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Sweat is a transparent hypotonic body fluid made from eccrine sweat glands. Various ingredients con-
tained in sweat are involved in a broad sense in skin homeostasis including temperature regulation, skin
moisture, and immune functions. Thus, sweat plays a major role in maintaining skin homeostasis.
Therefore, abnormal sweating easily compromises human health. For example, in atopic dermatitis (AD),
perspiration stagnation accompanying sweat tube or sweat pore blockage, leakage of perspiration from
the sweat gland to the outside tissue, and impaired secretion of sweat from the sweat gland are
confirmed. In recent years, the hypothesis that atopic dermatitis is a sweat stasis syndrome has been
clarified by the establishment of a sweat and sweat gland dynamic analysis technique. Secretion of sweat
and leakage into tissues is caused by dermatitis and is thought to promote itching. Furthermore, from the
metabolomic analysis of sweat of patients with atopic dermatitis, it was confirmed that the glucose
concentration in AD sweat increased according to severity and skin phenotype, suggesting that elevated

Abbreviations:
AD atopic dermatitis
GSK3B  glycogen synthesis kinase 38

glucose affected the homeostasis of the skin. Multifaceted analyses of sweat from subjects with AD have
revealed new aspects of the pathology, and appropriate measures to treat sweat can be expected to

contribute to long-term control of AD.
Copyright © 2018, Japanese Society of Allergology. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

It is well known that there are many aggravating factors of atopic
dermatitis (AD) (e.g., food antigens, perspiration, drying, scratching,
physiochemical stimulation, ticks, infections such as from dust, dust,
pets, bacteria and fungi, and stress), and the major aggravation fac-
tors change with age or disease duration of patients with AD.' Food,
skin dryness, and scratching are the major aggravating factors in
childhood AD, while psychological stresses and physicochemical
stimulation are the major aggravating factors for adolescence to
adult AD.! Among the known factors, sweat is recognized as a major
aggravating factor at all ages.! In this review, we will outline and
update the mutual relationships between sweat and AD.

Functions of sweat

Sweat greatly contributes to maintenance of skin homeostasis
such as temperature control, biological defense, and moisturizing
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on the surface of the skin®> (Fig. 1). The heat of vaporization that
occurs when sweat evaporates from the skin surface helps to
control body temperature.> An adult weighing 70 kg should sweat
100 cc, which should be evaporated completely from the skin to
decrease body temperature by 1 °C.* If the amount of sweat is less
than the required volume, body temperature regulation will be
insufficient. Sweat also has an important role in skin moisturizing.
Sweat is liquid, and sweat humidifies the stratum corneum, which
contributes to maintaining the function of the stratum barrier,
called the first line immune system.">” Sweat is rich in sodium
lactate and urea, which are natural moisturizing components that
contribute to moisture retention.” Cases of autonomic imbalances
such as multiple system atrophy, which actually involve perspira-
tion, are often accompanied by remarkable skin drying and
elevated skin temperature.® In addition, there are reports that cases
of ectoderm dysplasia and complications of perspiration show
dermatitis, fulfilling Hanifin and Rajka 's diagnostic criteria for
atopic dermatitis.”

Sweat is involved in the innate host defense system. Cathelicidin
(LL-37), B-defensins, and dermcidin are known as representative
antimicrobial peptides contained in sweat.>®° Furthermore, sweat
can be expected to inactivate allergens. The cysteine protease
inhibitory action of perspiration suppresses mite antigen (DerP 1)
and kiwifruit antigen (actinidin) protease activity and alleviates the
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Fig. 1. Sweat maintains the barrier function of the skin. Schematic diagram illustrating
the barrier function of sweat. When sweat is normally secreted, it is secreted with
enzymes that strip old corneocytes, protease inhibitors that inhibit the enzymatic
activity of mite antigens, peptides that inhibit bacterial growth, and other compounds
that help protect the skin.

influences of these allergens.'” However, because the protease
inhibitory action of sweat is impaired with the lapse of time, the
effects of sweat are limited to early perspiration.'®

These studies highlight the ideal sweating conditions for
healthy human skin. Humans should sweat the appropriate amount
according to the situation. Thereafter, the amount of perspiration
necessary for maintaining the homeostasis of the skin remains on
the skin, and the remaining excessive sweat decreases the skin
temperature by the heat of vaporization generated by evaporation.
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In other words, ideally, there is no excess sweat on the skin surface
after sweating.

Negative effects of sweating

Leaving excessive sweat on the skin surface for a long time has a
negative impact skin homeostasis. It has been confirmed that when
the skin surface is exposed to constant humidity for a long time by
wrapping the skin surface with non-porous materials, the sweat
pores will be occluded by keratin plugs, and subsequently anhid-
rosis will develop on the wrapped area, for several weeks.!! Simi-
larly, keratin plugging of sweat pores is the pathological feature of
AD-lesion skin that develops hypohidrosis, or so-called “sweat
retention syndrome”."'? It is unknown whether the pathogenesis
of sweat pore obstruction seen in miliaria and atopic dermatitis are
the same. However, the exposure to an excessively moistened
environment for a long period could be the cause of decreased
sweating ability (hypohidrosis). Therefore, to avoid hypohidrosis, if
the excess sweat remains on the skin surface, it should not remain
for a long time and should be rinsed with a shower or wiped off
with a \gvet towel, and wet clothing should be changed if possible
(Fig. 2).

Sweating ability in AD subjects

Most adult patients with AD show a significant decrease in
sweat volume and prolongation of sweat latency in quantitative
sudomotor axon reflex tests.>~'> Sweat is excreted slowly over
time in adults with AD, resulting in a state of anhidrosis. Decreased
sweating exacerbates the symptoms of dermatitis because this
develops heat retention, skin dryness, and increased susceptibility
to infection by some pathogens.’ The impaired sweating ability
observed in patients with AD may be one of the etiologies that
impairs skin homeostasis.' "'

The mechanism of impaired sweating in patients with AD has
been recently clarified, as a mechanism by which perspiration

Wipe away excess sweat with
wet towel

Fig. 2. Practical instructions for how to cope with sweat in pediatric subjects with atopic dermatitis. “Rinse both the affected cubital fossa and wrist under running water when
patients wash their hands. If possible, rinsing the popliteal fossa is also recommended. Wipe away excess sweat with a wet towel (without rubbing). Showering is also recom-
mended to reduce the severity of atopic dermatitis.” Reused from Murota et al.> with permission.
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decreases through the: (A) obstruction of sweat pores by keratin
plugs'"'?; (B) sweat production and secretion abnormalities from
sweat glands; and (C) sweat leakage into surrounding tissues
(Fig. 3).> The causes of (B) are autonomic imbalances, attenuated
acetylcholine responsiveness in postganglionic neurons, and
allergic inflammation.> Some factors related to the pathogenesis of
allergic inflammation may suppress sweating; therefore, we
examined the literature for factors affecting sweating. The studies
confirmed that histamine suppresses sweating induced by acetyl-
choline.””'® In addition, histamine is a potent inhibitor of perspi-
ration as was assessed by in vivo dynamic analyses of eccrine sweat
glands using two-photon microscopy.'® These phenomenon are
thought to be caused by histamine inhibition of phosphorylation of
glycogen synthesis kinase 3f (GSK3f) via histamine type 1 re-
ceptors in sweat gland secretory cells, possibly affecting glycogen
storage.!”'

In the above-mentioned mechanism of (C), leakage of sweat into
the dermis decreases sweat volume on the skin surface. This phe-
nomenon has been suggested from the results of immunostaining
of antimicrobial peptides contained in sweat, and dermcidin
showed positive in not only sweat glands, but also in tissues sur-
rounding the sweat glands in AD skin lesions.®

Mechanism of sweat leakage in AD

To clarify the pathogenesis of sweat leakage, we investigated
reports of the water barrier of the human sweat gland. The
expression patterns of claudins were different between the sweat
duct and the sweat gland secretory regions, and claudin-1, -3, -4,
-15 and, claudin-3, -4, -10 were expressed in the sweat duct, and in
the sweat gland secretion coil, respectively.! Among them,
claudin-3 was preserved across species and was expressed between
the luminal cells throughout the sweat gland.'® Furthermore, the
expression of claudin-3 in sweat glands of patients with AD was
significantly reduced compared to that of healthy skin. Therefore, in
order to confirm the role of claudin-3 in water barrier functions of
sweat glands, we determined the localization of structures used to
prevent leakage by using a counter-flowing tracer dye to track the
flow from sweat pores to sweat ducts. As a result, it was revealed
that claudin-3 played a role of a water barrier in the sweat gland
and its function depended on its expression level.'® The expression
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of claudin-3 in sweat gland organs is reduced by exposure to his-
tamine. Reduction of claudin-3 has also been confirmed in sweat
glands of AD skin lesions, causing sweat to leak into tissues. The
sweat leakage into the tissues is thought to be related to painful
itching during sweating and the maintenance of inflammation.
Because allergic inflammation reduces claudin-3 levels, sweat
leakage will improve by treating the dermatitis (Fig. 4).

Altered constitution of sweat in patients with AD

There are also reports that qualitatively abnormal sweat is
related to the condition of atopic dermatitis. One study determined
the amount of antimicrobial peptide contained in sweat. As
described above, sweat contains LL-37, B-defensins, and dermcidin
as typical antimicrobial peptides. LL-37 is a positively charged
antimicrobial peptide belonging to the cathelicidin family. Because
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Fig. 4. Decreased claudin-3 induced by allergic inflammation leads to sweat leakage.
Histamine release in allergic inflammation decreases the expression level of claudin-3.
The leakage of sweat via decreased claudin-3 expression may partly explain the
tingling sensation upon sweating that is common among patients with AD.
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Fig. 3. Illustration of the abnormalities of sweat glands in atopic dermatitis. “In atopic dermatitis lesional skin, obstruction of sweat gland by a keratotic plug or by mucopoly-
saccharides, leakage of sweat from the sweat glands into dermal tissues, or histamines have been found to contribute to decreased sweating activity.” Reused from Murota et al.’

with permission.
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Fig. 5. Schematic overview of the possible mechanisms for increased sweat glucose levels and altered GLUT2 expression in atopic dermatitis. Sweat glucose may be increased by
acute inflammation, inducing luminal localization of GLUT2 to reabsorb glucose from sweat. Chronic inflammation could further increase GLUT2 expression and luminal locali-

zation, which would further lower the glucose concentration in sweat via reabsorption.

bacterial cell membranes are more negatively charged than
mammalian host cells, LL-37 exerts antibacterial properties by
more selectively adhering to and puncturing the bacterial cell
membrane. It has been reported that dermcidin is negatively
charged and adheres to the cell membrane via zinc binding, rather
than by electrostatic interactions. In patients with AD, the con-
centrations of LL-37 and dermcidin in sweat have been character-
ized, and are considered to be related to the susceptibility to AD
skin lesions.?0 23

We have comprehensively analyzed the properties of sweat
from patients with AD and performed metabolomic analyses using
nuclear magnetic resonance imaging to profile metabolic products
contained in sweat.’* As a result, it was revealed that the concen-
trations of protein, sodium, salt, LL-37, and B-defensin contained in
sweat of patients with AD varied from normal sweat with statistical
significance. In our metabolomic analyses, an increase in glucose in
the sweat of patients with AD was confirmed, and it was shown
that the concentration of sweat glucose was significantly higher in
patients with AD, reflecting both disease severity and eczema
phenotype.”* Cases with high sweat glucose were histologically
characterized by the localization and expression level of GLUT2,
which is involved in active glucose transport (Fig. 5).>* Glucose in
sweat has been confirmed to affect the homeostatic maintenance of
skin. Glucose at the same concentration as that found in the sweat
of patients with AD delayed barrier recovery within 30 min (i.e.,
early) after barrier injury. Furthermore, sweat glucose may affect
bacterial flora of the skin in patients with AD.

Autonomic imbalances are also involved in systemic symptoms.
For example, the degree of anxiety of the patient has a significantly
negative correlation with the perspiration amount in patients with
AD."

Future perspectives

Patients with AD have abnormalities in autonomic nerve regu-
lation. In addition to changes in perspiration, the paradoxical
temperature response in which an increase in skin temperature
precedes the body temperature at the time of exercise should be
studied.”® Future studies will contribute to the maintenance of
long-term remission of atopic dermatitis.
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