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Epidemiology suggests ambient temperature is the triggers and potential activator of asthma. The role of
high and low temperatures on airway inflammation of asthma, and the underlying molecular mechanism
are not yet understood. A mouse model of asthma was adopted in our experiment. The BALB/c mice were
exposed at different temperature for 4 h (2 h in the morning and 2 h in the afternoon) on weekday. The
exposure temperatures were 10 °C, 24 °C and 40 °C. Ovalbumin (OVA) was used to sensitize the mice on
days 14, 18, 22, 26, and 30, followed by an aerosol challenge for 30 min from day 32—38. After the final
OVA challenge, lung function, serum protein and pulmonary inflammation were assessed. Comparing the
OVA with the saline group at 24 °C, we saw a significant increase in: serum Total-IgE (p < 0.05); OVA-sIgE
(p<0.01); IL-4 (p < 0.05); IL-1B (p <0.01); IL-6 (p <0.01); TNF-a. (p <0.01); and the ratio of IL-4/IFN-y
Mouse asthma (p<0.01). At the same time, there was a significant decrease in IFN-y (p <0.01). As the temperature
Airway inflammation increase, there is a U shape for immune proteins and pro-inflammatory factors with a peak value at 24 °C,
TRP exception for IFN-y (inverted U-shape). After the high and low temperature exposure, the Ri and Re
increased significantly, while Cldyn decreased significantly compared with the 24 °C group. Histopath-
ological analysis of the OVA groups showed airway remodeling, airway wall thickening and deforming,
and subepithelial fibrosis. More obvious changes were found in the high and low temperature exposure
groups. The immunohistochemistry suggested that TRPs changed with temperatures. High and low
temperatures can aggravate airway inflammation in a mouse model of asthma. TRPs play an important
role in temperature aggravation of allergic asthma. The results suggest that asthmatics should avoid
exposure to high and low temperatures for too long time.
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the 21st century. There will be likely 2 °C increase in the earth’s
average surface temperature over the course of this century, which
exceeds the preindustrial average temperatures (Costello et al,,
2009). Temperature is an important climate factor that has a sig-
nificant effect on human health, particularly for high and low

1. Introduction

Climate change is probably the biggest global health threat of
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temperatures (Seltenrich, 2015). Exposure to excessive heat or cold
can result in temperature-related death, like heat stroke
(Bouchama and Knochel, 2002) or sepsis-related hypothermia
(Tanaka and Tokudome, 1991). Deaths attributable to exposure to
cold or heat accounted for 63% and 31% of all temperature-related
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Fig. 1. Serum concentration of T-IgE (A), OVA-sIgE(B) and OVA-sIigG(C) in the saline
and the OVA groups at 24 °C.(*: p < 0.05, **:p < 0.01, significant difference compared
with the saline group, t-test, n=7).

deaths between 2006 and 2010 (Berko et al., 2014). Results indicate
that both hot and cold temperatures increase mortality due to
cardiovascular diseases (Basu and Ostro, 2008; Guo et al., 2013).
Since temperatures are going to become more extreme with global
warming, more attention needs to be given to the temperature.
People frequently experience high and low temperatures as a
result of occupational exposure, leisure activities (such as skiing)
and summer or winter outdoor temperatures exposure. Tempera-
tures above or below “comfortable” range levels for humans, can
induce various respiratory symptoms. High and low temperatures
act as a stimulus to the airway, which may trigger bronchocon-
striction and be a risk factor for asthma (Hales et al., 1998; Li et al.,
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Fig. 2. Levels of cytokines (A) IL-4, (B) IFN-y, (C) the ratio of IL-4 and IFN-y in lung
tissues of the saline and OVA groups at 24 °C. (*: p < 0.05, **: p < 0.01, significant
difference compared with the saline group, t-test, n=7).

2014; Xu et al, 2013). Asthma is a consequence of complex
gene—environment interactions (Cabieses et al., 2014), with het-
erogeneity in clinical presentation, like the type and intensity of
airway inflammation and remodeling (Papi et al., 2018). Asthma is
the most common chronic disease, and is of great public health
concern, since it could lead to a heavy economic burden on the
family, and poor quality of the life (Eder et al., 2006). The incidence
and prevalence of childhood asthma increased markedly during the
20th century, especially in developing countries (Wong et al., 2002;
Zhang et al., 2013). This substantial increase of asthma prevalence
implies a major public health problem in a country like China.
There is growing evidence that exposure to allergens and irri-
tants (cat dander, cockroaches, house dust, mites, pollen) exacer-
bate asthma (Deng et al., 2016). In addition to allergens and
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Fig. 3. The levels of pro-inflammatory cytokines (IL-1B, IL-6 and TNF-a). (A), (C) and (E) show the immunohistochemistry of IL-1p, IL-6 and TNF-a, respectively. The average optical
density assay of IL-1B, IL-6 and TNF-a are (B), (D) and (F) respectively. I: saline+24 °C; II: OVA +24 °C; (n = 7 per group). (*:p < 0.05,*: p < 0.01, significant difference compared with

the saline+24 °C group; ANOVE, n = 7).

irritants, evidence also indicate that air pollution is a risk factor
resulting in asthma (Guarnieri and Balmes, 2014), especially during
pregnancy and in early life (Deng et al., 2018; Deng et al., 2015). A
potential mechanism explaining this outcome may be that air
pollutants can cause oxidative injury, inflammation, and increase
the risk of sensitization (Guarnieri and Balmes, 2014). It is the
possible that the transient receptor potential (TRP) may participate
in the process of temperature aggravated asthma, however the
underlying molecular mechanism is unknown.

The body has a number of mechanisms to cope with potentially
harmful hot or cold objects. TRP channels are found in a variety of
sensory organs, including in the upper and lower respiratory tract
(TRPV1, TRPMS, TRPA1) (Corey et al., 2004). Serving as a polymodal
detector, TRPA1 is activated by temperatures below 18°C, and
TRPV1 by temperature above 42 °C, while the apparent threshold
for TRPMS8 activation is 25 °C (Caterina, 2007). Studies (Caterina
et al., 1997; Dhaka et al., 2007; Fajardo et al., 2008; Gavva et al.,
2007; Story et al., 2003) have proven that TRPA1, TRPV1 and
TRPMS8 channels are important in the transduction of temperature
signals, and that activation of the TRPV1 and TRPA1 channels could
cause airway inflammation and hyperresponsiveness (Andre et al.,
2008; Lin et al., 2010; Reilly et al., 2003; Sadofsky et al., 2012; Seki
et al.,, 2007; Zhang et al., 2008). This means that the TRPA1, TRPM8
and TRPV1 channels react to temperature. However, the role of
TRPA1, TRPMS8 and TRPV1 in temperature aggravated asthma is not
clear.

Few toxicological studies have focused on the relationship be-
tween asthma and temperature and the role of the TRPA1 and
TRPV1 channels in the process. In our study, we hypothesize that
temperature acts as an environmental adjuvant to aggravate
allergic asthma, and that TRP channels are probably involved in
temperature induced airway symptoms but via different pathways.

To test this hypothesis, we examined the effect of temperature on
asthma airway inflammation using a mouse model of asthma. We
also tried to elucidate the underlying mechanism.

2. Materials and methods
2.1. Ethics statement

The experimental procedures were approved by the Office of
Scientific Research Management of Central South University. Ac-
cording to the ethical requirements 15 mice were used in each
group to ensure the validity of experimental data.

2.2. Animals and study protocol

SPF male BALB/c mice were purchased from Liaoning Chang-
sheng Biotechnology Co. Ltd. (Liaoning, China). The mice were
housed in pathogen-free cages at 20—25 °C and 40—60% relative
humidity for 1 week to acclimatize, and were fed OVA (ovalbumin)-
free food and tap water ad libitum. Mice were randomly divided
into 4 experimental groups with 15 mice per group. The protocol of
this study is as follows: 1) saline +24 °C group; 2) OVA +24 °C
group; 3) OVA +10 °C group; 4) OVA +40 °C group. According to the
high and low temperature human occupation model (GB
938—1989), all groups were exposed at their different temperatures
for 4 h every weekday (2 h in the morning and 2 h in the evening).

The control group was exposed at 24 °C receiving only saline
treatment, while the other groups were exposed at one of 10°C,
24°C, and 40 °C temperatures, with OVA-treatment in an artificial
intelligence climate warehouse (Al) (PRx-250D). The Al was used to
controlling the temperature, humility (40 +5%) and illumination.
Group 2, 3 and 4 received OVA sensitization via intraperitoneal
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Fig. 4. AHR assessments. The result of Ri (A), Re (B) and Cldyn (C) in the saline and OVA
groups at 24 °C.(*: p < 0.05; **: p < 0.01, significant difference compared with the
saline + 24 °C group, t-test, n=6).

injection of 1 mL of 25 mg/mL OVA solution containing 1.75 mg
gelatinous AI(OH); (Sigma, USA) as an adjuvant on days 14, 18, 22,
26 and 30. From days 32—38, these mice received an aerosol
challenge with 1% OVA for 30 min using an ultrasonic nebulizer
(Yuyue, version 402Al, China). A similar protocol was followed for
the saline group in which OVA was replaced with saline. The
exposure period was 32 d (day 1—32). The mice were sacrificed on
day 39 for further biochemical and histological analysis. The pro-
tocol is shown in Fig. S1.
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2.3. Airway hyper-responsiveness (AHR)

wAHR was conducted within 24 h after the final aerosol chal-
lenge, using an AniRes 2005 lung function system (Beijing Bestlab
High-Tech Co., Ltd., Beijing, China). Mice were anaesthetized with
pentobarbital sodium (Urchem, China) at a dose of 100 mg/kg by
intraperitoneal injection. The respiratory rate was pre-set to be 90
breaths/min and the expiration/inspiration ratio was set to be 1.5:1.
Methacholine (MCH, Sigma-Aldrich) was injected into the jugular
vein at doses of 0.025, 0.05, 0.1 and 0.2 mg/kg successively every
5 min. After each injection, inspiratory resistance (Ri), expiratory
resistance (Re) (the graphic area between the peak value and
baseline) and the minimum value of lung dynamic compliance
(Cldyn) were recorded for later analysis.

2.4. Total serum immunoglobulin (IgE, OVA-IgE and OVA-IgG)
detection

Venous blood from the heart was collected by cardiac puncture,
and kept at room temperature for 30 min to separate the serum.
Serum samples were collected after centrifugation (3000 rpm,
25°C, 10 min) and stored at —80°C. The concentration of total
serum IgE, OVA-IgE and OVA-IgG were determined using ELISA kits
(Biolegend, USA). All operations were conducted according to the
manufacturer’s instructions.

2.5. The interleukin-4 (IL-4) and interferon-gamma (IFN-v) in the
lung

Lung tissue was excised and homogenized in a 1% phosphate
buffer saline solution, and the supernatant was obtained by
centrifugation (2500 rpm, 4 °C, 10 min). The IL-4 and IFN-y content
in the lung homogenate were measured using ELISA Kkits (eBio-
science, USA) according to the manufacturer’s instructions.

2.6. Histological analysis

Lung tissue was excised and fixed with a 4% neutral buffered
polyformaldehyde and kept overnight at room temperature. The
tissue samples were then embedded in paraffin, sectioned and
stained according to standard protocols: (1) haematoxylin and
eosin (H&E) to assess airway remodeling; (2) periodic acid schiff
(PAS) to examine mucus production; (3) Masson'’s trichrome (MT)
to determine collagen deposition in the airway.

After dewaxing, rehydration and antigen retrieval, the sections
were incubated with 0.3% hydrogen peroxide and blocked by
appropriate normal serum. Sections were subsequently incubated
overnight at 4 °C with the monoclonal antibodies: anti-IL-1f; anti-
IL-6; anti-TNF-a; anti-TRPA1, anti-TRPM8 and anti-TRPV1. For the
specific procedure followed, refer to (Costinean et al., 2006). All
tissue slices were examined using a BX53 microscope (Olympus).

2.7. Statistical analysis

Analysis of variance (ANOVA) and a T-test were performed for
statistical analysis using Graphpad Prism 7 software. Tissue slices
were analyzed by Image-Pro Plus 6.0 to measure the average optical
density of the IL-18; IL-6; TNF-a,; TRPA1, TRPM8 and TRPV1 stained
slices. The data were presented as the mean + standard error (SEM).
A p-value less than 0.05 was considered to be a significant differ-
ence. The 15 mice were divided into two parts for test, one for
biochemical indicators test (n = 8), the other is for airway hyper-
responsiveness test (AHR) (n=7). We exclude outliers of each
group, hence, there are 7 or 8 mice used in the final results for
biochemical indicators. About the number of mice in the AHR test,
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saline+24 °C group; ANOVE, n = 8).

as there was one mouse in 40°C group was died during the
experiment because of bite by other mice, we chose 6 mice in AHR
test to keep the same number in every group.” in the revised
manuscript. Hence there are 6 data for every indicator (N = 6).

3. Results

The serum concentration of T-IgE, OVA-sIgE and OVA-sIgG in the
OVA +24 °C group are apparently higher than those of the
saline +24 °C group, as shown in Fig. 1 and there is significant
difference for T-IgE (p <0.05), OVA-sIgE (p <0.01) and OVA-sIgG
(p<0.05).

Fig. 2 gives the concentration of cytokines in the lung tissue.
Comparing the OVA group with the saline group, a significant in-
crease is found for IL-4 (p < 0.01), and a significant decrease is for
IFN-y (p < 0.01). There is a significant increase in the ratio of IL-4
and IFN-v, which reflects the immune imbalance of TH1/TH2.

The pro-inflammatory factors of IL-1f, IL-6 and TNF-o. in lung
tissue is displayed in Fig. 3. The immunohistochemical images (A, C
and E) demonstrate significant differences between saline + 24 °C
and OVA + 24 °C. The average optical density of IL-1f (B), IL-6 (D)
and TNF-a (F) in also OVA + 24 °C showed significantly difference
from saline + 24 °C.

The changes in AHR between the OVA and the saline groups are
revealed in Fig. 4. Ri and Re increase with increasing doses of MCH,
and that the minimum Cldyn decrease with dose of MCH. Specif-
ically, the Ri at MCH (0.2 mg/kg) changed significantly (p < 0.01) in
the OVA group, when compared with the saline group, and Re at
MCH (0.1 mg/kg and 0.2 mg/kg) and Cldyn at MCH (0.1 mg/kg) also
changed significantly.

The concentrations of T-IgE, OVA-sIgE and OVA-sIgG in the 10 °C
or 40°C groups are significantly higher than those of the 24°C
group (Fig. 6). The concentrations of T-IgE, OVA-sIgE and OVA-sigG
follow a U-shaped trend with increasing temperature, with the
minimum value being at 24 °C.

Fig. 7 shows the concentration of cytokines in lung tissue. The
concentration of IL-4 has a U-shaped trend with increasing tem-
perature, with the minimum value being at 24 °C. IFN-y has an
inverted U-shaped trend with increasing temperature. The ratio of
IL-4 and IFN-vy also shows a U-shaped trend with increasing tem-
perature, which indicates destruction of the TH1/TH2 immune
balance.

The pro-inflammatory factors of IL-1f, IL-6 and TNF-¢. in lung
tissue are displayed in Fig. 8. The immunohistochemical images (A,
C and E) demonstrate significant differences among the different
temperature treated groups. The average optical density of IL-18
(B), IL-6 (D) and TNF-a. (F) changed with increasing temperature,
showing a U-shaped trend with the minimum value at 24 °C. In the
OVA treatment groups, the pro-inflammatory factors of the 10°C
and 40 °C groups showed a significant difference compared with
the 24 °C group (p < 0.01).

Fig. 9 shows the airway responses of the mice for the different
temperature and OVA treatment groups. The Ri increased with an
increasing dose of MCH (Fig. 9A), and this increase was more sig-
nificant at higher MCH doses. Re (Fig. 9B) follows the same trend as
Ri, the increase being more significant at MCH of 0.05 (mg/kg). The
minimum Cldyn decrease with increasing dose of MCH, which were
more significant at lower doses between 10 °C or 40 °C groups and
OVA groups (Fig. 9C).

The histopathological changes in the lung tissue are revealed in

Please cite this article as: Deng, L et al., High and low temperatures aggravate airway inflammation of asthma: Evidence in a mouse model,
Environmental Pollution, https://doi.org/10.1016/j.envpol.2019.113433




6
(A) 15
’_'|E‘ ## #
S, 101
5 b —
1]
k=2
s 5
(o]
[t
0 ¢ '
OVA+10°C  OVA+24°C  OVA+40°C
(B) 30
| Iy
= —_ N
E - \\
o 20- \
£
w
K=y
<‘4’ 10-
S
(@)
oL . N\
c OVA+10°C OVA+24°C  OVA+40°C
(C) 1000
— 800- ##
E
(=]
£ 600-
% 1
_‘{’ 400+
<
> J
3 200
0 I/A L] T
OVA+10°C OVA+24°C  OVA+40°C

Fig. 6. Serum T-IgE(A), OVA-sIgE(B) and OVA-sIgG(C) after treatment with OVA and
exposure to different temperatures. (#: p < 0.05##: p < 0.01,significant difference
compared with the OVA+24 °C group, ANOVE, n = 7).

Fig. 10. Compared to the saline-24 °C group, there is a remarkable
difference in the bronchial epithelium thickness, inward folding
and inflammatory cell infiltration around the airways in the
OVA + different temperature groups (H&E staining; Fig. 10A). The
PAS-positive mucus cell staining (Fig. 10B, pale pink color) is not
very obvious, while there is a significant difference among different
temperature treated groups. Subepithelial collagen deposition was
increased (MT staining; Fig. 10C, blue color) in all the
OVA + different temperature groups.

The levels of TRPA1l, TRPM8 and TRPV1 in lung tissue are
described in Fig. 11. There are marked differences for the immu-
nohistochemistry of TRPA1, TRPM8 and TRPV1 among the groups.
Similarly, there is a remarkable difference between the saline and
OVA groups for the three proteins (TRPA1, TRPM8 and TRPV1)
(Fig. 5). The average optical density for the OVA (10 °C) group is
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Fig. 7. The level of IL-4 (A), IFN-y (B) and IL-4/IFN-y (C) in mouse lung tissue after
treatment with OVA and exposure to different temperatures. (##: p < 0.01, significant
difference compared with the OVA+24 °C group, ANOVE, n = 7).

significantly higher than the OVA (24°C) or the saline (24°C)
groups. Our results are consistent with previous studies that
showed that TRPA1 acts as a major sensor for noxious cold. TRPM8
are obviously high in the 24 °C groups, and extremely significant
differences were found between the OVA (24°C) group and the
OVA (10°C) or OVA (40 °C) groups. Consistently, TRPV1 expression
in the OVA (40°C) group is significantly higher than the OVA
(24°C).

4. Discussion

Animal models of asthma should mimic, as closely as possible,
the real expression of the human disease. In our experiment, we
observed the major indicators associated with asthma (AHR,
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difference compared with the OVA+24 °C group, ANOVE, n = 7).

inflammatory index, histological analysis) to evaluate the
biochemical and airway structure changes caused by temperature
and OVA. The obvious changes in several indicators implied that
our mouse model of asthma was successful.

AHR is a very characteristic feature of asthma, and is always
related to chronic inflammation which leads to wheezing, short-
ness of breath, chest tightness, and coughing (Busse and Jr, 2001;
Papi et al., 2018). Our results are consistent with other studies,
which observed decline in lung function of asthma (O’Byrne et al.,
2009). We found that lung function changed significantly (see
Figs. 4 and 9), and this was induced by OVA sensitization and was
aggravated by exposure at high and low temperatures in the
presence of OVA (Fig. 9).

Another biomarker of asthma is the inflammatory index. In a
clinical diagnosis of allergic asthma, both an increase of IgE levels,
and an imbalance between the Th1 and Th2 immune responses, are
very important indicators (Busse and Jr, 2001). Our results revealed
aremarkable increase in IgE, OVA-sIgE and other pro-inflammatory
factors in the OVA groups compared with the saline group, which
are consistent with previous studies (Out et al., 2010; You et al.,
2014). In animal asthma models, IL-4 is primarily produced by
Th2 cells, and is the cytokine that supports IgE production (Oettgen
and Geha, 1999). After OVA exposure, we see a large increase in the
levels of IL-4 and a sharp decrease in the levels of IFN-vy. This large
increase in the ratio of IL-4 to IFN-vy, exacerbated the Th2 response,
which then aggravated the Th2/Th1 balance (Hansen et al., 2007).
The resulting imbalance of Th2/Th1 is the pathological basis of
asthma, causing airway inflammation. From Figs. 6, Figs. 7 and 8, we
can see that there is a significant difference among the different
temperature exposure groups, showing that low and high tem-
peratures could exacerbate airway inflammation. As the tempera-
ture increased, different indicators followed a U-shaped or inverse-
U-shaped curve with a peak at 24 °C, which is consistent with the
conclusion that mortality and temperature are in a nonlinear U-
shaped relationship (Anderson and Bell, 2009; Curriero et al., 2002;
Mcmichael et al., 2006).

One feature of allergic airway inflammation is the alteration of

airway structure. The pulmonary histological assay (Fig. 10) verified
the inflammation in the different groups. Thickening of the airway
wall, subepithelial fibrosis, airway mucus, goblet cell hyperplasia,
and hyperplasia and hypertrophy of airway smooth muscle cells
have been defined as characteristic remodeling manifestations of
asthma (Elias et al., 1999; Kohei, 2006). According to the above
characteristics, we observed obvious remodeling in the OVA groups
at different temperatures. There was apparent airway wall thick-
ening and deforming (Fig. 10 A) and subepithelial fibrosis (Fig. 10 C)
in the OVA groups compared with the saline group, especially for
10°C and 40 °C exposure. While the observed goblet cell hyper-
plasia (Fig. 10 B, pale pink color) is not extensive, there is a distinct
difference among the different groups. These results are consistent
with previous research (Du et al., 2019). We showed that in the
presence of OVA sensitization, exposure to low or high tempera-
tures aggravated airway wall remodeling of the asthma model.

Temperature plays a significant role in increasing the prevalence
of asthma (Li et al., 2014). Temperature is not as severe an envi-
ronmental adjuvant inducing allergic asthma as some other envi-
ronmental pollutants (formaldehyde, automobile exhaust and EST)
(Deng et al., 2016), but it is still very important for public health.

As we all know, cold air acts as a stimulant to our airways.
However, the relationship between low or high temperatures and
allergic asthma, has not received much attention. Epidemiological
studies have shown that cold air can increase symptoms of asthma
in a asthmatic person (Ehara et al., 2000; YUKSEL et al., 1996). Cold
weather aggravates the asthma symptoms in children and adults
(Hyrkas et al., 2014; Nastos et al., 2008). High ambient tempera-
tures (>28°C) are also a risk factor for children with asthma (Li
et al., 2014). Our results showed that both low and high tempera-
tures aggravated the airway inflammation of asthma, which is
consistent with previous epidemiological studies.

Du et al. (2019) found that repeated exposure to temperature
variations (10/26 °C) exacerbated experimental ‘asthma’. It is one of
only a few toxicology studies about the relationship between
temperature and airway inflammation. Our research is similar in
certain respects, such as in the low temperature exposures and
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airway injury at low temperatures. There are was also two major
differences between the two studies. Firstly, high temperature
exposure was also included in our experiment. A core temperature
of 40°C (104 °F) is the threshold for heat stroke (Bouchama and
Knochel, 2002). Heatstroke can rapidly become life threatening
and there is little time to seek treatment in emergency room or
hospitals (Kovats et al., 2004). Hence, we considered that there is a
need to study the health effect of high temperature. Secondly, we
chose an exposure of 4 h/day on weekdays, according to typical

L. Deng et al. / Environmental Pollution xxx (Xxxx) xxx

occupational exposure (e.g. as defined in GB 935—1989).

Different TRP proteins behaved differently at high or low tem-
perature. TRPA1 expression was higher at 10 °C than at 24°C or
40°C, while TRPM8 was expressed more at 24°C and TRPV1 at
40°C. Figs. 5 and 11 clearly illustrated this trend. Our results sug-
gested that TRPs sensed the temperature and participated in tem-
perature regulation. We hypothesized that different TRPs were
activated either by temperature within their threshold, or by
endogenous cytokines produced due to temperature-induced
oxidative stress and airway inflammation in asthma. Many
studies have found that thermo TRPs were activated at different
temperatures (Caterina, 2007; Caterina et al., 1997; Corey et al.,
2004; McKemy et al., 2002), but none of these studies include an
asthma model. Andersson et al. found that episodes of oxidative
stress can activate TRPA1 expression in sensory neurons
(Andersson et al., 2008). A number of studies reported that acti-
vating TRPV1 could release pro-inflammatory cytokines (Reilly
et al., 2003; Yu et al., 2012; Zhang et al., 2008). It has been sug-
gested that TRPA1-induced inflammation could contribute to the
progression of chronic obstructive pulmonary disease (COPD)
(Andre et al., 2008). Similar to TRPA1, TRPV1 expression was found
to be higher in the lung tissue of patients with COPD (Baxter et al.,
2014). In cases of asthma, it has been proved that expression of
TRPA1 and TRPV1 was markedly increased in the asthma airway,
which was induced by chemical irritation (Caceres et al., 2009;
Deering-Rice et al., 2011; McGarvey et al., 2014; Zhao et al., 2013).
Some researchers have hypothesized that cold-induced asthmatic
bronchoconstriction is induced by dehydration of the airway mu-
cosa, as well as dry air inhalation (Anderson, 2006; Millqvist, 2015).
What the potential molecular mechanisms for heat-induced
asthma would be is not very clear. No single nucleotide poly-
morphisms of TRPM8 have been reported to be associated with
asthma or COPD (Grace et al., 2014), however, TRPM8 has been
associated with coughing and airway remodeling (Peier et al., 2002;
Xing et al., 2008). Very little research exists concerning tempera-
ture as a stimulus in an asthma model. Ours is the first to study
whether temperature (cold and hot) is an adjuvant in aggravating
airway inflammation of an asthma model in vivo. An understanding
of how temperature affects asthma will enable the development of
new drugs targeting temperature-induced asthma, which in turn
will greatly improve health and quality of life.

Our result has showed that our mouse model of asthma was
successful. The low and high temperature both could aggravate the
airway inflammation of asthma. The asthmatics should avoid
exposure to high and low temperatures for too long time.

The main limitations of this work are as follows: We evaluated
TRP by immunohistochemistry without using an antagonist. We
don’t know whether the low or high temperature is a direct or
indirect activator of TRPs, and more research is needed to explore
the underlying mechanism. In future work, we plan to study what
happens when an antagonist is added; study the effects of low or
high temperature at different humidity; and look at changing
exposure times.

5. Conclusion

Our data in vivo confirm previous reports that high and low
temperature can aggravate the airway inflammation of asthma.
Moreover, we found that TRPs take part in the temperature-
induced asthma, and that TRPs behave differently at different
temperatures. Our new data may be useful for human health and
drug research to treat asthma.
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Fig. 10. Histopathological analysis. (A) H&E staining showing infiltration of inflammatory cells and hypertrophy of structural cells; (B) PAS staining showing the mucous-producing
goblet cells (pale pink color); and (C) MT staining showing subepithelial collagen deposition (blue color). I: OVA+10 °C; II: Saline +24 °C; Ill: OVA+ 24 °C; IV: OVA+ 40 °C; (n = 8 per
group). H&E, haematoxylin and eosin; PAS, Periodic Acid-Schiff, MT, Masson’s Trichrome; OVA, ovalbumin. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

®B) =
£
5
3
5 00
2
8
H
g
L
I
N
&
£
aw.
VAT OvAe2eT
D) -
-
3
= ans
H
-4
8
H
H
S
2
H
&
&
am.
ovA+l0'C  OVAezdT ova+0°C
F
2
§
3
= 001
2
8
H
g
2 002
s
H
&
5
000

VA Z4C
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compared with the OVA+24 °C group, ANOVE, n = 8).

Declaration of competing interest Research and Development Program of Hunan Province, China
(2017SK2091).
The authors declare no conflict of interest.

Acknowledgment Appendix A. Supplementary data

This work was supported by the National Natural Science Supplementary data to this article can be found online at
Foundation of China (51576214 and 21777193) and the Key https://doi.org/10.1016/j.envpol.2019.113433.

Please cite this article as: Deng, L et al., High and low temperatures aggravate airway inflammation of asthma: Evidence in a mouse model,
Environmental Pollution, https://doi.org/10.1016/j.envpol.2019.113433



https://www.sciencedirect.com/science/article/pii/S0013935118305966?dgcid=coauthor
https://www.sciencedirect.com/science/article/pii/S0013935118305966?dgcid=coauthor
https://www.sciencedirect.com/science/article/pii/S0013935118305966?dgcid=coauthor
https://doi.org/10.1016/j.envpol.2019.113433

10 L. Deng et al. / Environmental Pollution xxx (Xxxx) xxx

References

Anderson, B.G., Bell, M.L,, 2009. Weather-related mortality: how heat, cold, and
heat waves affect mortality in the United States. Epidemiology 20, 205—213.

Anderson, S.D., 2006. How does exercise cause asthma attacks? Curr. Opin. Allergy
Clin. Immunol. 6, 37—42.

Andersson, D.A,, Gentry, C., Moss, S., Bevan, S., 2008. Transient receptor potential Al
is a sensory receptor for multiple products of oxidative stress. ]. Neurosci. 28,
2485—2494.

Andre, E., Campi, B., Materazzi, S., Trevisani, M., Amadesi, S., Massi, D., Creminon, C.,
Vaksman, N., Nassini, R., Civelli, M., 2008. Cigarette smoke—induced neurogenic
inflammation is mediated by o, f-unsaturated aldehydes and the TRPA1 re-
ceptor in rodents. J. Clin. Investig. 118, 2574—2582.

Basu, R., Ostro, B.D., 2008. A multicounty analysis identifying the populations
vulnerable to mortality associated with high ambient temperature in California.
Am. ]. Epidemiol. 168, 632—637.

Baxter, M., Eltom, S. Dekkak, B., Yew-Booth, L., Dubuis, E.D., Maher, S.A.,
Belvisi, M.G., Birrell, M.A., 2014. Role of transient receptor potential and pan-
nexin channels in cigarette smoke-triggered ATP release in the lung. Thorax 69,
1080—1089.

Berko, J., Ingram, D.D., Saha, S., Parker, J.D., 2014. Deaths Attributed to Heat, Cold,
and Other Weather Events in the United States, 2006—2010.

Bouchama, A., Knochel, ].P., 2002. Heat stroke. N. Engl. ]. Med. 346, 1978—1988.

Busse W W Jr,, LR, 2001. Asthma. N. Engl. . Med. 344, 350.

Cabieses, B., Uphoff, E., Pinart, M., Antg, ].M., Wright, J., 2014. A systematic review
on the development of asthma and allergic diseases in relation to international
immigration: the leading role of the environment confirmed. PLoS One 9,
e105347.

Caceres, AL, Brackmann, M., Elia, M.D., Bessac, B.E,, del Camino, D., D’Amours, M.,
Witek, ].S., Fanger, C.M., Chong, ].A., Hayward, N.J., 2009. A sensory neuronal ion
channel essential for airway inflammation and hyperreactivity in asthma. Proc.
Natl. Acad. Sci. 106, 9099—-9104.

Caterina, M.J., 2007. Transient receptor potential ion channels as participants in
thermosensation and thermoregulation. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 292, R64—R76.

Caterina, M.J., Schumacher, M.A., Tominaga, M., Rosen, T.A., Levine, ].D., Julius, D.,
1997. The capsaicin receptor: a heat-activated ion channel in the pain pathway.
Nature 389, 816.

Corey, D.P., Garcva-Apoveros, J., Holt, J.R., Kwan, K.Y, Lin, S.-Y., Vollrath, M.A,,
Amalfitano, A., Cheung, E.L.-M., Derfler, B.H., Duggan, A., 2004. TRPA1 is a
candidate for the mechanosensitive transduction channel of vertebrate hair
cells. Nature 432, 723.

Costello, A., Abbas, M., Allen, A., Ball, S., Bell, S., Bellamy, R., Friel, S., Groce, N.,
Johnson, A., Kett, M., Lee, M., Levy, C., Maslin, M., McCoy, D., McGuire, B.,
Montgomery, H., Napier, D., Pagel, C., Patel, J., de Oliveira, J.A.P., Redclift, N.,
Rees, H., Rogger, D., Scott, ]., Stephenson, J., Twigg, J., Wolff, ]., Patterson, C.,
2009. Managing the health effects of climate change. The Lancet 373,
1693—-1733.

Costinean, S., Zanesi, N., Pekarsky, Y., Tili, E., Volinia, S., Heerema, N., Croce, C.M.,
2006. Pre-B cell proliferation and lymphoblastic leukemia/high-grade lym-
phoma in Ep-miR155 transgenic mice. Proc. Natl. Acad. Sci. 103, 7024—7029.

Curriero, F.C,, Heiner, K.S., Samet, ].M., Zeger, S.L, Lisa, S., Patz, J.A., 2002. Temper-
ature and mortality in 11 cities of the eastern United States. Am. ]. Epidemiol.
155, 80.

Deering-Rice, C.E., Romero, E.G., Shapiro, D., Hughen, RW.,, Light, AR., Yost, G.S.,
Veranth, J.M., Reilly, CA., 2011. Electrophilic components of diesel exhaust
particles (DEP) activate transient receptor potential ankyrin-1 (TRPA1): a
probable mechanism of acute pulmonary toxicity for DEP. Chem. Res. Toxicol.
24, 950—959.

Deng, Q., Deng, L., Lu, C, Li, Y., Norbdck, D., 2018. Parental stress and air pollution
increase childhood asthma in China. Environ. Res. 165, 23—31.

Deng, Q., Ly, C, Li, Y., Sundell, J., Dan, N., 2016. Exposure to outdoor air pollution
during trimesters of pregnancy and childhood asthma, allergic rhinitis, and
eczema. Environ. Res. 150, 119—-127.

Deng, Q., Lu, C.,, Norback, D., Bornehag, C.-G., Zhang, Y., Liu, W., Yuan, H., Sundell, J.,
2015. Early life exposure to ambient air pollution and childhood asthma in
China. Environ. Res. 143, 83—92.

Dhaka, A., Murray, A.N., Mathur, J., Earley, TJ., Petrus, M.J., Patapoutian, A., 2007.
TRPMBS is required for cold sensation in mice. Neuron 54, 371—-378.

Du, C, Kang, J., Yu, W,, Chen, M., Li, B,, Liu, H., Wang, H., 2019. Repeated exposure to
temperature variation exacerbates airway inflammation through TRPA1 in a
mouse model of asthma. Respirology 24, 238—245.

Eder, W,, Ege, M.J., von Mutius, E., 2006. The asthma epidemic. N. Engl. J. Med. 355,
2226—2235.

Ehara, A., Takasaki, H., Takeda, Y., Kida, T., Mizukami, S., Yamada, M.H., Yutaka, 2000.
Are high barometric pressure, low humidity and diurnal change of temperature
related to the onset of asthmatic symptoms? Pediatr. Int. 42, 272—274.

Elias, J.A., Zhu, Z., Chupp, G., Homer, R}J., 1999. Airway remodeling in asthma. ]. Clin.
Investig. 27, 1001—1006.

Fajardo, O., Meseguer, V., Belmonte, C., Viana, F.,, 2008. TRPA1 channels mediate cold
temperature sensing in mammalian vagal sensory neurons: pharmacological
and genetic evidence. ]. Neurosci. 28, 7863—7875.

Gavva, N.R, Bannon, A.W., Surapaneni, S., Hovland, D.N., Lehto, S.G., Gore, A,
Juan, T.,, Deng, H., Han, B., Klionsky, L., 2007. The vanilloid receptor TRPV1 is

tonically activated in vivo and involved in body temperature regulation.
J. Neurosci. 27, 3366—3374.

Grace, M., Baxter, M., Dubuis, E., Birrell, M., Belvisi, M., 2014. Transient receptor
potential (TRP) channels in the airway: role in airway disease. Br. J. Pharmacol.
171, 2593-2607.

Guarnieri, M., Balmes, J.R., 2014. Outdoor air pollution and asthma. The Lancet 383,
1581-1592.

Guo, Y., Li, Shanshan, Zhang, Yanshen, Armstrong, Ben, Jouni, J.K., Jaakkola, Shilu
Tong, X.P, 2013. Extremely cold and hot temperatures increase the risk of
ischaemic heart disease mortality_ epidemiological evidence from China. Heart
99, 195—-203.

Hales, S., Lewis, S., Slater, T., Crane, J., Pearce, N., 1998. Prevalence of adult asthma
symptoms in relation to climate in New Zealand. Environ. Health Perspect. 106,
607—-610.

Hansen, J., Larsen, S., Lk, Nielsen, G., 2007. Adjuvant effects of inhaled mono-2-
ethylhexyl phthalate in BALB/c] mice. Toxicology 232, 79—88.

Hyrkas, H., Jaakkola, M.S., Ikdheimo, T.M., Hugg, T.T., Jaakkola, ].J.K., 2014. Asthma
and allergic rhinitis increase respiratory symptoms in cold weather among
young adults. Respir. Med. 108, 63—70.

Kohei, Y., 2006. Airway remodeling in asthma and its influence on clinical patho-
physiology. Tohoku J. Exp. Med. 209, 75—87.

Kovats, R., Hajat, S., Wilkinson, 2004. Contrasting patterns of mortality and hospital
admissions during hot weather and heat waves in Great. Occup. Environ. Med.
61, 893—898.

Li, S., Baker, PJ., Jalaludin, B.B., Guo, Y., Marks, G.B., Denison, L.S., Williams, G.M.,
2014. Are childrens asthmatic symptoms related to ambient temperature? A
panel study in Australia. Environ. Res. 133, 239—-245.

Lin, Y.S., Hsu, C.-C,, Bien, M.-Y., Hsu, H.-C., Weng, H.-T., Koy, Y.R., 2010. Activations of
TRPA1 and P2X receptors are important in ROS-mediated stimulation of
capsaicin-sensitive lung vagal afferents by cigarette smoke in rats. J. Appl.
Physiol. 108, 1293—1303.

McGarvey, LP., Butler, CA. Stokesberry, S., Polley, L, McQuaid, S., Ashraf, S.,
McGahon, M.K., Curtis, .M., Arron, J., Choy, D., 2014. Increased expression of
bronchial epithelial transient receptor potential vanilloid 1 channels in patients
with severe asthma. J. Allergy Clin. Immunol. 133, 704—712 e704.

McKemy, D.D., Neuhausser, W.M.,, Julius, D., 2002. Identification of a cold receptor
reveals a general role for TRP channels in thermosensation. Nature 416, 52.
Mcmichael, A.J., Woodruff, R.E., Hales, S., 2006. Climate change and human health:

present and future risks. Lancet 367, 859—869.

Millqvist, E., 2015. TRP channels and temperature in airway disease—clinical sig-
nificance. Temperature 2, 172—-177.

Nastos, P.T., Paliatsos, A.G., Papadopoulos, M., Bakoula, C., Priftis, K.N., 2008. The
effect of weather variability on pediatric asthma admissions in Athens, Greece.
J. Asthma Res. 45, 59—65.

O'Byrne, P.M., S Ren, P, Carl Johan, L., Wan, C,, Tan, Busse, W.W., 2009. Severe ex-
acerbations and decline in lung function in asthma. Am. J. Respir. Crit. Care Med.
179, 19.

Oettgen, H.C,, Geha, R.S., 1999. IgE in asthma and atopy: cellular and molecular
connections. J. Clin. Investig. 104, 829—835.

Out, T.A,, Graaf, E.A,, Van De, Berg, N.J., Van Den, Jansen, H.M., 2010. IgG subclasses
in bronchoalveolar lavage fluid from patients with asthma. Scand. J. Immunol.
33, 9.

Papi, A., Brightling, C., Pedersen, S.E., Reddel, H.K., 2018. Asthma. The Lancet 391,
783—-800.

Peier, A.M., Moqrich, A., Hergarden, A.C., Reeve, A]., Andersson, D.A., Story, G.M.,
Earley, TJ., Dragoni, I., McIntyre, P, Bevan, S., 2002. A TRP channel that senses
cold stimuli and menthol. Cell 108, 705—715.

Reilly, C.A., Taylor, J.L., Lanza, D.L, Carr, B.A., Crouch, DJ., Yost, G.S., 2003. Cap-
saicinoids cause inflammation and epithelial cell death through activation of
vanilloid receptors. Toxicol. Sci. 73, 170—181.

Sadofsky, L.R., Ramachandran, R,, Crow, C., Cowen, M., Compton, S.J., Morice, A.H.,
2012. Inflammatory stimuli up-regulate transient receptor potential vanilloid-1
expression in human bronchial fibroblasts. Exp. Lung Res. 38, 75—81.

Seki, N., Shirasaki, H., Kikuchi, M., Himi, T., 2007. Capsaicin induces the production
of IL-6 in human upper respiratory epithelial cells. Life Sci. 80, 1592—1597.
Seltenrich, N., 2015. Between Extremes: Health Effects of Heat and Cold. National

Institute of Environmental Health Sciences.

Story, G.M., Peier, A.M., Reeve, AJ., Eid, S.R., Mosbacher, J., Hricik, T.R., Earley, TJ].,
Hergarden, A.C., Andersson, D.A., Hwang, S.W., 2003. ANKTM1, a TRP-like
channel expressed in nociceptive neurons, is activated by cold temperatures.
Cell 112, 819—829.

Tanaka, M., Tokudome, S., 1991. Accidental hypothermia and death from cold in
urban areas. Int. ]. Biometeorol. 34, 242—246.

Wong, G., Li, S., Hui, D., Fok, T., Zhong, N., Chen, Y., Lai, C., 2002. Individual allergens
as risk factors for asthma and bronchial hyperresponsiveness in Chinese chil-
dren. Eur. Respir. J. 19, 288—293.

Xing, H., Ling, ].X., Chen, M., Johnson, R.D., Tominaga, M., Wang, C.-Y., Gu, ]., 2008.
TRPM8 mechanism of autonomic nerve response to cold in respiratory airway.
Mol. Pain 4, 22.

Xu, Z., Huang, C., Su, H., Turner, LR, Qiao, Z., Tong, S., 2013. Diurnal temperature
range and childhood asthma: a time-series study. Environ. Health 12, 12.

You, H., Chen, S., Mao, L., Li, B, Yuan, Y., Li, R,, Yang, X., 2014. The adjuvant effect
induced by di-(2-ethylhexyl) phthalate (DEHP) is mediated through oxidative
stress in a mouse model of asthma. Food Chem. Toxicol. 71, 272—281.

Yu, H., Li, Q, Zhou, X., Kolosov, V.P,, Perelman, ].M., 2012. Transient receptor

Please cite this article as: Deng, L et al., High and low temperatures aggravate airway inflammation of asthma: Evidence in a mouse model,
Environmental Pollution, https://doi.org/10.1016/j.envpol.2019.113433



http://refhub.elsevier.com/S0269-7491(19)34489-6/sref1
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref1
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref1
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref2
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref2
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref2
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref3
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref3
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref3
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref3
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref4
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref4
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref4
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref4
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref4
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref4
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref4
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref5
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref5
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref5
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref5
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref6
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref6
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref6
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref6
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref6
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref7
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref7
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref7
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref8
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref8
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref9
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref10
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref10
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref10
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref10
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref11
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref11
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref11
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref11
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref11
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref12
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref12
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref12
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref12
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref13
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref13
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref13
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref14
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref14
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref14
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref14
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref15
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref15
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref15
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref15
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref15
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref15
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref15
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref16
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref16
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref16
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref16
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref17
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref17
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref17
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref18
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref18
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref18
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref18
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref18
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref18
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref19
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref19
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref19
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref20
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref20
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref20
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref20
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref21
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref21
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref21
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref21
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref21
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref22
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref22
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref22
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref23
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref23
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref23
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref23
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref24
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref24
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref24
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref25
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref25
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref25
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref25
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref26
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref26
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref26
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref27
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref27
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref27
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref27
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref28
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref28
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref28
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref28
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref28
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref29
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref29
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref29
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref29
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref30
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref30
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref30
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref31
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref31
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref31
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref31
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref31
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref32
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref32
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref32
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref32
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref33
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref33
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref33
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref34
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref34
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref34
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref34
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref34
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref34
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref35
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref35
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref35
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref36
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref36
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref36
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref36
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref37
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref37
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref37
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref37
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref38
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref38
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref38
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref38
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref38
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref39
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref39
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref39
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref39
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref39
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref40
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref40
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref41
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref41
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref41
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref42
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref42
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref42
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref42
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref43
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref43
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref43
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref43
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref44
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref44
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref44
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref45
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref45
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref45
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref46
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref46
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref46
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref47
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref47
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref47
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref48
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref48
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref48
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref48
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref49
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref49
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref49
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref49
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref50
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref50
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref50
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref50
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref51
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref51
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref51
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref52
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref52
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref53
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref53
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref53
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref53
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref53
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref54
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref54
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref54
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref55
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref55
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref55
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref55
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref56
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref56
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref56
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref57
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref57
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref58
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref58
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref58
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref58
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref59

ARTICLE IN PRESS

L. Deng et al. / Environmental Pollution xxx (XxXx) xxx 1

potential vanilloid 1 receptors mediate acid-induced mucin secretion via Ca2+
influx in human airway epithelial cells. ]. Biochem. Mol. Toxicol. 26, 179—186.

YUKSEL, H., Tanac, R, Tez, E., DEMIR, E., COKER, M., 1996. Childhood asthma and
atmospheric conditions. Pediatr. Int. 38, 606—610.

Zhang, G., Lin, R.L, Wiggers, M., Snow, D.M.,, Lee, LY., 2008. Altered expression of
TRPV1 and sensitivity to capsaicin in pulmonary myelinated afferents following
chronic airway inflammation in the rat. J. Physiol. 586, 5771-5786.

Zhang, Y., Li, B,, Huang, C,, Yang, X., Qian, H., Deng, Q., Zhao, Z., Li, A., Zhao, J.,

Zhang, X., Qu, F, Hy, Y., Yang, Q., Wang, ]., Zhang, M., Wang, F,, Zheng, X, Lu, C.,
Liu, Z., Sun, Y., Mo, J., Zhao, Y., Liu, W., Wang, T., Norback, D., Bornehag, C.-G.,
Sundell, J., 2013. Ten cities cross-sectional questionnaire survey of children
asthma and other allergies in China. Chin. Sci. Bull. 58, 4182—4189.

Zhao, L., Zhang, X., Kuang, H., W, J., Guo, Y., Ma, L., 2013. Effect of TRPV1 channel on
the proliferation and apoptosis in asthmatic rat airway smooth muscle cells.
Exp. Lung Res. 39, 283—-294.



http://refhub.elsevier.com/S0269-7491(19)34489-6/sref59
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref59
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref59
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref60
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref60
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref60
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref61
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref61
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref61
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref61
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref62
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref62
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref62
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref62
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref62
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref62
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref62
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref63
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref63
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref63
http://refhub.elsevier.com/S0269-7491(19)34489-6/sref63

Temperatu re exposure OVA aerosol challenge
| (2 h at AM, 2 h at PM Except for weekends) | 0.5 for every day

Day gl 14 18 22 26 3032

OVA sensitization at 9:00-10:00 AM Biochemical and
histological analysis

Figure S1 The protocol of the experimental
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