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Abstract 

Background: To investigate the role of adenosine monophosphate (AMP)-activated protein kinase (AMPK) on the 
production of interleukin (IL)-8, monocyte chemoattractant protein (MCP)-1, prostaglandin E2 and F2α induced by 
IL-1β in endometrial stromal cells (ESCs) following treatment with 5-aminoimidazole-4- carboxamide ribonucleoside 
(AICAR).

Methods: Endometrial specimens were obtained and cultured. We examined the effects of IL-1β, IL-1 ra and AICAR 
on the production of IL-8, MCP-1, PGE2 and PGF2α in human ESCs. The phosphorylations of AMPK, IκB, 4EBP-1, p70S6K 
and S6 ribosomal protein were analyzed by Western immunoblotting.

Results: Following stimulation by IL-1β, the production of IL-8, MCP-1, PGE2 and PGF2α showed significant increases, 
and these increases were suppressed by AICAR. The expression of cyclooxygenase-2 (COX-2) induced by IL-1β and 
suppressed by AICAR. The phosphorylation of IκB, 4EBP-1, p70S6K and S6 ribosomal protein were inhibited via an 
AMPK-dependent signal transduction.

Conclusions: The production of IL-8, MCP-1, PGE2 and PGF2α induced by IL-1β in ESCs were involved in the negative 
regulatory mechanisms of AMPK. The substances that activate AMPK may be promising agents for the treatment of 
pathological problems such as dysmenorrhea.
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Introduction
Human endometrial stromal cells (ESCs) undergo mor-
phologic and functional changes to provide the most 
suitable conditions for embryo implantation, which is 
regulated by several cytokines [1], polypeptide growth 
factors [2], steroid hormones, and eicosanoids including 
platelet-activating factor and prostaglandins (PGs) [3]. 
Cytokines are synthesized in the uterine endometrium, 

and ESCs were reported to produce and secrete a vari-
ety of cytokines including interleukin (IL)- 6, IL-8, 
macrophage colony-stimulating factor (MCSF) [4] and 
tumor necrosis factor (TNF)-α. PGs are one of the vaso-
active substances thought to play a role in dilatation of 
microvessels and increased capillary permeability in the 
endometrium. PGs are released by both epithelial and 
stromal components of the endometrium and are thought 
to influence morphological and physiological changes in 
the endometrium. We demonstrated prostaglandin pro-
duction by IL-1, and we found that this production was 
suppressed by an IL-1 receptor antagonist. Moreover, 
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IL-1 also induced cyclooxygenase-2 (COX-2) in ESCs 
[3]. Dysmenorrhea induces painful uterine cramps dur-
ing menstrual periods with no pathological evidence. It 
occurs in up to 50% of women with menstruation and can 
cause significant disruption in quality of life, and absen-
tee [5]. It was demonstrated that an excessive amount of 
eicosanoids including PGs are released from the uterine 
endometrium during the menstrual period.

The adenosine monophosphate (AMP)-activated pro-
tein kinase (AMPK) is an energy-sensing enzyme with a 
heterotrimeric complex that is believed to be implicated 
in the regulation of energy metabolism at the intracel-
lular and whole-organ levels [6–8]. It was reported that 
both energy-producing pathways and the down-regu-
lation of energy-consuming processes are activated by 
AMPK [6, 7]. AMPK signaling of reproductive tissues in 
female is little known even if at the animal level. Decreas-
ing steroidogenesis of ovarian granulosa cells by AMPK 
activation in animals has reportedly recognized [9]. The 
AMP analog, 5-aminoimidazole-4-carboxamide ribo-
side (AICAR) is used as a pharmacological activator of 
AMPK. It is suspected that 5-aminoimidazole-4-carbox-
amide ribonucleoside (ZMP) is converted from AICAR 
by adenosine kinase in the cells. ZMP can activate AMPK 
according to its structural similarity with AMP, leading to 
AMPK activation [10].

Anti-inflammatory effect of AMPK was also impli-
cated. It has been recognized that the AMPK activation 
plays an important role in inhibition of inflammatory 
response. It was reported that endotoxin lipopolysac-
charide (LPS)-induced production of TNF-α, IL-1β, IL-6, 
inducible NOS (iNOS), and COX-2 were suppressed by 
AICAR in primary macrophages, microglia, astrocytes, 
and mesangial cells [10–13]. In addition, the constitutive 
COX-2 expression in colon cancer cells was suppressed 
by AMPK activation [14]. On the other hand, decreasing 
AMPK activity is associated with increasing of inflamma-
tion. The benefits of AMPK activation in research models 
of several inflammatory diseases were also demonstrated 
[15].

In the present study, we used ESCs as cell models to 
examine the effects of AMPK activation on the produc-
tion of IL-1-mediated chemokines, or PGs via COX-2 
gene expression. We postulated that the mechanism of 
anti-inflammatory reaction involving AMPK activation 
might mediate the direct effect of protein synthesis with 
inflammatory factors.

Materials and methods
Reagents
The following reagents were used: cell culture media 
RPMI 1640 (Nissui; Tokyo), fetal calf serum (FCS) 
(HyClone; Logan, UT), Hank’s balanced salt solution 

(HBSS; GIBCO-BRL, Gaithersburg, MD), collagenase 
(type I) and DNase (Sigma Chemical, St. Louis, MO), 
IL-1β and IL-1RA (R&D Systems, Minneapolis, MN).

AICAR and compound C were obtained from Sigma 
Chemical.

Cell culture
Normal endometrial specimens were obtained from 10 
premenopausal patients who had undergone hysterecto-
mies for subserous myoma. All the specimens were classi-
fied as being in the late proliferative phase (days 9 to 12 of 
the menstrual cycle) on the basis of standard histologic cri-
teria. This study was approved by the institutional review 
board of the Faculty of Medicine, Oita University, and 
written informed consent was obtained from all patients.

Normal ESCs were separated from epithelial glands 
by digestion of the tissue fragments with collagenase as 
described [1, 3] with a slight modification. Briefly, tissues 
were cut into 2- to 3-mm pieces and incubated with col-
lagenase (200 IU/mL) and DNase (150 μg/mL) in HBSS 
with stirring for 2 h at 37 °C. The suspension was filtered 
through a 150-μm wire sieve to remove mucus and undi-
gested tissues. The filtrate then was passed through a 
80-μm wire sieve, which allowed the stromal cells to pass 
through while intact glands were retained. After being 
washed three times with serum-free RPMI 1640, the cells 
were transferred to culture flasks (Corning, New York, 
NY) at a density of 1 ×  106 cells/mL in RPMI 1640 sup-
plemented with 10% heatinactivated FCS with penicillin 
(100 IU/mL) (GIBCO-BRL) and streptomycin (100 mg/
mL) (GIBCO-BRL). The culture medium was replaced 
every 3 days. After two passages (10 to 12 days after isola-
tion) by standard methods of trypsinization, the cells that 
had a purity of > 95% were used for the experiments. The 
cultures were incubated at 37 °C in 5% CO2 in air.

Measurement of IL‑8, MCP‑1, PGE2 and PGF2α
For the evaluation of the productions of IL-8, MCP-
1, PGE2 and PGF2α by ESCs, 5 ×  105 viable cells were 
plated on six-well culture plates (Corning) in 1 mL of 
culture medium with 10% FCS and cultured until they 
were fully confluent. The ESCs were washed twice with 
phosphate buffered saline (PBS) without calcium and 
magnesium, and were then added to serum-free medium. 
The supernatant was replaced with fresh culture medium 
containing various concentrations of IL-1 with AICAR 
for 24 h. Control cells received an equivalent volume of 
medium alone during the incubations.

AICAR is used as a pharmacological activator of 
AMPK. AICAR has cell permeability and can thus enter 
the ESCs. It is thought to be converted into 5-aminoim-
idazole-4-carboxamide ribonucleoside (AICA ribonucle-
oside, ZMP) by adenosine kinase. ZMP can activate the 
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AMPK signaling pathway according to its structural simi-
larity with AMP [16].

At the end of the culture period, the medium was 
stored at − 80 °C until assayed. These experiments were 
performed in triplicate and repeated four times. Com-
mercially available enzyme-linked immunosorbent assays 
(ELISA) were used to determine the IL-8, MCP-1(R&D 
Systems) and PGE2 and PGF2α (Enzo Life Sciences, New 
York, NY) in the supernatants. The sensitivities of the 
assays for IL-8, MCP-1, PGE2 and PGF2α were 4.4 pg/
mL, 5.0 pg/mL, 16.0 pg/mL and 5.0 pg/mL, respectively. 
The inter- and intra-assay coefficients of variance for 
the ELISAs were 9.6 and 7.8% for IL-8, 8.6 and 6.5% for 
MCP-1, 10.8 and 8.2% for PGE2, and 9.6 and 7.2% for 
PGF2α. These experiments were performed in triplicate 
and repeated three times.

Protein preparation of ESCs and Western immunoblotting 
analysis (ECL‑WB)
To investigate the intracellular signal transduction sys-
tem in the ESCs, we performed a Western immunoblot-
ting analysis as described (1). Briefly, 1 ×  106 cells were 

plated on a 100 mm dish (Nalgene Nunc, Rochester NY) 
in 10 mL of culture medium with 10% FCS and cultured 
until they were fully confluent. The supernatant was 
replaced with fresh culture medium containing IL-1 and 
AICAR. At the end of the culture period, the ESCs were 
washed twice with cold PBS without calcium or mag-
nesium, harvested, pelleted, and lysed in ice-cold buffer 
containing 10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM 
ethylenediaminetetraacetic acid (EDTA; pH 8.0), 0.1 mM 
ethylene glycol tetraacetic acid (EGTA), 1 mM dithi-
othreitol (DTT), 0.5 mM phenylmethanesulfonyl fluoride 
(PMSF), and 0.3 μg/mL leupeptin.

The cell lysate was centrifuged for 10 min at 3000×g 
in order to pellet the nuclei. The supernatant fractions 
were collected and centrifuged for 10 min at 10,000×g. 
The protein content was determined using a microbicin-
choninic acid assay (Pierce, Rockford, IL) with bovine 
serum albumin (BSA) as a standard. The lysate was 
mixed with loading buffer (200 mM Tris-HCl [pH 7.9], 
7% sodium dodecyl sulfate [SDS; w/v], 30% glycerol 
[v/v], 15% 2-mercaptoethanol [v/v], 0.75% bromophe-
nol blue [w/v] and heated at 95 °C for 10 min. In each 

Fig. 1 The phosphorylation of pAMPK in ESCs treated with AICAR (3 mM) for 0 min to 24 h (n = 4). GAPDH is shown as the internal control. A: 
Representative blots illustrating the effect of AICAR treatment on pAMPK and GAPDH for 0 min to 24 h. C: Representative blots illustrating the effect 
of AICAR (0–5 mM) treatment on pAMPK and GAPDH for 30 min. The blot layout is in the same order as the graph in panels B and D, respectively. 
*P < 0.05 vs. controls. **P < 0.001 vs. controls
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sample, 10 μg of protein was applied per lane. The blot-
ted membranes were blocked in PBS containing 5% skim 
milk (Difco, Detroit, MI) for 1 h at room temperature and 
washed with three changes of Tris-buffered saline (TBS; 
20 mM Tris, 137 mM NaCl, pH 7.6) buffer containing 
0.1% Tween 20 for 15 min at room temperature.

The blotted membranes were then incubated and 
reacted overnight with 1:1000-diluted primary anti-
body (human phospho-AMPK antibody and AMPK 
antibody, rabbit polyclonal immunoglobulin G [IgG; 
Cell Signaling Technology, Beverly, MA], human 
COX-2 antibody [IgG, R&D Systems, MN], human 
IκB-α [IgG; Cell Signaling Technology], human 4EBP-1 
[IgG; Cell Signaling Technology], human p70S6 kinase 
[IgG; Cell Signaling Technology], human S6 ribosomal 
protein [IgG; Cell Signaling Technology] and human 

glyceraldehyde-3-phosphatedehydrogenase [GAPDH] 
antibody, [IgG, Ambion Austin, TX] in TBS containing 
5% BSA at 4 °C.

After being washed with three changes of TBS con-
taining 0.1% Tween 20, the blotted membranes were 
incubated and reacted with 1:2000-diluted peroxidase-
conjugated secondary antibody (anti-rabbit immu-
noglobulin γ or μ chain; Jackson Immunoresearch 
Laboratories, West Grove, PA) in TBS containing 5% 
BSA for 1 h at room temperature. After the membranes 
were washed with four changes of TBS containing 0.1% 
Tween 20, Lumi GLO from a Phototope-HRP Western 
Detection Kit (GE Healthcare UK, Buckinghamshire, 
England) was added to the blotted membranes and 
reacted for 1 min. The membranes were then covered 
with plastic wrap and exposed to X-ray film (GE Health-
care UK) for 1–2 min.

Fig. 2 The expression of COX-2 in ESCs treated with IL-1β is shown (n = 4). GAPDH is shown as the internal control. A: Representative blots 
illustrating the effect of IL-1β (1 nM) treatment on COX-2 and GAPDH for 0 min to 32 h. C: Representative blots illustrating the effect of 0–1- nM IL-1β 
treatment on COX-2 and GAPDH for 16 h. The blot layout is in the same order as the graph in panels B and D, respectively. *P < 0.05 vs. controls. 
**P < 0.001 vs. controls
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Statistical analysis
The data are presented as mean ± standard deviation 
(SD) and were analyzed using the Bonferroni-Dunn test. 
P-values < 0.05 were considered significant. The confi-
dence intervals with p-values for multiple statistical anal-
yses are at the 95% level.

Results
AMPK phosphorylation was induced by AICAR 
To elucidate the role of AMPK in the ESCs, we exam-
ined the effects of AICAR on the phosphorylation of 
AMPK. We found that 1 mM AICAR activated AMPK 
time-dependently compared to the controls (Fig.  1A, 
B). Treatment with AICAR induced a greater amount 
of AMPK phosphorylation in 1 to 3 mM in dose-
dependently increased (Fig.  1C, D). We evaluated the 
activity of AMPK by monitoring the phosphorylation 
of AMPK on Thr172, which is required for the activa-
tion of AMPK [17].

AICAR inhibited the production of COX‑2 in ESCs 
following stimulation by IL‑1β
The results of the Western blot analysis demonstrated that 
COX-2 expression in the ESCs was stimulated by IL-1β. 
The expected 75-kDa band corresponding to COX-2 was 
found. Treatment with IL-1β induced a greater cellular 
protein levels of COX-2 in 8–16 h (Fig.  2A, B) and the 
dose-dependently increased (Fig. 2C, D).

The anti-inflammatory effect of AICAR was also appar-
ent when the cells were pretreated with AICAR for only 
1 h and then stimulated for 16 h with IL-1β. As shown in 
Fig. 4, treatment with the combination of IL-1β and AICAR 
resulted in reductions in the cellular protein levels of COX-2 
compared to treatment with IL-1β alone (Fig. 3A, B).

AICAR inhibited IκB phosphorylation in ESCs 
following stimulation by IL‑1β
To elucidate the mechanism of the IL-1β-induced secretions 
of IL-8, MCP-1, PGE2 and PGF2α by ESCs, the effects of 

Fig. 3 The expression of COX-2 in ESCs treated with IL-1β and AICAR is shown (n = 4). GAPDH is shown as the internal control. A: Representative 
blots illustrating the effect of IL-1β (1 nM) treatment on COX-2 and GAPDH by and/or pretreatment with AICAR (1 mM) for 16 h. The blot layout is in 
the same order as the graph in panel B. *P < 0.001 vs. controls
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IL-1β-specific mechanism, the phosphorylation of IκB, were 
examined.

The results of the Western blot analysis demonstrated 
that the IκB phosphorylation in the ESCs was stimulated 
by IL-1β. The expected 37-kDa band corresponding to IκB 
was found (Fig. 4). Treatment with IL-1β induced greater 
cellular protein levels of IκB at 5–30 min (Fig. 4A, B). As 
shown in Fig.  4C, D, treatment with the combination of 
IL-1β (1 nM) and AICAR (3 mM) resulted significantly in 
reductions in cellular protein levels of IκB phosphoryla-
tion compared to treatment with IL-1β alone. However, 
IL-1β (1 nM) and AICAR (0.3 mM) resulted in rising in 
cellular protein levels of IκB phosphorylation.

AICAR activated AMPK and inhibited translation‑related 
proteins in the ESCs
We examined the effects of AICAR on AMPK 
in ESCs. We evaluated the activity of AMPK by 

monitoring the phosphorylation of AMPK on 
Thr172, which is required for the activation of 
AMPK. We next examined the effects of AICAR on 
mTORC1 signaling, which is negatively regulated by 
AMPK and a major regulator of translation initia-
tion. We assessed the phosphorylation status of the 
two direct downstream targets, 40S ribosomal S6 
kinase (p70S6K) (T389) and the eukaryotic transla-
tion initiation factor 4E (eIF4E)-binding protein 1 
(4E-BP1) (T37/46).

We found that AICAR time-dependently decreased 
the phosphorylation of 4E-BP1. AICAR treatment also 
decreased the p70S6K (T389) phosphorylation, result-
ing in S6 ribosomal protein (Fig. 5). This inhibition was 
also detected by the treatment with AICAR and IL-1β. 
The phosphorylation of 4E-BP1, p70S6K and S6 riboso-
mal protein were reduced by AICAR and IL-1β treatment 
(Fig. 6).

Fig. 4 The phosphorylation of IκB in ESCs treated with IL-1β with or without AICAR (n = 4). GAPDH is shown as the internal control. A: 
Representative blots illustrating the effect of IL-1β (1 nM) treatment on IκB and GAPDH for 0–240 min. The blot layout is in the same order as the 
graph in panels B. C: Representative blots illustrating the effect of IL-1β (1 nM) treatment and/or pretreatment with AICAR (0.3-3 mM) for 15 min on 
IκB and GAPDH. The blot layout is in the same order as the graph in panel D. **P < 0.01 vs. IL-1β only. ***P < 0.001 vs. IL-1β only
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AMPK inhibitor recovered the production of IL‑8, MCP‑1, 
PGE2 and PGF2α in ESCs following stimulation by IL‑1 
and AICAR 
We examined the effect of AMPK inhibitor in IL-1β and 
AICAR treatment by ESCs for 24 h. As illustrated in 
Fig. 7, IL-1β caused a significant increase in IL-8, MCP-1, 
PGE2 and PGF2α release. When the ESCs were treated 
with IL-1β plus IL-1 ra or AICAR, the levels of IL-8, 
MCP-1, PGE2 and PGF2α were significantly decreased 
as compared to IL-1β alone. However, Compound C, an 
AMPK inhibitor, recovered the levels of IL-8, MCP-1, 
PGE2 and PGF2α suppressed by AICAR.

Cell counts at 24 h were substantially the same whether 
or not the cells were treated with IL-1β. During this 
period, the concentrations of IL-8, MCP-1, PGE2 and 
PGF2α in the media without cells were significantly lower 
(data not shown).

Discussion
Cytokines, chemokines or PGs production in the 
endometrium might play pivotal roles in the mecha-
nism of menstruation in humans. However, the exact 
mechanism or modulation in the endometrium has 
not been clarified in detail. It was reported that a 
large number of macrophages are distributed in 
human endometrium, and the presence of IL-1 pro-
teins and mRNA in both stromal and epithelial cells 
of human endometrium has also been reported [18].

The endometrium has been demonstrated to express 
IL-1α, IL-1β, IL-1 receptor, and IL-1RA throughout the 
menstrual cycle [18]. Potentially an essential mediator 
in local intracellular interactions in endometrial tissues, 
IL-1 has also been known to be a potent stimulus in regu-
lating the production of cytokines.

Fig. 5 The phosphorylation of p4E-BP1, p70S6kinase and S6 ribosomal protein in ESCs treated with AICAR (3 mM) is shown (n = 4). The 
phosphorylation of p4E-BP1, p70S6K and S6 ribosomal protein was quantified against GAPDH. A: Representative blots illustrating the effect of 
treatment on p4EBP-1 and GAPDH by AICAR (3 mM) for 0–240 min (n = 4). The blot layout is in the same order as the graph in panels B (4EBP-1), C 
(p70S6K), D (S6 ribosomal protein), respectively. *P < 0.001 vs. controls
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The result of the present study, demonstrated that 
AMPK activated by AICAR exerts its action on IL-
1-induced IL-8, MCP-1PGE2 and PGF2α production in 
ESCs. In addition, IL-1-induced COX-2 protein expres-
sion levels were accordingly abolished by AICAR in 
these cells. It was shown that AICAR inhibits TNF-α 
and IL-1β-induced nuclear factor (NF)-κB reporter gene 
expression dose-dependently in immune cells [11, 12, 
19, 20] and iNOS and COX-2 expression in stimulated 
macrophages [10]. It was also reported that activation of 
AMPK diminished the secretion of IL-8 by LPS in bovine 
endometrium [21]. Therefore, it is likely that AMPK acts 
to limit inflammatory reaction. According to the anti-
inflammatory effects of AICAR, we hypothesized that 
AMPK activated by AICAR may decrease the production 
of inflammatory mediators in ESCs by attenuating the IL-
1-mediated signal transduction cascade.

It has been demonstrated that AICAR inhibits the 
expression of IL-8 and COX-2 by inhibiting the phos-
phorylation and degradation of IκB-α [22]. Modulation 
of NF-κB was observed by activation of AMPK [23]. Our 
data suggest that AICAR might suppress IL-1-induced 
NF-κB activation before blocking IκB phosphorylation. 
Thus, our findings further demonstrated the modulation 

of IL-1-stimulated IκB-α phosphorylation by AMPK. It 
has been reported that AICAR attenuates the lipopoly-
saccharide-induced activation of NF-κB via the down-
regulation of IκB kinaseα/β activity in glial cells [11]. 
This is the same mechanism that we observed in ESCs, 
suggesting that AMPK activation may inhibit cytokine-
induced NF-κB activation by suppressing IκB activity. 
Moreover, PGE2 production is reduced by AMPK activa-
tion [20].

Our findings demonstrated that AICAR inhibited 
mTORC1 signaling, as manifested by the dephospho-
rylation of S6K1, 4E-BP1, and S6 in ESC. It has been 
investigated that a shift from the hyperphosphorylated 
form to the hypophosphorylated form of the phospho-
rylation state of 4E-BP1 was also caused by metformin 
[24]. It was also reported that the hypophosphorylated 
form of 4E-BP1 repressed the initiation of translation by 
binding to eIF4E with high affinity. It was also reported 
that activated AMPK reduced the activity of mTOR by 
phosphorylating TSC2, resulting to inhibit the mTOR by 
activation of TSC1-TSC2 complex. AMPK activated by 
AICAR has also been recognized to reduce the activity 
of p70S6K [25]. The importance of AICAR-induced inhi-
bition of translation signaling and its relationship to the 

Fig. 6 The phosphorylation of p4EBP1, p70S6kinase and S6 ribosomal protein in ESCs treated with IL-1β with or without AICAR is shown (n = 4). 
The phosphorylation of p4E-BP1, p70S6K and S6 ribosomal protein was quantified against GAPDH. A: Representative blots illustrating the effect 
of treatment on p4EBP-1 and GAPDH by IL-1β (1 nM) with or without AICAR (3 mM) for 240 min (n = 4). The blot layout is in the same order as the 
graph in panels B (4EBP-1), C (p70S6K), and D (S6 ribosomal protein), respectively. *P < 0.001 vs. controls
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cellular functional regulation in ESCs should be investi-
gated further.

PGs were indicated to be elevated in menstrual 
extracts of women who suffered primary dysmen-
orrhea compared to eumenorrheic women. Indeed, 
the increasing secretion of endometrial PGF2α dur-
ing the menstrual phase was postulated in most but 
not all women with primary dysmenorrhea [5]. As 
the release of PGs into the menstrual fluid is a con-
tinuous or discontinuous process, the accumulation 
of PGs varies during menstruation [5]. The efficacy 
of cyclooxygenase inhibitors and estrogen-progestin 
oral contraceptive pills (OCPs) is supported by evi-
dence-based data. Cyclooxygenase inhibitors have 
been recognized to reduce the amount of menstrual 
prostanoids released, with a concomitant reduction 
in uterine hypercontractility. OCPs inhibit endo-
metrial development and decrease menstrual pros-
tanoids, but OCP use also has a risk of deep venous 

thromboembolism. The activation of AMPK may 
contribute to suppress the production of prostanoids 
without any side effect. Apart from that, endome-
triosis occurs proinflammatory microenviroment 
in the early stages and to the pro-fibrotic activity of 
the advanced stages [26]. In addition, bone marrow-
derived stem cells (BMDSCs) may migrate through 
peripheral circulation and cause endometriosis [27]. 
Our result may contribute to control the related sub-
stances such as chemokine.

A limitation of our study is that we showed the pro-
tein synthesis of only chemokines and COX-2 in ESCs. 
Further examination will be necessary to elucidate this 
modulation by AICAR via AMPK in other inflamma-
tory substances. Our present findings indicate that 
AMPK activation may help reduce dysmenorrhea, 
which is believed to be increased by prostaglandins or 
substances from the inflammatory cells in menstrual 
fluid.

Fig. 7 The levels of IL-8 (A), MCP-1 (B), PGE2 (C) and PGF2α (D) in culture media of ESCs after 24 h of stimulation with IL-1β, IL-1 receptor 
antagonist, AICAR and AMPK inhibitor (compound C). The ESCs were treated with human IL-1β (1 nM), IL-1ra (10 nM), AICAR (3 mM) and compound 
C (10 μM). *P < 0.001 vs. IL-1β (1 nM) stimulation (Bonferroni-Dunn test). The data are expressed as mean ± SD of triplicate samples from four 
separate representative experiments. A: *p < 0.001, (IL-1β vs. IL-1β + IL-1ra and IL-1β + AICAR), **p < 0.01 (IL-1β + AICAR vs. IL-1β + compound C). B: 
*p < 0.001, (IL-1β vs. IL-1β + IL-1ra and IL-1β + AICAR), **p < 0.05 (IL-1β + AICAR vs. IL-1β + compound C). C: *p < 0.001, (IL-1β vs. IL-1β + IL-1ra and 
IL-1β + AICAR), **p < 0.05 (IL-1β + AICAR vs. IL-1β + compound C). D: *p < 0.001, (IL-1β vs. IL-1β + IL-1ra and IL-1β + AICAR), **p < 0.05 (IL-1β + AICAR 
vs. IL-1β + compound C)
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In conclusion, we found that through AMPK activa-
tion, AICAR inhibits the IL-1-stimulated IκB/ NF-κB-
mediated pathway. These findings indicate the signal 
transduction pathways regulated by AMPK activation 
and suggest that AMPK activation can inhibit the pro-
duction of inflammatory mediators in ESCs, resulting 
in the attenuation of dysmenorrhea. Further studies are 
needed to clarify the suppressive mechanism of AMPK 
signaling that could be beneficial in the treatment of par-
ticular human pathologies such as dysmenorrhea.

Abbreviations
AICAR : 5-amino-imidazole-4-carboxyamide-1- β-D-ribofuranoside; AMPK: 
Adenosine monophosphate-activated protein kinase; COX: Cyclooxygenase; 
DTT: Dithiothreitol; EDTA: Ethylenediaminetetraacetic acid; EGTA : Ethylene 
glycol tetraacetic acid; GROα: Growth-regulated oncogene α; IL-6: Interleu-
kin-6; IL-8: Interleukin-8; NFκB: Nuclear factor-κB; PG: Prostaglandin; PMSF: 
Phenylmethanesulfonyl fluoride; TNF-α: Tumor necrosis factor-α.

Acknowledgements
The authors are very grateful to research technicians for supporting our 
experiments.

Authors’ contributions
YK participated in the design of the study, performed the statistical analyze 
and drafted the manuscript. YK, HS, KG and MN participated cell culture, 
ELISA assay, western immunoblot analysis. KN participated data interpreta-
tion and manuscript correction. All authors read and approved the final 
manuscript.

Funding
This work was supported by Grants-in-Aid for Scientific Research from 
the Japan Society for the Promotion of Science (no.16 K11094, to Y.K. and 
20 K18193, to K.G.) and by a Study Fund of Oita Society of Obstetrics and 
Gynecology in Japan.

Availability of data and materials
Literature search results are available from the authors on reasonable request.

Declarations

Ethics approval and consent to participate
The study design was approved by the appropriate ethics committee of Oita 
University, Yufu, Japan.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 20 August 2021   Accepted: 30 November 2021

References
 1. Kawano Y, Furukawa Y, Kawano Y, Nasu K, Narahara H. Thrombin-induced 

chemokine production in endometrial stromal cells. Hum Reprod. 
2011;26:407–13.

 2. Kawano Y, Nakamura S, Nasu K, Narahara H, Miyakawa I. The effect of 
epidermal growth factor on vascular endothelial growth factor secretion 
by endometrial stromal cells. Clin Exp Med. 2002;2:69–75.

 3. Kawano Y, Nakamura S, Fukuda J, Miyakawa I. Synergistic effect of 
interleukin-1α and ceramide analogue on production of prostaglan-
din E2 and F2α by endometrial stromal cell. Am J Reprod Immunol. 
2001;46:393–8.

 4. Kawano Y, Fukuda J, Nasu K, Matsumoto H, Narahara H, Miyakawa I. 
Synergistic effects of interleukin (IL)-1α and ceramide analogue on the 
production of IL-6, IL-8 and macrophage colony-stimulating factor by 
endometrial stromal cells. Fertil Steril. 2004;82:1043–7.

 5. Dawood MY, Primary dysmenorrhea. Advances in pathogenesis and 
management. Obstet Gynecol. 2006;108:428–41.

 6. Carling D. The AMP-activated protein kinase cascade-a unifying system 
for energy control. Trends Biochem Sci. 2004;29:18–24.

 7. Hardie DG. The AMP-activated protein kinase cascade: the key sensor of 
cellular energy status. Endocrinology. 2003;144:5179–83.

 8. Rutter GA, Da Silva XG, Leclerc I. Roles of 5′-AMP-activated protein kinase 
(AMPK) in mammalian glucose homoeostasis. Biochem J. 2003;375:1–16.

 9. McCallum MM, Pru CA, Smith AR, Kelp NC, Foretz M, Viollet B, et al. A 
functional role for AMPK in female fertility and endometrial regeneration. 
Reproduction. 2018;156:501–13.

 10. Kuo CL, Ho FM, Chang MY, Prakash E, Lin WW. Inhibition of lipopoly-
saccharide-induced inducible nitric oxide synthase and cyclooxyge-
nase-2 gene expression by 5-aminoimidazole-4-carboxamide riboside 
is independent of AMP-activated protein kinase. J Cell Biochem. 
2008;103:931–40.

 11. Giri S, Nath N, Smith B, Viollet B, Singh AK, Singh I. 5-aminoimidazole-4- 
carboxamide-1-beta-4-ribofuranoside inhibits proinflammatory response 
in glial cells: a possible role of AMP-activated protein kinase. J Neurosci. 
2004;24:479–87.

 12. Jhun BS, Jin Q, Oh YT, Kim SS, Kong Y, Cho YH, et al. 5-Aminoimidazole-
4-carboxamide riboside suppresses lipopolysaccharide-induced TNF-
alpha production through inhibition of phosphatidylinositol 3-kinase/
Akt activation in RAW 264.7 murine macrophages. Biochem Biophys Res 
Commun. 2004;318:372–80.

 13. Peairs A, Radjavi A, Davis S, Li L, Ahmed A, Giri S, et al. Activation of AMPK 
inhibits inflammation in MRL/lpr mouse mesangial cells. Clin Exp Immu-
nol. 2009;156:542–51.

 14. Hwang JT, Kim YM, Surh YJ, Baik HW, Lee SK, Ha J, et al. Selenium regulates 
cyclooxygenase-2 and extracellular signal-regulated kinase signaling 
pathways by activating AMP-activated protein kinase in colon cancer 
cells. Cancer Res. 2006;66:10057–63.

 15. Chang MY, Ho FM, Wang JS, Kang HC, Chang Y, Ye ZX, et al. AICAR induces 
cyclooxygenase-2 expression through AMP-activated protein kinase-
transforming growth factor-b-activated kinase 1-p38 mitogen-activated 
protein kinase signaling pathway. Biochem Pharmacol. 2010;80:1210–20.

 16. Hardie DG, Carling D, Carlson M. The AMP-activated/SNF1 protein kinase 
subfamily: metabolic sensors of the eukaryotic cell? Annu Rev Biochem. 
1998;67:821–55.

 17. Kahn BB, Alquier T, Carling D, Hardie DG. AMP-activated protein kinase: 
ancient energy gauge provides clues to modern understanding of 
metabolism. Cell Metab. 2005;1:15–25.

 18. Tabibzadeh S, Sun XZ. Cytokine expression in human endometrium 
throughout the menstrual cycle. Hum Reprod. 1992;7:1214–21.

 19. Levine YC, Li GK, Michel T. Agonist-modulated regulation of AMP-acti-
vated protein kinase (AMPK) in endothelial cells. Evidence for an AMPK 
→ Rac1 → Akt → endothelial nitric-oxide synthase pathway. J Biol 
Chem. 2007;282:20351–64.

 20. Noor HB, Mou NA, Salem L, Shimul MFA, Biswas S, Akther R, et al. Anti-
inflammatory property of AMP-activated protein kinase. Antiinflamm 
Antiallergy Agents Med Chem. 2020;19:2–41.

 21. Turner ML, Cronin JG, Noleto PG, Sheldon IM. Glucose availability and 
AMP- activated protein kinase link energy metabolism and innate immu-
nity in the bovine. endometrium. PLoS One. 2016;11:e0151416.

 22. Hattori Y, Suzuki K, Hattori S, Kasai K. Metformin inhibits cytokine-induced 
nuclear factor κB activation via AMP-activated protein kinase activation in 
vascular endothelial cells. Hypertension. 2006;47:1183–8.

 23. Salminen A, Kauppinen A, Kaarniranta K. AMPK activation inhibits the 
function of myeloid-derived suppressor cells (MDSC): impact on cancer 
and aging. J Mol Med. 2019;97:1049–64.

 24. Zhao L, Wen XH, Jia CH, Li M, Luo SQ, Bai XC. Metformin induces G1 cell 
cycle arrest and inhibits cell proliferation in nasopharyngeal carcinoma 
cells. Anat Rec. 2011;294:1337–43.



Page 11 of 11Kawano et al. Reproductive Biology and Endocrinology          (2021) 19:188  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 25. Tulipano G, Faggi L, Spinello CM, Cocchi D, Giustina A. Role of AMP-
activated protein kinase activators in antiproliferative multi-drug pituitary 
tumor therapies: effects of combined treatments with compounds 
affecting the mTOR-p70S6 kinase axis in cultured pituitary tumour cells. J 
Neuroendocrinol. 2015;27:20–32.

 26. Lagana AS, Salmeri FM, Frangez HB, Ghezzi F, Vrtacnik-Bokal E, Granese 
R. Evaluation of M1 and M2 macrophages in ovarian endometriomas 
from women affected by endometriosis at different stages of the disease. 
Gynecol Endocrinol. 2020;36:441–4.

 27. Lagana AS, Vitale SFM, SG, Triolo O, Gotte M. Stem cell trafficking dur-
ing endometriosis: may epigenetics play a pivotal role? Reprod Sci. 
2018;25:978–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	The inhibitory effect of AMP-activated protein kinase (AMPK) on chemokine and prostaglandin production in human endometrial stromal cells
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Reagents
	Cell culture
	Measurement of IL-8, MCP-1, PGE2 and PGF2α
	Protein preparation of ESCs and Western immunoblotting analysis (ECL-WB)

	Statistical analysis
	Results
	AMPK phosphorylation was induced by AICAR
	AICAR inhibited the production of COX-2 in ESCs following stimulation by IL-1β
	AICAR inhibited IκB phosphorylation in ESCs following stimulation by IL-1β
	AICAR activated AMPK and inhibited translation-related proteins in the ESCs
	AMPK inhibitor recovered the production of IL-8, MCP-1, PGE2 and PGF2α in ESCs following stimulation by IL-1 and AICAR

	Discussion
	Acknowledgements
	References


