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Increased expression of transient receptor 
potential channels and neurogenic factors 
associates with cough severity in a guinea pig 
model
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Abstract 

Background: Previous studies suggest that transient receptor potential (TRP) channels and neurogenic inflamma-
tion may be involved in idiopathic pulmonary fibrosis (IPF)-related high cough sensitivity, although the details of 
mechanism are largely unknown. Here, we aimed to further explore the potential mechanism involved in IPF-related 
high cough sensitivity to capsaicin challenge in a guinea pig model of pulmonary fibrosis induced by bleomycin.

Methods: Western blotting and real-time quantitative polymerase chain reaction (RT-qPCR) were employed to meas-
ure the expression of TRP channel subfamily A, member 1 (TRPA1) and TRP vanilloid 1 (TRPV1), which may be involved 
in the cough reflex pathway. Immunohistochemical analysis and RT-qPCR were used to detect the expression of 
neuropeptides substance P (SP), Neurokinin-1 receptor (NK1R), and calcitonin gene-related peptide (CGRP) in lung 
tissues. Concentrations of nerve growth factor (NGF), SP, neurokinin A (NKA), neurokinin B (NKB), and brain-derived 
neurotrophic factor (BDNF) in lung tissue homogenates were measured by ELISA.

Results: Cough sensitivity to capsaicin was significantly higher in the model group than that of the sham group. RT-
qPCR and immunohistochemical analysis showed that the expression of TRPA1 and TRPV1 in the jugular ganglion and 
nodal ganglion, and SP, NK1R, and CGRP in lung tissue was significantly higher in the model group than the control 
group. In addition, expression of TRP and neurogenic factors was positively correlated with cough sensitivity of the 
experimental animals.

Conclusion: Up-regulated expression of TRPA1 and TRPV1 in the cough reflex pathway and neurogenic inflammation 
might contribute to the IPF-related high cough sensitivity in guinea pig model.
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Background
Idiopathic pulmonary fibrosis (IPF) is a chronic progres-
sive fibrotic lung disease, the etiology of which is still 
unknown [1]. The main clinical manifestations include 

cough, progressive dyspnea, and fatigue, while the sur-
vival period after diagnosis is approximately 2–5  years 
[2, 3]. Normally, cough, particularly chronic irritant dry 
cough, is a common clinical symptom of IPF that occurs 
in approximately 73–86% of IPF patients [4]. The symp-
toms are severe during the day and seriously affect the 
quality of life of affected patients [5]. In addition, cough 
in patients with IPF is an independent predictor of the 
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prognosis of the disease [4], often refractory, while tradi-
tional cough medicines have poor efficacy [6].

The pathophysiological mechanism underlying 
IPF-related cough remains unclear, although some 
studies suggest that it might relate to neurogenic inflam-
mation, transient receptor potential (TRP) channels, 
and increased cough sensitivity [7]. Neurogenic inflam-
mation refers to the activation of sensory neurons when 
they are thermally or chemically stimulated, which leads 
to the release of substance P (SP), calcitonin gene-related 
peptide (CGRP), neurokinin A (NKA), and other inflam-
matory mediators, and consequently to inflammatory 
reactions such as local tissue edema [8]. It has been 
shown that the main mediators of neurogenic inflam-
mation such as CGRP and SP play important regulatory 
roles in the cough reflex [9]. When neurogenic inflam-
mation occurs, neurons release bradykinin, nerve growth 
factor (NGF), and other inflammatory mediators, which 
can not only directly stimulate and activate cough recep-
tors in the airway mucosa, but also increase cough sensi-
tivity to normal subliminal stimuli [10].

As cough receptors, TRP channels of the respiratory 
system, especially TRP channel vanillin subfamily mem-
ber 1 (TRPV1) and TRP channel subfamily A member 1 
(TRPA1), are sensitive to thermal and chemical stimula-
tion, which contribute to the pathogenesis of chronic 
cough [11]. It has been shown that up-regulated expres-
sion of TRPA1 and TRPV1 can increase cough sensitivity, 
which can be indirectly sensitized by a series of inflam-
matory mediators such as bradykinin and NGF [12]. Fur-
thermore, when the cough sensitivity of children with 
chronic cough increases, levels of CGRP in bronchoal-
veolar lavage fluid (BALF) also increase [13]. Patients 
with IPF also have increased cough sensitivity to chemi-
cal stimuli (inhalation of capsaicin or SP) and increased 
levels of neurotrophins in sputum [14]. We have previ-
ously shown that expression of TRPA1 and TRPV1 in 
the lungs of a guinea pig model of bleomycin-induced 
pulmonary fibrosis was elevated, which was compa-
nied with increased cough sensitivity [15]. This suggests 
that TRP channels and neurogenic inflammation might 
be involved in the pathogenesis of IPF-associated high 
cough sensitivity.

It is known that every involuntary cough is com-
posed of a complete reflex arc [16]. After the sensory 
nerve endings are stimulated, the nerve impulse trav-
els along the vagus nerve to the brainstem cough center 
where the signals are integrated and then transmitted 
to the effectors (e.g., diaphragm, larynx, chest, abdomi-
nal muscles) via the efferent nerve, causing cough [17]. 
Airway afferent nerves related to cough reflex mainly 
originate from the nodose ganglia and jugular ganglia, 
both of which express cough receptors such as TRPA1 

and TRPV1 [18]. However, it is still not clear whether 
there are changes in the expression of TRP channels in 
the jugular ganglia and nodose ganglia in IPF-related 
cough, or in the expression of the neurogenic indicators 
SP, Neurokinin-1 receptor (NK1R), and CGRP in lung 
tissues.

To further address these unknown issues, we aimed to 
explore the expression of TRPA1 and TRPV1 in the jug-
ular ganglia and nodose ganglia and that of neurogenic 
indicators such as SP, CGRP, and NK1R in the lungs using 
an established guinea pig cough model of pulmonary 
fibrosis induced with bleomycin. We hypothesized that 
the increased cough sensitivity in the bleomycin-induced 
pulmonary fibrosis guinea pig model is associated with 
the upregulation of TRPA1 and TRPV1 in the jugular 
ganglia and nodose ganglia in the cough afferent pathway, 
which is related to the occurrence of neurogenic inflam-
mation in the lungs.

Methods
Reagents and materials
Primary rabbit antibodies against TRPA1 (NB110-40763), 
CGRP (NBP2-88980), NK1R (NB300-119), TRPV1 
(OST00029W), and SP (Ab14148) were purchased from 
Novus Bio (Littleton, MA), Invitrogen (Carlsbad, CA), 
and Abcam (Cambridge, MA), respectively.

A commercial hydroxyproline assay kit was purchased 
from the Jiancheng Bioengineering Institute (Jiangsu, 
China), while bleomycin and capsaicin were purchased 
from Hisun-Pfizer Pharmaceuticals (Zhejiang, China) 
and Sigma-Aldrich (Seattle, WA), respectively.

To measure concentrations of NKA (MC14120), neu-
rokinin B (NKB, MC14120), matrix metallopeptidase-9 
(MMP-9, MC14143), brain-derived neurotrophic factor 
(BDNF, MC14115), tissue inhibitor of metalloprotein-
ase-1 (TIMP, MC14142), NGF (ML028147-JK48) and 
fibroblast growth factor 2 (FGF2, ML028139-GC96T) in 
lung tissue homogenates of guinea pig models, ELISA 
kits were purchased from the Meichenlianchuang Bioen-
gineering Institute (Beijing, China) and Boaokaimei Bio-
engineering Institute (Beijing, China).

For measuring mRNA expression, PureLinkTM RNA 
Mini and One-Step PrimeScript TM real-time polymer-
ase chain reaction (RT-qPCR) kits were purchased from 
Thermo Fisher Scientific (Carlsbad, CA) and TaKaRa 
(Dalian, China), respectively, while the encoding primers 
were synthesized by Sangon (Shanghai, China) (Table 1).

The total collagen content in the lung tissues of the 
experimental animals was measured using hydroxypro-
line assay purchased from Jiancheng Bioengineering 
Institute (Jiangsu, China), according to the manufactur-
er’s instructions.



Page 3 of 14Guan et al. BMC Pulm Med          (2021) 21:187  

Animal models and experimental design
All animal experimental procedures in the present study 
were performed in accordance with the Guide for Care 
and Use of Laboratory Animals (8th edition, released 
by the National Research Council, USA) and approved 
by the Animal Experiment Committee of Laboratory 
Animal Center, Academy of Military Medical Sciences 
(approval number: IACUC-DWZX-2020-048).

Pathogen-free, male Hartley guinea pigs, weighing 
250–300 g, were purchased from Beijing Weitong Lihua 
Experimental Animal Technology Company (Beijing, 
China) and maintained under specific pathogen-free 
conditions. After 5 days of adaptive feeding, guinea pigs 
with abnormal cough sensitivity were excluded, while the 
rest of the animals were randomly assigned to the sham 
operation and model groups (~ 16–18 per group) using 
the random number table method and subjected to the 
cough sensitivity test. Each group of guinea pigs served 
as an experimental unit.

A guinea pig laryngoscope (HRH-HAG5; Beijing 
Hui-Rong-He Technology Company) (Additional file  1: 
Fig.  1A-a) and a pulmonary micro-liquid nebulizer 
(HRH-MAG4; Beijing Hui-Rong-He technology com-
pany) (Additional file 1: Fig. 1A-b) were used to examine 
the throat, as these allow the operators to clearly visual-
ize the structure of the larynx and respiratory tract, as 
well as to directly and precisely deliver the atomized drug 
into the lungs of guinea pigs during inhalation. In brief, 
guinea pigs were subjected to fasting for 8  h and anes-
thetized using intraperitoneal injections of 1% pentobar-
bital sodium solution (Sigma, P-010, St. Louis, MO, USA) 
at a dose of 30 mg/kg. The guinea pigs were then placed 
on the surgery table (HRH-HAG7; Beijing Hui-Rong-He 
Technology Company, Beijing, China) in a supine posi-
tion with the upper teeth and limbs secured (Additional 
file  1: Fig.  1Ac). Additionally, the angle between the 

operating table and tabletop was adjusted to 45°, that is, 
the mouth, throat, and body of the animal, were placed 
in a straight line to allow a convenient and quick delivery 
of aerosol drugs into the trachea. Approximately 0.2 mL 
of PBS (sham operation group) or bleomycin (11.428 mg/
mL; model group) was evenly distributed throughout 
the lungs of each animal (calculated on the basis of the 
body weight, 0.7 μL/g). Following the administration of 
the bleomycin or PBS, guinea pigs were placed on electric 
blankets to keep them warm. Animals were returned to 
the rearing room once they were awake and able to move 
normally.

Cough induction
On the 7th, 14th, 21st, and 28th days after the adminis-
tration of bleomycin, the cough reflex sensitivity of each 
guinea pig (Fig.  1a) was evaluated in a conscious and 
unconstrained state as described previously [19–21]. 
Briefly, the animals were placed in a closed cylindrical 
container prepared in our laboratory, into which room 
air was continuously filled using a micropump nebulizer 
(OMRON, Japan). Capsaicin solution (75 μM; Sigma, St. 
Louis, MOA) was delivered to the container via an aero-
sol pump using a micropump nebulizer plastic tubing 
[15]. The guinea pigs were exposed to capsaicin in the 
container for 3 min and observed for a further 5 min [19].

The number of coughs during the first 3 min and the 
subsequent 5 min was counted by two trained observ-
ers. Coughs were counted by acoustical monitoring of 
the sounds made by the animals and continuous visual 
monitoring of the characteristic animal postures, includ-
ing mouth-opening and abdominal movements associ-
ated with coughing. All animals were monitored daily to 
determine the changes in weight and to observe the clini-
cal symptoms. The number of deaths was recorded.

Sample preparation
Guinea pigs were randomly selected from the sham oper-
ation and model groups (n = 7–8/time point) on the 14th 
and 28th days after bleomycin administration. Following 
the induction of anesthesia with an intraperitoneal injec-
tion of 1% pentobarbital sodium solution at a dose of 
30 mg/kg, the guinea pigs were sacrificed using the femo-
ral artery bleeding method. The right lungs were isolated, 
placed into cryotubes, quickly frozen in liquid nitrogen, 
and transferred to a − 80  °C refrigerator until further 
analysis by western blotting, ELISA, and RT-qPCR. The 
left lungs of the animals were fixed in 4% paraformalde-
hyde for > 24 h and embedded in paraffin after dehydra-
tion for subsequent staining with hematoxylin and eosin 
(H&E), Masson, and immunohistochemistry.

Table 1 Sequences of the genus-specific primers

GAPDH Forward: 5′-CAA CTA CAT GGT CTA CAT GTTC -3′

Reverse: 5′-CTC GCT CCT GGA AGATG -3′

TRPV1 Forward: 5′-CAG TGG GAA GAT TGG GGT CT-3′

Reverse: 5′-AAG TCC TCG GCC ACA TTG TA-3′

TRPA1 Forward: 5′-GCC AGG AAC AGC TTT CAA CT-3′

Reverse: 5′-ACA AAC AAG GGC AGC ACA AA-3′

SP Forward: 5′-GGG TTA TGA AAG GAG TGC CA-3′

Reverse: 5′-CTC TGA GGG AGG AGT CAG AA-3′

NK1R Forward: 5′-ACT GGA GCT CTG AGA AGT GT-3′

Reverse: 5′-CTT AGG TCA CAC AGC ATG GG-3′

CGRP Forward: 5′-CTC TAC TCC AAG ACC TCG CC-3′

Reverse: 5′-CAC TGG CCT TCA TCT GCA TG-3′
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Histopathological analyses
Paraffin blocks were sliced into section of 5  μm thick-
ness for histological analysis. Sections were stained 
using H&E and Masson’s stain to evaluate the degree of 
inflammation and the presence of fibrosis, respectively. 
The Ashcroft scale was used to measure the degree of 
bleomycin-induced lung fibrosis, as reported by Ashcroft 
et  al. and Hübner et  al. [22, 23]; six stained fields were 
randomly selected from the lung tissue sections obtained 
from each guinea pig and analyzed using the Ashcroft 
scale.

Immunohistochemistry
Paraffin sections were deparaffinized in xylene and rehy-
drated in a series of graded alcohols, while endogenous 
peroxidase was quenched with 3% hydrogen peroxide 
 (H2O2) for 10  min. For antigen retrieval, sections were 
placed in citrate buffer (pH = 6), microwaved (Sharp, 
R-331ZX) for 3 min at 95  °C, and allowed to cool down 
for 20 min at 26 °C; this process was repeated once. After 
blocking with a blocking reagent for 30  min at room 
temperature, sections were incubated with primary anti-
bodies against SP (1:5000), NK1R (1:2500), and CGRP, 
(1:3000) overnight at 4  °C. After washing, sections were 
then incubated with poly-horseradish peroxidase (HRP) 
anti-rabbit IgG secondary antibodies (1:1000) or poly 
HRP anti-mouse IgG secondary antibodies (1:1000) for 
20  min. Immunoreactivity was developed with DAB 
(3,3′-Diaminobenzidine tetrahydrochloride, a substrate 
of HRP) for 20 min. After washing, sections were coun-
terstained with hematoxylin.

Immunoreactivity for SP, NK1R, and CGRP was visual-
ized and quantified using an Olympus DP70 microscope 
(Olympus Corporation, Tokyo, Japan) and a Nanozoom-
erS210 whole slide scanner (Hamamatsu Photonics, 
Hamamatsu City, Japan). A total of six visual fields in sec-
tions per animal were chosen randomly and images were 
analyzed using Image-Pro Plus 6.0 software.

Western blotting
Western blotting was performed to analyze expression 
of proteins in the jugular ganglion and nodular ganglion 
of the animals. Ganglion tissues were homogenized in 

radioimmunoprecipitation assay (RIPA) lysis buffer sup-
plemented with a protease inhibitor cocktail (Sigma-
Aldrich) on ice. After centrifugation of the samples at 
12,000 rpm (ThermoFisher, legend micro 21r) for 10 min, 
supernatants were collected.

Protein samples were denatured by boiling in sodium 
dodecyl sulfate (SDS) loading buffer and separated by 
SDS–polyacrylamide gel electrophoresis on a 10% poly-
acrylamide gel. Proteins were subsequently transferred 
onto nitrocellulose membranes (Bio-Rad, Hercules, CA), 
which were treated with rapid block buffer (Sangon, 
Shanghai, China, C510053-0020) for 10  min to block 
nonspecific binding. Subsequently, membranes were 
incubated overnight with primary antibodies against 
TRPV1 and TRPA1 at 4  °C. After washing three times 
(5 min for each), blots were incubated with a HRP-con-
jugated secondary antibody at a dilution of 1:2,000 for 
60 min at 37 °C. Specific proteins were detected using an 
enhanced chemiluminescence reagent (Amersham Bio-
sciences, Piscataway, NJ). The intensities of the individual 
bands were quantified using ImageJ software. All assays 
were performed independently and in triplicate.

ELISA
ELISA was performed for measuring concentrations of 
NKA, NKB, BDNF, and NGF in lung tissue homogenates 
of animals according to the manufacturer’s instructions.

Real-time quantitative PCR
Total RNA samples were isolated from the jugular gan-
glion, nodular ganglion, and lung tissues using TRIzol 
reagent (Invitrogen, Carlsbad, CA), according to the 
manufacturer’s instructions. The QuantiFast SYBR Green 
RT-PCR kit (QIAGEN, Düsseldorf, Germany) was used 
for PCR amplification, while the mRNA expression levels 
of TRPV1, TRPA1, SP, NK1R, and CGRP were quantified 
by RT-qPCR using different primers (Table 1). Each sam-
ple was assayed in triplicate.

Statistical analyses
All statistical analyses were performed using SPSS ver-
sion 26.0 (SPSS Software, Armonk, NY). Data are 
expressed as mean ± standard error of the mean (SEM). 

Fig. 1 Body weight changes, pulmonary inflammation, fibrosis, and cough reflex sensitivity in guinea pigs. The cough reflex index was evaluated 
on the 7th, 14th, 21st, and 28th day after intratracheal administration of bleomycin (n = 16–18 animals/each time point on days 7 and 14; n = 7–8 
animals/each time point on days 21 and 28). Samples were collected on the 14th and 28th das after the cough reflex test (a). Body weights of 
guinea pigs were measured before and after the administration of bleomycin (b). Cough responses to 0.75 μM capsaicin were recorded prior to 
and on the 7th, 14th, 21st, and 28th day after bleomycin administration (c). On the 14th and 28th day after the intratracheal administration of 
bleomycin, the lung tissues were collected after animals were sacrificed. The lung tissue sections were stained by H&E (d) and Masson’s stain (e) to 
evaluate inflammation and fibrosis. Additionally, the concentration of collagen in lung tissues was measured (f). The results of Masson staining were 
quantified using the Ashcroft scale (n = 6/group/per time point) (g). The data are expressed as the mean ± SD. *P < 0.05

(See figure on next page.)
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The time-course results were compared among multiple 
groups using two-way analysis of variance (ANOVA), fol-
lowed by the Sidak test. The other results were compared 
between the groups using one-way ANOVA, followed 
by Dunnett’s multiple comparison test or two-tailed 
unpaired t-tests. Correlations of the cough numbers and 
relevant indexes measured were analyzed using a Pearson 
correlation coefficient. P-values < 0.05 were considered to 
be statistically significant.

Results
Animal deaths, signs of disease, and changes in body 
weight
There were no deaths in the sham group; however, three 
deaths occurred in the model group, on the 13th, 16th, 
and 21st day after the administration of bleomycin.

Guinea pigs in the sham operation group had flexible 
activities, bright and clean hair, a normal dietary intake, 
and a steady increase in body weight throughout the 
period of experiment. In contrast, those in the model 
group suffered from rapid breathing, reduced food and 
water intake, less movement, scruffy fur, cyanotic paws 
and mouth, and poor mental response. The most obvious 
manifestations were observed 1–5  days after the induc-
tion of pulmonary fibrosis.

Weights of all guinea pigs in both groups increased 
over time. However, the growth rate of animals in the 
sham operation group was faster than that of those in the 
model group. The average weight of the guinea pigs in the 
model group was significantly lower than that of those 
in the sham operation group, as measured on the 14th, 
21st, and 28th day after the administration of bleomycin 
(P < 0.05) (Table 2, Fig. 1b).

Bleomycin-induced pulmonary fibrosis
Histological staining with H&E and Masson’s trichrome 
revealed that the alveolar walls were intact and that the 
alveolar septa showed no thickening in the lung tissue 
sections of the sham operation group. Furthermore, there 
was no obvious infiltration of inflammatory cells or col-
lagen deposition in the sham operation group (Fig. 1d, e). 
The lung tissue sections of the guinea pigs in the model 
group showed a more severe infiltration of inflammatory 
cells and fibrosis, thickening of alveolar walls, and distor-
tion of architecture of the pulmonary parenchyma than 
those of the sham operation group (Fig. 1d, e).

It has been shown that the hydroxyproline content in 
lung tissues indirectly reflects the collagen content and 
severity of fibrosis [24]. Correspondingly, the hydroxy-
proline assay revealed that the concentration of hydroxy-
proline was significantly higher in the lung tissues of the 
model group than that of the sham operation group, as 
measured on the 14th and 28th day after bleomycin 
administration (Fig. 1f; P < 0.05).

Furthermore, unlike those animals of the sham opera-
tion group, analysis of Ashcroft fibrotic scores showed 
that lung tissue sections of the guinea pigs in the model 
group had significant pulmonary fibrosis on the 14th 
and 28th days after bleomycin administration (Fig.  1g; 
P < 0.05).

Cough sensitivity
The cough sensitivity test, which involved the induction 
of using capsaicin, revealed that the number of coughs 
was significantly higher in the model group than in the 
sham operation group on the 7th, 14th, 21st, and 28th 
day after bleomycin administration (Fig. 1c; P < 0. 05).

Expression of TRPA1 and TRPV1 (mRNA and proteins)
RT-qPCR showed that the expression of mRNA encoding 
TRPA1 and TRPV1 was significantly higher in the jugular 
ganglion and nodular ganglion tissues of the model group 
than that of the sham operation group, as measured on 
the 14th and 28th day after the administration of bleomy-
cin (Figs. 2a, b, 3a, b; P < 0.05).

Western blotting revealed that the expression of TRPA1 
and TRPV1 proteins in the jugular ganglion and nodular 
ganglion was significantly higher in the model group than 
that of the sham operation group on the 14th and 28th 
day after the administration of bleomycin (Figs. 2c–f and 
3c–f; P < 0.05).

Expression of SP, NK1R and CGRP (mRNA and proteins)
Results of RT-qPCR showed that expression of mRNA 
encoding SP, NK1R, and CGRP was significantly higher 
in the lung tissues of the model group than those of the 
sham operation group, as measured on the 14th and 28th 
day after the administration of bleomycin (Fig.  4a–c; 
P < 0.05).

Immunohistochemical staining revealed that the 
immunoreactivity for SP, NK1R, and CGRP was also 
significantly higher in the lung tissue sections of the 

Table 2 Comparison of the changes in the body weights in the two groups

Group Before molding 7th day 14th day 21st day 28th day

Sham 280.15 ± 11.54 319.71 ± 10.92 374.72 ± 16.39 427.02 ± 26.54 463.21 ± 24.10

Model 271.844 ± 6.50 290.61 ± 11.13 322.66 ± 13.02* 345.35 ± 21.50* 365.85 ± 22.53*
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model group on the 14th and 28th day after the admin-
istration of bleomycin than those of in the sham opera-
tion group (Fig. 4d–i; P < 0.05).

Concentrations of NKA, NKB, NKF and BDNF
Results of ELISA revealed that the concentrations of 
NKA, NKB, NGF, and BDNF were significantly greater 
in the lung samples of the model group on the 14th and 
28th day after the administration of bleomycin than 
those of the sham operation group (Fig. 5a–d; P < 0.05).

Correlation analysis
To further explore whether the cough sensitivity is 
associated with the relevant indexes measured, we ana-
lyzed correlations between the expression of TRP chan-
nels and neurogenic factors SP, NK1R, and CGRP and 
cough numbers of the experimental animals at days 14 
and 28. Results showed that there was a positive correla-
tion between the number of coughs and the expression 
of mRNA encoding TRPV1 and TRPA1 in the jugular 
ganglion (JG) and nodular ganglion (NG) on day 14 and 
day 28 (Fig.  6, day 14: a-d, a, TRPA1 (JG):  R2 = 0.7669, 
p = 0.0036; b, TRPA1 (NG):  R2 = 0.7434, p = 0.0056; 
c,TRPV1 (JG):  R2 = 0.7315, p = 0.0069; d, TRPV1 (NG): 

Fig. 2 mRNA and protein expression of TRPA1 in the jugular ganglion and nodal ganglion. Expression of mRNA encoding TRPA1 in the jugular 
ganglion (a) and nodal ganglion (b) was measured using RT-qPCR, while expression of TRPA1 protein in the jugular ganglion (c, d) and nodal 
ganglion (e–f) was measured using western blotting. Quantitative histograms represent the intensity of the strip optical density (n = 6/group/ per 
time point). The data are expressed as the mean ± SD. *P < 0.05



Page 8 of 14Guan et al. BMC Pulm Med          (2021) 21:187 

 R2 = 0.7707, p = 0.0034; day 28: h–k, h, TRPA1 (JG): 
 R2 = 0.7631, p = 0.0039; i,TRPA1 (NG):  R2 = 0.7427, 
p = 0.0057; j, TRPV1 (JG):  R2 = 0.7413, p = 0.0058; k, 
TRPV1 (NG):  R2 = 0.7371, p = 0.0062). In addition, the 
number of coughs also positively correlated with expres-
sion of mRNA encoding SP, NK1R, and CGRP on day 
14 and day 28 (Fig.  6, day 14:e–g, e, SP:  R2 = 0.7169, 

p = 0.0018; f, NK1R:  R2 = 0.6997, p = 0.0026; g, CGRP: 
 R2 = 0.7224, p = 0.0016; day 28: l-n, l, SP:  R2 = 0.6562, 
p = 0.0079; m, NK1R:  R2 = 0.7004, p = 0.0036; n, CGRP: 
 R2 = 0.7503, p = 0.0013). Furthermore, expression of 
mRNA encoding TRP channels also positively corre-
lated to that of SP, NK1R, and CGRP (The correlation 

Fig. 3 mRNA and protein expression of TRPV1 in the jugular ganglion and nodal ganglion. Expression of mRNA encoding TRPV1 in the jugular 
ganglion (a) and nodal ganglion (b) was measured using RT-qPCR, while expression of TRPV1 protein in the jugular ganglion (c, d) and nodal 
ganglion (e, f) was measured using western blotting. Quantitative histograms represent the intensity of the strip optical density (n = 6/group/ per 
time point). The data are expressed as the mean ± SD. *P < 0.05

(See figure on next page.)
Fig. 4 mRNA and protein expression of CGRP, NK1R, and SP in lung tissue. Fold changes in mRNA expression of CGRP (a), NK1R (b), and SP (c) at 14 
and 28 days after treatment with bleomycin were detected by RT-qPCR. Immunoreactivity for CGRP (d, e), NK1R (f-g), and SP (h, i) in lung sections 
was measured (original magnification × 20). Quantitative analysis was performed by the integrated optical density (IOD) values using IPP software 
(n = 6/group). The data are expressed as the mean ± SD. *P < 0.05
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coefficients and P values are shown in Additional file 1: 
Table 1 and Table 2).

Discussion
Cough is a common clinical symptom of IPF [25] that 
seriously affects the quality of life of affected patients; 
however, its management is limited because of the lack 
of effective treatment [26]. Using a guinea pig model of 
bleomycin-induced pulmonary fibrosis with increased 
cough sensitivity, we explored the changes in the expres-
sion of “cough receptors” and mediators involved in air-
way neurogenic inflammation. Data showed that on the 
 14th and  28th day after the administration of bleomycin, 
lung fibrosis, cough sensitivity, and expression of neuro-
genic inflammatory mediators SP, NK1R, CGRP, NKA, 
NKB, NKF, and BDNF in the lungs, as well as expression 
of TRPV1 and TRPA1 in the cough pathway, were signifi-
cantly elevated. These suggest that there is a relationship 
between increased cough sensitivity and elevated expres-
sion of TRP channels and neurogenic inflammation in 
pulmonary fibrosis, at least in this guinea pig models. To 
support this, it worth noting that expression of mRNA 
encoding TRP channels and neurogenic factors SP, 
NK1R, and CGRP positively correlated to the number of 
coughs in the experimental animals.

Current research suggests that increased cough sen-
sitivity is involved in the pathogenesis of IPF-related 
cough. Doherty et  al. [27] have reported that patients 

with IPF have increased cough sensitivity to inhaled SP 
and capsaicin, in which the cough-causing capsaicin con-
centration in the IPF group was much lower than that 
of the control group. Our data not only showed that the 
number of coughs in guinea pigs increased significantly 
after administration of bleomycin, but also that at the 
same concentration of atomized capsaicin, guinea pigs 
in the model group coughed sooner and more frequently 
than those of the sham group, suggesting that guinea 
pigs with bleomycin-induced pulmonary fibrosis have 
increased cough sensitivity.

As it has been known, TRPA1 and TRPV1 are closely 
related to the occurrence of high cough sensitivity. Clarke 
et al. [28] have shown that the expression of TRPV1 on 
the nerve fibers of the respiratory tract in patients with 
chronic cough is four times higher than that of healthy 
people. Our previous study also showed that expression 
of TRPV1/TRPA1 was upregulated in a guinea pig model 
of bleomycin-induced pulmonary fibrosis with chronic 
cough [15]. Every physiological cough requires a com-
plete neural reflex arc, which starts with the activation of 
afferent fibers of the vagus nerve in the airway [17, 29]. 
Therefore, any changes or abnormalities in the compo-
nents of the reflex arc can cause abnormal cough reflexes 
and change cough sensitivity [30]. In fact, the cough 
receptors (i.e., sensory nerve endings) distributed in 
the airway include C fiber endings, fast-adapting recep-
tors, and slow-adapting receptors. Their cell bodies are 

Fig. 5 Changes in concentrations of neurotrophic factors in lung tissue homogenates. Changes in the concentrations of NKA (a), NKB (b), NGF (c), 
and BDNF (d) in lung tissue homogenate samples, as measured by ELISA (n = 7–8 animals/group/ per time point). The data are expressed as the 
mean ± SD. *P < 0.05
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Fig. 6 Correlation analysis. The number of coughs with the relative expression of mRNA encoding TRPA1 and TRPV1 in the jugular ganglion (a, c, h, 
j) and nodular ganglion (b, d, i, k) of experimental animals on days 14 and 28. Correlation of relative expression of SP (e, i), NK1R (f, m), and CGRP (g, 
n) in lung tissue on day 14 and day 28 with the number of coughs. The data were obtained by using a Pearson correlation coefficient
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mainly derived from the jugular ganglion, nodose gan-
glion, and thoracic dorsal root ganglion (DRG). Increased 
expression of TRPA1\TRPV1 in the jugular ganglion and 
nodose ganglia of the guinea pig model of bleomycin-
induced pulmonary fibrosis suggests that such up-regu-
lated expression of TRPA1\TRPV1 on the cough afferent 
pathway might be associated with the increased cough 
sensitivity in animal models; however, a previous study 
[31] showed that there is unchanged mRNA expression 
of TRPV1 and TRPA1 in the lung. This inconsistency 
may be explained by differences in the efficiencies of the 
primers and in modeling methods. In addition, in this 
study, TRPV1 played an important role in the etiology of 
IPF-related cough. However, Belvisi et al. [32] found that 
TRPV1 antagonists had no effect on the objective cough 
frequency of patients with refractory chronic cough. This 
suggests that chronic cough has various types and com-
plex mechanisms. For different types of cough, the role 
of TRPV1 in the pathogenesis may be different. In IPF-
related cough, the development of cough treatment drugs 
for TRPV1 still needs further investigation.

Previous studies have shown that the levels of SP, NGF, 
BDNF, and Trk receptors increase, either in BALF, spu-
tum, or in the lung tissue of patients with IPF [13], sug-
gesting that neurogenic airway inflammation plays an 
important role in the pathogenesis of the disease. It is 
known that these neurotrophic factors can induce the 
survival and development of sensory neurons, increase 
capsaicin sensitivity, and enhance cough reflex. Our 
ELISA data showed that NKA\NKB levels increased 
significantly in lung tissue homogenates of the model 
group, suggesting that neurogenic inflammation of the 
lung might contribute to the pathogenesis of IPF cough, 
although the precise role remains to be verified. It is pos-
sible that the peripheral lung-tissue fibrotic lesions pro-
duce neurotrophic factors that, in turn, act on the near 
central airway to regulate the growth and survival of 
neurons and affect neuronal plasticity. In addition, NGF 
and BDNF can also induce the synthesis of tachykinin in 
bronchopulmonary C-type fibers [33], thereby directly or 
indirectly enhancing nerve conductivity and sensitivity 
and mediating airway neurogenic hyperresponsiveness 
[26]. In this study, changes in neurogenic inflammation 
indicators were observed in the guinea pig model; how-
ever, it has not been confirmed that neurogenic inflam-
mation plays a role in nerve activation in humans.

The interaction between TRP channels and neurogenic 
inflammation is complex, and a variety of neurotransmit-
ters and inflammatory mediators can sensitize TRPV1 
channels, including SP, NGF, NKA, and NKB. In addition, 
neurons expressing TRPV1 also contain and release neu-
ropeptides, such as SP, CGRP, NKA, and NKB. Adminis-
tration of BDNF or ovalbumin into the trachea of guinea 

pigs increases sensitivity of nodose ganglion cells to cap-
saicin, indicating that the airway nerves are plastic [34, 
35]. We have previously also shown that the expression of 
TRPV1 and TRPA1 increased in the lungs of guinea pigs 
with bleomycin-induced pulmonary fibrosis [19]. Corre-
spondingly, our data of the present study showed that the 
cough sensitivity of guinea pigs was increased on the  14th 
and  28th days after bleomycin treatment. In the mean-
time, the expression of TRPA1 and TRPV1 in the jugular 
ganglia and nodose ganglia, and the expression of CGRP, 
SP, and NK1R in the lungs, was also elevated. Further-
more, expression of TRP channels and these neurogenic 
factors significantly correlated each other, at both the 
early and late stage of development of the animal models. 
Taken together, these findings further support the con-
cept that TRP channel-related proteins and neurogenic 
inflammation contribute to cough sensitivity during pul-
monary fibrosis.

Many factors might be accountable for pulmonary 
fibrosis-related cough, such as inflammatory mediators, 
neuropeptides, oxidative stress, reactive oxygen spe-
cies (ROS), and fibrotic mechanical traction [27, 36]. 
For example, IPF can cause structural distortion of the 
lungs and fibrotic scars, which theoretically increase the 
mechanical pressure of the lungs, thus increasing cough 
sensitivity. It has been shown that patients with IPF have 
increased cough sensitivity to mechanical stimulation, 
while changes in patients with IPF can further cause 
cough-inhibiting nerve damage and impair the negative 
feedback regulation mechanism of cough [7]. In addi-
tion, TRPA1 is also a molecular target of oxidative stress 
[37], and activating TRPV1/TRPA1 can release inflam-
matory mediators [38]. This may explain the increased 
cough sensitivity under disease conditions. In addition to 
TRPA1 and TRPV1, other ion channels such as TRPV4 
and P2X3 may contribute to cough hypersensitivity 
[39–41]; however, the role of these ion channels in IPF-
COUGH needs further investigations.

At present, a few experimental animal models of pul-
monary fibrosis have been developed in mice and rats by 
intratracheal infusion of bleomycin, radiation exposure, 
and other methods [42]. However, whether mice and 
rats can cough like humans remains controversial. When 
constructing animal models of cough, animals with high 
similarity to humans in the structure of lung tissue and 
the innervation of the trachea and bronchus are more 
suitable. Guinea pigs can cough when they are awake 
and do not restrict their activities. The sound of a guinea 
pig’s cough is easy to recognize, and the cough reflex pro-
duced by guinea pigs to chemical stimuli such as citric 
acid and capsaicin in the awake state is similar to that of 
humans [43, 44]. For the above reasons, we used guinea 
pigs as experimental animals; however, some limitations 
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exist in the present study. Firstly, because of the lack of 
animal cough detection systems in our lab, the number 
of coughs was separately counted at the same time by two 
trained observers who were blinded to status of the ani-
mal conditions. This method is time-consuming, labor-
intensive, and possibly less accurate. Currently, animal 
cough detection systems are available for mice, rats, and 
guinea pigs, which can hopefully increase the accuracy of 
cough judgment. Secondly, because of the limited time 
and samples, we could only analyze expression of neu-
rogenic inflammatory indicators in the lung. Subsequent 
experiments should be further performed to detect the 
expression of neurogenic inflammatory indicators in the 
cough pathway, including the jugular ganglia and nodose 
ganglia. In addition, it can be further explored whether 
there is a decrease in neurogenic inflammation-related 
indicators after the use of TRP channel protein inhibi-
tors. Further, ganglion contains a variety of cells such as 
neurons, satellite cells (a kind of glial cell), and Schwann 
cells [45]. Due to experimental conditions, we were una-
ble to isolate neurons; therefore, the expression of TRP 
channel proteins detected in this study is the expression 
in the entire ganglion.

Conclusion
In summary, we used bleomycin to induce pulmonary 
fibrosis in a guinea pig model with high cough sensitivity. 
The expression of TRPA1 and TRPV1 in the jugular gan-
glion and nodose ganglia, as well as the expression of SP, 
NK1R, and CGRP in the lung were elevated. These sug-
gest that the increased expression of TRPA1 and TRPV1 
in the cough reflex pathway and neurogenic inflam-
mation may be associated with IPF-related high cough 
sensitivity.
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