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Abstract. Low-grade chronic inflammation is commonly 
found in patients with polycystic ovary syndrome (PCOS) 
who exhibit hyperandrogenism or hyperandrogenemia. 
Clinical studies have shown that hyperandrogenemia is closely 
correlated with low‑grade chronic inflammation. However, 
the mechanism underlying this correlation remains unclear. 
Recent studies have suggested that adipocytes increase the 
production of proinflammatory mediators such as interleukin‑6 
(IL-6) and macrophage chemotactic protein-1 (MCP-1) 
when the inflammatory signal transduction cascade system 
is activated by external stimuli. The present study aimed to 
evaluate the effects of testosterone on the innate signalling 
and expression of proinflammatory mediators in 3T3-L1 
adipocytes, which were or were not induced by lipopolysac-
charide (LPS). The effects of testosterone on the expression of 
proinflammatory mediators, nuclear factor‑κB (NF-κB), and 
extracellular signal‑regulated kinase 1/2 (ERK1/2) signalling 
pathways were investigated using an enzyme‑linked immuno-
sorbent assay, reverse transcriptase-polymerase chain reaction, 
western blot analysis and an electrophoresis mobility shift 
assay. Testosterone induces IL-6 and MCP-1, and enhances 
LPS-induction of IL‑6 and MCP‑1. However, the effects are 
not simply additive, testosterone significantly enhanced the 

effects of LPS‑induced inflammation factors. Testosterone 
induces the phosphorylation of ERK1/2 and NF‑κB. The effect 
of testosterone on the expression of IL-6 and MCP-1 is inhib-
ited by PD98059 , an ERK1/2 inhibitor, and PDTC, an NF‑κB 
inhibitor. The results indicate that testosterone enhances 
LPS-induced IL-6 and MCP-1 expression by activating the 
ERK1/2/NF‑κB signalling pathways in 3T3-L1 adipocytes.

Introduction

Polycystic ovary syndrome (PCOS) is estimated to affect 5-7% 
of premenopausal females and is associated with a significant 
risk of developing type two diabetes (T2D), independently of 
obesity (1). PCOS is characterized by a hyperandrogenic state, 
and exposure to exogenous testosterone in vivo has been asso-
ciated with low‑grade chronic inflammation in rats and human 
females. Low‑grade chronic inflammation has an important 
function in the development of insulin resistance, as it triggers 
the metabolic syndrome (2,3). The risk of developing the meta-
bolic syndrome in adolescent females with PCOS is correlated 
with increasing concentrations of bioavailable testosterone, an 
effect which is independent of obesity (4). However, the mech-
anism by which hyperandrogenism results in the development 
of low‑grade chronic inflammation remains undefined.

Studies have shown that in patients with PCOS, a number 
of proinflammatory factors, such as interleukin‑6 (IL‑6), 
macrophage chemotactic protein-1 (MCP-1) and tumor 
necrosis factor-α (TNF-α), are positively correlated with 
serum testosterone concentration. An association between 
low‑grade chronic inflammation and testosterone levels has 
been demonstrated by intervention studies using simvas-
tatin (5) and flutamide (6) in PCOS. When mononuclear cells 
from the peripheral blood of PCOS patients were exposed to 
high-sugar conditions in vitro, the concentration of TNF-α 
in the supernatant was positively correlated with the serum 
testosterone level. We hypothesised that excess androgen in 
PCOS may be a key factor in the development of low-grade 
chronic inflammation (7).
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Adipocytes have a crucial function in low-grade chronic 
inflammation as these cells are sources of cytokines (IL‑6, 
and MCP-1) that are secreted during the activation of 
certain signalling cascades, which are involved in insulin 
resistance (8). Current research also suggests that low-grade 
chronic inflammation is initiated and controlled by adipose 
tissue as weight loss is able to significantly alleviate low‑grade 
chronic inflammation (9,10). Adipocytes are an important 
component of adipose tissue and are classic insulin target cells. 
These cells have a function in the storage and maintenance of 
energy, and in the balance of glucose and lipid metabolism. 
In addition, fat cells, in a similar manner to immune cells, 
activate complement components, such as C3 and produce 
proinflammatory mediators and chemokines, such as IL‑6 
and MCP‑1, thus triggering inflammation signaling pathways, 
including p38 mitogen‑activated protein kinase (p38‑MAPK), 
extracellular signal‑regulated kinase (ERK), inhibitor of 
nuclear factor-κB (IKK‑β/NF-κB) and protein kinase θ/δ 
(PKCθ/δ), and promoting macrophage infiltration. In addition, 
adipocytes are target cells for androgen.

IL‑6 is a multipotent cytokine, which is an important 
molecule in inflammatory reactions. Furthermore, 30% of 
IL-6 is produced by adipocytes (11). IL-6 promotes insulin 
resistance (IR) by inducing the expression of cytokine 
signalling suppressor factor (SOCS), thus inhibiting the phos-
phorylation of the insulin receptor substrate 1 (IRS-1) tyrosine 
residue, which blocks insulin signal transduction. IL‑6 is also 
able to inhibit glucose transporter‑4 (GLUT4) expression (12), 
resulting in IR. The production of IL-6 is closely correlated to 
the activation of NF-κB (13).

Chemoattractant proteins, or chemokines, are small proteins 
that activate (chemoattract) leukocytes during low‑grade chronic 
inflammation. MCP‑1, secreted as a chemokine by adipocytes, 
increases the flux of monocytes into adipose tissue. Measures of 
chemokine levels are closely associated with insulin resistance, 
which is in accordance with other studies (14, 15). MCP-1 is able 
to induce insulin resistance through a number of pathways. It is 
known to promote the production of free fatty acids (FFAs) (16). 
In addition, MCP-1 promotes monocyte/macrophage activation 
and aggregation (17,18), resulting in the development of adipose 
tissue inflammation.

NF-κB has been implicated in low‑grade chronic inflam-
mation and in acute inflammation. NF-κB is a family of 
homodimeric or heterodimeric transcription factors, which 
includes p50, p52, p65, relb and c-rel. Free NF-κB translo-
cates to the nucleus and binds to a common DNA sequence 
motif, which includes the b site, in a broad spectrum of genes, 
including inflammatory cytokines and chemokines. The 
ERK1/2 pathways are also known to activate NF‑κB (19). 
Thus, the production of proinflammatory mediators, including 
inflammatory cytokines and chemokines, is controlled by the 
activity of transcription factors, such as NF-κB and ERK1/2. 
A number of studies have implicated chronic activation of the 
proinflammatory transcription factor, NF‑κB, as the primary 
pathway, of all the signaling pathways, that link inflamma-
tion with obesity and T2D (20,21). Studies have reported 
that in different types of cells, androgen selectively activates 
p38MAPK (22), NF‑κB (23) and ERK1/2 (24).

Therefore, in the present study, the impact of testosterone 
on the expression of IL-6 and MCP-1, as well as on the NF-κB 

and ERK1/2 signalling pathways, was investigated in 3T3‑L1 
adipocytes.

Materials and methods

Cell culture. 3T3-L1 preadipocytes (American Type 
Culture Collection, Manassas, VA, USA) were main-
tained in Dulbecco's modified Eagle's medium (DMEM; 
Nacalai Tesque, Kyoto, Japan), containing 10% fetal bovine 
serum (FBS; Sanko Junyaku, Eidia Cp. Tokyo, Japan) and 
antibiotics. The pre‑adipocytes were then incubated at 37˚C 
for 48 h in a humidified atmosphere of 10% CO2/95% air. 
The differentiation of 3T3-L1 pre-adipocytes from mature 
adipocytes was induced using insulin, dexamethasone and 
3-isobutyl-1-methlyxanthine, as described previously (25), 
which were all purchased from Sigma-Aldrich (St. Louis, 
MO, USA). The mature 3T3-L1 adipocytes were used at day 
8, following the induction of differentiation. Hypertrophied 
3T3-L1 cells with larger lipid droplets cultured up to day 
10 were used. The medium was removed and changed for 
non-serum DMEM for 24 h. The supernatant was collected for 
subsequent measurements.

Grouping. Matured 3T3-L1 adipocytes were grouped and treated 
as follows: 1, testosterone-only group, 3T3-L1 adipocytes were 
treated with testosterone (Sigma-Aldrich) at concentrations from 
1 nmol/l to 10 µmol/l for 10 min, 30 min, 12 h, 24 h or 48 h, and 
matured 3T3‑L1 adipocytes without acted as a blank control 
group; 2, lipopolysaccharide (LPS) and testosterone group, LPS 
(Sigma-Aldrich) was dissolved in sterile, pyrogen-free phos-
phate-buffered saline (Double Helix, Shanghai, China), and the 
3T3-L1 adipocytes were pre-treated with testosterone at concen-
trations ranging from 1 nmol/l to 10 µmol/l for 10 min, 30 min 
12, 24 and 48 h, following which LPS (1 µg/ml) was added (26) 
for 6 h, with 3T3-L1 adipocytes treated only with LPS as the 
control group, and a group without any treatment acted as a blank 
control. 3, PD98059 (ERK1/2 inhibitor; Sigma‑Aldrich), LPS 
and testosterone group. PD98059 (50 µmol/l) pre-treatment for 
2 h, followed by 10 µmol/l testosterone treatment for 12 h, then 
1 µg/ml LPS treatment for 6 h. 3T3‑L1 adipocytes treated 
without PDT8059, LPS or testosterone as control groups, and a 
group without any treatment acting as a blank control. 4, PDTC 
(NF-κB inhibitor; Sigma-Aldrich), LPS and testosterone group. 
PDTC (100 µmol/l) pre‑treatment for 2 h, followed by 10 µmol/l 
testosterone treatment for 12 h, then 1 µg/ml LPS treatment for 
6 h. 3T3-L1 adipocytes treated without PDTC, LPS or testos-
terone as control groups, and a group without any treatment 
acted as a blank control.

Detecting IL‑6 and MCP‑1 concentrations. The supernatant 
of the cells treated as described above, was collected into a 
1.5 ml centrifuge tube, was centrifuged at 2,000 x g for 10 min 
and IL-6 and MCP-1 concentrations were determined using a 
commercial mouse IL‑6 and MCP‑1 quantikine enzyme‑linked 
immunosorbent assay kit, according to the manufacturer's 
instructions (R&D Systems, Shanghai, China). Absorbance at 
450 nm was measured and corrected using the 540 nm reading 
on a Benchmark microplate reader, Model 680 (Bio‑Rad 
Laboratories, Hercules, CA, USA). Data were analysed using 
Microplate Manager III software (Bio-Rad Laboratories).
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Detection of NF‑κB (p65) transcription factor DNA binding 
activity. Cellular nuclear extracts were prepared using the 
NF-κB (p65) Transcription Factor Assay kit according to the 
manufacturer's instrucations (Abnova, Walnut, CA, USA). 
The protocol was as follows: Complete transcription factor 
binding assay buffer (CTFB) was prepared. CTFB (90 µl) per 

sample well (or 80 µl if adding competitor dsDNA or 100 µl 
for the blank control) was added to the blank and non‑specific 
binding wells. Competitor dsDNA (10 µl) was then added to 
the appropriate wells. A positive control (10 µl) was also added 
to the appropriate wells. Cellular nuclear extracts containing 
NF-κB (10 µl) were also added to appropriate wells. The 

Figure 1. T increases the expression of LPS‑induced inflammatory factors, IL‑6 and MCP‑1, in 3T3‑L1 adipocytes, but not in a time‑ or dose‑dependent manner. 
(A) Effects of T on the concentration of IL-6 in supernatants of 3T3-L1 adipocytes. *P<0.05 compared with controls. In groups with 10 µmol/l T treatment 
for 24 h, the concentration of IL‑6 in the supernatants was higher than that in any other T‑only‑treated group (P<0.05). 1, controls; 2, 1 µg/ml LPS treatment 
for 6 h; 3, T treatment for 12 h; 4, T treatment for 24 h; and 5, T treatment for 48 h. (B) Effects of T on the concentration of MCP-1 in supernatants of 3T3-L1 
adipocytes. In groups with 10 µmol/l T treatment for 24 h, the concentration of MCP‑1 in the supernatants was higher than that in the other T‑only‑treated 
groups (P<0.05). 1, controls; 2, 1 µg/ml LPS treatment for 6 h; 3, T treatment for 12 h; 4, T treatment for 24 h; and 5, T treatment for 48 h. (C) Effects of T on the 
concentration of IL‑6 in supernatants in 3T3‑L1 adipocytes with LPS. In the groups with 10 µmol/l T pre‑treated for 24 h with LPS added, the concentration 
of IL-6 in the supernatants was greater than that of the other T-pre-treated groups (P<0.05). 1, controls; 2, 1 µg/ml LPS treated 6 h; 3, T pre‑treated 12 h, then 
added 1 µg/ml LPS treated 6 h; 4, T pre‑treated 24 h, then added 1 µg/ml LPS treated 6 h; 5, T pre‑treated 48 h, then added 1 µg/ml LPS treated 6 h. (D) Effects 
of T on the concentration of MCP‑1 in supernatants in 3T3‑L1 adipocytes with LPS. In groups with 10 µmol/l T pre‑treatment for 24 h with subsequent LPS, 
the concentration of MCP-1 in the supernatants was higher than that in the other T-pre-treated groups (P<0.05). 1, controls; 2, 1 µg/ml LPS treatment for 6 h; 
3, T pre‑treatment for 12 h, with subsequent 1 µg/ml LPS treatment for 6 h; 4, T pre‑treatment for 24 h, with subsequent 1 µg/ml LPS treatment for 6 h; and 5, 
T pre‑treatment for 48 h, with subsequent 1 µg/ml LPS treatment for 6 h. (E) Effects of T on the concentration of MCP‑1 and IL‑6 in supernatants of 3T3‑L1 
adipocytes with or without LPS (*P<0.01 and #P<0.05). 1, controls; 2, 1 µg/ml LPS treatment for 6 h; 3, 10 µmol/l T treatment for 12 h; and 4, 10 µmol/l T 
pre‑treatment for 12 h, with subsequent 1 µg/ml LPS treatment for 6 h. T, Testosterone; LPS, lipopolysaccharide; IL‑6, interleukin‑6.
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sample was incubated overnight at 4˚C without agitation. 
Subsequently, each well was washed five times using 200 µl 
of 1X wash buffer. Diluted rabbit polyclonal NF‑κB (p65) 
antibody (100 µl; 06‑418; 1:1000, EMD Millipore, Billerica, 
MA, USA) was added to each well, with the exception of blank 
wells. The treatments were incubated for 1 h at room tempera-
ture without agitation. Each well was washed five times using 
200 µl of 1X wash buffer. Diluted goat anti‑rabbit secondary 
antibody (100 µl) was added to the wells, with the exception of 
the blank wells. Wells were incubated for 1 h at room tempera-
ture without agitation. Each well was washed five times using 
200 µl of 1X wash buffer. Developing solution (100 µl) was 
added to each well. Wells were incubated for 15‑45 min with 
gentle agitation. Stop solution (100 µl) was added to each well 
and absorbance was measured at 450 nm using a Benchmark 
microplate reader, Model 680 (Bio-Rad Laboratories).

Electrophoretic mobility shift assay (EMSA). Cellular nuclear 
extracts were prepared using the Chemiluminescent EMSA 
kit according to the manufacturer's instructions (Viagene 

Biotech, Tampa, FL, USA). Briefly, 6% polyacrylamide gel in 
0.5% Tris/Borate/EDTA (TBE) (Double Helix) was prepared. 
The gel was placed in the electrophoresis unit (Double 
Helix), and the wells were flushed, such that the gel under-
went pre-electrophoresis for 30-60 min at 100 V. The bind 
reaction [containing: 12 µl double‑distilled water, 10X 4 µg 
binding buffer, 1 µl poly L‑lysine, 1 µl Poly (deoxyinosinic-
deoxycytidylic) acid, 4 µg cellular nuclear extracts and 2 µl 
Detect Biotin-labeled DNA; all from Chemiluminescent 
EMSA kit] was incubated at room temperature for 
20 min. Six X loading buffer (4 µl) was added, the wells were 
flushed and 10 µl of each sampler was loaded onto the 4‑6% 
polyacrylamide gel. The current was switched to 100 V, and 
the samples underwent electrophoresis until the bromophenol 
blue dye had migrated approximately 2/3 down the length 
of the gel. Electrophoretic transfer of the binding reaction to 
Nylon membrane (Shanghai‑seok Optoelectronics Technology 
Co., Ltd., Shanghai, China) was conducted. Transfer was 
performed at 100 V for 45 min. The membrane was placed on 
a dry paper towel with the bromophenol blue side up following 
the completion of the transfer. Cross‑link transfer of DNA to 
the membrane was performed using a UV‑light cross‑linking 
instrument (Scientz 03-II; Ningbo Scientz Biotechnology 
Co., Ltd, Ningbo, China) equipped with 254 nm bulbs for 
15 min. Finally the biotin-labelled DNA was detected by the 
Chemiluminescent EMSA kit; membranes were placed in a 
film cassette (Shanghai Fuji Medical Equipment Co., Ltd., 
Shanghai, China) and exposed to X‑ray film (Premier Lab 
Supply, Port St. Lucie, FL, USA) for 2-5 min, then developed.

Western blot analysis. Whole cell lysates were prepared by 
lysing cells using a radioimmunoprecipitation assay lysis buffer 
with proteinase inhibitor phenylmethylsulfonyl fluoride (1 mM) 
and phosphatase inhibitor NaF (1 mM), which were obtained 
from Sigma-Aldrich. Equal amounts of protein fractions of 
the lysates with antibodies were resolved over sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis and transferred 
to the polyvinylidene difluoride membrane (Immobilon-P; 
Millipore, Billerica, MA, USA). Proteins were detected using 
primary antibodies followed by horseradish peroxidase-conju-
gated secondary antibodies. Comparable loading of proteins 
on the gel was verified by re‑probing the blots with an antibody 
specific for the reference gene, β-actin. Primary antibodies 
specific for phospholated Ser536p65-NF-κB (3036; 1:1,500; 
mouse monoclonal), total NF-κB (3034; 1:2,000; polyclonal), 
phospholation ERK1/2 (9101; 1:2,000; polyclonal), total 
ERK1/2 (9102; 1:2,000; polyclonal), phospholated p38MAPK 
(5104; 1:2,000; monoclonal), total p38MAPK (9212; 1:3,000; 
polyclonal) and β‑actin (3700; 1:3,000; monoclonal) were 
obtained from Cell Signaling Technology Inc. (Boston, MA, 
USA), and conjugated secondary antibodies were obtained 
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). 
Image J 1.38 image analysis software was used to analyze and 
quantify the relative expression of blots.

Reverse transcription‑polymerase chain reaction (RT‑PCR). 
Total RNA was extracted from 5x105 cells using a commercial 
kit (TRIzol Reagent, Invitrogen Life Technologies, Carlsbad, 
CA, USA) according to the manufacturer's instructions, and 
was spectrophotometrically quantified (Biomate 3, Thermo 

Figure 2. T increased the mRNA expression of LPS‑induced inflammatory 
factors, IL-6 and MCP-1, in 3T3-L1 adipocytes. Total RNA was isolated, 
and IL-6 and MCP-1 expression was measured through reverse transcription 
polymerase chain reaction. Images shown are representative images from ≥3 
independent experiments. (A) T induced the mRNA expression of IL-6 and 
MCP‑1 in 3T3‑L1 adipocytes compared with blank controls, in particular in 
the group with 10 µmol/l T treatment for 12 h. Lane 1, blank controls; lane 2, 
LPS treatment for 6 h; lane 3, 1 nmol/l T treatment for 12 h; lane 4, 0.1 µmol/l 
T treatment for 12 h; lane 5, 10 µmol/l T treatment for 12 h; lane 6, 1 nmol/l T 
treatment for 24 h; lane 7, 0.1 µmol/l T treatment for 24 h; lane 8, 10 µmol/l T 
treatment for 24 h; lane 9, 1 nmol/l T treatment for 48 h; lane 10, 0.1 µmol/l T 
treatment for 48 h; and lane 11, 10 µmol/l T treatment for 48 h. (B) T promoted 
LPS-induced IL-6 and MCP-1 mRNA expression in 3T3-L1 adipocytes com-
pared with blank controls and the LPS‑treated group, in particular in the 
group with 10 µmol/l T pre‑treatment for 12 h. Lane 1, blank controls; lane 2, 
LPS treatment for 6 h. Lanes 3-11 T pre-treatments were followed with LPS 
treatment for 6 h. Lane 3, 1 nmol/l T pre‑treatment for 12 h; lane 4, 0.1 µmol/l 
T pre‑treatment for 12 h; lane 5, 10 µmol/l T pre‑treatment for 12 h; lane 6, 
1 nmol/l T pre‑treatment for 24 h; lane 7, 0.1 µmol/l T pre‑treatment for 24 h; 
lane 8, 10 µmol/l T pre‑treatment for 24 h; lane 9, 1 nmol/l T treatment for 
48 h; lane 10, 0.1 µmol/l T pre‑treatment for 48 h; and lane 11, 10 µmol/l 
T pre-treatment for 48 h. (C) Effects of T on the concentration of MCP-1 
and IL-6 in supernatants of 3T3-L1 adipocytes with or without LPS. Lane 1, 
controls; lane 2, 1 µg/ml LPS treated for 6 h; lane 3, 10 µmol/l T treated for 
12 h; and lane 4, 10 µmol/l T pre‑treated 12 h with subsequent 1 µg/ml LPS 
treatment for 6 h. T, Testosterone; LPS, lipopolysaccharide; MCP-1, macro-
phage chemotactic protein‑1; IL‑6, interleukin‑6.
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Electron Corp. Madison, WI, USA). Total RNA (1 µg) was 
reverse transcribed using a high‑capacity cDNA Archive kit 
(Applied Biosystems Life Technologies, Beijing, China) and 
random primers according to the manufacturer's instructions. 
In addition, 0.5 µg total cDNA was used to quantify the levels 
of MCP-1 and IL-6 cDNA through RT-PCR. β-actin cDNA 
was used as an endogenous control for final normalization.

RT-PCR was conducted using the fol lowing 
primers (Takara Bio, Inc., Dalian, China): Forward: 
5'‑CCACTTCACAAGTCGGAGGCTTA‑3' and reverse: 
5'‑GCAAGTGCATCATCGTTGTTCATAC‑3' for IL‑6, 
forward: 5'‑GCATCCACGTGTTGGCTCA‑3' and reverse: 
5'‑CTCCAGCCTACTCATTGGGATCA‑3' for MCP‑1 and 
forward: 5'‑CATCCGTAAAGACCTCTATGCCAAC‑3' and 
reverse: 5'‑ATGGAGCCACCGATCCACA‑3' for β-actin.

Statistical analysis. All data are expressed as the mean ± stan-
dard deviation. mRNA data were log-transformed prior to 
analysis. Statistical analysis software SPSS 15.0 (SPSS, Inc., 
Chicago, IL, USA) was used to perform two-way analysis of 

variance (ANOVA) on repeated measures in order to evaluate 
the effect of exercise (time). Differences between specific time 
points were determined using the Student‑Newman‑Keuls 
test. Student's t-test was used to determine any difference 
between the control and the carbohydrate trials at the end of 
the exercise. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Effects of testosterone on IL‑6 and MCP‑1 expression with 
or without LPS. Two-way ANOVA for supernatant IL-6 and 
MCP-1 concentrations in different treatment groups, suggested 
that testosterone increases the concentrations of IL-6 and 
MCP‑1 in the supernatant, compared with that in blank 
controls. The concentration with the most marked promoting 
activity was 10 µmol/l testosterone for a period of 24 h, and 
the differences were statistically significant (P<0.05; Fig. 1A 
and B). The results also showed that with 10 µmol/l testos-
terone pre-treatment for 24 h and subsequent LPS-treatment 

Figure 3. T promoted the phosphorylation of NF-κB subunit p65 and ERK1/2. 3T3‑L1 adipocytes were treated with T alone or in combination with LPS 
(1 µg/ml), or control for 12 h. Cell lysates were then prepared and subjected to sodium dodecyl sulphate polyacrylamide gel and western blot analysis. The pro-
tein phosphorylation was detected using a specific antibody. Images shown are representative immunoblots from ≥3 independent experiments. (A) T promoted 
and enhanced LPS-induced phosphorylations of NF-κB submit p65. (B) T promoted and enhanced LPS‑induced phosphorylations of ERK1/2. (C) T did not 
promote the phosphorylations of p38MAPK. (A), (B) and (C) Group 1, controls; group 2, 1 µg/ml LPS treatment for 6 h; group 3, 10 µmol/l T treatment for 
12 h only; and group 4, 10 µmol/l T pre‑treatment for 12 h, with subsequent 1 µg/ml LPS treatment for 6 h. *P>0.05. T, Testosterone; LPS, lipopolysaccharide; 
NF-κB, nuclear factor-κB; p38‑MAPK, p38 mitogen‑activated protein kinase; ERK 1/2, extracellular signal‑regulated kinase 1/2.
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Figure 4. T promoted and enhanced the production of LPS‑induced inflammatory factors, IL‑6 and MCP‑1, via sequentially activating the ERK1/2/NF‑κB pathways.  
(A) Addition of the ERK1/2 inhibitor, PD98059, partially inhibited the activation of T on NF-κB (Ser536) p65. *P<0.05 and #P<0.01. Group 1, controls; group 2: 
1 µg/ml LPS treatment for 6 h; group 3, 10 µmol/l T treatment for 12 h only; group 4, 50 µmol/l PD98059 pre‑treatment for 2 h, then 10 µmol/l T treatment 
for 12 h; group 5, 10 µmol/l T pre‑treatment for 12 h, then 1 µg/ml LPS treatment for 6 h; and group 6, 50 µmol/l PD98059 pre‑treatment for 2 h, 10 µmol/l 
T treatment for 12 h, then 1 µg/ml LPS treatment for 6 h. (B) Addition of NF‑κB inhibitor PDTC did not inhibit the activation by T of ERK1/2. No significant 
difference was detected between groups 3, 4, 5 and 6 (P>0.05). Group 1, controls; group 2, 1 µg/ml LPS treatment for 6 h; group 3, 10 µmol/l T treatment for 
12 h only; group 4, 100 µmol/l PDTC pre‑treatment for 2 h, then 10 µmol/l T treatment for 12 h; group 5, 10 µmol/l T pre‑treatment for 12 h, then 1 µg/ml 
LPS treatment for 6 h; and group 6, 100 µmol/l PDTC pre‑treatment for 2 h, 10µmol/l T treatment for 12 h, then 1 µg/ml LPS treatment for 6 h. (C) Addition 
of PDTC (NF-κB inhibitor) or PD98059 (ERK1/2 inhibitor) partially decreased the concentrations of IL‑6 and MCP‑1 in supernatants. There was a signficant 
difference between group 4 and group 5, as well as between groups 4 and 6, groups 1 and 5, and groups 1 and 6 (P<0.05). Group 1, controls; group 2, 10 µmol/l 
testosterone treatment for 12 h only; group 3, 1 µg/ml LPS treatment for 6 h; group 4, 10 µmol/l T pre‑treatment for 12 h, then 1 mg/ml LPS treatment for 
6 h; group 5, 100 µmol/l PDTC pre‑treatment for 2 h, 10 µmol/l T treatment for 12 h, then 1 µg/ml LPS treatment for 6 h; and group 6, 50 µmol/l PD98059 
pre‑treatment for 2 h, 10 µmol/l T pre‑treatment for 12 h, then 1 µg/ml LPS treatment for 6 h. (D) Addition of PDTC (NF‑kB inhibitor) or PD98059 (ERK1/2 
inhibitor) partially decreased the mRNA expression of IL‑6 and MCP‑1. Group 1, controls; group 2, 10 µmol/l T treatment for 12 h only; group 3, 1 µg/ml LPS 
treatment for 6 h; group 4, 10 µmol/l T pre‑treatment for 12 h, then 1 µg/ml LPS treatment for 6 h; group 5, 100 µmol/l PDTC pre‑treatment for 2 h, 10µmol/l T 
treatment for 12 h, then 1 µg/ml LPS treatment for 6 h; and group 6, 50 µmol/l PD98059 pre‑treatment for 2 h,10 µmol/l T pre‑treatment for 12 h, then 1 µg/ml 
LPS treatment for 6 h. (E-F) Two methods were used to test whether or not T promotes LPS-induced NF-κB (p65) transcription factor DNA-binding activity in 
3T3‑L1 adipocytes. Group 1, controls; group 2, 10 µmol/l T treatment for 12 h only; group 3, 1 µg/ml LPS treatment for 6 h; group 4, 10 µmol/l T pre‑treatment 
for 12 h, then 1 µg/ml LPS treatment for 6 h; group 5, 50 µmol/l PD98059 pre‑treatment for 2 h, 10 µmol/l T pre‑treatment for 12 h, then 1 µg/ml LPS treat-
ment for 6 h; and group 6, 100 µmol/l PDTC pre‑treatment for 2 h, 10 µmol/l T treatment for 12 h, then 1 µg/ml LPS treatment for 6 h. (E) Enzyme‑linked 
immunosorbent assay for detecting NF-κB (p65) transcription factor DNA binding activity. (F) Electrophoretic mobility shift assay for detecting NF-κB 
(p65) transcription factor DNA binding activity. *P<0.05 compared with controls, #P<0.01 compared with controls and &P<0.05 compared with group 4. T, 
Testosterone; LPS, lipopolysaccharide; ERK 1/2; extracellular signal‑regulated kinase 1/2; NF‑κB, nuclear factor-κ-B; PDTC, pyrrolidine dithiocarbamate.
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for 6 h, the expression of IL-6 and MCP-1 in 3T3-L1 adipo-
cytes was greater than that in the LPS-only group or the 
testosterone-only group (Fig. 1C and D). Testosterone, used as 
pre-treatment in 3T3-L1 adipocytes, dramatically augmented 
the LPS-stimulated production of IL-6 and MCP-1 in the 
supernatants (P<0.05). Testosterone induced IL-6 and MCP-1 
expression, and also enhanced LPS-induced IL-6 and MCP-1 
expression in 3T3-L1 adipocytes, although not in a time- or 
dose-dependent manner.

Based on these results, 10 µmol/l testosterone treatment 
for 24 h was subsequently used to analyse the effects of 
testosterone on the protein expression of IL-6 and MCP-1 in 
supernatants of 3T3-L1 adipocytes, with or without LPS treat-
ment.

Testosterone increases LPS‑induced expression of 
inflammatory factors (IL‑6, MCP‑1) mRNA expression in 
3T3‑L1 adipocytes. The 3T3-L1 adipocytes treated with 
10 µmol/l testosterone for 12 h exhibited significantly higher 
IL-6 and MCP-1 mRNA than other groups treated with 
testosterone only for different time periods, at different 
doses (P<0.05; Fig. 2A). The 3T3-L1 adipocytes pre-treated 
with 10 µmol/l testosterone for 12 h, with the addition of 
LPS for 6 h, exhibited significantly higher concentrations 
of IL-6 and MCP-1 mRNA compared with any other group 
(P<0.05; Fig. 2B). In subsequent experiments, 10 µmol/l testos-
terone for 12 h was used to detect the mRNA expression of 
IL-6 and MCP-1 (Fig. 2C).

Testosterone activates the ERK1/2 and NF‑κB signalling 
pathways in 3T3‑L1 adipocytes with or without LPS treat‑
ment. Testosterone promoted the phosphorylation of NF-κB 
Ser536‑p65. Specifically, testosterone activated NF‑κB, at a 
concentration of 10 µmol/l testosterone for 12 h, as determined 
in preliminary experiments (data not shown). Therefore, 

10 µmol/l testosterone for 12 h was used in subsequent experi-
ments. Testosterone promoted and enhanced LPS-induced 
phosphorylation of NF-κB p65 (Fig. 3A) and also promoted and 
enhanced LPS‑induced phosphorylation of ERK1/2 (Fig. 3B). 
However, testosterone did not promote the phosphorylation of 
p38MAPK (Fig. 3C).

Testosterone promotes and enhances LPS‑induced inflam‑
matory factors, IL‑6 and MCP‑1, via sequentially activating 
the ERK1/2/NF‑κB pathways. Adding the ERK1/2 inhibitor, 
PD98059, partially inhibited the activation by testosterone of 
NF-κB (Ser536) p65 (Fig. 4A). Adding the NF-κB inhibitor, 
pyrrolidine dithiocarbamate (PDTC), however, did not alter 
the activation by testosterone of ERK1/2 (Fig. 4B). PDTC 
and PD98059 partially blocked the testosterone‑mediated 
downregulation of IL-6 and MCP-1 expression in 3T3-L1 
adipocytes (Fig. 4C and D).

Without LPS treatment, levels of IL‑6 and MCP‑1 in the 
supernatant were the highest following 10 µmol/l testosterone 
treatment for 24 h. In the LPS-stimulated state, IL-6 and 
MCP‑1 in the supernatant were the highest following 10 µmol/l 
pre-treatment for 24 h with subsequent LPS treatment for 6 h. 
Furthermore, PDTC or PD98059 were also added in order, to 
observe IL-6 and MCP-1 in the supernatant.

PDTC and PD98059 partially blocked the testos-
terone-mediated activation of NF-κB transcription factor 
DNA-binding activity in 3T3-L1 adipocytes by 74 and 53%, 
respectively (Fig. 4E  and F).

Discussion

Recent studies have demonstrated that patients with PCOS 
exhibit metabolic inflammation in the form of increases in 
peripheral white blood cell and neutrophil counts, and eleva-
tion in a number of inflammatory factors in the serum, such 

Figure 5. Testosterone promotion of IL‑6 and MCP‑1 is partially dependent on the ERK1/2/NF‑κB pathway, however, testosterone may act on other signalling 
pathways promote inflammatory factors, which also facilitates the generation of inflammatory factors. IL‑6, Interleukin‑6; MCP‑1, macrophage chemotactic 
protein‑1; ERK 1/2, extracellular signal‑regulated kinase 1/2; NF‑κB, nuclear factor-κ‑B; p38‑MAPK, p38 mitogen‑activated protein kinase; AR, androgen 
receptor; ?, molecules which remain unknown.
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as C-reactive protein, TNF-α, IL-6, IL-18 and MCP-1. The 
levels of inflammatory factors in patients with PCOS patients 
are higher than those in control groups, following adjustment 
for factors, such as age and body mass index (27). Thus, meta-
bolic inflammation may be a fundamental characteristic of 
PCOS, although the mechanism underlying this effect remains 
unclear. A number of studies have suggested that an increase 
in the levels of inflammatory cytokines, such as IL‑6 and 
MCP‑1, inhibits the activity of insulin receptor tyrosine kinase, 
which may result in the development of metabolic diseases, 
including PCOS (9,28). White adipocytes were recently shown 
to be associated with inflammation (29). During pathogenic 
stimulation, an inflammation signal transduction cascade was 
activated in adipocytes, and the levels of inflammatory cyto-
kines, such as TNF, MCP‑1 and IL‑6, increased. As immune 
cells, adipocytes activate complement, resulting in increases in 
the levels of inflammatory factors and chemokines. Adipocytes 
are target cells of androgens and are also classical endocrine 
cells. Thus, mature 3T3-L1 adipocytes were used in the present 
study in order to investigate the mechanisms underlying meta-
bolic inflammation, and to clarify the association between the 
hyperandrogenitic environment and metabolic disease.

In the present study, in contrast to the controls, testos-
terone promoted the production of IL-6 and MCP-1. In the 
LPS-stimulated state, testosterone-pre-treatment increased 
LPS-stimulated IL-6 and MCP-1 expression. Thus, it was 
inferred that testosterone directly promotes IL-6 and MCP-1 
expression, as well as the response of adipocytes to external 
stimuli, thereby producing higher levels of the inflamma-
tory cytokines, IL‑6, MCP‑1. These effects were not simply 
additive, testosterone significantly enhanced the effects of 
LPS‑induced inflammation factors, as determined by further 
statistical analysis.

Signalling pathway activation may be involved in the patho-
genesis of metabolic inflammation in PCOS. The generation of 
inflammatory factors depends primarily on the activation of 
the inflammatory signalling pathway (30).

Clinical studies have confirmed that ERK1/2 and 
NF-κB activation is higher in patients with PCOS than in 
healthy subjects (31,32). p38‑MAPK, NF‑κB and ERK1/2 
are important factors, associated with the proliferation of 
numerous types of cells, including prostatic cells and fibro-
blasts, which are mediated by androgens and are also closely 
associated with the inflammatory signalling pathway (33‑35). 
Testosterone activates inflammatory signalling pathways in 
adipocytes, while promoting the generation of inflammatory 
cytokines (Fig. 5). To the best of our knowledge, there have 
been no reports relevant to these findings. The present study 
demonstrated that with or without LPS treatment, testosterone 
activates NF-κB and ERK1/2. Furthermore, it was shown that 
testosterone activates ERK1/2 and NF‑κB, thus producing 
higher concentrations of inflammatory cytokines in adipo-
cytes. However, PD98059, an ERK1/2 antagonist, partially 
(53%) blocks the NF‑κB DNA-binding activity of testosterone 
(IL-6 and MCP-1 were partially reduced, 70 and 44%, 
respecitively). Thus, the results suggest that testosterone may 
also activate other intracellular signal transduction pathways, 
thereby preventing complete PD98059‑induced blocking of 
the effects of testosterone. PDTC partially blocked the NF‑κB 
DNA-binding activity of testosterone (74%), and this capability 

was greater than that of PD98059 (53%; IL-6 and MCP-1 were 
partially reduced, 68 and 41%, respectively). Thus, NF-κB 
may be the primary regulator of IL-6 and MCP-1, and may be 
a downstream signalling molecules in the ERK1/2 pathway, 
which requires further investigation.

A number of clinical studies have demonstrated that PCOS 
patients are in a state of chronic metabolic inflammation. The 
present study hypothesised that PCOS patients are highly sensi-
tive to external stimuli compared with normal subjects, probably 
because of hyperandrogemia, which results in the increased 
production of inflammatory factors by other external stimuli.

The present study has certain limitations. IL-6 and MCP-1 
were investigated. However, other inflammatory factors 
require further exploration. In addition, the present study was 
conducted in vitro due to the complexities of pathways in vivo. 
Thus, further in vivo studies are required.

In conclusion, testosterone promotes IL-6 and MCP-1, 
and this effect is partially dependent on the ERK1/2/NF‑κB 
pathway. Testosterone, however, when promoting inflammatory 
factors, may be dependent on other signalling pathways that 
also facilitate the generation of inflammatory factors (Fig. 5).
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