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Therefore, this study was to investigate the effects of annexin A5 
on steroidogenesis in rat Leydig cells and to reveal the mechanism how 
annexin A5 modulates testosterone production.

MATERIALS AND METHODS

Reagents
The rat annexin A5 was purchased from GenScript (Piscataway, NJ, 
USA). Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s nutrient 
mixture F12  (DMEM/F12) was purchased from Invitrogen  (Grand 
Island, NY, USA). Percoll, HEPES, collagenase type  I were from 
Sigma Chemical Co.  (St. Louis, MO, USA). Hanks’ balanced salt 
solution (HBSS) without Ca2+ and Mg2+, and penicillin-streptomycin 
were purchased from Life Technologies, Inc.  (Paisley, Scotland, 
UK). PD-98059 and Reverse-Transcription System were purchased 
from Promega  (Madison, WI, USA). Antibodies against StAR, 
P450scc, 3β-HSD, and 17β-HSD were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). β-actin antibody, horseradish 
peroxidase-conjugated goat anti-mouse, and goat anti-rabbit secondary 
antibodies were purchased from Boster (Wuhan, China).

Animals
Male Sprague-Dawley rats  (9–10  weeks old) were bred in our 
laboratory. The animal room was maintained at 22–24°C under a 
12/12-h light/dark cycle. Animals were fed with standard pellet diet and 

INTRODUCTION
Annexin A5 is a member of the annexin family proteins that bind 
phospholipids in a calcium dependent manner.1 Annexin A5 was first 
identified as a protein with structural similarity to annexin 1 that is 
a mediator of the anti-inflammatory activity of glucocorticoids via 
inhibiting phospholipase A22–5 and an inhibitor of blood coagulation.6 
Annexin A5 also shows the inhibitory activity7–9 and forms calcium 
channels on phospholipid membranes.10–13 Although the biochemical 
properties of annexin family proteins suggest important roles in cell 
functions, the function of these proteins in the physiological process is 
still obscure.14 Kawaminami et al. found that annexin A5 was expressed 
in the regressing corpus luteum.15 The expression of annexin A5 in the 
luteal cells was accompanied by apoptotic change, which was inhibited 
by the local administration of a GnRH receptor antagonist. Thus, 
annexin A5 synthesis is stimulated by GnRH in the ovary.15

It has been reported that annexin A5 is expressed in the Leydig 
cells and Sertoli cells of rat.16,17 We previously reported that both 
hCG and GnRH agonists increased the expression of annexin A5 and 
testosterone secretion in the primary rat Leydig cells in vitro. Moreover, 
hCG increased the expression and the localization of annexin A5 in 
the whole interstitial tissue of testes.18 These observations suggest that 
the expression of annexin A5 in Leydig cells leads to its secretion into 
the interstitial tissue of testes where annexin A5 regulates testosterone 
synthesis and secretion.
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Thus, ERK1/2 signaling is involved in the roles of annexin A5 in mediating testosterone production and the expression of P450scc, 
3β-HSD, and 17β-HSD in Leydig cells.
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water ad libitum. The animal experiments were performed following 
the guidelines for animal treatment of Nanjing Jinling Hospital and 
approved by the Local Ethics Committee, which is in accordance with 
the principles and procedure of the NIH guide for the care and use of 
laboratory animals.

Leydig cell isolation, culture, and treatment
Leydig cells were prepared from rat testes by collagenase treatment 
as described previously.19 Briefly, decapsulated testes were incubated 
with collagenase type I (0.25 mg ml−1) for 20 min at 37°C. The crude 
interstitial cells were collected by centrifugation at 1000 ×g for 10 min, 
then washed twice in HBSS containing 0.1% BSA (w/v). To obtain 
pure Leydig cells, crude cell suspension was loaded on the top of a 
discontinuous Percoll gradient (20%, 40%, 60%, and 90% Percoll in 
HBSS) and subsequently centrifuged at 800 ×g for 20 min. The fractions 
enriched in Leydig cells were obtained and centrifuged in a continuous, 
self-generating density gradient starting with 60% Percoll at 20 000 ×g 
for 30 min at 4°C.

The total number of cells and the percentage of 3β-HSD-positive 
cells were determined by the protocol for Leydig cell preparation.20 
The purity of Leydig cells was 85%–90%. The cell viability, as 
assessed by Trypan blue exclusion, was  >90%. The purified Leydig 
cells were washed twice with DMEM-F/12 and resuspended in 
DMEM-F/12  supplemented with 15 mmol l−1 HEPES  (pH  7.4), 
1  mg ml−1 BSA, 365  mg l−1 glutamine, 100  IU ml−1 penicillin, and 
100 µg ml−1 streptomycin.

For Leydig cell culture, 2  ml cell suspension containing 
106 cells ml−1 was plated into each well of 6-well plate (Costar, NY, USA) 
and incubated at 34°C in a humidified atmosphere of 5% CO2–95% air 
for 24 h. For testosterone measurement, the cells were incubated with 
fresh medium containing increasing concentrations of annexin A5 (0, 
0.1, 1.0, 10 nmol l−1) for different time (6, 12, 24 h). After incubation, 
culture medium was collected and frozen at −20°C for testosterone 
measurement. For total RNA and protein extraction, the cells were 
washed once with fresh medium and serum-starved for 6  h, then 
stimulated with 1 nmol l−1 annexin A5 for 24 h. For the detection of 
ERK activation, Leydig cells were serum-starved for 6 h, then treated 
with 1 nmol l−1 annexin A5 for 0, 5, 10, 30, 60, and 90  min. The 
phosphorylated ERK (p-ERK) and total ERK (T-ERK) were detected 
by Western blotting. To investigate whether the effect of annexin 
A5 on testosterone secretion in rat Leydig cells is mediated by ERK 
signaling pathway, PD98059 (50 µmol l−1), a specific inhibitor of ERK, 
was added 20 min before annexin A5 treatment. Testosterone level was 
determined by chemiluminescence assay and protein expression (StAR, 
P450scc, 3β-HSD and 17β-HSD) was examined after 24 h treatment 
by Western blotting.

Transfection of siRNAs in Leydig cells
Four siRNA duplexes were synthesized commercially by Bioneer 
with the help of tools available online  (http://www.bioneer.
com). siRNA1:  5’-GAG CAU ACC UGC CUA CCU U  (dTdT)-3’, 
siRNA2:  5’-GUU UUC UAU CCU CUU CUA A  (dTdT)-3’, and 
siRNA3:  5’-GAC AGA CCU UCC CAC GUC U  (dTdT)-3’ were 
designed to target different coding regions of the Rattus norvegicus 
annexin A5 mRNA (Gene Bank Accession No. NM_013132.1). The 
sequences of negative control were: 5’-CCU ACG CCA CCA CUU 
AUU UCG U (dTdT)-3’.

The day before transfection, 2 × 106 cells in 2 ml of DMEM without 
antibiotics were plated so that cells will be 70%–90% confluent at the 
time of transfection. The annexin A5 siRNA was transfected into cells 
by GenEscortTM II, an efficient transfection reagent, according to the 

product manual. Briefly, 1ug annexin A5 siRNA and 2ul GenEscortTM 
II were diluted and mixed in 50 µl PBS in different tube respectively, 
then the GenEscortTM II dilution was added to the siRNA dilution and 
mixed gently, and then incubated for 10–15 min at room temperature 
to allow transfection complex formation. The transfection complex 
was then added to the cells. After culture for 48 h at 34°C with 5% 
CO2, the cells in the 6-well plates were lysed to collect total proteins 
for Western blotting.

RNA extraction and semi‑quantitative RT‑PCR
Total  RNA in Leydig  cel ls  was  extracted using Trizol 
reagent (Invitrogen), according to the manufacturer’s instruction. The 
quality and concentration of RNA were determined with Eppendorf 
Biophotometer (Germany). Total RNA was reversely transcribed with 
Reverse-Transcription System in a total volume of 25 µl including 
5 × AMV Buffer, 2.5 mmol l−1 dNTP, OligdT, 10 U µl−1 AMV together 
with 1ug RNA as the template. The reaction was run at 42°C for 60 min, 
and 95°C for 5 min to terminate the reaction.

After reverse-transcription, the PCR was carried out for 30 cycles 
of 94°C for 30 s, 57°C for 30 s and 72°C for 30 s in a final volume of 
25 µl containing 2 × PCR Mi × 12.5 µl, 20 µmol l−1 specific forward 
and reverse primers 1.0 µl, ddH2O 9.5 µl, and 1 µl cDNA as a template. 
Primers for 3‑HSD, StAR, P450scc, 17α-hydroxylase, 17‑HSD, and 
Rpl19 were designed using Primer Premier 5.0 software  (Table  1). 
Products were electrophoresed on a 2% agarose gel, and densitometric 
analysis of DNA bands was tested by Quantity One software. The 
relative expression of 3‑HSD, StAR, P450scc, 17‑hydroxylase, 
and 17‑HSD mRNAs in different samples was determined by 
the normalization to the amount of Rpl19 mRNA. Each RT-PCR 
experiment was repeated at least 3 times, and data were presented as 
the relative rate of mRNA expression.

Western blotting analysis
The cells treated with annexin A5 were washed twice with ice-cold PBS 
and lysed in 200 µl of ice-cold RIPA buffer (150 mmol l−1 NaCl, 1% 
Nonidet P-40, 0.25% deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 
50 mmol l−1 Tris  [pH  7.4], 1 mmol l−1 phenylmethylsulfonyl 
fluoride [PMSF], 1 mmol l−1 Na3VO4, and 1 mmol l−1 NaF). The cell 
lysate was harvested by centrifugation at 10 000 ×g for 20 min at 4°C. 
The protein concentration of supernatants was determined by Bradford 
method. Thirty microgram of total protein samples were separated by 
10% SDS-PAGE gels, then transferred onto polyvinylidene difluoride 
membranes (PVDF) (Millipore Corporation). The membrane was then 
blocked with 5% (w/v) nonfat milk powder in TBST (0.5% Tween 20 in 
Tris-buffered saline) for 1.5 h at 37°C, and washed 3 times with TBST 

Table 1: Sequences of primers for semi-quantitative PCR

Gene Sequence (5’ to 3’) PCR size (bp)

StAR P1: AGGAGAATGGAGATGAAG
P2: TGATAAGACTTGGTTGATG

469

3β‑HSD P1: GGCATCTCTGTTGTCATC
P2: GGTGTCATCTGGATATAGTAG

557

P450scc P1: TTGAAGGTACAGGAGATG
P2: GGAAGTTGAAGAAGATAGG

499

17α‑hydroxylase P1: CTCAAAGCCTCTTGTCGG
P2: GTCCCATTCATTCTCATCGT

917

17β‑HSD10 P1: AGACTGGTGGGACAAGGA
P2: TCTGGCAGAGTGGTAAGC

548

Rpl19 P1: GAGTATGCTTAGGCTACAG
P2: GTGCTTCCTTGGTCTTAG

506

PCR: polymerase chain reaction; StAR: steroidogenic acute regulatory; 3β‑HSD: 3β- 
hydroxysteroid dehydrogenase; 17β‑HSD10: 17β-hydroxysteroid dehydrogenase 10
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for 30 min. Membranes were incubated with primary antibodies for 
StAR, 450scc, 3β-HSD, 17β-HSD, p-ERK, T-ERK, and β-actin for 
16–18  h at 4°C. After washing, the membrane was incubated with 
appropriate horseradish peroxidase-conjugated secondary antibodies, 
and the bands were visualized with ECL (Promega) as described by the 
manufacturer. The intensity of bands was quantitated by Quantity-One 
software.

Testosterone determination
The testosterone level in cell culture medium was measured using the 
Access Testosterone Kit (Backman Coulter, Inc., CA, USA), according 
to the manufacturer’s instructions.

Statistics
All data are represented as mean ± s.e.m. of at least three independent 
experiments. Differences between the means were analyzed by one-way 
ANOVA and the LSD method. P < 0.05 was considered as statistically 
significant.

RESULTS

Dose‑  and time‑dependent effects of annexin A5 on testosterone 
production in rat Leydig cells
To determine whether annexin A5 can stimulate testosterone 
production, rat Leydig cells were treated with different concentrations 
of annexin A5 for 24  h and testosterone production was detected 
by chemiluminescence assay. As shown in Figure  1a, the level of 
testosterone was significantly increased by 18% and 26% after treatment 
with 0.1 nmol l−1 and 1 nmol l−1 of annexin A5 for 24 h (P < 0.01), 
respectively. Then, annexin A5 at 1 nmol l−1 was used to determine 
the temporal effect. Time-dependent study indicated that the maximal 
effect of annexin A5 on testosterone production was seen at 24 h after 
treatment (P < 0.01; Figure 1b). Therefore, the dose of 1 nmol l−1 and 
time point of 24 h were used in the following experiments.

Effects of annexin A5 on the expression of StAR, P450scc, 3β‑HSD, 
CYP17A, and 17β‑HSD in rat Leydig cells
To evaluate the effect of annexin A5 on the expression of StAR, 
P450scc, 3β-HSD, CYP17A, and 17β-HSD, rat Leydig cells were 
treated with 1 nmol l−1 Annexin A5 for 24  h. The mRNA levels of 
StAR, P450scc, 3‑HSD, CYP17A, and 17‑HSD were examined by 
semi-quantitative RT-PCR. As shown in Figure 2a, compared with 
control, the mRNA level of StAR, P450scc, 3‑HSD, and 17‑HSD was 
increased by 55%, 69%, 59%, and 104%, respectively (P < 0.05), while 

the CYP17A mRNA expression was not significantly affected (P > 0.05). 
Moreover, their protein expression was examined by Western blotting. 
The StAR protein expression was not affected after annexin A5 
treatment for 24 h, while the protein expression of P450scc, 3β-HSD, 
and 17β-HSD was significantly increased by 35%, 88%, and 47%, 
respectively (P < 0.05) (Figure 2b).

Annexin A5 mediates testosterone production in rat Leydig cells
To verify the effect of annexin A5 on testosterone production and 
protein expression of P450scc, 3β-HSD, and 17β-HSD, we transfected 
three different annexin A5 siRNA duplexes and a negative control 
into leydig cells. The knockdown effect of annexin A5 was examined 
at 48 h after transfection by Western blotting. As shown in Figure 3a, 
compared with the control, all three annexin A5 siRNA duplexes 
showed the inhibitory effect on annexin A5 expression. The protein 
expression of annexin A5 was decreased by 51%, 35%, and 43%, 
respectively (P < 0.05). We further examined the level of testosterone 
in the supernatant after annexin A5 gene knockdown. As shown in 
Figure 3b, the level of testosterone was decreased by 49% at 48 h after 
annexin A5 knockdown (the best siRNA) (P < 0.01). Western blotting 
results showed that, 48 h after transfection, StAR protein level was 
not affected by annexin A5 siRNA, while the protein expression of 
P450scc, 3β-HSD, and 17β-HSD was decreased by 48%, 33%, and 53%, 
respectively (P < 0.05) (Figure 3c). Our results suggest that annexin 
A5 in leydig cells is involved in mediating testosterone production and 
the protein expression of P450scc, 3β-HSD and 17β-HSD.

ERK1/2 activation by annexin A5 in rat Leydig cells
To confirm whether the effect of annexin A5 on testosterone secretion 
in rat Leydig cells is relevant to ERK1/2 signaling pathway, Leydig 
cells were treated with annexin A5. Annexin A5 induced a significant 
activation of ERK1/2 at 5, 10, and 30 min, and the maximal increase 
as high as 33%  (vs control) was observed at 10  min  (Figure  4a). 
Total-ERK was not affected by annexin A5 treatment at all-time points. 
Moreover, Leydig cells were treated with pH 8.0 Tris-HCl, 1 nmol l−1 
annexin A5, PD98059 (50 µmol l−1, a specific inhibitor of ERK), and 
1 nmol l−1 annexin A5 plus PD98059 (PD98059 was added 20 min 
before Annexin A5 treatment), respectively. The result showed that 
PD98059 significantly inhibited the secretion of testosterone from 
Leydig cells, and the promoting effect of annexin A5 on testosterone 
production was significantly abrogated by PD98059 (Figure 4b).

The regulation of P450scc, 3β‑HSD and 17β‑HSD expression by 
annexin A5 is involved in ERK signaling pathway
To investigate whether the regulation of annexin A5 in the expression of 
P450scc, 3β-HSD, and 17β-HSD is related to ERK1/2 signaling pathway, 
the protein expression of P450scc, 3β-HSD, and 17β-HSD was detected 
after different treatments (pH 8.0 Tris-HCl, 1 nmol l−1Annexin A5, 50 
µmol l−1 PD98059, 1 nmol l−1 Annexin A5 plus 50 µmol l−1 PD98059). 
Results showed PD98059 obviously decreased the protein expression 
of P450scc, 3β-HSD, and 17β-HSD. Moreover, the promoting effect of 
annexin A5 on protein expression of P450scc, 3β-HSD, and 17β-HSD 
was also obviously inhibited by PD98059 (Figure 5).

DISCUSSION
To explore the function of annexin A5 on the Leydig cells in the testis, 
we tested the regulation of annexin A5 on testosterone production in 
Leydig cells and underlying mechanisms. For the first time, we showed 
that annexin A5 increased testosterone production in dose-  and 
time-dependent manners in rat Leydig cells. We also found that rat 
annexin A5 treatment could increase the mRNA expression of StAR, 

Figure 1: Dose- and time-dependent effects of annexin A5 (A5) on 
testosterone production in rat Leydig cells. The cells were treated with various 
concentrations of annexin A5 for 24 h (a) or cells were treated with 1 nmol l−1 
of annexin A5 for different time points (b), then culture medium was collected 
and assayed for testosterone production by chemiluminescence assay. The 
data are presented as mean ± s.d. from three independent experiments 
performed in triplicate. **P < 0.01, compared with the control.

ba
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P450scc, 3‑HSD, and 17‑HSD in Leydig cells at 24 h. Moreover, the 
protein expression of P450scc, 3β-HSD, and 17β-HSD in Leydig cells 
was regulated after annexin A5 treatment. Furthermore, we verified 
that annexin A5 mediated testosterone production the expression of 
P450scc, 3β-HSD, and 17β-HSD in rat Leydig cells via the activation 
of ERK signaling. These results suggest a novel function of annexin 
A5 in steroidogenesis.

It is well-established that steroidogenesis in Leydig cells is 
regulated by LH-activated G-protein-adenylate cyclase-protein 
kinase A (PKA) signaling pathway that phosphorylates or activates 
proteins. The expression and activity of P450scc, 3β-HSD, and 
17β-HSD enzymes can be regulated by various factors to regulate 
steroidogenesis. In the present study, annexin A5 was found to 
increase testosterone production by upregulating the expression of 

Figure 2: Effects of annexin A5 (A5) on the mRNA and protein expression of StAR and testosterone synthesis-related enzymes in rat Leydig cells. (a) Cells 
were treated with 1 nmol l−1 annexin A5 for 24 h, and the mRNA expression of StAR, P450scc, 3‑HSD, CYP17A, and 17‑HSD10 was examined by 
semi-quantitative RT-PCR. Rpl19 was used as an internal control. (b) The protein expression of StAR, P450scc, 3β-HSD, and 17β-HSD was detected by 
Western blotting. Quantitation of StAR, P450scc, 3β-HSD, and 17β-HSD expression was determined by the normalization to the internal control β-actin. 
All data represent mean ± s.d. from at least three independent experiments. *P < 0.05, **P < 0.01, compared with the control.

ba

Figure 3: Knockdown of annexin A5 inhibits testosterone production and the expression of testosterone synthesis-related enzymes in rat Leydig cells. (a) Leydig 
cells were transfected with three different siRNAs targeting annexin A5, and the protein expression of annexin A5 was detected at 48 h after transfection 
by Western blotting. (b) Leydig cells were transfected with annexin A5 siRNA for 48 h, then culture medium was collected and assayed for testosterone 
production by chemiluminescence assay. (c) Protein expression of StAR, P450scc, 3β-HSD, and 17β-HSD in Leydig cells was detected after annexin A5 
knockdown. The densitometric analysis of Western blots was determined by the normalization to internal control β-actin. Values are shown as mean ± s.d. 
from at least three independent experiments. *P < 0.05, **P < 0.01, compared with negative control.

cb

a
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P450scc, 3β-HSD, and 17β-HSD. However, the promoting effect of 
annexin A5 on testosterone production is much lower than that of 
LH, which could increase testosterone production in Leydig cells 
by as high as 10-fold. Besides its role in testosterone production, we 
speculate that annexin A5 may regulate other functions in Leydig cells 
because Annexin A5 can regulate cell migration and apoptosis in the 
epithelial cells.21,22 Moreover, knockdown of annexin A5 by siRNA 
could decrease testosterone production in Leydig cells by 50% and the 
expression of P450scc, 3ß‑HSD and 17ß‑HSD that are closely related 
to steroidogenesis. The mRNA expression of StAR in rat Leydig cells 
was also upregulated significantly by annexin A5 treatment, although 
its protein expression was not changed. Annexin A5 may regulate 
StAR expression at transcription level, but the precise mechanism 
needs further investigation. It is accepted that StAR’s entry into 
mitochondria causes physical contact between the outer and inner 
mitochondrial membranes, then results in cholesterol decrease to a 
chemical concentration gradient from the outer to inner membrane. 
The upregulation of testosterone secretion by annexin A5 is probably 
not due to the increasing import of cholesterol into mitochondria. 
These data indicate annexin A5 regulates Leydig cell function through 
mediating steroid hormone synthesis and the expression of some 
steroidogenesis-associated proteins.

The mitogen-activated protein kinase/extracellular signal-regulated 
kinase 1/2 (MAPK ERK 1/2) has been reported to be involved in the 
steroidogenesis in Leydig cell.23–27 Gyles et al. reported that MAPK 
kinase inhibitors inhibited forskolin-stimulated steroid production 
in the mouse testicular MA-10 cell line,27 which is consistent 
with our result that ERK inhibitor PD98059 blocked testosterone 
production induced by annexin A5 in Leydig cells. In human LH 
receptor-expressing MA-10  cells, hCG was able to increase the 
PKA-mediated phosphorylation of Ras and ERK1/2.28 Also, the effect 
of hCG on the expression of phosphorylated-ERK1/2 was diminished 
by the inhibition of PKC and PKA responsiveness in immature rat 
Leydig cells.29 Our previous study demonstrated that the synthesis of 
annexin A5 is stimulated by GnRH and hCG, and GnRH positively 
regulates steroidogenesis by activating ERK in rat Leydig cells.18,30 
ERK1/2 but not JNKs or p38-MAPKs was activated by GnRH in our 
previous study,30 and ERK1/2 is also activated by annexin A5 in the 
current study. Interestingly, JNKs or p38-MAPKs were not activated by 
annexin A5 in our study. So annexin A5 may be the mediator between 
the GnRH/hCG and P-ERK1/2.

A previous study demonstrated that annexin A5 was expressed in 
the Leydig cells of the interstitium and endothelial cells of microvessels. 
We speculate annexin A5 may exert different functions in Leydig cells 
and endothelial cells. Annexin A5 promotes testosterone production 
in Leydig cell by activating ERK1/2, but its role in endothelial cells 
needs further investigation. In addition, we cannot exclude the 
possibility that annexin A5 plays similar roles in both Leydig cells 
and endothelial cells because annexin A5 may act as an anti-apoptotic 
agent or a phospholipid stabilizing agent to mediate cell functions via 
ERK1/2 signaling.

Taken together, we conclude that rat annexin A5 can regulate 
testosterone secretion in dose- and time-dependent manners. ERK1/2 
is involved in annexin A5-induced testosterone secretion in Leydig 
cells, which is consistent with increased expression of P450scc, 3β-HSD 
and 17β-HSD in Leydig cells.
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