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SIGNIFICANCE
Atopic dermatitis, a chronic inflammatory skin disease, mani-
fests as an intractable itch; however, the underlying mecha-
nisms remain unclear. Although psychological stress plays a 
crucial role in atopic dermatitis, this relationship has not yet 
been elucidated in detail and there is currently no information 
on stress elicited by the different effects of atopic dermatitis. 
The present study successfully created an appropriate model 
to examine the relationship between stress and the develop-
ment of atopic dermatitis. This model will provide insights 
into the pathogenesis of atopic dermatitis and contribute to 
the development of therapeutic and preventive methods that 
target stress-induced itch exacerbation and hypersensitivity.
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Qiaofeng ZHAO1, Mitsutoshi TOMINAGA1, Sumika TOYAMA1, Eriko KOMIYA1, Tomohiro TOBITA1, Motoki MORITA1, Ying 
ZUO1, Kotaro HONDA1, Yayoi KAMATA1 and Kenji TAKAMORI1,2

1Juntendo Itch Research Center (JIRC), Institute for Environmental and Gender-Specific Medicine, Juntendo University Graduate School of 
Medicine, and 2Department of Dermatology, Juntendo University Urayasu Hospital, Chiba, Japan

Chronic itch in AD significantly reduces the quality of 
life of patients and causes disease burden (2). 

Most patients with AD have elevated serum levels 
of IgE. Additionally, the infiltration of immune cells, 
including CD4+ T cells, eosinophils and mast cells, has 
been reported, suggesting Th2 cell-mediated inflamma-
tion activated by interleukin (IL)-4 and/or IL-13 (3). 
Furthermore, IL-4 and IL-13 play an important role in 
the pathogenesis of AD, orchestrating effector Th2 im-
mune responses that contribute to the development and 
progression of the disease (4). However, IL-4R antibo-
dies and JAK inhibitors were recently shown to reduce 
the itchiness of AD and, thus, have become an important 
component in treatment in clinical practice (5).

Psychological stress has been suggested to play a role 
in the onset and worsening of AD symptoms in clinical 
practice. The hypothalamic–pituitary–adrenal (HPA) axis 
is crucially involved in the adaptive response to stressors 
(6). Following exposure to stress, the up-regulation of 
neuropeptide mediators in the brain, endocrine organs 
and peripheral nervous system directly affects immune 
cells in the skin, which may contribute to the exacer-
bation of AD (7). However, the precise mechanisms 
linking psychological stressors to the development of 
skin manifestations in AD remain unclear. Therefore, the 
present study investigated the effects of three different 
types of stress: water stress (WS), restraint stress (RS) 
and repeated social defeat stress (R-SDS), on itch-related 
scratching behaviour, sensitivity to mechanical stimuli 
(mechanical alloknesis) and the severity of dermatitis in 
male NC/Nga mice with AD-like symptoms. 

Atopic dermatitis (AD), a chronic inflammatory skin 
disease, manifests as an intractable itch. Psycholo-
gical stress has been suggested to play a role in the 
onset and worsening of AD symptoms. However, the 
pathophysiological relationships between psycholo-
gical stressors and cutaneous manifestations remain 
unclear. To elucidate the mechanisms underlying the 
stress-related exacerbation of itch, we investigated 
the effects of water stress, restraint stress and re-
peated social defeat stress on itch-related scratching 
behaviour, mechanical alloknesis and dermatitis in 
male NC/Nga mice with AD-like symptoms induced 
by the repeated application of ointment containing 
Dermatophagoides farina body. NC/Nga mice with 
AD-like symptoms were subjected to water stress, 
restraint stress and repeated social defeat stress, 
and their scratching behaviour, sensitivity to mecha-
nical stimuli (mechanical alloknesis) and severity of  
dermatitis were evaluated. Social defeat stress+ Der-
matophagoides farina body-treated mice exposed to 
stress showed slower improvements in or the exacer-
bation of AD-like symptoms, including dermatitis and 
itch. In the mechanical alloknesis assay, the mechanical 
alloknesis scores of social defeat stress+ Dermatopha-
goides farina body-treated mice exposed to stress were 
significantly higher than those of non-exposed social 
defeat stress+ Dermatophagoides farina body- and 
social defeat stress-treated mice. These results sug-
gest that psychological stress delays improvements in 
dermatitis by exacerbating itch hypersensitivity in AD.
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Atopic dermatitis (AD) is one of the most common, 
chronic inflammatory-relapsing skin diseases that 

affects up to 20% of children and 3% of adults. The 
prevalence and incidence of AD have increased in re-
cent years. The dysregulation of the immune system 
plays a key role in the pathophysiology of AD, causing 
inflammation, pruritus and skin barrier dysfunction (1). 
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MATERIALS AND METHODS

Animals

Male NC/Nga (Oriental Yeast Tokyo, Japan) mice aged 7 to 8 
weeks and male ICR mice aged 10 to 12 weeks were obtained 
from Japan Charles River Laboratory (Yokohama, Japan). All ani-
mals were housed in the experimental animal facility of Juntendo 
University Graduate School of Medicine under a 12 h light:dark 
cycle at a regulated temperature of 22–24°C, with food and tap 
water provided ad libitum. All animal procedures were approved 
by the Animal Care and Use Committee of Juntendo University 
Graduate School of Medicine. The present study conformed to 
the National Institute for Health guidelines for animal research.

Induction of atopic dermatitis-like symptoms in NC/Nga mice

Cutaneous barrier disruption was achieved by the application of 
150 μl 4% sodium dodecyl sulphate (SDS) to shaved dorsal skin 2 h 
before the application of ointment containing Dermatophagoides 
farina body (Dfb) (Biostir AD®, Biostir Inc., Osaka, Japan). This 
procedure was repeated twice a week for 3 weeks to produce 
SDS+Dfb-treated mice. Scratching behaviour was measured and 
quantified using the SCLABA®-Next System (Noveltec, Kobe, 
Japan) for 12 h as previously reported (8). 

Skin lesions were scored as follows: the severity of (1) erythema/
haemorrhage, (2) scarring/dryness, (3) oedema and (4) excoriation/
erosion was assessed with scores of 0 (none), 1 (mild), 2 (mode-
rate) and 3 (severe). The total skin score was calculated as the sum 
of individual scores (9).

Stress loading on mice

WS: SDS+Dfb-treated mice were placed into a plastic tank (45 
cm length × 25 cm width × 25 cm height) containing warm water 
(35~36°C, depth of 5 to 6 cm) and removed after 2 h as previously 
reported (10). The procedure was repeated each weekday for 2 
weeks.

RS: SDS+Dfb-treated mice were separately enclosed in a plastic 
tube (30 mm diameter × 114 mm length, capacity of 50 ml) with 
several small holes for ventilation as previously reported (11). 
During the 2 h restraint, mice were deprived of food and water. 
The procedure was repeated each weekday for 2 weeks.

R-SDS: SDS+Dfb-treated mice were physically exposed to ICR 
mice (aggressor) for 10 minutes each weekday for 2 weeks. After 
the exposure period, the two mice were separated by a metal mesh 
in the same cage for 24 h to expose them to sensory stress without 
physical contact as previously reported (12).

Assessment of urine corticosterone levels using ELISA 

Urine samples were collected after the AD induction phase in the 
3rd week and the stress loading phase during the 1st and 2nd weeks. 
Urine samples were collected 2 h after the last stress loading, and 
were then stored in 2-ml tubes at −80 °C until analysed. A volume 
of 1.5 μl was used and diluted at a ratio of 1:20 into a diluent for 
the analysis. Urine corticosterone levels were measured using the 
AssayMax™ Corticosterone ELISA kit (Assaypro, MO, USA) 
according to the manufacturer’s instructions. 

Mechanical alloknesis assay

The mechanical alloknesis assay was performed according to a 
previously reported method (13). Briefly, von Frey filaments were 
applied to shaved skin and held in place for up to 1 second. One 
stimulus was delivered with a 5-second interval, and this mecha-
nical itch was repeated 30 times using von Frey filaments with a 
bending force of 0.07 g or 0.16 g (Fig. S1e).

Statistical analysis

All experiments were repeated at least three times. Data are ex-
pressed as mean values ± the standard error of the mean (SEM). 
Statistical analyses were performed using GraphPad Prism 9 
(GraphPad Software, San Diego, CA, USA), with p < 0.05 indi-
cating a significant difference. Data were analysed by a two-way 
ANOVA and expressed as the mean ± SEM. 

RESULTS

Induction of atopic dermatitis-like symptoms
The SDS+Dfb treatment was applied twice a week to the 
dehaired back skin of mice for 3 weeks, which induced 
AD-like symptoms (Fig. S1a). Mice were then subjected 
to the following psychological stress loading: WS, RS, 
and R-SDS (Fig. S1b–d).

Effects of psychological stress on urine corticosterone 
levels and the relative ratio of body weight
After the SDS+Dfb treatment for 3 weeks, stress loading 
was performed once daily for 2 weeks, and the urinary 
level of corticosterone, a stress marker, was measured 
using an ELISA on weeks 1 and 2 (Fig. S1a). In the 
1st week, urine corticosterone levels were significantly 
higher in SDS+Dfb+RS- and SDS+Dfb+R-SDS-treated 
mice than in SDS+Dfb-treated mice (Fig. 1a). In the 2nd 
week, urine corticosterone levels were markedly higher 
in SDS+Dfb+R-SDS-treated mice than in SDS+Dfb-
treated and SDS+Dfb+WS-treated mice (Fig. 1a). Ho-
wever, in the 1st and 2nd weeks, no significant differen-
ces were observed between SDS+Dfb-treated mice and 
SDS+Dfb+WS-treated mice (Fig. 1a). 

The relative body weight ratio was obtained by divi-
ding body weight after stress in the 1st or 2nd week by 
body weight before stress (Fig. S1a). The relative ratio 
of body weight was lower in SDS+Dfb-treated mice 
exposed to a stressor than in those not exposed to any 
of the three stressors (Fig. 1b). In the 1st and 2nd weeks, 
the relative ratio of body weight was significantly lower 
in SDS+Dfb+RS-treated and SDS+Dfb+R-SDS-treated 
mice than in SDS+Dfb-treated mice (Fig. 1b). Further-
more, in the 1st and 2nd weeks, it was significantly lower in 
SDS+Dfb+R-SDS-treated mice than in SDS+Dfb+WS-
treated mice (Fig. 1b). Additionally, a significant decrease 
was evident in comparisons of SDS+Dfb+RS- and 
SDS+Dfb+WS-treated mice in the first week (Fig. 1b).

Effects of psychological stress on skin inflammation 
and spontaneous itch in AD-NC/Nga mice 
SDS+Dfb NC/Nga mice exposed to psychological stress 
showed a slow improvement and R-SDS psychological 
stress worsened AD-like symptoms in NC/Nga mice 
(Fig. S2a). 

The relative dermatitis score/scratching bout ratio was 
obtained by dividing dermatitis scores/scratching bouts 
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after stress in the 1st or 2nd week by dermatitis scores/
scratching bouts (Fig. S1a). In the 1st and 2nd weeks of 
the present study, SDS+Dfb-treated mice exposed to 
stress exhibited a higher relative ratio of dermatitis sco-
res than those not exposed to stress. The relative ratio 
of dermatitis scores in SDS+Dfb+R-SDS-treated mice 
differed significantly from that in SDS+Dfb-treated 
mice, and this effect was observed in both the 1st and 
2nd weeks (Fig. S2b). Additionally, during the 1st week, 
SDS+Dfb-treated mice exposed to R-SDS displayed a 
significantly higher relative ratio of scratching bouts than 
SDS+Dfb- and SDS+Dfb+WS-treated mice, suggesting 
an enhancement in the impact of AD under psychological 
stress conditions (Fig. S2c).

Effects of psychological stress on mechanical alloknesis
During the induction phase of AD, mechanical alloknesis 
scores were significantly higher in SDS+Dfb-treated 
mice at 0.07 g and 0.16 g than in naive and SDS-treated 
mice (Fig. 2a, b). Moreover, in the stress loading phase, 
SDS+Dfb-treated mice exposed to stress had significantly 
higher mechanical alloknesis scores at 0.07 g and 0.16 
g than in those in mice not exposed to any stress (Fig. 
2c, d). 

Relationship between urine corticosterone levels and 
mechanical alloknesis scores under different stress-
induced conditions
In the stress loading phase, a thorough analysis re-
vealed a correlation between urine corticosterone levels  
and mechanical alloknesis scores in SDS+Dfb+WS-
treated mice at 0.07 g (Fig. 3a) and in SDS+Dfb+R-SDS-

treated mice at 0.07 g and 0.16 g (Fig. 3c). However, a 
weak correlation was observed in SDS+Dfb+WS-treated 
mice at 0.16 g (Fig. 3a) or in SDS+Dfb+RS-treated mice 
at 0.07 g and 0.16 g (Fig. 3b). 

DISCUSSION

In the present study, we found that SDS+Dfb-treated mice 
exposed to psychological stress, particularly R-SDS, 
showed slower improvements in AD-like symptoms, in-
cluding dermatitis and itch-related scratching behaviour 
(Fig. S2b and c). The HPA axis has been identified as the 
major pathway through which the central nervous system 
exerts control over the immune system under stressful 
conditions, affecting immune responses, cytokine pro-
duction, mast cell activity, neuropeptide signalling and 
the skin barrier (14). The delay observed in symptom 
improvement is consistent with previous findings on the 
formation of itch–scratch cycles, showing that itching 
exacerbated dermatitis (7).

Psychological stress has been suggested to play a 
significant role in the pathogenesis and clinical course 
of AD skin conditions (15). However, the effects of dif-
ferent levels of stress on the pathogenesis of AD have 
not yet been elucidated. In the present study, we com-
pared three types of psychological stress on mice with 
AD-like symptoms. Comparative analyses revealed that 
corticosterone levels (Fig. 1a) and the relative ratio of 
body weight loss (Fig. 1b) were more strongly affected 
in R-SDS-treated mice than in other mice. This result 
indicates a marked impact on relative body weight, par-
ticularly in SDS + Dfb + R-SDS-treated mice, suggesting 
a sustained effect of stressors on body weight changes. 

Fig. 1. Effects of psychological stress on urine corticosterone levels and the relative ratio of body weight. (a) In the 1st week, urine 
corticosterone levels were significantly higher in SDS+Dfb+RS- and SDS+Dfb+R-SDS-treated mice than in SDS+Dfb-treated mice. In the 2nd week, 
they remained significantly higher in SDS+Dfb+R-SDS-treated mice than in both SDS+Dfb-treated mice and SDS+Dfb+WS-treated mice. (*p < 0.05, 
***p < 0.0005, n = 25–32). (b) The relative ratio of body weight was lower in SDS+Dfb-treated mice exposed to a stressor than in those not exposed to any 
of the three stressors. In the 1st and 2nd weeks, it was significantly lower in SDS+Dfb+RS- and SDS+Dfb+R-SDS-treated mice than in SDS+Dfb-treated 
mice. In the 1st and 2nd weeks, the relative ratio of body weight was significantly lower in SDS+Dfb+R-SDS-treated mice than in SDS+Dfb+WS-treated 
mice. Additionally, a comparison of SDS+Dfb+RS-treated and SDS+Dfb+WS-treated mice in the 1st week showed a significant decrease (*p < 0.05, 
**p < 0.005, ***p < 0.0005, ****p < 0.0001, n = 23–32). Numbers represent the mean ± SEM of eight independent experiments. (The statistical analysis 
did not include the SDS-treated mice.)
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During the 1st week of psychological stress loading in 
the present study, urine corticosterone levels showed the 
highest increase in R-SDS-treated mice. After 2 weeks of 
psychological stress loading, urine corticosterone levels 
had decreased (Fig. 1a). This reduction may be due to 
a negative feedback mechanism that inhibits the activa-
tion of the HPA axis (16). As corticosterone may be an 
acute stress response marker, these results indicate that 
R-SDS was the strongest among the three psychological 
stressors examined, and also that the optimal time to 
examine the effects of psychological stress was during 
the 1st week of stress loading. Despite exposure to WS, 
mice exhibited higher corticosterone levels than those 
not exposed to any stress; however, this increase was 
not significant (Fig. 1a). The lower corticosterone levels 
in WS-treated mice may be due to an increased water 
intake diluting urine corticosterone levels. Although the 
total 24 h urine volume for all samples was recorded 
(17), we only collected samples 2 h after stress loading. 
Additionally, blood samples revealed corticosterone 
levels in response to noise stress during both the light 
and dark phases of the circadian cycle. The present study 
confirmed differential responsiveness to stressors in the 

acrophase and nadir of the circadian cycle, highlighting 
temporal variations in stress reactivity (18). Nevertheless, 
a urinary cortisol sample more accurately represents the 
production of cortisol over a specific duration, offering 
a more reflective measure of cortisol production than 
a single serum sample (19). Various perspectives exist 
regarding corticosterone as a stress marker among resear-
chers, representing a limitation in our study.

Mechanical alloknesis scores, indicating sensitivity to 
mechanical stimuli, were markedly elevated in SDS + Dfb 
mice after the induction phase of AD (Fig. 2a and b). 
However, no significant differences were observed 
between naive and SDS-treated mice. Additionally, we 
detected itch responses to mechanical stimuli in the naive 
group (Fig. 2a and b), suggesting that mechanically 
evoked itch is mediated by low-threshold mechanorecep-
tors (LTMs). Furthermore, itch appears to be constantly 
gated by a subpopulation of inhibitory neuropeptide Y 
(NPY) interneurons, which are also activated by LTM 
inputs under normal conditions (20). Moreover, we 
demonstrated that SDS+Dfb-treated mice exposed to 
psychological stress had significantly higher mechanical 
alloknesis scores than non-exposed SDS+Dfb-treated 

Fig. 2. Effects of psychological stress on mechanical alloknesis. Alloknesis scores were significantly higher in SDS+Dfb-treated mice at 0.07 g (a) 
and 0.16 g (b) than in naive and SDS-treated mice (in the induction phase of AD, *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001, n = 28–52). 
SDS+Dfb-treated mice exposed to stress had significantly higher alloknesis scores at 0.07 g (c) and 0.16 g (d) (the statistical analysis did not include 
SDS-treated mice) than mice not exposed to any stress (in the stress loading phase, *p < 0.05, **p < 0.005, n = 16–23). Numbers represent the mean ± SEM 
of 6 independent experiments.
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mice. Mechanical alloknesis refers to increased sensi-
tivity to mechanical stimuli (Fig. 2c and d), which may 
result in itch. Previous studies demonstrated that changes 
in the NPY system play a crucial role in modulating the 
sensation of itch (21). This system is closely involved in 
the regulation of both the mechanical and histaminergic 
aspects of itch (22). Studies that examined NPY expres-
sion across the entire hypothalamus or within a specific 
region of the hypothalamic arcuate nucleus (ARC) 
consistently indicated the marked up-regulation of NPY 
transcription in response to various stressors. However, 
the precise nature and extent of this up-regulation appear 

to be associated with the specific type and duration of 
stress exposure (23).

An extensive analysis was conducted in the stress 
loading phase and revealed a correlation between 
urine corticosterone levels and alloknesis scores in 
SDS+Dfb+WS-treated mice at 0.07 g (Fig. 3a) and 
SDS+Dfb+R-SDS-treated mice at 0.07 g and 0.16 g (Fig. 
3c). While no correlation was observed in SDS+Dfb+WS-
treated mice at 0.16 g (Fig. 3a) or in SDS+Dfb+RS-treated 
mice (Fig. 3b), it is important to note that the strong cor-
relation persisted between urine corticosterone levels and 
mechanical alloknesis scores in SDS+Dfb+WS-treated 

Fig. 3.  Urine corticosterone levels correlate with mechanical 
alloknesis scores in mice with AD-like symptoms. In the stress loading 
phase, a correlation was observed between urine corticosterone levels and 
mechanical alloknesis scores in SDS+Dfb+WS-treated mice (0.07 g) and 
SDS+Dfb+R-SDS-treated mice (0.07 g and 0.16 g, *p<0.05 a and c). 
However, a weak correlation was found in SDS+Dfb+WS-treated mice (0.16 
g) or SDS+Dfb+RS-treated (0.07 g and 0.16 g, p > 0.05 a and b).
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mice. This relationship underscores the complexity of the 
interplay between corticosterone levels and mechanical 
alloknesis responses under different treatment conditions 
during the stress loading phase.

Our previous histological findings revealed a higher 
number of intraepidermal nerve fibres in patients with AD 
than in healthy subjects (24, 25). Therefore, the higher 
density of intraepidermal nerve fibres may be at least 
partly responsible for itch sensitization. This may also 
be explained by our previous findings showing that film 
dressings inhibited itch hypersensitivity in a murine dry 
skin model (26). However, the present results suggest 
that the abundance of intraepidermal nerve fibres does 
not necessarily lead to an exaggerated perception of itch. 
Instead, a reduction and/or anomaly in intraepidermal 
nerve fibres appears to play a role in itch sensation (27). 
This study raises the question of how a reduction in 
intraepidermal nerve fibres is involved in itch, and one 
potential explanation is regional variations in the levels of 
some neuropeptides, including substance P and calcitonin 
gene-related peptide, both of which are involved in the 
itch sensation. Further research is needed to elucidate the 
specific mechanisms underlying the relationship between 
intraepidermal nerve fibres and itch perception. 

In conclusion, the present study showed that psycholo-
gical stress, particularly R-SDS, delayed improvements 
in dermatitis by exacerbating itch hypersensitivity in 
AD. The results obtained suggest that this model of 
psychological stress-induced mechanical alloknesis 
is useful for investigating the mechanisms underlying 
stress-induced itch hypersensitivity and will contribute 
to the development of potential therapeutic strategies that 
mitigate psychological stress-related effects.
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