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Curcumin ameliorates TNF-o-induced ICAM-1 expression and
subsequent THP-1 adhesiveness via the induction of heme

oxygenase-1 in the HaCaT cells

Gi Soo Youn", Dong-Joo Kwon”, Sung Mi Ju, Soo Young Choi & Jinseu Park”

Department of Biomedical Science and Research Institute for Bioscience & Biotechnology, Hallym University, Chuncheon 200-702, Korea

Adhesion molecules such as ICAM-1 are important in the
infiltration of leukocytes into the site of inflammation. In this
study, we investigated the inhibitory effects of curcumin on
ICAM-1 expression and monocyte adhesiveness as well as its
underlying action mechanism in the TNF-o-stimulated kerati-
nocytes. Curcumin induced expression of heme oxygenase-1
(HO-1) in the human keratinocyte cell line HaCaT. In addition,
curcumin induced Nrf2 activation in dose- and time-dependent
manners in the HaCaT cells. Curcumin suppressed TNF-o-
induced ICAM-1 expression and subsequent monocyte adhe-
sion, which were reversed by the addition of tin proto-
pomphyrin IX (SnPP), a specific inhibitor of HO-1, or HO-1
knockdown using siRNA. Furthermore, Nrf2 knockdown using
siRNA reversed the inhibitory effect of curcumin on the
TNF-o-induced ICAM-1 expression and adhesion of monocytes
to keratinocytes. These results suggest that curcumin may exert
its anti-inflammatory activity by suppressing the TNF-a-induced
ICAM-1 expression and subsequent monocyte adhesion via
expression of HO-1 in the keratinocytes. [BMB Reports 2013;
46(8): 410-415]

INTRODUCTION

The infiltration of leukocytes into the skin is one of the critical
steps involved in the development of inflammatory skin dis-
eases such as atopic dermatitis (1). Up-regulation of adhesion
molecules such as intercellular adhesion molecule-1 (ICAM-1)
on the surface of keratinocytes and dermal microvascular en-
dothelial cells may increase infiltration of leukocytes into the
area of inflamed skin (2). Upon stimulation with inflammatory
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cytokines such as tumor necrosis factor alpha (TNF-a) and in-
terferon-y (IFN-y), the epidermal keratinocyte can express ad-
hesion molecules such as ICAM-1 (2-4). Modulation of the
ICAM-1 expression in the epidermal keratinocyte provides a
rationale for the development of therapeutic agents against var-
ious inflammatory skin diseases.

Curcumin, a bioactive polyphenol, is present in the rhizome
of the plant Curcuma longa (5). Curcumin exerts various bio-
logical activities such as anti-oxidant, anti-tumor, and anti-in-
flammatory activities by multiple action mechanisms depend-
ing on the type of stimulus and cells (5). Curcumin has benefi-
cial effects against various inflammatory skin diseases such as
psoriasis and atopic dermatitis (6). Curcumin inhibits the pro-
duction of proinflammatory cytokines such as IL-1f and IL-6
by inhibition of NF-xB and MAPK pathways in TNF-o-stimu-
lated human keratinocytes (7). Curcumin inhibited expression
of COX-2 and cytokines including IL-1B, IL-6 and TNF-o by in-
hibition of NF-xB or AP-1 and MAPK pathways in UVB-irradi-
ated human keratinocytes (8, 9). Curcumin inhibited FceRI sig-
naling to exert an anti-allergic effect by directly inhibiting Syk
kinase activity in antigen-stimulated mast cells (10). In addi-
tion, curcumin suppressed degranulation and secretion of
TNF-o. and IL-4 in activated mast cells in a passive cutaneous
anaphylaxis mice model (10). Taken together, these reports
suggest that curcumin exerts its beneficial effect on in-
flammatory skin diseases by multiple distinct mechanisms.

Heme oxygenase-1 (HO-1), an inducible antioxidant en-
zyme, catalyzes the degradation of heme into ferrous iron, car-
bon monoxide and biliverdin. HO-1 expression exerts benefi-
cial effects against inflammatory skin diseases (11) and inhibits
the development of diseases such as atopic dermatitis (12-14).
Curcumin induces HO-1 expression in human skin fibroblasts
(15, 16) and keratinocytes (17). However, the functional rele-
vance between curcumin-induced HO-1 expression and the
inflammatory immune response during skin inflammation has
not been demonstrated.

In this study, we examined the possible role of curcumin-in-
duced HO-1 expression in TNF-a-induced ICAM-1 expression
and subsequent monocyte adhesiveness in a human keratino-
cyte cell line HaCaT. Curcumin induced HO-1 expression and
Nrf2 activation in the HaCaT cells. Blockage of HO-1 activity
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by SnPP, an HO-1 inhibitor, or HO-1 knockdown using small
interfering RNAs (siRNA) reversed the suppressive effect of cur-
cumin on the TNF-o-induced expression of ICAM-1 and sub-
sequent adhesion of monocytes to HaCaT cells. These results
suggest that HO-1 expression contributes to the suppressive ac-
tivity of curcumin on the TNF-a-induced expression of ICAM-1
and subsequent monocyte adhesion in the keratinocytes.

RESULTS

Curcumin induces HO-1 expression and Nrf2 activation in
the HaCaT cells

Although previous studies have demonstrated that curcumin
induced HO-1 expression in endothelial cells (18), macro-
phages (19), and monocytes (20), the effect of curcumin on
HO-1 expression was not analyzed in detail in keratinocytes.
We investigated the effect of curcumin on HO-1 expression in
HaCaT cells. HaCaT cells were treated with curcumin and
then HO-1T mRNA and protein expression were measured by
RT-PCR and immunoblot analysis, respectively. As shown in
Fig. TA and B, curcumin significantly induced mRNA and pro-
tein expression of HO-1 in dose- and time dependent manners
in the HaCaT cells. Curcumin had no significant cytotoxic ef-
fect on the HaCaT cells at the concentrations tested (data not
shown). Since expression of the HO-1 gene is regulated by var-
ious transcriptional factors such as Nrf2 (11), we next exam-
ined Nrf2 activation in the HaCaT cells stimulated with
curcumin. HaCaT cells were treated with curcumin, and then
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Fig. 1. Curcumin induces HO-1 expression and Nrf2 activation in
HaCaT cells. (A) HaCaT cells were treated with various concen-
trations of curcumin for 1 h (for RNA) or 12 h (for protein).
Total RNA and protein were analyzed by RT-PCR (upper panel)
and immunoblotting (bottom panel), respectively. (B) HaCaT cells
were incubated with 20 uM curcumin for varying times, and total
RNA and protein were analyzed by RT-PCR (upper panel) and
immunoblotting (bottom panel), respectively. (C) HaCaT cells were
incubated with various concentrations of curcumin for 15 min.
The nuclear extracts of cells were prepared and the levels of
Nrf2 were determined by immunoblotting. (D) Activation of Nrf2
was measured after exposure to 20 uM curcumin for the in-
dicated time. The levels of Nrf2 in the nuclear extracts of cells
were determined by immunoblotting.
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translocation of Nrf2 into the nucleus was monitored by im-
munoblot analysis. Curcumin induced nuclear accumulation
of Nrf2 in dose- and time-dependent manners in the HaCaT
cells (Fig. 1C and D).

HO-1 mediates the inhibitory effect of curcumin on TNF-a-
induced ICAM-1 expression in the HaCaT cells

Previous studies have reported that curcumin inhibited the ex-
pression of TNF-orinduced ICAM-1 expression in various types
of cells including endothelial cells (21, 22). As shown in Fig.
2A, curcumin significantly inhibited ICAM-1 expression at the
levels of MRNA and protein in TNF-o-stimulated HaCaT cells.
To examine whether curcumin inhibits the TNF-o-induced ex-
pression of ICAM-1 via HO-1 expression, HaCaT cells were
pretreated with a HO-1 inhibitor, SnPP, and the inhibitory ef-
fect of curcumin on the TNF-o-induced ICAM-1 expression was
analyzed. SnPP reversed the inhibitory effect of curcumin on
TNF-a-induced mRNA and protein expression of ICAM-1 (Fig.
2A). To further confirm the possible role of HO-1 expression in
the inhibitory effect of curcumin on the TNF-o-induced ICAM-1
expression, we exploited the siRNA knockdown strategy
against HO-1. HO-1 knockdown significantly reversed the in-
hibitory effect of curcumin on the TNF-o-induced ICAM-1 ex-
pression (Fig. 2B). These results suggest that HO-1 expression
contributes to the inhibitory effects of curcumin on TNF-o-in-
duced ICAM-1 expression in the keratinocytes.

HO-1 expression induced by curcumin suppresses TNF-o-
induced monocyte adhesion
Since up-regulation of ICAM-1 leads to increased monocyte
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Fig. 2. HO-1 induction is responsible for the inhibitory effect of
curcumin on TNF-o-induced ICAM-1 expression in HaCaT cells.
(A) HaCaT cells were incubated with curcumin for 6 h in the ab-
sence or presence of SnPP, and then exposed to TNF-o. (10
ng/ml) for 1 h (for RNA) or 12 h (for protein). Total RNA and
protein were analyzed by RT-PCR (upper panel) and immunoblot-
ting (bottom panel), respectively. (B) HaCaT cells were transiently
transfected with control or HO-1 siRNA. After 48 h, the trans-
fected HaCaT cells were incubated with 20 uM curcumin for 6
h, and then exposed to TNF-o. for 1 h (for RNA) or 12 h (for
protein). Total RNA and protein were analyzed by RT-PCR (upper
panel) and immunoblotting (bottom panel), respectively.
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Fig. 3. HO-1 induction mediates the inhibitory effect of curcumin
on TNF-o-induced monocyte adhesion in HaCaT cells. (A) HaCaT
cells were incubated with 20 uM curcumin for 6 h in the absence
or presence of SnPP, and then exposed to TNF-o. (10 ng/ml) for 12
h.  HaCaT cells were co-cultured with calcein-AM-labeled THP-1
monocytes for 1 h. The calcein-AM fluorescent intensity was meas-
ured by an ELISA plate reader. (B) HaCaT cells transfected with
control or HO-1 siRNA were incubated with 20 uM curcumin for 6
h, and stimulated with TNF-o. for 12 h. HaCaT cells were co-cul-
tured with calcein-AM-labeled THP-1 monocytes for 1 h. The cal-
cein-AM fluorescent intensity was measured by an ELISA plate
reader. Results are means + SD. Statistical significance: ***P <
0.001 compared to the TNF-o. alone, P < 0.01 compared to the
TNF-o. and curcumin. (C) Microphotographs were obtained using
fluorescence microscopy (original magnification, x40).

adhesion in human keratinocytes (23), we next examined the
possible role of HO-1 expression in the inhibitory effect of cur-
cumin on TNF-o-induced monocyte adhesion to HaCaT cells
using a HO-1 inhibitor or siRNA knockdown. Treatment with
curcumin suppressed TNF-o-induced monocyte adhesion to
HaCaT cells in a dose-dependent manner (Fig. 3A). SnPP sig-
nificantly reversed the inhibitory effect of curcumin on
TNF-o-induced monocyte adhesion (Fig. 3A and C). In addi-
tion, HO-1 knockdown using siRNA significantly reversed the
inhibitory effect of curcumin on TNF-o-induced monocyte
adhesion. These results confirm that HO-1 expression medi-
ates the inhibitory effect of curcumin on TNF-a-induced mono-
cyte adhesion to HaCaT cells.

Nrf2 is responsible for the inhibitory effect of curcumin on

TNF-o-induced ICAM-1 expression and monocyte adhesion
Since Nrf2 is a transcriptional factor involved in expression of
the HO-1 gene (11), we further examined the functional rele-
vance between Nrf2 activation and ICAM-1 expression. Nrf2
knockdown experiments using siRNA were performed to eval-
uate the suppressive function of curcumin on the TNF-ar-in-
duced ICAM-1 expression in HaCaT cells. Suppression of Nrf2
activation by Nrf2 siRNA significantly reversed the inhibitory
effect of curcumin on the TNF-o-induced ICAM-1 expression
at the levels of mRNA (Fig. 4A, upper panel) and protein (Fig.
4A, lower panel). In addition, siRNA knockdown of Nrf2 re-
versed the inhibitory effect of curcumin on TNF-a-induced

BMB Reports

ICAM-1

[

HO1
Nrf2

B-actin

Fluorescent intensity

(fold of control intensity)
=3
oL s b ow

=

ICAM-1 THF- (10 ng/ml)

20 20 Curcumin (pM)
Control siRNA
+ Nz siRNA

p-actin

+ e+
20 20

o+ o+

TNF-u (10 ng/mnly
Curcumin (pM)
Control siRNA

& Nrf2 siRNA

Fig. 4. siRNA knockdown of Nrf2 reverses the inhibitory effects of
curcumin on TNF-o-induced ICAM-1 expression and monocyte adhe-
sion in HaCaT cells. (A) HaCaT cells transfected with control or Nrf2
siRNA were incubated with 20 uM curcumin for 6 h, and stimulated
with TNF-o. for 1 h (for RNA) and for 12 h (for protein). Total RNA
and protein were analyzed by RT-PCR (upper panel) and immuno-
blotting (bottom panel). (B) HaCaT cells transfected with control or
Nrf2 siRNA were incubated with 20 uM curcumin for 6 h, and
stimulated with TNF-o for 12 h. HaCaT cells were co-cultured with
calcein-AM-labeled THP-1 monocytes for 1 h. The calcein-AM fluo-
rescent intensity was measured by an ELISA plate reader. Results are
means + SD. Statistical significance: ***P < 0.001 compared to the
TNF-o alone, P < 0.01 compared to the TNF-ot and curcumin.

monocyte adhesion to HaCaT cells (Fig. 4B). These results in-
dicate that Nrf2 activation contributes to the inhibitory effect
of curcumin on TNF-o-induced ICAM-1 expression and sub-
sequent monocyte adhesiveness in HaCaT cells.

DISCUSSION

During inflammation, the epidermal keratinocytes can be
stimulated to express adhesion molecules such as ICAM-1,
which facilitate leukocyte infiltration. Expression of adhesion
molecules on the keratinocytes is induced by several stimuli in-
cluding cytokines (2-4). Modulation of the ICAM-1 expression
provides a target for the development of therapeutic agents
against inflammatory skin diseases. Many naturally occurring
polyphenols are considered promising therapeutic agents
against inflammatory skin diseases (24). Due to its free radical
scavenging and antioxidant properties, curcumin has attracted
significant attention as a potential effective anti-inflammatory
agent. Curcumin exerts anti-inflammatory effects in both in vi-
tro and in vivo models (7, 9, 10), even though the relevant an-
ti-inflammatory mechanisms are not fully understood. In this
study, we show that curcumin significantly suppressed the
TNF-o-induced ICAM-1 expression and subsequent monocyte
adhesion via HO-1 expression in the keratinocytes.

Since previous studies have shown that curcumin strongly
induced HO-1 expression and exerted cytoprotective effects in
various types of cells including endothelial cells (18, 25), mac-
rophages (19), monocytes (20) and skin fibroblasts (15, 16), we
examined whether curcumin can induce the HO-1 expression
in keratinocytes. As shown in Fig. 1, treatment with curcumin
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significantly induced the mRNA and protein expression of
HO-1 in time- and dose-dependent manners in the HaCaT
cells, indicating that curcumin is an inducer of HO-1
expression. Although previous studies reported that curcumin
induced HO-1 expression in human skin fibroblasts (15) and
keratinocytes (17), the functional roles of HO-1 expression in
the suppressive effects of curcumin on the expression of adhe-
sion molecules such as ICAM-1 in keratinocytes were not
clarified. Using a pharmacological HO-1 inhibitor and siRNA
knockdown against HO-1, we demonstrated that HO-1 ex-
pression mediates the suppressive effects of curcumin on the
TNF-o-induced ICAM-1 expression and subsequent monocyte
adhesiveness to the HaCaT cells (Fig. 2 and 3). These results
provide evidence that suggest the functional consequence of
the curcumin-induced HO-1 expression. Consistent with our
results, several reports demonstrated that HO-1 expression ex-
erts a regulatory effect on the process of inflammatory skin dis-
eases such as atopic dermatitis-like lesions and contact hyper-
sensitivity in mice (12-14). In addition, HO-1 expression in-
hibits T cell-dependent skin inflammation (12). Although the
mechanisms by which HO-1 induction by curcumin exerts its
anti-inflammatory activities are unclear, the by-products of
HO-1 activity, including carbon monoxide and bilirubin, may
contribute to the inhibitory effect of curcumin (11).

Since Nrf2 is a transcriptional factor responsible for HO-1
expression (11), we further analyzed the role of Nrf2 in the
curcumin-induced ICAM-1 expression and subsequent mono-
cyte adhesiveness in TNF-o-stimulated HaCaT cells. Knock-
down of Nrf2 using siRNA significantly suppressed curcu-
min-induced HO-1 expression and prevented curcumin from
suppressing TNF-o-induced ICAM-1 expression (Fig. 4A). In
addition, the suppressive effect of curcumin on TNF-o-induced
monocyte adhesion to HaCaT cells was significantly reversed
by Nrf2 knockdown (Fig. 4B), suggesting the potential role of
Nrf2 activation in the anti-inflammatory effects of curcumin.
Recently, we reported that celastrol induced HO-1 expression
via Nrf2 activation which was responsible for suppression of
the IFN-y-induced ICAM-1 expression and subsequent mono-
cyte adhesion in the keratinocytes (26, 27). These results sup-
port the position that Nrf2 is an important regulator to express
various cellular defense enzymes such as HO-1 against oxida-
tive stress and plays a critical role in regulating anti-in-
flammatory responses (28).

The present study suggests that curcumin-induced HO-1 ex-
pression via Nrf2 activation is one mechanism responsible for
its anti-inflammatory activity. Activation of Nrf2-HO-1 path-
way using pharmacological or genetic approaches might be a
way to develop a therapeutic agent for inflammatory skin
diseases.

MATERIALS AND METHODS

Cell culture and reagents
The immortalized human keratinocyte cell line, HaCaT, was
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maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum and antibiotics
(100 U/ml penicillin G, 100 ug/ml streptomycin) at 37°C in a
humidified incubator containing 5% CO> and 95% air. Human
THP-1 monocytic cells were maintained in RPMI 1640 me-
dium supplemented with 2 mM L-glutamine and 10% fetal bo-
vine serum. Tin protoporphyrin IX (SnPP) was purchased from
Calbiochem (La Jolla, CA, USA). Calcein acetoxymethyl ester
(calcein-AM) was purchased from Molecular Probe (Eugene,
OR, USA). HO-1 specific siRNA, primary antibodies against
ICAM-1, HO-1 and actin (Santa Cruz, CA, USA) were obtained
commercially. Curcumin, HRP-conjugated anti-rabbit or goat
antibodies were supplied by Sigma (St. Louis, MO, USA).

Immunoblot analysis

Cell lysates were prepared by incubating cells in a lysis buffer
(125 mM Tris-HCI pH 6.8, 2% SDS, 10% v/v glycerol) at 4°C
for 30 min. Equal amounts of cell lysates (30 ug of total pro-
tein) were separated on a 10% sodium dodecyl sulfate-poly-
acrylamide gel and transferred to a nitrocellulose membrane
by electroblotting. Immunoreaction was performed with the in-
dicated antibodies, and the immunoreactive bands were de-
tected by enhanced chemiluminescence (ECL; Amersham) as
recommended by the manufacturer (29).

RT-PCR analysis

Total RNA was obtained from HaCaT cells using a Trizol re-
agent kit (Invitrogen, Gaithersburg, MD, USA) according to the
manufacturer’s instructions. The RNA (2 ug) was reverse tran-
scribed into cDNA with 10,000 U of reverse transcriptase and
0.5 pg/uL oligo-(dT);5 primer (Promega, Madison, WI, USA).
PCR amplification of cDNA was performed using specific pri-
mers, as described previously (30). The following forward and
reverse primers (5'->3") were used: ICAM-1 forward, GGT
GAC GCT GAA TGG GGT TCC; ICAM-1 reverse, GTC CTC
ATG GTG GGG CTA TGA CTC; HO-1 forward, GCG CAG
CAT GCC CCA GGA TTT G; and HO-1 reverse, AGC TGG
ATG TTG AGC AGG A; beta-actin forward, GCG GGA AAT
CGT GCG TGA CAT T; and beta-actin reverse, GAT GGA GTT
GAA GGT AGT TTC GTG. PCR products were resolved on a
1% agarose gel and visualized with UV light after ethidium
bromide.

siRNA knockdown of HO-1 and Nrf2

To perform the knockdown experiments by siRNA, HaCaT
cells were transfected with siRNA specifically targeting HO-1,
Nrf2 or control siRNA using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions (27). Two days af-
ter transfection, HaCaT cells were stimulated with TNF-o. in
the presence or absence of curcumin. Cells were analyzed for
ICAM-1 expression and monocyte adhesiveness.

Cell adhesion assay
Adherence of THP-1 cells to HaCaT cells was assayed using a
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cell-cell adhesion assay as previously described (31). Briefly,
the calcein-AM labeled THP-1 cells (7.0 x 10°/well) were
co-cultured with HaCaT cells for 1 h at 37°C. The nonadherent
THP-1 cells were removed from the monolayers by washing
three times with PBS. For the adhesion quantification, the fluo-
rescent intensity of each well was measured at A = 485 nm
excitation and A = 538 nm emission by a Fluoroskan ELISA
plate reader (Ani Labsystems Ltd. Oy. Finland). The fluo-
rescence images were obtained at A = 485 nm excitation and
A = 538 nm emission using a SPOT Il digital camera-attached
fluorescence microscope with Spot Il data acquisition software
(Diagnostic Instrument, Livingston, Scotland).

Statistical analysis

The results were expressed as the mean + SEM from at least
three independent experiments. The values were evaluated via
one-way ANOVA, followed by Duncan’s multiple range tests
using GraphPad Prism 4.0 software (GraphPad Software, Inc.,
San Diego, CA, USA). If P values were <.05 null hypotheses
of no difference were rejected.
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