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Abstract The effects of ultrafine and fine particles of

zinc oxide (ZnO) on IgE-dependent mast cell activa-

tion were investigated. The rat mast cell line RBL2H3

sensitized with monoclonal anti-ovalbumin (OVA)

IgE was challenged with OVA in the presence or

absence of ZnO particles and zinc sulfate (ZnSO4).

Degranulation of RBL2H3 was examined by the

release of b-hexosaminidase. To understand the mech-

anisms responsible for regulating mast cell functions,

the effects of ZnO particles on the levels of intracel-

lular Zn2?, Ca2?, phosphorylated-Akt, and global

tyrosine phosphorylation were also measured. IgE-

induced release of b-hexosaminidase was obviously

attenuated by ultrafine ZnO particles and ZnSO4,

whereas it was very weakly inhibited by fine ZnO

particles. The intracellular Zn2? concentration was

higher in the cells incubated with ultrafine ZnO

particles than in those with fine ZnO particles.

Consistent with inhibitory effect on release of

b-hexosaminidase, ultrafine ZnO particles and ZnSO4,

but not fine ZnO particle, strongly attenuated the IgE-

mediated increase of phosphorylated-Akt and tyrosine

phosphorylations of 100 and 70 kDa proteins in

RBL2H3 cells. These findings indicate that ultrafine

ZnO particles, with a small diameter and a large total

surface area/mass, could release Zn2? easily and

increase intracellular Zn2? concentration efficiently,

thus decreasing FceRI-mediated mast cell degranula-

tion through inhibitions of PI3K and protein tyrosine

kinase activation. Exposure to ZnO particles might

affect immune responses, especially in allergic

diseases.
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Introduction

Antigen stimulation induces an aggregation of IgE

receptors (FceRI) on the surface of IgE-sensitized

mast cells and basophils, followed by releases of

various mediators such as histamine, cysteinyl-leu-

kotriens and enzymes including b-hexosaminidase.

These mediators play a role in the appearance of

major symptoms of type I allergic diseases such as

vasodilation, mucous secretion, itching, and bron-

choconstriction in allergic rhinitis, atopic dermatitis

and asthma. Considering that the activation of mast

cells and basophils associated with the diseases are

modulated by many chemical compounds such as

environmental factors (Devouassoux et al. 2002),

nutrients (Zingg 2007), and drugs (Shin et al. 2004),

concern over the effect of new compounds including
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ultrafine particles of nanometer scale made by

improved techniques on mast cell function and type

I allergic responses has been growing.

Zinc oxide (ZnO) is regarded as a safe chemical and

is used for cosmetics, drugs, and paints. The toxico-

logical evaluation of ZnO has shown that the LD50 for

rats is more than 5 g/kg body weight and the compound

is non-toxic by single oral ingestion, and several

studies have suggested that excess Zn2? consumption

through diet (Scientific Committee on Cosmetic Prod-

ucts and Non-food Products 2003) does not have any

adverse effects in humans. However, ultrafine ZnO has

recently become utilized as substitute for fine ZnO in

industry. Because of its small size, ultrafine ZnO may

be more easily inhaled and absorbed by humans via the

airway, and occasionally the digestive organs and the

skin. Moreover, there are a number of studies reporting

that ZnO is biologically active. For instance, ZnO

apparently enhanced the cellular uptake of anticancer

drugs for a leukemia cell line (Guo et al. 2008) and is

toxic to both gram-negative and gram-positive bacteria

systems (Reddy et al. 2007). Therefore, for safe use, the

potential effects of ZnO on various functions respon-

sible for human health need to be clarified. Especially

in the area of immunology, there have been few studies

demonstrating the effects of ZnO on allergic responses.

Moreover, the effect of ZnO on mast cell functions has

not been investigated. Although some researchers

reported that Zn2? inhibits IgE-mediated degranula-

tion of the mast cell line RBL2H3 (Hide and Beaven

1991), the mechanism by which it does so remains to be

fully elucidated.

In the present study, to clarify whether ZnO

modulates mast cell activation by FceRI crosslinking,

we tested the effects of ZnO on IgE-dependent

degranulation, Zn2? and Ca2? mobilization, and the

level of phosphorylated-Akt and global tyrosine

phosphorylation of RBL2H3 cells. Additionally,

experiments utilizing ultrafine ZnO and fine ZnO

revealed that the effect of ZnO on mast cell activation

is size-dependent.

Materials and methods

Cells

RBL2H3 cells were supplied by the Cell Resource

Center for Biomedical Research Institute of

Development, Aging and Cancer, Tohoku University,

Sendai, Japan. Anti-ovalbumin (OVA) IgE producing

hybridoma (OE-1 hybridoma) was established by

using Polyethylene Glycol 1500 (Roche Diagnostics

GmbH, Mannheim, Germany) following the manu-

facturer’s protocol.

Degranulation of RBL2H3 cells

RBL2H3 cells were maintained in 5% CO2 at 37�C in

minimum essential medium (Invitrogen Japan K.K.,

Tokyo, Japan) containing 10% (v/v) fetal bovine

serum (Invitrogen Japan K.K.), 100 units of penicillin

and 100 units of streptomycin (Invitrogen Japan

K.K.). The cells were harvested by trypsin (0.25%, w/

v) (Invitrogen Japan K.K.) and EDTA (Wako Pure

Chemical Industries, Ltd, Osaka, Japan) (0.01%, w/v)

in phosphate-buffered saline and suspended at

0.25 9 106 cells/ml in medium containing 50 ng/ml

of anti-OVA IgE mAb (OE-1) produced by OE-1

hybridoma. Five hundred microliters of the cell

suspension was added to each well of 24-well cluster

dishes and cultured for 24 h. The cells were washed

with PIPES buffer (25 mM PIPES (pH 7.2), 119 mM

NaCl, 5 mM KCl, 5.6 mM glucose, 0.4 mM MgCl2,

1 mM CaCl2 and 0.1% (w/v) bovine serum albumin)

(Hirasawa et al. 1995) and stimulated for 20 min with

OVA (Sigma–Aldrich Fine Chemicals, St. Louis, MI,

USA) at a concentration of 5 lg/ml with the

indicated concentrations of ultrafine ZnO (21 nm

diameter) (Ishihara Sangyo Kaisha Inc., Osaka,

Japan), fine ZnO (\5 lm diameter) (Wako Pure

Chemical Industries, Ltd), or ZnSO4 (Wako Pure

Chemical Industries, Ltd). b-hexosaminidase in the

cultured supernatant was determined by the colori-

metric assay using p-nitrophenyl-N-acetyl-b-D-glu-

cosaminide (Sigma–Aldrich Fine Chemicals). Values

for b-hexosaminidase released in the medium were

expressed as the percentages of the total b-hexosa-

minidase, which was determined in the cells lysed in

0.1% Triton X-100. The zinc compounds at the

concentrations used did not affect the colorimetric

assay.

Cytotoxicity assay for ZnO-treated RBL2H3

cells using MTT tetrazolium salt

After treatment of RBL2H3 cells with the zinc

compounds and OVA, the cells were washed with the
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minimum essential medium containing 10% (v/v)

fetal bovine serum, 100 units of penicillin and 100

units of streptomycin prewarmed. The cells were

further incubated for 4 h with the medium containing

MTT (Sigma–Aldrich Fine Chemicals). After

removal of the medium, the resultant colored prod-

ucts were dissolved in DMSO, and the absorbance at

562 nm was determined (Mosmann 1983).

Measurement of the levels of intracellular

Zn2? and Ca2?

Measurements of the levels of intracellular Zn2? and

Ca2? were performed using the zinc-and calcium-

reactive fluorescence probes, FluoZin-3 (Gee et al.

2002) and Fluo-3 (Kao et al. 1989), respectively.

Briefly, RBL2H3 cell suspensions (6 9 105 cells/ml

in PIPES buffer) were incubated with the minimum

essential medium containing 10% (v/v) fetal bovine

serum, 100 units of penicillin, 100 units of strepto-

mycin, anti-OVA IgE, and fluorescence probe (5 lM

FluoZin-3-AM (Invitrogen Japan K.K.) with 0.02%

Pluronic F127 (Invitrogen Japan K.K.) for Zn2?

measurement or 4 lM Fluo-3-AM (Dojindo Labora-

tories, Kumamoto, Japan) for Ca2? measurement) for

30 min at 37�C and then washed twice with and

resuspended in the PIPES buffer. The cells were then

stimulated with OVA and the zinc compounds at

0 min and monitored for fluorescence (FL1) until

140 s by FACScaliver (BD Bioscience, San Jose, CA,

USA).

Immunoblotting

After the stimulation, the cells in a 60 mm dish were

lysed in 0.18 ml of ice-cold lysis buffer (20 mM

PIPES, pH 8.0, 1% (v/v) Triton X-100, 1 mM EDTA,

50 mM NaF, 2.5 mM p-nitrophenyl phosphate, 1 mM

Na3VO4, 0.02 mg/ml leupeptin and 10% (v/v) glyc-

erol). The proteins in the cell lysate were separated by

SDS–PAGE and transferred onto a PVDF membrane

(ATTO, Tokyo, Japan). The phosphorylated-Akt and

total-Akt were detected by immunoblotting using

polyclonal antibodies for phospho-Akt (Ser473) and

Akt (Cell Signaling Technology, Beverly, MA, USA),

respectively. The level of global tyrosine phosphor-

ylation was detected by using monoclonal antibodies

for phosphorylated tyrosine (BioLegend, San Diego,

CA, USA).

Statistics

To analyze data statistically, the ANOVA (Tukey)

test was used for multiple comparisons.

Results

Ultrafine ZnO has a greater inhibitory activity on

anti-OVA-specific IgE-dependent degranulation

of RBL2H3 cells as compared to fine ZnO

In order to clarify whether ZnO modulates mast cell

activation, we tested the effect of ultrafine ZnO and

fine ZnO on IgE-mediated degranulation response of

RBL2H3 cells. Even though ZnO is nearly insoluble

in water, ultrafine ZnO strongly decreased FceRI-

mediated b-hexosaminidase release in a dose-depen-

dent manner (Fig. 1a). Significant inhibition of

FceRI-mediated degranulation response was observed

when the cells were treated by the compound at 5 and

10 lg/ml. On the other hand, fine ZnO significantly,

but only weakly, inhibited the degranulation response

at 10 lg/ml. Water soluble zinc compound, ZnSO4,

significantly and strongly inhibited the FceRI-medi-

ated degranulation (Fig. 1b) at 10 and 20 lg/ml, as

did ultrafine ZnO. Roughly the same amount of zinc

is contained in 20 lg/ml ZnSO4 and 10 lg/ml ZnO.

The zinc compounds themselves failed to affect the

release of b-hexosaminidase from RBL2H3 cells

(data not shown).

The viability of RBL2H3 cells assayed using MTT

was not affected by the treatment with the zinc

compounds at the concentrations used, suggesting

that inhibition of release of the granule components

by the compound was not induced by their cytotox-

icity (data not shown).

Effects of ZnO on the intracellular

Zn2? and Ca2? in RBL2H3 cells

Since ZnO and ZnSO4 similarly attenuated mast cell

degranulation, Zn2? might play an important role in

inhibiting mast cell activation. Moreover, the action

of Zn2? as second messenger was recently revealed

(Yamasaki et al. 2007). In an attempt to prove that

ZnO modifies the intracellular Zn2? concentration

and thus inhibits mast cell activation, the intracellular

Zn2? level was measured after exposure to the zinc
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compounds. The level of intracellular Zn2? concen-

tration was greatly increased at 5 min after ZnSO4

addition (Fig. 2). In parallel to a remarkable inhib-

itory effect on the degranulation, ultrafine ZnO

obviously increased the intracellular Zn2? level,

whereas fine ZnO only scarcely increased it.

To address the question of how mast cell activa-

tion is inhibited by ZnO, the levels of intracellular

Ca2? in RBL2H3 cells were measured. Ninety-

seconds after antigen stimulation, intracellular Ca2?

levels were increased in IgE-sensitized RBL2H3 cells

(Fig. 3a). The stimulation-induced increase of the

intracellular Ca2? was not affected by the presence of

ultrafine ZnO (Fig. 3b), fine ZnO (Fig. 3c), or ZnSO4

(Fig. 3d). The zinc compounds themselves did not

affect the intracellular Ca2? concentration (data not

Fig. 1 Effect of ultrafine ZnO, fine ZnO (a), and ZnSO4 (b) on

the FceRI-mediated release of b-hexosaminidase from

RBL2H3 cells. RBL2H3 cells (2.5 9 105 cells/well) were

incubated with anti-OVA IgE for 24 h. The cells were washed

and then incubated with OVA (5 lg/ml) in the presence or

absence of the zinc compounds. After 20 min, the releases of

b-hexosaminidase from the cells were measured. * P \ 0.05

versus absence of the compounds. Bars show mean ? SEM of

triplicated cultures of the cells. Data are representative of three

experiments

Fig. 2 Effect of ultrafine ZnO (a), fine ZnO (b), and ZnSO4

(c) on the intracellular Zn2? concentration in RBL2H3 cells.

RBL2H3 cells (6 9 105 cells) were incubated with anti-OVA

IgE and 5 lM FluoZin-3-AM at 37�C for 30 min. The cells

were washed and stimulated for 5 min in the PIPES buffer

containing OVA and the zinc compounds. Untreated and zinc

compound-treated cells are indicated by filled and open
histograms, respectively. Data are representative of three

experiments

1034 Biometals (2009) 22:1031–1040

123



shown). The zinc compound also failed to affect the

binding of anti-OVA IgE to the antigen in ELISA

analysis (data not shown). These results indicated that

the zinc compounds did not disturb crosslinking of

IgE by antigen and the stimulatory input from FceRI.

Effects of ZnO on the levels of phosphorylated-

Akt and global tyrosine phosphorylation in

RBL2H3 cells

Protein tyrosine kinases and PI3K are responsible for

both FceRI-mediated Ca2?-dependent (Nishizumi and

Yamamoto 1997; Ching et al. 2001) and -independent

(Nishida et al. 2005; Gu et al. 2001) signaling

pathways in mast cells. Thus, it is presumed that

ZnO inhibits FceRI-mediated Ca2?-independent acti-

vation of mast cells via modulations of protein

tyrosine kinase and PI3K activities. To further address

the question of how the compounds inhibit mast cell

activation, we tested the effects of ZnO on the levels

of phosphorylated-Akt, as an indicator of PI3K

activity, and global tyrosine phosphorylation. A

certain level of phosphorylated-Akt was detected in

non-stimulated RBL2H3 cells and slightly increased

by ultrafine ZnO (Fig. 4a), fine ZnO (Fig. 4b) and

ZnSO4 (Fig. 4c) treatment. FceRI-mediated activation

by antigen increased the level of phosphorylated-Akt

and the increase was inhibited by ultrafine ZnO

(Fig. 4a) and ZnSO4 (Fig. 4c), and to a lesser extent,

fine ZnO (Fig. 4b).

Zinc compounds affected the tyrosine phosphory-

lation levels of some proteins in the antigen-stimu-

lated and resting cells sensitized by anti-OVA IgE

(Fig. 5). Most noteworthy, in accordance with its

ability to lower Akt phosphorylation, ultrafine ZnO,

as well as ZnSO4, strongly lowered the obvious

increases of tyrosine phosphorylation levels of two

proteins (100 and 70 kDa, indicated by arrows in

Fig. 5) by FceRI crosslinking, whereas the tyrosine

phosphorylation levels of these proteins in resting

cells were increased by the compounds themselves.

On the other hand, fine ZnO had little effect on the

tyrosine phosphorylation levels of the two proteins in

stimulated and resting cells.

Discussion

In this study, we demonstrated for the first time that

ZnO diminished the release of b-hexosaminidase

from the mast cell line RBL2H3 activated with anti-

OVA IgE and its antigen via inhibitions of FceRI-

mediated PI3K and protein tyrosine kinase activa-

tions without affecting calcium mobilization. Our

results also showed that ultrafine ZnO as well as

ZnSO4 inhibited FceRI-mediated degranulation, sug-

gesting that Zn2? released from ZnO might be

responsible for the inhibitory activity of ZnO. Fur-

thermore, we firstly showed that ultrafine ZnO

increased the intracellular Zn2? concentration and

inhibited mast cell activation more efficiently than

fine ZnO.

Release of chemical mediators such as histamine

and serotonin by degranulation of mast cells is an

important step in type I allergic reactions and immune

responses. Our results showed that ultrafine ZnO, and

to a lesser extent, fine ZnO inhibited FceRI-mediated

degranulation of RBL2H3 cells (Fig. 1a), and thus

this compound may influence immune and allergic

reactions. Since another zinc compound, ZnSO4, also

Fig. 3 Effect of ultrafine ZnO, fine ZnO, and ZnSO4 on the

FceRI-mediated increase of intracellular Ca2? concentration in

RBL2H3 cells. RBL2H3 cells (6 9 105 cells) were incubated

with anti-OVA IgE and 4 lM Fluo-3-AM at 37�C for 30 min.

The cells were washed and stimulated for 90 s in the PIPES

buffer containing OVA in the absence (a) or presence of the

zinc compounds, ultrafine ZnO (b), fine ZnO (c), and ZnSO4

(d). Unstimulated cells and cells stimulated by OVA with or

without the zinc compound are indicated by filled and open
histograms, respectively. Data are representative of three

experiments
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inhibited FceRI-mediated degranulation (Fig. 1b), it

could be thought that Zn2? released commonly from

zinc compounds might inhibit the activation. This

result was consistent with the previous reports that

zinc chloride inhibits histamine release from human

basophils (Marone et al. 1981). The inhibitory role of

Zn2? was also supported by the result that ultrafine

ZnO and ZnSO4, which strongly inhibited degranula-

tion, obviously increased intracellular Zn2? concen-

tration (Fig. 2). Thus, Zn2? released from ZnO was

supposed to blunt the mast cell activation via mod-

ulation of the activities of intracellular signaling

molecules.

The inhibition of degranulation of RBL2H3 cells

by ZnO was not due to the attenuation of Ca2?-

dependent signaling pathways responsible for degran-

ulation response, since the increased intracellular

concentrations of Ca2? by FceRI-mediated activation

were not inhibited by ZnO (Fig. 3a, b). ZnSO4 also

failed to affect Ca2? mobilization induced by FceRI

crosslinking (Fig. 3c). In contrast to our result, Hide

and Beaven (1991) reported that zinc attenuates IgE-

induced degranulation via inhibition of calcium

influx. The exact reason for this discrepancy is not

known, but the most likely explanation is that free

Zn2? concentration in medium in our experiment

might be lower than it in their experiment. Since ZnO

is nearly insoluble in water, the free zinc amount

utilized by cells in culture medium should be only a

part of zinc added. Even zinc from the water soluble

zinc compound, ZnSO4, might form the insoluble

zinc salt gradually, namely zinc hydroxide, in

medium used at pH 7.2. Because of the lower Zn2?

concentration in the medium in the present study, it is

considered that we could not observe the inhibitory

effect of zinc compounds on Ca2? mobilization.

Fig. 4 Effect of ultrafine

ZnO (a), fine ZnO (b), and

ZnSO4 (c) on the FceRI-

mediated phosphorylated-

Akt level increase in

RBL2H3 cells. RBL2H3

cells (7.5 9 105 cells) were

sensitized by anti-OVA IgE

for 24 h. The cells were

washed and stimulated with

OVA (5 lg/ml) in the

presence or absence of

ultrafine ZnO, fine ZnO,

and ZnSO4 for 10 min.

Phosphorylated-Akt (pAkt)

and Akt levels expressed in

RBL2H3 were determined

by Western blot. The

columns in the graphs

indicate the relative density

ratio of the phosphorylated-

Akt to the corresponding

Akt as determined by

densitometric analysis
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Interestingly, Beaven et al. (1984) mentioned that

Zn2? blocks histamine release ([95%) at concentra-

tions where a significant Ca2? signal is still observed

by FceRI-mediated RBL2H3 activation. Moreover,

Musset et al. (2008) also described that Ca2? influx

stimulated by anti-IgE in human basophils was not

inhibited by up to 300 lM Zn2?, whereas 100 lM

Zn2? completely inhibited histamine release. Taken

together, these results suggest that the inhibitory

effect of zinc on Ca2? mobilization, if any, is not

critical for its inhibitory effect on degranulation.

On the other hand, ultrafine ZnO, as well as

ZnSO4, inhibited FceRI-mediated PI3K activation

(Fig. 4), which have a role in FceRI-mediated Ca2?-

independent signaling pathway (Nishida et al. 2005).

Thus, the possibility is considered that Zn2? inhibits

FceRI-mediated degranulation via the inhibition of

PI3K. However, many reports indicated that Zn2?

acts as a PI3K activator. For example, zinc chloride

induced the phosphorylation of Akt (Ryu et al. 2009).

The activation of the PI3K pathway following the

intracellular rise of Zn2? in cultured ZnT-1 expressed

seminiferous tubule cells was also observed (Kais-

man-Elbaz et al. 2009). Thus, the effect of Zn2? on

PI3K activity seems to vary with the cell condition. It

is considerable that Zn2? activates PI3K in the

absence of other stimuli, whereas Zn2? inhibits PI3K

activation induced by other stimuli. Our result that

the increase of Akt phosphorylation by Zn2? treat-

ment alone (Fig. 4) is also supported the assumption.

The zinc compounds changed tyrosine phosphor-

ylation levels of some proteins (Fig. 5), which is

modulated by various molecules including protein

tyrosine kinases. A series of protein tyrosine kinases

also participates in FceRI-mediated Ca2?-indepen-

dent signaling pathway (Gu et al. 2001). Especially,

ultrafine ZnO and ZnSO4 commonly lowered the

FceRI-mediated increase of phosphorylation level of

the band at about 70 kDa molecular weight in Fig. 5,

which is suggested to be Syk by Moriya et al. (1997).

Recently, Yu et al. (2006) reported that Syk is critical

for FceRI-evoked Gab2/PI3K activation. Together,

these results suggested that Zn2? might affect the

critical upstream molecules of Syk and thus inhibit

PI3K activation to attenuate FceRI-mediated degran-

ulation of RBL2H3 cells. In contrast, Parravicini

et al. (2002) demonstrated that Fyn, not Syk, is

required for FceRI-mediated Gab2/PI3K activation. It

is also possible that Zn2? might affect the other

tyrosine kinases such as Fyn and the subsequent

PI3K-dependent pathway to decrease degranulation

induced by IgE and antigen. Since the zinc com-

pounds failed to inhibit morphological change of the

cells induced by IgE and antigen stimulation (data not

shown), Zn2? probably impaired only one or several

branched signaling pathways, namely Ca2?-indepen-

dent pathways. However, the effect of zinc on

tyrosine kinase activation is controversial. In contrast

to our results, compulsory increase of intracellular

Zn2? concentration by addition of ZnSO4 and zinc

ionophore pyrithione upregulated the increase of

global tyrosine phosphorylation level induced by

FceRI-mediated stimulation via the inhibition of

phosphatases (Yamasaki et al. 2007). Zinc depletion

by the cell permeable zinc chelator TPEN inhibits

mast cell degranulation without affecting the level of

global tyrosine phosphorylation (Kabu et al. 2006). It

was recently reported that zinc acts as an intracellular

second messenger by induction of the zinc wave

(Yamasaki et al. 2007). Therefore, strict modulation

of intracellular zinc distribution might be quite

important for protein tyrosine kinase activity in mast

cells. Different effects among the various extracellu-

lar zinc sources on the zinc wave might be reason for

the discrepancy between our results and other reports.

As shown in Fig. 2, a more profound increase of

intracellular Zn2? concentration in the presence of

ultrafine ZnO, compared to fine ZnO, was observed.

This result might indicate that smaller ZnO particles

could release Zn2? easily and increase the intracellular

Zn2? concentration efficiently, because of its large

total surface area/mass. On the other hand, some

reports indicated that ultrafine particles of other

compounds also induced stronger biological responses

than fine particles in vivo (Granum et al. 2001; Takafuji

Fig. 5 Effect of ultrafine ZnO (a), fine ZnO (b) and ZnSO4 (c)

on the FceRI-mediated global tyrosine phosphorylation in

RBL2H3 cells. RBL2H3 cells (7.5 9 105 cells) were sensitized

by anti-OVA IgE for 24 h. The cells were washed and

stimulated with OVA (5 lg/ml) in the presence or absence of

ultrafine ZnO, fine ZnO, and ZnSO4 for 5 min. Whole cell

lysates were blotted with the anti-phosphotyrosine antibody

PY20. Arrows indicated the proteins whose enhanced tyrosine

phosphorylation by FceRI-mediated stimulation was obviously

attenuated by the compounds. A representative section of

Ponceau S-stained membrane is shown as loading control. The

columns in the graphs indicate the relative density ratios of

p100 (open column) and p70 (filled column) to the correspond-

ing ponceau S staining as determined by densitometric analysis

c
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et al. 1989; de Haar et al. 2006). Therefore, it is possible

that the facilitated biological activities of ultrafine ZnO

might be depends on both their rapid solubility and

characteristics as nanoparticles.

Exposures of ZnO and the other oxidized metals to

the welder causes metal fume fever, a flu-like

syndrome (Gordon and Fine 1993). Serum zinc levels

ranged from 0.55 to 1.5 lg/ml (equivalent to 0.68–

1.87 lg/ml ZnO) in control subjects and were

increased in patients suffered from metal fume fever

after cutting galvanized steel in a poorly ventilated

area for 6 h (Noel and Ruthman 1988). Therefore, the

topical level of zinc in humans who are heavily

exposed to zinc compounds, such as welders, might

be comparable to the concentration used in our

experiments (2.5–10 lg/ml ZnO).

Zinc compounds have long been used for treatment

of a variety of diseases (Prasad 1979) and nutritional

zinc supplementation is beneficial for prevention and

treatment of human disease (Haase et al. 2008). In

rodents, zinc markedly inhibits histamine releases

from mast cells (Kazimierczak and Maslinski 1974).

Our data demonstrate the inhibitory mechanisms of

zinc compounds on mast cell activation in detail.

Ultrafine ZnO, but not fine ZnO, efficiently inhibited

FceRI-mediated degranulation through attenuations of

FceRI-mediated PTK, and PI3K activation without

affecting calcium mobilization of RBL2H3 cells in

vitro via increasing intracellular Zn2? concentration.

Thus, a zinc compound such as ZnO is considered to

modulate allergic diseases in humans such as allergic

rhinitis and asthma by modifying mast cell functions.
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