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N ew strategies to improve skin barrier homeostasis
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Abstract

The uppermost thin layer, stratum corneum, plays a crucial role as a water impermeable barrier. After acute damage, it
recovers automatically, but with aging or psychological stress, the recovery is delayed. Frequent damage, or damage under a
dry environment, induces epidermal hyperplasia or inflammation. A specific protease inhibitor, histamine antagonist, and
some magnesium salts have been demonstrated to accelerate the barrier recovery. These treatments also mitigated the
epidermal hyperplasia induced by repeated barrier disruption or the damage under a dry condition. For the delay of the
barrier repair induced by psychological stress, a glucocorticoid receptor antagonist or reduction of the stress by some specific
odorant was significantly effective. Recently, the ion flux in the epidermis was found to be crucial for the barrier
homeostasis. An external negative electric field accelerated the skin barrier recovery. These new methods to improve skin
barrier homeostasis could be useful strategies to solve skin problems.
 2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction covery after artificial barrier disruption [7,8].
Glucocorticoids in serum might mediate skin homeo-

The stratum corneum plays a crucial role as a stasis through the central nervous system [8]. There
water impermeable barrier. It is composed of two is a circadian rhythm in the stratum corneum barrier
components, i.e. protein-rich nonviable cells and homeostasis [9]. With aging, the stratum corneum
intercellular lipid domains [1]. When the barrier barrier becomes fragile and recovery is delayed [10].
function is damaged by a surfactant, organic solvent, Thus, improvement of the barrier function would be
or tape stripping, a series of homeostatic systems is needed to prevent skin problems for people in
accelerated and the barrier function recovers its today’s world.
original level [1]. Firstly, exocytosis of lipid-con- Several methods to accelerate the skin barrier
taining granules, lamellar bodies, is accelerated and repair by regulation of non-lipid factors such as
the inside lipids are secreted into the intercellular enzymes and ions have been reported [11–13] (Table
domain between the stratum granulosum and stratum 1). Acceleration of the barrier repair improved skin
corneum and form the water impermeable membrane conditions such as epidermal hyperplasia [11,13].
[1]. Then, lipid synthesis and processing are acceler- Studies on the biochemical and biophysical functions
ated and finally the barrier function recovers to its associated with the epidermal barrier homeostasis are
original level [1]. However, acute disruption of the important for clinical dermatology. In the present
barrier also results in an increase in epidermal DNA article, I describe several new methods to improve
synthesis [2] and cytokine production [3]. Even if the skin barrier homeostasis from different viewpoints of
damage of the barrier is relatively small, when it is skin biology.
repeated [4] or under low environmental humidity
[5], the damage induces obvious epidermal hyper-
plasia and inflammation. Various kinds of dermato- 2 . Biochemical methods
ses, such as atopic dermatitis, psoriasis, and contact
dermatitis, are associated with barrier dysfunction 2 .1. Topical application of lipids
[6]. Moreover, recent studies suggested that environ-
mental or intrinsic factors affect cutaneous barrier As described above, lipids play a crucial role for
homeostasis. Psychological stress delays barrier re- the water impermeable barrier function of the skin.

Table 1
Strategies to regulate skin barrier recovery rate

Lipids (Refs. [14,15]) Optimized mixture of physiologic
lipids (ceramide, cholesterol, fatty acid) Accelerate
Single lipid or double mixture of physiologic lipids Delay

Protease inhibitors (Ref. [11]) Trypsin-like serine protease inhibitor Accelerate
Plasminogen activator inhibitor Accelerate

Salts (Ref. [12,27]) Calcium Delay
Potassium Delay
Magnesium Accelerate
Magnesium1 calcium Accelerate

Histamine receptor H1 receptor antagonist Accelerate
antagonists (Ref. [13])

H2 receptor antagonist Accelerate
H3 receptor antagonist No effect
Histamine or histamine Delay
releaser

Nuclear hormone PPARa activator Accelerate
receptor activator (Ref. [19])
External electric potential (Ref. [31]) Positive potential Delay

Negative potential Accelerate
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Damaged barrier function can be restored by topical recovery. Moreover, topical application of t-
application of a water impermeable substance such AMCHA mitigated epidermal hyperplasia induced
as petrolatum [14]. In this case, the petrolatum stays by repeated barrier disruption. These findings sug-
in the stratum corneum and forms a water imperme- gested that manipulations that injure the stratum
able membrane. However, Man et al. demonstrated corneum activate the plasminogen/plasmin system
that a topically applied mixture of stratum corneum and the increase of the extracellular protease activity
lipids, i.e. ceramide, cholesterol and free fatty acids, is detrimental to barrier repair and may induce
was incorporated in the nucleated layer of epidermis pathologic changes in the skin. Kitamura et al. also
and accelerated repair of the barrier function after its reported [18] the efficacy of this agent to dry skin.
damage [15]. They were the first to report a method The protease balance might be important for the
to accelerate the barrier recovery by regulating barrier homeostasis and skin pathology.
endogenous factors in the epidermis. Interestingly,
when they applied ceramide, cholesterol, or free fatty

2 .3. Nuclear hormone receptor activator
acid alone, or a mixture of two of these, the barrier
recovery was delayed. Only when they applied the

Feingold and co-workers demonstrated an impor-
mixture of all three lipids, at a specific relative ratio,

tant role of nuclear hormone receptor on epidermal
was the barrier recovery accelerated [15]. These

differentiation and stratum corneum barrier forma-
results suggest that a balance of the three lipids is

tion. Activation of PPARa by farnesol also stimu-
crucial for the skin barrier homeostasis.

lated the differentiation of epidermal keratinocytes
In the case of aging, a different treatment might be

[19,20]. Cornified envelope formation, involcrin and
necessary because of the different metabolism of

transglutaminase protein and mRNA levels were also
aged skin. Previously, Ghadially et al. demonstrated

increased by the activation of PPARa. Interestingly,
that skin barrier function in elderly subjects was

the inflammatory response was also inhibited by the
destroyed more easily than that in young individuals

treatment [21]. They also showed that topical appli-
[10]. Moreover, barrier recovery rate after barrier

cation of PPARa activators accelerated the barrier
disruption was significantly slower for the elderly

recovery after tape stripping or acetone treatment and
subjects than that for the younger ones. The same

prevented the epidermal hyperplasia induced by
tendency was observed in both humans and hairless

repeated barrier disruption [19]. Regulation of the
mice. The authors also suggested that synthesis of

nuclear hormone receptor would open a new possi-
cholesterol is reduced more than that of other lipids,

bility for improvement of the cutaneous barrier.
i.e. ceramide and fatty acids in the aged mice. The
delay of barrier recovery with aging was improved
by topical application of cholesterol [16] or 2 .4. Histamine receptor antagonist
mevalonic acid [17], because the delay of the aged
skin was caused by a decrease of cholesterol syn- Histamine receptors are related to skin barrier
thesis. function [13]. Three different types of histamine

receptors, H1, H2 and H3 have been reported.
2 .2. Protease inhibitor Firstly, topical application of histamine H1 and H2

receptor antagonists accelerated the barrier repair.
Denda et al. previously demonstrated [11] that Histamine itself, H2 receptor agonist, and histamine

trans-4-(aminomethyl) cyclohexane carboxylic acid releaser delayed the barrier repair. Histamine H3
(t-AMCHA), an anti-fibrinolytic agent that activates receptor antagonist and agonist did not affect the
plasminogen, improved the barrier homeostasis and barrier recovery rate. Topical application of the H1
whole skin condition. After barrier disruption, and H2 receptor antagonists prevented the epidermal
proteolytic activity in the epidermis increased within hyperplasia induced by barrier disruption under low
1–2 h. This increase was inhibited by t-AMCHA. humidity. The mechanism of the relationship be-
Topical application of t-AMCHA or trypsin-like tween the histamine receptors and the barrier repair
serine protease inhibitors accelerated the barrier process has not been elucidated yet.



S126 M. Denda / Advanced Drug Delivery Reviews 54 Suppl. 1 (2002)S123–S130

3 . Psychological stress and barrier homeostasis 4 . Ion dynamics in the epidermis

As described above, psychological stress adversely4 .1. Ions
affects the barrier homeostasis. Three different
models of psychological stress have been proposed, Lipid metabolism is regulated by a series of
i.e. immobilization, crowded environment and ex- enzymes in the epidermis [1] and each of them has
changing the living place [8,9]. In each case, the their optimal condition such as pH [26] and other ion
barrier recovery rate delayed after barrier disruption. balance [12]. For example, the pH value of the
The plasma corticosterone level was increased by the healthy stratum corneum is kept acidic because the
stress and it was reduced by application of a sedative lipid processing enzymes have an acidic optimal pH.
drug [9]. The delay of barrier repair induced by Mauro et al. [26] demonstrated that topical applica-
psychological stress was also prevented by applica- tion of a basic buffer after barrier disruption delayed
tion of a sedative drug or glucocorticoid receptor the repair process because the basic condition per-
antagonist [9]. These results suggest that psychologi- turbs the lipid processing.
cal stress stimulates increased production of Other ions such as calcium and magnesium
glucocorticoids, which, in turn, adversely affects skin [12,27–30] also play important roles in the lipid
barrier homeostasis (Fig. 1). The effect of psycho- metabolism in the epidermis. Previous studies dem-
logical stress on skin barrier homeostasis in humans onstrated that the topical application of calcium or
has also been reported [22]. Reduction of psycholog- potassium reduced the barrier repair [27,28] and
ical stress might accelerate the skin barrier repair magnesium and a mixture of calcium and magnesium
process. Previously, several articles demonstrated salts accelerated the repair process [12]. Topical
that some odorants have an effect of reducing the application of an aqueous solution containing 10 mM
stress like a sedative drug [23,24]. The odorants, magnesium chloride, magnesium sulfate, and mag-
which have a sedative effect, prevented the delay in nesium lactate accelerated barrier repair. Application
skin barrier recovery induced by psychological stress of magnesium bis(dihydrogen phosphate) or mag-
in both mice and humans [22,25]. These results nesium chloride in PBS solution did not affect the
suggest the possibility of a new skin care strategy by barrier recovery rate. Application of 10 mM calcium
specific odorant inhalation. chloride aqueous solution delayed the barrier repair

Fig. 1. Psychological stress increases glucocorticoid in the serum and delays the skin barrier repair consequently. Reduction of the stress by
a sedative drug or specific odorant prevents the delay of the barrier repair. Glucocorticoid receptor antagonist also blocks the delay.
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but a mixture of calcium chloride and magnesium 4 .2. Electric potential
chloride accelerated barrier recovery when the cal-
cium to magnesium molar ratio was lower than 1. The heterogeneous field formed by ions such as
Application of the mixture also improved the con- calcium, magnesium and potassium might be crucial
dition of dry, scaly skin induced by SDS treatment. for the terminal differentiation and barrier formation
These results suggest an important role of these ions in the epidermis (Fig. 2). Recently, the external
in barrier homeostasis. electric potential has been shown to regulate the ion

Fig. 2. Heterogeneous ionic field exists in the epidermis and the specific gradation of calcium, magnesium and potassium disappeared
immediately with barrier disruption. Arrows show the living layer of the epidermis. Arranged from Ref. [29].
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gradation in the epidermis and skin barrier homeosta- automatically [1]. When the skin is exposed to low
sis consequently [31]. Application of a negative environmental humidity, the stratum corneum be-
electric potential on hairless mice skin after barrier comes thick and the barrier function stimulated to
disruption significantly accelerated the barrier re- adapt to its environmental condition [32]. The basic
covery. On the other hand, application of a positive mechanism of the smart system has not been clarified
potential delayed the barrier repair. Under a negative yet, but ion dynamics in the epidermis plays an
potential, the extent of epidermal lamellar body important role as a signaling system as described
exocytosis into the stratum corneum/stratum above. Recently, the existence and function of
granulosum interface increased. Magnesium and vanilloid receptor subtype 1 (VR1) in epidermal
calcium ion concentrations in the uppermost epi- keratinocytes has been demonstrated [33,34] (Fig. 3).
dermis were obviously higher in the portion where Originally, VR1 was discovered as a polymodal pain
the positive electric potential was applied. Methods receptor in the nerve system. Previous studies also
to improve skin barrier homeostasis without topical showed that several other receptors that play im-
application of any bioactive chemical materials portant roles in the nerve system exist in keratino-
might be novel therapeutic approaches to cure the cytes. Many of them are associated with ion dy-
skin disorders associated with abnormal barrier namics in the central or peripheral nerve system
function or ion dynamics. [35–37]. Both the central nerve system and epi-

dermis are ectoderm-derived organs. The basic sig-
4 .3. Thinking epidermis naling mechanism of the two systems might be

similar to each other. As described above, skin
The epidermis is an intelligent organ in its barrier barrier function is also regulated by ion dynamics.

function. When the barrier is damaged, it recovers Thus, the receptors might play a crucial role in skin

Fig. 3. Pain receptor VR1 is localized in human epidermal keratinocytes. (A) Skin tissue staining with VR1 antiserum. (B) Merged image
with A, DAPI staining, and bright field image. Asterisk shows stratum corneum. (C) Cultured human keratinocytes staining with VR1
antiserum (arrows). Bar, 100mm. Arranged from Refs. [33,34].
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