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Since the recognition of asthma as a syndrome with complex pathophysiological signs and symptoms,
recent research has sought to classify asthma phenotypes based on its clinical and molecular pathological
features. Psychological stress was first recognized as a potential immune system modulator of asthma at
the end of the 19th century. The activation of the central nervous system (CNS) upon exposure to psy-
chological stress is integral for the initiation of signal transduction processes. The stress hormones,
including glucocorticoids, epinephrine, and norepinephrine, which are secreted following CNS activation,
are involved in the immunological alterations involved in psychological stress-induced asthma exacer-
bation. The mechanisms underlying this process may involve a pathological series of events from the
brain to the lungs, which is attracting attention as a conceptually advanced phenotype in asthma
pathogenesis. This review presents insights into the critical role of psychological stress in the develop-
ment and exacerbation of allergic asthma, with a special focus on our own data that emphasizes on the
continuity from the central sensing of psychological stress to enhanced eosinophilic airway
inflammation.
Copyright © 2017, 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/).
Receptiveness of psychological stress in living conditions

Mental illnesses were recognized in Greece in the 3rd to 4th
centuries BCE. The Greek physician Hippocrates, one of the first
scholars to recognize the notion of neuropsychiatry, first proposed
the concept that mental illnesses were of natural origins rather
than due to the possession of evil spirits or punishment sent from
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the gods. In the 19th century, Wilhelm Griesinger, a German
neurologist, suggested that mental illnesses are actually illnesses of
the nerves and brain. Around the same time, in the field of allergy
pathophysiology, physiological stress was recognized as a potential
immune system modulator for asthma, although the mechanisms
leading to asthma pathogenesis were not yet clearly understood. In
the 20th century, the importance of the signal transduction
pathway from the brain in response to psychological stimuli to the
peripheral organs, in concert with the development of psycho-
pharmacology, was becoming clear. Recently, stress and emotional
factors are increasingly recognized as stimuli that disturb the
vier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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homeostasis of the brain, and which have been strongly implicated
in morbidity and mortality from several types of inflammatory
diseases, including allergic asthma.1

Early results from the National Health Interview Survey, con-
ducted by the US Centers for Disease Control and Prevention (CDC),
showed that 3.5% of adults had recently experienced serious psy-
chological distress, a marked increase from the reported 2.7% in
2007.2 The results of the CDC survey indicate that mundane
stressful life events may become acute or chronic psychological
stressors. Stressful life events such as lower socioeconomic status in
families renting homes, contact with the welfare system, and lower
levels of savings and annual incomes may lead to psychologically
stressful conditions in children.3,4 This observation is supported by
Maxmen, who provided scientific evidence for the concept that
deprivation leads to stress, whichmay, in turn, lead to poor health.5

In addition, domestic circumstances such as bereavement, violence,
and lack of family support are also associated with psychological
stress in parents and their children.6 Similarly, dwelling environ-
ments such as areas with lower-income neighborhoods or with
caregivers who perceive the neighborhood as unsafe may also act
as psychological stimuli in children.4 School examinations in col-
lege students with mild allergic asthma increased their anxiety and
depression.7 In addition, more than half of the individuals with
occupational asthma felt clinically significant levels of psychologi-
cal distress.8 Thus, psychological stress from several types of life
events and living conditions may become psychological stimuli and
stressors.
Fig. 1. School examinations enhance airway inflammation following antigen challenge.
In college students with mild asthma (n ¼ 20), the number of sputumwhite blood cells
(A), the percentages of sputum eosinophils (B), and the percentages of sputum lym-
phocytes (C) were counted before, 24 h after, and seven days after antigen challenge.
The boxes represent medians with 25 and 75% quartiles; the vertical lines represent
the 10th and 90th percentiles. **p < 0.01, versus baseline; yp < 0.05, zp < 0.01, stress
versus low-stress. This figure is adapted from the Reference7 with permission.
Psychological stress in asthma development and exacerbation

The role of psychological stress and emotional factors in the
development and exacerbation of asthma has garnered much atten-
tion.1,9 Sandberg et al. demonstrated that high levels of chronic stress
increased the risk of new asthma attacks three-fold in children aged
6e13 years within the first fortnight, but not the subsequent third to
sixth weeks.10 Similarly, lower levels of family support and higher
levels of neighborhood problems, but not a lack of peer support, were
associated with increased symptoms and poorer pulmonary function
in children and adolescents with asthma, although family and
neighborhood factors and peer support were not associated with
asthma outcomes in youths.6 In Japan, Koyanagi and colleagues sur-
veyed factors contributing to asthma exacerbation in 3085 adult pa-
tients, reporting that emotional stress caused 10%e15% of the asthma
exacerbation. In their study, the percentage of patients who had
asthma exacerbation caused by psychological stress were gradually
increaseddependenton asthma severity.9 Furthermore, psychological
stress during pregnancy increased the risk of the development of
childhood wheezing and asthma through the effect of stress on
epigenetic modulations such as genome-wide alterations in DNA
methylation inbothmothersand theirchildren.11 Inaddition, Lim et al.
reported that stress-triggered glucocorticoid release during preg-
nancy inmice caused a rapid, large increase in plasma corticosterone
levels in the fetuses of stressed mothers, which increased airway
inflammation and airway responses to methacholine in the adult
offspring.12 These results suggest that psychological stress signals are
transferred from the mothers to their offspring, which become a risk
factor for new asthma attacks. This risk is reflected in the Japanese
guidelines for the definition, evaluation, and treatment of severe
asthma.13 The results from other studies also show that psychological
stress is an important factor for asthma severity.14,15 Childhood and
adult exposures to physiological stress are strongly correlated with
attacks and poor asthma prognoses,16 with which living conditions
such as lower socioeconomic status and problems in domestic and
neighborhood circumstances are deeply associated.3,17,18
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Enhancement of Th2-type immune responses in response to
psychological stress

School examinations exacerbated eosinophilic airway inflam-
mation in college students with mild allergic asthma (Fig. 1) and
enhanced interleukin (IL)-5 production by sputum cells in associ-
ation with increased anxiety and depression.7 Furthermore, ex-
amination stress skewed the type 1 T helper (Th1)/type 2 T helper
(Th2) ratio to Th2-dominant, and reduced natural killer (NK) cell
numbers in atopic students.19 Chen et al. found that lower socio-
economic status such as that in families who rented rather than
owned their homes was associated with higher levels of chronic
stress, which increased IL-5 and IL-13 levels and eosinophil counts
in children with asthma.17 Furthermore, the production of IL-13 in
children with asthma was inversely correlated with family savings
and annual family incomes.17 Wolf et al. demonstrated that
perceived stress levels in parents, as evaluated by the Perceived
Stress Scale, a self-report questionnaire of globally perceived stress,
is associated with increased levels over time of asthma-relevant
inflammatory markers such as eosinophil cationic protein and IL-
4 in children with asthma.20 These relationships are supported by
studies using animal mouse models by Chida et al., who demon-
strated that mice exposed to psychological stress exhibited a
type in asthma: Psychological stress-induced alterations of the
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significant increase in the number of total mononuclear cells and
eosinophils and enhanced airway hyperresponsiveness compared
to those in control mice.21 Interestingly, pretreatment with a
glucocorticoid receptor antagonist inhibited physical stress-
induced augmentation of airway inflammation. This result sug-
gests that the endocrine system is involved in the pathway from the
receptiveness of psychological stress to the enhanced Th2 immune
responses in asthma.21

Brain activity in response to stress and asthma
pathophysiology

Stress-induced enhanced Th2-type immune responses originate
from stress-induced brain activity. Rosenkranz et al. reported that
the emotional response associated with a greater change of func-
tional magnetic resonance imaging (fMRI) signal in the anterior
cingulate cortex (ACC) and insula, which are major components of
an emotional circuitry in the cognitive processes of psychological
stress, was negatively correlated with pulmonary function, and
resulted in increased numbers of eosinophils and tumor necrosis
factor-a (TNF-a) production in patients with asthma (Fig. 2).22

Furthermore, greater activation of the anterior insula in response
to increased inflammatory signals in the lungs induced by asthma-
Fig. 2. Anterior cingulate cortex activity is associated with increased eosinophil counts an
eosinophils (A) or TNF-a production by peripheral blood leukocytes (% of production relativ
imaging (fMRI) signal in the anterior cingulate cortex in response to words related to asthma
after antigen relative to methacholine challenge [AgeMeth]. This figure is adapted from th
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relevant psychological stimuli and was associated with disease
severity.23 Acute psychological stress induced the exacerbation of
airway inflammation in chronically stressed asthmatic patients,
whichwas associatedwith signal cross-interactionbetween theACC
and insula in response to psychological stress.24 Furthermore,
increased mid-cingulate cortex and ACC activation during the in-
duction of psychosocial stress was associated with a larger increase
in IL23AmRNA expression and increased IL1R1mRNA expression in
sputum cells from the baseline levels following stress in patients
with asthma.24 These brain activities caused by psychological stress
exert type 17 T helper (Th17)-type immune responses such as the
increase of neutrophils in individuals with asthma,24 which
contribute to the refractory asthma characteristic of glucocorticoid
resistance.8,14,15 These results suggest that neural activation in
specific areas of the brain in response to psychological stimuli leads
to immune responses that may result in increased asthma severity.

When brain sites such as the ACC, insula, and limbic structures
that link the amygdala, hypothalamus, and bed nucleus of the stria
terminalis perceive emotional stress signals, they induce signal
transduction processes through the efflux of neuropeptides,
including substance P, histamine, endogenous opioids, and neuro-
peptide Y.25,26 Our previous investigations have demonstrated the
critical role of m-opioid receptors (MORs) and histamine receptors
d tumor necrosis factor (TNF)-a production. The correlation was evaluated between
e to no dexamethasone) (B), and the percent change of functional magnetic resonance
(e.g., wheeze) compared with neutral words (e.g., curtains) [AseNe] during late phase

e Reference22 with permission.
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(HRs) in the stress-induced exacerbation of asthma.27e29 We
showed that the stress-induced aggravations of the asthmatic in-
flammatory responses observed in wild-type (WT) mice were
completely abolished in MOR-knockout (MORKO) mice, while the
aggravation re-emerged in MORKO mice when MOR was recon-
stituted only in the central nervous system (CNS, MORKO/Tg mice)
(Fig. 3).28 A similar tendency in serum corticosterone levels was
observed in WT, MORKO, and MORKO/Tg mice.28 Intra-
cerebroventricular, but not peripheral, administration of MOR an-
tagonists significantly suppressed stress-induced exacerbations of
allergic airway inflammation in WT mice. Furthermore, instead of
stress exposure, the administration of morphine, a MOR agonist,
reproduced the worsening of allergic airway inflammation in WT
mice.29 In addition, we demonstrated that intracerebroventricular
administration of type 1 or type 2 HR antagonists, but not type 3 HR
antagonists, attenuated the stress-induced exacerbations of asth-
matic airway responses in a murine model of allergic asthma.27

Stress signals to the hypothalamus regulate the activation of both
the parasympathetic and sympathetic nervous systems (PNS and
SNS, respectively); PNS activation prompts the release of
Fig. 3. m-opioid receptors in the central nervous system (CNS) are involved in the
stress-induced increase in inflammatory cells in the bronchoalveolar lavage (BAL) fluid
of asthmatic mice. Mice were sensitized with two intraperitoneal injections of oval-
bumin and aluminum hydroxide on days 0 and 5. On days 30 and 37, the mice were
challenged with aerosolized ovalbumin for 1 h. Psychological stressors were applied
from days 30e36. The numbers of total cells (Total), macrophages (Mf), eosinophils
(Eo), neutrophils (Neu), and lymphocytes (Lym) in BAL fluids were counted, for non-
stressed (open bars) and stressed (hatched bars) wild-type (A), m-opioid receptor
knock-out (MORKO) (B), and MORKO/Tg (C) mice three days after the last ovalbumin
inhalation. Data are expressed as mean ± S.D. *p < 0.05 and **p < 0.01 compared to
non-stressed mice. This figure is adapted from the Reference.28
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acetylcholine from efferent cholinergic nerve endings, while SNS
activation releasesepinephrineandnorepinephrine fromtheadrenal
medulla through the sympathetic-adrenal-medullary axis, which
together amplify airway inflammation, mucus secretion, broncho-
constriction, and remodeling.30,31 Thus, brain activity followedby the
efflux of neuropeptides could be involved in asthma exacerbation.

The linkage between stress stimuli in the brain and
inflammation in the lungs: stress-induced secretion of
endocrine hormones

Psychological stress induces the secretion of stress hormones
such as epinephrine, norepinephrine, and glucocorticoids.32,33 In
these stress hormones, glucocorticoid released through the acti-
vation of the hypothalamicepituitaryeadrenal (HPA) axis is a well-
known mediator that elicits peripheral stress responses to external
psychological factors. Administration of psychological stress to
impregnated mice was found to increase the plasma corticosterone
levels in fetuses, which was associated with increased airway
inflammation and airway responses to methacholine in the
offspring.12 The role of glucocorticoids in stress-related asthma
exacerbations is supported by Chida et al., who showed that mice
exposed to psychological stress in early life exhibited enhanced
asthmatic responses in adulthood, which was abrogated by treat-
ment with a glucocorticoid receptor antagonist before allergen
exposure.21 We demonstrated that treatment with a glucocorticoid
receptor antagonist, mifepristone, or a glucocorticoid synthesis
inhibitor, metyrapone, prior to the stress exposure, reduced in-
flammatory cell counts in the bronchoalveolar lavage fluid of
stressed-asthmatic mice to the same levels as those in non-stressed
asthmatic mice (Fig. 4).34
Fig. 4. Endogenous glucocorticoids play an important role in the stress-induced in-
crease in inflammatory cells in the bronchoalveolar lavage (BAL) fluid of asthmatic
mice. Mice were sensitized with two intraperitoneal injections of ovalbumin and
aluminum hydroxide on days 0 and 5. On days 17 and 24, the mice were challenged
with aerosolized ovalbumin for 1 h. Psychological stressors were applied from days
17e23. RU-486 (A), a glucocorticoid receptor antagonist, or metyrapone (B), a gluco-
corticoid synthesis inhibitor, was administered before each psychological stress
exposure. The numbers of total cells, macrophages, eosinophils, neutrophils, and
lymphocytes in BAL fluids were counted three days after the last ovalbumin inhalation.
*p < 0.05 and * *p < 0.01 compared with non-stressed mice with solvent; #p < 0.05 and
##p < 0.01 compared with stressed mice with solvent. This figure is adapted and
modified from the Reference34 with permission.
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Fig. 6. Schematic diagram of the stress signal transduction pathway from the brain to
the lungs in allergic asthma. Psychological stress stimuli induce the efflux of neuro-
peptides such as opioids from the central nervous system, which transduce the signal
from the brain to the lungs through the activation of the hypothal-
amicepituitaryeadrenal axis and the autonomic nervous system, leading to endocrine
responses such as the release of glucocorticoids. Glucocorticoids directly enhance Th2-
type inflammation or suppress regulatory T (Treg) cells or Th1-type inflammation in
the lungs, and this is strongly associated with psychological stress-induced asthma
exacerbation.
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In helper T cell differentiation to Th1 or Th2 phenotypes, glu-
cocorticoids inhibit the capacity for antigen-presenting cells to
produce IL-12 and enhance the differentiation of thymocytes into
IL-4-producing cells, which together enhance Th2 cytokine pro-
duction in a cluster of differentiated (CD)4þ T cells.35e37 Further-
more, Wiley et al. reported that the local administration of
corticosteroids during concomitant mucosal allergic sensitization
amplified Th2 cytokine production in lymphoid tissues after re-
exposure to allergens.38

In addition, stress-induced glucocorticoid release in asthma
aggravates the Th2-type immune response by reducing regula-
tory T (Treg) cell quantity and activity. Freier et al. demonstrated
that acute psychological stress decreased the expression of Treg
cell-related effector molecules, as well as the proportion of CD4þ

Foxp3þ Treg cells in individuals experiencing mental stress.39

Treatment with glucocorticoids during the delivery of antigens
eliminated the development of IL-10-secreting dendritic cells
(DCs) and suppressed naïve T-cell differentiation into Treg cells,
which impaired allergen-specific respiratory tolerance and Treg
cell development.37,40 Indeed, the population of Treg cells among
CD4þ cells was significantly reduced in patients with post-
traumatic stress disorder (PTSD) compared with those in non-
PTSD controls.41 Furthermore, Treg cell phenotype according to
the expression of CD127 and human leukocyte antigen-DR
markers were altered in patients with PTSD, suggesting that
psychological stress is involved in the disruption of immune
homeostasis through the modulation of Treg cell differentiation
and function.42 We also reported a reduction in CD4þ CD25þ cell
populations in bronchial lymph node (BLN) cells on the third day
after allergen inhalation in stressed asthmatic mice compared to
those in non-stressed asthmatic mice. Moreover, the significant
difference in the Treg cell population in BLN cells between
stressed and non-stressed mice was completely abrogated in
MORKO mice (Fig. 5).28 Thus, a reduced number of Treg cells, and
a defect in the function of Treg cells in response to psychological
stress, suggests the abrogation of immune tolerance due to the
stress exposure, leading to stress-induced activation of the
asthmatic immune response with a Th2/Treg imbalance.
Furthermore, a MOR-dependent receptiveness to psychological
stress might be involved in this mechanism. Thus, while inhaled
glucocorticoids have been widely used in the treatment of
ongoing inflammation in asthma, psychological stress-induced
endogenous glucocorticoid secretion risks increasing the magni-
tude of inflammation triggered by subsequent allergen exposure.
Fig. 5. m-opioid receptors are involved in the stress-induced reduction of regulatory T cells in
bars) and stressed (closed bars) wild-type asthmatic mice and m-opioid receptor (MOR) knoc
defined as CD4þ CD25þ before (day 0) and three days after culture with ovalbumin. The num
expressed as mean ± S.D. **p < 0.01 compared with day 0; ##p < 0.01 compared with non
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Perspectives

Psychological stress is deeply involved in asthma development
and exacerbation. The receptivity to psychological stress by the
brain plays a pivotal role in initiating signal transduction processes,
followed by the efflux of neuropeptides such as opioids and hista-
mine. The signal is transduced from the brain to the lungs mainly
through the activation of the HPA axis, which leads to the release of
stress hormones such as glucocorticoids. The activity of the
neuroendocrine system amplifies Th2-type immune responses in
the lungs via the induction of Th1/Th2 or Treg/Th2 imbalance. We,
and other investigators, have accumulated evidence indicating that
stress-mediated endogenous glucocorticoid secretion contributes
to the exacerbation of asthma. However, exogenous glucocorticoids
have beenwidely used in the short-term relief or long-term control
of asthma based on the worldwide guidelines for asthma
the bronchial lymph node (BLN) of asthmatic mice. BLN cells from non-stressed (open
k-out (KO) asthmatic mice were analyzed for the percentages of regulatory T (Treg) cells
bers of Treg cells are shown as percentages of the total number of BLN cells. Data are
-stressed mice. This figure is adapted and modified from the Reference.28
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management. How we should interpret this apparent discrepancy
between the roles of foe and friend played by glucocorticoids in
allergic inflammation has not yet been resolved.43 In this review,we
suggest, as one possibility, that glucocorticoids may play a distinc-
tive role in the regulation of Th2 immune responses depending on
the time points, frequency, and compartment of the appearance of
this hormone, the attenuation of asthmatic airway inflammation in
the case of inhaled glucocorticoids during on-going inflammation,
and the enhancement in the case of chronic and systemic gluco-
corticoids such as chronic exposure to psychosocial stress.

Because asthma is a heterogeneous disorder, several groups of
researchers have proposed asthma phenotypes based on patho-
logical and clinical features in order to identify more effective
asthma therapies specific to each phenotype.44 A novel strategy is
needed for the reduction of morbidity and mortality of psycho-
logical stress-related asthma. Recently, it is becoming clear that the
differences in sensitivity to psychological stress based on the
translational control of gene expression may affect asthma exac-
erbation. Therefore, studies on signal transduction pathways
through themodulation of epigenetic and transcriptional activity in
asthma-relevant cells may be needed to assess the psychological
stress-related phenotypes of asthma and immune responses.45 In
this review, we propose a consecutive pathology from the brain to
the lungs in asthma, which is exacerbated by psychological stress
(Fig. 6); this pathology is attracting attention as a conceptually
advanced and novel phenotype in asthma pathogenesis in the
psychologically stressful living conditions of the 21st century.
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