEJ),
decrease in collagen, and dermal elastosis.
The basement membrane (BM) at the DEJ has many
functions, of which the most obvious is to tightly link the epidermis to the dermis [7]. The disruption and reduplication
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no effect on type I collagen production in fibroblasts. CoQ10
also showed protective effects against cell death induced by
several reactive oxygen species in keratinocytes, but only
when its cellular absorption was enhanced by pretreatment
of the cells with highly CoQ10-loaded serum. These results
suggest that protection of epidermis against oxidative stress
and enhancement of production of epidermal basement
membrane components may be involved in the antiaging
properties of CoQ10 in skin.

Keywords: coenzyme Q10, human skin cells, anti-oxidation,
basement membrane, incorporation, keratinocyte, fibroblast

of BM at the DEJ in sun-exposed skin is reported to be associated with increased levels of BM-damaging enzymes, such
as plasmin and matrix metalloproteinases (MMPs), which degrade BM components (laminin 332—formerly called laminin
5, type IV and VII collagens) [8–10,11,12]. The impairment of
BM structure is associated with functional changes of epidermal and dermal cells, and consequently may facilitate aging
processes by damaging dermal extracellular matrices (ECMs)
and inducing keratinocyte abnormality. So, it is important to
promote BM repair by increasing synthesis of BM components such as laminin 332 and type IV and VII collagens in
the epidermis and/or the dermis to improve epidermal–dermal communication and skin homeostasis, thereby strengthening defenses against skin aging [13,14].
In the skin, reactive oxygen species are formed inside
or around skin cells after exposure to ultraviolet rays, as
well as by migrating inflammatory cells and in mitochondria
during respiration [15,5,16], and the oxidative stress imposed
by these oxygen species is known to damage skin cells and
to induce cell death [17,5,18,19]. A decrease in the number
of dermal fibroblasts and a decrease in the thickness of
epidermis because of reduced epidermal cell proliferation
are observed in aged skin [20,21,2,3,22,23]. Therefore, an
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important target for anti-aging preparations is to protect
cells from oxidative stresses.
Coenzyme Q10 (CoQ10), which has both energizing and
antioxidative effects [24–28], is expected to have anti-aging
properties. It is widely distributed in the living body
[27,29,28,30]. With regard to skin, its content of CoQ10
decreases with ageing, and it was reported that wrinkle
depth in human facial skin is reduced following application
of CoQ10 [31,27,32]. Although an inhibitory effect on UVinduced inflammation, and inhibition of MMP-1 production
have been reported [33,32], the mechanism of anti-aging
actions of CoQ10 in skin is still not fully established. Therefore, we examined the effects of CoQ10 on the proliferation
of fibroblasts and on the production of ECM, such as basement membrane components and dermal collagen, as well
as its cell-protective effect against oxidative stress.

2. Materials and methods
2.1. Cell proliferation assay
Normal human fibroblasts from foreskin were seeded on a
96-well plate (3.5  104 cells/ml) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS). After 4 h the concentration of FBS was
reduced to 0.25%. After 24 h, CoQ10 (Kaneka Co., Osaka, Japan) was added by changing the medium to DMEM containing 0.25% FBS plus CoQ10. The medium was prepared as follows: CoQ10 was added and dispersed to 4% Lutrol F 127
(poloxamer 407, BASF, Ludwigshafen, Germany) aqueous
solution to obtain transparent 1 mM CoQ10 solution. The
solution was diluted to designated concentration, and then
added into 0.25% FBS-DMEM (final Lutrol F 127 concentration: 0.04%). Then, after 96 h in culture, the amount of DNA
in each well was measured using Hoechst 33342 to estimate
the number of cells in each well.

2.2. Determination of basement membrane
components
For determination of laminin 332, human HaCaT keratinocytes from human foreskin were grown in keratinocyte
growth medium (KGM) having a low calcium concentration.
Cells were detached with 0.25% trypsin/EDTA, collected by
centrifugation, washed and suspended in DMEM-F12 (2:1)0.1% BSA. Using a 24-well plate, 0.5 ml of the cell suspension (8  104 cells/ml) was added to 0.5 ml of the same medium containing twice the desired final concentration of
CoQ10. After 24 h incubation, the supernatant and solubilized
cell layer of cultured keratinocytes were collected and stored
at 20 C.
For determination of type IV and VII collagens, human
dermal fibroblasts (6  104 cells/ml) were also seeded, incubated and treated with CoQ10 in the same way as described
for HaCaT keratinocytes, and samples were collected after
48 h incubation.
The contents of laminin 332, type IV and VII collagens
were determined by means of sandwich ELISAs [34,35] using

appropriate antibodies and expressed as the sum of the
amount released into the culture medium and the amount
remaining in the cell layer. All data are presented as percent
of the control cultured without CoQ10.

2.3. Preparation of highly CoQ10-loaded cells
CoQ10 was dissolved in 1,4-dioxane and then added to FBS.
FBS containing CoQ10 (250 lM) was prepared by mixing at
37 C overnight and used for the preparation of 10% FBSDMEM containing 25 lM CoQ10 (CoQ10(þ) medium). Human
HaCaT keratinocytes were cultured in CoQ10(þ) medium for
14 days, and these highly CoQ10-loaded cells were referred
to as CoQ10(þ) cells. For some experiments, cells were also
cultured in DMEM containing 10% FBS and 12.5 lM CoQ10,
and the resulting cells were designated CoQ10(1/2þ) cells.
As a control, 1,4-dioxane without CoQ10 was added to FBS.
For comparison, HaCaT keratinocytes were cultured in 10%
FBS-DMEM to which 1,4-dioxane or CoQ10 was added at 250
lM without the pretreatment. For quantification of the
reduced form of CoQ10, CoQ10H2 (ubiquinol), in cells, an
HPLC-ECD system (NANOSPACE SI-2, Shiseido, Tokyo, Japan)
was used according to the method of Yamashita and Yamamoto with minor modifications [36]. CoQ10 in cells (1.5  106
cells) or culture medium was extracted with 1 ml of isopropanol in a 1.5-ml polypropylene tube. After gentle mixing
and centrifugation at 15,000g for 5 min at 4 C, 120 ll of supernatant and 30 ll of water were vortex-mixed, and applied
to HPLC-ECD.

2.4. Evaluation of protective effect of CoQ10
against oxidative stress-induced cell death
To examine the effect of directly added CoQ10 on HaCaT
cells, cells (1  105 cells/ml) were seeded using 10% FBSDMEM without any additive. After the cells had adhered, the
medium was changed to 0.5% FBS-DMEM containing dioxane solution of CoQ10 and the cells were incubated overnight. DMEM containing 50 mM AAPH (2,20 -azobis-(2-amidinopropane) dihydrochloride, Wako Pure Chemical Industries,
Osaka) was added to each well, and after 3.5 h, cell viability
was measured using Alamar Blue (TREK Diagnostics Systems, Ohio).
To examine the protective effect of a high loading of
CoQ10 against oxidative stress-induced cell death, highly
CoQ10-loaded cells {CoQ10(þ) cells} or control cells
{CoQ10() cells} were seeded on a 24-well plate using 10%
FBS-DMEM without 1,4-dioxane or CoQ10 at 1  105 cells/ml
for AAPH and t-BuOOH (tert-butyl hydroperoxide, Wako Pure
Chemical Industries) and at 8  104 cells/ml for hydrogen
peroxide (Wako Pure Chemical Industries). After 4 h, the medium was changed to DMEM without FBS and incubation
was continued overnight. AAPH, t-BuOOH or hydrogen peroxide was added to each well, and the cell viability was measured using Alamar Blue at 3 h after the addition of AAPH or
t-BuOOH, or at 2 and 4 hr after the addition of hydrogen
peroxide.

3. Results
3.1. Effect on CoQ10 on proliferation of
dermal fibroblasts
Because cell proliferation is known to be decreased in aged
skin, the effect of CoQ10 on the proliferation of dermal fibroblasts and epidermal HaCaT cells was examined. As shown
in Fig. 1, CoQ10 increased the number of fibroblasts in a
dose-dependent manner, whereas HaCaT cells did not
respond to CoQ10 (data not shown).

3.2. Promoting effect of CoQ10 on production of
basement membrane components
The effect of CoQ10 was examined on the production of laminin 332 in HaCaT keratinocytes and on that of type IV and
VII collagens in dermal fibroblasts as basement membrane
components. The proteins were determined by means of
specific sandwich ELISA with appropriate antibodies. As
shown in Fig. 2, CoQ10 increased the synthesis of laminin
332 in HaCaT cells in a dose-dependent manner. It also
dose-dependently enhanced the production of type IV and
VII collagens in dermal fibroblasts (Fig. 3), although it did
not affect the production of type I collagen in dermal fibroblasts (data not shown).

3.3. Protective effect of CoQ10 against oxidative
stress-induced cell death
Because protection of cells against oxidative stress is an important strategy for anti-aging products, the effect of CoQ10
on oxidative stress-induced cell death was explored. As
shown in Fig. 4, CoQ10 did not protect HaCaT cells against

Fig. 1. Effect of CoQ10 on proliferation of fibroblasts.
Mean 6 SD, n 5 6. Unpaired t test, 1P < 0.1 and *P <
0.05.
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Fig. 2. Effect of CoQ10 on laminin 332 (LN332)
production in human HaCaT keratinocytes. Mean 6 SD,
n 5 6. Unpaired t test, *P < 0.05 and ***P < 0.001.
cell death induced by the radical initiator AAPH during overnight incubation in DMEM containing 0.5% FBS. Because
CoQ10 is insoluble in DMEM, its incorporation in cells might
have been limited. To increase the incorporation of CoQ10
into the cells, CoQ10 was premixed with FBS at 37 C overnight, then the mixture was added to DMEM and the cells
were cultured in the resulting DMEM containing 10 % FBS
highly loaded with CoQ10 for 14 days. The incorporation of
CoQ10 into the resulting highly CoQ10-loaded cells, called
CoQ10(þ) cells, was confirmed by the detection of an
increase of CoQ10H2, the reduced form of CoQ10, in the cells,
as measured by using HPLC-ECD (Fig. 5). As shown in Fig. 5,
CoQ10(þ) cells contained substantially more CoQ10H2 than

Fig. 3. Effect of CoQ10 on type IV and VII collagen (CL)
production in human fibroblasts. Mean 6 SD, n 5 6.
Unpaired t test, 1P < 0.1, *P < 0.05, **P < 0.01, and
***P < 0.001.
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Fig. 4. Effect of directly-added CoQ10 on viability of
AAPH-treated human HaCaT keratinocytes. HaCaT cells
were seeded using 10% FBS-DMEM without any
additive. After the adherence of cells, the medium was
changed to 0.5% FBS-DMEM containing CoQ10 which
was dissolved in dioxane and added into medium and
then cells were incubated overnight. DMEM containing
50 mM AAPH was added to each well, and after 3.5 h,
cell viability was measured using Alamar Blue. Mean 6
SD, n 5 4.
did CoQ10() cells or cells cultured with 10% FBS-DMEM
containing only 1,4-dioxane. Cells cultured in DMEM containing premixed 10% FBS and 12.5 lM CoQ10 (CoQ10(1/2þ)
cells) contained about 60% as much CoQ10H2 as CoQ10(þ)
cells. These results suggest that CoQ10 was indeed incorporated into the cells and reduced to CoQ10H2. Furthermore,
CoQ10(þ) cells incorporated 2.6-fold more CoQ10H2 than did
cells cultured in 10% FBS-DMEM containing CoQ10 without
pre-mixing. These results showed that premixing of CoQ10
with FBS could be a good method for enhancing incorporation of CoQ10 into cells.

Fig. 5. Amount of reduced form of CoQ10, CoQ10H2, in
keratinocytes after direct addition of dioxane or CoQ10
to the medium (dotted column) and in keratinocytes
cultured in medium highly loaded with CoQ10 by
premixing FBS and CoQ10 as described in the text
(control CoQ10(2), CoQ10(1/21), and CoQ10(1) cells,
hatched columns). Mean 6 SD, n 5 3.

Fig. 6. Inhibitory effect of CoQ10 on AAPH-induced cell
death of human HaCaT keratinocytes incubated in
medium highly loaded with CoQ10 (CoQ10(1)). Control:
CoQ10(2). Mean 6 SD, n 5 3. Unpaired t test, **P <
0.01 and ***P < 0.001.
The viability of CoQ10(þ) cells was significantly higher
than that of control cells after treatment with AAPH (Fig. 6).
These results show that the amount of CoQ10 incorporated
into cells when CoQ10 was directly added to the medium
was small, and that CoQ10 can significantly suppress cell
death induced by reactive oxygen species when it is highly

Fig. 7. Inhibitory effect of CoQ10 on hydrogen peroxideinduced cell death of human HaCaT keratinocytes. (1, 2)
2 and 4 h after addition of hydrogen peroxide,
respectively. Mean 6 SD, n 5 3. Unpaired t test, 1P <
0.1 and *P < 0.05.

Fig. 8. Inhibitory effect of CoQ10 on t-BuOOH-induced
cell death of human HaCaT keratinocytes. Mean 6 SD,
n 5 3. Unpaired t test, **P < 0.01 and ***P < 0.001.

loaded into the cells. The viability of CoQ10() cells and
CoQ10(þ) cells treated with hydrogen peroxide and t-BuOOH
is shown in Figures 7 and 8, respectively. Viability of
CoQ10(þ) cells was again significantly higher than that of
CoQ10() cells in both cases, showing that CoQ10 suppressed
cell injury induced by these oxidative stresses.

4. Discussion
We examined the protective effect of CoQ10 against oxidative
injury and its effect on the synthesis of basement membrane
constituents in keratinocytes and fibroblasts.
The poor solubility of CoQ10 leads to an inefficient
incorporation into cells when it is simply added to the culture medium. As shown in Fig. 4, simple addition of CoQ10 to
the medium did not have a cell-protective effect against
AAPH, although a water-soluble compound, carnosine, was
clearly protective [37]. CoQ10 must be incorporated into cells
and converted to the reduced form to be effective. When
CoQ10 was simply added to the medium, the CoQ10H2 content of cells rose to 2.7 times that in control cells. On the
other hand, when CoQ10 and serum were premixed, and the
cells were cultured in medium to which the mixture had
been added, the CoQ10H2 content rose to 6.0 times that of
the control. A similar method of improving uptake has been
reported for insoluble vitamin E by Takahashi et al. [38],
who reported increased levels in whole cells, and in mitochondria and endoplasmic reticulum. Our finding that CoQ10
significantly suppressed oxidative injury of human HaCaT keratinocytes is consistent with previous reports showing a
protective effect of CoQ10 on cells or tissues exposed to
hydroxyl radical and peroxyl radical [39–42]. The ROS-generator t-BuOOH is known to induce both the diminished cell
viability and nuclear DNA strand cleavages of BAE-2 endotheliocytes, which are protected dose-dependently with Lascorbic acid-2-O-phosphate [43]. The cytoprotection is
reported to be attributed to a decrease of intracellular ROS
Coenzyme Q10 protects and activates skin cells

including hydroperoxide and hydrogen peroxide with L-ascorbic acid-2-O-phosphate. Therefore, the intracellularly-incorporated CoQ10 may be effective by inhibiting the generation
of ROS and inhibit t-BuOOH-induced-cell injury. As it is well
known that oxidative stress promotes skin aging, CoQ10
might ameliorate skin aging via its antioxidative effect.
Hoppe et al. [27] reported that CoQ10 increased the
proliferative ability of in vitro aged fibroblasts that had been
repeatedly subcultured. We also showed that it promoted
proliferation of normal human fibroblasts. The proliferation
of keratinocytes and fibroblasts is mainly controlled by
growth factors. Some growth factors like epidermal growth
factor are able to enhance the proliferation of both keratinocytes and fibroblasts, whereas other growth factors such as
keratinocyte growth factor act on keratinocytes but not on
fibroblasts. Like transforming growth factor beta, CoQ10
increased the proliferation of fibroblasts but not that of keratinocytes. Although its precise mechanism remains unclear,
CoQ10 might enhance the signaling to proliferate only in
fibroblasts. This cell-energizing property might involve
enhanced ECM production or enhanced repair of cell injury.
Hoppe et al. also found that CoQ10 increased production of
glycosaminoglycan in their in vitro aged fibroblasts. We confirmed that CoQ10 increased production of type IV and VII
collagens, but it had no effect on type I collagen. It also promoted laminin 332 production of HaCaT keratinocytes. The
promoting effects on fibroblast proliferation and production
of basement membrane constituents were apparent even
without the use of our method to increase CoQ10 incorporation into cells, suggesting that even low concentrations of
CoQ10 may be effective. A possible mechanism would be the
induction of gene expression, but further study is needed to
examine this idea.
It is known that laminin 332 promotes basement
membrane repair. Reduplication and disruption of basement
membrane in sun-exposed skin worsens with advancing age
and is apparent even at an early stage, so chronic inflammation might easily be induced [8,9,13,16]. As CoQ10 has both
an antiinflammatory effect [44,45] and a promoting effect on
ECM production, its application to skin should tend to normalize the condition of the basement membrane. CoQ10
might also inhibit transfer of MMPs to dermis, blocking ECM
damage, and thereby reducing the extent of wrinkle formation. Therefore, CoQ10 should be an effective ingredient in
antiaging products for human skin.
In conclusion, we showed here that CoQ10 increases
production of basement membrane components, increases
fibroblast proliferation, and protects cells against oxidative
stress, in addition to its known antioxidative, antiinflammatory, dermal glycosaminoglycan-increasing, and MMP-1-inhibitory actions. All these activities may contribute to its powerful antiaging action in skin.
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Our Experience with Wisebands: A New Skin
and Soft-Tissue Stretch Device
Yoav Barnea, M.D., Eyal Gur, M.D., Aharon Amir, M.D., David Leshem, M.D., Arik Zaretski, M.D.,
Raphael Shafir, M.D., and Jerry Weiss, M.D.
Tel-Aviv, Israel

Complex wounds that involve skin and soft-tissue defects that are unsuitable for primary closure by conventional suturing are common in the field of surgery. Among
the many surgical options available to overcome these
problems are various mechanical devices that have recently been proposed for delayed primary closure of such
wounds. The authors present their experience with a new
complex wound closure device, Wisebands, a device
uniquely designed for skin and soft-tissue stretching. During the last 2 years, the authors have treated 20 patients
with 22 skin and soft-tissue wounds for which primary
closure was not feasible. The Wisebands devices were applied to the wounds, stretching the skin and underlying
soft tissue, gradually closing the defects until the edges
were sufficiently approximated for primary closure. Successful wound closure was achieved in 18 patients (90
percent). The Wisebands devices were removed in two
patients (10 percent) because of major wound complications. In two other patients (10 percent), minor wound
complications had occurred that did not necessitate removal of the device. At a mean follow-up of 1 year (range,
10 months to 2 years), stable scarring with no functional
or significant aesthetic deficit was achieved. The authors
conclude that the Wisebands device facilitates closure of
complex skin and soft-tissue wounds, with low morbidity
and complication rates, and can provide the surgeon with
another important tool for closing complex wounds. Nevertheless, appropriate patient selection, intraoperative
judgment, and close postoperative care are essential to
ensure closure and avoid undue complications. (Plast.
Reconstr. Surg. 113: 862, 2004.)

cause blanching or breakage of the collagen
fibers in the dermis.1–3
Surgeons of all specialties are often faced
with skin and soft-tissue defects that cannot be
closed primarily by conventional suturing. This
problem is a common finding after trauma,
tumor ablation, fasciotomy skin incisions, and
dehisced surgical wounds. Over the years, numerous surgical techniques have been described in an attempt to address this problem,
including secondary healing, split-thickness
skin grafts, local flaps, tissue expansion, and
revascularized flaps. Various mechanical devices have been proposed recently for delayed
primary closure of these wounds.1,4 –15
We present our experience with the Wisebands wound closure device, a new skin and
soft-tissue stretching apparatus for closing
complex wounds. This device permits delicate
controlled stretching and approximation of
the wound edges and of the underlying tissue
(subcutaneous fat, fascia, and muscle). The
Wisebands device consists of a tension feedback control mechanism, a flat plastic band,
and a metal surgical needle (Fig. 1). The needle and its band are brought through the
wound edges, down to the severed soft tissue
under the skin defect (Fig. 2). A feedback tension control device holds the band. By rotating
a knob on the unit, a controlled load is transferred to the wound edges. When the tension
exceeds 1 kg/cm2, the feedback control mechanism releases and stays in the last safe posi-

The skin has distinctive viscoelastic properties and therefore can be stretched by applying
mechanical forces. It does so by its creep and
stress-relaxation properties. Human skin under
tension can be permanently stretched, provided the force applied is limited and does not
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tion. After completion of the approximation,
the device is removed from the tissue.
The operating principle is based on harnessing the viscoelastic properties of the skin and
the stretching abilities of the soft tissue which,
under controlled mechanical load, can be
stretched to a considerable degree within a
short period of time. The controlled load applied to the suture band causes gradual traction and tension to the skin, so that a complete
closure of large skin and soft-tissue deficits is
achieved in a continual process of intermittent
tension and relaxation.

FIG. 1. The Wisebands wound closure device with the attached needle.

FIG. 2. Schematic drawing of the Wisebands wound closure device: 1, A 5-mm-wide polypropylene band; 2, the “in
port” at the base of the device; 3, safety catch; 4, rotating knob.
Rotating the knob (4) on the device applies controlled load
to the band (1), causing gradual traction and tension on the
tissue. The band exits from the device through an exit port
on the top of the device.
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PATIENTS

AND

METHODS

Between January of 2000 and January of
2002, we conducted a prospective, open-label,
nonrandomized study that included 20 patients with 22 skin and soft-tissue deficit
wounds. Primary closure was not appropriate,
and other techniques were required for closing
all these wounds. Informed consent was obtained from each patient to participate in this
study, which was approved by the institutional
review board in full accordance with the Declaration of Helsinki.
Inclusion criteria for participating in the
study were an open, clean skin deficit wound
in which primary closure was not deemed as
being achievable; feasibility of closing the
wound by skin grafting or flaps; and patient
compliance to sign the informed consent
form. Exclusion criteria consisted of the following: any medical illness or limitation that
could impede the candidate from complying
with the protocol or confound the data interpretation (e.g., likelihood of later treatment by radiation or chemotherapy); primary closure of the wound could be
successfully carried out; and wound area exposure to irradiation. For all patients, information including age, sex, medical history,
and the anatomic location and cause of the
wound was recorded.
The original dimensions of the wound were
measured using a plastic ruler, and the number of Wisebands devices used was documented. Data on the total time of treatment
with the devices and the number of stretching
cycles for each wound were also recorded.
All wounds were considered contaminated
and a routine bacteria profile was performed. All patients received preoperative
prophylactic intravenous antibiotic treatment during the application of the Wisebands devices. Routine cultures were taken
from the wound at that time. When indicated, the wounds were debrided of all devitalized skin and soft tissue around the lesion
before applying the Wisebands device. Antiseptic solutions were applied at this time,
until the wound was cleaned and the edges
allowed approximating. In cases where immediate postoperative stretching would be
needed, the open wound was dressed with
wet saline gauzes until complete closure of
the wound was accomplished.
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are inserted, without tightening them at the
time of surgery, and tied later after the device
has approximated the wound edges.

The Wisebands wound closure device is composed of a polypropylene band that is 5 mm
wide, 0.3 mm thick, and 50 cm long. It is
attached at one end to a stretching device and
to a surgical needle at the other end (Fig. 1).
The surgical needle is passed through the skin
and underlying soft tissue (fat, fascia, and muscle) at the wound margins. Once it has
emerged from the wound edges at the opposite
side, the needle is cut off and the attached
band is introduced into the device through a
slit at its base (Fig. 2). The device is equipped
with a safety catch—when it is in the upward
position, the catch is “open” and allows free
passage of the band; when it is in the downward position, it is “locked,” holding the band
in position.
Rotating the knob located on the device
applies a controlled load to the band (Fig.
2). This causes gradual traction and tension
on the tissue. The band exits through an exit
port at the top of the device. The stretching
force applied to wound margins is limited to
1 kg/cm2 by a safety catch designed into the
device. Should any attempt be made to exceed this stretching limit, the device shifts to
neutral position and the tension gauge is
disengaged.
The characteristic function of the device is
a gradual and cyclical force application. It
consists of skin stretching (mechanical
creep) followed by stress relaxation. The process of tissue stretching consists of tightening
the band, pausing until the tension has eliminated, and then retightening the band using
the knob to apply an appropriate tension.
Should any compromise sign in skin viability
appear (e.g., skin pallor, tautness of skin,
persistent local pain), the stretching cycle is
terminated. Implementing a cyclical procedure ultimately allows the reduction of the
tissue deficit until full approximation has
been achieved. Similarly, wound complications are another cause for the cessation of
the stretching cycle (e.g., local infection or
neurovascular compromise).
After the skin edges have been completely
approximated, they are either stapled or sutured and the Wisebands device is removed.
The removal involves cutting the band at the
skin level on the opposite side of the device,
which is then pulled out together with the
band. In some of the wounds, tension sutures

March 2004

Follow-Up and Outcome

A successful wound closure procedure was
defined as a complete approximation of the
wound margins that allowed the skin to undergo primary suturing or be stapled. A failed
wound closure was defined as failure of the
approximation of the wound edges, requiring
an alternative technique for wound closure,
such as secondary healing, skin graft, tissue
expansion, or a flap.
The patients were examined at least twice
daily until wound closure was achieved. All
wounds were inspected for viability of the skin
and soft tissue and for the development of any
signs or symptoms of wound complication. Minor wound complications or adverse effects
such as tolerable pain, skin irritation, skin
blanching, hematoma, or neurapraxia were
noted and treated accordingly. Major wound
complications that dictated the removal of the
Wisebands device included intractable pain, severe infection, large hematoma (i.e., ⬎5 cm),
and overt neurovascular compromise or tissue
breakdown.
Once the wound edges were sutured, patient
follow-up took place at 7, 14, and 21 days after
wound closure and once per month subsequently for 6 months. The final follow-up was
performed at 1 year after the operation. Serial
standardized photographs of all the wounds
were obtained.
CASE REPORTS
Case 1
A 47-year-old man was admitted for excision of a basal cell
carcinoma from his forehead. Under local anesthesia, a multiple frozen-section– guided excision was made, resulting in a
skin defect measuring 4 ⫻ 7 cm (Fig. 3, above, left).
During the operation, one Wisebands device was applied,
and intraoperative tightening of the band over a period of 1
hour reduced the size of the defect by half (Fig. 3, right). On
the second day after surgery, tightening of the band continued at a rate of 0.5 cm every 5 hours. On the third postoperative day, the wound edges were approximated and sutured
and the Wisebands device was removed. The patient was
discharged on the same day and the sutures were removed 2
weeks later. He was followed-up for 1 year after surgery. At
1-year follow-up, the scar was soft, pliable, and with no eyebrow or eyelid pull (Fig. 3, below, left).

Case 2
A 48-year-old man had suffered multiple injuries in a
road accident with a complicated open fracture of his right
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FIG. 3. The patient in case 1 after excision of the basal cell carcinoma from his forehead. (Above, left) Open
wound at the forehead. (Right) Approximation of wound edges with one Wisebands device. (Below, left) Final
scarring at 1-year follow-up.
distal humerus involving the brachial vessels. At admission,
the patient was hemodynamically unstable and underwent
operation urgently. A temporary arterial bypass and a forearm fasciotomy were performed to reperfuse the upper
limb. The next day, he was returned to the operating room,
and the brachial artery was repaired with a vein graft. The
retracted fasciotomy incision had produced a 21 ⫻ 7-cm
skin defect, with the neurovascular bundle and vein graft
exposed at its base (Figs. 4 and 5, above). Tension sutures
were inserted loosely and two Wisebands devices were ap-

plied, and intraoperative tightening of the bands over a
period of 1 hour reduced the width of the defect by three
quarters (Fig. 5, center). The defect was closed during the
following 2 days at a rate of 1 cm/day, with 8-hour intervals
between the procedures. Once the wound edges were approximated, the tension sutures were tightened and skin
staples were applied under local anesthesia at the bedside.
Three weeks later, all sutures were removed (Fig. 5, below).
At 1-year follow-up, the arm had good functional outcome,
with acceptable scarring.

FIG. 4. The patient in case 2 with an open fracture of the humerus and
forearm compartment syndrome, revealing injured brachial vessels. Forearm
after fasciotomy and vein graft of brachial artery.
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FIG. 5. (Above) Close-up view of the wound and vein graft.
(Center) Insertion of two Wisebands devices and tension sutures. (Below) Scar after 3-week follow-up.

Case 3
A 40-year-old woman who had undergone wide excision of
a malignant melanoma lesion on her right posterior calf was
left with a skin and soft-tissue defect reaching the fascia and
measuring 8 ⫻ 4 cm, which could not be treated by primary
closure (Fig. 6, left). The proximal and distal ends of the
wound were closed with tension sutures, and one Wisebands
device was applied at the center of the wound (Fig. 6, right).
The device was tightened two times per day for 2 days until
the approximation of the wound edges and primary closure
of the wound could be achieved. The sutures were removed
3 weeks later (Fig. 7, left). Follow-up revealed a soft and pliable
scar, with no functional loss or conspicuous scarring (Fig. 7,
right).

Twenty patients [14 men and 6 women, with
an average age of 37 years (range, 18 to 61
years)] with a total of 22 open wounds were
treated with the Wisebands device. The calf (59
percent) and forearm (18 percent) were the
most common locations for the wounds treated
in this series (Table I). Trauma and surgery
were the most common causes, constituting 35
percent of the patients for each, followed by
tumors (25 percent) and burns (5 percent).
The size of the skin deficit (length ⫻ width)
ranged from 31 ⫻ 20 cm to 6 ⫻ 4 cm (mean,
12.5 ⫻ 5.5 cm). The number of Wisebands
devices that were applied ranged from one to
four, with an average of two Wisebands devices
per skin deficit (Table I). In 16 patients (80
percent), the wound included a combination
of skin and soft-tissue deficits (fat, fascia, and
muscle); in four patients, the wound had only
a skin deficit.
Treatment time (i.e., the time from application of the Wisebands device until its removal)
ranged from 1 hour to 7 days (mean, 61
hours). Wounds were approximated within 24
hours after surgery in seven cases (Table I).
Successful wound closure, defined as complete approximation of the skin edges, was
achieved in 18 patients (90 percent). The Wisebands devices were removed in two patients
(10 percent) because of major wound complications. In the first case, the wound became
infected while closing, showing marked erythema, purulent discharge, and peripheral systemic temperature of 38°C. The skin-stretching
devices were removed and the patient was
treated with intravenous antibiotics and frequent local dressing changes soaked with antibacterial solutions. After the wound infection
had subsided, the wound was covered by a
split-thickness skin graft. In the second case
(forearm), the patient complained of intense
pain while the devices were being tightened.
After the second stretching cycle, the devices
had to be removed because of the provoked
intractable pain. The wound was later covered
by a split-thickness skin graft. In both cases,
these major wound complications were reversible, with no permanent damage once the devices were removed. No other major wound
complications, such as skin necrosis, large hematoma, neurovascular compromise, or tissue
breakdown, were observed among the patients.
Minor wound complications or adverse ef-
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FIG. 6. The patient in case 3 with malignant melanoma of the posterior calf. (Left) Marking of the planned
wide excision. (Right) Approximation of wound edges with one Wisebands device and tension sutures.

FIG. 7. (Left) Scar after suture removal. (Right) Final scarring at 1-year follow-up.

fects were noted in two patients (10 percent):
one had local pain and skin irritation, and one
with a wound on his shin had temporary regional neurapraxia. None of these minor
wound complications interfered with completion of wound closure and did not necessitate
removal of the Wisebands device.
Final scarring of the wounds after 1 year of
follow-up was found to be acceptable, with only
three patients (15 percent) having wide (⬎2

mm) or hypertrophic scars. There was no need
for scar revision for cosmetic reasons in any of
the patients.
DISCUSSION

Closure of wounds with skin and soft-tissue
deficits poses a challenge to surgeons of all
specialties. Various methods are suitable for
wound closure, among them presuturing, surgical skin undermining, skin stretching de-
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TABLE I
Summary of Surgical Data on 20 Patients Treated with the Wisebands Device

Body Area

Wounds (%)

Wisebands Devices

Forehead
Forearm
Abdomen
Back
Thigh
Lower leg
Total

1 (4.5)
4 (18)
1 (4.5)
1 (4.5)
2 (9)
13 (59)
22

1
1–3
3
2
2
1–4
44

Intraoperative
Stretching

Postoperative
Stretching

1
4
1
1
4
6

vices, skin grafts, skin flaps, free flaps, and tissue expansion.4 –15
Choosing the most appropriate method for
wound closure in each case depends on many
factors, primarily wound width and depth, exposed vital structures, thickness of the skin,
location of the wound, and the presence of
infection. Other considerations include expected healing time and hospital stay, complexity of the procedure, convenience, the patient’s will, and treatment costs.
Mechanically assisted delayed primary closure was recently introduced as an approach
for surgical wound closure,1 followed by many
reports on numerous techniques and a variety
of devices.4 –15 Unlike skin grafts or flaps, mechanically assisted delayed primary closure
stretches local tissue, thereby providing the
ideal color and skin texture match. Another
advantage of this method over tissue expanders
is that it spares the need for a second operation
and general anesthesia.
This method was developed as a consequence of enhanced understanding of the mechanical creep properties of skin, which enable
it and the underlying tissues to be stretched
considerably beyond its intrinsic extensibility
and within a relatively short period of time.
Moreover, when tension is applied in cycles,
with relaxation periods between loads, one can
achieve far greater elongation beyond intrinsic
extensibility capabilities.1–3
The amount of stretching force that can be
safely exerted depends on various factors, including the patient’s age, sex, and general
health status; the anatomical location of the
wound and skin; and the subcutaneous thickness at the site. When both skin and subcutaneous tissue are normal, rapid stretching
within a short time span (20 to 30 minutes) is
the general rule.1 However, when chronic
edema and fibrosis have replaced the normal
ground substance, stretching will need to be

1
1
9
16

Treatment Time

3 days
1–6 days
75 min
7 days
80 min–2 days
100 min–7 days
Mean, 2.54 days

Major Complications

Intractable pain

Wound infection

carried out at a much slower rate and with
longer intervals between stretching cycles.
Therefore, appropriate patient selection, intraoperative judgment, and postoperative care are
critical for achieving success with this approach. As a generalized rule, wounds in the
extremities and forehead area can be closed at
a rate of 1 cm/day, whereas wounds in the
torso area can be closed at a faster rate.
All previous stretch and expansion methods
and devices have focused on skin closure as a
goal and thereby have managed to produce a
two-dimensional action only. An open wound
should be regarded as a three-dimensional
structure and, occasionally, except for skin,
deeper soft-tissue elements such as fat, fascia,
or muscle are involved. These soft tissues are
part of the wound and need to be approximated to minimize the “dead space” under the
skin. Because these structures also have stretch
properties,16 –19 the Wisebands device was originally designed to relate to those (Fig. 2).
In our study, we found that the Wisebands
device offered some advantages over other
methods and devices for wound closure. Surgical preparation for wound closure included
minimal wound dissection, with no skin undermining, allowing maximal preservation of the
neurovascular supply to the skin. This in effect
shortened the operating time and in many
cases the hospital stay, consequently reducing
treatment costs.1,2 Moreover, the device is compact and lightweight, making it convenient for
use on an outpatient basis.
Another advantage found was the versatility
and flexibility of the device in accommodating
different wound sizes and shapes in different
anatomical body areas. Its application was technically simple and demanded a short learning
curve when introduced to other surgeons.
Skin stretching with the Wisebands device
was found to be safe and reliable. The device is
designed with a safety catch, which limits the
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stretching force to 1 kg/cm2. This limit is lower
than the maximal safe tension documented in
the literature for skin stretching (reaching up
to 3 kg/cm2)1,2 because of the different stretching properties of the soft tissue compared with
skin.16 –19 No wound necrosis or breakdown occurred in this series; however, if wound infection is suspected, the safety catch mechanism
allows loosening of the band, with better exposure for local treatment of the wound. In cases
where the band has to be removed, as in the
two cases of major wound complication in our
series, full resolution with no permanent damage is expected.
Patient compliance with the device was good
despite some degree of pain and discomfort
during the process. In only one case (5 percent) did we have to remove the Wisebands
device because of intractable pain. Pain reported by two other patients during the
stretching process was relieved with oral analgesics, and we were able to resume stretching
to successful wound closure.
CONCLUSIONS

In this article, we introduce our experience
using the Wisebands wound closure device,
which facilitated the closure of complex
wounds with skin and soft-tissue deficits of different sizes and causes and at various anatomical locations. The Wisebands device was technically simple to apply and permitted
controlled approximation of the wound edges.
The final scarring was found to be cosmetically
acceptable, and no functional deficit or adverse sequelae were noted at the end of the
process. We believe that this device can provide
the surgeon with another important tool for
closing complex wounds. Nevertheless, appropriate patient selection, intraoperative judgment, and close postoperative care are essential to ensure closure and avoid undue
complications.
Yoav Barnea, M.D.
Department of Plastic and Reconstructive Surgery
Tel-Aviv Sourasky Medical Center
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Tel-Aviv 64239, Israel
barneay@netvision.net.il
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Overcoming the Stratum Corneum:
The Modulation of Skin Penetration
A Review

H. Trommer R.H.H. Neubert
School of Pharmacy, Institute of Pharmaceutics and Biopharmaceutics, Martin Luther University
Halle-Wittenberg, Halle, Germany
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Abstract
It is preferred that topically administered drugs act either
dermally or transdermally. For that reason they have to
penetrate into the deeper skin layers or permeate the
skin. The outermost layer of the human skin, the stratum
corneum, is responsible for its barrier function. Most topically administered drugs do not have the ability to penetrate the stratum corneum. In these cases modulations
of the skin penetration profiles of these drugs and skin
barrier manipulations are necessary. A skin penetration
enhancement can be achieved either chemically, physically or by use of appropriate formulations. Numerous
chemical compounds have been evaluated for penetration-enhancing activity, and different modes of action
have been identified for skin penetration enhancement.
In addition to chemical methods, skin penetration of
drugs can be improved by physical options such as iontophoresis and phonophoresis, as well as by combinations of both chemical and physical methods or by combinations of several physical methods. There are cases
where skin penetration of the drug used in the formulation is not the aim of the topical administration. Penetra-
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tion reducers can be used to prevent chemicals entering
the systemic circulation. This article concentrates on the
progress made mainly over the last decade by use of
chemical penetration enhancers. The different action
modes of these substances are explained, including the
basic principles of the physical skin penetration enhancement techniques and examples for their application.
Copyright © 2006 S. Karger AG, Basel

Structure of the Stratum Corneum and Drug
Options to Overcome the Barrier

The skin is the largest human organ. It ensures that
harmful substances and drugs released from topically applied formulations cannot intrude into the organism offhand [1]. The evolutionary development of the human
skin as a potential protective barrier keeping water in and
noxious substances out of the human body was a requirement for terrestrial life [2]. Figure 1 illustrates the complex structure of the human skin and the several layers
schematically [3].
The outermost layer of the skin, the stratum corneum,
is of particular interest as it determines this barrier function [4]. The qualiﬁcation for this is the unique physicochemical composition of the stratum corneum [5]. The
‘brick and mortar model’ is applied to describe the structure of the horny layer. Corneocytes are the ‘bricks’ em-
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The stratum corneum is a composite material made of proteins and
lipids structurally organized as “bricks and mortar ” (Fig. 124.1; Table
124.1)2. Instead of being uniformly dispersed, the highly hydrophobic
lipids in normal stratum corneum are sequestered within the extracellular spaces, where this lipid-enriched matrix is organized into lamellar
membranes that surround the corneocytes3. Hence, rather than stratum
corneum thickness, variations in number of lamellar membranes
(= lipid weight %), membrane structure, and/or lipid composition
provide the structural and biochemical basis for site-related variations

Strategies to enhance transdermal drug delivery . . . . . . . . . . . . . . 2070

The skin provides the largest interface between the human body
and the external environment. Therefore, one of its most important
functions is to regulate what enters the body via the skin, as well as
what exits. In general, the skin is designed to let very little enter, since
other tissues, such as the permeable epithelia of the gastrointestinal
tract and lung, provide the primary means of regulated entry into the
body. Likewise, the skin must prevent excessive loss of water and other
bodily constituents.
The skin’s remarkable barrier properties are due in large part to
the stratum corneum, which represents the thin outer layer of the
epidermis1. In contrast to other tissues in the body, the stratum
corneum consists of corneocytes (composed primarily of aggregated
keratin filaments encased in a cornified envelope) that are surrounded
by an extracellular milieu of lipids organized as multiple lamellar bilayers. These structured lipids prevent excessive loss of water from the
body and likewise block entry of most topically applied drugs, other
than those that are lipid-soluble and of low molecular weight. This
poses a significant challenge to administering medications via the skin
either for local cutaneous effects or as systemic therapy following their
entry into superficial dermal capillaries.

FEATURES OF THE STRATUM CORNEUM
• Primary barrier to drug absorption into skin
• Two-compartment organization: “bricks and mortar ”
• Microheterogeneity within extracellular spaces: “ There’s more to the mortar
than lipid”
• Persistent metabolic activity: dynamic changes in cytosol, cornified envelope,
and interstices from inner to outer stratum corneum
• Homeostatic links to the nucleated cell layers: barrier function regulates
epidermal DNA and lipid synthesis
• Pathophysiologic links to deeper skin layers: barrier abrogation and/or
epidermal injury initiates epidermal hyperplasia and inflammation
• Stratum corneum as a biosensor: changes in external humidity alone regulate
proteolysis of filaggrin, epidermal DNA/lipid synthesis, and initiation of
inflammation

Table 124.1 Features of the stratum corneum.

TWO-COMPARTMENT "BRICKS AND MORTAR" SYSTEM AND "PORE" PATHWAY

A

"Bricks and mortar"

B

Hydrophobic lipids in extracellular
space = mortar

"Pore" pathway within the stratum corneum
Discontinuous,
non-permeable lacunar system:
basal conditions

Corneocyte = brick

Fig. 124.1 Two-compartment “bricks and mortar”
system and “pore” pathway. A The stratum corneum
is a unique two-compartment system, analogous to a
brick wall. Whereas lipids are sequestered
extracellularly within the stratum corneum, the
corneocyte is lipid-depleted but protein-enriched.
B The degradation of corneodesmosomes results in
discontinuous lacunar domains, which represent the
likely aqueous “pore” pathway. These lacunae can
enlarge and extend, forming a continuous but
collapsible network under certain conditions, e.g.
occlusion, prolonged hydration, sonophoresis.
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Summary

Wrinkles are a major topic in dermocosmetology; the purpose of this work has been to go deeper into
the knowledge of cutaneous damage underlying these modifications of skin surface. Up to now, the
number of published works about the histological structure of wrinkles is not very large. Therefore to
complete the findings, we studied 46 subjects of both sexes, between 57 and 98-year-old, enabling us
to obtain 157 skin biopsies of wrinkles (face) and sun-protected areas (abdomen). We used different
histological techniques involving histochemistry, immunohistochemistry, electron microscopy and
quantification by image analysis in addition to classic standard techniques. This study has allowed us
to confirm published structural modifications of wrinkles, but also to display many other original
alterations. The increased thinning of the epidermis atrophied with age is confirmed by the study of
desmoplakins outlining the cellular contours of keratinocytes. Such a thinning is accompanied by a
decrease in several markers of epidermal differentiation at the bottom of the wrinkles: filaggrin,
keratohyalin granules and transglutaminase I, disturbing desquamation and the capacity of the
horny layer to retain water. The dermoepidermal junction is modified by a decrease of collagen IV and
VII, which, combined with fewer and fewer oxytalan fibres under wrinkles, weakens this interface.
The deposition of abnormal elastotic tissue in the dermis, with an interruption of these deposits
under wrinkles and an atrophy of dermal collagen more pronounced under wrinkles, boosts the
magnitude and depth of wrinkles. The composition of the other dermal constituents is also altered
with, more particularly, a marked decrease of chondroitin sulphates in the papillary dermis under
wrinkles, combined with an asymmetrical variation of glycosaminoglycans on both edges of
wrinkles. The atrophy of the hypodermis, also more marked under wrinkles, with a thickening of
fibrous lines, also makes the depth of wrinkles more pronounced. Wrinkle formation appears at the
same time as numerous modifications in different cutaneous structures, which may be mutually
amplified. Such a study by pointing out altered elements in skin physiology, makes the development
of specific treatments possible in order to mitigate this unwelcome cutaneous deterioration.
Key words: collagen IV, collagen VII, glycosaminoglycans, histological study, wrinkles

Wrinkles are folds of the skin, more frequent on the face
and the hands, more numerous with age. Wrinkles are
therefore an outward sign of cutaneous ageing appearing preferentially on sun-exposed areas (actinic ageing).
Moreover, they can be increased by various intrinsic
(hereditary, racial, hormonal, pathological) or extrinsic
factors (irradiation, pollution, temperature, hygrometry).1
Wrinkles are a major topic in dermocosmetics as it is
Correspondence: G.Pauly.
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fundamental to understand thoroughly the underlying
cutaneous changes associated with these modifications
of cutaneous relief. Previous work has described
changes in the epidermis, which becomes thinner
during chronological ageing. This thinning is worse at
the deepest portion of the wrinkle, with or without
reduction of the number of cellular layers.2,3 The
dermoepidermal junction (DEJ) becomes flatter during
ageing; this flattening, as well as the reduction of
q 1999 British Association of Dermatologists

HISTOLOGY OF WRINKLES

collagen VII, are considered to be factors in the formation of wrinkles.4–6 The dermis and hypodermis become
atrophied during ageing, with a reduction of collagen,2,7 of certain glycosaminoglycans (GAG)8–11 and
of the adipose tissue of the hypodermis.2,12 These
reductions lead to wrinkle formation. On the other
hand, elastic tissue hypertrophy produces huge
amounts of elastotic material, which increases the
magnitude of the wrinkles.2,7,13–15
Fibres like candelabra extend perpendicularly from
the lamina densa of the DEJ into the papillary dermis
where they merge with a horizontal network of elastincontaining fibres to form a continuous dermal elastic
fibre network. These fibres are named oxytalan fibres.16
These elastic fibres are mainly composed of elastin and
two glycoproteins named fibrillin and microfibril-associated glycoprotein (MAGP). During ageing, oxytalan
fibres decrease or disappear totally.13,17
In photoaged skin, the elastic tissue undergoes hyperplasia18 with a marked proliferation of elastic tissue in
the reticular dermis named actinic elastosis.19 On the
other hand, there is a severe decrease or disappearance
of oxytalan fibres, forming a Grenz zone in the papillary
dermis.19 Severe depletion and reorganization of fibrillin
at the DEJ of both mild and severely photoaged skin
indicates that the fibrillin microfibrillar network of the
papillary dermis is particularly susceptible to degradation by ultraviolet (UV) irradiation.20 Their variations
at the level of wrinkles have not been reported yet.
Lapière,1 Pierard and Lapière,21 and Elnekave12 have
also described the trabeculae in the retinacula cutis,
which are broader and much shorter beneath the
wrinkle; these modifications amplify the depth of wrinkles. However, there are very few comprehensive publications concerning the histological structure of
wrinkles. This gave us the incentive to carry out this
research.

Materials and methods
Subjects
Biopsies were obtained from the skin of elderly people
recently deceased, who had donated their bodies to the
departments of anatomy and pathology of the Universities of Medecine in Paris V and Nancy. The 157
biopsies came from wrinkles of the face (crow’s feet,
forehead, cheek, chin), from the neck and from a area
usually not sun-exposed (abdomen). The biopsies of 46
people (17 men and 29 women) aged from 57 to
98 years (mean age 80 years), and without local or
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infectious pathology, were investigated. For wrinkles,
biopsies were taken transversely to the principal axis,
including the skin of both sides.
Histological techniques
We used different histological techniques involving
histochemistry, immunohistochemistry (IHC), electron
microscopy and quantification by image analysis, in
addition to classic standard techniques. Only significant
results are presented for the 10 techniques. The wrinkles were investigated by light microscopy (LM), confocal laser scanning microscopy (CLSM), scanning
electron microscopy (ScEM), and transmission electron
microscopy (TEM). Tissues were either frozen immediately in liquid nitrogen for immunofluorescence study,
or fixed [paraformaldehyde (PF), Bouin Holland (BH) or
Gendre (G)] and embedded in paraffin for light microscopy, or fixed for TEM.
Light microscopy
The paraffin blocks were cut, perpendicularly to the
principal axis of the wrinkle, into sections of 7 mm
thickness, and then stained by various techniques:
haematoxylin-eosin-saffron (PF) and Masson’s trichrome (BH) were used for standard studies, picrofuchsin (BH) and Sirius red (BH) for the collagen study,
Weigert (PF) and orcein (PF), with and without oxidation, for elastic network study, PAS Dimédon (G) for
glycogen, blue alcian and PAS-blue alcian (PF) at
different pH for GAG study.
Electron microscopy
The samples of tissue were fixed in 2·5% glutaraldehyde
in phosphate buffer (pH 7·5) for 2 h at room temperature. Subsequently, they were postfixed in osmium
tetroxide 1% for 1 h at room temperature. The samples
of tissue were dehydrated through a graded series of
ethanols, then immersed in propylene oxide and
embedded in Epon 512. These samples were either cut
into sections of 1 mm thickness (these sections were
stained by methylene-azur II blue-basic fuchsin for LM
observation), or cut at 60 nm thickness, mounted on
Formvar-coated copper grids and stained with uranyl
acetate and lead citrate for TEM observation. A part of
frozen biopsies were fixed, critically point-dried, and
coated with a thin layer of gold palladium for the
ScEM study. The biopsies taken from the skin of the
abdomen of each person served as individual controls.

q 1999 British Association of Dermatologists, British Journal of Dermatology, 140, 1038–1047
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An additional control was provided by biopsies done
during surgical operations of 10 young adults.
Immunohistochemistry
Primary monoclonal antibodies used in this study
include antibodies (MIB1) against cellular proliferation
associated antigen Ki67 (diluted 1 : 50), and HB8
against a small epitope expressed on elastic fibre glycoprotein (diluted 1 : 30, Immunotech SA, Marseille,
France), and antibodies against: filaggrin (diluted
1 : 100), transglutaminase 1 (diluted 1 : 20, Clinisciences, Montrouge, France), desmoplakins I and II
(diluted 1 : 40, Boehringer Mannheim, Mannheim, Germany), collagen VII (diluted 1 : 250, Serotec, Oxford,
U.K.), collagen IV (diluted 1 : 250) and chondroitin
sulphates (diluted 1 : 200, Sigma, St Quentin Fallavier,
France). Cryostat sections of 10 mm of thickness were
stained for immunofluorescence studies. In brief, frozen
sections were fixed in acetone (excepted filaggrin fixed in
a mixture of picric acid and paraformaldehyde) for
10 min, then air-dried, stained in a humid chamber
with monoclonal antibody for 18 h at 4 8C. After being
washed in phosphate-buffered saline (PBS) pH 7·2, antibodies were revealed by a specific immunoglobulin
marked by fluorescein isothiocyanate diluted 1 : 50,
applied for 30 min. Sections were washed again, counterstained with Evans blue and mounted in buffered
glycerine. Negative controls for the specificity of staining
consisted in replacing the primary antibody or the
secondary antibody by PBS. Sections were analysed by
confocal laser scanning microscopy (Zeiss, Le Pecq,
France) and pictures were recorded for quantification
and illustrations.
Quantification of immunohistochemical preparations
Pictures obtained with CLSM were converted to colour
numeric images, in RGB, with 8 bits per channel, and
256 shades of colour. These images were analysed using
mathematical morphology software (Quantimet Q570,
Cambridge, Rueil-Malmaison, France).
First, the area containing the structure to be studied
was delimited and measured (area A), the epidermis was
manually delimited, the DEJ was manually drawn, then
a similar dilatation was applied towards the epidermis and
dermis to allow the full covering of the immunostaining.
In the dermis, the measurement area was obtained with
an even depth down in the dermis from the DEJ, using a
dilatation of 40 mm for the measure of oxytalan fibres
and a dilatation of 65 mm for the measure of chondroitin

sulphates. Secondly, the immunofluorescent dye (green),
corresponding to the antibody studied was detected in
this area A and measured as area B. Then the area
fraction occupied by the structure was calculated (B/A
in %). Results were expressed in percentage of reactive
surface for each zone: bottom of the wrinkle, flanks of the
wrinkle, sun-exposed zone adjacent to the wrinkle and
control sun-protected zone (abdomen). The counting of
the number of cellular living layers in the epidermis was
made manually, on pictures with desmoplakin immunostaining, by two examiners.
Statistics
The results represent means of percentage of reactive
surface obtained from several subjects 6 standard error
mean (SEM). The significance of differences between
wrinkles and other zones was examined with the Wilcoxon signed rank test, using the software Statview F
(version 4.5). We considered P < 0·05 to be significant.

Results
The epidermis of aged skin is thinned. The thickness of
human skin and epidermis are variable, depending on
the body localization. We have confirmed the marked
atrophy of abdomen skin and epidermis in relation with
ageing (data not published). On the other hand, the
estimation of this atrophy was more difficult on the face,
because of the marked variations in thickness between
the studied zones: forehead, crow’s feet, cheek, chin.
However, on each wrinkle biopsy, we have observed that
the thickness of epidermis stratum spinosum is generally thinner at the bottom of the wrinkle than on the
wrinkles’ flanks (Fig. 1a). The desmoplakins detection
(entering into desmosomes composition) enabled us to
visualize distinctly the cellular contours of keratinocytes
and to prove that the reduction of epidermis thickness
corresponds to reduction of the number of cellular
layers (Fig. 2d).
On the other hand, the stratum corneum of the
wrinkle is often thickened by an accumulation of
corneocytes forming a real horny plug (Fig. 1a), well
characterized by ScEM (Fig. 1b,c). This disruption of
desquamation has been confirmed by variations of
several elements marking the cellular differentiation
of stratum granulosum: keratohyalin granules are
more abundant on the flanks of the wrinkle and less
numerous at the bottom of the same wrinkle (Fig. 3a–c).
Filaggrin and transglutaminase I displayed by IHC were
significantly decreased at the bottom compared with the

q 1999 British Association of Dermatologists, British Journal of Dermatology, 140, 1038–1047
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Figure 1. (a) Thinning of the epidermis more pronounced at the bottom of the wrinkle (arrow) and presence of a horny plug (star); scale
bar ¼ 20 mm. (b,c) Wrinkle with horny plug (star) observed with SECM. Scale bar: b ¼ 200 mm, c ¼ 50 mm. E ¼ epidermis, D ¼ dermis.

Figure 2. Epidermis. Comparison of immunolabelling (green) of desmoplakins (a,d), filaggrin (b,e) and transglutaminase (c,f) between nonsun-exposed skin (abdomen a–c) and wrinkle (d–f). The epidermis is thinned at the bottom of the wrinkle (d) (arrow). Filaggrin and
transglutaminase are distinctly reduced at the bottom of the wrinkle (e,f) (arrow) in comparison with abdomen skin. (a–c) Scale bar ¼ 50 mm.
q 1999 British Association of Dermatologists, British Journal of Dermatology, 140, 1038–1047
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Figure 3. Keratohyalin granules in
transmission electron microscopy. On the
one hand, keratohyalin granules are
reduced at the bottom of the wrinkle (a,c,
arrow) and on the other hand, they are
increased at flanks of the wrinkle (a,b,
arrowhead). Scale bar: a ¼ 5 mm, b and
c ¼ 2 mm. E ¼ epidermis, D ¼ dermis.

flanks of the wrinkle and with control zones
(Fig. 2b,c,e,f). On the other hand, cellular activity,
evaluated by Ki 67, was not significantly modified.
The DEJ flattens and becomes linear during ageing.
This is due to a disappearance of dermal papillae and
epidermal buds. At the bottom of the wrinkle, the DEJ
shows modifications of collagens IV and VII that
decreased distinctly and significantly in relation to the
flanks and to control zones (Fig. 4a,b,d,e).
In the dermis, we have found some modifications due
to ageing (collagen atrophy, which is more marked
under the wrinkle) as well as changes of the elastic
tissue, which was strongly modified in zones exposed to
actinic radiation with the formation of voluminous
masses of elastotic tissue. This elastotic tissue forms
real pads on each side of the wrinkle and is interrupted
at the bottom of the wrinkle.
The oxytalan fibres were already decreased under

sun-exposed epidermis in comparison with non-sunexposed skin (abdomen). They were even more sparse
under the bottom of the wrinkle, with a trend to early
disappearance due to age (Fig. 5a–c). This reduction
was statistically significant.
The GAG chondroitin sulphates were modified with
age and solar irradiation. Moreover, chondroitin sulphates were strongly decreased under the bottom of the
wrinkle with asymmetric variations of both wrinkle
flanks, in comparison with control zones (Fig. 4c,f ). We
have also confirmed the atrophy of the hypodermis with
fibrous trabeculae thickening, more pronounced under
the wrinkle. The results are summarized in Figure 6.

Discussion
This study reveals new details about the structure of the
permanent wrinkles in the ageing process.2,7,13–15 Both
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Figure 4. Dermal–epidermal junction and dermis. Comparison of immunolabelling (green) of collagen IV (a,d), collagen VII (b,e) and chondroitin
sulphates (c,f) between non-sun-exposed skin (abdomen ¼ a–c) and wrinkle (d–f). A marked reduction of labelling at the bottom of the wrinkle
(arrow, d–f) in comparison with the skin of the abdomen (a–c) has been observed; for the last wrinkle (f), which is around the mouth, the epidermis
is thicker, but the diminution of chondroitin sulphates at the bottom of the wrinkle is more important in this location. Scale bar ¼ 50 mm.
E ¼ epidermis, D ¼ dermis.

ageing and actinic irradiation induce an atrophy of all
cutaneous structures, with the exception of dermal
elastic tissue, which presents an important elastotic
hypertrophy. At the level of the wrinkle, all these
changes are even more pronounced, except solar elastosis which either decreases or disappears under the
wrinkle.14 In the epidermis, desmoplakins are proteins
entering the composition of desmosomes. Detected by
IHC, they allow us to visualize the contours of keratinocytes and so to demonstrate a reduction in the
number of cellular layers. This shows an atrophy of
the living layers of epidermis.2,3 Wright and Shellow15
only talked about a simple compression of the epidermis,
without reduction of the number of cellular layers.
On the other hand, the accumulation of horny cells in
some wrinkles indicates a disturbance in differentiation
or in the desquamation process. These modifications
were identified by the IHC study of profilaggrin/filaggrin.
Filaggrin aggregates filaments of keratin, generates

through its degradation a pool of natural moisturising
factors, which are indispensable for the preservation
of epidermis structure and functions, and takes part in
the composition of horny envelopes.22–24 Studies by
Tezuka et al.25 reported the absence of variation of the
filaggrin in the skin of face, between young and aged
subjects. In the same subject, we have not observed any
variation of filaggrin between non-sun-exposed skin
of the abdomen and sun-exposed non-wrinkled skin of
face. On the other hand, filaggrin is strongly and
significantly reduced under the wrinkle, in the same
way as are keratohyalin granules. These are clearly
visible by electron microscopy thanks to their opacity
to electrons. They constitute storage organs of whole
presynthesized structural proteins which are necessary
during cornification. The main components of keratohyalin granules are filaggrin and loricrin.26 Moreover,
transglutaminase I, responsible for the ‘fragile-type’
horny envelope, is also reduced under the wrinkle.27–29
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These modifications in the epidermal differentiation
markers substantiate disruption of keratinization and
desquamation at the level of the bottom of wrinkle, as
well as reduction of water retention by the horny layers.
Collagen IV is an important component of the DEJ.
The mesh-net formed by its polymerization will be used
as a framework for other molecules of the DEJ.30 In our
study we have found no difference in the distribution
and the intensity of the collagen IV between the sunprotected skin (abdomen) and the sun-exposed nonwrinkled zones. These results are consistent with a
recent investigation of Boorsma et al.31 They examined
the distribution of collagen IV in photoaged vs. photoprotected skin using IHC and confocal microscopy. They
found no significant alteration in the pattern of collagen
IV type deposition in photoaged skin. On the other
hand, we observed significant diminution of collagen
IV at the bottom of the wrinkles. The collagen IV forms a
network, highly cross-linked and is considered to maintain mechanical stability.30 The diminution of collagen
IV weakens this epidermal–dermal interface and can
break the mechanical stability.
Collagen VII is the principal constituent of the
anchoring fibrils, attachment structures that play an
major part in stabilizing the association of basement
membrane zone to the underlying papillary dermis.32,33
Previous studies have shown that UV irradiation could
modify the expression of collagen VII. Chen et al.33
demonstrated a UVA-induced enhancement of type VII
collagen gene expression correlated with an increase in
its proteins secreted into the conditioned medium in
human cultured fibroblasts. In contrast, they have
found a slight decrease in type VII collagen mRNA
level in UVA-irradiated human cultured keratinocytes.33 Investigation of collagen VII expression in
biopsies of photodamaged forearm skin, sun-protected
hip and upper inner arm skin from the same subject
have also shown variations. In photodamaged skin, the
number of anchoring fibrils was significantly lower and

Figure 5. Oxytalan fibres. Comparison of elastic fibres aspect and
distribution revealed by immunohistochemistry (green) between nonsun-exposed skin (abdomen, a), sun-exposed non-wrinkled skin of face
(b), and sun-exposed wrinkled skin of face (c). A distinct diminution of
oxytalan fibres (arrow) in sun-exposed skin (b,c) in comparison with
the non-sun-exposed skin of the abdomen (a) has been observed.
Fibres have nearly disappeared under the wrinkle (c, arrowhead). The
reticular fibres (asterisk) are distributed along the dermoepidermal
junction in the sun-protected zone (a). In the sun-exposed skin (b,c)
elastotic tissue formation was noted (star). Scale bar ¼ 50 mm.
E ¼ epidermis, D ¼ dermis.
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Figure 6. Quantification of different
markers of abdomen skin (non-sun-exposed
skin, a), sun-exposed non-wrinkled skin of
face (b), and sun-exposed wrinkled skin of
the face (c–e). At the level of the wrinkle,
the bottom of the wrinkle (d) and the two
flanks of the wrinkle (c and e) were studied.
Data are mean 6 SEM (five to eight subjects
per marker). Significance level was P < 0·05
(*), using the Wilcoxon signed rank test.
For all these markers, we showed a strong
decrease, generally significant, at the
bottom of the wrinkle.

keratinocyte expression of collagen VII mRNA was
significantly reduced, as compared with sun-protected
areas (hip and inner arm). However, they have found a
non-significant reduction of immunohistochemical
staining for collagen VII in photodamaged skin as
compared with sun-protected skin.5 We demonstrated
a diminution of immunohistochemical staining for
collagen VII in sun-wrinkled skin by comparison with
sun-exposed non-wrinkled or non-sun-exposed skins.
This diminution was amplified at the bottom of the

wrinkle. It has not been investigated whether the
diminution could result from a collagen VII decrease
in synthesis and/or an increased breakdown (by metalloproteinase). The diminution of collagen VII by weakening the bond between epidermis and dermis could
contribute to the formation of the wrinkle.5
Chondroitin sulphates are important GAGs in dermal
function. They consolidate collagen fibres and participate in cutaneous hydration. Chondroitin sulphates are
decreased during ageing.10 This reduction is amplified
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by actinic irradiation. Under the wrinkle, the reduction
of chondroitin sulphates is even more pronounced,
which accentuates disruption at this level. The asymmetric variations on the two flanks of the wrinkle may
be explained by a difference of exposure to actinic
irradiation.
The dermal elastic network has been visualized
thanks to an antibody which labels an elastic fibre
glycoprotein.34 In young skin controls, papillary
dermis fibres are very thin and perpendicular to the
DEJ. They correspond to oxytalan fibres. At the junction
between papillary and reticular dermis, eulanine fibres
form a horizontal plexus. In deep skin, they are sustained by mature elastic fibres of the reticular dermis.
Those fibres are more voluminous and distributed
parallel to the DEJ. Reduction of oxytalan fibres has
been observed during chronological ageing.2 This
diminution has been even amplified by actinic exposure.
Under the wrinkle, the oxytalan fibres are either more
sparse or have disappeared.
Moreover, we have confirmed variation of elastotic
tissue (hypertrophied on flanks of the wrinkle and
rarefied or absent under the wrinkle),14 as well as
atrophy of the dermal collagen and the hypodermis2,12
under the wrinkle with fibrous trabeculae thickening,1,12,21 which again increases the magnitude of
wrinkles.
In conclusion, our results confirm that wrinkle formation appears at the same time as numerous modifications in different cutaneous structures, which may be
mutually amplified. Pointing out the disturbed elements,
in relation to wrinkle formation, this study will probably
help to find specific treatments to fight these undesired
modifications.
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