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Adrenomedullin protects Leydig 
cells against lipopolysaccharide-
induced oxidative stress and 
inflammatory reaction via MAPK/
NF-κB signalling pathways
Wei Hu1, Lei Shi2, Ming-yong Li3, Pang-hu Zhou4, Bo Qiu4, Ke Yin5, Hui-hui Zhang3, Yong Gao6, 
Ran Kang3, Song-lin Qin1, Jin-zhuo Ning7, Wei Wang8 & Li-jun Zhang9

This study aimed to explore the possible benefits of adrenomedullin (ADM) in preventing oxidative 
stress and inflammation by using an in vitro primary culture model of rat Leydig cells exposed to 
lipopolysaccharide (LPS). Cell proliferation was detected through CCK-8 and BrdU incorporation assays. 
ROS were determined with a DCFDA kit, and cytokine concentrations were measured with ELISA 
assay kits. Protein production was examined by immunohistochemical staining and Western blot, and 
gene expression was observed through RT-qPCR. Results revealed that ADM significantly reduced 
LPS-induced cytotoxicity, and pretreatment with ADM significantly suppressed ROS overproduction 
and decreased 4-HNE and 8-OHdG expression levels and concentrations. ADM pretreatment also 
significantly attenuated the overactivation of enzymatic antioxidants, namely, superoxide dismutase, 
catalase, thioredoxin reductase, glutathione peroxidase, glutathione reductase and glutathione-S-
transferase. ADM supplementation reversed the significantly increased gene expression levels and 
concentrations of TNF-α, IL-1β, TGF-β1, MCP-1 and MIF. ADM pretreatment significantly inhibited the 
gene expression and protein production of TLR-2 and 4. Furthermore, ADM pretreatment markedly 
reduced the phosphorylation of JNK, ERK 1/2 and p38, phosphorylation and degradation of IκBα and 
nuclear translocation of p65. Our findings demonstrated that ADM protects Leydig cells from LPS-
induced oxidative stress and inflammation, which might be associated with MAPK/NF-κB signalling 
pathways.

Testes are a part of the reproductive and endocrine systems, and these organs serve as the source of sperm and 
male sex hormones, which are necessary to maintain normal reproductive function in adult males1. Leydig cells, 
located within the interstitial compartment of the testes, mainly contributed to androgen synthesis and secretion 
and play an important role in testicular development, normal masculinisation, spermatogenesis maintenance 
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and general male fertility2. Infections and inflammation of the male reproductive tract are well-known etiological 
factors of male subfertility or infertility3. In an infected reproductive tract, the innate immune system recruits 
phagocytic cells and effector molecules to the site of infection by releasing a battery of cytokines and other inflam-
matory mediators that remarkably affect subsequent events4.

Bacterial lipopolysaccharide (LPS), as an active component of Gram-negative bacterial cell walls, contrib-
utes to the pathogenesis of bacterial infection in male reproductive tissues5. Infection and inflammation can be 
induced in vitro and in vivo by administering LPS, and LPS administration in animals inhibits testicular steroi-
dogenesis6–9. LPS-mediated production of proinflammatory cytokines exhibits an inhibitory role in Leydig cell 
function through the production of increased reactive oxygen species (ROS) and consequently disrupt mitochon-
drial membrane permeability10–12. Our previous study demonstrated that LPS-induced inflammation causes oxi-
dative stress and apoptosis in Leydig cells, which may be the major influential factor involved in steroidogenesis 

Figure 1.  Effect of ADM on cell viability and the LPS-induced damage of Leydig cells and cell proliferation. (a) 
Dose-response effect of ADM (0, 10, 50, 100, or 300 nM) on the viability of Leydig cells after a 12-h treatment. 
(b,c) Protective effect of ADM (100 nM) on cell damage induced by LPS and on cell proliferation suppressed by 
LPS (1 µg/mL). Scale bar: 20 µm. (d) Statistical analysis of percentage of BrdU positive cells. Data were obtained 
from five independent experiments performed in triplicate and expressed as mean ± SEM.
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impairment13. However, the exact underlying mechanisms of oxidative stress and inflammatory reaction by which 
LPS impairs steroidogenesis are poorly investigated.

Adrenomedullin (ADM) is a 52-amino-acid peptide originally discovered in the tissue extract of human phe-
ochromocytoma and characterised by a potent vasodilatory activity14. In addition to a major role in regulating 
vascular tonus, potent angiogenic, anti-oxidant, anti-inflammatory and anti-apoptotic properties are shown by 
ADM as an endogenous peptide15,16. ADM elicits protective effect against myocardial injury induced by abdom-
inal aortic ischaemia-reperfusion in rats by attenuating oxidative stress and inflammation17. Treatment with 
ADM significantly reduces the development of acute lung injury by downregulating a broad spectrum of inflam-
matory factors18. ADM ameliorates hyperoxia-induced acute lung injury in rats by suppressing oxidative stress 
and inflammation19. ADM deficiency potentiates hyperoxic injury in primary foetal human pulmonary micro-
vascular endothelial cells by increasing oxidative stress and inflammation20. ADM2, as a member of the ADM 
peptide family, causes a restorative effect on steroidogenesis in hydrogen peroxide-treated rat primary Leydig 
cells6. ADM2 may also be considered a promising novel therapeutic target that mitigates diabetic ischaemic heart 
injury by reducing oxidative stress, inflammation and apoptosis21. ADM2 overexpression in the kidney provides 
a protective effect against renal ischaemia-reperfusion injury possibly by alleviating oxidative stress and conse-
quently suppressing inflammation22. ADM2 in the kidney also prevents against IgA nephrology by decreasing 
oxidative stress and controlling inflammation23. Despite these emerging findings regarding the anti-oxidative and 
anti-inflammatory roles of the ADM family, the effects of exogenous ADM on oxidative stress and inflammatory 
response in LPS-stimulated Leydig cells have yet to be demonstrate.

To the best of our knowledge, this study is the first to show the anti-oxidant and anti-inflammatory effects 
of ADM in testicular Leydig cells. We hypothesise that ADM may benefits testicular Leydig cells through its 
protective effects against oxidative stress and inflammatory response in other cells, tissues and organs. This study 
explores the protective role and underlying mechanisms of ADM in the attenuation of oxidative stress and inflam-
matory reaction in rat primary Leydig cells exposed to LPS.

Figure 2.  ADM blocked ROS overproduction in the primary culture of Leydig cells exposed to LPS. (a) 
Representative images showing positive cells of ROS-DCF fluorescence in different treated groups. The phase 
images showing equal cell density in the four groups. Scale bar: 20 µm. (b) ROS production by Leydig cells in 
different treated groups measured by DCF fluorescence intensity. (c) Graph displayed increase of relative folds 
of ROS production normalised by the control group. Data were obtained from five independent experiments 
performed in triplicate and expressed as mean ± SEM.
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Materials and Methods
Reagents.  Cell culture dishes, plates, centrifuge tubes and other plastic wares were purchased from BD 
Biosciences (Lincoln Park, NJ, USA). Rat ADM (1–50) was purchased from Phoenix (Belmont, CA, USA). 
LPS from Escherichia coli, serotype (O127:B8), phosphate buffered saline (PBS), Triton X-100 and the reduced 
form of nicotinamide adenine dinucleotide phosphate (NADPH) were obtained from Sigma (St. Louis, MO, 
USA). Dulbecco′s modified Eagle′s medium (DMEM) with the Ham′s F-12 nutrient mixture (at a 1:1 ratio; 
DMEM-F12), collagenase type IV, Percoll, Trypan blue, bovine serum albumin (BSA), foetal bovine serum (FBS), 
3,3′-diaminobenzidine (DAB), 6-dianidino-2-phenylindole dihydrochloride (DAPI) and penicillin/streptomycin 
were obtained from Gibco (Grand Island, NY, USA). A 5-bromo-2′-deoxyuridine (BrdU) cell proliferation kit 
was obtained from Millipore (Billerica, MA, USA). Cell counting kit-8 (CCK-8) was purchased from Dojindo 
Laboratories (Kyushu, Japan). The 2′,7′-dichlorofluorescin diacetate (DCFDA)-cellular ROS detection assay 
kit was from Abcam (Cambridge, MA, USA). The bicinchoninic acid (BCA) protein assay kit was purchased 
from Thermo Fisher Scientific (Waltham, MA, USA). The enzyme-linked immunosorbent assay (ELISA) kits 
for 4-hydroxy-2-nonenal (4-HNE), 8-hydroxy-2-deoxyguanosine (8-OHdG), tumor necrosis factor α (TNF-α), 
interleukin 1β (IL-1β), transforming growth factor-β1 (TGF-β1), macrophage chemotactic protein 1 (MCP-1) 
and macrophage migration inhibitory factor (MIF) were purchased from R&D Systems (Minneapolis, MN, USA). 
DNeasy tissue extraction kit and RNeasy Plus Mini RNA extraction kit were from Qiagen (Valencia, CA, USA). 
TaqMan gene expression assays and real-time polymerase chain reaction (PCR) master mix were from Applied 
Biosystems (Foster City, CA, USA). Mouse monoclonal antibody against 8-OHdG and rabbit polyclonal anti-
bodies against 4-HNE, MCP-1 and MIF were obtained from Abcam (Cambridge, MA, USA). Mouse monoclo-
nal antibody against phosphorylated C-Jun N-terminal kinase (JNK), rabbit polyclonal antibodies against JNK, 
phosphorylated extracellular-signal-regulated kinase (ERK1/2) and IκB-α and rabbit monoclonal antibodies 
against toll-like receptor (TLR)-2, TLR-4, ERK1/2, phosphorylated p38, p38 and phosphorylated IκB-α were 
purchased from Cell Signalling Technology (Beverly, MA, USA). Mouse monoclonal antibodies against nuclear 

Figure 3.  Representative images showing the effect of ADM on the LPS-induced expression levels and 
production of 4-HNE and 8-OHdG. (a) Representative immunocytochemical images showing increased 
immunoreactivities of 4-HNE and 8-OHdG in primary Leydig cells in different treated groups. Scale bar: 
10 µm. (b) Concentrations of 4-HNE and 8-OHdG in different treated groups. Data were obtained from five 
independent experiments performed in triplicate and expressed as mean ± SEM.
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factor-kappa B (NF-κB) p65, p50 and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). Fluorescein tetramethyl rhodamine isothiocyanate (TRITC)-conjugated and fluorescein isothiocyanate 
(FITC)-conjugated secondary antibodies (goat anti-mouse or rabbit IgG) were from Molecular Probes (Eugene, 
OR, USA). All other chemicals used in this study were of analytical grade and obtained from Sigma (St. Louis, 
MO, USA) unless otherwise stated.

Animals.  Adult Sprague–Dawley rats approximately 90 days old and weighing approximately 400 g were pur-
chased from the Experimental Animal Centre of Wuhan University, China. The experimental protocols used in 
the study followed the national guidelines and protocols of the National Institutes of Health and were approved 
by the Local Ethics Committee for the Care and Use of Laboratory Animals of the University of South China. All 
experimental animals used in the experiments were individually maintained under standard conditions of con-
trolled temperature (22 ± 1 °C), lighting (12 h light:12 h darkness) and humidity (50 ± 10%) with ad libitum diet 
and water and were used before reaching 120 days.

Leydig cell isolation, purification and identification.  Isolation and purification of rat Leydig cell-enriched 
preparations were performed similar to that of our previous method24. Briefly, eight rats were euthanised with isoflu-
rane followed by cervical dislocation for each isolation event. The testes were dissociated under aseptic conditions and 
then placed in 50 mL plastic tubes (two testes per tube) filled with DMEM-F12 containing 0.25 mg/mL collagenase and 
incubated in a thermostatic shaking water bath at constant agitation. After incubation, the enzyme was diluted with 
collagenase-free DMEM-F12. Tubules were washed again to detach the interstitium and the two cell supernatants were 
combined. The resulting supernatant containing Leydig cells was filtered through a double layer of 100 µm nylon mesh 
(Spectrum, Rancho Dominguez, California) and transferred into sterile centrifuge tubes. The cells were collected by 
centrifugation and the obtained pellet was resuspended in DMEM-F12. Discontinuous Percoll gradients were used to 
obtain purified Leydig cells from this crude preparation. The Leydig cell suspension was loaded on top of a discontin-
uous Percoll gradient (5%, 30%, 58% and 70%) and then centrifuged. After centrifugation, most of the purified Leydig 
cells were observed in the third Percoll gradient. These Leydig cells were carefully collected using a Pasteur pipette, 
transferred into centrifuge tubes containing DMEM-F12 and then centrifuged. The resulting supernatant was dis-
carded and the residual Percoll was removed by dilution with Percoll buffer solution.

Leydig cell viability was estimated by measuring the percentage of cells that excluded Trypan blue staining 
method. Briefly, isolated Leydig cells and an equal volume of 0.4% Trypan blue were combined and incubated 
for 5 min at room temperature. After incubation, an aliquot of cells was loaded into a haemacytometer chamber 

Figure 4.  Effect of ADM on the enzymatic activities of SOD, CAT, TrxR, GPX, GR and GST. Primary Leydig 
cells were treated with ADM (100 nM) for 2 h and then switched to the culture medium in the presence of LPS 
(1 µg/mL) for 12 h to evaluate the enzymatic activities. Data were obtained from five independent experiments 
performed in triplicate and expressed as mean ± SEM.
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for cell counting, and the numbers of nonviable (stained) and viable (excluded) cells were counted. Viability was 
calculated as the percentage of viable cells divided by the total cell count. Leydig cells with at least 95% viability 
were used for the subsequent experiments.

Leydig cell purity was assessed using histochemical staining for 3-beta-hydroxysteroid dehydrogenase activity 
as previously described25. Briefly, an aliquot of Leydig cell fraction was incubated in 0.1 M PBS at pH 7.4 con-
taining 1 mg/mL nitroblue tetrazolium, 3 mg/mL nicotinamide adenine dinucleotide, 2 mg/mL dehydroepian-
drosterone and 1.6 mg/mL nicotinamide for 90 min at 34 °C. Stained cells were washed with PBS once and fixed 
in 10% formaldehyde for 30 min. Then, the cells were sedimented and washed twice. A drop of resuspended cell 
suspension was placed on a glass microscope slide. After drying, the percentage of positively stained cells with 
distinct blue reaction product was counted under an inverted microscope (Olympus, Tokyo, Japan). Leydig cells 
showed intense staining and were 90% enriched. Depending on the isolation, the yield per isolation from the 16 
testes ranged from 24 × 106 to 32 × 106 Leydig cells.

Cell culture and experimental design.  Primary Leydig cells were plated at a density of 1 × 106 cells/well 
in 6-well plates with a total volume of 2 mL DMEM-F12 containing 3% FBS at a density of 1.25 × 105 cells/well 
in 24-well plates with a total volume of 1 mL DMEM-F12 containing 3% FBS, or at a density of 1 × 104 cells/well 
in 96-well plates with a total volume of 200 µL DMEM-F12 containing 3% FBS. The cells were incubated at 37 °C 
for 24 h under 5% CO2 and 95% air. At the end of incubation, the FBS medium was removed, and the cells were 
incubated with serum-free medium for 1 h before the onset of experimental treatments.

Cells were cultured in 96-well plates with 200 µL serum-free medium in the presence of various doses of ADM 
(0, 10, 50, 100 and 300 nM) for 12 h to determine the dose-dependent effect of ADM. Cell viability was measured 
by CCK-8 assay.

To explore the protective effect of ADM on LPS-induced cytotoxicity, cells were incubated in 96-well plates 
with 200 µL serum-free DMEM containing ADM for 2 h before adding 1 µg/mL LPS. Cells were cultured with 
serum-free medium in the control group. CCK-8 assay was performed to detect cell viability at 12 h after 
incubation.

For other experiments, the cells were cultured in 6-well plates with 2 mL serum-free medium or 24-well plates 
with 1 mL serum-free medium. The cells were divided into four groups, namely, control (cells were cultured in 
serum-free medium alone), LPS (cells were in serum-free medium containing 1 µg/mL LPS for 12 h), ADM alone 

Figure 5.  Effect of ADM on the LPS-induced expression levels and production of TNF-α, IL-1β and TGF-β1 
in primary Leydig cells. (a,b) Primary Leydig cells were treated with ADM (100 nM) for 2 h and then switched 
to the culture medium in the presence of LPS (1 µg/mL) for 12 h to evaluate the mRNA levels by RT-qPCR and 
measured the protein levels by ELISA. The normalised levels of gene expression are expressed as ratios of the 
copy number of the mRNA and that of β-actin cDNA. Data were obtained from five independent experiments 
performed in triplicate and expressed as mean ± SEM.
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(cells were cultured in serum-free medium containing 100 nM ADM for 12 h) and LPS + ADM (cells were cul-
tured in serum-free medium containing 100 nM ADM for 2 h followed by 12 h with 1 µg/mL LPS).

CCK-8 cell proliferation assay.  Cell viability was detected using a CCK-8 assay kit in accordance with the 
manufacturer′s instructions. Briefly, after implementing the above-described experimental design, the culture 
medium was removed from each well, and the Leydig cells were washed thrice with 0.1 M PBS. Subsequently, 

Figure 6.  Representative images showing the effect of ADM on the LPS-induced expression levels 
and production of MCP-1 and MIF. (a) Representative immunofluorescent images showing increased 
immunoreactivities of MCP-1 and MIF in primary Leydig cells in different treated groups. Scale bar: 10 µm. 
(b) Fluorescence intensity of MCP-1 and MIF by Leydig cells in different treated groups. (c) Graph displayed 
increases of relative fold of MCP-1 and MIF production normalised by the control group. Data were obtained 
from five independent experiments performed in triplicate and expressed as mean ± SEM.
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Figure 7.  Effect of ADM on the LPS-induced gene expression levels and protein production of TLR2 and 
TLR4 in primary Leydig cells. (a,b) Primary Leydig cells were treated with ADM (100 nM) for 2 h and then 
switched to the culture medium in the presence of LPS (1 µg/mL) for 12 h to evaluate the mRNA levels by RT-
qPCR. (c) Representative images of Western blot with anti-TLR2 and TLR4 antibodies after primary Leydig 
cells were treated with ADM (100 nM) for 2 h and then switched to the culture medium in the presence 
of LPS (1 µg/mL) for 12 h. (d,e) Statistical analysis of Western blot results. The normalised levels of gene 
expression are expressed as ratios of the copy number of the mRNA and that of β-actin cDNA. β-actin was 
used as internal reference. Data were obtained from five independent experiments performed in triplicate 
and expressed as mean ± SEM.
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10 μL CCK-8 solution was added to each well, and the plates were incubated at 37 °C for 2 h. The WST-8(2-
(2-methoxy-4-(phenyl)-3-(4-(phenyl)-5-(2,4-sulpho benzene)-2H-tetrazolium monosodium salt) in the reagent 
can be reduced to orange-yellow formazan by dehydrogenase, which was proportional to the number of viable 
cells. The absorbance at 450 nm was measured using a microplate reader (Perkin Elmer, Waltham, MA, USA). A 
standard curve was designed using Leydig cell suspension with different dilution rates to calculate the viable cell 
numbers in each sample.

Figure 8.  Effect of ADM on the LPS-induced phosphorylation of JNK, ERK1/2 and p38 and nuclear 
translocation of p65. Primary Leydig cells were treated with ADM (100 nM) for 2 h before a 12-h treatment 
with LPS (1 µg/mL). (a) Phosphorylation of JNK, ERK1/2 and p38 in primary Leydig cells in different treated 
groups. (b) Nuclear translocation of p65 and the p-IκBα in the cytoplasm and p-p65 and p-p50 in the nucleus 
in primary Leydig cells in different treated groups. Scale bar: 10 µm. (c,d) Representative images of Western blot 
with anti-p-IκBα and IκBα antibodies in cytosol and anti-p-p65 and p-p50 antibodies in nucleus after primary 
Leydig cells were treated with ADM (100 nM) for 2 h and then switched to the culture medium in the presence 
of LPS (1 µg/mL) for 12 h. β-actin was used as internal reference. Data were obtained from five independent 
experiments performed in triplicate and expressed as mean ± SEM.
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BrdU cell proliferation assay.  Cell proliferation was measured using a BrdU cell proliferation kit according 
to the manufacturer’s instructions. After implementing the above-described experimental design, BrdU (10 μL/
well) was added and incubated at 37 °C for 1 h. The medium was removed, and the Leydig cells were washed with 
PBS. Cell samples were fixed with 4% paraformaldehyde and incubated with 3% H2O2 in methanol for 15 min 
to inactivate endogenous peroxidases. Then, the samples were washed with PBS and incubated with 0.1% Triton 
X-100 on ice for 5 min. After three washes with PBS, cultures were incubated for 2 h with a monoclonal anti-BrdU 
antibody (1:200). Subsequently, 100 μL/well working solution of TRITC-conjugated goat anti-rabbit secondary 
antibody (1:1000) was added and incubated at room temperature for 90 min in a dark room. Finally, the cells were 
rinsed thrice with PBS and were stained with 1 mg/mL DAPI. Immunofluorescent photographs were captured 
using an inverted microscope (Olympus, Tokyo, Japan) at 200 × magnification. Cell counts were performed on 
randomly selected areas of the BrdU-stained Leydig cells (visual field at 200 × magnification). We counted the 
number of BrdU positive cells against the total cell number to calculate the proliferation index (BrdU+ cells/total 
cells).

Measurement of cellular ROS production.  Cellular ROS production was measured using a DCFDA 
assay kit according to the manufacturer’s instructions. DCFDA as a cell-permeable fluorescent dye was decom-
posed by cellular esterases to non-fluorescent compound and then oxidised into highly fluorescent dichloroflu-
orescin (DCF). The amount of intracellular ROS was proportional to the intensity of DCF fluorescence. After 
Leydig cells were treated in accordance with the above-described experimental design and reached confluence, 
the culture medium was removed and the cells were incubated with DCFDA (100 µM) at 34 °C for 30 min in 
the dark. The cells were washed with PBS, resuspended in 200 µL PBS and then fluorescence was measured in a 
Wallac 1420 microplate reader (Perkin Elmer, Waltham, MA, USA) at an excitation wavelength of 488 nm and 
emission wavelength of 520 nm. The amount of intracellular ROS was proportional to the intensity of DCF flu-
orescence, and the fluorescence intensity was recorded directly to indicate the relative amount of ROS. Relative 
changes of DCF fluorescence were expressed as fold increase over the control cells.

Immunocytochemistry and immunofluorescent staining.  After Leydig cells were treated in accord-
ance with the above-described experimental design, Leydig cells on 6-chamber slides were fixed with 4% para-
formaldehyde at 4 °C for 15 min and then permeabilised with 0.2% Triton X-100 in PBS at room temperature for 
15 min. The cells were then incubated with primary antibodies against mouse 4-HNE (1:50), 8-OHdG (1:200), 
MCP-1(1:200), MIF (1:250) and p65 (1:400) at 4 °C overnight. Subsequently, 100 μL/well working solution of goat 
anti-mouse or rabbit secondary antibodies (1:300) was added and incubated at room temperature for 90 min. 
After the cells were washed with PBS, they were stained with avidin-biotin-peroxidase complex visualised with 
DAB for immunocytochemical staining or with DAPI for nuclear counterstaining for immunofluorescent stain-
ing. The stained slides were photographed using an inverted microscope (Olympus, Tokyo, Japan) at 200 × mag-
nification. Relative changes of MCP-1 and MIF fluorescence were expressed as fold increase over the control cells.

Assessment of the antioxidant profile.  After Leydig cells were treated according to the above-described 
experimental design, the medium was removed and 300 µL PBS was added to collect the cells by a cell scraper. 
The cells were disrupted by an ultrasonic processor, and the homogenate was centrifuged at 5000 × g at 4 °C for 
15 min to obtain the supernatant for the enzyme activity assays. The enzyme activities of superoxide dismutase 
(SOD), catalase (CAT), thioredoxin reductase (TrxR), glutathione peroxidase (GPX), glutathione reductase (GR) 
and glutathione S-transferase (GST) in the Leydig cells were determined according to the methods as previously 
described26,27. The enzyme activities of SOD, CAT, GPX and GST were expressed as units/mg protein. Activities 
of TrxR and GR were expressed as μmol/min/mg protein and μmol of NADPH oxidised/min/mg protein. All 
enzyme activities were normalised against the control group.

Estimation of TNF-α, IL-1β, TGF-β1, 4-HNE, 8-OHdG, MCP-1 and MIF concentrations.  After 
Leydig cells were treated in accordance with the above-described experimental design, the concentrations of 
TNF-α, IL-1β and TGF-β1 in the culture medium and 4-HNE, 8-OHdG, MCP-1 and MIF in the Leydig cells were 
determined with commercial ELISA kits in accordance with the manufacturer′s instructions. The absorbance was 
measured at 450 nm at a reference wavelength of 570 nm in a microplate reader (Perkin Elmer, Waltham, MA, 
USA). The protein levels were calculated using a concurrent standard curve. The results of TNF-α, IL-1β and 
TGF-β1 were expressed as pg/mL. The results of 4-HNE, MCP-1 and MIF were expressed as pg/mg protein and 
the 8-OHdG levels were expressed as pg/mg DNA. All results were normalised against the control group.

RNA extraction, reverse transcription and quantitative real-time PCR (RT-qPCR).  After 
Leydig cells were treated in accordance with the above-described experimental design, the treated cells were 
dissolved in Trizol reagent and total RNA was extracted with RNeasy Plus Mini RNA extraction kit in accord-
ance with the manufacturer’s instructions. RNA concentration was determined using a spectrophotometer 
(Evolution 220, Waltham, MA, USA) at 260 nm. Purity was assessed by measuring the ratio of A260/A280. 
Purified RNA at an A260/A280 ratio between 1.8 and 2.0 was used in this study. The first strand complimen-
tary DNA (cDNA) was synthesised from RNA using reverse transcriptase and a PrimeScript RT reagent kit 
(Fermentas, Waltham, MA, USA). RT-qPCR was performed in a 7900HT Fast Real-Time PCR system (Applied 
Biosystems, Foster City, CA, USA) by using SYBR Green chemistry. Each reaction was run in triplicate and 
performed under standard conditions [25 µL reaction mixture consisting of 0.5 μL 10 mM deoxynucleotide 
triphosphates, 2.5 μL 10 × buffer (containing Mg2+), 1 μL upstream primer (50 μg/mL), 1 μL downstream primer 
(50 μg/mL), 4 μL cDNA and 1 U Taq enzyme] in 40 cycles consisting of the following steps: initial denatura-
tion at 95 °C for 5 min followed by a set cycle of denaturation at 94 °C for 10 s and different annealing tempera-
tures for each pair of primers (ranging between 53 °C and 62 °C) for 10 s, extension at 72 °C for 28 s and a final 
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elongation at 72 °C for 5 min. Primer sequences of the targeted genes used for this study were as follows: TNF-α 
(5′-AAATGGGCTCCCTCTCATCAGTTC-3′, forward; 5′-TCTGCTTGGTGGTTTG CTACGAC-3′, reverse; 
NM004628.4), IL-1β (5′-CATTGTGGCTGTGGAGAAG-3′, forward; 5′-ATCATCCCACGAGTCACAGA-3′, 
reverse; NM005529.6), TGF-β1 (5′-CCCAGCATCTGCAAAGCTC-3′, forward; 5′-GTCAATGTACAGCTG 
CCGCA-3′, reverse; NM000660.6), TLR-2 (5′-TCGAGAAGAGCCACAAAACC-3′, forward; 5′- CGAAAA 
TGGGAGAAGTCCAG-3′, reverse; NM001318796.1), TLR-4 (5′- ACAAAAGCCCAGAACGCTAA-3′, for-
ward; 5′-TGCACAGAGAGCAGTTTTTCA-3′, reverse; NM015534.5) and β-actin (5′-CGTTGACATCCG 
TAAAGAC-3′, forward; 5′-TGGAAGGTGGACAGTGAG-3′, reverse; NM001199954.1). The generation of 
specific PCR products subjected to melting curve analysis for each primer set revealed only one peak for each 
product. All the gene expression levels were normalised for expression of the housekeeping gene, β-actin, and 
expressed as the fold ratio compared with the control group.

Western blot analysis.  After Leydig cells were treated according to the above-described experimental 
design, the entire cell lysates and cytoplasmic and nuclear extracts were harvested from Leydig cell monolayers. 
The total protein concentrations of the entire cell and cytoplasmic and nuclear extracts were measured with a 
BCA assay kit using BSA as the standard. After adjusting for equal amounts of total protein, protein mixtures 
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene 
difluoride membranes. After the transfer, non-specific binding sites of the membranes were blocked for 1 h at 
room temperature in PBS at pH 7.4 containing 5% (wt/vol) nonfat dry milk and subsequently incubated with 
primary antibodies against TLR-2 (1:1000), TLR-4 (1:1000), phosphorylated JNK (1:2000), JNK (1:1000), phos-
phorylated ERK1/2 (1:1000), ERK1/2 (1:1000), phosphorylated p38 (1:1000) and p38 (1:1000), phosphorylated 
IκB-α(1:1000), IκB-α (1:1000), NF-κB p65 (1:1000) and p50 (1:1000) at 4 °C overnight. The membranes were 
probed with an anti-β-actin antibody (1:1000) to control for protein loading. Then, the membranes were incu-
bated for 2 h at room temperature with horseradish peroxidase-conjugated secondary antibodies (1:1000). The 
results were scanned using a gel imaging system (UVP Company, Upland, CA, USA). Densitometry measure-
ments were performed with Image Lab software (BioRad Laboratories, Hercules, CA, USA). The band intensities 
were semiquantified by densitometry using Quantity-One software (BioRad Laboratories, Hercules, CA, USA). 
Relative protein expression was normalised to β-actin and compared with the control group.

Statistical analysis.  Data were expressed as mean ± stand error of the mean (SEM) of the average of the 
three wells in each of the five experiments. Data were analysed using SPSS version 19.0 (SPSS Inc., Chicago, IL, 
USA). Significant differences among the mean values of multiple groups were evaluated with one-way ANOVA 
followed by Student-Newman-Keuls’ method. A two-sided P value < 0.05 was considered statistically significant.

Results
The effect of ADM on cell viability, the LPS-induced damage of Leydig cells and cell proliferation are shown in 
Fig. 1. No significant differences were observed in the absorbance among the five treated groups at different ADM 
concentrations. However, the group with 100 nM ADM exerted a relatively strong effect (Fig. 1a). LPS signifi-
cantly reduced cell viability and suppressed cell proliferation (P < 0.01), which were significantly reversed by the 
addition of 100 nM ADM (P < 0.01) (Fig. 1b,c and d).

As shown in Fig. 2, ADM pretreatment significantly reduced ROS levels. LPS significantly increased the ROS 
fluorescence-positive cells when compared with the control group (P < 0.01), which was significantly reduced 
when ADM was added prior to LPS (P < 0.01) (Fig. 2a). Compared with the control group, the DCF fluorescence 
intensity was significantly stimulated when the cells were exposed to LPS (P < 0.01), which was significantly 
decreased by ADM supplementation (P < 0.01) (Fig. 2b). ROS concentration further showed that LPS signifi-
cantly increased ROS production in Leydig cells when compared with the control group (P < 0.01). This phenom-
enon was significantly ameliorated by ADM addition (P < 0.01) (Fig. 2c).

Figure 3 shows the effect of ADM on the LPS-induced expression levels and the production of 4-HNE and 
8-OHdG. Stimulation with LPS significantly increased the expression levels and production of 4-HNE and 
8-OHdG (P < 0.01). When ADM was added prior to LPS, the expression levels of 4-HNE and 8-OHdG and the 
concentrations of 4-HNE and 8-OHdG significantly reduced (P < 0.01).

The effect of ADM on LPS-induced production of antioxidant enzymatic activities is depicted in Fig. 4. 
Stimulation with LPS caused significant increases in the enzymatic activities of SOD, CAT, TrxR, GPX, GR and 
GST compared with the control group (P < 0.01). After ADM pretreatment, the enzymatic activities of SOD, CAT, 
TrxR, GPX, GR and GST significantly reduced (P < 0.01).

Figure 5 shows the effect of ADM on the LPS-induced gene expression levels and the production of TNF-α, 
IL-1β and TGF-β1. Stimulation with LPS significantly increased the gene expression levels of TNF-α, IL-1β and 
TGF-β1 (P < 0.01), as well as the production of TNF-α, IL-1β and TGF-β1 in the supernatant (P < 0.01). When 
ADM was added prior to LPS, the gene expression levels of TNF-α, IL-1β and TGF-β1 and the concentrations of 
TNF-α, IL-1β and TGF-β1 significantly reduced (P < 0.01).

Figure 6 shows the effect of ADM on the LPS-induced expression levels and the production of MCP-1 and 
MIF. LPS caused significant increases in the expression levels and production of MCP-1 and MIF compared with 
the control group (P < 0.01). When ADM was added prior to LPS, the expression levels and concentrations of 
MCP-1 and MIF significantly reduced (P < 0.01).

The effect of ADM on LPS-induced gene expression levels and the production of TLR2 and TLR4 is shown in 
Fig. 7. Stimulation with LPS led to significant increases in the gene expression levels and protein levels of TLR2 
and TLR4 (P < 0.01). When ADM was added prior to LPS, the gene expression levels and protein levels of TLR2 
and TLR4 significantly decreased (P < 0.01).
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Figure 8 shows the effect of ADM on the LPS-induced phosphorylation of JNK, ERK1/2 and p38 and nuclear 
translocation of p65. In protein extracts from primary Leydig cells, elevated levels of LPS-induced phosphoryla-
tion of JNK, ERK1/2 and p38 were observed compared with the control group without altering total JNK, ERK1/2 
and p38 levels (P < 0.01). The increased protein levels of p-JNK, p-ERK1/2 and p-p38 were significantly reduced 
by ADM pretreatment (P < 0.01). Increased levels of LPS-induced phosphorylation of IκBα, p65 and p50 were 
also observed compared with the control group (P < 0.01). The protein levels of p-IκBα, p-p65 and p-p50 were 
significantly inhibited by ADM pretreatment (P < 0.01).

Discussion
ADM can reduce the inflammatory response by downregulating the production of inflammatory medi-
ators, including cytokines, chemokines and free radicals28. By reducing ROS production via a protein kinase 
A-dependent pathway, ADM might possess the endogenous antioxidant potential to protect against ROS-induced 
podocyte injury29. ADM exerts anti-inflammatory and anti-bacterial effects by inducing the downregulation of 
inflammatory cytokines in cultured cells and attenuating inflammatory processes in a variety of different colitis 
models30. By reversing the deteriorations in mortality and inflammatory responses, ADM regulates systemic 
inflammation and protects against liver damage in LPS-induced endotoxemia16. Continuous infusion of ADM 
ameliorates the LPS-induced acute lung injury in rats by inhibiting inflammation31.

In the present study, the effect of ADM on the cell viability of Leydig cells and the protective effect of ADM on 
the LPS-induced damage of Leydig cells were relatively the strongest when the ADM concentration was 100 nM. 
The protective effect of 100 nM ADM was further confirmed by reversing the LPS-induced inhibition of Leydig 
cell proliferation. These findings are consistent with those of our previous report24.

ADM in the seminal secretion may modify the inflammatory responses, play an anti-oxidative role and 
increase leukocyte and macrophage infiltration in the uterus32. In our study, ADM pretreatment significantly 
reduced the LPS-induced production of ROS. Thus, ADM possibly exerts an anti-oxidative role in Leydig cells 
by inhibiting LPS-induced excessive oxidative stress. Lipid peroxidation of the cell membrane is one of the major 
consequences of ROS overproduction, leading to the production of conjugated diene hydroperoxides and unsta-
ble substances that disintegrate into various aldehydes, such as 4-HNE, one of the biomarkers for lipid oxidative 
damage33. In nuclear and mitochondrial DNA, 8-OHdG is a predominant form of free radical-induced oxida-
tive lesions and therefore widely used as a biomarker for oxidative stress34. In the present study, ADM pretreat-
ment significantly reduced the LPS-induced production of 4-HNE and 8-OHdG. Hence, ADM may act as an 
anti-oxidative agent by inhibiting LPS-induced lipid oxidative damage and oxidative DNA damage.

Free radical generation, whether from endogenous or exogenous sources, occurs continuously within cells 
as a consequence of common metabolic processes35. Free radicals can lead to oxidative stress, a harmful process 
that causes serious damages to all biomolecules in cells, thus impairing cell functions and even resulting in cell 
death and diseased states36. Enzymatic antioxidants, such as SOD, CAT, TrxR, GPX, GR and GST are the natural 
defence system against free radical-mediated tissue damage in several organs, including the testis37,38. Our data 
suggested that the increased activities of enzymatic antioxidants are partially due to excessive oxidative stress and 
associated damage in LPS-exposed Leydig cells. The elevated activities of these enzymes, which are responsible 
for the detoxification of free radical generation, may be involved in the mechanisms counteracting an overactiva-
tion in oxidative stress. This condition might be a protective mechanism for ADM in LPS-exposed Leydig cells.

LPS can induce the production of inflammatory factors, such as TNF-α and IL-1β, and subsequently suppress 
steroidogenesis by Leydig cells39. In an in vivo model of LPS injection to induce inflammatory response, the 
expression levels of TGF-β1 and MIF in the testis are not dependent on the presence of intact Leydig cells but 
are under direct testosterone control40. The ability of the Sendai virus to induce chemokine production in Leydig 
cells, such as MCP-1, may therefore increase leukocyte recruitment to the infection sites41. In the present study, 
ADM pretreatment significantly reduced the overexpression of LPS-induced gene and the overproduction of 
TNF-α, IL-1β, TGF-β1, MCP-1 and MIF. These findings suggested that ADM may attenuate LPS-induced uncon-
trolled inflammation in Leydig cells by reducing the production of some inflammatory cytokines and inhibiting 
the recruitment of leukocytes to infectious sites. This behaviour indicates the therapeutic potential of ADM on 
LPS-induced inflammatory conditions of Leydig cells.

TLR-3 and TLR-4 can be activated by their agonists, such as LPS in Leydig cells, and subsequently induce 
the production of inflammatory factors39. Mumps virus can induce innate immune responses and suppress 
testosterone synthesis in mouse Leydig cells through TLR-2, resulting in the production of proinflammatory 
cytokines and chemokines42. Our present study is the first work to reveal that ADM pretreatment decreased the 
gene expression and protein levels of TLR-2 and TLR-4 in LPS-induced inflammation in Leydig cells. Our work 
demonstrated that ADM may protect Leydig cells from blocking LPS-induced inflammation by inhibiting the 
binding of LPS to its receptors. This effect may be a highly important anti-inflammatory mechanism for ADM in 
LPS-exposed Leydig cells.

We further investigated whether the MAPK/NF-κB signalling pathways are involved in the anti-oxidative 
and anti-inflammatory activities of ADM in response to LPS in Leydig cells. Several studies have reported that 
the MAPK super family is one such signalling cascade, which includes ERK1/2, JNK and p-38 kinases that are 
involved in the transduction of signals from the cell membrane to the nucleus43. We focused on the MAPK/
NF-κB pathways because the activation of MAPK and NF-κB signalling is implicated in stimulating oxidative 
stress and inflammatory response. The oxidative stress caused by ROS can activate the MAPK signalling path-
ways, which further activate several inflammatory cytokines44. Our results demonstrated that ADM pretreatment 
decreased the activity of LPS, an effect that attenuated the phosphorylation of JNK, ERK and p38 and verified 
the proinflammatory nature of the MAPK signalling pathways in Leydig cells. These results suggested that the 
suppression of JNK, ERK and p38 phosphorylation might be implicated in the inhibition of oxidative stress and 
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proinflammatory mediators and cytokines in LPS-stimulated Leydig cells. ADM may exert its anti-inflammatory 
effect on rat Leydig cells by inhibiting MAPK phosphorylation. NF-κB is a nuclear transcription factor that can 
be activated by various cytokines and stimuli, which finally regulate the expression of a large number of genes that 
are necessary to regulate inflammation45. LPS can activate numerous intracellular signalling pathways, such as 
MAPKs, which may converge on NF-κB46. Excessive ROS induced by LPS intermediates can lead to the increased 
production of cytokines, such as IL-1β, IL-6 and TNF-α6. Our previous study demonstrated that excessive ROS 
induced by IL-1β can also function as signalling messengers to NF-κB and ultimately lead to increased produc-
tion of inflammatory cytokines, such as NO and prostaglandin E2 in Leydig cells. However, ADM can protect 
Leydig cells against inflammatory responses by inhibiting NF-κB activity47. In the current study, ADM inhibited 
the LPS-induced phosphorylation and degradation of IκB-a and the nuclear translocation of NF-κB p65 and p50 
subunits. Therefore, ADM may inhibit oxidative stress and prevent the production of proinflammatory mediators 
and cytokines through NF-κB inactivation by reducing NF-κB p65 nuclear translocation and IκB-α phospho-
rylation and degradation. These findings indicated that ADM could exert anti-oxidative and anti-inflammatory 
activities by downregulating the MAPK signalling pathway and NF-κB activation in Leydig cells exposed to LPS, 
which might represent a target of ADM on oxidative stress and inflammatory response of LPS-induced rat Leydig 
cells.

Our study is characterized by several limitations. Firstly, results were obtained from an in vitro cell model. 
As such, in vivo studies and clinical trials should be performed to verify whether an equivalent effect would be 
observed. Secondly, all our data were acquired through ADM pretreatment experiments, which are necessary to 
allow the protective role of the compound. Thirdly, the endogenous ADM from Leydig cells may influence the 
involvement of exogenous ADM, and this effect may overestimate the protective role of ADM. Future studies 
should also be conducted to elucidate the precise mechanism of ADM regulation in testosterone production and 
determine the associated enzymes in Leydig cells.

In conclusion, ADM inhibited LPS-induced oxidative stress and inflammation via a mechanism possibly asso-
ciated with the MAPK/NF-κB signalling pathways. Our results could be extrapolated to idiopathic male infertility 
involving a remarkable proinflammatory microenvironment that can induce excessive oxidative stress in the 
testis. Our study also provided a partial molecular explanation for the anti-inflammatory properties of ADM.

Ethical approval.  This study followed the national guidelines and protocols of the National Institutes 
of Health and was approved by the Local Ethics Committee for the Care and Use of Laboratory Animals of 
University of South China.
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