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Introduction

Atopic dermatitis (AD), or atopic eczema, is a common,
chronic, inflammatory skin disease [1, 2]. The worldwide
lifetime prevalence of AD in children is 10–20%, and in
adults it is 1–3% [3]. Several lines of evidence suggest
the contribution of immunological mechanisms in the
pathogenesis of AD. Several immunology reports have
suggested T-helper 1 (Th1) ⁄ T-helper 2 (Th2) imbalance
in AD [4, 5]. This imbalance favours Th2, and high
serum immunoglobulin (Ig) E levels as well as infiltra-
tion with immune cells such as eosinophils, mast cells

and cutaneous lymphocyte antigen (CLA) T cells [6–8],
which are all characteristics of AD, are provoked by Th2
cytokines, interleukin-4 (IL-4), IL-5 and IL-13 [9].
Patients with AD show elevated plasma IgE levels in
response to many kinds of allergens, while keratinocytes
of patients with AD exhibit the propensity to produce
exaggerated amounts of cytokines, a phenomenon that
can play a major role in the promotion and maintenance
of inflammation [10, 11].

Glucosamine is a common constituent of the glycosa-
minoglycans in the cartilage matrix and synovial fluid.
Use of glucosamine is common in patients with
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Abstract

Tacrolimus (FK-506) has been found to exhibit potent inhibitory effects on
spontaneously developed dermatitis. We previously showed that glucosamine
prevents the development of Atopic dermatitis (AD)-like skin lesions in
NC ⁄ Nga mice. The aims of our study were to investigate the synergistic ther-
apeutic efficacy of combination of glucosamine plus FK-506 in dermatophago-
ides farina (Df)-induced AD-like skin lesions in NC ⁄ Nga mice and to
determine the underlying therapeutic mechanisms. The Df-induced NC ⁄ Nga
mice with a clinical score of 8 were used for treatment with glucosamine
(500 mg ⁄ kg) alone, FK-506 (1.0 mg ⁄ kg) or in combination. The synergistic
effects of combination therapy were evaluated by dermatitis scores, skin histol-
ogy and immunological parameters such as IgE, Th2-mediated cytokines and
chemokines, CD3+ T cells and CLA+ T cells. Combined therapy using gluco-
samine plus FK-506 improved the development of AD-like skin lesions as
exemplified by a significant decrease in total skin symptom severity scores.
The suppression of dermatitis by combined therapy was accompanied by a
decrease in the plasma level of IgE and in the splenic level of IL-5, IL-13,
TARC and eotaxin. Histological finding indicated that the dermal infiltration
of inflammatory cells including mast cells and eosinophils was greatly reduced.
Particularly, immunohistological evaluation reveals a reduction in CD3+ T
cells and CLA+ cells in the combined therapy. Our findings suggest that com-
bination therapy of glucosamine plus FK-506 was more synergistic efficacy
than single-modality treatment with either alone to improve the development
of established dermatitis in NC ⁄ Nga mice model. This combined immunosup-
pressive therapy may provide an effective therapeutic strategy for the treatment
of AD.
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osteoarthritis, because of its pharmacological effects on
articular cartilage and joint tissue [12, 13]. In fact, its
anti-inflammatory activity may allow for reduced doses of
non-steroidal anti-inflammatory agents. The suppression
of inflammatory activity may result from the potential
immunoregulatory capability of glucosamine. It has been
reported that glucosamine suppresses proliferation and
differentiation of unprimed CD4+ T cells and is more
inhibitory towards the development of Th2-mediated
immune responses than Th1-mediated immune responses
[14]. Thus, glucosamine has immunosuppressive proper-
ties also [15]. We recently reported that prophylactic
treatment with glucosamine improved clinical symptoms
in Dermatophagoides farinae (Df)-induced NC ⁄ Nga mice,
with reduced infiltration of mast cells and eosinophils
into skin, and that it selectively suppressed Th2-medi-
ated immune responses [16]. These results suggest that
the in vivo potently prevent dermatitis effect of glucosa-
mine on Df-induced NC ⁄ Nga mice and provides
evidence that glucosamine selectively suppresses Th2-
mediated immune responses.

Tacrolimus (FK-506) is a calcineurin inhibitor that
was developed especially for the treatment of AD [17].
The immunosuppressive action of tacrolimus was found
to be T cell specific, because it did not inhibit B cells,
natural killer cells or various bone marrow-derived cell
lines [18]. It also inhibits the production of several proin-
flammatory cytokines such as IL-3, IL-4, IL-5, IFN-c,
tumour necrosis factor-a and granulocyte ⁄ macrophage
colony-stimulating factor [19]. In NC ⁄ Nga mice, tacroli-
mus inhibited the spontaneous dermatitis and was effec-
tive against established dermatitis by suppressing T cells,
eosinophils, mast cells, IL-4, IL-5 and IgE [20, 21]. In a
study on patients with AD, concomitant treatment with
tacrolimus and another immunosuppressive agent was
proven superior to monotherapy with either of the agents
in improving overall dermatological scores [22].

Current treatments for severe AD are not always effec-
tive, and therefore, alternative therapies that are more
effective need to be identified. The present study investi-
gated the therapeutic potential of glucosamine and tacrol-
imus in combination on AD by an in vivo experiment
performed using Df-induced dermatitis in NC ⁄ Nga mice,
which is histologically and clinically similar to AD in
humans [23], and determined its underlying therapeutic
mechanisms.

Materials and methods

Animals. Eight-week-old male NC ⁄ Nga mice purchased
from Shizuoka Laboratory Animal Center (Hamamatsu,
Japan) were included in the study. The mice were main-
tained under uncontrolled conventional air conditions in
the Laboratory Animal Facilities at the Dongguk Univer-
sity School of Medicine. The animal care and use com-

mittee of the research institute at Dongguk University
Hospital approved all described studies.

Drugs and reagents. Glucosamine was purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). Tacrolimus
(FK-506) was kindly provided by Chong Kun Dang
pharma Inc. (Seoul, Korea). Df body ointment was pre-
pared by Biostir Inc. (Kobe, Japan), and 1 g of Df body
ointment contained 136.4 mg protein, 234 lg Der f 1
and 7 lg Der f 2.

Induction of AD in NC ⁄ Nga mice. Induction of AD
using Df body ointment was performed as described pre-
viously [24]. The hair on the back of the NC ⁄ Nga mice
was shaved using an electric shaver, followed by treat-
ment with a skin-hair remover (Niclean, Ildong, Korea).
Barrier disruption was achieved by 4% sodium dodecyl
sulphate treatment on the shaved dorsal skin and both
surfaces of each ear 3 h before the Df body ointment
(100 mg ⁄ mouse) application. These procedures were
repeated twice a week for 4 weeks.

Scoring of skin lesion. The extent of (1) ery-
thema ⁄ haemorrhage, (2) scarring ⁄ dryness, (3) oedema and
(4) excoriation ⁄ erosion was scored as 0 (none), 1 (mild),
2 (moderate) and 3 (severe). The total skin score was
defined as the sum of individual scores [25].

The administration of drugs on Df-induced NC ⁄ Nga
mice. Mice with a clinical score of 8 were used for treat-
ment with drug alone or in combination. ‘The dosages of
glucosamine used in this study are the minimal concen-
tration having significant effect in the previous dose–
response prophylactic experiment’ [16]. Also, it has been
reported that tacrolimus at a daily dose of 1.0 mg ⁄ kg
significantly showed prophylactic effects of atopic derma-
titis in NC mice [26]. Accordingly, glucosamine and
tacrolimus were selected for further study in inhibitory
effects of combination therapy on AD by in vivo experi-
ment using Df-induced dermatitis in NC ⁄ Nga mice.
Glucosamine was administered to the mice orally once a
day for 3 weeks by gavage (oral zoned needle) in water,
either alone or in combination with tacrolimus. There
was a sham gavage in the control group. Each group con-
sisted of five mice.

Assay of serum IgE concentration. Mice serum was col-
lected at 1 week after the final administration. The con-
centration of total IgE in mouse serum was measured
using ELISA kit (Yamasa, Tokyo, Japan). The ELISA was
performed in accordance with the manufacturer’s instruc-
tions.

Assay of cytokine and chemokine production. One week
after the final administration, single-cell suspension was
prepared from the spleen and incubated with 20 ng ⁄ ml
of phorbol 12-myristate 13-acetate (PMA; Sigma Chemi-
cal Co., St Louis, MO, USA) and 1 lM of ionomycin
(Calbiochem, La Jolla, CA, USA) at 37 �C in 5% CO2

for 24 h. After the incubation period, the culture super-
natant was collected. The concentrations of IL-5, IL-13,
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IFN-c, CCL17 ⁄ TARC and eotaxin were determined using
the ELISA kit (R&D System, Minneapolis, MN, USA).

Histological analyses. Formalin-fixed and paraffin-
embedded back skin samples from mice were sliced and
then stained with toluidine blue and Congo red for
counting mast cells and eosinophils, respectively. Cell
density was expressed as the number of the cells in five
high-power fields (·400) for each section.

Immunohistochemistry. For immunofluorescence staining
(IHC) of CD3+ T cells or CLA, the skin samples from
each mouse groups were embedded in paraffin wax and
5-lm sections were obtained. After deparaffinization and
rehydration, the sections were boiled in a 100 mM citrate
buffer (pH 6.0) for 5 min on a hot plate. The sections
were preincubated with 3% bovine serum albumin for
1 h at room temperature and then reacted sequentially
with 1:100 anti-CD3 antibodies (rabbit polyclonal;
Abcam, Cambridge, UK) or anti-CLA antibodies (rat
monoclonal; Novus Biologicals, Littleton, CO, USA) for
overnight at 4 �C and Alexa Fluor-labelled goat anti-rab-
bit IgG (594; Invitrogen, Eugene, OR, USA) for CD3
staining or Alexa Fluor-labelled goat anti-rat IgG and
IgM (488; Invitrogen) for CLA staining for 1 h at room
temperature. The nuclei were counterstained with Hoe-
chst 33258 (Sigma-Aldrich). The stained specimens were
evaluated using an image analysis system (Dp Manager
2.1; Olympus Optical Co.,Tokyo, Japan).

Statistical analysis. The statistical analysis of
the experimental data was performed by the Student’s
t-test. The results are expressed as mean ± SD. The
P-value < 0.05 was considered significant.

Results

Therapeutic effect of combination therapy in Df-induced

AD-like skin lesions in the NC ⁄ Nga mice

To examine whether the combination therapy with glu-
cosamine plus tacrolimus (FK-506) on Df-induced AD-
like skin lesions in the NC ⁄ Nga mice has synergistic
therapeutic effects, mice with a clinical score of 8 were
used for treatment with glucosamine (500 mg ⁄ kg)
and ⁄ or tacrolimus (FK-506; 1.0 mg ⁄ kg) once a day for
3 weeks. The clinical skin score was calculated by the
sum of the individual scores based on the symptoms
of erythema ⁄ haemorrhage, scarring ⁄ dryness, oedema and
excoriation ⁄ erosion. These symptom severity scores in
the combination groups of glucosamine plus tacrolimus
(FK-506) were significantly ameliorated or resolved than
those in the group of glucosamine alone or tacrolimus
(FK-506) alone (Fig. 1A). There was no significant dif-
ference between the glucosamine alone or tacrolimus
(FK-506) alone and the control group (Fig. 1A). Repre-
sentative clinical features of NC ⁄ Nga mice are shown in
Fig. 1B.

Therapeutic effect of combination therapy on skin

infiltration of mast cells and eosinophils

The Th2 cytokine induces proliferation and activation of
mast cells and eosinophils with skin inflammation [5].
To investigate whether combination therapy decreased
infiltration of these inflammatory cells into the skin, in
the Df-induced NC ⁄ Nga mice, tissue sections were
stained with toluidine blue or Congo red. As shown in
Fig. 2A,B, the number of infiltrated cells, both mast cells
and eosinophils, was significantly reduced in the combi-
nation groups of glucosamine plus tacrolimus (FK-506),
compared to the glucosamine alone or tacrolimus (FK-
506) alone group (P = 0.003 and P = 0.002, respec-
tively) and the control mice (P = 0.001). In addition,
there was no significant difference between the combina-
tion group and normal (no dermatitis) group.

Inhibitory effect of combination therapy on Df-induced

serum IgE levels in NC ⁄ Nga mice

A majority of the symptoms associated with AD manifest
because of strong polarization of Th2 immune responses
[5], resulting in the hyperproduction of IgE. Therefore,
serum levels of IgE were examined in the Df-induced
NC ⁄ Nga mice after treatment with drug alone or in com-
bination. As shown in Fig. 3, the total serum IgE levels
were significantly decreased in the combination groups of
glucosamine plus tacrolimus (FK-506) compared to the
glucosamine alone or tacrolimus (FK-506) alone
(P = 0.002 and P = 0.003, respectively). There was no
significant difference between the glucosamine alone or
tacrolimus (FK-506) alone and the control group (Fig. 3).

Inhibitory effect of combination therapy on the production

of Th2-mediated cytokine and chemokines

To examine the effects of combination therapy using glu-
cosamine plus tacrolimus (FK-506) on Th2 cytokine and
chemokine production in Df-induced NC ⁄ Nga mice,
ELISA targeting of IL-5, IL-13, eotaxin and TARC was
performed using spleen cells. As shown in Fig. 3, the
expression levels of IL-5 (Fig. 4A), IL-13 (Fig. 4B), TARC
(Fig. 4C) and eotaxin (Fig. 4D) showed marked inhibition
in the combination groups of glucosamine plus tacrolimus
(FK-506), compared to the glucosamine alone or tacroli-
mus (FK-506) alone group (P = 0.008 and P = 0.011,
respectively) and the control group (P = 0.001). No dif-
ference, however, was observed in IFN-c production
among all four groups (data not shown).

Immunohistological staining of CLA+ cells and CD3+ T cells

Cutaneous lymphocyte antigen is highly expressed on
skin-infiltrating T cells in inflammatory skin diseases,
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including allergic contact dermatitis and atopic dermati-
tis [27]. The expressions of peripheral blood CD3+ CLA+

T cells were significantly increased in children with AD
compared with those in control subjects [28]. We found
that the infiltration of Df-induced CLA+ and CD3+ T
cells (coloured green with cell surface) in NC ⁄ Nga mice
was inhibited by combination therapy of glucosamine
plus tacrolimus (FK-506) (Fig. 5A,B). In addition, there
was no significant difference between the combination
group and normal (no dermatitis) group.

Discussion

Atopic dermatitis has been treated by the regular use of
corticosteroids, which is not a perfect treatment because
sufficient results cannot be provided in a number of cases
as a result of adverse events such as steroid-induced skin
atrophy. Therefore, identified combinations of immuno-
suppressive agents are expected to be among the impor-
tant future strategies for improved treatment of AD. It
has been reported that the use of combinations of immu-
nosuppressive agents may be more effective than single-

modality treatment with either agent. In this study, we
found that combination therapy with immunosuppressive
agent glucosamine plus tacrolimus (FK-506) has a syner-
gistic effect on Df-induced atopic dermatitis-like skin
lesions in NC ⁄ Nga mice. For instance, combination
treatment with glucosamine plus tacrolimus (FK-506)
improved the severity of the dermatitis with reduction in
inflammatory cellular infiltrate, such as mast cells and
eosinophils. For each parameter, we have repeated the
experiment once using the same number of animals per
group and found a similar type of profile, indicating that
the results are reproducible (data not shown). These
results indicated that combination therapy suppressed the
development of Df-induced dermatitis, probably by con-
trolling various inflammatory cells including mast cells
and eosinophils. Because Th2 cytokines induce prolifera-
tion and activation of mast cells as well as eosinophils in
the skin, massive infiltration of mast cells and eosinophils
would be expected in Df-induced NC ⁄ Nga mice, as pre-
viously reported [24].

Th2 cytokines are considered to play a major role in
the pathogenesis of AD [5]. In fact, Th2 immune

A

B

Figure 1 Therapeutic effect of combination

therapy on Df-induced Atopic dermatitis

(AD)-like skin lesions in NC ⁄ Nga mice. (A)

After the removal of hair, Df body ointment

(100 mg ⁄ mouse) was swabbed onto the dor-

sal skin and both surfaces of each ear twice a

week for 4 weeks. The dermatitis scores of

NC ⁄ Nga mice increased by the repeated

application of Df body ointment and became

remarkable (approximately 1–2) 2 weeks after

the first elicitation. The clinical skin score is

the sum of individual scores judged by the

symptoms of erythema ⁄ haemorrhage, scar-

ring ⁄ dryness, oedema and excoriation ⁄ ero-

sion. Df-induced AD-like skin lesions in

NC ⁄ Nga mice were untreated (none) or trea-

ted with glucosamine (500 mg ⁄ kg), tacroli-

mus (FK-506; 1.0 mg ⁄ kg), or glucosamine

plus tacrolimus (FK-506) orally once a day

for 3 weeks. Each datum represents the

mean ± SD of five mice. *Statistically signifi-

cant at P < 0.05 using a Student’s t-test

compared with all other groups. (B) Repre-

sentative clinical features of Df-induced

NC ⁄ Nga mice in the untreated (none) or

treated with glucosamine (500 mg ⁄ kg), ta-

crolimus (FK-506; 1.0 mg ⁄ kg), or glucosa-

mine plus tacrolimus (FK-506). The data

shown are representative of two independent

experiments.
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responses mediated by IL-4, IL-5 and IL-13 are critical in
the pathogenesis of AD [9], because the upregulation of
IgE production, one of the major causes of atopic inflam-
mation, has been extensively studied with Th2 cytokines,
IL-5 and IL-13. Moreover, Th2 cell numbers are
increased in lesional tissue of patients who suffer from
patients with AD frequently show elevated IgE levels in
response to many kinds of allergens, including mite
antigen [29]. The NC ⁄ Nga mouse model also displays
Th2-dominant responses, with overproduction of Th2
cytokines (IL-4, IL-5 and IL-13) and IgE antibody [23,
30]. We have already shown that glucosamine downregu-
lates the overproduction of IgE and Th2 cytokines in an
NC ⁄ Nga mice model of Df-induced AD, a major Th2-
dominant disease [16]. In addition, Th2-specific chemo-
kines, TARC and eotaxin, have been reported to be
highly expressed in the NC ⁄ Nag mice [30]. A previous
report showed that tacrolimus (FK-506) markedly inhib-
ited Df-induced expression of TARC and eotaxin [31].
The present study of immune responses clearly shows
that IgE, Th2 cytokine (IL-5 and IL-13) and Th2

A

B

Figure 2 Histological analysis of the skin

lesions. Skin samples from the back of the

mice were taken at the end of the experiment

(1 week after the final administration). The

sections were then stained with toluidine

blue and Congo red for mast cells and eosin-

ophils, respectively. (A) Representatives of

histological features in the Df-induced

NC ⁄ Nga mice from the untreated (none) or

treated with glucosamine (500 mg ⁄ kg),

tacrolimus (FK-506; 1.0 mg ⁄ kg), or glucosa-

mine plus tacrolimus (FK-506). (B) The cell

density was expressed as the number of mast

cells and eosinophils in five high-power fields

(·400 for count) for each section. The data

represents the mean ± SD of five mice.

*P < 0.005 when compared with untreated

control mice (Student’s t-test). The data

shown are representative of two independent

experiments.

Figure 3 Serum level of IgE by combination therapy on the Df-induced

Atopic dermatitis -like skin lesions in NC ⁄ Nga mice. The concentra-

tion of IgE in the serum was measured at 1 week after the final admin-

istration. Each datum represents the mean ± SD of five mice.

*Statistically significant at P < 0.05 using a Student’s t-test compared

with all other groups. The data shown are representative of two inde-

pendent experiments.
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chemokines (TARC and eotaxin) in combination treat-
ment with glucosamine plus tacrolimus (FK-506) were
significantly lower than in the single-modality treatment
with either alone. These results suggest that the improve-
ment in clinical symptoms by combination treatment of
glucosamine plus tacrolimus (FK-506) against therapeutic
effects of Df-induced NC ⁄ Nga mice might be mediated,
at least in part, by its inhibitory effect on IgE, Th2-med-
iated cytokine and chemokines. In fact, the correlation
between the elevation of serum levels of total IgE, the
production of Th2 cytokine and chemokines has been
reported [30, 32].

In this study, immunohistochemical analysis showed
that treatment with glucosamine plus tacrolimus (FK-
506) led to a higher decrease in the CD3+ T and CLA+

cell numbers compared to controls. Skin-homing T cells
expressing CLA are important in the pathogenesis of AD
[27]. In patients with AD, there is a significant increase
in the number of circulating CLA+ cells, which have an
augmented capability to produce IL-4 and IL-13 com-
pared to the cells from non-affected individuals [28]. It
has been reported that cyclosporine treatment signifi-
cantly reduced the percentages of CD3+ T cells and
CLA+ cells in children with severe AD [33]. These results
imply that CD3+ T cells and CLA+ cells may be impor-

tant in the pathogenesis of AD and in the mechanism of
action of this combination treatment.

Current studies suggest that a single type of immuno-
suppressive therapy may be able to deal with all facets in
the treatment of AD. However, a rational combination of
synergistic therapy could provide a successful clinical
approach to AD. An important finding in this study
showed synergistic efficacy of combination therapy with
glucosamine plus tacrolimus (FK-506) in Df-induced
NC ⁄ Nga mice.

In conclusion, our findings indicated that this com-
bined immunosuppressive therapy was more efficacious
than monotherapy in reducing IgE, Th2 cytokine levels
and Th2 chemokine expression and in inhibiting inflam-
matory cells and CLA+ cell infiltration, and these find-
ings correlated with the observed clinical symptoms.
These findings have important implications for the
design of therapeutic strategies aimed at AD treatment.
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