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Abstract

Aerobic exercises could improve the sperm motility of obese individuals. However, the underlying mechanism has not been fully elucidated,
especially the possible involvement of the epididymis in which sperm acquire their fertilizing capacity. This study aims to investigate the benefit
effect of aerobic exercises on the epididymal luminal milieu of obese rats. Sprague–Dawley male rats were fed on a normal or high-fat diet (HFD)
for 10 weeks and then subjected to aerobic exercises for 12 weeks. We verified that TRPA1 was located in the epididymal epithelium. Notably,
aerobic exercises reversed the downregulated TRPA1 in the epididymis of HFD-induced obese rats, thus improving sperm fertilizing capacity
and Cl− concentration in epididymal milieu. Ussing chamber experiments showed that cinnamaldehyd (CIN), agonist of TRPA1, stimulated
an increase of the short-circuit current (ISC) in rat cauda epididymal epithelium, which was subsequently abolished by removing the ambient
Cl− and HCO3

−. In vivo data revealed that aerobic exercises increased the CIN-stimulated Cl− secretion rate of epididymal epithelium in
obese rats. Pharmacological experiments revealed that blocking cystic fibrosis transmembrane regulator (CFTR) and Ca2+-activated Cl− channel
(CaCC) suppressed the CIN-stimulated anion secretion. Moreover, CIN application in rat cauda epididymal epithelial cells elevated intracellular
Ca2+ level, and thus activate CACC. Interfering with the PGHS2-PGE2-EP2/EP4-cAMP pathway suppressed CFTR-mediated anion secretion.
This study demonstrates that TRPA1 activation can stimulate anion secretion via CFTR and CaCC, which potentially forming an appropriate
microenvironment essential for sperm maturation, and aerobic exercises can reverse the downregulation of TRPA1 in the epididymal epithelium
of obese rats.
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Introduction

Dysfunction of the male reproductive system is a common
complication of obesity [1]. Nearly 80% of male patients with
reproductive disorders are classified as overweight or obesity
[2]. Obesity leads to erectile dysfunction and poor semen qual-
ity, including decreased sperm concentration, abnormal sperm
morphology, impaired sperm motility and fertilizing capacity,
and subclinical prostatitis [3, 4]. Its pathogenic reasons can
be attributed to the disorders of the hypothalamic–pituitary–
gonadal axis, oxidative stress, glucose and lipid metabolism
disorders, leptin resistance, dysbiosis of gut microbes, inflam-
mation, and many other aspects [5–8].

Unlike many other diseases, obesity and its complications
can be counteracted by lifestyle changes. Moderate physical
activity can reverse the pathological phenotypes of obese
individuals [9]. Several studies postulate that physical exer-
cises can reverse imbalanced sperm parameters, including the
decline of sperm concentration and sperm motility in obese
individuals [8, 10, 11]. These findings suggest that obesity
affects spermatogenesis in the testis and the subsequent sperm
maturation in the epididymis. The effects of obesity and lack
of physical exercises on spermatogenesis in the testis have
been well documented over the past decades [12–14]. Martini
et al. analyzed the levels of A-glucosidase (NAG) in seminal
plasma and proposed that the decrease of sperm motility in
obese individuals is caused by the disorder of epididymal
function [15]. A few studies reported that obesity leaded to
the increased local inflammation, oxidative stress level of
epididymis, and the reduction in sperm storage time in the
epididymis [8, 16]. However, the effect of obesity on the
sperm maturation in epididymis and its underlying mechanism
remain largely unknown. The optimal lumen microenviron-
ment, characterized by the specific concentration of Ca2+,

Na+, Cl−, HCO3
−, and K+, which is established by the

active vectorial ion transport by the epididymal epithelium,
is the basis for sperms to acquire motility and fertilization
ability during transit in the epididymis [17]. Previous studies
postulated that a dysfunction of the transepithelial absorp-
tion or secretion of Ca2+, Cl−, HCO3

−, and K+ resulted in
the decline of epididymal sperm motility [18, 19]. However,
it is not yet clear whether physical exercises can improve
sperm motility and fertilizing capacity by reversing the epi-
didymal epithelial ion transport disorder in HFD-induced
obese rats.

The transient receptor potential ankyrin 1 (TRPA1), a
calcium-permeable non-selective cation channel, has been
demonstrated to be associated with the pathological process
of obesity and female infertility [20, 21]. TRPA1 is also associ-
ated with spermatogenesis in the male reproductive system of
vertebrates [22]. Obesity causes the up or downregulation of
TRPA1expression level in various tissues [23–25], suggesting
TRPA1 may represent an effective potential therapeutic target
of obesity. Besides, TRPA1 activation stimulates remarkable
transepithelial Cl− and HCO3

− secretion in colon [26, 27].
These reports suggest a potential role of TRPA1 in the anion
secretion of epididymal epithelium and the dysfunction of
the transepithelial anion secretion induced by the HFD.
However, the TRPA1 expression pattern and its function in
the epididymis remain unknown.

This study thus aims to investigate the effect of HFD and
subsequent physical exercises on the TRPA1 expression level
in the epididymal epithelium, to reveal the underlying cellular
mechanisms of the pre-secretion function of TRPA1. This
study will uncover TRPA1 as a potential target of physical
exercises-based improvement of epididymal sperm motility
and fertilizing capacity in HFD-induced obese rats.
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Materials and methods

Animals

Male Sprague–Dawley (SD) rats (weight 100–120 g) were
purchased from the Guangdong Medical Laboratory Animal
Center (Guangzhou, China). Rats were fed with 60 kcal%
from fat diet (5.24 kcal/g) for 10 weeks as the high-fat diet
(HFD) group and fed with 10 kcal% from fat diet (3.85 kcal/g)
as the control group. Rats with body weight 20% higher than
that of the control group, and the Lee’s index was 1.5% higher
than that of the control group were judged as obese rats.
Subsequently, rats were randomly assigned to the Normal diet
control group (NC group), the Normal diet with exercises
group (NE group), the HFD control group (HC group), and
the HFD with exercises group (HE group). Exercises training
of the rats was performed for 1 h/day and 5 days/week for
12 weeks on a treadmill. The exercises training protocol
consist of 15 m/min (moderate-intensity, 55–65% VO2max,
40 min) with 0% grade, and 20 min warm-up and cool-down
periods. All animal experimental procedures received ethical
approval and were performed according to the guidelines of
the Animal Experimentation Ethics Committee of Guangzhou
Sport University.

Chemicals and solutions

Minimum essential medium (MEM), F10 medium, fetal
bovine serum, penicillin/streptomycin, Hanks Balanced
Salt Solution, and 0.25% trypsin were purchased from
Gibco (Carlsbad, CA, USA). Chlortetracycline (CTC) was
purchased from Amresco (Solon, OH, USA). 5-alpha-
dihydrotestosterone (5a-DHT), collagenase IA, bumetanide
(Bum), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), bovine serum albumin (BSA), CFTRinh-172,
4′-diisothiocyanostilbene-2, 2′- disulphonic acid (DIDS),
AH-6809, AH-23848, forskolin (FSK), MDL-12330A,
indomethacin, piroxicam, Ethylene glycol-bis(2-aminoethyle-
ther)-N,N,N′,N′-tetraacetic acid A (EGTA), and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Cinnamaldehyd (CIN), HC-030031 Thap-
sigargin (Tg) were purchased from MedChemExpress (New
Jersey, USA). Fluo-4 a.m. was purchased from Molecular
Probes (Eugene, OR, USA). NaCl, KCl, MgSO4, HCl, BaCl2,
NaHCO3, KH2PO4, CaCl2, and glucose were purchased from
Guangzhou Chemical Pharmaceutical Factory (Guangzhou,
China). Normal Krebs–Henseleit (K–H) solution contained
117 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgCl2,
24.8 mM NaHCO3, 1.2 mM KH2PO4, and 11.1 mM glucose.
In Cl− free K–H solution, ambient NaCl, KCl, and CaCl2
were replaced by Na-gluconate, K-gluconate, Ca-gluconate.
The solution was gassed with 95% O2 and 5% CO2 at 32◦C
to attain a pH of 7.4. In HCO3

− free K–H solution, NaHCO3
was replaced by 10 mM HEPES to sustain a pH of 7.4, and
additional 24.8 mM NaCl was supplemented. In Cl− and
HCO3

− both-free K–H solution, Cl− was replaced by glu-
conate and NaHCO3 was replaced by HEPES. The solution
was bubbled with 100% O2 to avoid carrying HCO3

− into
the solution. Normal physiological saline solution (N-PSS)
contained 137 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2.5 mM
CaCl2, 10 mM HEPES, and 10 mM glucose. The Ca2+-free
PSS was prepared by omitting Ca2+ and adding 2 mM EGTA.

Computer aided sperm motion analysis

The cauda epididymal sperm were collected as described
before [18]. After collection, the sperm were incubated in

F10 solution at 37◦C for 10 min. The motility parameters
including the percentage of motile and forward progressives
from the total sperm analyzed were measured by computer
aided sperm motion analysis system (SCA V 5.2, MICROPTIC
S.L. Viladomat, Barcelona, Spain). The “n” value represents
the number of independent experiments.

CTC fluorescence assay

The capacitation and acrosome reaction of rat sperm was
detected by CTC staining as described previously [28], with
a few modifications. Briefly, CTC was dissolved in a buffer
containing 20 mM Tris–HCl, 5 mM cysteine, and 130 mM
NaCl (pH 7.8) at a concentration of 500 μM. Sperm were
incubated in capacitation medium Biggers, Whitter and Whit-
tingham (BWW) solution for 1 h. Then the sperm suspension
and CTC solution were mixed with equal volume. After 20 s,
the sperm were fixed by adding 8 μl 12.5% glutaraldehyde
in 2 M Tris–HCl buffer (pH 7.8). Subsequently, the sperm
suspension was washed by PBS and centrifugated at 200 × g
for 5 min. The pellet was then resuspended in 100 μl PBS,
and the suspension was placed on a clear slide. The F pattern
represented incapacitated sperm, the B pattern represented
capacitated and acrosome-intact sperm, and the AR pattern
represented capacitated and acrosome reacted sperm. The
“n” value represents the number of independent experiments,
and >200 sperms were counted to assess the different CTC
staining patterns in each independent experiment.

Real-time quantitative PCR

Total ribonucleic acid (RNA) of rat cauda epididymal tissues
was extracted using RNAprep pure Tissue Kit (TIAN-
GEN BIOTECH, Beijing, China). Real-time quantitative
PCR (qPCR) was performed using the SYBR Green I
testing system (TOYOBO, Osaka, Japan) according to the
manufacturer’s protocol. The qPCR conditions consisted
of 40 cycles of denaturation at 95◦C for 5 s, annealing
at 58◦C for 10 s, and polymerization at 60◦C for 30 s.
Specific primer sequences were as follow: Trpa1 forward
primer, 5′- ATCCGAATAGACCCAGGCAC-3′, Trpa1 reverse
primer, 5′- TGAGGTCCTTCAGCCGGTAT-3′; β-actin for-
ward primer, 5′-AGCTGAGAGGGAAATCGTGC-3′, β-actin
reverse primer, 5′-GGAACCGCTCATTGCCGATA-3′. The
“n” value represents the number of independent experiments.

Western blot analysis

Total protein extract was obtained from rat cauda epididymal
tissues. The epididymal protein was resolved by sodium
dodecyl-sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred onto a poly(vinylidene flu-
oride)(PVDF) membrane. After blocking with 5% (w/v)
BSA for 1 h at room temperature, the PVDF membranes
were incubated with an anti-TRPA1 antibody (1:1000; PA5-
88615; Thermo Fisher Scientific) overnight at 4◦C. The
PVDF membranes were then incubated with a horseradish
peroxidase (HRP)-conjugated secondary antibody (1:20 000,
EarthOx, Millbrae) for 1 h at room temperature. A HRP
substrate kit (Tanon, Shanghai, China) was employed to
visualize the target proteins.

Immunofluorescence analysis

A standard immunohistochemical method was used to label
the paraffin sections of rat caput, corpus, and cauda epi-
didymal tissues as described previously [18]. The sections
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were incubated with an anti-TRPA1 antibody (1:1500; PA5-
88615; Thermo Fisher Scientific) at 4◦C overnight; negative
controls were obtained by incubating the sections with PBS
only. After incubation with the fluorescein isothiocyanate-
conjugated secondary antibody, the images were captured by
a scanning system (KF-400, KFBIO).

Primary culture of rat cauda epididymal epithelial
cells

The primary culture of rat cauda epididymal epithelial cells
was performed as described previously [29]. In brief, eight
male SDrats (weight 100–120 g) were sacrificed by CO2
asphyxiation. The cauda epididymis was finely minced with
scissors and subjected to enzymic digestion with 0.25% (w/v)
trypsin and 0.1% (w/v) collagenase IA. The disaggregated cell
mass was then suspended in a medium containing MEM (88%
v/v), sodium pyruvate (1 mM), 5a-DHT (1 nM), FBS (10%
v/v), penicillin (100 IU/mL), and streptomycin (100 IU/mL).
The cells were cultured for 4–6 h, then the non-adherent
epithelial cell suspension was seeded onto Millipore filters
(0.45 μM) or coverslips for further investigation. The cells
were incubated at 32◦C with 5% CO2 for 3–4 days until the
monolayers reached confluence and were then used for the
measurement of the short-circuit current (ISC).

Measurement of the ISC

The Ussing chamber experiments were performed as described
previously [30]. In Brief, the monolayers were vertically
clamped in the Ussing chamber, with a perfusion system to
maintain the system at 32◦C. The voltage-clamp amplifier
(VCC MC6, Physiologic Instruments, San Diego, CA,
USA) employed to short-circuit the monolayer, and a
signal collection and analysis system (BL-420E+, Chengdu
Technology & Market, Chengdu, China) used to obtain
real-time ISC data. Transepithelial resistance was calculated
from Ohm’s law and the change of ISC was defined as the
altered ISC value which was normalized to current change per
unit area of themonolayer (�μA/cm2). In pharmacological
experiments, inhibitors, or blockers were added 20 min before
the administration of CIN. The ISC response was expressed as
upward when the anions flowed from the basal to the apical
side of the epithelium, or the cations flowed from the apical
to the basal side of the epithelium. The “n” value represents
the number of independent experiments.

In vivo measurement of Cl− secretion rate of rat
cauda epididymal epithelium

Microperfusion of rat cauda epididymis was performed as
previously described [18], with a few modifications. SD rats
were anesthetized through intraperitoneal injection of 3%
pentobarbital sodium (0.15 ml/100 g of body weight) to
maintain the animals under anesthesia. Cauda epididymis
from both sides of the animal was cannulated with tailor-
made catheters (diameter 100–200 μm). The original cauda
epididymal lumen fluid was collected and then centrifuge
(6000 g) for 10 min at 4◦C, the supernatant was collected
to measure the concentration of Cl−. The cauda epididymal
lumen was then perfused the solution (N-PSS) use an infusion
pump (LongerPump, Baoding, China) at a rate of 10 ml/min.
After perfusion for 30 min, the perfusate was then collected
into a 1.5-ml tube through the vas deferens inserted with
a polyethylene tubing (for 60 min). The samples were then
diluted and filtered through a 0.22 mm pore filter. The

concentration of Cl− was analyzed by ion chromatography
(ICS-900, Dionex, Sunnyvale, CA, USA). The length of the
epididymal lumen that receives perfusion was measured to
calibrate the Cl− secretion rate. The “n” value represents the
number of independent experiments.

Measurement of the intracellular Ca2+
concentration ([Ca2+]i)

The primary cultured cells on cover-slips were washed with
N-PSS or Ca2+-free PSS three times and then incubated with
fluo-4 a.m. (10 μM) for 40 min at 32◦C. Cover-slips were
then transferred to a 1 ml chamber perfused with N-PSS
or Ca2+-free PSS and the fluorescence signal was recorded
using a laser scanning confocal imaging system (TCS SP2,
Leica Microsystems, Mannheim, Germany). The fluorescence
intensity after drug treatment was normalized to the initial
intensity (% of initial intensity). The “n” value represents
the number of independent experiments, and >20 cells were
evaluated in each independent experiment.

Measurement of the intracellular cAMP
concentration ([cAMP]i)

Primary cultured rat cauda epididymal epithelial cells were
grown in 12-well culture plates for 3 days. The content
of the [cAMP]i in the rat cauda epididymal epithelial cells
lysates was detected using the cAMP enzyme immunoas-
say kit (KGE004B, R&D Systems, USA) according to
the manufacturer’s instructions. BCA Protein Assay Kit
(C503021, Sangon Biotech, China) was used to measure the
protein content of the cell lysates. The “n” value represents
the number of independent samples.

Detection of PGE2 generation

Cells grown in 12-well culture plates were refreshed by the
serum-free medium, and inhibitors, or blockers were added
20 min before the administration of CIN. After incubating
with CIN for another 8–10 min, 900 μl of supernatant were
collected and centrifuged (4◦C, 6000 g) to remove cellular
debris. PGE2 content in the supernatant was measured using
the PGE2 enzyme-linked immunosorbent assay (ELISA) kit
following the manufacturer’s instructions. BCA Protein Assay
Kit (C503021, Sangon Biotech, China) was used to measure
the protein content of the cell lysates. The “n”value represents
the number of independent samples.

Data analysis and statistics

Our data were statistically analyzed by GraphPad Prism 8.0
(GraphPad Software, CA, USA). The results were presented as
means ± S.D. One-way analysis-of-variance (ANOVA) with
Bonferroni analysis was performed to assess the differences
between three or more groups. A value of P < 0.05 was
considered to be statistically significant.

Results

Aerobic exercises reverse the decline of sperm
fertilizing capacity and the epididymal TRPA1
expression level of HFD-induced obese rats

The sperm motile parameters, including the percentage of
motile sperm and the forward progressives, and the ability of
capacitation were both significantly decreased in the HFD-
induced obese male rats (Figure 1A–D). However, aerobic
exercises reversed this decline, suggesting that the epididymis
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Figure 1. Aerobic exercises reverse the decline of sperm fertilizing capacity and the epididymal TRPA1 expression level of obese rat. (A) and (B)
Statistical analysis showing the sperm motility parameters of rat models (n = 12). (C) CTC fluorescence image showing the acrosome-reacted (AR
pattern), capacitated (B pattern), or non-capacitated (F pattern) rat sperm. (D) The statistical analysis showing the percentage of F, B, and AR pattern
sperm (n = 4). #P < 0.05, ##P < 0.01versus the NC group, ns represents no significance. (E) Statistical analysis showing the relative mRNA level of
TRPA1 in cauda epididymis of rat models (n = 4), β-actin (Actb) was used as an internal control. (F) Western blot analysis showing the expression level of
TRPA1 protein in cauda epididymis obtained from rat models. (G) Statistical analysis showing the relative protein level of TRPA1 in cauda epididymis of
rat models (n = 3). (H) Statistical analysis showing the Cl− concentration in the cauda epididymal lumen of rat models (n = 8). ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001, ns represents no significance. Symbols and bars indicated the means ± SD.

is potentially the target organ of aerobic exercises. Notably,
the mRNA and protein levels of TRPA1 were decreased in
the cauda epididymis of HFD-induced obese rats, and the
decline tendency were reversed by 12-week aerobic exercises
(Figure 1E–G). Furthermore, our data showed that aerobic
exercises improved the decline of the Cl− concentration in the
epididymis luminal fluid in obese male rats (Figure 1H).

Activation of TRPA1 stimulates anion secretion of
rat epididymal epithelium

The possible involvement of TRPA1 in the regulation of Cl−
homeostasis was then investigated. The localization of TRPA1
in rat epididymis was detected using IF analysis. The positive
labeling of TRPA1 was detected in the epithelial layer of the
rat epididymal duct (Figure 2A–D). Ussing chamber experi-
ments were then employed to explore the pro-secretion role of
TRPA1 in rat epididymal epithelial cells. The transepithelial
electrical resistance value of primary cultured cauda epi-
didymal epithelialmonolayer was 892.89 ± 169.70 Ω × cm2

(n = 18), with a basal ISC value of 2.38 ± 0.61 μA/cm2 (n = 18)
in normal K–H solution under the unstimulated state. Appli-
cation of TRPA1 activator CIN (1 mM, AP) in epididymal
epithelial cells triggered a substantial increase in ISC, while
the vehicle DMSO (0.2% v/v, AP) failed to affect the ISC
(Figure 2E, F, & H), and the CIN-stimulated ISC response was
abolished when the monolayer was pretreated with TRPA1
selective blocker HC030031(100 μM, AP) (Figure 2G & H).

A series of ion substitution experiments were then employed
to determine the ion composition involved in the CIN-
stimulated Isc response. The Isc responses evoked by
CIN were significantly inhibited in Cl− free K–H solution,

HCO3
− free K–H solution, and Cl− & HCO3

− free K–
H solution (Figure 3A–E). These data demonstrated that
CIN-stimulated Isc response was transepithelial secretion
of Cl− and HCO3

−. The secretion rate of Cl− induced by
the activation of TRPA1 was further detected in vivo using
microperfusion of rat cauda epididymal tubule. The calculated
rate of the Cl− secretion was 7.56 ± 1.19 nmol/cm2/min
(n = 8) in the NC group and 16.01 ± 2.27 nmol/cm2/min
(n = 8) when CIN (1 mM) was applied (Figure 3F). Moreover,
CIN-stimulated Cl− secretion rate was significantly decreased
in HC groups (9.94 ± 2.20 nmol/cm2/min, n = 8) compared to
that in HE groups (15.59 ± 3.11 nmol/cm2/min, n = 8). These
data suggested that aerobic exercises reversed the downregu-
lated TRPA1 expression level in the epididymal epithelium of
HFD-induced obese rats, thus promoting anion secretion.

CACC and CFTR are involved in CIN-stimulated
anion secretion

Cystic fibrosis transmembrane regulator (CFTR) and Ca2+-
activated Cl− channel (CACC) expressed in the epididymal
epithelial cells and functioned as anion channels, which
were responsible for anion secretion. Thus, we sought to
investigate the putative involvement of CFTR and CACC
in CIN-stimulated anion secretion. The CIN-stimulated anion
secretion was significantly attenuated when the monolayer
was pretreated with CFTRinh-172 (10 μM, AP), a selective
blocker of CFTR, or CaCC blocker DIDS (100 μM, AP)
(Figure 4A, B, & E). Notably, the CIN-stimulated anion
secretion was almost abolished when the monolayer was
pretreated with CFTRinh-172 and DIDS (Figure 4C & E). In
addition, basolateral Na+-K+-2Cl− cotransporter (NKCC)
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Figure 2. Activation of TRPA1 stimulate short-circuit current (Isc) responses in the rat epididymal epithelium. (A)–(C) The immunofluorescent labeling of
TRPA1 in rat caupt, corpus and cauda epididymis sections. The red signal representing TRPA1(CY3-labeled) immunoreactivity. (D) Negative controls
were prepared by substituting the primary antibody with PBS. Scale bars: 100 μm. (E) and (F) Representative traces showing the effects of DMSO
(0.2% v/v, AP), CIN (1 mM, AP) on ISC responses. (G) Representative trace showing the effect of HC030031 (100 μM, AP), the selective blocker of
TRPA1, on CIN-induced ISC response. (H) Statistical analysis showing the effects of DMSO, CIN or CIN (in the presence of HC030031) on the ISC
responses (n = 4–6). ∗∗∗P < 0.001. Symbols and bars indicated the means ± SD.

was also indispensable for transepithelial ion transport.
Pretreating the monolayer with bumetanide (100 μM, BL)
significantly attenuated CIN-stimulated anion secretion
(Figure 4D & E), highlighting the involvement of CFTR,
CaCC, and basolateral NKCC in CIN-stimulated anion
secretion.

Activation of TRPA1 stimulates Ca2+ influx in
epididymal epithelial cells

We investigated the effect of CIN on [Ca2+]i in rat cauda
epididymal epithelial cells, given that TRPA1 is a nonselective
cation channel that allows the influx of Ca2+. We found that
CIN (1 mM) induced an increase in [Ca2+]i (Figure 5A & D),
which was suppressed by pretreating the cells with TRPA1
selective blocker HC030031 (Figure 5B & D). Meanwhile,
CIN (1 mM)-induced increase of [Ca2+]i was abolished by
the removal of ambient Ca2+ (Figure 5C & D). These findings
indicated that activation of TRPA1 could elevate [Ca2+]i via
extracellular Ca2+ influx in rat cauda epididymal epithe-
lial cells, subsequently activating CaCC and triggering Cl−
secretion.

The PGHS2-PGE2-EP2/EP4-AC-cAMP pathway is
involved in the activation of CFTR

CFTR was activated by an increase in the intracellular cAMP
level. The agonist of adenylate cyclase (AC), FSK, and the
inhibitor of AC, MDL-12330A, were then applied to confirm
the involvement of the AC-cAMP-CFTR pathway in CIN-
stimulated anion secretion. As illustrated, CIN-stimulated
Cl− and HCO3

− secretion was significantly decreased when
the monolayer was pretreated with FSK (10 μM, AP) or

MDL-12330A (10 μM, AP) (Figure 6A–C). Moreover,
activation of TRPA1 significantly increased the [cAMP]i,
which was eliminated by pretreating the cells with TRPA1
blocker HC030031, AC inhibitor MDL-12330A, and the
PGE2 receptor-EP2/EP4 antagonists AH-6809 and AH-
23848 (Figure 6D). These data demonstrated that the TRPA1-
EP2/EP4-AC-cAMP pathway participates in the downstream
signal transduction of TRPA1 activation.

The possible involvement of prostaglandin H synthase-2
(PGHS2)-PGE2-EP2/EP4 pathway after the TRPA1 activation
was subsequently evaluated. The CIN-stimulated anion secre-
tion was significantly decreased when the monolayer was pre-
treated with the nonselective PGHS2 inhibitor indomethacin
(10 μM, AP) or piroxicam (10 μM, AP) (Figure 7A, B, & F).
Pretreating the monolayer with the nonselective EP2 antago-
nist AH-6809 (20 μM, BL) or/and the nonselective EP4 antag-
onist AH-23848 (20 μM, BL) significantly suppressed the
CIN-stimulated anion secretion (Figure 7C–F). Then, we fur-
ther assessed the PGE2 content released by epididymal epithe-
lial cells after the activation of TRPA1 to validate our hypoth-
esis. Activation of TRPA1 significantly increased PGE2 release
from the primary cultured rat cauda epididymal epithelial
cells, but the increase was reversed by pretreating the cells
with TRPA1 blocker HC030031 (100 μM), PGHS2 inhibitor
indomethacin (10 μM), or piroxicam (10 μM) (Figure 7G).

Discussion

The pivotal role of lifestyle factors in male fertility, includ-
ing diet and physical exercises, has generated considerable
interest. It is universally accepted that physical exercises lead
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Figure 3. Activation of TRPA1 stimulated transepithelial Cl− and HCO3
− secretion. (A-D) Representative traces showing the effects of CIN (1 mM, AP)

induced ISC responses in normal K–H solution, Cl− free K–H solution, HCO3
− free K–H solution, Cl− and HCO3

− free K-H solution. (E) Statistical analysis
showing the ISC responses elicited by CIN in different bath solutions (n = 4–6), ∗P < 0.05, ∗∗∗P < 0.001 versus the CIN group. (F) Statistical analysis
showing the Cl− secretion rate of cauda epididymal tubule of different rat models (n = 8). ∗P < 0.05, ∗∗∗P < 0.001. Symbols and bars indicated the means
± SD.

Figure 4. Involvement of CFTR and CaCC in the TRPA1 activation-stimulated anion secretion. (A)–(D) Representative trace showing the effect of
CFTRinh-172 (20 μM, AP), or/and DIDS (100 μM, AP), or NKCC inhibitor bumetanide (100 μM, BL) pretreatment on the ISC responses induced by CIN
(1 mM, AP). (E) Statistical analysis showing the ISC responses elicited by CIN in different conditions (n = 4–6). ∗∗P < 0.01, ∗∗∗P < 0.001 versus the CIN
group. Symbols and bars indicated the means ± SD.

to better reproductive health in obese male individuals [31].
However, the underlying mechanism of HFD and physical
exercises on the secretion functions of epididymal epithelium
remains unknown. Herein, we uncovered the benefit effect
of physical exercises on the secretion function of epididymal

epithelium in HFD-induced obese rats for the first time.
Notably, 12 weeks of regular aerobic exercises reversed the
downregulated the TRPA1 expression level in the epididymal
epithelium of HFD-induced obese rats and improved the
dysfunction of anion homeostasis in the epididymal fluid
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Figure 5. Activation of TRPA1 induced the Ca2+ influx of rat epididymal epithelial cells. (A)–(C) Fluo-4 fluorescence was measured to detect the Ca2+
responses elicited by CIN (1 mM) in (A) NPSS, (B) in the presence of HC030031 (100 μM) or in (C) Ca2+-free PSS. Tg (5 μM) were used as positive
controls. (D) Statistical analysis showing the CIN-stimulated Ca2+ responses in various conditions (n = 5). ∗∗∗P < 0.001 versus the CIN group. Symbols
and bars indicated the means ± SD.

Figure 6. Involvement of adenosine cyclase (AC)-cAMP pathway in the TRPA1 activation-stimulated anion secretion. (A) and (B) Representative
recordings of the Isc responses induced by CIN (1 mM, AP) with the pretreatment of AC agonist FSK (10 μM, AP) or AC inhibitor MDL-12330A (10 μM,
AP). (C) Statistical analysis showing the ISC responses elicited by CIN in different conditions (n = 4–6), ∗∗∗P < 0.001 versus the CIN group. (D) Statistical
analysis showing the CIN (1 mM) stimulated cAMP synthesis of epididymis epithelial cells in different conditions (n = 4). ∗∗∗P < 0.001. Symbols and bars
indicated the means ± SD.
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Figure 7. Involvement of PGHS2-PGE2-EP2/EP4 pathway in the TRPA1 activation-stimulated anion secretion. (A) and (B) Representative recordings of
the Isc responses induced by CIN (1 mM, AP) when pretreating the epithelial cells with PGHS2 inhibitors indomethacin (10 μM, AP) or piroxicam
(10 μM, AP). (C)–(E) Representative recordings of CIN -stimulated Isc responses when pretreating the epithelial cells with AH-6809 (20 μM, BL) or /and
AH-23848 (20 μM, BL). (F) Statistical analysis showing the ISC responses elicited by CIN in different conditions (n = 4–6), ∗∗P < 0.01, ∗∗∗P < 0.001 versus
the CIN group. (G) Statistical analysis showing the CIN (1 mM) stimulated PGE2 synthesis of epididymis epithelial cells in different conditions (n = 4).
∗∗∗P < 0.001. Symbols and bars indicated the means ± SD.

and the decline of sperm fertilizing ability. Moreover, we
uncovered that activation of TRPA1 promoted the transep-
ithelial secretion of Cl− and HCO3

− via the Ca2+-CaCC and
Ca2+-PGHS2-PGE2-cAMP-CFTR pathways. The proposed
working model is illustrated in Figure 8.

TRPA1 was originally detected in the sensory neurons [32].
Its expression in non-neuronal cells was observed recently
[27, 33]. Though positive immunoreactivity has been observed
in the epithelial and subepithelial cells in the rat colon [26],
the expression pattern of TRPA1 in the male reproductive
system remains unknown. In this study, the immunolabeling of
TRPA1 in rat epididymis was detected in epididymal epithelial
layer (Figure 2A–D). TRPA1 is originally known for its role in
pain sensation. Recently, growing evidence suggested TRPA1
was also involved in metabolic and pro-secretion functions.
Besides, numerous studies have reported that TRPA1 plays
important roles in the pathological processes of diet-induced
obese individuals and possesses potential therapeutic value
[20, 34, 35]. For instance, diet-induced obesity has been
reported to reduce the TRPA1 protein expression level in the
trigeminal ganglia and gut [24, 25]. In contrast, an increased
expression of TRPA has been reported in obese Zucker rats,

inducing bladder dysfunction [23]. In this study, the expres-
sion level of TRPA1 in the epididymal epithelium was down-
regulated in the HFD-induced obese rats (Figure 1E–G). These
findings suggested disparities in the effect of diet-induced
obesity on the TRPA1 protein expression in different species
and tissues. Nonetheless, we found that regular physical exer-
cises can improve the disorders of TRPA1 protein expres-
sion pattern of HFD-induced obese rats. Besides, our data
showed that significant increasement of TRPA1 expression
level was not detected in the NE group, suggesting that TRPA1
maybe not the direct target of aerobic exercises. Hence, the
underlying mechanism of aerobic exercise reverse the decline
of TRPA1 expression level induced by HFD needs further
investigation.

Over the past decades, obesity has become a major health
problem facing human beings, and the health risks of obesity
and overweight show a tendency to rise worldwide [36].
Dysfunction of the male reproductive system is one of the
complications of obesity. Although not all obese male individ-
uals necessarily have impaired reproductive ability, the clinical
data showed that nearly 80% of male patients with repro-
ductive disorders are classified as overweight or obesity [10].
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Figure 8. Proposed working model of aerobic exercises regulates the anion homeostasis in epididymal lumen of HFD-induced obese rat through
TRPA1-mediated Cl− and HCO3− secretion. Aerobic exercises could reverse the downregulation of TRPA in epididymal epithelium of obesity rats and
recover the anion homeostasis in the fluid milieu of rat cauda epididymis. Activation of TRPA1 stimulates a Ca2+ influx and then induce a transepithelial
Cl− and HCO3

− secretion through activating CFTR and CACC channels.

Obesity adversely affects male reproduction, including sper-
matogenesis in the testis and the subsequent sperm maturation
process in the epididymis, leading to decreased sperm concen-
tration, abnormal morphology of the sperm, impaired sperm
motility and fertilizing capacity [3, 37, 38]. Previous studies
reported that obesity affected the activity of the hypothala-
mic–pituitary–testis axis, thus damaging spermatogenesis [39,
40]. Notably, obese individuals usually have lower sperm
motility and fertilizing capacity, suggesting that obesity affects
the sperm maturation process in the epididymis. However, the
adverse effects of obesity on the epididymis have often been
overlooked. In mammals, sperm sequentially acquire their
fertilizing capacity and forward motility relying on the appro-
priate epididymal intraluminal microenvironment. Herein, we
found that the Cl− concentration in the epididymal lumen
fluid were significantly decreased, the sperm motility and
capacitation ability were also significantly impaired in HED-
induced obese rats (Figure 1A–D, & F), suggesting the disor-
der of the epididymal luminal milieu. Similarly, the expression
level of TRPA1 was decreased in the epididymal epithelium of
HED-induced obese rats. These findings suggested a possible
connection between TRPA1 expression level and the Cl−
concentration in the epididymal lumen fluid.

The pro-secretion function of TRPA1 in the colon has been
demonstrated in various species [26, 27, 41]. However, the
functional expression of TRPA1 in the epididymis remains
elusive. In this study, our ISC experiments revealed that
TRPA1 activation stimulated a significant secretion of Cl−
and HCO3

− (Figures 2 and 3). In line with the pro-secretion
function of TRPA1 in the colon, the activation of CFTR was
a downstream event of TRPA1 activation (Figure 4). CFTR
is a cAMP-regulated channel that ensures transepithelial
transport of Cl− and HCO3

− [30, 42]. AC activation is
an important upstream cellular event before the opening of

CFTR. TRPA1 activation by luminal stimuli induces EP4-AC-
cAMP-mediated CFTR activation in human and rat colons.
In this study, TRPA1 activation triggered the elevation of
[cAMP]i through the EP2/EP4-AC pathway (Figure 6). EP2
and EP4 are the receptors of the endogenous epithelium-
derived factor PGE2. The findings herein demonstrated that
TRPA1 activation stimulated increased PGE2 synthesis by the
activation of PGHS2 in epididymal epithelial cells (Figure 7
G). As is known, PGHS2 is activated by the elevation of
[Ca2+]i [43]. Our data showed that activation of the calcium-
permeable TRPA1 channel stimulated a Ca2+ influx and
the subsequent elevation of [Ca2+]i (Figure 5), suggesting
that TRPA1 activation caused a significant increase in the
PGHS2-dependent synthesis of PGE2. PGE2 subsequently
acted on EP2 and EP4 receptors of the epithelial cells, leading
to the accumulation of intracellular cAMP by activating
AC, which in turn triggered Cl− and HCO3

− secretion via
CFTR. Moreover, an increase in [Ca2+]i could trigger the
activation of CaCC (Figure 5), which was different from the
pro-secretion function of TRPA1 in the colon. These studies
highlight the pleiotropic functions of TRPA1 in different
epithelial tissues.

Ion homeostasis of the epididymal lumen is vital for sperm
maturation. Our previous study demonstrated that dysfunc-
tion of K+ homeostasis in the fluid milieu of rat cauda
epididymis leads to a decline in sperm motility [18]. The
dysbiosis of Cl−, HCO3

−, and Ca2+ in the epididymal fluid
has also been reported to impair sperm motility. Sperm motil-
ity is regulated by HCO3

−, Ca2+, and Cl− influxes, which
trigger biochemical and electrophysiological changes in the
cytoplasm and the entire plasma membrane of the sperm cells
[44]. TRPV6 gene deficiency results in the dysfunction of
Ca2+ absorption, leading to the Ca2+ concentration in cauda
epididymis being ten times higher than that of wild-type mice.
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This phenomenon is associated with reduced sperm viability
in cauda epididymis [19, 45]. Obstructing of the Cl− and
HCO3

− secretion induced by Slc26a3 deficiency is associated
with impaired sperm fertilization in the mice epididymis [46].
A close relationship between Cl−, HCO3

−, and sperm capac-
itation ability in rat has also been reported [47]. In this study,
we found that HFD induced dysbiosis of Cl− and HCO3

−
in the fluid milieu, and thus impaired the fertilizing capacity
of rat cauda epididymis. However, these phenomena were
reversed after 12 weeks of regular aerobic exercises. These
data suggested that TRPA1 play important role in the anion
homeostasis regulation in rat epididymis. Nonetheless, tissue-
specific knockout of TRPA1 in rat epididymis should be used
to further evaluate its functional role in male fertility.

Conclusion

This study highlights the role of physical exercises in reversing
the downregulated TRPA1 expression level in the epididy-
mal epithelium of HFD-induced obese rats, and reveal its
subsequent involvement in the transepithelial secretion and
homeostasis regulation of Cl− and HCO3

− in the fluid milieu
of rat cauda epididymis. TRPA1 in the epididymal epithelium
is thus a potential target of diet-induced obesity and physical
exercises, providing new insight for diagnosing and treating
asthenospermia caused by obesity.
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