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Background: Imidacloprid has been commonly used as a pesticide for crop protection and acts as nicotinic acetylcholine receptor 
agonists. Little information about the relationship between imidacloprid and allergy is available.
Objective: This study aims to examine the effects of imidacoprid on IgE-mediated mast cell activation.
Methods: The rat basophilic leukemia cell line RBL-2H3 (RBL-2H3 cells) were treated with 10-3– 10-12 mol/L imidacloprid, followed by 
measuring the mediator production, influx of Ca2+ in IgE-activated RBL-2H3 cells, and the possible effects of imidacoprid on anti-
dinitrophenyl IgE-induced passive cutaneous anaphylaxis (PCA).
Results: It was shown that imidacoprid suppressed the production of histamine, β-hexosaminidase, leukotriene C4, interleukin-6, 
tumor necrosis factor-α, and Ca2+ mobilization in IgE-activated RBL-2H3 cells and decreased vascular extravasation in IgE-induced PCA. 
Conclusion: It is the first time to show that imidacloprid suppressed the activation of RBL-2H3 cells.
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INTRODUCTION  

Allergy occurs in individuals who have formed allergen-
specific IgE antibodies  following exposure and sensitization 
to specific allergens. Mast cells are key effector cells in IgE-
mediated allergic diseases [1-4]. They express the high-affinity 
IgE receptor FcεRI, and the binding of an allergen to IgE-FcεRI 

induces the increased mobilization of calcium (Ca2+), followed 
by the degranulation of mast cell. The activated mast cells 
release three classes of proinflammatory mediators: preformed 
granule-associated chemical mediators, such as histamine and 
β-hexosaminidase (β-hex); newly synthesized arachidonic acid 
metabolites, such as leukotrienes (LTs); and proinflammatory 
cytokines including tumor necrosis factor (TNF)-α and Th2 
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cytokines, such as interleukin (IL)-4, IL-6, and IL-13 [1, 5-7]. These 
mediators are critical in the development of the allergic response. 

The prevalence of allergic disease have increased dramatically 
in the last few decades [8-11]. Multiple environmental chemicals 
such as pesticides, solvents, and air pollutants have been 
associated with increased incidences of allergy [12]. Particularly, 
many pesticides (e.g., malathion, parathion, and methoxychlor) 
have been shown to enhance type 2 helper T cell (Th2) 
dominance and thereby play a role in the increasing trend 
of allergic diseases [12], nevertheless there could be another 
category of environmental factors, such as childhood infections, 
have an overwhelming and consistent negative association with 
allergic diseases [13, 14].

Imidacloprid, 1-[(6-chloro-3-pyridinyl)methyl]-N-nitro-2-
imidazolidinimine, has been used as an pesticide for crop 
protection worldwide over the last decade [15-17]. It is the best 
known neonicotinoid and a remarkably potent neurotoxic 
insecticide, which acts as nicotinic acetylcholine receptor 
(nAChRs) agonists [18]. Besides it is developmental toxicity, 
genotoxicity and chronic toxicity, there was also an attempt to 
explore the immunotoxicity of imidacloprid [16, 19-22]. Recent 
advances showed that imidacloprid can suppress adaptive 
and inflammatory immune responses [23, 24]. However, little 
information about the relationship between imidacloprid and 
allergy is available. In this study, the IgE-activated rat mast 
cell/basophil cell line RBL-2H3 (RBL-2H3 cells) was treated with 
imidacloprid, followed by testing the proinflammatory mediators 
released from the RBL-2H3 cells, Ca2+ mobilization in IgE-activated 
RBL-2H3 cells and vascular extravasation in IgE-induced passive 
cutaneous anaphylaxis (PCA) to define the possible effects of 
imidacloprid on IgE-mediated allergy.

MATERIALS AND METHODS

Reagents
The rat basophilic  leukemia cell line RBL-2H3 was provided 

by the Type Cell Culture Collection of the Chinese Academy of 
Science (Shanghai, China). The imidacloprid, ketotifen fumarate 
salt, monoclonal anti-dinitrophenyl IgE antibody (anti-DNP IgE) 
were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA).

Dinitrophenyl-human serum albumin (DNP-HSA) was from 
Biosearch Technologies Inc. (Novato, CA, USA)and the cell 
counting kit-8 (CCK-8) was provided by Dojindo Laboratories, 

(Tokyo, Japan). The vendors for the other reagents are included 
with the relevant assays.

Cells culture
The cells were cultured at 1–2×106 cells in minimum essential 

medium (Hyclone Laboratories, a subsidiary of GE Healthcare 
Life Sciences, Logan, UT, USA) supplemented with 100-U/mL 
penicillin, 100-μg/mL streptomycin, and 10% heat-inactivated 
fetal bovine serum (Gibco, a subsidary of Thermo Fisher Scientific, 
Waltham, MA, USA) at 37°C under humidified atmosphere 
containing 5% CO2. Cells were passaged every 1–2 days.

CCK-8 assay
CCK-8 assay was performed as previously described [25]. Briefly, 

RBL-2H3 cells were cultured in a 96-well plate and treated with 
varying concentrations of imidacloprid for 24 hours. Then, the 
supernatant of each well was removed, followed by introducing 
CCK-8 solution for 4 hours incubation, and the absorbance 
intensity was measured at 450 nm in a microplate reader (Thermo 
Fisher Scientific).

Imidacloprid treatment and IgE-mediated mast cell 
activation in vitro

The RBL-2H3 cells were cultured for 24 hours to allow membrane 
receptors to be resynthesized, followed by replenishing with 
fresh 10% fetal calf serum (Gibico) complete medium containing 
500-ng/mL anti-DNP IgE overnight at 37°C. After incubation 
overnight, cells were treated with 10-3–10-12 mol/L imidacloprid in 
dimethylsulfoxide (DMSO) for 8 hours, followed by stimulation with 
50-μg/mL DNP-HAS for different duration of time in various assays. 
Cells and supernatants were collected for subjecting to various 
assays. Regarding to the positive control, 10-5 mol/L ketotifen 
fumarate salt in DMSO was used to replace imidacloprid, while the 
negative control group was only cultured with DMSO.

Assessment of degranulation by release of histamine 
and β-hex

The amount of histamine released was measured by enzyme 
immunoassay according to the manufacturer’s instructions 
(Cayman Chemical, Ann Arbor, MI, USA). The β-hex activity 
was assayed as described previously [26]. Briefly, RBL cells were 
stimulated with DNP-HAS in Tyrode’s buffer for 30 minutes at 
37°C. The supernatants were collected, and the unreleased β-hex 
was quantified by adding 0.5% Triton X-100 solution to the cells. 
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Samples (50 μL) and the substrate solution (50-μL p-nitrophenyl-
Nacetyl-β-D-glucosamide) was added to 96-well microtiter 
plate, respectively. Then, the plates were incubated at 37°C for 
60 minutes, followed by adding 200-μL stop solution (0.2-mol/
L glycine, pH 10) to each well, and absorbance was recorded at 
405 nm. The amount of β-hex or histamine release into media 
was expressed as the percentage of the total amount of β-hex 
or histamine originally in the cells [% release=100×(experimental 
β-hex or histamine release-spontaneous β-hex or histamine 
release)÷total cellular β-hex or histamine].

Leukotriene C4 assay
Leukotriene C4 (LTC4) was detected as described previously 

[27]. The supernatants were collected after various treatments of 
red blood cells, and the content of LTC4 was tested by using an 
enzyme immunoassay kit from Cayman Chemical according to 
the manufacturer’s protocol. The amount of LTC4 into media was 
expressed as the release of β-hex or histamine.

IL-6 and TNF-α release assays 
After various treatments of RBL cells, the cells were activated 

with 50-μg/mL DNP-HAS for 8 hours, followed by collecting 
supernatants to test the IL-6 and TNF-α using an enzyme 
immunoassay kit from Abcam Inc. (Cambridge, MA, USA) 
according to the manufacturer’s protocol, respectively.

Fluorescence assay of intracellular calcium
The fluorescence assay was performed as previously described 

[28]. After various treatments, the RBL-2H3 cells were incubated 
cells with 5-μM Fluo-3/AM containing 0.05% Pluronic F127 in 
modified Tyrode’s buffer (without CaCl2) for 30 minutes at 37°C. 
After washing, cells were stimulated with 50-μg/mL DNP-HAS. 
Fluorescence image were observed by an inverted fluorescent 
microscope (Nikon Eclipse Ti-U, Nikon Instruments, Kanagawa, 
Japan) [29]. To further evaluate the effect of imidacloprid on 
the intracellular calcium level, the fluorescence intensity was 
measured at a 488-nm excitation wavelength and a 526-nm 
emission wavelength with a Varioskan Flash microplate reader 
(Thermo Fisher Scientific).

Passive cutaneous anaphylaxis in mice
An IgE-dependent cutaneous reaction was carried out 

as described previously [30]. Anti-DNP IgE (500 ng/ear) was 
intradermally injected into a Balb/c mouse ear. In 24 hours later, 

one ear of the mice were treated different concentration of 
imidacloprid or ketotifen fumarate salt in 100-μL DMSO for 8 
hours, followed by challenging with an intravenous injection 
of 50-μg/mL DNP-HAS in 200-μL phosphate buffered saline 
containing 4% Evans blue. One hour after the antigen challenge, 
the mice were killed and the ears were removed to measure 
the amount of dye extravagated by the antigen. After overnight 
extraction of dye with 1 mL of 1-mmol/L potassium hydroxide 
and 9 mL of mixture of acetone and phosphoric acid (5:13), the 
intensity of absorbance was measured at 620 nm in a Varioskan 
Flash microplate reader (Thermo Fisher Scientific). 

Statistical analysis
Statistical comparisons between the groups were made using 

unpaired two-sided t-tests, and differences with p < 0.05 were 
considered significant. All experiments were performed at least 3 times.

RESULTS 

Effect of imidacloprid on the viability of RBL-2H3 cells
The effects of imidacloprid on cell viability were checked 

by CCK-8 assay to ensure that the decreased level of mast cell 
granules was not due to the cell death. Imidacloprid of 10-3–10-9 

 mol/L did not significantly affect the cell viability (Fig. 1). 
Accordingly, at least 10-3–10-9 mol/L imidacloprid was used for the 
subsequent studies.

Fig. 1. Effect of imidacloprid on the cell viability of RBL-2H3. RBL-2H3 
cells were treated with 10-3–10-9 mol/L imidacloprid for 24 hours, and 
cytotoxicity was measured by cell counting kit-8 assay. Each value 
represents the mean ± standard deviation of 3 experiments. *p > 0.05, 
compared with control (CON).   
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Imidacloprid inhibits the degranulation of RBL-2H3 cells

It was investigated to determine whether imidacloprid 
treatment could inhibit mast cell degranulation by measuring 
the release of β-hex and histamine from RBL-2H3 cells [31]. Fig. 2A 
shows that 10-3–10-11 mol/L imidacloprid significantly inhibited 
the release of the histamine from IgE-activated RBL-2H3 at 30 
minutes after DNP-HAS stimulation as ketotifen fumarate salt did. 
The inhibited degranulation was also confirmed by the reduced 
release of β-hex from the imidacloprid-treated RBL-2H3 (Fig. 2B). 
Thus, imidacloprid is a relatively inhibitor of mast cell β-hex and 
histamine production.

Imidacloprid inhibits the production of LTC4

FcεRI activation also induces de novo synthesis of LTs, such 
as LTC4 which recruits neutrophils and initiates the late-phase 
allergic response [32]. Therefore, these newly synthesized 
mediators contribute to inflammation in allergic disease.

Accordingly, the effects of imidacloprid on the production 
of LTC4 in activated RBL-2H3 were examined. After 8 hours 
postac t ivat ion,  enz yme immunoassays indicated that 
pretreatment of RBL cells with 10-3–10 -11 M imidacloprid 
significantly inhibited the IgE-mediated production of LTC4 (Fig. 3). 
It was suggested that, imidacloprid also inhibited the production 
of LTC4 except β-hex and histamine.

Imidacloprid suppress proinflammatory cytokines 
production 

Since the allergic response is induced and maintained by 
inflammatory substances released from mast cells [33], the effects 
of imidacloprid on the expression of proinflammatory cytokines 
IL-6 and TNF-α in the activated RBL-2H3 was examined. The 
enzyme immunoassays indicated that treatment of RBL cells 
with 10-3–10-10 mol/L imidacloprid significantly inhibited the IgE-
mediated production of IL-6 (Fig. 4A) and TNF-α (Fig. 4B) after 
8-hour postactivation. It suggested that, in addition to β-hex and 

Fig. 2. Imidacloprid suppress degranulation in RBL-2H3 cells. Cells were 
sensitized with 500-ng/mL IgE anti-dinitrophenyl IgE overnight at 37°C, 
followed by pretreatment with 10-3–10-12 mol/L imidacloprid or 10-5 mol /L 
 ketotifen fumarate salt for 8 hours before stimulation with 50-μg/mL 
dinitrophenyl-human serum albumin for 30 minutes. Supernatants 
were analyzed for enzymatic activity of histamine (A) and β-hex (B). 
Experiments were conducted in triplicate and expressed as mean ± 
standard deviation. *p < 0.05, compared with control (CON). 
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Fig. 3. Imidacloprid inhibits the production of leukotriene C4 (LTC4). The 
RBL-2H3 cells were sensitized with 500-ng/mL IgE anti-dinitrophenyl 
IgE overnight at 37°C. After washing the unbound IgE, the cells were 
incubated with 10-3–10-12 mol/L imidacloprid or 10-5 mol/L ketotifen 
fumarate salt for 8 hours. Then the cells were stimulated with 50-μg/mL 
dinitrophenyl-human serum albumin for another 8 hours. Supernatants 
were analyzed for the production of LTC4 by enzyme immunoassay 
following the manufacturer’s instructions. Experiments were conducted 
in triplicate and expressed as mean ± standard error. *p < 0.05, compared 
with control (CON).
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histamine, imidacloprid can also inhibit the production of the 
proinflammatory IL-6 and TNF-α cytokine from the IgE-mediated 
atctivation of mast cells.

Imidaclopridreduce intracellular calcium level of IgE-
induced Ca2+ mobilization in RBL-2H3 cells 

IgE-mediated degranulation is preceded by increased Ca2+ 

influx which is critical for mast cell degranulation. The possible 
modulating ef fects of imidacloprid on IgE-induced Ca2+ 
mobilization in mast cells was explored in this work. As shown 
in Fig. 5A, imidacloprid and ketotifen treatment significantly 
decreased the amplitude of the Ca2+ increase (indexed by the 
maximum change of ΔF–F0). Fluorescence image also revealed 
a decreased intracellular calcium level in imidacloprid-treated 

Fig. 4. Imidacloprid suppresses the expression of proinflammatory  cytokines in RBL-2H3 cells. Cells were sensitized with 500-ng/mL IgE anti-
dinitrophenyl IgE overnight at 37°C, followed by pretreatment with 10-3–10-12 mol/L imidacloprid or 10-5 mol/L ketotifen fumarate salt for 8 hours 
before stimulation with 50-μg/mL dinitrophenyl-human serum albumin for 8 hours. Supernatants were analyzed for the expression of interleukin (IL)-6 
(A) and tumor necrosis factor (TNF)-α (B) using enzyme-linked immunosorbent assay. Experiments were conducted in triplicate and expressed as mean 
± standard error. *p < 0.05, compared with control (CON). 
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Fig. 5. Imidacloprid inhibited IgE-induced Ca2+ mobilization in RBL-2H3 cells. Cells were sensitized with 500-ng/mL anti-dinitrophenyl IgE overnight at 
37°C, followed by treatment with 10-3–10-12 mol/L imidacloprid or 10-5 mol/L ketotifen fumarate salt for 8 hours. The control group was cultured with 
dimethylsulfoxide (DMSO) without imidacloprid or 10-5 mol/L ketotifen fumarate salt, while the naïve group was not activated by IgE, prior to be treated 
with DMSO only. Then, the cells were incubated with Fluo 3-AM fluorescence dye for 30 minutes, followed by stimulation with 50-μg/mL dinitrophenyl-
human serum albumin. Statistical analysis of the amplitude of the IgE-induced Ca2+ increase in these groups (A) was performed. The amplitude of the 
Ca2+ response was represented as the highest observed level of ΔF–F0. Fluorescent images of [Ca2+] were recorded using an invert microscope (B). Scale 
bars indicate 50 μm. Data indicate mean ± standard deviation from 3 independent experiments. *p < 0.05, compared with control (CON).
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group (Fig. 5B). These results indicated that imidacloprid can 
suppress the IgE-mediated activation of RBL-2H3 cells through 
decreasing the intracellular Ca2+ mobilization.  

Imidacloprid suppress IgE-dependent passive cutaneous 
anaphylaxis reaction in vivo

Anti-DNP IgE-mediated PCA in a mouse model was used to 
confirm the inhibitory effect of imidacloprid in vivo. The vascular 
permeability was defined by the absorbance value of Evans 
blue dye. The control group was treated with DMSO without 
imidacloprid or ketotifen fumarate salt, while the naive group 
was not activated by IgE, prior to be treated with DMSO only. 
It was shown in Fig. 6A that only 10-3–10-5 mol/L imidacloprid 
treatment groups (with an absorbance value of 0.903 ± 0.01, 1.011 
± 0.025, 1.17 ± 0.01, respectively) have markedly lower absorbance 
values than the control group with an value of 1.32 ± 0.06, and 
as indicated in Fig. 6B, 10-4 mol/L imidacloprid significantly 
inhibited Evans blue dye extravasation (the pictures for the other 
group are not shown). Accordingly, all the results suggested that 
imidacloprid can inhibit IgE-dependent PCA.

DISCUSSION

In this study, the possible modulatory effects of imidacloprid on 
mast cell were investigated. It was shown that low concentrations 

of imidacloprid (10-3–10-10 mol/L) caused an inhibition of the 
degranulation of RBL-2H3 cells treated with imidacloprid.

Firstly, it was shown that imidacloprid significantly suppressed 
the release of preformed compounds, such as β-hex and 
histamine (Fig. 2), and the production of arachidonic acid 
metabolites, such as LTC4 (Fig. 3) and proinflammatory cytokines 
such as IL-6 and TNF-α (Fig. 4) from IgE-activated mast cells. 
Secondly, It was demonstrated that the degranulation of RBL-2H3 
cells treated with imidacloprid, challenged with IgE/DNP-HSA, 
showed decreased intracellular calcium levels (Fig. 5). Therefore, 
imidacloprid in vitro can suppress IgE-induced degranulation of 
mast cells by decreasing intracellular Ca2+ mobilization in them. 
Partly consistent with in vitro results, the in vivo investigations 
showed that imidacloprid can furtherly reduce the PCA-induced 
Evans blue dye extravasation of ear in mice, which was also 
induced by IgE-activated mast cells (Fig. 6). 

Multiple pesticides have been shown to play a role in the 
increasing trend of allergic diseases. Mice exposed to low levels 
of the organophosphate (OP) pesticide malathion and parathion, 
the organochlorine (OC) pesticide methoxychlor and the mixture 
of them showed significantly higher levels of degranulated 
mast cells than mice without exposure to these pesticide 
[34, 35]. Moreover, environmental estrogens, such as dieldrin, 
endosulfan, dichloroethene and so on can also induce mast 
cell degranulation and enhance IgE-mediated release of allergic 
mediators [36]. Particularly, epidemiological research show 

Fig. 6. The inhibitory effect of imidacloprid on anti-dinitrophenyl IgE-induced PCA in Balb/c mice. Anti-DNP IgE (500 ng/ear) was intradermally injected 
into a Balb/c mouse ear. After 24 hours later, the mice were treated with 10-4 mol/L imidacloprid or ketotifen fumarate salt in 100-μL dimethylsulfoxide 
for 8 hours, followed by challenging with an intravenous injection of 50-μg/mL dinitrophenyl-human serum albumin in 200-μL phosphate 
buffered saline containing 4% Evans blue. One hour later, the amount of Evans blue dye was measured (A) and the ear Evans blue extravasation was 
photographed (B). Data represent the mean ± standard deviation. *p < 0.05, compared with control (CON).
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that people who exposed to higher levels of OP pesticides, OC 
pesticides or their combination had significantly higher levels of 
IgE and allergic diseases incidence [37-39]. However the present 
study showed that 10-3–10-10 mol/L imidacloprid inhibited 
IgE-mediated activation of RBL-2H3 cells and 10-3–10-5 mol/L 
imidacloprid in 100-μL vehicle (1.28–0.0128 mg/kg) suppressed 
IgE-dependent PCA reaction in vivo. The maximum residual limits 
(MRL) for imidacloprid was earlier reported as 0.05 mg/kg, and 
the proposed temporary MRL 2 mg/kg for imidacloprid in rice 
would not raise any consumer health concerns and therefore was 
acceptable [40]. The dose of imidacloprid for suppressing PCA is 
smaller than the MRL of imidacloprid, and we think that it’s effects 
on PCA can partly reflect the real impact of it on allergic diseases. 
Nevertheless, it seems that there is a complex relationship 
between insecticides and allergic diseases. Additionally, 
imidacloprid is usually combined with other environmental 
chemicals in the environment and tissues of human body. The 
effects of these environmental factors together will determine 
their impact on IgE-mediated mast cell granulation and allergic 
diseases.

To our knowledge, it is the first time to show that imidacloprid 
in nanomolar quantity can suppress the IgE-mediated activation 
of mast cells. Consequently, we speculate that imidacloprid 
and other neonicotinoid insecticides can play an role, at least 
partly in the considerably lower prevalence of allergic diseases 
in rural areas within one country, where these insecticides have 
been used more often and the people there might be exposed 
to higher levels of them. Additionally, it is well known that 
imidacloprid acts as nAChRs agonists and among the nicotinic 
receptors, α7 is the most commonly found nAChR subunit on 
immune cells [41]. The presence of nAChRs was suggested on 
murine bone marrow-derived mast cells, human skin mast 
cells and RBL-2H3 cells [42-44]. It was shown that α7 nAChRs 
on mucosal mast cells plays an important role in maintaining 
intestinal immune homeostasis and is involved in the pathology 
of allergic disease [44, 45]. And it was reported that nicotine 
can block the mast cell activation via α7 nAChRs partly [44]. 
Since imidacoprid has the similar molecular structure to that 
of nicotine, consequently, it is possible that α7 nAChRs are also 
involved in imidacloprid-induced changes in mast cell function. 
Certainly, there is a need to further explore the inhibitory effects 
of imidacloprid on allergy and the underlying mechanisms. 
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