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or PKR1 has been shown to induce vessel-like formations in cardiac 
endothelial cells, as well as in cardiomyocytes, with serine/threonine 
kinase (AKT) activation that protects cardiomyocytes against oxidative 
stress.8 In contrast, β-amyloid-induced apoptosis in cortical neurons 
is associated with an upregulation of PK2, which is nullified by the 
PK2 antagonist PC-1, indicating that PK2 is a key mediator in the 
β-amyloid-induced neuronal damage.9 However, the associated 
investigation in the reproductive system remains limited.

Under normal physiological conditions, PK2 is highly expressed in 
the testis and is primarily located in the primary spermatocytes. In PK2 
knockout mice, gonadotropin-releasing hormone (GnRH) secretory 
dysfunction results in sexual development and fertility impairment in 
males, represented by small seminiferous tubules with lumens that lack 
haploid spermatocytes and spermatids.10 In our previous studies, PK2 
is upregulated in the rat model of lipopolysaccharide (LPS)-induced 
orchitis11 and experimental autoimmune orchitis,12 indicating that PK2 
is involved in testicular inflammation. Pro-inflammatory cytokines, 
such as interleukin-1α (IL-1α), IL-6, and tumor necrosis factor-α 
(TNF-α), are significantly increased in varicocele, suggesting that a 
chronic testicular inflammation occurs.13 Moreover, hypoxia–ischemia 
and reactive oxygen species (ROS) stimulate the upregulation of PK2 

INTRODUCTION
Infertility affects 10%–15% of couples worldwide. Varicocele is one 
of the most important causes of male infertility and is associated 
with approximately 40% of cases.1 Varicocele is characterized by the 
abnormal dilation and tortuousness of spermatic veins, which results 
from obstruction of spermatic venous drainage or blood reflux.2 It is 
generally believed that the presence of varicocele induces an increase 
of reactive oxygen species (ROS), leading to oxidative stress, sperm 
chromosomal abnormalities, and sperm apoptosis;3 however, the 
specific pathogenic mechanisms affecting spermatogenesis remain 
elusive. Common treatments for varicocele include open scrotal or 
inguinal varicocelectomy, microsurgical varicocelectomy, laparoscopic 
varicocelectomy, and embolization.2 However, a controversy exists over 
whether these operations improve the sperm quality and conception 
rate.4,5 Thus, further investigation into the mechanisms of pathogenicity 
is necessary for the treatment of varicocele-induced male infertility.

Prokineticin 2 (PK2), a small secretory protein of 14 kD, is 
constitutively bound to G-protein-coupled receptor prokineticin 
receptor 1 (PKR1), mediating multiple biological processes, including 
cell migration, proliferation, and apoptosis.6,7 However, the role of 
PK2 in the apoptotic process is controversial. Overexpression of PK2 
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in primary cortical cultures,14 and varicocele is also correlated with 
hypoxia and oxidative stress.

Considering the important role of PK2 in testicular inflammation 
and oxidative stress, we considered whether PK2 was a critical node 
of sperm apoptosis in varicocele. Our previous study proved that PK2 
mRNA was upregulated in a rat model of varicocele;15 however, a more 
detailed investigation of the underlying mechanism is warranted. In 
this study, we demonstrate that the expression of PK2 and its receptor 
PKR1 is upregulated in spermatocytes in a varicocele rat model. 
Moreover, oxidative stress stimulated the overexpression of PK2 in 
a spermatocyte-derived cell line, GC-2, in vitro. The overexpression 
of PK2 in GC-2 cells promoted apoptosis by upregulating cleaved-
caspase-3, caspase-8, and B cell lymphoma 2-associated X (Bax); 
downregulating B cell lymphoma 2 (Bcl-2); and promoting the 
accumulation of intracellular calcium. Thus, apoptosis induced by the 
PK2/PKR1 pathway in spermatocytes may serve as a potential target 
for reducing the varicocele-induced impairment of sperm quality.

MATERIALS AND METHODS
Animals
Twenty adult male Wistar rats (180–200 g) were purchased from 
the Hubei Provincial Center for Disease Control and Prevention 
(Wuhan, China). The animals were maintained at 22°C with a 12 h/12 h 
light/dark cycle and fed with standard food pellets and water ad libitum. 
All animal experiments were performed in strict accordance with 
the approved guidelines from the Institutional Animal Care and Use 
Committee of Tongji Medical College, Huazhong University of Science 
and Technology (Wuhan, China). The study was approved by the Ethics 
Committee of Huazhong University of Science and Technology.

Establishment of a rat varicocele model
Twenty male Wistar rats were randomly divided into two groups, 
namely, the sham control and varicocele groups. After being 
anesthetized with 10 g tribromoethanol (Sinopharm Chemical Reagent 
Co., Shanghai, China) and 10 ml tert-pentyl alcohol (Sinopharm 
Chemical Reagent Co.) diluted to 2% in distilled water, a 2 cm incision 
was made in the hypogastrium of the rats. The left renal vein was 
isolated at its junction with the inferior vena cava. A blunt dissection 
channel was made between the inside of the left renal vein and the 
outside of the inferior vena cava; then, a 4-0 silk suture was placed 
to narrow the left renal vein to half of its original diameter. The same 
surgical procedure without the ligation was performed in the sham 
control group. Successful modeling criteria included (i) diameter of 
the spermatic vein >1 mm, and (ii) no difference in size between the 
left and right kidneys. The rats were killed 8 weeks after the operation.

TUNEL assay
DNA fragmentation of the testis was assessed with terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay 
using the TUNEL Apoptosis Detection Kit (FITC; Yeasen, Shanghai, 
China) following the manufacturer’s instructions. The testicular 
sections were incubated with FITC-12-dUTP Labeling Mix and 
recombinant TdT enzyme in equilibration buffer for 60 min at 37°C 
and protected from light. Labeled cryosections were detected by 
fluorescence microscopy (Olympus, Tokyo, Japan) at 520 nm.

Measurement of SOD and MDA
The levels of testicular superoxide dismutase (SOD) in the varicocele 
and the sham operation groups were quantified with a Total Superoxide 
Dismutase Assay Kit with NBT (Beyotime, Shanghai, China) according 
to the manufacturer’s instructions. Superoxide anion radicals generated 

from xanthine and xanthine oxidase reduce NBT to blue formazan. 
Superoxide anion radicals are eliminated by SOD. The absorbance 
of blue formazan in each sample was detected using a multimode 
microplate reader (BioTek Synergy™ HTX, Winooski, VT, USA) 
at 450 nm.

Malondialdehyde (MDA) levels were determined by a Lipid 
Peroxidation MDA Assay Kit (Beyotime), which is based on the ability 
of MDA to react with thiobarbituric acid to generate a red product. The 
absorbance of each sample was determined by a multimode microplate 
reader (BioTek Synergy™ HTX) at 535 nm.

Sperm analysis
The left cauda epididymitis was cut into pieces and incubated in 2 ml 
Ham’s F10 medium (Jimei, Beijing, China) for 5 min at 37°C to allow 
the spermatozoa to swim out. One drop of sperm suspension (10 μl) 
was placed on a Neubauer hemocytometer and then covered with a 
24 mm × 24 mm cover slip, and the cells were assessed with a microscope 
(Olympus) at ×400 magnification. In one chamber, the number of 
spermatozoa in the central grid and corner grids was assessed and 
the average was calculated. The percentage of motile spermatozoa was 
evaluated according to the WHO (2010) recommendations.16 Motility 
was expressed as the percentage of motile spermatozoa of two hundred 
cells assessed. Spermatozoa of Grade A (fast progressive) and Grade B 
(slow progressive) motility were identified.

Western blot
The testicular tissue was lysed on ice with radioimmunoprecipitation 
assay lysis buffer (Cwbio, Taizhou, China). Subsequently, 20–40 μg of 
protein was electrophoresed on an 8%–12% (w/v) sodium dodecyl 
sulfate-polyacrylamide gel gradient and transferred to a nitrocellulose 
membrane. The membranes were blocked with 5% (w/v) nonfat milk 
for 1 h in Tris-buffered saline (TBS) and subsequently incubated 
with the following primary antibodies: rabbit anti-PK2 antibody 
(1:200, Abcam, Cambridge, MA, USA), rabbit anti-cleaved-caspase-3 
antibody (1:1000, Cell Signaling Technology [CST], Boston, MA, USA), 
rabbit anti-caspase-8 antibody (1:1000, CST), rabbit anti-Bax antibody 
(1:1000, CST), rabbit anti-Bcl-2 antibody (1:1000, CST), and mouse 
anti-β-actin antibody (1:500, Boster, Wuhan, China). Immunoreactive 
bands were detected using electrochemiluminescence (ECL; Pierce, 
Waltham, MA, USA).

Quantitative real-time PCR assays (qPCR)
The TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to 
extract total RNA from the rat testes. Reverse transcription was 
performed using a PrimeScript™ RT Reagent Kit (Takara, Kusatsu, 
Japan) according to the manufacturer’s instructions. The 20 μl qPCR 
reaction included 2 μl cDNA, 0.8 μl forward primers, 0.8 μl reverse 
primers (Table 1), and 10 μl SYBR Green qPCR MasterMix (Takara). 
The qPCR amplification procedure was performed in a thermocycler 
(Roche, Basel, Switzerland). Relative expression levels of the target 

Table  1: Quantitative polymerase chain reaction primer sequences

Gene Type Primer sequences (5’–3’) Length (bp)

PK2

PKR1

Forward CAAGGACTCTCAGTGTGGA 128

182

Reverse AAAATGGAACTTTCCGAGTC

Forward TGGGCGAGAATACCACAA

Reverse GCCATGCCAATGACAATC

β‑actin Forward GATGAGATTGGCATGGCTTT 101

Reverse CACCTTCACCGTTCCAGTTT

PK2: prokineticin 2; PKR1: prokineticin receptor 1
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genes were normalized with those of the controls with the 2−∆∆Ct 
method.

Immunohistochemistry
The rat was perfuse-fixed with 300–350 ml 4% formaldehyde solution 
(Servicebio, Wuhan, China) after 200 ml normal saline via a perfusion 
needle in the left ventricle of the heart for 45 min. Then, the testis was 
removed and immersion fixed in the same fixative for 4–6 h. Testicular 
sections were stained with hematoxylin–eosin (H and E; Solarbio, 
Beijing, China) to determine the histological changes. To assess the 
location of PK2 and PKR1 in the rat testes, the sections were subjected 
to antigen retrieval by heating in citric acid buffer (0.018 mol l−1 
citric acid monohydrate and 0.082 mol l−1 trisodium citrate dihydrate 
[Sinopharm Chemical Reagent Co.], pH 6.0) at 95°C for 15 min. 
After natural cooling, the sections were incubated in PBS containing 
3% (v/v) H2O2 for 20 min to inhibit endogenous peroxidase activity. 
Then, the testicular sections were blocked with 2.5% (w/v) nonfat milk 
for 10 min and incubated with the primary antibodies: rabbit anti-
PK2 antibody (1:200, Abcam) and rabbit anti-PKR1 antibody (1:500, 
Alomone, Jerusalem, Israel) overnight at 4°C. The EnVision™ Detection 
Kit (Dako, Copenhagen, Denmark), based on the diaminobenzidine 
(DAB) working principle, was used to detect the expression of PK2 and 
PKR1. The signal was detected in an optical microscope (Olympus).

Immunofluorescence
The GC-2 cells were seeded on a cover slip and fixed with cooled 4% 
(w/v) formaldehyde at 4°C for 20 min. After blocking with 5% (v/v) 
normal goat serum (Beyotime) at room temperature for 1 h, the cells 
were incubated with the rabbit anti-PK2 antibody (1:200, Abcam) or 
rabbit anti-PKR1 antibody (1:500, Alomone) at 4°C overnight. After 
the cells were washed twice with PBS, the secondary antibody, goat 
anti-rabbit IgG H&L (FITC; 1:500, Abcam), was incubated with the 
cells at room temperature for 1 h. The cell nuclei were stained with 
4’,6-diamidino-2-phenylindole (DAPI; biofroxx, Einhausen, Germany). 
The fluorescence intensity was detected with a fluorescence microscope 
(Olympus).

Cell proliferation
Cell proliferation was measured using the Cell Counting Kit 8 (CCK8; 
Dojindo, Tokyo, Japan). GC-2 cells at a density of 1 × 104 ml−1 (100 μl 
per well) were seeded in a 96-well plate. After the cell density reached 
80% of the well, the culture medium was replaced with serum-free 
Dulbecco’s modified eagle medium (DMEM; Gibco, Carlsbad, 
CA, USA) to starve the cells for 12 h. Then, the cells were processed 
at various concentrations of H2O2 (0, 200, 400, and 600 μmol l−1) or 
cocultured with different concentrations of plasmids (empty plasmid 
control pCMV-HA, 4 μg and 8 μg pCMV-HA-PK2 expression plasmid). 
After 24 h, the fluid was removed, and 10% (w/v) CCK8 in DMEM 
was added. The cells were maintained at 37°C for 2 h. The absorbance 
of each sample was determined at 450 nm in a multimode microplate 
reader (BioTek Synergy™ HTX). The optical density (OD) was used 
to calculate cell proliferation as follows: cell proliferation (%) = (mean 
OD of treated cells/mean OD of untreated cells) × 100%.

Construction and transfection of pCMV-HA-PK2 expression plasmid
A double restriction enzyme (Hind III and Xhol I; Fermentas, Waltham, 
MA, USA) was used to cut the PK2 DNA fragment and mammalian 
expression vehicle pCMV-HA, respectively. Then, the purified 
target fragment of the PK2 gene was directionally recombined with 
the pCMV-HA vehicle by the T4 DNA ligase system (Fermentas). 
The recombinant plasmid was transformed into Top10 Chemically 

Competent E. coli (Invitrogen) by shorten heat shock; then, their 
mixture was mixed with liquid Luria-Bertani culture medium to 
amplify E. coli. The amplified bacterial suspension was coated on 
Luria-Bertani culture media containing 50 µg ml−1 ampicillin. After 
incubation overnight at 37°C, the monoclonal strain was extracted and 
would be amplified after correct gene sequencing. Plasmid extraction 
procedure was instructed from the Plasmid Miniprep Kit (Tsingke, 
Beijing, China). The recombinant plasmid was transiently transfected 
into GC-2 cells with Lipofectamine 2000 (Invitrogen). In brief, the 
transfection complex, including the optimized concentrations of 
plasmid and Lipofectamine 2000, was transferred to the 80% confluent 
GC-2 cells for 6 h, and then those cells were washed and further 
cultured in DMEM for 42 h.

Flow cytometric analysis
Cell apoptosis was detected by the FITC Annexin V Apoptosis Detection 
Kit (BD, Franklin Lakes, NJ, USA) following the manufacturer’s 
protocol. Cell suspensions containing 1 × 105 cells were transferred 
to a FACS tube. After being washed twice with PBS, the cells were 
resuspended in 200 μl binding buffer (0.1 mol l−1 HEPES/NaOH [pH 7.4], 
1.4 mol l−1 NaCl, and 25 mmol l−1 CaCl2) with 5 μl Annexin V for 
15 min, avoiding the light. Then, 5 μl of propidium iodide (PI) was 
added to the suspension. The rate of apoptosis of the cells was assessed 
immediately in a flow cytometer (BD), and the data were analyzed with 
FlowJo software version X (BD).

Measurement of intracellular calcium concentration
To measure the concentration of intracellular calcium, GC-2 cells were 
loaded for 60 min with 2.5 μmol l−1 Fura-3 AM (Beyotime) at 37°C. 
After being washed, the cells were incubated with Fura-3 AM for more 
20 min to ensure the complete conversion to Fura-3. The accumulated 
Fura-3 in cells combines with Ca2+, which is excited at 488 nm and 
was detected in a fluorescence microscope. The fluorescence intensity 
represents the concentration of intracellular calcium.

Statistical analyses
The statistical analyses were conducted with the SPSS 18.0 (IBM, 
New York, NY, USA) and GraphPad Prism software 5.0 (GraphPad, 
San Diego, CA, USA). The data are presented as the mean ± standard 
deviation (s.d.). An unpaired t-test was used to analyze the differences 
between the two groups. One-way ANOVA was used to analyze the 
intergroup differences among multiple groups. P < 0.05 was considered 
statistically significant.

RESULTS
Testicular histology and sperm quality in varicocele
After 8 weeks, the varicocele group demonstrated abnormal dilation 
of spermatic veins (Figure 1a). In the histological analysis, the testes 
of the varicocele group were characterized by a thinner spermatogenic 
epithelium and the vacuolization of the germinal epithelium. The 
proportion of tubules that presented vacuolization in the varicocele was 
higher than that in the control samples (75.0% ± 4.0% vs 19.7% ± 4.4%) 
(Figure 1b). The result of the TUNEL assay indicated that the number 
of positive testicular cells (those with DNA damage) was higher 
in the varicocele group than that in the control group (Figure 1c). 
Furthermore, in the varicocele group, the concentration of SOD was 
decreased (P = 0.011; Figure 1d and Supplementary Table 1), and 
MDA was increased (P = 0.009; Figure 1e and Supplementary Table 1) 
compared with the control group. Varicocele was shown to reduce the 
progressive motility of epididymal spermatozoa (P = 0.041), but not the 
sperm number (P = 0.317) (Figure 1f, 1g and Supplementary Table 1).
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Expression of PK2 and PKR1 in varicocele
PK2 was mainly expressed in primary spermatocytes, with weaker 
signals observed in spermatogonial cells and spermatids. PKR1 also 
exhibited diffuse expression in primary spermatocytes (Figure 2a). 
For quantitative evaluation, PK2 and PKR1 expression was detected 
by qPCR and Western blot. The mRNA of PK2 and PKR1 was 
upregulated in the varicocele group compared with the control group 
(P = 0.008 and P = 0.003, respectively) (Figure 2b and Supplementary 
Table 1). At the protein level, an increase in PK2 was observed in the 
varicocele group (Figure 2c).

PK2 expression and oxidative stress in GC-2 cells
To explore the role of PK2/PKR1 signaling in varicocele, the 
spermatocyte cell line GC-2 was used for in vitro experiments. GC-2 
cells exhibit characteristics similar to those of primary spermatocytes 
in terms of PK2 and PKR1 expression (Figure 3a). Subsequently, 
various concentrations of H2O2 were added to the GC-2 culture 
medium to mimic the oxidative stress state of varicocele. H2O2 reduced 
the number of viable cells in culture in a dose-dependent manner 
(0 vs 200 μmol l−1: P = 0.029; 0 vs 400 μmol l−1: P = 0.0001; and 0 vs 
600 μmol l−1: P = 0.0001; Figure 3b and Supplementary Table 2). 
After H2O2 treatment, the mRNA expression of PK2 was upregulated 
in GC-2 cells compared with the control cells (0 vs 200 μmol l−1: P = 

0.066 and 0 vs 400 μmol l−1: P = 0.009; Figure 3c and Supplementary 
Table 2). The protein expression of PK2 was increased after H2O2 
treatment (Figure 3d).

Overexpression of PK2 and GC-2 apoptosis
To further investigate the potential mechanism by which PK2 
regulated apoptosis, a PK2 plasmid was transfected into GC-2. In the 
PK2-overexpressed group, an increase in the rate of apoptosis was 
detected by flow cytometry with Annexin IV/PI staining (Figure 4a). 
Cell viability was decreased in the transfected groups compared with 
the control group with an empty vector plasmid (0 vs 4 μg: P = 0.006 
and 0 vs 8 μg: P = 0.003; Figure 4b and Supplementary Table 3). 
Upregulation of the apoptosis-associated proteins such as cleaved-
caspase-3, caspase-8, and Bax and downregulation of Bcl-2 were 
observed in PK2-overexpressed cells by Western blot (Figure 4c). The 
supernatants of the PK2 plasmid cultures promoted intracellular Ca2+ 
levels in GC-2 cells (Figure 4d).

DISCUSSION
Several studies have suggested that oxidative stress is a significant cause 
of sperm quality reduction, which results from the imbalance between 
ROS and antioxidants.17 ROS in sperm-free seminal fluid has been 
shown to be significantly increased in infertile men with varicocele 
compared with that in fertile healthy men, and antioxidants such as 
SOD, catalase, and glutathione peroxidase have been shown to be 
decreased. Seminal MDA, an indicator of lipid peroxidation induced 
by ROS, is related to decreased sperm concentration, sperm motility, as 
well as normal sperm forms in man.18,19 Our results in rats are consistent 
with previous data in rats on the vacuolization of the seminiferous 
epithelium and reduction in progressive sperm motility, accompanied 

Figure 1: Testicular histology and sperm quality in varicocele. (a) Diameter of 
the spermatic vein was assessed after 8 weeks in the control group and the 
varicocele group. (b) Testicular tissue sections stained with hematoxylin and 
eosin reveal the histopathological changes. Spermatogenic cells are arranged 
neatly and orderly in a concentric distribution in controls. The deleterious 
effects (mainly vacuolization of the germinal epithelium as indicated by 
arrows) are observed in the varicocele group. The scale bar represents 100 μm. 
(c) The TUNEL assay was performed on the control and varicocele to detect 
DNA strand breakage in testicular cells. Positive green cells of the TUNEL 
(+) test are indicated with arrows. The scale bars represent 100 μm. (d) The 
concentration of SOD was measured in the control and varicocele testes. 
(e) The concentration of MDA was measured in control and varicocele testes. In 
the cauda epididymidis, (f) the total sperm number and (g) progressive motility 
were assessed in control and varicocele. Sample sizes are n = 3 from different 
rats for each group. Each treatment group compared with the control group, 
*P < 0.05, **P < 0.01 (t-test). SOD: superoxide dismutase; TUNEL: terminal 
deoxynucleotidyl transferase dUTP nick end labeling; MDA: malondialdehyde; 
Con: control group; VC: varicocele group.
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Figure 2: Expression of PK2 and PKR1 in varicocele. (a) Immunohistochemical 
staining of PK2 and PKR1 in the rat testes. Control testes display a weak 
PK2 signal. The immunoreactivity of PK2 is increased in the VC group. 
Control testes display a weak PKR1 signal. The immunoreactivity of PKR1 
is increased in the VC group. The scale bar represents 50 μm or 100 μm. 
(b) Alteration of PK2 and PKR1 mRNA in the testes was analyzed by qPCR. 
(c) The protein level of PK2 was determined by Western blot. Sample sizes 
are n = 3 for each group. Each treatment group was compared with the control 
group, **P < 0.01 (t-test). PK2: prokineticin 2; PKR1: prokineticin receptor 1; 
qPCR: quantitative real-time PCR assays; Con: control group; VC: varicocele.
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by decreased levels of SOD and increased activity of MDA in testicular 
tissue, indicating that oxidative stress occurred in varicocele.20,21

Aerobic metabolism of spermatozoa evokes the production of 
seminal ROS, which potentially damages the sperm plasma membrane 
as well as the core nuclear chromatin.22 Leukocytes act as another major 
source of seminal ROS.23 Compared with healthy men, varicocele-
associated subfertility and infertility is associated with an increase 
in seminal leukocytes.24 The accumulation of polyunsaturated fatty 
acids in the sperm plasma membrane and a low antioxidant capacity 
make sperm vulnerable to ROS attack.25 On the other hand, H2O2 
has previously been applied to mimic oxidative stress conditions in 
primary cortical cultures.14 H2O2 induces oxidative stress in GC-2 
cells by suppressing the expression levels of antioxidant enzymes and 
triggering reduction of the viability of GC-2 cells.26 Similar results were 
also observed in our study. Our results demonstrated that oxidative 
stress reduced the viability of GC-2 cells; however, the detailed 
mechanism is unclear.

PK2, a pro-inflammatory secretory protein, has been shown to 
elevate the inflammatory response by recruiting the infiltration of 
neutrophils and macrophages in inflamed tissues and upregulating 
pro-inflammatory cytokines.6,27,28 In the mammalian reproductive 
system, PK2 is primarily expressed in the prostate and testis and 
is particularly highly expressed in spermatocytes. Moreover, after 
being injected with the PK2 protein through the rete testis of adult 
rats to establish the PK2 overexpression model, the testes presented 
inflammatory histological changes with an increased infiltration of 
interstitial cells and disintegration of the seminiferous epithelium.12 
Previous research has suggested that varicocele is an inflammation-
activated state that is associated with increased levels of inflammatory 
markers, such as seminal epithelial neutrophil activating peptide-78 
and IL-1β.29 In the present study, we established that the expression 
levels of PK2 and its receptor PKR1 were increased in varicocele at 
the protein level, suggesting that the PK2/PKR1 signaling pathway 

mediated the development of inflammation-related varicocele. Because 
of the difficulty of primary spermatocyte culture and intervention 
in vitro, we chose a more stable cell line, as there is no rat spermatocyte 
line at present. It has been reported that the N-terminal region of PK2 
has a hexapeptide sequence called “AVITGA” that is conserved in all 
species. The AVITGA sequence is essential for the biological activities 
and the binding to PK2 receptors. Considering the high conservation 
of PK2 in different species, we chose GC-2 for in vitro experiments.30 
Furthermore, for the first time, we demonstrated that PK2 and PKR1 
are expressed in GC-2 cells, indicating that these cells could potentially 
be used as a model to study the PK2 signaling pathway in vitro.

Emerging information suggests that there may exist a close relation 
between PK2 and oxidative stress. In our previous research, inducible 
nitric oxide synthase (iNOS), an indicator of the degree of oxidative 
stress, was upregulated in rat spermatocytes after PK2 overexpressed in 
testis, suggesting that PK2 may impair the testis by inducing oxidative 
stress.12 In vitro stimulation with H2O2 upregulates mRNA expression of 
PK2 in primary cortical cultures.14 In our study, H2O2 was administered 
to mimic the oxidative stress state of varicocele in vitro, and both the 
mRNA and protein expression of PK2 were also increased in GC-2 
cells after the oxidant challenge, suggesting that PK2 is positively 
correlated with oxidative stress in germ cells. Given that leukocytes are 
the primary generator of ROS, we infer that an abnormal infiltration of 
inflammatory cells in varicocele elicits a microenvironment of oxidative 
stress, which is caused, in part, by the overexpression of PK2.

Figure 3: PK2 expression and oxidative stress in GC-2 cells. GC-2 cells 
were cocultured with various concentrations of H2O2 (0, 200, 400, and 
600 μmol l−1) for 6 h. (a) The basal expression levels of PK2 and PKR1 
in GC-2 cells were determined by immunofluorescence. The scale bars 
represent 100 μm. (b) The viability of GC-2 cells in the different groups was 
determined by CCK8 assay. (c) Alterations in the mRNA expression of PK2 
in GC-2 cells in the different groups were determined by qPCR. (d) Alteration 
of the protein expression of PK2 in GC-2 cells in the different groups was 
analyzed by Western blot. All experiments were replicated in three independent 
experiments from different cell samples. Each treatment group was compared 
with the control group, *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA). 
PK2: prokineticin 2; PKR1: prokineticin receptor 1; qPCR: quantitative real-
time PCR assays; ANOVA: analysis of variance.
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Figure 4: Overexpression of PK2 and GC-2 apoptosis. GC-2 cells were either 
transfected with various concentrations of the pCMV-HA-PK2 plasmid 
(4 µg and 8 µg), or empty vector plasmid for 48 h as a control. (a) The 
apoptosis rate was quantified by flow cytometry of GC-2 cells labeled with 
Annexin V-FITC and PI. (b) Cell viability in the different groups with various 
concentrations of plasmid was determined by CCK8 assay. (c) The cell lysates 
were analyzed by Western blotting with antibodies against cleaved-caspase-3, 
caspase-8, Bax, and Bcl-2. (d) The concentrations of intracellular calcium of 
GC-2 cells were determined by immunofluorescence. The scale bars represent 
100 μm. All experiments were replicated in three independent experiments 
from different cell samples. Con: the cells were transfected with an empty 
vector. Each treatment group was compared with the control group, **P < 0.01 
(one-way ANOVA). PK2: prokineticin 2; Bax: B cell lymphoma 2-associated 
X; Bcl-2: B cell lymphoma 2; ANOVA: analysis of variance.
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Studies that focus on the relationship between PK2 and apoptosis 
are limited and controversial. PK2 is known to attenuate H2O2-induced 
apoptosis in cardiomyocytes,8 while in cortical neurons, upregulation 
of PK2 promotes the amyloid-β peptide-induced neuronal damage.9 
In an attempt to confirm the role of PK2 in germ cell apoptosis, the 
pCMV-HA-PK2 plasmid was transfected into GC-2 cells to upregulate 
the expression of PK2. The rate of apoptosis was increased in the 
overexpressed group by the activation of apoptosis-associated proteins, 
such as cleaved-caspase-3, caspase-8, and Bax. It has become evident 
that PK2 has varying effects on apoptosis, depending on the cell type. 
PK2 promotes the survival of cardiomyocytes and angiogenesis through 
antagonizing oxidative stress, whereas it triggers neuron and germ cell 
apoptosis through the activation of oxidative stress. We infer that the 
role of PK2 in the apoptotic process in a cell is dependent on whether 
it is positively correlated with oxidative stress. In spermatocytes, the 
mutually reinforcing relationship between PK2 and oxidative stress 
triggers apoptosis signaling cascades.

PK2 action is known to elevate intracellular Ca2+ levels through 
voltage-gated Ca2+ channels in subfornical organ neurons.31 This 
increase has the potential to disturb Ca2+ homeostasis and evoke 
apoptosis through oxidative stress and endoplasmic reticulum 
stress activation.32 In our study, the overexpression of PK2 led to 
accumulation of intracellular Ca2+ in GC-2 cells, suggesting that PK2 
participates in the endoplasmic reticulum stress pathway to induce 
apoptosis. On the other hand, PK2 and its receptor transduce G-protein 
signals, suggesting that they are involved in multiple intracellular 
signaling cascades, such as mitogen-activated protein kinase (MAPK), 
extracellular-regulated MAP kinase (ERK1/2), and AKT.33,34 The 
question of whether AKT, ERK1/2, or other pathways participate in 
PK2-induced apoptosis warrants further investigation.

In our research, PK2 and PKR1 were upregulated in spermatocytes 
in a rat model of varicocele. The administration of H2O2 to mimic 
the oxidative stress status of varicocele in vitro induced an increase 
of PK2 and PKR1. The overexpression of PK2 triggered GC-2 
cell apoptosis and Ca2+ influx; however, the specific underlying 
mechanism remains unclear. Collectively, PK2 played an important 
role in the pro-apoptotic process of oxidative stress in varicocele. 
Our study provides a new viewpoint to reveal the mechanisms 
underlying oxidative stress-associated male infertility. Moreover, 
these data highlight that PK2 is a potential modulatory biomarker in 
varicocele, which may help in the development of a new therapeutic 
target for male infertility.
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Supplementary Table  2: Statistical analysis of Figure  3

0 µM 200 µM 400 µM 600 µM

Relative expression of PK2 1 1.8±0.5 2.3±0.1 –

Cells viability (%) 91.8±2.8 81.1±3.6 49.7±3.0 22.6±1.9

PK2: prokineticin 2

Supplementary Table  3: Statistical analysis of Figure  4

0 4 µg 8 µg

Cells viability (%) 95.9±2.5 83.2±2.2 75.4±3.7

Supplementary Table  1: Statistical analysis of in  vivo experiment

Control (n=3) Varicocele (n=3) Figure

SOD (U/mg protein) 4.1±0.4 2.3±0.4 1

MDA (μmol/mg protein) 10.3±1.2 18.3±2.1 1

Sperm total number/108 2.3±0.3 2.0±0.3 1

Progressive sperm motility (%) 50.7±3.1 36.7±5.9 1

Relative expression of PK2 1.0 1.8±0.2 2

Relative expression of PKR1 1.0 2.4±0.3 3

PK2: prokineticin 2; PKR1: prokineticin receptor 1; SOD: superoxide dismutase; 
MDA: malondialdehyde




