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Heme oxygenase 1 attenuates the development of atopic
dermatitis–like lesions in mice: Implications for human
disease

Mio Kirino, MD,a,b Yohei Kirino, MD, PhD,a Mitsuhiro Takeno, MD, PhD,a Yoji Nagashima, MD, PhD,c Kazuo Takahashi,
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Background: Oxidative stress has been implicated in the
exacerbation of atopic dermatitis (AD).
Objective: We sought to investigate the pathophysiologic roles of
inducible antioxidant heme oxygenase (HO) 1 in the
development of AD.
Methods: Serum HO-1 levels of patients with AD (n 5 100) and
age-matched healthy control subjects (n 5 72) were determined
by means of ELISA. The relationships between serum HO-1
levels and clinical severities, laboratory parameters, and
cytokines/chemokines were assessed. Skin lesions of patients
with AD and psoriasis were analyzed by means of
immunohistochemistry. A murine AD model, DS-Nh, was used
to further investigate localization and function of HO-1.
Evaluation of symptoms, serum IgE and IL-18 levels,
immunoblotting results, and histologic analyses of skin were
performed. The effect of intraperitoneally administered hemin,
a potent HO-1 inducer, or zinc protoporphyrin IX, an inhibitor
of HO, was monitored.
Results: Serum HO-1 levels were significantly increased in
patients with AD compared with those seen in healthy control
subjects and were associated with AD disease severity. Serum
HO-1 levels correlated with serum IgE, lactate dehydrogenase,
IL-18, and thymus and activation-regulated chemokine levels.
HO-1–expressing cells were accumulated in skin lesions of
patients with AD and DS-Nh mice. Immunofluorescence of
mouse skin lesions revealed that HO-1–positive cells were
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macrophages and dendritic cells. Treatment with hemin, but not
with zinc protoporphyrin IX, attenuated the development of the
skin lesions in DS-Nh mice and reduced serum IL-18 levels.
Conclusion: HO-1 levels were increased in sera and skin lesions
of patients with AD. Enhancement of HO-1 attenuated the
development of skin lesions in mice, suggesting that HO-
1 induction offers a promising therapeutic strategy for AD.
(J Allergy Clin Immunol nnnn;nnn:nnn-nnn.)
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Atopic dermatitis (AD) is a common chronic inflammatory
skin disease with various factors, including immunologic abnor-
malities and exposure to allergens, that contribute to the patho-
genesis and development of skin lesions.1 The frequency is
estimated to be approximately 8% to 25% of the population
worldwide, and the incidence is increasing, especially in devel-
oped countries.1,2 Oxidative stress has been implicated in cutane-
ous damage in various inflammatory skin diseases, including
AD.3-5 Enhancement and attenuation of antioxidant defenses
have been shown to be associated with the amelioration and
exacerbation of AD, respectively.5

The present study focused on heme oxygenase (HO), one of
the stress-response proteins, in the development of AD. HO is an
enzyme that catalyzes the conversion of heme into carbon
monoxide, Fe21, and biliverdin.6 HO-1, an inducible form of
HO, is a 32-kd heat shock protein expressed in response to vari-
ous stressors.6,7 HO-1 has been reported to protect individual an-
imals from a variety of pathologic conditions in murine models of
lung inflammation8,9 and lupus nephritis.10 Lack of HO-1 expres-
sion causes severe chronic inflammation, as shown in studies of
HO-1 knockout mice and a patient with HO-1 deficiency.11,12

Furthermore, pathologic roles of HO-1 have been shown in sys-
temic inflammatory disorders, such as rheumatic diseases.13-15

Serum HO-1 levels are increased in patients with active hemo-
phagocytic syndrome (HPS) and adult-onset Still’s disease
(ASD), both of which are accompanied by enormous macrophage
activation.13 HO-1 expressed in synovial tissue counteracts
inflammation and osteoclast-mediated bone destruction in pa-
tients with rheumatoid arthritis.14,16 Thus accumulating evi-
dence reinforces the notion that HO-1 has anti-inflammatory
and cytoprotective roles.

The role of HO-1 in allergic skin conditions, including AD,
remains poorly understood. HO-1 expression can be modulated
by a series of interactions among cytokines and chemokines in
1
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TABLE I. Characteristics of the study subjects
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Severity n Age (y) Female/male IgE (IU/mL)

Abbreviations used
AD: A
topic dermatitis

AD 100 28.7 6 9.2 41/59 6084 6 10,557
ASD: A
dult-onset Still’s disease
1 (mild) 22 28.2 6 7.1 14/8 1218 6 2324
DC: D
endritic cell

2 (moderate) 33 29.2 6 8.5 17/16 2106 6 3306
HC: H
ealthy control subject

3 (severe) 18 32.2 6 11.8 5/13 9943 6 7636
HO: H
eme oxygenase

4 (very severe) 27 30.6 6 9.7 5/22 16,670 6 17,903
HPS: H
emophagocytic syndrome
HCs 72 31.3 6 7.4 22/50 (<250)
HRP: H
orseradish peroxidase
The items in parentheses indicate the normal range of serum IgE levels in Yokohama
iNOS: In
ducible nitric oxide synthase
City University Hospital.
LDH: L
actate dehydrogenase
SPF: S
pecific pathogen-free
TARC: T
hymus and activation-regulated chemokine
ZnPP: Z
inc protoporphyrin
patients with AD. TH2 cytokines, such as IL-4, IL-10, and IL-13,
have been shown to upregulate HO-1 expression.17 The anti-in-
flammatory functions of IL-10 are partly dependent on the HO-
1 induction, whereas HO-1 augments the production of IL-10
and reduces the production of proinflammatory cytokines.8,18-20

On the other hand, the TH1 cytokines TNF-a and IFN-g repress
HO-1 expression in general, thereby enhancing proinflammatory
cytokines production.15,21,22 IL-18, which was originally identi-
fied as an IFN-g–inducing factor, is implicated in not only TH1- but
also TH2-mediated diseases.23,24 Interestingly, IL-18 is exces-
sively produced in ASD and HPS, in both of which serum
HO-1 levels are extremely increased.6,23

The current study investigated the relationship of serum HO-
1 levels with clinical severity and several parameters in patients
with AD. Local expression of HO-1 in skin lesions of patients
with AD and model mice was also studied. Moreover, the effects
of the chemical induction or inhibition of HO-1 on symptomatic
manifestations in AD model mice were examined. The findings
suggested that HO-1 alleviates inflammation in patients with AD.
FIG 1. Serum levels of HO-1 in patients with AD (n 5 100) and HCs (n 5 72;

A). Serum levels of HO-1 in patients with AD divided into 4 groups based on

their disease severities (B). **P < .01 and #P < .0001 versus HCs. Horizontal

bars indicate mean serum HO-1 values. Relationships between serum HO-

1 concentrations and laboratory parameters in patients with AD are shown

in the log-log form. Correlations with serum IgE (C), IL-18 (D), LDH (E), and

TARC (F) levels were analyzed by means of regression analysis.
METHODS

Patients with AD and healthy control subjects
All of the patients fulfilled the diagnostic criteria for AD proposed by

Hanifin and Rajka.25 Clinical characteristics of the patients are listed in Table

I. The patients had been treated with the following reagents: topical corticoste-

roids, 36 patients; oral antihistamines and topical corticosteroids, 42 patients;

oral antihistamines, 2 patients; and no treatment, 20 patients. None of the pa-

tients received oral corticosteroids, other immunosuppressants, or both. The

clinical severity of AD was evaluated according to the criteria in the ‘‘Thera-

peutic guidelines for atopic dermatitis 2002.’’26 The Global Clinical Severity

is classified in the clinical condition as follows: very severe, inflamed skin

lesions covering more than 30% of the body surface; severe, inflamed skin

lesions covering more than 10% but less than 30% of the body surface;

moderate, inflamed skin lesions covering less than 10% of the body surface;

and mild, dry skin, scaling, and faint erythema only.26 Of the total 100 patients

studied, the number of patients affected with additional atopic diseases was as

follows: allergic rhinitis, 36; conjunctivitis, 7; bronchial asthma, 33 (none had

asthma attack more than a year); and pollinosis, 31. Peripheral blood was sam-

pled from the patients to evaluate the peripheral WBC counts, serum total IgE

levels, lactate dehydrogenase (LDH) levels, and thymus and activation-regu-

lated chemokine (TARC) levels. An age-matched group of 72 individuals

without any atopic diseases served as healthy control subjects (HCs). For im-

munohistochemistry, skin from 4 patients with AD (all male, mean global skin

score of 3.6), 3 with pathologically proved psoriasis (1 female and 2 male pa-

tients), and 3 HCs (all male) were obtained. All the experiments were per-

formed after obtaining written informed consent, which was approved by

the local institutional review board.
Animals
Male DS-Nh mice (5 or 6 weeks old) raised under specific pathogen-free

(SPF) conditions were provided from the Aburahi Laboratories (Shionogi and

Co Ltd, Shiga, Japan). DS-Nh, mutant nonhair DS mice established in 1954,



FIG 2. HO-1 immunohistochemistry of the skin (3100) from an HC, a patient with AD, and a patient with

psoriasis (Pso). Red rectangles indicate enlarged areas (3400), which are shown in the lower part of the

figure. HC, 44-year-old man; patient with AD, 68-year-old man, global skin score of 3; patient with psoriasis,

63-year-old man.

FIG 3. HO-1 expression of DS-Nh mice. Photographs of 18-week-old DS-Nh mice maintained under SPF (A),

or conventional (conv; B) conditions. Solid squares indicate area with (bottom right) or without (upper left)

eruption resected for immunoblottings (see Fig 3, E, conv no. 2). Skin scores (C); serum IgE levels (D).

#P < .001 versus the SPF group. Horizontal bars represent mean levels. Immunoblotting of HO-1 and actin

from DS-Nh mice skin with or without eruption (E). Densitometric analysis is shown below (means 6

SEMs). *P < .05 versus the SPF group.
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have considerable AD-like skin lesions, including accumulated eosinophils

and mast cells with increased serum IgE levels, when they are housed under

conventional conditions and display skin lesions of lesser severity and

frequency under SPF conditions.27 Staphylococcus aureus is a critical factor

for the development of dermatitis in DS-Nh mice.28 The DS-Nh mice used

for the study were obtained as F1 (Nh/1) from male DS-Nh (Nh/Nh) 3 female

DS (1/1).
They were divided into groups based on SPF and conventional conditions

and then intraperitoneally administered either 4 mmol/L per body hemin

(Sigma-Aldrich, St Louis, Mo), 4 mmol/L per body zinc protoporphyrin IX

(ZnPPIX; Frontier Scientific, Logan, Utah), or PBS (Nissui, Tokyo, Japan) ev-

ery week from 6 to 18 weeks of age. The dosages of hemin and ZnPPIX were

determined on the basis of an experiment in which hemin and ZnPPIX effi-

ciently induced or inhibited HO-1 activity.29



FIG 4. Immunofluorescent staining of intact skin from an SPF mouse (A and B) and skin lesion of a conven-

tional DS-Nh mouse (C-H). Fig 4, A, HO-1; Fig 4, B, F4/80; Fig 4, C, HO-1; Fig 4, D, F4/80; Fig 4, E, merged im-

age of HO-1, F4/80, and 49,6-diamidino-2-phenylindole (3100); Fig 4, F, enlarged view of Fig 4, E, in white

square (3200); Fig 4, G, CD11c (3100); Fig 4, H, enlarged view of Fig 4, G, in white square. Merged image

of HO-1, CD11c, and 49,6-diamidino-2-phenylindole (3400). Arrowheads indicate HO-1– and CD11c-positive

DCs.
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Twenty-four hours after a single injection or a week after the last injection,

the mice were killed, and serum, spleen, dorsal nuchal skin, and lymph nodes

(cervical, axillary, and cubital) were sampled. The study was conducted in

accordance with the Guidelines for Animal Experiments of the Yokohama

City University Graduate School of Medicine.
Evaluation of the clinical skin conditions of AD

model animals
Symptoms of conventional and SPF DS-Nh mice were assessed every

week. Clinical skin conditions defined as erythema, edema, excoriation/
erosion, dry skin/desquamation, and scratch were respectively graded from 0

to 3.27 The ‘‘skin score’’ is defined as the sum of the individual scores.27

Antibodies and reagents
Reagents were obtained as follows: normal rat serum (Sigma-Aldrich);

normal rabbit serum (DAKO, Glostrup, Denmark); anti-human HO-1 mAb

and polyclonal antibody (Stressgen, Victoria, Canada); anti-actin polyclonal

antibody (Santa Cruz Biotechnology, Santa Cruz, Calif); anti-mouse CD11c

mAb (eBioscience, San Diego, Calif); anti-mouse F4/80 mAb (Serotech,

Oxford, United Kingdom); horseradish peroxidase (HRP)–conjugated anti-

mouse antibody (Amersham Life Sciences, Piscataway, NJ); HRP-conjugated



FIG 5. Influence of single intraperitoneal administration of PBS, hemin, or

ZnPPIX on HO-1 and actin expression in DS-Nh mice. Immunoblotting

analysis of skin (A), spleen (B), and lymph nodes (C) of DS-Nh mice (n 5 3)

treated with PBS, hemin, or ZnPPIX for 24 hours. Immunohistochemistry of

HO-1 in DS-Nh mouse skin treated with PBS, hemin, and ZnPPIX (3400; D).
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anti-goat IgG (Zymed, South San Francisco, Calif); and Alexa Fluor 594 goat

anti-rabbit antibody and Alexa Fluor 488 goat anti-hamster or anti-rat Ab

(Molecular Probes, Eugene, Ore).
ELISA
Serum protein levels were determined by using ELISA kits as follows:

human HO-1 ELISA kit (Stressgen)9,13; human and mouse IL-4, IL-10, IFN-g,

and TARC ELISA kits (R&D Systems, Minneapolis, Minn); mouse IgE

ELISA kit (Shibayagi, Gunma, Japan); and human and mouse IL-18 ELISA

kits (MBL, Nagoya, Japan).
Real-time PCR
Real-time PCR was performed as described in the Methods section of the

Online Repository at www.jacionline.org.
Immunoblotting analysis
Immunoblotting analysis was performed as described in the Methods

section of the Online Repository.
Immunohistochemistry and fluorescent staining
Immunohistochemistry and fluorescent staining were performed as de-

scribed in the Methods section of the Online Repository.
Statistical analysis
The Mann-Whitney U test, Kruskal-Wallis test, Wilcoxon signed-rank test,

regression analysis, and 2-way ANOVA repeated measures with the Dunnett
post-hoc test were used to evaluate statistical significance of the results.

P values of less than .05 were considered statistically significant.
RESULTS

Increased serum HO-1 levels in patients with AD
Serum HO-1 levels in patients with AD and HCs were

measured by means of ELISA. As shown in Fig 1, A, serum
HO-1 levels were increased in the patients with AD compared
with those in the HCs. Moreover, the levels were closely corre-
lated with the severity of cutaneous manifestations (Fig 1, B). Se-
rum HO-1 levels of 10 patients with AD were monitored for
269.8 6 89.0 days (range, 131-416 days). Although global skin
scores were reduced after treatment with topical corticosteroids
and oral antihistamines (pretreatment, 3.4 6 0.8; posttreatment,
2.5 6 0.8; P < .05), serum HO-1 levels also significantly de-
creased among these patients (pretreatment, 4.6 6 1.0 ng/mL;
posttreatment, 3.7 6 0.7 ng/mL; P < .05). Although other allergic
complications can exert an influence on serum HO-1 levels, dif-
ferences were insignificant between patients with or without aller-
gic rhinitis, conjunctivitis, asthma, and/or pollinosis (see Fig E1
in the Online Repository at www.jacionline.org).
Relationships between serum HO-1 levels and

laboratory parameters of AD
The relationships of the serum HO-1 levels to laboratory

parameters of AD, such as serum IgE and LDH levels and
peripheral eosinophil counts, were examined.30,31 Regression
analysis revealed that serum HO-1 levels positively correlated
with serum IgE and LDH levels (Fig 1, C). In peripheral leukocyte
fractions serum HO-1 levels correlated with monocyte counts
(P < .01) and with neutrophil counts (P < .05), although not
with eosinophil, lymphocyte, and basophil counts (see Fig E2 in
the Online Repository at www.jacionline.org). The circulating cy-
tokines and chemokines IL-4, IL-10, IFN-g, IL-18, and TARC are
implicated in the pathogenesis of AD.1,24,32 Of them, the serum
levels of IL-18 and TARC, but not IL-4, IL-10, or IFN-g, were sta-
tistically correlated with the serum HO-1 level (Fig 2 and see Fig
E3 in the Online Repository at www.jacionline.org). The severity
of cutaneous manifestations in the patients with AD was well cor-
related with serum IL-18 levels, further supporting the importance
of the cytokine in AD (see Fig E4 in the Online Repository at
www.jacionline.org). Thus increased serum HO-1 levels are asso-
ciated with conventional disease parameters in patients with AD.
HO-1–expressing cells accumulated in skin lesions

of patients with AD
HO-1 expression in skin lesions of patients with AD was

evaluated (Fig 2). Immunohistochemistry demonstrated that HO-
1–expressing cells were accumulated in the dermis of patients
with AD but scarcely in HCs (Fig 2). Consistent with previous re-
ports,33,34 patients with psoriasis also showed increased HO-1 ex-
pression in their dermis.
HO-1–positive macrophages and dendritic cells

accumulated in the skin lesions of DS-Nh mice
HO-1 expression in AD-like skin lesions was validated by

using DS-Nh mice. The mice maintained under conventional

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
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FIG 6. Effects of HO-1 inducer or inhibitor on the development of AD-like skin lesions in DS-Nh mice (n 5

14). PBS, hemin (4 mmol/L), or ZnPPIX (4 mmol/L) was intraperitoneally injected every week from 6 to 18

weeks of age. A, Skin scores. B, Serum IL-18 levels. C, Serum IgE levels of PBS-, hemin-, and ZnPPIX-treated

mice. D, Real-time PCR analysis of iNOS mRNA expressions of spleens. Data are presented as means 6

SEMs. RQ, Relative quantity. *P < .05 versus the PBS-treated group.
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conditions had more skin lesions (Fig 3, A-C) and a higher titer
of serum IgE (Fig 3, D) than SPF-maintained mice, as previ-
ously shown.27 Immunoblotting analysis revealed abundant
HO-1 protein expression in the skin eruption of DS-Nh mice
maintained under conventional conditions (see Fig 3E). HO-
1 was increased even in the skin, without any evident eruption
in the conventional mice, whereas it was scarcely expressed in
the intact skin of SPF-maintained mice (see Fig 3E). Immuno-
histochemical studies demonstrated that a majority of the HO-
1–positive cells in atopic skin coexpressed F4/80, a macrophage
marker, and a minority were positive for CD11c, a dendritic cell
(DC) marker (Fig 4). Staining in the epidermis was judged as a
nonspecific finding because it was also noted when treated with
control rat or rabbit serum (see Fig E5 in the Online Repository
at www.jacionline.org).
Effect of hemin and ZnPPIX on the development

of AD-like skin lesions in DS-Nh mice
HO-1 expression was examined in the skin, lymph nodes, and

spleens from 7-week-old SPF DS-Nh mice at 24 hours after a
single injection with hemin, an HO-1 inducer, or ZnPPIX, an
inhibitor. Immunoblotting revealed abundant HO-1 expression in
the skin, which macroscopically appeared intact, under treatment
with hemin but not with ZnPPIX. Similarly, hemin enhanced
HO-1 expression in the spleen and lymph nodes (Fig 5, A-C).
Immunohistochemical studies showed that hemin-induced
HO-1–positive cells coexpressed F4/80 in the dermis (Fig 5, A
and D, and see Fig E6 in the Online Repository at www.
jacionline.org).

Hemin, 4 mmol/L, was intraperitoneally injected every week
from 6 to 18 weeks of age to further examine the effects of hemin-
induced HO-1 on the AD-like skin lesions in DS-Nh mice. As
shown in Fig 6, A, treatment with hemin significantly attenuated
development of the AD-like skin lesions in the DS-Nh mice main-
tained under conventional conditions. On the other hand, weekly
administration of ZnPPIX, which inhibited HO-1 enzymatic ac-
tivity, had no influence on the skin lesions (Fig 6, A). In terms
of humoral factors, serum IL-18 levels were reduced in hemin-
treated mice (Fig 6, B). Interestingly, there was a strong positive
correlation between skin scores and serum IL-18 levels (see Fig
E7 in the Online Repository at www.jacionline.org), as shown
in patients with AD. IgE levels were relatively low in hemin-trea-
ted mice compared with those in the PBS-treated groups, although
they did not reach statistical significance (Fig 6, C). In concor-
dance with clinical manifestations, no significant differences
were found in serum IL-18 or IgE levels between ZnPPIX-treated
mice and control animals. Quantification of spleen mRNA re-
vealed that inducible nitric oxide synthase (iNOS) expression
was significantly reduced in the hemin-treated group (Fig 6, D).
These findings suggest that HO-1 plays a certain role in suppress-
ing the development of AD.
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DISCUSSION
The present study demonstrates that serum HO-1 levels are

increased in patients with AD and that the levels correlate with the
severity of clinical manifestations and conventional disease
markers. In an AD mouse model HO-1 protein was abundantly
expressed in resident macrophages and DCs in the AD-like skin
lesions. Interestingly, chemical induction of HO-1 by hemin
suppressed the development of these AD-like skin lesions,
suggesting a protective role of HO-1 against skin inflammation.

The precise mechanism of HO-1 induction in patients with AD
remains to be elucidated. TH2 cytokines, including IL-4 and IL-
10, can contribute to an increase in HO-1 levels35,36; however,
circulating levels of these cytokines did not correlate with serum
HO-1 levels. Rather, the levels showed significant correlation
with IL-18. Moreover, our data confirmed that serum IL-18 levels
were correlated with the severity of skin manifestations in the pa-
tients and in the murine model (see Figs E2 and E7). Although
IL-18 was originally identified as an IFN-g–inducing factor, the
cytokine is also implicated in allergic conditions, especially infec-
tion-associated AD models,24 such as DS-Nh. A close link between
HO-1 and IL-18 is supported by the evidence that both the proteins
are mainly produced by macrophages,6,15,23 and in fact, HO-1 and
IL-18 levels are immensely increased in macrophage activation
syndromes, such as ASD and HPS.13,37 Attenuating IL-18 by he-
min might account for the therapeutic effect, although an interac-
tion between IL-18 and HO-1 in AD remains to be determined.

Abnormal circulating HO-1 levels have been shown to be
characteristic of certain pathologic conditions, although the
sources and mechanisms remain undetermined. Schipper et al38

first observed reduced plasma HO-1 concentrations in patients
with Alzheimer’s disease. We have previously reported that serum
HO-1 levels were increased in patients with ASD,13 HPS,13 and
silicosis9 and were closely correlated with the clinical activities
of each disease. The current study demonstrates that serum HO-
1 levels were significantly increased in patients with AD, although
no study, to our knowledge, has ever shown abnormal serum HO-
1 levels in allergic disorders. Because HO-1 is highly expressed in
skin lesions of patients with AD, circulating HO-1 is considered to
be derived from the affected skin, at least in large part.

The results show the suppressive effects of hemin on the
development of AD-like dermatitis, suggesting a regulatory role
of HO-1 in patients with AD. Bronchial asthma is another
representative atopic disorder, in which airway macrophages
expressing a high level of HO-139 play a suppressive role in the
progression of airway inflammation.40,41 As for skin, a protective
role of HO-1 has been reported in experimental wounding,42 ul-
traviolet radiation,43 and psoriasis.33 The functions of HO-1 in
skin have been attributed to attenuating antigen presentation by
DCs34,44 and TARC production by keratinocytes.45 Our data sug-
gest that local inflammatory responses were suppressed by an ac-
cumulation of HO-1–overexpressing hemin-primed macrophages
in the skin lesions. Similar findings have been demonstrated in a
pancreatitis model, in which HO-1–overexpressing hemin-
primed macrophages home to the pancreas and protect the host
from pancreatitis.46 Thus modulating macrophage function by
means of HO-1 is a potential therapeutic target for AD.

The reason why ZnPPIX had a null effect on the development of
the AD-like skin lesions is unclear. Although the dosage of
ZnPPIX in our experiments achieved a sufficient level to inhibit
HO-1 activity,9,29 the dosage might not be enough to suppress
functions of abundantly expressed HO-1 in the AD-like skin le-
sions of this study.

As demonstrated in Fig 6, C, treatment with hemin led to a re-
duced expression of iNOS mRNA, which is involved in the exac-
erbation of AD.47,48 Because HO-1 induction has been reported to
suppress iNOS expression,10 it is consistent that a suppression of
iNOS would be associated with the amelioration of dermatitis.

In conclusion, this study provides the first evidence that HO-
1 regulates AD development. HO-1 induction offers a promising
therapeutic strategy.
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Clinical implications: Enhancement of HO-1 offers a promising
therapeutic approach to AD.
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Real-time PCR
Total RNA was isolated from the spleen cells by using RNAiso (Takara,

Shiga, Japan).E1-E4 After treatment with DNAase I (Invitrogen, Carlsbad, Ca-

lif), 1 mg of total RNA served as the template for single-stranded cDNA syn-

thesis in a reaction with a Random Hexamer (Invitrogen) and a SuperScript II

(Invitrogen). Panels of the primers and probes of mouse iNOS and glyceralde-

hyde-3-phosphate dehydrogenase for real-time PCR were purchased from Ap-

plied Biosystems (Foster City, Calif). Real-time PCR was performed with a

TaqMan Universal Master mix (Applied Biosystems), and the data were ana-

lyzed with the ABI prism 7500 sequence detection system (Applied Biosys-

tems). Briefly, 1/50 of cDNA derived from 1 mg of total RNA, 200 nmol/L

probe, and 800 nmol/L primers was incubated in 25 mL at 508C for 2 minutes

and 958C for 10 minutes, followed by 50 cycles of 958C for 15 seconds and

608C for 1 minute. The analysis system determined the number of cycles at

which the amplified DNA in the sample exceeded the threshold during the

PCR. The data were standardized to the expression of glyceraldehyde-3-phos-

phate dehydrogenase. The DDCT method was used to semiquantify mRNA

levels, according to the manufacturer’s protocol (Applied Biosystems).

Immunoblotting analysis
Expression of HO-1 protein was determined by immunoblotting, as

previously reported.E3,E4 Briefly, cells were treated with the lysis buffer

(137 mmol/L NaCl, 20 mmol/L Tris-HCl, 50 mmol/L NaF, 1 mmol/L

EDTA, and 0.1% Triton-X) supplemented with a protease inhibitor cocktail

(Sigma-Aldrich) for 30 minutes on ice, and the supernatants were recovered

by means of centrifugation at 15,000 rpm for 30 minutes. The samples were

then electrophoretically separated on an 8% to 16% gradient of polyacryla-

mide gel (Daiichi Kagaku, Tokyo, Japan) and transferred onto a polyvinyli-

dene difluoride membrane (Millipore, Billerica, Mass). After blocking with

5% skim milk–Tris-buffered saline for an hour at room temperature, the mem-

brane was incubated with anti-HO-1 (31000) mAb or anti-actin goat antibody

(32000) for an hour at room temperature and subsequently for 45 minutes

with HRP-conjugated secondary antibody. The signals were developed by us-

ing the enhanced chemiluminescence detection system (Amersham Life Sci-

ences). The amount of blotted protein was densitometrically measured by
using Scion image analysis software and image processing software (NIH Im-

age Engineering, Bethesda, Md).

Immunohistochemistry and fluorescent staining
For immunohistochemistry, tissue specimens were fixed with 20% formalin

and embedded in paraffin. Four-micrometer-thick tissue sections were

subjected to histopathologic analyses. For staining, the sections were

dewaxed, rehydrated, and autoclaved in 10 mmol/L citrate buffer, pH 6.0

(1218C for 15 minutes), for antigen retrieval. Then intrinsic peroxidase

activity was quenched with 0.3% hydrogen peroxide. Immunostaining was

performed overnight at 48C with optimally diluted anti–HO-1 mAb by using

the Vector M.O.M. immunodetection kit (Vector Laboratories, Burlingame,

Calif). The labeled antigens were visualized with the Histofine-PO kit

(Nichirei Pharmaceutical, Tokyo, Japan), followed by 3,39-diaminobenzidine

reaction. The sections were counterstained with hematoxylin.

For fluorescent staining, specimens were embedded in Tissue-Tek OCT

compound (Sakura Finetechnical, Tokyo, Japan). After blocking for an hour

with Image-iT FX signal enhancer (Molecular Probes), the sections were

incubated with the mixture of primary antibodies at 48C overnight. Labeled

antigens were visualized by means of incubation with Alexa Fluor 488– and

594–conjugated secondary antibodies. Nuclei were counterstained with 49,6-

diamidino-2-phenylindole (Amersham Life Sciences).
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FIG E1. Serum levels of HO-1 in patients with AD (n 5 100) with or without

bronchial asthma, allergic rhinitis, pollinosis, and allergic conjunctivitis.

NS, Not significant.
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FIG E2. Comparison between serum HO-1 concentrations and laboratory

parameters in patients with AD (n 5 100) are shown in log-log form.

Correlations with serum WBC (A), monocyte count (B), neutrophil count (C),

and eosinophil count (D) were analyzed by means of regression analysis.
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FIG E3. Comparison between serum HO-1 concentrations and cytokine levels in patients with AD are shown

in log-log form. Correlations with serum IFN-g (A), IL-4 (B), and IL-10 (C) were analyzed by means of regres-

sion analysis.
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FIG E4. Comparison between serum levels of IL-18 and global skin scores

in patients with AD divided into 4 groups based on their disease severities.
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FIG E5. Immunofluorescent staining of intact skin from 6-week-old SPF DS-Nh mice. A, HO-1. B, Normal

rabbit serum. C, F4/80. D, Normal rat serum (3200). DAPI, 49,6-Diamidino-2-phenylindole.
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FIG E6. Immunofluorescent staining of skin from 7-week-old SPF DS-Nh

mice treated with PBS (A and B) or hemin (C-F) for 24 hours. Fig E6, A, HO-1;

Fig E6, B, F4/80; Fig E6, C, 49,6-diamidino-2-phenylindole; Fig E6, D, F4/80;

Fig E6, E, HO-1; and Fig E6, F, merged image of HO-1, F4/80, and 49,6-diami-

dino-2-phenylindole (3200). Arrowheads indicate HO-1– and F4/80-positive

macrophages.
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FIG E7. Comparison between serum IL-18 levels and skin scores in DS-Nh

mice treated with PBS, hemin, or ZnPPIX (n 5 14 for each group).
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