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Introduction

It is long recognized that oral administration of antigen induces 
immunological unresponsiveness to the antigen termed oral 
tolerance (Mowat, 1987; Weiner et  al., 1994). Although the 
exact mechanism underlying induction of oral tolerance still 
remains obscure, possibilities include deletion (Chen et al., 
2002), anergy of antigen-specific lymphocytes (Whitacre et al., 
1991), and suppression by inhibitory cytokines including 
transforming growth factor (TGF)-β and interleukin (IL)-10 
secreted from regulatory T-lymphocytes (Khoury et al., 1992; 
Chen et al., 1994). Oral tolerance is thought to contribute to 
the prevention of food allergy (Mowat, 1994). It was previ-
ously demonstrated that oral tolerance was modulated by 
environmental factors. For instance, diesel-exhaust particles 
(DEP) that have stimulatory effects as an adjuvant on immune 
responses (Yoshino and Sagai, 1999) have the ability to block 
induction of oral tolerance (Yoshino et al., 1998).

Fine particles of zinc oxide (ZnO) have been used for 
cosmetics, drugs, and paints and categorized as a non-
toxic chemical according to the Globally Harmonized 
Classification System for the classification of chemicals 
(Scientific Committee on Cosmetic Products and Non-food 
Products, 2003). Recently, ultrafine ZnO consisting of nano-
particles was developed as a substitute for fine ZnO. However, 
the biological activities of the nanoparticles have not been 
defined well. There is a possibility that ultrafine ZnO might 
affect the mucosal immune system when it is exposed to 
humans since nanoparticles appear to be readily absorbed 
from mucosal tissues (Jani et  al., 1990; Cross et  al., 2007; 
Gulson et al., 2008). This suggests that oral tolerance might 
be modulated by such very small size of particles. Moreover, 
our recent studies showed that ultrafine ZnO had an ability 
to enhance immune responses in mice (Matsumura et  al., 
2010) as DEP did. These results encouraged us to investigate 
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Abstract
Ultrafine nanoparticles of zinc oxide (ZnO) recently became available as a substitute for larger-size fine ZnO 
particles. However, the biological activity of ultrafine ZnO currently remains undefined. In the present study, we 
investigated the effect of ultrafine ZnO on oral tolerance that plays an important role in the prevention of food 
allergy. Oral tolerance was induced in mice by a single oral administration (i.e., gavage) of 25 mg of ovalbumin 
(OVA) 5 days prior to a subcutaneous immunization with OVA (Day 0). Varying doses of ultrafine (diameter: 
≈ 21 nm) as well as fine (diameter: < 5 µm) ZnO particles were given orally at the same time during the OVA 
gavage. The results indicated that a single oral administration of OVA was followed by significant decreases in 
serum anti-OVA IgG, IgG

1
, IgG

2a
, and IgE antibodies and in the proliferative responses to the antigen by these 

hosts’ spleen cells. The decreases in these immune responses to OVA were associated with a marked suppres-
sion of secretion of interferon (IFN)γ, interleukin (IL)-5, and IL-17 by these lymphoid cells. Treatment with either 
ultrafine or fine ZnO failed to affect the oral OVA-induced suppression of antigen-specific IgG, IgG

1
, IgG

2a
, and 

IgE production or lymphoid cell proliferation. The suppression induced by the oral OVA upon secretion of IFNγ, 
IL-5, and IL-17 was also unaffected by either size of ZnO. These results indicate that ultrafine particles of ZnO 
do not appear to modulate the induction of oral tolerance in mice.
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the effect of ultrafine ZnO on induction of orally-induced 
immunological unresponsiveness.

In the present study, we unexpectedly found that ultrafine 
as well as fine ZnO lacked the ability to modulate oral tol-
erance. Our results suggest that ultrafine ZnO appears to 
be a relatively safe compound as fine ZnO in terms of the 
induction of food allergy.

Materials and methods

Animals
Male 6-week-old BALB/c mice were used in all experiments. 
The mice were purchased (at 5 weeks-of-age) from Charles 
River Laboratories Japan, Inc. (Shiga, Japan) and acclimated 
for 1 week prior to use in the experiments herein. Throughout 
these studies, the mice were maintained in polycarbonate 
cages held within an on-site temperature- (20–26°C) and light-
controlled (12 h/12 h on/off) pathogen-free environment, 
and provided free access to standard rodent chow (CRF-1; 
Oriental Yeast Co., Ltd., Tokyo, Japan) and filtered-and 
UV-irradiated-water. All experiments outlined herein were 
performed according to the Ethical Guidelines established by 
Shionogi & Co., Ltd. and approved by the Institutional Animal 
Care and Use Committee (IACUC).

Induction of oral tolerance
Ovalbumin (OVA; Sigma-Aldrich Co., St. Louis, MO; 25 mg 
dissolved in 0.5 mL phosphate-buffered saline (PBS)) was 
orally administered once by gastric intubation (i.e., gavage) 
on Day −5 before immunization with OVA (Day 0). As a non-
specific protein antigen control, 0.5 mL of PBS alone or 0.5 mL 
of PBS containing 25 mg of hen egg lysozyme (HEL; Sigma) 
was utilized in place of the OVA.

Administration of ZnO
Ultrafine (Ishihara Sangyo Kaisha, Ltd., Osaka, Japan) and 
fine (Wako Pure Chemical Industries, Ltd., Osaka) particles 
of ZnO had a diameter of 21 nm and < 5 µm, respectively. The 
shapes and sizes of both the ultrafine and fine particles in 

the administration solution (PBS containing 50 mg/mL OVA) 
were analyzed by transmission electron microscopy (TEM). 
The samples were mounted on Formvar-coated copper grids 
(Okenshoji Co., Ltd., Tokyo, Japan) and then examined on 
a JEOL JEM-1010 transmission electron microscope (JEOL; 
Japan Electronics Company, Tokyo) at an accelerating volt-
age of 80 kV (Figure 1). Ultrafine (0.3, 3, and 30 mg) and fine 
(30 mg) ZnO particles were given orally immediately after they 
were suspended in PBS containing OVA on Day −5, i.e., at the 
time of oral administration of the antigen. PBS (0.5 mL) alone 
was given as a control. There were no significant differences 
in body weight gains between the control and ZnO-treated 
mice (data not shown).

Immunization
On Day 0, all mice were immunized subcutaneously at the 
base of the tail with 100 µg of OVA dissolved in 50 µL of PBS 
(pH 7.2) and emulsified with an equal volume of complete 
Freund’s adjuvant (CFA; Difco laboratories, Detroit, MI).

Measurement of OVA-specific antibodies
Blood was collected in SEPACLEAN A-5 tubes (Eiken 
Chemical Co., Ltd., Tokyo, Japan) on Day 21 and the tubes 
were centrifuged to separate serum that was then harvested 
and stored at −20°C until analysis. IgG, IgG

1
, IgG

2a
, and IgE 

antibodies specific for OVA were measured using an enzyme-
linked immunosorbent assay (ELISA). For the measurement 
of IgG, IgG

1
, and IgG

2a
, 96-well flat-bottomed microtiter plates 

were incubated with 100 µL/well of OVA (100 µg/mL) at 4°C 
overnight and washed three times with PBS. The wells were 
then blocked by incubation with 200 µL of PBS containing 1% 
(w/v) casein (Sigma) at 37°C for 1 h. After washing, the plates 
were incubated with 100 µL of 1:50,000 (for IgG measures), 
1:50,000 (for IgG

1
), or 1:1000 (for IgG

2a
) dilutions of each 

serum sample at 37°C for 1 h. The plates were then washed, 
and 100 µL/well of a 1:1000 dilution of goat anti-mouse IgG 
conjugated with alkaline phosphatase (Sigma), or rat anti-
mouse IgG

1
 (or IgG

2a
) labeled with alkaline phosphatase (BD 

Pharmingen, San Diego, CA), was added and incubated at 
37°C for 1 h. After washing, 100 µL of 3 mM p-nitrophenyl 
phosphate solution (Bio-Rad Laboratories, Hercules, CA) was 
added to each well and the plates were incubated in the dark 
(at room temperature) until a bright yellow reaction product 
was noted. The absorbance was then measured at 405 nm 
using a VersamMax microplate reader (MDS Inc., Sunnyvale, 
CA). All results were expressed in terms of mean absorbance 
units at OD

405
 (A405; ± SEM).

For the measurement of IgE, 96-well flat-bottomed micro-
titer plates were incubated with 100 µL of 1 µg/mL rat anti-
mouse IgE (Monosan, Uden, the Netherlands) in each well at 
37°C for 1 h and washed three times with SuperBlock Blocking 
Buffer (Pierce Biotechnology, Inc., Rockford, IL). The plates 
were incubated with 100 µL of a 1:5 dilution of each serum 
sample at 37°C for 1 h. The plates were washed with PBS 
containing 0.05% (v/v) Tween 20 detergent, and 100 µL/ well 
of 1 µg biotinylated OVA/mL was added and incubated at 
37°C for 1 h. After washing, 100 µL of a 1 µg/mL solution of 

A

200 nm
200 nm

B

Figure 1.    Transmission electron microscopy (TEM) image of ultrafine 
(A) and fine (B) particles in phosphate-buffered saline (PBS) containing 
ovalbumin (OVA).
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streptavidin conjugated with horseradish peroxidase (Vector 
Laboratories, Inc., Burlingame, CA) was added to each well 
and incubated at 37°C for 1 h. After washing, 100 µL of the 
3,3′,5,5′-tetramethylbenzidine (TMB) peroxide substrate 
solution (Pierce) was added to each microplate well and the 
plates were incubated at room temperature for 30 min. The 
reaction was stopped by adding 100 µL of 2 M sulfuric acid to 
each well. The absorbance was then measured at 450 nm using 
a VersamMax microplate reader (MDS Inc.). All results were 
expressed as mean absorbance units at OD

450
 (A450; ± SEM).

Proliferation assay
Spleens were removed on Day 21 and cell suspensions 
prepared using protocols outlined in Yamaki et  al. (2003). 
Erythrocytes in the suspension were first lysed with Tris–
NH

4
Cl, and then the remaining cells counted. From this sus-

pension, a total of 5 × 105 cells (in 0.1 mL of RPMI 1640 (Sigma) 
containing 1 mM l-glutamine, 100 U penicillin/mL, 100 µg 
streptomycin, 40 µM 2-mercaptoethanol, and 10% (v/v) 
heat-inactivated fetal bovine serum) was placed into each 
microwell of a 96-well plate that then did or did not receive 
an OVA bolus (i.e., at 500 µg OVA/mL final concentration in 
well). After 48 h of culture at 37°C (under a 5% CO

2
 atmos-

phere), each well was pulsed with 0.5 µCi of [3H]-thymidine 
(GE Healthcare UK Ltd., Buckinghamshire, UK) and the cells 
were cultured for a further 6 h. The cells in each well were 
then harvested onto fiberglass filters using a multi-harvester 
(PerkinElmer. Inc., Waltham, MA) and counted using stand-
ard liquid scintillation techniques. All results were expressed 
as the average total counts per minute (cpm) from triplicate 
cultures of cells pooled from six mice.

Measurement of cytokines
One milliliter of RPMI 1640 containing a total of 5 × 106 
spleen cells was cultured in 24-well tissue culture plates in 
medium alone or medium with 100 µg OVA/mL. After 4 days, 
the supernatants were harvested and stored at −20°C until 
assayed. Secretion of interferon (IFN)-γ, IL-5, and IL-17 was 
quantified using ELISA kits (Endogen, Inc., Woburn, MA for 
IFNγ and IL-5 measures; R&D Systems Inc., Minneapolis, MN 
for IL-17 measures).

Statistics
To analyze data statistically, one-way ANOVA followed by the 
Dunnett’s parametric multiple t-test was used to compare the 
data obtained with samples from each group against those 
from mice in the PBS control group.

Results

Effect of ZnO on the suppression by oral OVA of 
production of anti-OVA IgG antibodies and proliferative 
responses of spleen cells to the antigen
To induce oral tolerance, mice were each provided OVA by 
gavage (once) 5 days prior (i.e., Day −5) to immunization with 
OVA (Day 0). As shown in Figure 2A, the oral administration 
of OVA was followed by a significant suppression of anti-OVA 
IgG antibody production. In contrast, HEL gavaged in place of 

OVA (as a control) failed to modulate the antibody production. 
Mice orally given 0.3, 3, or 30 mg of ultrafine ZnO, or 30 mg 
of fine ZnO, concomitant with the OVA had similar levels of 
anti-OVA antibodies as those noted in the mice that had been 
orally-tolerized (i.e., exposed to OVA alone on Day −5). Both 
ultrafine and fine ZnO particles also failed to affect the sup-
pression of proliferative responses of the hosts’ spleen cells to 
OVA that were associated with the oral administration of this 
antigen (Figure 2B).

Effect of ZnO on the suppression by oral OVA of 
production of TH1 (IgG2a) and TH2 (IgG1 and IgE) 
cell-dependent anti-OVA antibodies
Next, whether ZnO is able to modulate lower levels of 
anti-OVA IgG

2a
 (T

H
1 cell-dependent) and IgG

1
 and IgE (T

H
2 

cell-dependent) in tolerized mice was investigated. As shown 
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Figure 2.    Effect of zinc oxide (ZnO) on the suppression of anti-oval-
bumin (anti-OVA) antibody production and spleen cell proliferation by 
cells from hosts that had been gavaged with the test antigen. All mice were 
immunized with OVA on Day 0. To induce oral tolerance, mice were gav-
aged once with 25 mg of OVA dissolved in phosphate-buffered saline (PBS) 
on Day −5. As controls, PBS or 25 mg hen egg lysozyme (HEL) were pro-
vided in place of OVA at the time of gavage. To examine the effect of ZnO 
on oral tolerance, PBS, 0.3, 3, or 30 mg of ultrafine ZnO, or 30 mg of fine 
ZnO were orally administered at the same time when the mice were gav-
aged. (A) Effect of ZnO on the suppression of anti-OVA IgG antibody pro-
duction due to earlier oral exposure to the antigen. Serum samples were 
collected on Day 21 and assayed for anti-OVA IgG antibodies by enzyme-
linked immunosorbent assay (ELISA). Values are expressed as mean (± 
SEM) of samples from six mice/regimen. (B) Effect of ZnO on the suppres-
sion of spleen cell proliferative responses to OVA among cells from hosts 
that had been gavaged with the antigen. On Day 21, spleens were recov-
ered from the mice, and their cells isolated, pooled, and then incubated 
with OVA (500 µg/mL) for 48 h. Background values for cell proliferation in 
the absence of OVA ranged from 6000 to 9000 counts per minute (cpm). 
Values are expressed as mean (± SEM) of triplicate samples from culture 
supernatants of cells pooled from six mice. Y-axis tags indicate what the 
mice received during gavage on Day −5. **p < 0.01 and ***p < 0.001 versus 
PBS treatment group (Dunnett’s test).
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in Figure 3, the levels of anti-OVA IgG
2a

 (A), IgG
1
 (B), and IgE 

(C) in mice gavaged with OVA were unaffected by any of the 
doses of ultrafine and ultra ZnO tested.

Effect of ZnO on the suppression by oral OVA of cellular 
cytokine secretion
The effects of both sizes of ZnO on the suppression of secre-
tion of T

H
1 (IFNγ) and T

H
2 (IL-5) cytokines as a result of the 

OVA gavage were also investigated. Furthermore, any effect 
of ZnO co-treatment on T

H
17 cell-dependent IL-17 secretion 

was also examined. The exposure to either ultrafine or fine 
ZnO failed to modulate the “lower” levels of IFNγ (Figure 4A) 
and IL-5 (Figure 4B) while that was seen with cells from mice 
that had been given OVA alone on Day −5. Both sizes of ZnO 
also failed to affect the suppression of IL-17 secretion associ-
ated with the Day −5 oral OVA treatment alone (Figure 4C).

Discussion

The present study demonstrates that ultrafine ZnO does 
not appear to affect induction of oral tolerance that is crit-
ically involved in the prevention of food allergy (Mowat, 
1994) since the treatment of mice with ultrafine as well as 
fine ZnO failed to modulate the suppression of anti-OVA 
IgG, IgG

2a
, IgG

1
, and IgE antibody production as a result of 

oral administration of OVA. The suppression of prolifera-
tive responses of spleen cells to OVA in orally-tolerized 
animals was also unaffected by both sizes of ZnO. The 
failure of modulation of oral tolerance by these ZnO was 
associated with that of cellular secretion of IFNγ, IL-5, and 
IL-17.
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Figure 4.    Effect of zinc oxide (ZnO) on the suppression of interferon 
(IFN)γ, interleukin (IL-5), and IL-17 secretion by cells from hosts that 
had been gavaged with the test antigen. All mice were immunized with 
ovalbumin (OVA) on Day 0. To induce oral tolerance, mice were gavaged 
once with 25 mg of OVA dissolved in phosphate-buffered saline (PBS) 
on Day −5. As controls, PBS or 25 mg hen egg lysozyme (HEL) were pro-
vided in place of OVA at the time of gavage. To examine the effect of ZnO 
on oral tolerance, PBS, 0.3, 3, or 30 mg of ultrafine ZnO, or 30 mg of fine 
ZnO were administered at the same time when the mice were gavaged. 
On Day 21, spleens were removed and splenocytes were incubated with 
(solid columns) or without (open columns) 100 µg OVA/mL followed by 
measurement of IFNγ (A), IL-5 (B), and IL-17 (C) in the culture super-
natant. Values are expressed as mean (± SEM) concentrations (of each 
cytokine) of triplicate samples from culture supernatants of cells pooled 
from six mice. Y-axis tags indicate what the mice received during gav-
age on Day −5. *p < 0.05, **p < 0.01, and ***p < 0.001 versus PBS treatment 
group (Dunnett’s test).
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Figure 3.    Effect of zinc oxide (ZnO) on the suppression of anti-ovalbumin 
(anti-OVA) IgG

2a
, IgG

1
, and IgE antibody production by cells from hosts that 

had been gavaged with the test antigen. All mice were immunized with OVA 
on Day 0. To induce oral tolerance, mice were gavaged once with 25 mg of 
OVA dissolved in phosphate-buffered saline (PBS) on Day −5. As controls, 
PBS or 25 mg hen egg lysozyme (HEL) were provided in place of OVA at 
the time of gavage. To examine the effect of ZnO on oral tolerance, PBS, 
0.3, 3, or 30 mg of ultrafine ZnO, or 30 mg of fine ZnO were administered at 
the same time when the mice were gavaged. Serum samples were collected 
Day 21 and individually assayed for anti-OVA (A) IgG

2a
, (B) IgG

1
, and (C) 

IgE antibodies by enzyme-linked immunosorbent assay (ELISA). Values are 
expressed as mean (± SEM) of six mice. *p < 0.05 and ***p < 0.001 versus PBS 
treatment group (Dunnett’s test). Y-axis tags indicate what the mice received 
during gavage on Day −5.
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Ultrafine ZnO consisting of nanoparticles were recently 
developed as a substitute for the larger size of fine ZnO. 
However, the biological activities of the newly-developed 
ultrafine ZnO have not been defined well. There is evidence 
that nanoparticles are readily absorbed from mucosal tis-
sues (Jani et al., 1990; Cross et al., 2007; Gulson et al., 2008). 
This suggests that oral tolerance induced by the mucosal 
immune system in the gut might be modulated by such 
very small size of particles. In addition, our recent studies 
revealed that treatment of mice with ultrafine ZnO was fol-
lowed by the enhancement of immune responses, especially 
on T

H
2 responses (Matsumura et  al., 2010). The similar 

adjuvant effect was observed when mice were exposed 
to DEP (Yoshino and Sagai, 1999). At least some of com-
pounds that have adjuvant effects have been demonstrated 
to break immune tolerance, causing autoimmune diseases. 
For instance, CFA has been widely used as an adjuvant for 
induction of experimental autoimmune diseases including 
adjuvant arthritis (Shahrara et al., 2008), collagen-induced 
arthritis (Notley et  al., 2009), and experimental autoim-
mune encephalomyelitis (Farez et al., 2009). More impor-
tantly, DEP is able to block the induction of oral tolerance 
(Yoshino et al., 1998). However, the treatment with ultrafine 
ZnO unexpectedly failed to modulate induction of oral 
tolerance.

Although the reason why ultrafine ZnO failed to modu-
late oral tolerance is unknown at present, it may be simply 
explained by the difference in the mechanism between 
adjuvant action and induction of oral tolerance. The ability 
of CFA to break immune tolerance stated above is shown 
when it is given systemically but not orally. CFA breaks 
already existing immunological unresponsiveness when it 
is administered with self-antigens. It is unknown whether 
CFA given orally is able to block induction of oral tolerance. 
Another explanation of the failure of the modulation of 
oral tolerance by ZnO is that the adjuvant effect of ultrafine 
ZnO might be weaker than DEP so that the ability of ZnO 
to block induction of oral tolerance was not sufficient while 
that of DEP is greater enough to prevent the orally-induced 
unresponsiveness. Yoshino and Sagai (1999) demonstrated 
that mice exposed to DEP had enhanced production of HEL-
specific IgG

2a
 and IgG

1
 that was associated with increased 

secretion of IFNγ and IL-4, respectively, suggesting that 
DEP appears to have adjuvant activity on both T

H
1 and T

H
2 

immune responses. On the other hand, Matsumura et  al. 
(2010) revealed that treatment of mice with OVA plus ZnO 
was followed by greater increases in anti-OVA IgG

1
/-IgE and 

IL-4/IL-5, but not in anti-OVA IgG
2a

 and IFNγ compared with 
that with OVA alone, indicating that ZnO seems to selectively 
stimulate T

H
2 but not T

H
1 responses. The blockade of induc-

tion of oral tolerance by DEP was associated with marked 
prevention of the suppression of both T

H
1 and T

H
2 secretion 

by oral antigen.
ZnO failed to affect lower levels of such cytokines in orally 

tolerized animals. Furthermore, the difference in toxicity 
between ZnO and DEP might also explain the difference in 
the effect on oral tolerance since the toxic effect of chemical 

compounds might be related to the damage of the mucosal 
immune system, resulting in the modulation of induction of 
oral tolerance. DEP has been shown to contain a number of 
organic toxic compounds that enhance lung injury via the 
production of proinflammatory cytokine and chemokines 
(Takano et  al., 2002). In contrast, especially fine ZnO has 
been utilized as a safe chemical (Scientific Committee on 
Cosmetic Products and Non-food Products, 2003). Ultrafine 
ZnO might also be a relatively safe compound, at least less 
toxic than DEP.

In the present study, we observed that oral administra-
tion of OVA was followed by decreased levels of IL-17 that 
had been recently found as a cytokine produced by T

H
17 

cells (Weaver et al., 2007). Although a role of IL-17 in oral 
tolerance has not been defined, our results appear to sup-
port the study by Ehirchiou et al. (2007) who demonstrated 
that CD11b-deficient mice were more resistant to oral tol-
erance and that the resistance to the immunological unre-
sponsiveness was associated with higher secretion of IL-17, 
suggesting that decreased secretion of IL-17 appears to be 
associated with induction of oral tolerance. Furthermore, 
our studies also showed that ZnO failed to modulate 
the decreased levels of IL-17 as well as IFNγ and IL-5 in  
orally -tolerized mice.

Conclusions

The recently developed ultrafine nanoparticles of ZnO do not 
appear to modulate the induction of oral tolerance that plays 
a critical role in the prevention of food allergy. The failure 
of modulation of orally induced immunological unrespon-
siveness by the ultrafine ZnO was associated with that of the 
secretion of IFNγ, IL-5, and IL-17. Ultrafine ZnO may be a 
relatively safe compound as fine ZnO used so far in terms of 
the induction of food allergy.
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