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Aging of the skin barrier
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Abstract The skin barrier is mainly present in the stratum corneum (SC), composed of corneocytes sur-
rounded by intercellular lipid lamellae, and attached by corneodesmosome. The tight junction attached
to the lateral walls of keratinocytes in the upper part of the stratum granulosum is also included in the skin
barrier. During aging, the following structures and functions of the skin barrier are changed or disturbed:
(1) skin barrier structure, (2) permeability barrier function, (3) epidermal calcium gradient, (4) epidermal
lipid synthesis and SC lipid processing, (5) cytokine production and response after insults, (6) SC acidity,
(7) SC hydration, and (8) antimicrobial barrier. Patients with diabetes also show changes in the skin bar-
rier similar to those in aged skin, and the characteristics of the skin barrier are very similar. Understanding
the pathogenic mechanisms of the skin barrier in aging will permit us to develop therapeutic strategies for
aged or diabetic skin.
© 2019 Elsevier Inc. All rights reserved.
Skin barrier structural changes with aging

A basic concept of the skin barrier has been developed af-
ter an introduction of the two-compartment organization,
such as the “bricks and mortar” model.1 The skin barrier
mainly resides in the stratum corneum (SC), composed of
corneocytes (“the bricks”), surrounded by intercellular lipid
lamellae (“the mortar”), and attached by corneodesmosome
(CD) (“the rivets”). Recently, the tight junction (TJ) attached
to lateral walls of keratinocytes in the upper part of the stra-
tum granulosum (SG) was included in the skin barrier. Cor-
neocytes contribute to structural stability and elasticity due
to their main composition, mainly keratin fibrils. The SC in-
tercellular lipids, composed of ceramides, cholesterol, and
free fatty acids, function as a blocker of transepidermal water
loss (TEWL) and barrier to transcutaneous penetration of ex-
ternal harmful agents.2 Keratin filaments occupy 80% to 90%
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of the corneocytes and form the macrofibrils by crosslinking
with the cornified envelope (CE) of the corneocytes. The SC
lipid layer is covalently attached to the external surface of the
CE proteins of fully differentiated corneocytes. This corni-
fied lipid envelop (CLE) consisted of ω-hydroxyceramide co-
valently attached to CE proteins such as involucrin.3 The ω-
hydroxyl group on the ceramides is required for CLE forma-
tion4; thus, the CE is an effective physical and water imper-
meable barrier. TJ proteins, the major regulators of barrier
function in simple epithelium, were identified in the human
skin.5 TJs localize in the SG6 and contribute to epidermal
barrier formation (Figure 1).

Structural changes in aged skin resulted from combined and
cumulative effects of intrinsic and extrinsic aging.7 Skin aging
has been divided into intrinsic and extrinsic. Intrinsic aging
(chronologic aging) presents functional rather thanmorphologic
changes. Extrinsic aging (photoaging) presents structural and
physiologic changes due to chronic sun exposure.

In aged epidermis, the number of SC layers is significantly
increased compared with that in younger skin. The epidermis
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Fig. 1 Basic structure of the skin barrier. The skin barrier mainly resides in the stratum corneum (SC) composed of corneocytes (the bricks)
surrounded by intercellular lipid lamellae (the mortar) and attached by corneodesmosome (CD) (the rivets). Recently, the tight junction (TJ)
attaching to lateral walls of keratinocytes in the upper stratum granulosum (SG) was included in the basic skin barrier structure. Keratin fila-
ments form the macrofibrils by crosslinking with the cornified envelope (CE) of the corneocytes. The SC lipid layer is covalently attached
to the external surface of the CE proteins of fully differentiated corneocytes, which forms the cornified lipid envelop (CLE).
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shows remarkable structural changes with aging, which in-
clude epidermal thinning, flattening of the rete ridges, and
orthokeratosis. A photoaged epidermis presents more disor-
ganized cellular maturation with some cytologic atypia, a sig-
nificant decrease in Langerhans cells, and an uneven
distribution of melanocytes in the basal layer.8 Individual
keratohyalin granules are much smaller and more broadly
distributed throughout the SG cells with aging. An aged epi-
dermis shows various changes that imply skin barrier impair-
ment, such as increased transdermal drug delivery, increased
sensitivity to irritants, aggravation of xerosis, and develop-
ment of pruritus.7,9 In aged skin, TJ components such as
claudin-1 and occludin are also decreased.10
Changes in skin barrier function with aging

In humans, significant anatomic variability was noted for
basal TEWL, SC hydration, skin surface pH, and sebum content
in aged skin as well as in young skin. Among all measured fac-
tors, only basal TEWL was significantly lower in the aged
group compared with that in the young group. Comparing
men and women volunteers, none of the four factors showed
significant differences.11 The epidermal permeability barrier
function, as assessed by TEWL rates, is normal or even super-
normal under basal condition in aged skin, presumably due to
a decrease in sweating and microcirculation or an increase in
corneocyte cell surface area; however, its functional problems
are revealed only after an insult. SC integrity is impaired, and
the barrier recovery after acute perturbation with tape stripping
is delayed. The time required to reconstitute competent SC is
more than double in the elderly population. The aged skin bar-
rier is disruptedmore easily and repairedmore slowly compared
with the young skin barrier. These defects mainly originate from
an overall deficiency in all key epidermal lipids (especially cho-
lesterol), focal decrease in SC intercellular lamellae, and dimin-
ished lamellar body (LB) secretion (Figure 2).12,13

Whereas these alterations are detectable in chronologically
aged skin, they are further aggravated in the human skin with
superimposed photoaging.8 The effects of ultraviolet B (UVB)
wave on both epidermal barrier function and proliferation with
chronologic aging showed that a single UVB exposure (7.5 min-
imal erythema dose) promoted the development of a barrier ab-
normality (increased TEWL) and DNA synthesis, which were
significantly diminished in intrinsically aged versus youngmouse
epidermis. The transient barrier abnormality at 2 to 3 days after
UVB exposure is attenuated in aged skin compared with young
skin, presumably as a result of a decreased mitogenic response.14
Epidermal calcium gradient is disrupted in aged skin

Epidermal calcium gradient in normal and young skin is
characterized by low calcium ion levels in both the basal
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Fig. 2 Recovery rate after acute barrier perturbation is delayed in
aged skin. Functional problems of aged skin barrier are revealed only
after an insult. Barrier recovery after acute perturbation, such as tape
stripping, is delayed in aged skin compared with that in young skin.
That is, the aged skin barrier is disrupted more easily and repaired more
slowly. These defects mainly originate from an overall deficiency in all
key epidermal lipids, which comprise two-thirds.

ig. 3 Epidermal calcium ion gradient is disturbed in aged skin.
pidermal calcium gradient in normal and young skin is character-
ed by low calcium ion levels in both the basal and spinous layers,
ith an increase in extracellular and intracellular calcium ion that
eaks in the outer SG (blue). This calcium ion gradient serves many
nctions in the epidermis, which include the induction of terminal
ifferentiation, formation of the CE, epidermal lipid synthesis, exo-
ytosis of lamellar bodies (LBs), and regulation of the last events of
rminal differentiation. Distribution of calcium in the epidermis be-
omes abnormally broad with aging. Calcium ion was distributed
roughout the epidermis of elderly subjects (red).
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and spinous layers and a peak increase in extracellular and in-
tracellular calcium ion levels in the outer SG.15 This calcium
ion gradient serves many functions in the epidermis, which
include the induction of terminal differentiation,16 formation
of the CE, epidermal lipid synthesis, exocytosis of LBs, and
regulation of the last events of terminal differentiation that to-
gether form the barrier.17–19 The epidermal permeability bar-
rier is regulated by the change in epidermal calcium ion.20

After the skin barrier is disrupted by external physicochemi-
cal stress, TEWL occurs, and in turn, loss of epidermal cal-
cium ion follows. Loss of epidermal calcium ion acts as a
signal for the homeostasis of the skin barrier. Immediately af-
ter barrier disruption, preformed LBs that include lipid pre-
cursors for SC intercellular lipid membranes are secreted,
and in turn, new LBs are produced and replenish the dis-
rupted lamellar structures to restore a normal barrier.17

As the differentiation of keratinocytes is strictly calcium
dependent, the calcium ion also plays an important role in
the aged epidermis.21 The permeability barrier abnormality
in aged skin results from the reduced delivery of secreted
lipids to the SC. The decrease in lipid secretion, in turn, re-
sults in a reduction in the number of SC intercellular lamellar
bilayers shown in electron microscope findings. Finally, the
extracellular matrix of the SC could be more porous in the
aged skin.12 The mechanism responsible for this decreased
LB secretion has been suggested as the loss of the epidermal
calcium gradient. The distribution of calcium in the epider-
mis becomes abnormally broad with aging.22 There is an al-
teration of calcium distribution in the epidermis after
examination of young (13, 26, 29, and 34 years), middle-
aged (48 years), and elderly (70, 71, 77, and 79 years) pa-
tients.23 The researchers observed that the calcium ion was
distributed throughout the epidermis in elderly patients. In
addition, the epidermal calcium gradient in middle-aged pa-
tients appeared intermediate compared with that of the young
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and elderly patients (Figure 3).23 Epidermal calcium gradient
loss may originate from a decreased number of ion pumps,
ion channels, or ionotropic receptors in aged skin.24 The al-
teration of epidermal calcium distribution in the aged skin
negatively influences the epidermal permeability barrier by
impeding the delivery of LBs to the SC, which results in a de-
crease in extracellular lipid bilayers.
Epidermal lipid synthesis and SC lipid process-
ing in aged skin

SC intercellular lipid membrane originates from LB pro-
duced from the Golgi complex in keratinocytes. Lipid precur-
sors, such as phospholipids, sphingomyelin, cholesterol
sulfate, glucosylceramide, and acylglucocylceramide that are
stored in the LB, are then secreted into the SC-SG interspace.
Following this event, lipid precursors are processed to ceramide
(about 50% by weight), cholesterol (25%), and free fatty acids
(25%) by hydrolases to form the mature multilamellar struc-
ture.25 They are equal in molar ratio of about 1:1:1.26

A report on the biochemical changes of epidermal lipids in
the aged skin has revealed that the content of three major
lipid species, such as ceramide, cholesterol, and fatty acids,
was reduced.12 The structural abnormality of the SC intercel-
lular lipid membrane was best explained by a global reduc-
tion in SC lipids in the aged skin (about one-third less lipid
weight percentage than in young SC) (Figure 2). In contrast,
a more profound decrease in cholesterol or ceramide species
was reported.27 Selective changes in specific SC ceramide
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species such as ceramide 2 (N-lingocerylsphingosine), with
concurrent increases in ceramide 3 (nonhydroxy N-acyl fatty
acid and phytosphingosine) relative to total ceramide con-
tent, have also been noted in the aged epidermis.28

Alteration of SC lipid processing has been reported in epi-
dermal aging. Acid sphingomyelinase (aSMase) activity is
reduced in aged human epidermis (eighth decade) compared
with that in young adults (second decade).29 aSMase gener-
ates long- (C24) and short- (C16) chain-containing ceramide
species. This becomes critical for epidermal barrier func-
tion.30,31 The activities of aSMase and ceramide synthase
were reduced only in the inner epidermis of aged (15-18
months) versus young (2-3 months) hairless mice, which cor-
related with reduced capacity for barrier repair in aging.
aSMase was normal in the outer epidermis, which correlates
with normal barrier function under basal condition.31

The metabolic basis for barrier abnormality in aged skin
could be explained by the reduced activity of the rate-
limiting enzymes for each of these lipids, such as serine pal-
mitoyltransferase, 3-hydroxy-3-methylglutaryl-coenzyme A
reductase, and acetyl coenzyme A carboxylase.32 Collec-
tively, lipid synthesis and enzyme activity in the aged epider-
mis not only are reduced under basal condition, but also fail
to upregulate sufficiently after acute barrier disruption. Lipid
synthesis in the aged epidermis does not reach the level in the
young epidermis after comparable insults.

The molecular basis for the epidermal lipid synthetic ab-
normality observed in aged skin has been partially explored.
One possible mechanism is that the content or activation of
the sterol regulatory element binding proteins, which tran-
scriptionally regulate several key enzymes of cholesterol
and fatty acid syntheses, is abnormal.33 The other mechanism
is that autocrine or paracrine signaling responsible for the
epidermal lipid metabolic pathway is partly abnormal.34
Cytokine production and response are decreased
in aged epidermis

Epidermal keratinocytes secrete proinflammatory cyto-
kines that directly stimulate epidermal proliferation and der-
mal inflammatory cells. Cytokines secreted from dermal
inflammatory cells indirectly provoke epidermal prolifera-
tion due to an increase in DNA synthesis of keratinocytes.35

Homeostasis of skin barrier function is maintained through
this mechanism. Treatment of interleukin 1 alfa (IL-1α) in
cultured human keratinocytes stimulates epidermal lipid syn-
thesis.36 There are few studies on local cytokine levels in the
skin during aging. IL-1α decreases in various tissues in the
aged skin, including a decrease in cytokine production in
the aged human cultured keratinocytes37 and lower mRNA
levels in aged mice and humans.38 There are not only age-
dependent changes in cytokine expression but also a de-
creased response to cytokines with aging.39,40 Aged trans-
genic mice with a knockout of the functional IL-1α receptor
displayed a barrier abnormality versus age-matched, wild-
type littermates.40 Topical treatment in the aged skin with
an immunomodulator, imiguimod, normalizes barrier recov-
ery rates in aged mice.39 Collectively, the reduction of cyto-
kine production or downstream biologic reactivity is a
common feature of the aging tissues that could explain the
functional abnormalities in the aging skin.
SC acidity breaks in the aged skin

SC normally has an acidic pH, referred to as the “acid
mantle.”41 This acidic pH contributes to the protective func-
tions of the skin, such as permeability barrier
homeostasis,41–43 SC integrity and cohesion,41,42 epidermal
antimicrobial defense,41,44 and primary cytokine activa-
tion.45 Three endogenous pathways as well as exogenous in-
sults contribute to the acidic environment of the SC: (1)
sodium ion/hydrogen ion (Na+/H+) antiporter-1 (NHE1)46;
(2) free fatty acids generated from phospholipids by secretory
phospholipase A2

42,47; and (3) urocanic acid degraded from
histidine by histidase.

Deterioration of any of these pathways can increase SC
pH, which is linked to the alteration of permeability barrier
homeostasis and SC integrity and cohesion. Maintenance of
SC acidity contributes to permeability barrier homeostasis
by increasing the activity of the two key ceramide-
generating enzymes, namely, β-glucocerebrosidase and
aSMase,48–50 and supports SC integrity and cohesion by de-
creasing the activity of serine proteases (SPs). SPs not only
inactivate lipid-processing enzymes,49 but also degrade the
CDs41 and inhibit LB secretion.51 Lysis of CD is involved
in the desquamation of corneocytes, which are influenced
by pH in the SC. In the normal epidermis, the upper SC pre-
sents with pH 4.5 to 5.0, but the lower SC presents with pH
6.5 to 7.0, which normally makes a pH gradient in the SC.13

SPs, specific enzymes in the epidermis, such as stratum cor-
neum chymotryptic enzyme encoded by KLK7 and stratum
corneum tryptic enzyme encoded by KLK5, are activated un-
der an environment of neutral pH and then contribute to the
corneocyte desquamation and skin barrier disruption.52 In
summation, women, younger patients, and those with black
skin have a lower skin pH compared with men, older individ-
uals, and those with white skin.53

In aged skin, an increased skin surface pH has been re-
ported repeatedly. One group found that the skin surface
pH was significantly higher in the advanced aged group
(N80 years) compared with the younger group.54 A positive
correlation between age and pH was also reported.55 In a
large Chinese cohort, skin surface pH on the forehead of both
men and women older than 70 years was higher than that in
younger groups.56 In humans and mice of advanced age
(N75 years in humans or N18-24 months in mice), skin barrier
defects are linked to reduced epidermal lipid synthesis.12 In
comparison, skin barrier defects in moderately aged humans
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(50-80 years) or mice (12-15 months) are linked, instead, to de-
fective SC acidity. In the epidermis of moderately aged mice,
the abnormal acidification is linked to decreased NHE1 expres-
sion. Decreased NHE1 levels, in turn, lead to increased SC pH,
which results in defective lipid processing and delayed matura-
tion of SC lipid lamellar membranes, due to suboptimal activa-
tion of the pH-sensitive essential, lipid-processing enzyme, β-
glucocerebrosidase. In moderately aged skin, the SC integrity
is impaired due to increased pH-dependent activation of SPs,
which contributesto premature degradation of CD.13

Although various factors such as humidity, androgen ex-
cess, and psychologic stress are known to negatively affect
barrier homeostasis in young skin, it is not known whether
these factors aggravate barrier homeostasis in aged skin. A
dry environment induces epidermal proliferation and scaling
in both young and aged murine skin; however, no remarkable
difference was found in the skin barrier recovery of aged
mice in a dry environment.57 Important factors maintaining
skin barrier function include SC hydration, SC pH, SC integ-
rity and cohesion, and antimicrobial properties. All of these
are compromised to some degree in aged skin, in part as a re-
sult of the faulty lipid synthetic pathway (Figure 4).
Fig. 4 SC acidity breaks in aged skin. Three endogenous pathways as w
SC: (1) sodium ion/hydrogen ion (Na+/H+) antiporter-1 (NHE1); (2) free f
A2 (sPLA2); and (3) urocanic acid degraded from histidine by histidase. D
linked to the alteration of permeability barrier homeostasis and SC integrit
ity barrier homeostasis by increasing the activity of the two key ceramide
creasing the activity of serine proteases (SPs). SPs not only inactivate li
secretion. In the aged skin, skin surface pH increases due to the disturban
SC hydration is decreased in aged skin

Maintenance of optimal SC hydration is an important
function of the epidermis and is dependent on several factors.
These include the lamellar structure of SC intercellular lipids,
which traps water within the corneocytes; the amount of nat-
ural moisturizing factors (NMFs), which are a complex mix-
ture of low molecular-weight produced within corneocytes
by filaggrin degradation, and SC glycerol content.58 In the
aged epidermis, all three factors are compromised. Decreased
lipid content in the aged SC coupled with disorganized lamel-
lar structures and enlarged corneocytes impairs SC water re-
tention. There is a significant age-related decline in the level
of NMF. Electron microscope examination showed a de-
crease in keratohyalin granules in senile xerosis, which
would lead to reduced synthesis of profilaggrin and subse-
quently lowNMF.59 The NMF decrease in the aged SC likely
results from reduced synthesis of profilaggrin.60 The decline
in NMF production may reflect the cumulative effects of ac-
tinic damage as it was observed only in photoaged skin. The
two possible mechanisms of low glycerol level in the aged
SC could be explained as follows:
ell as exogenous insults contribute to the acidic environment of the
atty acids generated from phospholipids by secretory phospholipase
eterioration of any of these pathways can increase SC pH, which is
y and cohesion. Maintenance of SC acidity contributes to permeabil-
-generating enzymes and supports SC integrity and cohesion by de-
pid-processing enzymes, but also degrade the CDs and inhibit LB
ce of all of the above pathways.
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Fig. 5 SC hydration is decreased in aged skin. Maintenance of optimal SC hydration is an important function of the epidermis and is dependent on
several factors. Decreased lipid content in the aged SC coupled with disorganized lamellar structures impairs SC water retention. There is a significant
age-related decline in the natural moisturizing factor level. The two possible mechanisms of low glycerol level in the aged SC could be explained: (1)
decrease in sebaceous lipid production and (2) decreased levels of epidermal water or a glycerol transporter, aquaporin-3 (AQP3).
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• The decrease in sebaceous lipid production in the aged
skin could result in decreased glycerol generation from
triglycerides.

• Aged skin exhibits decreased levels of the epidermal wa-
ter and glycerol transporter, aquaporin-3. Aquaporin-3–
deficient mice display defective skin hydration, elasticity,
and barrier function,61 which are corrected by glycerol re-
placement, suggesting that diminished glycerol transport
to the SC generates the observed functional defects of
the skin (Figure 5).
Antimicrobial barrier is also disturbed in aged
skin

The antimicrobial property and epidermal permeability
barrier function are the main roles of the skin barrier. These
are considered as discrete, protective functions of mamma-
lian skin.2 Although permeability barrier homeostasis and
outer antimicrobial shield are both localized to the SC, the
structural and biochemical basis for each differs.62 The outer-
most antimicrobial shield is attributed to low water content,
acidic surface pH,63 resident microflora, and certain proteins
of eccrine and sebaceous gland origin.64 Human SC also con-
tains at least four antimicrobial peptides (AMPs), such as
S100 protein, psoriasin (S100A7), RNase7, cathelicidin
(hCAP18) carboxy-terminal fragment, LL-37, and human
β-defensin 2 (HBD-2).65 AMPs are located in the intercellu-
lar lipid domain of the SC, which functions as the permeabil-
ity barrier.62,66 HBD-2 is stored in the LBs of epidermal
keratinocytes as well as in the intercellular spaces, suggesting
that HBD-2 is released along with the contents of LB to pro-
vide an antimicrobial shield for the epidermis.67 HBD-2 and
LL-37 are inducible by UVB, chronic inflammation, patho-
gen challenge, and wound healing, although they expressed
at low levels under basal conditions.68 Both HBD-2 and
LL-37 are within the LB in the epidermis.67,69 As a result,
the epidermal permeability and the antimicrobial barriers
are linked62 and do not have disparate but rather interdepen-
dent processes.68

As HBD-2 is under transcriptional control of IL-1α and
IL-1β,70 alterations in IL-1α signaling with aging could de-
crease the upregulation of AMPs. The decreased IL-1 signal-
ing with aging reduces the inflammatory response exhibited
by the aged skin,40 while defective IL-1α signaling in the
aged epidermis could increase the risk of infections by not
only altering the antimicrobial properties of the barrier but
also diminishing the inflammatory response to pathogens.
Skin barrier in diabetic skin similar to aged skin

Diabetes mellitus (DM) that shows a chronic hyperglyce-
mic condition is clinically classified into types 1 and 2. Type
2 DM accounts for N80% of all DM and shows a complex
pathophysiology, such as insulin resistance and inadequate
insulin production, typically in old and obese individuals.71

Chronic uncontrolled hyperglycemia contributes to various
complications. At least 30% of patients with DM have some
type of skin involvement related to the disease.72 Dryness,
pruritus, cutaneous infection, and delayed wound healing

Image of Fig.�5


Table 1 The skin barrier in diabetes is similar to aged skin

Aged Diabetes mellitus

Basal TEWL ⬇ ⬇

SC hydration ⬇ ⬇

SC integrity/cohesion ⬇ ⬇

SC pH ⬇ ⬇

Barrier recovery ⬇ ⬇

Total epidermal lipids ⬇ ⬇

Epidermal lipid synthesis ⬇ ⬇

LB number ⬇ ⬇

LB secretion ⬇ ⬇

SC intercellular lipid bilayer ⬇ ⬇

IL-1α ⬇ ⬇

IL-1α, interleukin 1 alfa; TEWL, transepidermal water loss.
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are commonly observed in patients with type 2 DM as well as
people of advanced age.73 All of these skin problems result
from an impaired skin barrier.

A current hypothesis states that long-standing hyperglyce-
mic condition accelerates the skin aging process; namely, the
skin in chronic hyperglycemia shows a more advanced aged
skin barrier in Otsuka Long-Evans Tokushima Fatty
(OLETF) rats. OLETF rats have typical characteristics of
type 2 DM.74,75 OLETF rats exhibited decreased epidermal
lipid synthesis and AMP expression with increased age. De-
creased epidermal lipid synthesis accounted for decreased
LB production. In addition, there were significantly higher
serum advanced glycation endproducts (AGEs) levels and in-
creased AGE receptors in the epidermis. They concluded that
long-standing hyperglycemia impairs skin barrier function,
including permeability and antimicrobial barriers, by acceler-
ating the skin aging process in proportion to the duration of
hyperglycemia.74
Fig. 6 Therapeutic strategies for aging skin barrier. Mixtures of three ke
ratios as physiologic lipid mixture could be used for aged epidermis. Con
moisturizer could be beneficial.
Patients with type 2 DM have presented with epidermal
barrier impairments, including SC hydration, which were in-
fluenced by blood glucose control (the hemoglobin A1c
level). In the lipid analysis of SC, ceramides, fatty acids,
and cholesterol were significantly decreased in patients with
type 2 DM compared with controls. Type 2 DM murine
models showed similar skin barrier state with chronic hyper-
glycemic models. Impairment of the skin barrier was ob-
served in type 2 DM, which results in part from a decrease
in epidermal proliferation. Serum AGE and its epidermal re-
ceptors were increased in type 2 diabetic mice, which display
impaired skin barrier parameters such as epidermal lipid syn-
thesis, LB production, epidermal AMP, and SC lipids.76 Be-
cause diabetic skin shows similar changes in the skin barrier
as those of aged skin, both have very similar characteristics in
the skin barrier (Table 1).
Therapeutic strategies for aging skin barrier

Equimolar mixtures of the three key lipids, such as cer-
amide, cholesterol, and fatty acids, allow normal barrier re-
covery rates in young skin.47 The three component
mixtures to 3:1:1 molar ratios as physiologic lipid mixture
significantly accelerate barrier recovery.77 In the young skin,
any of the three key lipids can predominate.26 In the aged epi-
dermis, only topical cholesterol alone could accelerate barrier
recovery.32 Additionally, equimolar mixtures of the three key
lipids could also accelerate barrier recovery if cholesterol is
the predominant lipid.77 These reports emphasize the pro-
found effect of a decrease in cholesterol synthesis in the aged
epidermal permeability barrier.78 Topical mevalonic acid has
been shown to have a role in acute barrier repair in aged skin
but not in young skin. Mevalonic acid is an intermediate
y lipids such as ceramide, cholesterol, and fatty acids at 3:1:1 molar
sidering a decreased skin surface acidity in the aged skin, the acidic
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substrate generated early in cholesterol biosynthesis. Similar
to that with cholesterol, topical treatment of mevalonic acid
in aged murine skin enhances the rate of barrier repair after
acute disruption.79

Considering a decreased skin surface acidity in the moder-
ately aged skin as well as the advanced aged skin, an acidic
moisturizer could be beneficial for the aged skin (Figure 6).
The barrier abnormalities in the aged skin were normalized by
acidifying the SC exogenously, suggesting a basis for the
well-known acidification therapies that are widely used to treat
pathologic xerosis or eczema seen in moderately aged
humans.13 Results of a small-sized clinical study showed that
a 4-week treatment of pH 4.0 skin care products significantly
improved the SC integrity of the elderly patients. The reduction
in the baseline skin surface pH of elderly patients is accompa-
nied by improved SC integrity. The authors concluded that skin
care products for the elderly population have to be adjusted in
the pH range of 3.5 to 4.0.80 The skin barrier in diabetic condi-
tions exhibits many similar characteristics comparable with that
in the aged skin. Therefore, therapeutic strategies for the aged
skin might be helpful for the diabetic skin.
Conclusions

Restoration of the antioxidant barrier of the SC may be an-
other therapeutic strategy for the aged skin barrier. Topical anti-
oxidants are recommended. Among lipid-soluble antioxidants,
tocopherol has photoprotective properties81 and may stabilize
SC lamellar membrane.82 Theoretically,α-tocopherol (free vita-
min E) may be more efficient in antioxidant production of skin
surface lipids and skin barrier constituents compared with vita-
min E esters. Photoprotection is also an important antioxidant
strategy to prevent damage to SC lipids and proteins. Chemical
peelings using fruit acids, β-hydroxy acid, trichloroacetic acid,
and phenolic compounds and nonablative (intense pulsed light,
pulsed dye laser, neodymium-doped yttrium aluminum garnet
(Nd:YAG)) and ablative (carbon dioxide, erbium-doped yttrium
aluminium garnet (Er:YAG)) light-assisted methods are also
suggested.83
Acknowledgements

This work was supported by the National Research Foun-
dation of Korea (NRF) grant funded by the Korea govern-
ment (MEST) (NRF-2018R1A2B2005002).
References

1. Elias PM, Wakefield JS. Therapeutic implications of a barrier-based patho-
genesis of atopic dermatitis. Clin Rev Allergy Immunol 2011;41:282-295.

2. Elias PM, Feingold KR, Fluhr JW. Fitzpatrick's Dermatology in Gen-
eral Medicine. 6th ed. New York: McGraw-Hill. 2003.
3. Wertz PW, Madison KC, Downing DT. Covalently bound lipids of hu-
man stratum corneum. J Invest Dermatol 1989;92:109-111.

4. Behne M, Uchida Y, Seki T, et al. Omega-hydroxyceramides are re-
quired for corneocyte lipid envelope (CLE) formation and normal epi-
dermal permeability barrier function. J Invest Dermatol 2000;114:
185-192.

5. Brandner JM, Proksch E. Epidermal barrier function: role of tight junc-
tions. In: Elias PM, Feingold KR, eds. Skin Barrier. New York: Taylor
& Francis; 2006. p. 191-210.

6. Brandner JM, Kief S, Grund C, et al. Organization and formation of the
tight junction system in human epidermis and cultured keratinocytes.
Eur J Cell Biol 2002;81:253-263.

7. Fisher GJ, Kang S, Varani J, et al. Mechanisms of photoaging and chro-
nological skin aging. Arch Dermatol 2002;138:1462-1470.

8. Reed JT, Elias PM, Ghadially R. Integrity and permeability barrier func-
tion of photoaged human epidermis. Arch Dermatol 1997;133:395-396.

9. Chung JH, Hanft VN, Kang S. Aging and photoaging. J Am Acad Der-
matol 2003;49:690-697.

10. Jin SP, Han SB, Kim YK, et al. Changes in tight junction protein expres-
sion in intrinsic aging and photoaging in human skin in vivo. J Dermatol
Sci 2016;84:99-101.

11. Wilhelm KP, Cua AB, Maibach HI. Skin aging. Effect on transepider-
mal water loss, stratum corneum hydration, skin surface pH, and casual
sebum content. Arch Dermatol 1991;127:1806-1809.

12. Ghadially R, Brown BE, Sequeira-Martin SM, et al. The aged epidermal
permeability barrier. Structural, functional, and lipid biochemical ab-
normalities in humans and a senescent murine model. J Clin Invest
1995;95:2281-2290.

13. Choi EH, Man MQ, Xu P, et al. Stratum corneum acidification is im-
paired in moderately aged human and murine skin. J Invest Dermatol
2007;127:2847-2856.

14. Haratake A, Uchida Y, Mimura K, et al. Intrinsically aged epidermis
displays diminished UVB-induced alterations in barrier function associ-
ated with decreased proliferation. J Invest Dermatol 1997;108:319-323.

15. Menon GK, Grayson S, Elias PM. Ionic calcium reservoirs in mamma-
lian epidermis: ultrastructural localization by ion-capture cytochemis-
try. J Invest Dermatol 1985;84:508-512.

16. Elias PM, Ahn SK, Denda M, et al. Modulations in epidermal calcium
regulate the expression of differentiation-specific markers. J Invest Der-
matol 2002;119:1128-1136.

17. Menon GK, Price LF, Bommannan B, et al. Selective obliteration of the
epidermal calcium gradient leads to enhanced lamellar body secretion. J
Invest Dermatol 1994;102:789-795.

18. Lee SH, Choi EH, Feingold KR, et al. Iontophoresis itself on hairless
mouse skin induces the loss of the epidermal calcium gradient without
skin barrier impairment. J Invest Dermatol 1998;111:39-43.

19. Choi EH, Kim MJ, Yeh BI, et al. Iontophoresis and sonophoresis stimulate
epidermal cytokine expression at energies that do not provoke a barrier ab-
normality: lamellar body secretion and cytokine expression are linked to al-
tered epidermal calcium levels. J Invest Dermatol 2003;121:1138-1144.

20. Lee SH, Elias PM, Proksch E, et al. Calcium and potassium are impor-
tant regulators of barrier homeostasis in murine epidermis. J Clin Invest
1992;89:530-538.

21. Rinnerthaler M, Streubel MK, Bischof J, et al. Skin aging, gene expres-
sion and calcium. Exp Gerontol 2015;68:59-65.

22. Forslind B, Werner-Linde Y, Lindberg M, et al. Elemental analysis mir-
rors epidermal differentiation. Acta Derm Venereol 1999;79:12-17.

23. DendaM, Tomitaka A,AkamatsuH, et al. Altered distribution of calcium in
facial epidermis of aged adults. J Invest Dermatol 2003;121:1557-1558.

24. Denda M, Ashida Y, Inoue K, et al. Skin surface electric potential in-
duced by ion-flux through epidermal cell layers. Biochem Biophys Res
Commun 2001;284:112-117.

25. Schurer NY, Elias PM. The biochemistry and function of stratum cor-
neum lipids. Adv Lipid Res 1991;24:27-56.

26. Man MQ, Feingold KR, Elias PM. Exogenous lipids influence perme-
ability barrier recovery in acetone-treated murine skin. Arch Dermatol
1993;129:728-738.

http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0005
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0005
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0005
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0005
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0010
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0010
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0010
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0010
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0015
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0015
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0015
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0020
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0020
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0020
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0020
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0020
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0020
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0025
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0025
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0025
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0030
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0030
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0030
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0035
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0035
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0035
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0040
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0040
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0040
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0045
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0045
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0045
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0050
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0050
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0050
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0050
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0055
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0055
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0055
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0055
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0060
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0060
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0060
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0060
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0060
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0060
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0065
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0065
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0065
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0065
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0065
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0070
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0070
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0070
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0070
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0075
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0075
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0075
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0075
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0080
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0080
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0080
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0080
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0085
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0085
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0085
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0085
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0090
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0090
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0090
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0090
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0095
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0095
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0095
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0095
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0095
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0095
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0100
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0100
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0100
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0100
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0105
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0105
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0105
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0110
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0110
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0110
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0115
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0115
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0115
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0115
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0120
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0120
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0120
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0120
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0120
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0125
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0125
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0125
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0130
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0130
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0130
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0130
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0130


344 E.H. Choi
27. Rogers J, Harding C, Mayo A, et al. Stratum corneum lipids: the effect
of ageing and the seasons. Arch Dermatol Res 1996;288:765-770.

28. Denda M, Koyama J, Hori J, et al. Age- and sex-dependent change in
stratum corneum sphingolipids. Arch Dermatol Res 1993;285:415-417.

29. Yamamura T, Tezuka T. Change in sphingomyelinase activity in human
epidermis during aging. J Dermatol Sci 1990;1:79-83.

30. Schmuth M, Man MQ, Weber F, et al. Permeability barrier disorder in
Niemann-Pick disease: sphingomyelin-ceramide processing required
for normal barrier homeostasis. J Invest Dermatol 2000;115:459-466.

31. Jensen JM, Forl M, Winoto-Morbach S, et al. Acid and neutral sphingo-
myelinase, ceramide synthase, and acid ceramidase activities in cutane-
ous aging. Exp Dermatol 2005;14:609-618.

32. Ghadially R, Brown BE, Hanley K, et al. Decreased epidermal lipid syn-
thesis accounts for altered barrier function in aged mice. J Invest Derma-
tol 1996;106:1064-1069.

33. Harris IR, Farrell AM, Holleran WM, et al. Parallel regulation of sterol
regulatory element binding protein-2 and the enzymes of cholesterol
and fatty acid synthesis but not ceramide synthesis in cultured human
keratinocytes and murine epidermis. J Lipid Res 1998;39:412-422.

34. Gilhar A, Aizen E, Pillar T, et al. Response of aged versus young skin to
intradermal administration of interferon gamma. J Am Acad Dermatol
1992;27:710-716.

35. Wood LC, Jackson SM, Elias PM, et al. Cutaneous barrier perturbation
stimulates cytokine production in the epidermis of mice. J Clin Invest
1992;90:482-487.

36. Bastian BC, Schacht RJ, Kampgen E, et al. Phospholipase A2 is se-
creted by murine keratinocytes after stimulation with IL-1 alpha and
TNF-alpha. Arch Dermatol Res 1996;288:147-152.

37. Sauder DN, Orr FW,Matic S, et al. Human interleukin-1 alpha is chemotac-
tic for normal human keratinocytes. Immunol Lett 1989;22:123-127.

38. Gilchrest BA, Garmyn M, Yaar M. Aging and photoaging affect gene
expression in cultured human keratinocytes. Arch Dermatol 1994;130:
82-86.

39. Barland CO, Zettersten E, Brown BS, et al. Imiquimod-induced
interleukin-1 alpha stimulation improves barrier homeostasis in aged
murine epidermis. J Invest Dermatol 2004;122:330-336.

40. Ye J, Garg A, Calhoun C, et al. Alterations in cytokine regulation in
aged epidermis: implications for permeability barrier homeostasis and
inflammation. I. IL-1 gene family. Exp Dermatol 2002;11:209-216.

41. Hachem JP, Crumrine D, Fluhr J, et al. pH directly regulates epidermal
permeability barrier homeostasis, and stratum corneum integrity/cohe-
sion. J Invest Dermatol 2003;121:345-353.

42. Fluhr JW, Kao J, Jain M, et al. Generation of free fatty acids from phos-
pholipids regulates stratum corneum acidification and integrity. J Invest
Dermatol 2001;117:44-51.

43. Mauro T, HolleranWM, Grayson S, et al. Barrier recovery is impeded at
neutral pH, independent of ionic effects: implications for extracellular
lipid processing. Arch Dermatol Res 1998;290:215-222.

44. Korting HC, Hubner K, Greiner K, et al. Differences in the skin surface
pH and bacterial microflora due to the long-term application of synthetic
detergent preparations of pH 5.5 and pH 7.0. Results of a crossover trial
in healthy volunteers. Acta Derm Venereol 1990;70:429-431.

45. Hachem JP, Fowler AJ, Behne M, et al. Increased stratum corneum pH
promotes activation and release of primary cytokines from the stratum
corneum attributable to activation of serine proteases. J Eur Acad Der-
matol Venereol 2002;16(suppl 1):310.

46. Behne MJ, Meyer JW, Hanson KM, et al. NHE1 regulates the stratum
corneum permeability barrier homeostasis. Microenvironment acidifica-
tion assessed with fluorescence lifetime imaging. J Biol Chem
2002;277:47399-47406.

47. Mao-Qiang M, Jain M, Feingold KR, et al. Secretory phospholipase A2
activity is required for permeability barrier homeostasis. J Invest Der-
matol 1996;106:57-63.

48. Fluhr JW, Behne MJ, Brown BE, et al. Stratum corneum acidification in
neonatal skin: secretory phospholipase A2 and the sodium/hydrogen
antiporter-1 acidify neonatal rat stratum corneum. J Invest Dermatol
2004;122:320-329.
49. Hachem JP, Man MQ, Crumrine D, et al. Sustained serine proteases ac-
tivity by prolonged increase in pH leads to degradation of lipid process-
ing enzymes and profound alterations of barrier function and stratum
corneum integrity. J Invest Dermatol 2005;125:510-520.

50. Holleran WM, Takagi Y, Uchida Y. Epidermal sphingolipids: metabo-
lism, function, and roles in skin disorders. FEBS Lett 2006;580:5456-
5466.

51. Hachem JP, Houben E, Crumrine D, et al. Serine protease signaling of
epidermal permeability barrier homeostasis. J Invest Dermatol
2006;126:2074-2086.

52. Briot A, Deraison C, Lacroix M, et al. Kallikrein 5 induces atopic
dermatitis-like lesions through PAR2-mediated thymic stromal lympho-
poietin expression in Netherton syndrome. J Exp Med 2009;206:1135-
1147.

53. Choi EH. Gender, age, and ethnicity as factors that can influence skin
pH. Curr Probl Dermatol 2018;54:48-53.

54. Zlotogorski A. Distribution of skin surface pH on the forehead and
cheek of adults. Arch Dermatol Res 1987;279:398-401.

55. Thune P, Nilsen T, Hanstad IK, et al. The water barrier function of the
skin in relation to the water content of stratum corneum, pH and skin
lipids. The effect of alkaline soap and syndet on dry skin in elderly,
non-atopic patients. Acta Derm Venereol 1988;68:277-283.

56. Man MQ, Xin SJ, Song SP, et al. Variation of skin surface pH, sebum
content and stratum corneum hydration with age and gender in a large
Chinese population. Skin Pharmacol Physiol 2009;22:190-199.

57. Choi EH, Kim MJ, Ahn SK, et al. The skin barrier state of aged hairless
mice in a dry environment. Br J Dermatol 2002;147:244-249.

58. Verdier-Sevrain S, Bonte F. Skin hydration: a review on its molecular
mechanisms. J Cosmet Dermatol 2007;6:75-82.

59. Tezuka T. Electron-microscopic changes in xerosis senilis epidermis. Its
abnormal membrane-coating granule formation. Dermatologica
1983;166:57-61.

60. Takahashi M, Tezuka T. The content of free amino acids in the stratum
corneum is increased in senile xerosis. Arch Dermatol Res 2004;295:
448-452.

61. Fluhr JW, Man MQ, Brown BE, et al. Glycerol regulates stratum cor-
neum hydration in sebaceous gland deficient (asebia) mice. J Invest
Dermatol 2003;120:728-737.

62. Elias PM, Choi EH. Interactions among stratum corneum defensive
functions. Exp Dermatol 2005;14:719-726.

63. Fluhr JW, Elias PM. Stratum corneum pH: formation and function of the
‘acid mantle’. Exog Dermatol 2002;1:163-175.

64. Schroder JM, Harder J. Antimicrobial skin peptides and proteins. Cell
Mol Life Sci 2006;63:469-486.

65. Elias PM. The skin barrier as an innate immune element. Semin Immu-
nopathol 2007;29:3-14.

66. Aberg KM, Man MQ, Gallo RL, et al. Co-regulation and interdepen-
dence of the mammalian epidermal permeability and antimicrobial bar-
riers. J Invest Dermatol 2008;128:917-925.

67. Oren A, Ganz T, Liu L, et al. In human epidermis, beta-defensin 2 is
packaged in lamellar bodies. Exp Mol Pathol 2003;74:180-182.

68. Aberg KM, Radek KA, Choi EH, et al. Psychological stress downregu-
lates epidermal antimicrobial peptide expression and increases severity
of cutaneous infections in mice. J Clin Invest 2007;117:3339-3349.

69. Braff MH, Di Nardo A, Gallo RL. Keratinocytes store the antimicrobial
peptide cathelicidin in lamellar bodies. J Invest Dermatol 2005;124:
394-400.

70. Liu AY, Destoumieux D, Wong AV, et al. Human beta-defensin-2 pro-
duction in keratinocytes is regulated by interleukin-1, bacteria, and the
state of differentiation. J Invest Dermatol 2002;118:275-281.

71. Ahmed I, Goldstein B. Diabetes mellitus. Clin Dermatol 2006;24:237-
246.

72. Perez MI, Kohn SR. Cutaneous manifestations of diabetes mellitus. J
Am Acad Dermatol 1994;30:519-531. quiz 532-514.

73. Sakai S, Kikuchi K, Satoh J, et al. Functional properties of the stratum
corneum in patients with diabetes mellitus: similarities to senile xerosis.
Br J Dermatol 2005;153:319-323.

http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0135
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0135
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0135
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0140
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0140
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0140
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0145
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0145
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0145
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0150
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0150
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0150
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0150
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0155
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0155
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0155
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0155
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0160
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0160
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0160
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0160
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0165
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0165
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0165
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0165
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0165
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0170
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0170
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0170
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0170
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0170
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0175
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0175
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0175
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0175
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0175
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0180
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0180
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0180
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0180
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0185
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0185
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0185
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0185
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0190
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0190
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0190
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0190
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0190
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0195
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0195
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0195
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0195
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0200
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0200
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0200
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0200
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0205
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0205
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0205
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0205
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0210
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0210
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0210
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0210
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0215
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0215
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0215
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0215
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0220
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0220
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0220
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0220
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0220
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0225
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0225
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0225
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0225
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0225
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0230
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0230
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0230
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0230
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0230
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0230
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0235
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0235
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0235
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0235
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0235
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0240
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0240
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0240
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0240
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0240
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0240
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0245
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0245
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0245
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0245
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0245
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0250
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0250
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0250
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0250
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0250
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0255
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0255
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0255
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0255
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0255
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0260
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0260
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0260
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0260
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0260
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0260
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0265
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0265
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0265
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0270
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0270
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0270
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0275
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0275
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0275
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0275
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0275
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0280
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0280
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0280
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0280
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0285
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0285
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0285
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0290
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0290
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0290
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0295
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0295
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0295
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0295
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0295
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0300
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0300
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0300
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0300
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0300
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0305
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0305
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0305
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0305
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0305
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0310
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0310
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0310
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0315
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0315
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0315
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0320
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0320
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0320
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0320
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0325
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0325
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0325
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0330
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0330
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0330
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0330
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0335
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0335
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0335
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0340
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0340
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0340
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0340
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0345
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0345
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0345
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0345
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0345
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0350
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0350
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0350
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0350
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0355
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0355
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0355
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0355
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0360
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0360
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0360
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0360
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0365
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0365
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0365


345Aging skin barrier
74. Park HY, Kim JH, Jung M, et al. A long-standing hyperglycaemic con-
dition impairs skin barrier by accelerating skin ageing process. Exp Der-
matol 2011;20:969-974.

75. Kawano K, Hirashima T, Mori S, et al. Spontaneous long-term hyper-
glycemic rat with diabetic complications. Otsuka Long-Evans Tokush-
ima fatty (OLETF) strain. Diabetes 1992;41:1422-1428.

76. Kim JH, Yoon NY, KimDH, et al. Impaired permeability and antimicrobial
barriers in type 2 diabetes skin are linked to increased serum levels of ad-
vanced glycation end-product. Exp Dermatol 2018;27:815-823.

77. Zettersten EM, Ghadially R, Feingold KR, et al. Optimal ratios of topi-
cal stratum corneum lipids improve barrier recovery in chronologically
aged skin. J Am Acad Dermatol 1997;37:403-408.

78. Barland CO, Elias PM, Ghadially R. The aged epidermal permeability
barrier: basis for functional abnormalities. In: Elias PM, Feingold KR,
eds. Skin Barrier. New York: Taylor & Francis; 2006. p. 535-552.
79. Haratake A, Ikenaga K, Katoh N, et al. Topical mevalonic acid stimu-
lates de novo cholesterol synthesis and epidermal permeability barrier
homeostasis in aged mice. J Invest Dermatol 2000;114:247-252.

80. Blaak J, Wohlfart R, Schürer NY. Treatment of aged skin with a pH 4 skin
care product normalizes increased skin surface pH and improves barrier
function: results of a pilot study. J Cosmet Dermatol Sci Appl 2011;1:50-58.

81. Thiele JJ. Oxidative targets in the stratum corneum. A new basis for an-
tioxidative strategies. Skin Pharmacol Appl Ski Physiol 2001;14(suppl
1):87-91.

82. Pelle E, Muizzuddin N, Mammone T, et al. Protection against endoge-
nous and UVB-induced oxidative damage in stratum corneum lipids
by an antioxidant-containing cosmetic formulation. Photodermatol
Photoimmunol Photomed 1999;15:115-119.

83. Wohlrab J, Hilpert K, Wolff L. Epidermal aging and anti-aging strate-
gies. Hautarzt 2016;67:107-111. [in German].

http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0370
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0370
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0370
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0370
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0375
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0375
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0375
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0375
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0380
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0380
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0380
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0380
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0380
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0385
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0385
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0385
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0385
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0390
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0390
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0390
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0395
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0395
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0395
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0395
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0400
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0400
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0400
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0400
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0400
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0405
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0405
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0405
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0405
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0405
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0410
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0410
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0410
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0410
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0410
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0410
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0415
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0415
http://refhub.elsevier.com/S0738-081X(19)30076-8/rf0415

	Aging of the skin barrier
	Skin barrier structural changes with aging
	Changes in skin barrier function with aging
	Epidermal calcium gradient is disrupted in aged skin
	Epidermal lipid synthesis and SC lipid processing in aged skin
	Cytokine production and response are decreased in aged epidermis
	SC acidity breaks in the aged skin
	SC hydration is decreased in aged skin
	Antimicrobial barrier is also disturbed in aged skin
	Skin barrier in diabetic skin similar to aged skin
	Therapeutic strategies for aging skin barrier
	Conclusions
	Acknowledgements
	References


