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Abstract Recently, endogenous N-acyl dopamines have

been found to show anti-inflammatory and immunomod-

ulatory activities. However, the effect of the N-acyl

dopamines on allergic responses was not reported. In this

study, we investigated whether N-acyl dopamines might

inhibit immunoglobulin E-mediated degranulation in

RBL-2H3 cells. When RBL-2H3 cells were exposed to

palmitoyl dopamine (NP-DA), oleoyl dopamine (NO-DA)

or arachidonoyl dopamine (NA-DA) at micromolar levels,

all these compounds significantly inhibited the release of

b-hexosaminidase, a marker of degranulation, as well as

tumor necrosis factor (TNF)-a. In comparison, NP-DA,

potently suppressing the release of b-hexosaminidase

(IC50, 3.5 lM) and TNF-a (IC50, 2.2 lM), was more

potent than NO-DA or NA-DA. Additionally, NP-DA

markedly suppressed the formation of prostaglandin E2,

prostaglandin D2 and leukotriene C4, corresponding

to pro-inflammatory lipid mediators in asthma. In the

mechanistic analyses, where the effect of NP-DA on

the FceRI cascade was examined, NP-DA significantly

inhibited the phosphorylation and expression of Syk, but

not Lyn. And, NP-DA also suppressed phosphorylation of

ERK1/2 and Akt. Further, NP-DA decreased the phos-

phorylation of cPLA2 and 5-lipoxygenase (5-LO), but not

cyclooxygenase-2 (COX-2). Based on these results, it is

suggested that NP-DA exert anti-allergic effect on allergic

response through suppressing the activation of Syk,

ERK1/2, Akt, cPLA2 and 5-LO. Besides, a strong inhi-

bition of COX-2 activity by NP-DA may be additional

mechanism for its anti-allergic action. Such an anti-

allergic action of N-acyl dopamines may contribute to

further information about biological functions of N-acyl

dopamines.
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Abbreviations

Akt Protein kinase B

COX-2 Cyclooxygenase-2

cPLA2 Cytosolic phospholipase A2

ERK1/2 Extracellular signal-regulated kinase 1/2

Fyn Feline yes-related protein

HSA Human serum albumin

IgE Immunoglobulin E

LTC4 Leukotriene C4

Lyn Src family protein kinase

NA-DA N-Arachidonoyl dopamine

NO-DA N-Oleoyl dopamine

NP-DA N-Palmitoyl dopamine

PGE2 Prostaglandin E2

PGD2 Prostaglandin D2

Syk Spleen tyrosine kinase

TNF Tumor necrosis factor

5-LO 5-Lipoxygenase
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Introduction

Allergic responses are classified into various types of

models including type I (anaphylactic shock) [1]. In the

allergic response of type I, the activation of immuno-

globulin E (IgE)-mediated FceRI receptor, known as the

high affinity IgE receptor, on the plasma membrane of

mast and basophilic cells is known to release b-hexosa-

minidase, a common marker of degranulation, as well as

various allergic mediators including histamine, cytokines,

prostaglandins and leukotrienes [2]. Especially, arachi-

donic acid metabolites including prostaglandins and leu-

kotrienes mediate acute and chronic allergic reactions [3,

4]. In the progression of allergic diseases such as asthma,

allergic rhinitis and inflammatory arthritis [5], mast cells

are known to be mainly responsible for allergic reactions.

RBL-2H3 cells [6] have been generally used for the study

about IgE–FceRI interactions involving the pathway of

intracellular signaling in degranulation [7–9]. Moreover,

RBL-2H3 cells have been employed as a useful tool

for in-vitro screening for candidates of the anti-allergic

drugs [7–9].

Previously, endocannabinoids, well known to be lipid

mediators in nervous systems [10], had been observed to

show additional biological actions such as anti-inflam-

matory and immunosuppressive actions [11]. Recently,

endocannabinoids such as arachidonoyl dopamine (NA-

DA), oleoyl dopamine (NO-DA), palmitoyl dopamine

(NP-DA) and stearoyl dopamine have been reported to be

present in the brain as well as other tissues [12]. We

mentioned briefly about some biological actions of

endocannabinoids; NA-DA, one representative of N-acyl

dopamines, was reported to be a ligand of cannabinoid 1

[13] and transient receptor potential vanilloid 1 receptor

[14], a potent inhibitor of 5-lipoxygenase (5-LO) [15] and

a mild inhibitor of fatty acid amide hydrolase [13],

responsible for the regulation of the endocannabinoid

level. In addition, NA-DA possesses some biological

actions such as increased immobility, decreased body

temperature or delayed reaction to a thermal stimulus in

mice [13, 16], and has shown anti-inflammatory and

immunosuppressive actions [17, 18]. Nonetheless, there

has been no report concerning the anti-allergic action of

N-acyl dopamines.

In this respect, we examined the anti-allergic action

of N-acyl dopamines in RBL-2H3 cells stimulated by an

IgE–antigen complex, and elucidated the mechanism for

the anti-allergic action of N-acyl dopamines. Here, it is

suggested that N-acyl dopamines may exert a suppres-

sive action in allergic responses involving IgE–FceRI

interactions.

Materials and Methods

Reagents

The MEM medium, penicillin, streptomycin and fetal

bovine serum (FBS) were purchased from Gibco Life

Technologies (Grand Island, NY, USA). 4-[3-[4-Iodo-

phenyl]-2-4(4-nitrophenyl)-2H-5-tetrazolio-1,3-benzene

disulfonate (WST-1) was obtained from Dojindo (Kuma-

moto, Japan). Specific antibodies against, phospho-Syk

(#2711), Syk (#2712), phospho-Lyn (#2731), Lyn (#2796),

cyclooxygenase-2 (COX-2; #4842), phospho-ERK1/2

(#9101), ERK1/2 (#9102), Akt (#9272), phospho-Akt

(#9271), cPLA2 (#2832), phospho-cPLA2 (#2831) and b-

actin (#4970) were purchased from Cell signaling Tech-

nology (Beverly, MA, USA). The enzyme-linked immu-

nosorbent assay (ELISA) kit for tumor necrosis factor-a
(TNF-a) was obtained from e-Bioscience, Inc. (Science

Center Drive, San Diego, USA). Specific antibodies against

5-LO (160402) and phospho-5-LO (10007820), arachido-

noyl dopamine, oleoyl dopamine, palmitoyl dopamine and

enzyme immunoassay (EIA) kits for prostaglandin E2

(PGE2), prostaglandin D2 (PGD2) and leukotriene C4

(LTC4) were purchased from Cayman Chemical (Ann

Arbor, MI, USA). 4-Nitrophenyl N-acetyl-b-D-glucosami-

nide (p-NAG), dinitrophenyl-immunoglobulin E (DNP-

IgE) and DNP-human serum albumin (DNP-HSA) were

obtained from Sigma-Aldrich (St Louis, MO, USA). All

other chemicals were of analytical grade.

Cell Culture

RBL-2H3 cells were cultured in MEM medium containing

5 % (v/v) FBS, 100 U/ml penicillin and 100 lg/ml strep-

tomycin at 37 �C in a humidified atmosphere of 5 % CO2

as previously described [19].

Cytotoxicity Assay

Cell respiration, an indicator of cell viability, was determined

by measuring the mitochondrial-dependent reduction of

WST-1 to the water-soluble tetrazolium salt [20]. Briefly,

RBL-2H3 cells were seeded on a 96-well plate (1 9 104 cells/

well) in MEM with 5 % FBS at 37 �C overnight. The cells

were washed, and incubated with DNP-IgE (1 lg/ml) for

24 h. The cells were incubated with N-acyl dopamines

(0–30 lM) for 1 h. Both DNP-HSA (25 ng/ml) and WST-1

reagent (10 ll) were simultaneously added to the above, and

incubated for another 4 h. To measure cell viability, the

absorbance was measured at 450 nm using a micro-plate

reader (Emax, Molecular Devices, Inc. Sunnyvale, CA, USA).
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b-Hexosaminidase Release Activity

RBL-2H3 cells were incubated in a 24-well plate (1 9 105

cells/well) at 37 �C overnight. The above cells were

washed with 19 PBS, and then incubated with DNP-IgE

for 24 h. The cells were incubated with N-acyl dopamines

(0–30 lM) for 1 h. They were spiked with DNP-HSA, and

incubated for another 4 h. To measure the amount of

b-hexosaminidase activity released from the cells, and then

the cultured media were transferred, and centrifuged

(17,0009g for 10 min) at 4 �C. The supernatant (25 ll)

was mixed with 50 ll p-NAG (10 mM) in 0.1 M sodium

citrate buffer (pH 4.5) into a 96-well plate, and incubated

for 1 h at 37 �C. The reaction was terminated by stop

buffer (0.1 M sodium carbonate buffer, pH 10.0). The

b-hexosaminidase activity was determined by measuring

the difference of absorbance at wavelength 405 nm.

Enzyme-Linked Immunosorbent (ELISA) Assay

of TNF-a

To measure TNF-a level in cultured media, all cultured

media were centrifuged (17,0009g for 10 min) at 4 �C,

and the samples were stored at -80 �C until assaying.

The concentration of TNF-a was detected by ELISA kits

(e-Bioscience, Inc.) according to the manufacturer’s

instructions.

Enzyme Immunoassay Analysis of PGE2, PGD2

and LTC4

To determine the levels of PGE2, PGD2 and LTC4 in

cultured media, all cultured media were centrifuged

(17,0009g for 10 min) at 4 �C, and the samples were

stored at -80 �C until analyzed. The concentrations

of PGE2, PGD2 and LTC4 were detected by EIA kits

(Cayman Chemical, Inc.) according to the manufacturer’s

instructions.

Reverse Transcription-Polymer Chain Reaction

Total RNA was extracted with TRI Reagent (SolGent, Inc.,

Daejeon, Korea) according to the manufacturer’s protocol

and quantified by spectrophotometry at 260 nm. The total

RNA (1 lg) was used as the template for cDNA synthesis

and PCR using the DiaStarTM 29 OneStep RT-PCR Pre-

Mix kit (SolGent, Inc.). The following primers were used:

TNF-a forward 50-CAA GGA GCA GAA GTT CCC AA-

30, TNF-a reverse 50-CGG ACT CCG TGATGT CTA AG-

30 (500 bp); b-actin forward 50-AGC CAT GTA CGT AGC

CAT CC-30, b-actin reverse 50-TCT CAG CTG TGG TGG

TGA AG-30 (227 bp) [21]. The denaturation, annealing,

extension conditions, and number of cycles were 94 �C for

30 s, 60 �C for 60 s, 72 �C for 60 s, and 40 cycles,

respectively. PCR was performed in a My Genie32 Ther-

mal Block (Bioneer, Inc., Daejeon, Korea). The PCR

products were electrophoresed on a 2 % agarose gel and

visualized by ethidium bromide staining and UV illumi-

nation. The levels of target mRNAs were compared to

those of a loading control (b-actin), and the results were

expressed as a ratio of density of each mRNA, which was

identified by a DNA standard size marker. The density of

each band was determined using ImageJ software (version

1.46r for Windows; NIH, USA).

Immunoblotting Analysis

RBL 2H3 cells were seeded on a 6-well plate (5 9 105

cells/well) in MEM with 5 % FBS at 37 �C overnight. The

cells were washed, and incubated with DNP-IgE (1 lg/ml)

for 24 h. Then the cells were incubated with palmitoyl-

dopamine (0–30 lM) for 1 h, and then stimulated with

DNP-HSA (100 ng/ml) for 10 min or 4 h. The harvested

cells were lysed, and the protein of interest was resus-

pended in a protein lysis buffer (0.2 % NP-40, 10 mM

HEPES, 15 mM KCl, 2 mM MgCl2, 1 mM dithiothreitol,

0.1 mM EDTA and 0.1 mM PMSF). The cell lysates were

separated on SDS-PAGE containing 10 % acrylamide gel,

and then transferred to PVDF membranes (Amersham

Pharmacia Biotech, Buckinghamshire, UK). The mem-

branes were then incubated with a 1:1,000 dilution of

specific antibodies against phospho-Syk, phospho-Lyn,

Syk, Lyn, phospho-ERK1/2, ERK1/2, phospho-Akt, Akt,

phospho-cPLA2, cPLA2, COX-2 and b-actin (Cell signal-

ing Technology, Inc.) and antibodies against phospho-5-

LO and 5-LO antibodies (Cayman Chemical, Inc.). The

blots were washed with TBS-T, and then incubated with a

1:5,000 dilution of horseradish peroxidase-conjugated IgG

secondary antibody (Cell signaling Technology, Inc.). The

proteins on membranes were detected using a chemilumi-

nescent reaction (ECL plus kit, Amersham Pharmacia

Biotech, Buckinghamshire, UK), followed by exposure of

the membranes to Hyperfilm ECL (Amersham Pharmacia

Biotech, Buckinghamshire, UK). The levels of target pro-

teins were compared to those of loading controls (b-actin

or non-phosphorylated protein), and the results were

expressed as a ratio of density of each protein, which was

identified by protein standard size marker. The density of

each band was determined using ImageJ software.

Statistical Analysis

The experimental results were expressed as means ± SD.

One-way analysis of variance (ANOVA) was used for

multiple comparisons (GraphPad Prism version 4.03 for

Windows, San Diego, CA, USA). If there was a significant

Lipids (2013) 48:383–393 385

123



variation between treated groups, the Dunnett test was

applied. Differences at the *P \ 0.05 and **P \ 0.01

levels were considered statistically significant.

Results

Inhibitory Effect of N-Acyl Dopamines

on IgE-Mediated Degranulation in RBL-2H3 Cells

To compare the effect of N-acyl dopamines on an

immunoglobulin E (IgE)–antigen complex reaction, we

examined RBL-2H3 cells were preincubated with 1 lg/

ml of dinitrophenyl-IgE (DNP-IgE) and exposed to pal-

mitoyl dopamine (NP-DA), oleoyl dopamine (NO-DA) or

arachidonoyl dopamine (NA-DA) of different concen-

trations (0–30 lM) for 1 h, and stimulated with 25 ng/ml

of DNP-HSA for 4 h. All the N-acyl dopamines signifi-

cantly inhibited the release of both b-hexosaminidase, a

common marker of degranulation, and TNF-a, a pro-

inflammatory cytokine, in a concentration-manner

(Fig. 1). In addition, these chemicals dose-dependently

reduced the expression of mRNA encoding TNF-a in

IgE-mediated activation of RBL-2H3 cells (Fig. 2).

However, the concentration-dependet effect of NP-DA on

TNF-a mRNA level was not consistent with that of NP-

DA on protein amounts in repeated experiments.

Although this difference is not explained in the present

experiments, it is supposed that N-acyl dopamine may

interfere with the process of the translation or maturation

of TNF-a. Especially, the IC50 value of NP-DA was

smaller than that of NO-DA or NA-DA for degranulation

and TNF-a formation (data not shown). These results

indicate that NP-DA, NO-DA or NA-DA can inhibit both

degranulation and allergic inflammation in mast cells

stimulated by an IgE–antigen complex. Moreover, NP-

DA has more potent inhibitory effect than NO-DA or

NA-DA.

Inhibitory Effect of Palmitoyl Dopamine on the Release

of b-Hexosaminidase and TNF-a from RBL-2H3 Cells

Stimulated by an IgE–Antigen Complex

Next, we reexamined suppressive effect of NP-DA, a

stronger inhibitor than NO-DA or NA-DA, on the release

of b-hexosaminidase and TNF-a, and then determined each

IC50 values in reducing b-hexosaminidase activity and the

TNF-a level. When RBL-2H3 cells were preincubated with

NP-DA of different concentrations (1–30 lM) for 1 h

before challenge with antigen, NP-DA was found to inhibit
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Fig. 1 Inhibitory effect of N-acyl dopamines on activity of b-

hexosaminidase and level of TNF-a released from RBL-2H3 cells

stimulated by an IgE–antigen complex. RBL-2H3 cells were seeded

on a 24-well plate (1 9 105 cells/well) in MEM with 5 % FBS at

37 �C overnight, and then the cells were washed, and further

incubated with DNP-IgE for 24 h. The cells were incubated with

N-acyl dopamines (0–30 lM) for 1 h, and then stimulated by DNP-

HSA (25 ng/ml) for 4 h. b-Hexosaminidase activity (a–c) and TNF-a
level (d–f) were determined as described in ‘‘Materials and

Methods’’. Data are listed as mean ± SD values of triple determi-

nations. **P \ 0.01 versus DNP-HSA-treated group
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the release of b-hexosaminidase (IC50, 3.49 lM) and

TNF-a (IC50, 2.22 lM) in a concentration-dependent

manner (Fig. 3a, b). Furthermore, NP-DA had no cyto-

toxicity at concentration range of anti-degranulation effect

(Fig. 3c). Taken together, these findings suggest that

NP-DA can exhibit stronger anti-allergic action at non-

cytotoxic concentrations.

Inhibitory Effect of Palmitoyl Dopamine on the Release

of Pro-Inflammatory Lipid Mediators

Next, we examined the effect of NP-DA on the formation

of PGE2, PGD2 and LTC4, pro-inflammatory lipid medi-

ators implicated in an allergic response [2–4, 22, 23].

RBL-2H3 cells were preincubated with NP-DA

(1–30 lM) before stimulation with antigen, and the

amount of PGE2, PGD2 and LTC4 was measured by EIA

kit assay. As shown in Fig. 4, NP-DA markedly inhibited

the formations of PGE2 (IC50, 1.30 lM) and PGD2 (IC50,

0.69 lM). On the other hand, NP-DA insensitively sup-

pressed the formation of LTC4 (IC50, 2.94 lM) to a less

extent than that of PGE2 or PGD2. These results suggest

that NP-DA can block acute as well as chronic allergic

inflammation induced by PGE2, PGD2 or LTC4. Espe-

cially, NP-DA has a greater suppressive effect on the

formation of PGD2 compared to PGE2 or LTC4. Thus, it

may indicate that NP-DA directly inhibits an enzyme

implicated in the formation of PGD2.
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Fig. 2 Inhibitory effect of N-acyl dopamines on mRNA expression of

TNF-a in RBL-2H3 cells stimulated by an IgE–antigen complex.

RBL-2H3 cells were seeded on a 6-well plate in MEM with 5 % FBS

at 37 �C overnight, and then the cells were washed, and further

incubated with DNP-IgE for 24 h. The cells were incubated with N-

acyl dopamines (0–30 lM) for 1 h, and then stimulated by DNP-HSA

(100 ng/ml) for 4 h. The cells were rinsed with 19 PBS, and lysed

with TRI reagent. The mRNA levels of TNF-a were determined as

described in ‘‘Materials and Methods’’. Similar results were obtained

in three independent experiments. **P \ 0.01 versus DNP-HSA-

treated group
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Regulatory Effect of Palmitoyl Dopamine on FceRI

Signaling and Arachidonate Cascade

Next, we turned to the mechanism for the anti-allergic

action of NP-DA. The activation of the FceRI receptor is

known to be associated with phosphorylation of Lyn and

Syk, which cause degranulation of mast cells [24]. In this

respect, NP-DA, showing a strong anti-degranulation

action, was supposed to affect phosphorylation of Lyn or

Syk as well as FceRI receptor cascade. When RBL-2H3

cells were preincubated with NP-DA (1–20 lM) for 1 h

before antigen challenge, and the incubation was extended

for another 10 min, NP-DA significantly inhibited phos-

phorylation and expression of Syk in a dose-dependent

manner, but neither Lyn nor Fyn (Fig. 5). Although Fyn

has been reported to be important for the activation of mast

cells [28], it did not inhibit the phosphorylation of Fyn.

Besides, NP-DA dose-dependently suppressed the phos-

phorylation of ERK1/2 and Akt. In addition, when RBL-

2H3 cells were preincubated with NP-DA at different

concentrations for 1 h before stimulation with DNP-HSA,

and the incubation was extended for another 4 h, NP-DA at

20 lM diminished phosphorylation of cytosolic phospho-

lipase A2 (cPLA2), an enzyme of the limiting step for the

arachidonate cascade, but not expression of cPLA2

(Fig. 6). Similarly, NP-DA was able to decrease phos-

phorylation of 5-LO, an enzyme of the limiting step for

leukotriene biosynthesis. However, NP-DA could not

inhibit the expression of cyclooxygenase-2 (COX-2), an

enzyme of the limiting step for prostaglandin biosynthesis

(Fig. 6). These findings indicate that NP-DA directly inhibits

both activation and expression of Syk. Additionally, NP-DA

also decreases activation of other targets such as ERK1/2,

Akt, cPLA2 and 5-LO in the FceRI signal cascade.

Discussion

Previously, N-acyl dopamine have been reported to possess

some biological actions; they increase immobility, reduce
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Fig. 3 Inhibitory effect of palmitoyl dopamine on activity of b-

hexosaminidase and level of TNF-a released from RBL-2H3 cells

stimulated by an IgE–antigen complex. RBL-2H3 cells were seeded

on a 24-well plate in MEM with 5 % FBS at 37 �C overnight, and

then the cells were washed, and further incubated with DNP-IgE for

24 h. The cells were incubated with palmitoyl dopamine (0–30 lM)

for 1 h, and then stimulated by DNP-HSA (25 ng/ml) for 4 h. b-

Hexosaminidase activity (a) and TNF-a level (b) were determined as

described in ‘‘Materials and Methods’’. Data are listed as mean ± SD

values of triple determinations. RBL-2H3 cells were seeded on a

96-well plate (2.5 9 104 cells/well) in MEM with 5 % FBS at 37 �C

overnight, and then the cells were washed, and further incubated with

DNP-IgE for 24 h. The cells were incubated with palmitoyl dopamine

(0–30 lM) for 1 h, simultaneously treated with DNP-HSA (25 ng/ml)

and WST-1 reagent (10 ll), and then incubated for 4 h. Cell viability

(c) was determined as described in ‘‘Materials and Methods’’. Data

are listed as mean ± SD values of octuple determinations.

**P \ 0.01 versus DNP-HSA-treated group
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body temperature and locomotor activity, and delay the

reaction to a thermal stimulus in mice [13, 16]. Also, they

reduce opioid-induced emesis in ferrets [25], and thermal

allodynia in rat [12, 14] and monkeys [26, 27]. Nonethe-

less, there is no report concerning an anti-allergic action of

N-acyl dopamines.

Arachidonoyl dopamine (NA-DA), one of N-acyl

dopamines, was reported to be a potent inhibitor of 5-LO,

an enzyme of the limiting step in leukotriene biosyn-

thesis [15]. Leukotrienes, metabolites of 5-LO, are

known to be strong inducers of allergic response and

inflammation [3, 4, 23]. Thus, it was hypothesized that

NA-DA might inhibit the degranulation of mast cells

induced by IgE. Here, it is demonstrated that NA-DA,

NO-DA or NP-DA have anti-allergic actions, based on

the release of b-hexosaminidase, a marker of degranu-

lation, from RBL-2H3 cells induced by an IgE–antigen

reaction. Especially, NP-DA is a stronger inhibitor than

NO-DA or NA-DA in IgE-mediated degranulation in

RBL-2H3 cells. In support of this, NP-DA significantly

inhibits the levels of some allergic mediators such as

TNF-a, PGE2, PGD2 and LTC4. Thus, among N-acyl

dopamines used, NP-DA is the most effective in expressing

anti-allergic actions.

Concerning the mechanism for anti-allergic activity of

NP-DA, one possible mechanism may be associated with a

direct inhibition of the FceRI signal cascade. The IgE-

mediated degranulation in mast cells is correlated with

activation of the FceRI receptor, and the activation induces

the liberation of various mediators containing TNF-a,

leukotrienes and prostaglandins though phosphorylation of

the Fyn or Lyn/Syk pathway [28–30]. As a result, the

activation of Syk leads to the increase in intracellular Ca2?

as well as the activation of the MAP kinase family [31, 32].

Thus, Fyn, Lyn and Syk are important intracellular medi-

ators in the early signaling pathway of FceRI receptor

activation. In our present study, the inhibition of Syk

activation by NP-DA may support the notion that a primary

target of NP-DA may be Syk. In support of this, NP-DA

significantly decreased the activation of Akt and ERK1/2,

which belong to down-stream proteins in the FceRI

receptor cascade.
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Fig. 4 Inhibitory effect of palmitoyl dopamine on formation of

PGE2, PGD2 and LTC4 in RBL-2H3 cells stimulated by an IgE–

antigen complex. RBL-2H3 cells were seeded on a 24-well plate in

MEM with 5 % FBS at 37 �C overnight, and then the cells were

washed, and further incubated with DNP-IgE for 24 h. The cells were

incubated with palmitoyl dopamine (0–30 lM) for 1 h, and then

stimulated by DNP-HSA for 4 h. The amounts of PGD2 (a), LTC4

(b) and PGE2 (c) were determined as described in ‘‘Materials and

Methods’’. Data are listed as mean ± SD values of triple determi-

nations. *P \ 0.05 and **P \ 0.01 versus DNP-HSA-treated group
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Although NP-DA could not inhibit COX-2 expression, it

dramatically reduced the levels of PGE2 and PGD2, cor-

responding to the COX-2 product, which are known to be

enhanced in activated immune cells including mast cells

[22, 23, 33, 34]. Recently, it has been reported that NA-DA

suppresses the formation of PGE2, but not COX-2

expression in nerve cells [18]. In addition, N-acyl dopam-

ines induced the expression of COX-2 in brain endothelial

cells [35]. Thus, these findings suggest that NP-DA may

directly inhibit COX-2 activity in prostaglandin biosyn-

thesis. Such a suppressive effect of NP-DA on PGE2 for-

mation may contribute to the increase in its anti-allergic

action, since PGE2 is considered to contribute to asthma

development and inflammation associated with IL-4 and

IL-5, which are produced by helper T cells [34]. Also, the

inhibitory effect of NP-DA on PGD2 formation may add to

the anti-allergic action, since PGD2 is known to cause

bronchoconstriction, vasodilation, increases in capillary

permeability, and mucous production in asthma [22]. Fur-

thermore, NP-DA also inhibits activation of 5-LO, actually

reducing the level of LTC4. Thus, NP-DA directly inhibits

the activation of 5-LO in leukotriene biosynthesis. Such an

effect of NP-DA on 5-LO activation may improve its anti-

allergic action, because LTC4 is known to be a potent

spasmogenic and chemotactic biochemical that increases

the permeability of capillaries and other small vessels, and

it plays a role in promoting and maintaining the allergic

inflammatory reaction in allergic diseases via activation of

cysteinyl-LT receptors [23]. Taken together, it is suggested

that NP-DA can reduce allergic reactions through sup-

pression of Syk, cPLA2 and 5-LO activation as well as

inhibition of COX-2 activity. Further, such an effect of NP-

DA may be extended to an anti-inflammatory effect on

other cells or tissues. Meanwhile, several cytokines may

play critical roles in allergic inflammation [36]. Especially,

TNF-a, secreted from mast cells in an IgE–antigen binding

reaction [37], is known to play an important role in allergic

reactions [36]. Moreover, expression of TNF-a is associ-

ated with ERK1/2 activation of the FceRI receptor cascade

in RBL-2H3 cells stimulated by an IgE–antigen complex
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Fig. 5 Effect of palmitoyl dopamine on the early stage of the FceRI

signal cascade in RBL-2H3 cells stimulated by an IgE–antigen

complex. RBL-2H3 cells were seeded on a 6-well plate (5 9 105

cells/well) in MEM with 5 % FBS at 37 �C overnight, and then the

cells were washed, and further incubated with DNP-IgE for 24 h. The

cells were incubated with palmitoyl dopamine (0–20 lM) for 1 h, and

then stimulated by DNP-HSA (100 ng/ml) for 10 min. The cells were

rinsed with 19 PBS, and lysed with a cell lysis buffer. The expression

of p-Lyn, Lyn, p-Syk, Syk, p-ERK1/2, ERK1/2, p-Akt, Akt and b-

actin was determined as described in ‘‘Materials and Methods’’.

Similar results were obtained in three independent experiments.

*P \ 0.05 and **P \ 0.01 versus DNP-HSA-treated group
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[32]. In support of this, NP-DA significantly inhibited

ERK1/2 activation and reduced both protein and mRNA

level of TNF-a. Therefore, the reduction of TNF-a for-

mation by NP-DA may provide an additional advantage of

NP-DA as an anti-allergic agent.

In summary, this study demonstrates that NP-DA pos-

sesses anti-allergic functions in RBL-2H3 cells stimulated

by an IgE–antigen complex. These findings reveal a novel

feature of NP-DA in allergic response. The mechanisms for

its anti-allergic action may include multiple targets

including Syk, Akt, ERK1/2 and cPLA2 as well as 5-LO.

Such effects may provide further information for the

application of N-acyl dopamine as a therapeutic or pre-

ventive agent.

Acknowledgments This work was supported by the Priority

Research Centers Program through the National Research Foundation

of Korea (NRF) funded by the Ministry of Education, Science and

Technology (2009-0093815) and Basic Science Research Program

through the National Research Foundation of Korea (NRF) funded by

the Ministry of Education, Science and Technology (2010-0021372).

Conflict of interest No potential conflicts of interest were

disclosed.

References

1. Itoh T, Ohguchi K, Iinuma M, Nozawa Y, Akao Y (2008)

Inhibitory effect of xanthones isolated from the pericarp of

Garcinia mangostana L. on rat basophilic leukemia RBL-2H3

p-5-LO

5-LO

0 0 1 5 10 20
0.00

0.06

0.12

0.18

0.24

0.30

**

**
**

**

NP-DA (μM)
DNP-IgE (μ

R
el

at
iv

e 
d

en
si

ty
(p

-5
L

O
 / 

5L
O

)

β-Actin

COX-2

0 0 1 5 10 20
0.00

0.35

0.70

1.05

1.40

**
**

**

NP-DA (μM)
DNP-IgE (μ

R
el

at
iv

e 
d

en
si

ty
(C

O
X

-2
 /

β-
A

ct
in

)

p-cPLA2

cPLA2

0 0 1 5 10 20
0.00

0.11

0.22

0.33

0.44

0.55

**

**

NP-DA (μM)
DNP-IgE (μ

g/ml) 0 1 1 1 1 1
DNP-HSA(ng/ml) 0 100 100 100 100 100

g/ml) 0 1 1 1 1 1
DNP-HS A(ng/ml) 0 100 100 100 100 100

g/ml) 0 1 1 1 1 1
DNP-HSA(ng/ml) 0 100 100 100 100 100

R
el

at
iv

e 
d

en
si

ty
(p

-c
P

L
A

2
/ c

P
L

A
2)

Fig. 6 Effect of palmitoyl dopamine on a late stage of the FceRI

signal cascade in RBL-2H3 cells stimulated by an IgE–antigen

complex. RBL-2H3 cells were seeded on a 6-well plate in MEM with

5 % FBS at 37 �C overnight, and then the cells were washed, and

further incubated with DNP-IgE for 24 h. The cells were incubated

with palmitoyl dopamine (0–20 lM) for 1 h, and then stimulated by

DNP-HSA for 4 h. The cells were rinsed, and lysed with a cell lysis

buffer. The expression of p-cPLA2, cPLA2, p-5-LO, 5-LO, COX-2

and b-actin was determined as described in ‘‘Materials and Methods’’.

Similar results were obtained in three independent experiments.

**P \ 0.01 versus DNP-HSA-treated group

Lipids (2013) 48:383–393 391

123



cell degranulation. Bioorg Med Chem 16(8):4500–4508. doi:

10.1016/j.bmc.2008.02.054

2. Gilfillan AM, Tkaczyk C (2006) Integrated signalling pathways

for mast-cell activation. Nat Rev Immunol 6(3):218–230. doi:

10.1038/nri1782

3. Church MK, Levi-Schaffer F (1997) The human mast cell.

J Allergy Clin Immunol 99(2):155–160. pii: S0091674997000614

4. Metcalfe DD, Kaliner M, Donlon MA (1981) The mast cell. Crit

Rev Immunol 3(1):23–74

5. Wedemeyer J, Tsai M, Galli SJ (2000) Roles of mast cells and

basophils in innate and acquired immunity. Curr Opin Immunol

12(6):624–631. pii: S0952-7915(00)00154-0

6. Siraganian RP, McGivney A, Barsumian EL, Crews FT, Hirata F,

Axelrod J (1982) Variants of the rat basophilic leukemia cell line

for the study of histamine release. Fed Proc 41(1):30–34

7. Ortega E, Schweitzer-Stenner R, Pecht I (1988) Possible orien-

tational constraints determine secretory signals induced by

aggregation of IgE receptors on mast cells. EMBO J 7(13):4101–

4109

8. Funaba M, Ikeda T, Abe M (2003) Degranulation in RBL-2H3

cells: regulation by calmodulin pathway. Cell Biol Int 27(10):

879–885. pii: S106569950300177X

9. Ikawati Z, Wahyuono S, Maeyama K (2001) Screening of several

Indonesian medicinal plants for their inhibitory effect on hista-

mine release from RBL-2H3 cells. J Ethnopharmacol 75(2–3):

249–256. pii: S0378-8741(01)00201-X

10. Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA,

Griffin G, Gibson D, Mandelbaum A, Etinger A, Mechoulam R

(1992) Isolation and structure of a brain constituent that binds to

the cannabinoid receptor. Science 258(5090):1946–1949

11. Pandey R, Mousawy K, Nagarkatti M, Nagarkatti P (2009)

Endocannabinoids and immune regulation. Pharmacol Res

60(2):85–92. doi:10.1016/j.phrs.2009.03.019

12. Chu CJ, Huang SM, De Petrocellis L, Bisogno T, Ewing SA,

Miller JD, Zipkin RE, Daddario N, Appendino G, Di Marzo V,

Walker JM (2003) N-oleoyldopamine, a novel endogenous cap-

saicin-like lipid that produces hyperalgesia. J Biol Chem

278(16):13633–13639. doi:10.1074/jbc.M211231200

13. Bisogno T, Melck D, Bobrov M, Gretskaya NM, Bezuglov VV,

De Petrocellis L, Di Marzo V (2000) N-acyl-dopamines: novel

synthetic CB(1) cannabinoid-receptor ligands and inhibitors of

anandamide inactivation with cannabimimetic activity in vitro

and in vivo. Biochem J 351(Pt 3):817–824

14. Huang SM, Bisogno T, Trevisani M, Al-Hayani A, De Petrocellis

L, Fezza F, Tognetto M, Petros TJ, Krey JF, Chu CJ, Miller JD,

Davies SN, Geppetti P, Walker JM, Di Marzo V (2002) An

endogenous capsaicin-like substance with high potency at

recombinant and native vanilloid VR1 receptors. Proc Natl Acad

Sci USA 99(12):8400–8405. doi:10.1073/pnas.122196999

15. Tseng CF, Iwakami S, Mikajiri A, Shibuya M, Hanaoka F,

Ebizuka Y, Padmawinata K, Sankawa U (1992) Inhibition of

in vitro prostaglandin and leukotriene biosyntheses by cinna-

moyl-beta-phenethylamine and N-acyldopamine derivatives.

Chem Pharm Bull (Tokyo) 40(2):396–400

16. Bezuglov V, Bobrov M, Gretskaya N, Gonchar A, Zinchenko G,

Melck D, Bisogno T, Di Marzo V, Kuklev D, Rossi JC, Vidal JP,

Durand T (2001) Synthesis and biological evaluation of novel

amides of polyunsaturated fatty acids with dopamine. Bioorg

Med Chem Lett 11(4):447–449. pii: S0960894X00006892

17. Sancho R, Macho A, de La Vega L, Calzado MA, Fiebich BL,

Appendino G, Munoz E (2004) Immunosuppressive activity of

endovanilloids: N-arachidonoyl-dopamine inhibits activation of

the NF-kappa B, NFAT, and activator protein 1 signaling path-

ways. J Immunol 172(4):2341–2351

18. Navarrete CM, Fiebich BL, de Vinuesa AG, Hess S, de Oliveira

AC, Candelario-Jalil E, Caballero FJ, Calzado MA, Munoz E

(2009) Opposite effects of anandamide and N-arachidonoyl

dopamine in the regulation of prostaglandin E and 8-iso-PGF

formation in primary glial cells. J Neurochem 109(2):452–464.

doi:10.1111/j.1471-4159.2009.05966.x

19. Morita Y, Siraganian RP (1981) Inhibition of IgE-mediated his-

tamine release from rat basophilic leukemia cells and rat mast

cells by inhibitors of transmethylation. J Immunol 127(4):1339–

1344

20. Ishiyama M, Tominaga H, Shiga M, Sasamoto K, Ohkura Y,

Ueno K (1996) A combined assay of cell viability and in vitro

cytotoxicity with a highly water-soluble tetrazolium salt, neutral

red and crystal violet. Biol Pharm Bull 19(11):1518–1520

21. Choi Y, Kim MS, Hwang JK (2012) Inhibitory effects of pan-

duratin A on allergy-related mediator production in rat basophilic

leukemia mast cells. Inflammation. doi:10.1007/s10753-012-

9513-y

22. Arima M, Fukuda T (2011) Prostaglandin D(2) and T(H)2

inflammation in the pathogenesis of bronchial asthma. Korean J

Intern Med 26(1):8–18. doi:10.3904/kjim.2011.26.1.8

23. Nettis E, D’Erasmo M, Di Leo E, Calogiuri G, Montinaro V,

Ferrannini A, Vacca A (2010) The employment of leukotriene

antagonists in cutaneous diseases belonging to allergological

field. Mediat Inflamm. doi:10.1155/2010/628171

24. Kawakami Y, Kitaura J, Satterthwaite AB, Kato RM, Asai K,

Hartman SE, Maeda-Yamamoto M, Lowell CA, Rawlings DJ,

Witte ON, Kawakami T (2000) Redundant and opposing func-

tions of two tyrosine kinases, Btk and Lyn, in mast cell activation.

J Immunol 165(3):1210–1219. pii: ji_v165n3p1210

25. Sharkey KA, Cristino L, Oland LD, Van Sickle MD, Starowicz

K, Pittman QJ, Guglielmotti V, Davison JS, Di Marzo V (2007)

Arvanil, anandamide and N-arachidonoyl-dopamine (NADA)

inhibit emesis through cannabinoid CB1 and vanilloid TRPV1

receptors in the ferret. Eur J Neurosci 25(9):2773–2782. doi:

10.1111/j.1460-9568.2007.05521.x

26. Butelman ER, Ball JW, Harris TJ, Kreek MJ (2003) Topical

capsaicin-induced allodynia in unanesthetized primates: phar-

macological modulation. J Pharmacol Exp Ther 306(3):1106–

1114. doi:10.1124/jpet.103.052381

27. Butelman ER, Harris TJ, Kreek MJ (2004) Antiallodynic effects

of loperamide and fentanyl against topical capsaicin-induced

allodynia in unanesthetized primates. J Pharmacol Exp Ther

311(1):155–163. doi:10.1124/jpet.104.068411

28. Gomez G, Gonzalez-Espinosa C, Odom S, Baez G, Cid ME,

Ryan JJ, Rivera J (2005) Impaired FcepsilonRI-dependent gene

expression and defective eicosanoid and cytokine production as a

consequence of Fyn deficiency in mast cells. J Immunol 175(11):

7602–7610. pii: 175/11/7602

29. Siraganian RP (2003) Mast cell signal transduction from the high-

affinity IgE receptor. Curr Opin Immunol 15(6):639–646. pii:

S095279150300147X

30. Kinet JP (1999) The high-affinity IgE receptor (Fc epsilon RI):

from physiology to pathology. Annu Rev Immunol 17:931–972.

doi:10.1146/annurev.immunol.17.1.931

31. Roa M, Paumet F, Le Mao J, David B, Blank U (1997)

Involvement of the ras-like GTPase rab3d in RBL-2H3 mast cell

exocytosis following stimulation via high affinity IgE receptors

(Fc epsilonRI). J Immunol 159(6):2815–2823

32. Jiang A, Craxton A, Kurosaki T, Clark EA (1998) Different

protein tyrosine kinases are required for B cell antigen receptor-

mediated activation of extracellular signal-regulated kinase, c-Jun

NH2-terminal kinase 1, and p38 mitogen-activated protein

kinase. J Exp Med 188(7):1297–1306

33. Ford-Hutchinson AW, Bray MA, Doig MV, Shipley ME, Smith

MJ (1980) Leukotriene B, a potent chemokinetic and aggregating

substance released from polymorphonuclear leukocytes. Nature

286(5770):264–265

392 Lipids (2013) 48:383–393

123

http://dx.doi.org/10.1016/j.bmc.2008.02.054
http://dx.doi.org/10.1038/nri1782
http://dx.doi.org/10.1016/j.phrs.2009.03.019
http://dx.doi.org/10.1074/jbc.M211231200
http://dx.doi.org/10.1073/pnas.122196999
http://dx.doi.org/10.1111/j.1471-4159.2009.05966.x
http://dx.doi.org/10.1007/s10753-012-9513-y
http://dx.doi.org/10.1007/s10753-012-9513-y
http://dx.doi.org/10.3904/kjim.2011.26.1.8
http://dx.doi.org/10.1155/2010/628171
http://dx.doi.org/10.1111/j.1460-9568.2007.05521.x
http://dx.doi.org/10.1124/jpet.103.052381
http://dx.doi.org/10.1124/jpet.104.068411
http://dx.doi.org/10.1146/annurev.immunol.17.1.931


34. van der Pouw Kraan TC, Boeije LC, Smeenk RJ, Wijdenes J,

Aarden LA (1995) Prostaglandin-E2 is a potent inhibitor of

human interleukin 12 production. J Exp Med 181(2):775–779

35. Navarrete CM, Perez M, de Vinuesa AG, Collado JA, Fiebich

BL, Calzado MA, Munoz E (2010) Endogenous N-acyl-dopam-

ines induce COX-2 expression in brain endothelial cells by sta-

bilizing mRNA through a p38 dependent pathway. Biochem

Pharmacol 79(12):1805–1814. doi:10.1016/j.bcp.2010.02.014

36. Theoharides TC, Kalogeromitros D (2006) The critical role of

mast cells in allergy and inflammation. Ann N Y Acad Sci

1088:78–99. doi:10.1196/annals.1366.025

37. Gordon JR, Galli SJ (1990) Mast cells as a source of both pre-

formed and immunologically inducible TNF-alpha/cachectin.

Nature 346(6281):274–276. doi:10.1038/346274a0

Lipids (2013) 48:383–393 393

123

http://dx.doi.org/10.1016/j.bcp.2010.02.014
http://dx.doi.org/10.1196/annals.1366.025
http://dx.doi.org/10.1038/346274a0

	Inhibitory Effect of N-Acyl Dopamines on IgE-Mediated Allergic Response in RBL-2H3 Cells
	Abstract
	Introduction
	Materials and Methods
	Reagents
	Cell Culture
	Cytotoxicity Assay
	 beta -Hexosaminidase Release Activity
	Enzyme-Linked Immunosorbent (ELISA) Assay of TNF- alpha 
	Enzyme Immunoassay Analysis of PGE2, PGD2 and LTC4
	Reverse Transcription-Polymer Chain Reaction
	Immunoblotting Analysis
	Statistical Analysis

	Results
	Inhibitory Effect of N-Acyl Dopamines on IgE-Mediated Degranulation in RBL-2H3 Cells
	Inhibitory Effect of Palmitoyl Dopamine on the Release of beta -Hexosaminidase and TNF- alpha from RBL-2H3 Cells Stimulated by an IgE--Antigen Complex
	Inhibitory Effect of Palmitoyl Dopamine on the Release of Pro-Inflammatory Lipid Mediators
	Regulatory Effect of Palmitoyl Dopamine on Fc epsilon RI Signaling and Arachidonate Cascade

	Discussion
	Acknowledgments
	References


