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Abstract
Endometriosis is a chronic gynecological disease affecting ~10% women in the 
reproductive age characterized by the growth of endometrial glands and stroma 
outside the uterine cavity. The inflammatory process has a key role in the ini-
tiation and progression of the disorder. Currently, there are no available early 
diagnostic tests and therapy relies exclusively on symptomatic drugs, so that 
elucidation of the complex molecular mechanisms involved in the pathogenesis 
of endometriosis is an unmet need. The signaling of the bioactive sphingolipid 
sphingosine 1- phosphate (S1P) is deeply dysregulated in endometriosis. S1P 
modulates a variety of fundamental cellular processes, including inflammation, 
neo- angiogenesis, and immune responses acting mainly as ligand of a family of 
G- protein- coupled receptors named S1P receptors (S1PR), S1P1– 5. Here, we dem-
onstrated that the mitogen- activated protein kinase ERK5, that is expressed in 
endometriotic lesions as determined by quantitative PCR, is activated by S1P in 
human endometrial stromal cells. S1P- induced ERK5 activation was shown to be 
triggered by S1P1/3 receptors via a SFK/MEK5- dependent axis. S1P- induced ERK5 
activation was, in turn, responsible for the increase of reactive oxygen species and 
proinflammatory cytokine expression in human endometrial stromal cells. The 
present findings indicate that the S1P signaling, via ERK5 activation, supports a 
proinflammatory response in the endometrium and establish the rationale for the 
exploitation of innovative therapeutic targets for endometriosis.
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1  |  INTRODUCTION

Endometriosis is a gynecological disorder defined as the 
presence of endometrial glands and stroma outside the 
uterus.1,2 It is a complex, estrogen- dependent, chronic, 
inflammatory syndrome that is estimated to affect about 
10% of reproductive- age women.3 Endometriosis lacks de-
finitive treatments because surgery and hormonal drugs 
are associated with high rates of symptom recurrence.1,4– 6 
Extensive investigations on the pathogenesis of this dis-
ease7 are showing the occurrence of complex molecular 
mechanisms. On the other hand, a key role of inflamma-
tion in initiation and progression of the disorder is sup-
ported by increased levels of proinflammatory cytokines 
in endometriotic tissue and in peritoneal fluid of patients 
with endometriosis.8– 13

Sphingosine 1- phosphate (S1P) is a pleiotropic sphin-
golipid implicated in the regulation of many physiological 
as well as pathological processes including inflammation, 
immune response, and tumorigenesis.14 Its cellular levels 
are tightly regulated, depending on the relative rate be-
tween its biosynthesis and degradation.15 Most of the S1P 
biological actions are evoked after its extracellular release 
through transporters, such as spinster homolog 2 (Spns2), 
and by its binding to specific G- protein- coupled receptors 
named S1PR (S1P1– 5) in an autocrine/paracrine man-
ner.16 Interestingly, S1P signaling axis has been recently 
reported to be altered in endometriosis,17– 21 and S1P lev-
els have been shown to be significantly augmented in the 
peritoneal fluid of endometriotic patients.19 Moreover, the 
inhibition of sphingosine kinase (SK) 1, one of the two 
isoenzymes responsible for S1P generation, significantly 
reduces the development of endometriotic lesions in an 
animal model of the disease.21 The therapeutic potential 
of the S1P axis has been already efficiently exploited. For 
instance, several S1PR selective antagonists have been 
developed and used in clinical settings, such as the S1P1 
antagonist KRP- 203 in subacute lupus erythematosus, and 
the immunomodulator fingolimod, a functional antago-
nist of S1P1,3,4,5, in multiple sclerosis and other autoim-
mune and inflammatory disorders.22,23

The extracellular signal- related kinase 5 (ERK5) be-
longs to the mitogen- activated protein kinase (MAPK) 
family. In response to growth factors and cellular stresses, 
ERK5, activated by MEK5, can orchestrate gene tran-
scription.24 Like other MAPK, ERK5 can also be activated 

by G- protein- coupled receptors (GPCR).25,26 ERK5 is 
involved in several biological responses, including cell 
survival, anti- apoptotic signaling, angiogenesis, differen-
tiation and proliferation of several cell types.24 In recent 
years, the ERK5 pathway has emerged as a key player in 
the onset and development of chronic inflammatory dis-
eases as well as cancers, including endometrial cancer,27– 29 
and, with the aim to dampen the negative effects of this 
signaling axis, many small- molecule inhibitors of ERK5 
or of its upstream activator MEK5 have been developed.

The present study evaluated the functional interaction 
between S1P signaling and ERK5 in human endometrial 
stromal cells and its effect on the inflammatory process.

2  |  MATERIALS AND METHODS

2.1 | Cell culture

The immortalized human endometrial stromal cells 
(HESC) were purchased from American Type Culture 
Collection and grown in a 1:1 mixture of Dulbecco's 
modified Eagle's medium (DMEM) and Ham's F- 12 
(F12) medium, without phenol red, with 3.1 g/L glucose 
and 1 mM sodium pyruvate (Sigma- Aldrich, St Louis, 
MO, USA), supplemented with 1.5 g/L sodium bicarbo-
nate (Sigma- Aldrich), 1% ITS+ Premix (Corning, New 
York, USA), 500 ng/mL puromycin and 10% charcoal- 
stripped fetal bovine serum (Sigma- Aldrich), at 37°C 
in 5% CO2. For the experiments, cells were seeded and, 
the following day, serum- starved overnight in medium 
without serum added with 1 mg/mL fatty acid- free bo-
vine serum albumin (BSA) (Sigma- Aldrich) before being 
stimulated with S1P (Sigma- Aldrich). When required, 
ERK5 inhibitors XMD8- 92 or the more specific inhibi-
tor of ERK5 over bromodomain- containing proteins 
JWG- 07130,31 (MedChemExpress), the SFK inhibitor PP2 
(MedChemExpress), the ERK1/2 inhibitor SCH772984 
(MedChemExpress), the MEK5 inhibitor BIX02189 
(MedChemExpress), the S1P1/3 antagonist VPC23019 
(Avanti Polar Lipids), or the ROS scavenger N- acetyl 
cysteine (NAC) (Sigma- Aldrich) were administered 1 h 
before agonist stimulation. The effectiveness of XMD8- 
92 and JWG- 071 at the concentration used has been re-
ported previously32,33; the ERK5 inhibitor XMD8- 92 was 
used at concentrations with negligible off- target effects.32
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2.2 | Biological sample collection

Tissue samples were collected at Careggi University 
Hospital, Florence, Italy. Endometriotic lesions were from 
patients with endometriosis undergoing laparoscopic sur-
gery. Control endometrial specimens were collected dur-
ing diagnostic hysteroscopy (in the proliferative phase) 
from nonpregnant women not affected by endometriosis 
or other uterine disorders. The clinical and imaging in-
vestigations excluded endometriosis and other uterine 
disorders. All samples were histologically characterized. 
The endometrial cycle phase was confirmed by histologic 
analysis of endometrial biopsies. There was no difference 
in age, gravidity, and parity between the study and control 
groups. The patients stopped hormonal treatment at least 
3 months before surgery. The institutional review board 
(protocol no. 13742) approved the study protocol, and all 
patients gave informed written consent.

2.3 | Western blot analysis

Cells were collected with the aid of a scraper and in-
cubated for 30 min at 4°C in 50 mmol/L Tris, pH 7.5, 
120 mmol/L NaCl, 6 mmol/L EGTA, 1 mmol/L EDTA, 
20 mmol/L NaF, 15 mmol/L Na4P2O7, 1% Nonidet, with 
the addition of protease inhibitor cocktail (Sigma- Aldrich) 
and phosphatase inhibitor cocktail (Sigma- Aldrich). They 
were then centrifuged for 15 min at 10 000g at 4°C, and 
the supernatant was collected for Western blot analysis. 
Proteins were separated by SDS- PAGE in 6.4– 9% gels 
and transferred onto Hybond PVDF (GE Healthcare) by 
electroblotting. Membranes were incubated first in PBS 
containing 0.1% Tween 20 and 1% BSA (blocking buffer) 
for 1 h at room temperature, then with primary antibody 
in blocking buffer overnight at 4°C. Washed membranes 
were incubated for 1 h at room temperature in blocking 
buffer containing IRDye800CW (1/20 000)– conjugated 
or IRDye680 (1/30 000)– conjugated secondary antibody 
(LI- COR Biosciences). Antibody- coated protein bands 
were visualized by Odyssey Infrared Imaging System 
Densitometry (LI- COR Biosciences). Images were quan-
tified with ImageJ software. The following antibod-
ies were used: rabbit polyclonal anti ERK5 (Cat #3372, 
RRID:AB_330491), rabbit polyclonal anti phospho- 
ERK5- T218/Y220 (Cat #3371, RRID:AB_2140424), rab-
bit polyclonal anti phospho- p90RSK- S380 (Cat #9341, 
RRID:AB_330753), rabbit polyclonal anti phospho- Ezrin 
(T567)/Radixin (T564)/Moesin (T558) (pERM, Cat# 3141, 
RRID:AB_330232) or rabbit polyclonal anti phospho- 
ERK1/2- T202/Y204 (Cat #9101, RRID:AB_331646) from 
Cell Signaling Technology (Danvers, MA, USA); rab-
bit polyclonal anti phospho- MEK5- S311/T315 (Cat# 

sc- 135 702, RRID:AB_2141255), rabbit polyclonal anti 
phospho- SRC (Cat# sc- 166 860, RRID:AB_10611497), 
mouse monoclonal anti MEF2D(H11) (Cat# sc- 271 153), 
or mouse monoclonal anti GAPDH (Cat# sc- 365 062, 
RRID:AB_10847862) from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA); rabbit polyclonal anti SK1 (Cat# 
SP1621, RRID:AB_2195828) or rabbit polyclonal anti SK2 
(Cat# SP4621, RRID:AB_2619719) from ECM Biosciences 
(Aurora, CO, USA); rabbit polyclonal anti S1P1 (Cat# 
ab11424, RRID:AB_298029), rabbit polyclonal anti S1P3 
(Cat# ab126622, RRID:AB_11140549) from Abcam 
(Cambridge, UK); rabbit polyclonal anti S1P2 (Cat# 21180- 
1- AP, RRID:AB_10694573) from Proteintech (Rosemont, 
IL, USA); rabbit polyclonal anti SPL (Cat# PA1- 12722, 
RRID:AB_2285994) from Thermo Fisher Scientific Inc. 
(Rockford, IL, USA); mouse monoclonal anti vinculin 
(Cat #V9131, RRID:AB_477629) or rabbit polyclonal anti 
Spns2 (Cat# SAB2104271, RRID:AB_10696636) from 
Sigma- Aldrich.

2.4 | Cell transfection

Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA) was 
used for cell transfection according to the manufacturer's 
instructions as previously described.34,35 Lipofectamine 
RNAiMAX was incubated with siRNAs (siRNA uni-
versal negative control SIC001; siS1P1 SASI_HS_0024; 
siS1P2 SASI_HS01_0008; siS1P3 SASI_HS01_0001, Sigma 
Aldrich RRID:SCR_008988; siERK5, M0035130200 
Dharmacon, Thermo Fisher Scientific Inc.) in DMEM:F12 
(1:1) without serum and antibiotics at room temperature 
for 20 min and then added to cells to a final concentration 
of 50 nmol/L, in DMEM:F12 (1:1) containing serum. After 
56 h, cells were serum- starved overnight and were used for 
experiments 72 h after the beginning of transfection. The 
efficacy of target down- regulation was evaluated with the 
use of quantitative real- time polymerase chain reaction or 
Western blot analysis. The pcMV5- MEK5DD- HA (a con-
stitutively active form of MEK5) was generously provided 
by Jiing- Dwan Lee (Scripps Institute, La Jolla, CA, USA). 
HESC were plated (3 × 104 cells/well) and transfected after 
24 h with a total amount of 2 μg of plasmid DNA using 
Lipofectamin2000 (Invitrogen, Thermo Fisher Scientific), 
following manufacturer's instructions. Cells were used for 
experiments 24 h after the beginning of transfection.

2.5 | Quantitative real- time PCR (qPCR)

Total RNA was extracted from the cells using TRI- reagent 
(Sigma- Aldrich) according to the manufacturer's instruc-
tions, and reverse transcribed with the high- capacity cDNA 
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reverse transcription kit (Applied Biosystems) as previ-
ously described.36,37 The quantification of target mRNA 
expression through qPCR was performed using TaqMan 
gene expression assays (SK1 Hs00184211_m1, SK2 
Hs01016543_g1, CIB1 Hs01089679_m1, SPL Hs00393705_
m1, SPP1 Hs04189357_m1, SPP2 Hs00544786_m1, 
S1P1 Hs01922614_s1, S1P2 Hs_01003373_M1; S1P3 
Hs00245464_s1, S1P4 Hs02330084_s1, S1P5 Hs00928195_
s1; Spns2 Hs01390449_g1; IL1β Hs01555410_m1; IL- 6 
Hs00174131_m1) (Thermo Fisher Scientific) or using 
GoTaq qPCR Master Mix (Promega Corporation). The 
primers used were the following: ERK5 mRNA fw  
5´- TGCCC CAC CAA AGA AAGATG- 3′, rev 5´- AAGAC 
TTG AGC AGG GCA GCTT- 3′; 18S rRNA fw 5′-  CGGTA 
CCA CAT CCA AGGAA- 3′, rev 5´- GCTGG AAT TAC CGC 
GGCT- 3′. qPCR was performed using CFX96 Touch Real- 
Time PCR Detection System (Bio- Rad). Target sequences 
were simultaneously amplified together with the house-
keeping gene β- actin or 18S rRNA. Relative quantifica-
tion of mRNA expression was performed by means of the 
2−ΔCt method38 for tissue samples or the 2−ΔΔCt method39 
for cellular samples.

2.6 | Confocal microscopy

Cells were seeded on a glass coverslip and, at the end of 
treatment, incubated with the probe chloromethyl deriva-
tive of 2′,7′- dichlorodihydrofluorescein diacetate (CM- 
H2DCFDA; Thermo Fisher Scientific) 5 μM for 20 min, 
as an indicator for reactive oxygen species (ROS) in cells. 
Fluorescence was assessed with confocal microscopy 
(Leica SP8) and quantified using the ImageJ software 
(RRID:SCR_003070, National Institutes of Health, USA).

2.7 | Flow cytometry

After treatment, cells were incubated with CM- H2DCFDA 
1 μM for 20 min. Cells were then detached with Trypsin– 
EDTA solution (Sigma- Aldrich) and cell fluorescence was 
measured with a FACSCanto flow- cytometer (Becton– 
Dickinson, Franklin Lakes, NJ, USA).

2.8 | Statistical analysis

Statistical analysis and graphical representations of the 
data were performed using the GraphPad Prism 5 soft-
ware (RRID:SCR_002798). P values were calculated 
using Student's t test (two groups), one- way analysis of 
variance ANOVA (more than two groups) followed by 
Bonferroni post hoc test or two- way ANOVA followed by 

Bonferroni post hoc test. p < .05 was considered statisti-
cally significant.

3  |  RESULTS

3.1 | S1P stimulation increases ROS 
production in human endometrial stromal 
cells

Although S1P metabolism and signaling are dysregulated 
in endometriosis,17,18 the molecular mechanisms impli-
cated in the action of this sphingolipid in the pathogen-
esis of the disease have not been profoundly investigated 
so far. To deepen this issue, we first investigated whether 
human endometrial stromal cells (HESC) express the 
enzymes involved in S1P metabolism and the S1PR 
(Figures 1 and S1). qPCR analysis showed that both iso-
forms of sphingosine kinase (SK), SK1 and SK2, and the 
enzymes involved in S1P catabolism, S1P lyase (SPL) and 
S1P phosphatase (SPP)1, but not SPP2, were expressed in 
HESC (Figure 1A). In addition, HESC expressed the SK1- 
activating protein CIB1 (Figure 1A). At the mRNA level, 
the S1P transporter Spns2 and all S1PR were expressed, 
being S1P3 the most expressed receptor (Figure 1B). The 

F I G U R E  1  S1P metabolism enzyme, transporter, and S1PR 
expression levels in HESC. HESC were seeded in 60 mm dishes at 
70% confluence. qPCR analysis was performed using TaqMan gene 
expression assay probes specific for human SK1, SK2, CIB1, SPL, 
SPP1, and SPP2 (A) and S1P1– 5 and Spns2 (B). Results, analyzed 
with the 2−ΔΔCt method, were normalized to β- actin housekeeping 
gene and expressed as fold changes over a reference gene, SK1 (A), 
and S1P1 (B). nd, not detected.
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expression of SK1, SK2, SPL, Spns2 as well as S1P1/S1P2/
S1P3 was confirmed at the protein level by Western blot 
analysis (Figure S1).

Given the key role of ROS in the progression of inflam-
matory disorders, we investigated whether S1P was able 
to induce ROS formation in HESC. Intracellular ROS lev-
els were detected by confocal immunofluorescence anal-
ysis performed using CM- H2DCFDA. We found that the 
treatment with 100 nM S1P for 10 min potently increased 
ROS formation in HESC (Figure 2A). In agreement, cyto-
fluorimetric ROS quantification highlighted a significant 
increase of about 40% following 10 min treatment with 
100 nM S1P (Figure 2B).

3.2 | S1P activates ERK5 through 
S1P1 and S1P3 receptor engagement and 
downstream activation of SFK and MEK5

We then examined whether, in HESC, S1P was capable 
of activating ERK5, a pivotal MAPK involved in ROS 
modulation,40 expressed in endometrial tissues and endo-
metriotic lesions as determined by qPCR (Figure 3A). To 
this end, HESC were treated with 100 nM S1P for differ-
ent time intervals (from 5 to 60 min) before being lysed 
and subjected to Western blot analysis. ERK5 activation 
was then evaluated on the basis of the presence of a band- 
shift due to decreased ERK5 electrophoretic mobility fol-
lowing extensive phosphorylation as the consequence 
of MEK5- dependent phosphorylation in the conserved 
threonine- glutamic acid- tyrosine (TEY) motif of the cata-
lytic domain and MEK5- independent phosphorylation at 
the C- terminus.27,41 As depicted in Figure  3B, S1P tran-
siently activated ERK5 with a maximal overall phospho-
rylation at 10 min of treatment. In particular, treatment 
with the sphingolipid determined MEK5- dependent 
phosphorylation, as witnessed by increased phosphoryl-
ation of the TEY motif. ERK5 activation was confirmed 
by the increased p90RSK phosphorylation and MEF2D 
expression that are ERK5- regulated downstream tar-
gets.42,43 Dose- dependence studies showed that ERK5 
activation was induced by S1P at all the tested concentra-
tions (10– 1000 nM) being maximal starting from 100 nM 
(Figure 3C). Accordingly, S1P induced a dose- dependent 
increase of ERK5 phosphorylation on TEY motif, of 
p90RSK phosphorylation and of MEF2D expression.

We next examined the possible S1PR involved in S1P- 
induced ERK5 activation. For this purpose, S1P1, S1P2, 
and S1P3 were efficiently knocked- down by specific siRNA 
(Figure 4A). Moreover, to further verify that S1PR silenc-
ing affected their functional activity, the activation of 
known S1PR downstream targets37,44 has been analyzed. 
In particular, while S1P1 and S1P3 silencing significantly 

reduced S1P- induced ERK1/2 phosphorylation, that of 
S1P2 inhibited the S1P- induced ERM activation in HESC 
(Figure  S2). Notably, as shown in Figure  4B, siRNA di-
rected against S1P1 and S1P3 significantly reduced the en-
hancement of ERK5 activation elicited by S1P. Conversely, 
the down- regulation of S1P2 did not alter the S1P- induced 
effect (Figure 4B). To confirm the role of S1P1 and S1P3 in 
S1P- induced ERK5 activation, pharmacological inhibition 

F I G U R E  2  S1P stimulates ROS production. (A) HESC seeded 
on microscope slides were serum- starved for 18 h before being 
stimulated with 100 nM S1P for 10 min. Upper panel: images were 
obtained by confocal microscopy analysis using CM- H2DCFDA 
to stain ROS (images are representative of three independent 
experiments). Lower panel: quantification of the intensity of 
CM- H2DCFDA fluorescence normalized to cell number. Data 
are mean ± SEM of four fields quantified in three independent 
experiments. S1P increases ROS formation in a statistically 
significant manner by t- test **p < .01. (B) HESC were serum- starved 
for 18 h before being stimulated with 100 nM S1P for 10 min. ROS 
were quantified by cytofluorimetric analysis using CM- H2DCFDA. 
Results are reported as mean ± SEM of eight independent 
experiments, fold change over control set as 1. S1P increases ROS 
formation in a statistically significant manner by t- test (***p < .001). 
MFI, mean fluorescence intensity.
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of both S1PR was performed using the S1P1/3 antagonist 
VPC23019. As shown in Figure 4C, the activation of ERK5, 
induced by S1P, was prevented by preincubation with 
VPC23019. All together, these data support the view that 
S1P activates ERK5 through S1P1 and S1P3 engagement.

To gain insight into the implicated molecular mecha-
nism, we considered pathways that are known to be ac-
tivated by G- protein- coupled receptors and, in turn, are 
involved in ERK5 activation such as SRC- family kinases 
(SFK), MEK5, and ERK1/2.28 As reported in Figure  5A, 

10 min stimulation with 100 nM S1P was responsi-
ble for MEK5, SRC, and ERK1/2 activation in HESC. 
Subsequently, HESC were pretreated with the MEK5 in-
hibitor BIX02189 (5 μM), the SFK inhibitor PP2 (10 μM), 
or the ERK1/2 inhibitor SCH772984 (1 μM). As shown in 
Figure  5B the band- shift of ERK5, induced by S1P, was 
prevented by preincubation with BIX02189 or PP2, but not 
by SCH772984, demonstrating that the bioactive sphingo-
lipid activates ERK5 through SFK and MEK5.

3.3 | ERK5 is involved in S1P- dependent 
intracellular ROS formation

We next examined the potential role of S1P- dependent ac-
tivation of ERK5 in the induction of intracellular ROS for-
mation. For this purpose, HESC were treated with 5 μM 
XMD8- 92 or 5 μM JWG- 071, pharmacological inhibitors of 
ERK5, before being challenged with 100 nM S1P for 10 min. 
Confocal fluorescence analysis (Figure 6A) as well as cyto-
fluorimetric quantification (Figure 6B) clearly demonstrated 
that the enhanced formation of ROS induced by S1P was 
completely reversed by ERK5 inhibition. To further confirm 
the role of ERK5 in the modulation of ROS levels evoked 
by S1P, ERK5 was knocked- down by RNA interference. 
The specific siRNA treatment efficaciously reduced basal 
expression levels of ERK5 (Figure  S3), and significantly 
reduced S1P- induced intracellular ROS increase measured 
by cytofluorimetric analysis (Figure 6C). Of note, activation 
of ERK5 by the expression of a constitutively active form of 
MEK5 (MEK5DD) significantly increased intracellular ROS, 
confirming the role of MEK5- dependent phosphorylation of 
ERK5 in the modulation of ROS levels in HESC (Figure S4).

In order to demonstrate whether S1P- induced ROS pro-
duction is a S1PR- mediated event, we down- regulated by 
RNA interference S1P1 and S1P3, previously shown to be 

F I G U R E  3  S1P activates ERK5. (A) Quantitative mRNA 
analysis was performed by qPCR in total RNA extracted from 
healthy endometrium (n = 2) and endometriotic lesions (n = 2). 
Results, analyzed with the 2−ΔCt method, were normalized to 18S 
housekeeping gene. HESC were serum- starved for 18 h and then 
treated for different time intervals (5– 60 min) with 100 nM S1P 
(B) or with S1P at the indicated concentrations (10– 1000 nM) for 
10 min (C). Western blot analysis was performed using anti- ERK5, 
−pERK5T218/Y220, −pp90RSKS380, - MEF2D. Migration of molecular 
weight markers is indicated on the left (kDa). Upper panels: blot 
representative of at least three independent experiments with 
analogous results is shown. Lower panels: densitometric analysis of 
at least three independent experiments. Data are fold change over 
control (set as 1) of the mean ± SD of the ratio between the slower 
migrating upper ERK5 band (indicated by the arrow) and the lower 
ERK5 band normalized to vinculin. One- way ANOVA followed by 
Bonferroni's post hoc test (*p < .05 **p < .01, treated vs. control).
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involved in the activation of ERK5 elicited by the sphin-
golipid (Figure  4B,C). Cytofluorimetric analysis demon-
strated that S1P- induced intracellular ROS increase was 
significantly reduced by siRNA directed against S1P1 or 
S1P3 (Figure  6D) or pharmacological blockade of S1P1/3 
using VPC23019 (Figure 6E).

3.4 | S1P induces IL- 1β and IL- 6 
expression via ERK5 activation and 
ROS formation

Then, we examined whether S1P was able to induce a pro-
inflammatory response in endometrial cells by increasing 
the synthesis of cytokines. To this end, the mRNA expres-
sion of IL- 1β and IL- 6 was examined in HESC treated with 
100 nM S1P for 6 h. qPCR analysis demonstrated that the 
sphingolipid increased the expression of the above pro-
inflammatory cytokines (Figure  7A). This effect was im-
paired by S1P1/3 antagonism, using VPC23019 (Figure 7A), 
pointing to the involvement of these receptors in 

S1P- elicited increase of IL- 1β and IL- 6. In order to establish 
the potential role of S1P- dependent ERK5 activation in the 
proinflammatory action of the sphingolipid, HESC were 
pretreated for 1 h with the ERK5 inhibitor XMD8- 92 (5 μM) 
or transfected with specific siRNA for ERK5 before being 
challenged with 100 nM S1P for 6 h. qPCR analysis demon-
strated that both pharmacological (Figure 7B) and genetic 
(Figure 7C) inhibition of ERK5 significantly diminished the 
S1P- dependent increase of IL- 1β and IL- 6. The same effects 
were elicited upon pretreatment with the ROS scavenger 
NAC (5 mM) (Figure 7D), thus providing evidence of the 
involvement of ROS in the S1P- induced production of the 
above proinflammatory cytokines. Interestingly, pharma-
cological inhibition of ERK5 strongly reduced the basal ex-
pression levels of the analyzed proinflammatory cytokines 
(Figure 7B), in line with the data shown in Figure S4 and 
with previous reports40,45 and further supporting a crucial 
role for this MAPK in the regulation of the inflammatory 
response in the endometrium.

F I G U R E  4  S1P activates ERK5 via S1P1 and S1P3. (A) Relative 
quantitative mRNA analysis was performed by qPCR in HESC 
transfected with nonspecific siRNA (SCR) or with siRNA specific 
for S1P1 or S1P2 or S1P3; the content of housekeeping gene β- Actin 
was analyzed in parallel. Results are expressed as fold changes 
according to the 2−ΔΔCt method, utilizing as calibrator each receptor 
subtype in cells transfected with SCR siRNA. Data are mean±SEM 
of three independent experiments performed in triplicate. The effect 
of S1P1-  S1P2 and S1P3- siRNA transfection is statistically significant 
by t- test *p < .05, **p < .01. (B) HESC transfected with SCR- , S1P1-  
S1P2-  and S1P3- siRNA were serum- starved prior to be stimulated 
with 100 nM S1P for 10 min. ERK5 activation was measured in total 
cell lysate by Western blotting using anti- ERK5 antibody. Migration 
of molecular weight markers is indicated on the left (kDa). Data 
are fold change over control (set as 1) of the mean ± SD of the 
ratio between the slower migrating upper ERK5 band (indicated 
by the arrow) and the lower ERK5 band normalized to vinculin. 
A blot representative of three independent experiments is shown. 
S1P activates ERK5 in a statistically significant manner (*p < .05). 
The effect of S1P1-  or S1P3- downregulation on S1P- induced ERK5 
activation is statistically significant by two- way ANOVA followed by 
Bonferroni's post hoc test (#p < .05). (C) Serum- starved HESC were 
pretreated with the pharmacological inhibitor of S1P1/3 VPC23019 
(VPC, 10 μM) for 1 h before being challenged with 100 nM S1P 
for 10 min. ERK5 activation was measured in total cell lysate by 
Western blotting using anti- ERK5 antibody. Migration of molecular 
weight markers is indicated on the left (kDa). A blot representative 
of three independent experiments with analogous results is shown. 
The histogram represents the densitometric analysis of three 
independent experiments; data are the mean ± SD of the ratio 
between ERK5 up- shifted band/ERK5 normalized to vinculin, fold 
change over control (set as 1). S1P activates ERK5 in a statistically 
significant manner (**p < .01). The effect of S1P1/3 blockade by 
VPC23019 on S1P- dependent ERK5 activation is statistically 
significant by two- way ANOVA followed by Bonferroni's post hoc 
test (###p < .001).
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4  |  DISCUSSION

Inflammation is one of the key mechanisms in the patho-
physiology of endometriosis, involved in lesion forma-
tion, fibrosis, and infertility.3,4,46– 48 The investigation of 
the molecular mechanisms involved in the pathogenesis 
of the inflammatory process could open new perspectives 

to identify novel therapeutic strategies for endometrio-
sis. The findings presented here show that the bioactive 
sphingolipid S1P is responsible for the activation of ERK5, 
and the identified S1P/ERK5 axis emerged to be crucial 
in supporting a ROS- mediated proinflammatory effect in 
endometrial cells.

Several lines of evidence support the role of oxida-
tive stress in the development and progression of endo-
metriosis by causing a general inflammatory response in 
the peritoneal cavity.49,50 Along this line, S1P has been 
largely involved in both acute and chronic inflammation, 
by regulating immune cell recruitment.51 In human intra- 
peritoneal macrophages, S1P provoked a shift toward an 
M2- dominant condition and an increased expression of 
IL- 6 and COX2, thus determining an extension of the en-
dometriotic lesion size.19 In the present study, we demon-
strated that S1P stimulation increases ROS production in 
endometrial cells, thus pointing to the existence of a link 
between S1P and oxidative stress in endometriosis. This is 
in agreement with a previous study performed in human 
pulmonary alveolar epithelial cells showing that S1P in-
creased the inflammatory response through a NADPH 
oxidase/ROS- dependent NF- κB activation mechanism.52 
Moreover, in bone marrow- derived macrophages, S1P/
S1P2 signaling axis was responsible for ROS production 
and NLRP3 inflammasome activation.53 Thus, our data, 
in keeping with other reports,52– 54 support the evidence 
that S1P is a lipid engaging a redox- based signaling. Here, 
the identification of S1P1/3 as responsible for ROS gener-
ation in endometrial cells in response to S1P treatment 
further highlights that the signaling mediated by S1PR is 
cell- specific.

Many studies have emphasized the importance of 
MAPKs in the development and progression of endo-
metriosis.55– 57 Additionally, both in vitro and in vivo in-
vestigations have shown that activation of the MEK5/
ERK5 pathway is involved in oxidative stress- elicited ef-
fects.40,58– 60 We here reported for the first time that S1P in-
duces ERK5 activation in endometrial cells and that both 
pharmacological and genetic inhibition of ERK5 reverted 
the S1P- dependent ROS production and proinflammatory 
cytokine expression. Very little literature evidence is avail-
able on the ability of S1P to activate ERK5. The sphingo-
lipid has been reported to activate this MAPK kinase in 
mouse embryonic fibroblasts in PTX- independent man-
ner61 and in HEK293 overexpressing ERK5.62 Interestingly, 
in the present study, ERK5 was found to be expressed in 
endometriotic lesions.

Another interesting finding illustrated here is the iden-
tification of the molecular mechanism implicated in S1P- 
induced ERK5 activation. Indeed, we demonstrated that 
S1P1 and S1P3 mediate S1P- dependent increase in ERK5 
activation.

F I G U R E  5  S1P activates ERK5 via SFK and MEK5. (A) HESC 
were serum- starved for 18 h and then treated for 10 min with 
100 nM S1P. Western blot analysis was performed using antibodies 
for the phosphorylated forms of MEK5, SRC, and ERK1/2 in cell 
lysates. Migration of molecular weight markers is indicated on the 
left (kDa). A blot representative of two independent experiments 
with analogous results is shown. (B) Serum- starved HESC were 
pretreated with 5 μM BIX02189, selective inhibitor of MEK5, or 
10 μM PP2, specific inhibitor of SFK, or 1 μM SCH772984, specific 
inhibitor of ERK1/2, for 1 h before being challenged with 100 nM 
S1P for 10 min. ERK5 activation was measured in total cell lysate by 
Western blotting using anti- ERK5 antibody. Migration of molecular 
weight markers is indicated on the left (kDa). A blot representative 
of three independent experiments with analogous results is shown. 
The histogram represents the densitometric analysis of three 
independent experiments; data are the mean ± SD of the ratio 
between ERK5 up- shifted band/ERK5 normalized to vinculin, fold 
change over control (set as 1). S1P activates ERK5 in a statistically 
significant manner (**p < .01). The effect of SFK inhibition by 
PP2 or MEK5 inhibition by BIX02189 on S1P- dependent ERK5 
activation is statistically significant by two- way ANOVA followed 
by Bonferroni's post hoc test (#p < .05, ##p < .01).
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F I G U R E  6  S1P- induced ROS production relies on ERK5 activation. (A) HESC seeded on microscope slides were serum- starved for 18 h 
and pretreated or not with the ERK5 inhibitors XMD8- 92 (XMD) 5 μM or JWG- 071 (JWG) 5 μM for 1 h before being stimulated with 100 nM 
S1P for 10 min. Left: images were obtained by confocal microscopy analysis using CM- H2DCFDA to stain ROS (images are representative of 
three independent experiments). Right: quantification of the intensity of CM- H2DCFDA fluorescence normalized to cell number. Data are 
mean ± SEM of four fields quantified in three independent experiments. S1P increases ROS formation in a statistically significant manner 
(***p < .001). The effect of ERK5 inhibition by XMD8- 92 or JWG- 071 on S1P- induced ROS formation is statistically significant by two- 
way ANOVA followed by Bonferroni's post hoc test (###p < .001). HESC were serum- starved for 18 h and pretreated or not with the ERK5 
inhibitors XMD8- 92 (XMD) 5 μM or JWG- 071 (JWG) 5 μM (B) or the pharmacological inhibitor of S1P1/3 VPC23019 (VPC, 10 μM) (E) for 1 h 
before being stimulated with 100 nM S1P for 10 min. HESC, transfected with SCR-  or ERK5- siRNA (C) or with SCR- , S1P1-  and S1P3- siRNA 
(D), were serum- starved prior to be stimulated with 100 nM S1P for 10 min. ROS were quantified by cytofluorimetric analysis using CM- 
H2DCFDA. Results are reported as mean ± SEM of an experiment representative of four, performed in duplicate, fold change over control 
set as 1. S1P increases ROS formation in a statistically significant manner (*p < .05; **p < .01). The effect of ERK5 pharmacological inhibition 
by XMD8- 92 or JWG- 071 (B) or ERK5 silencing (C) or S1P1-  or S1P3- silencing (D) or S1P1/3 blockade by VPC23019 (E) on S1P- induced ROS 
formation is statistically significant by two- way ANOVA followed by Bonferroni's post hoc test (#p < .05; ##p < .01; ###p < .001). MFI, mean 
fluorescence intensity.
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Although it is known that intracellular S1P can evoke 
inflammatory responses mainly by NF- κB activation, re-
cent studies support the involvement of S1PR and thus of 
an extracellular pool of S1P in this process. The involve-
ment of S1P1/3 in the induction of IL- 6, COX- 2 as well as 
prostacyclin was also demonstrated in endothelial cells 
where S1P cooperates with LPS in leukocyte adhesion.63 
Moreover, in different cancer cell types, S1P1 induces per-
sistent STAT3 activation and IL- 6 expression.64 S1P1 but 
also S1P2 was instead found to mediate NF- κB activation 
and IL- 6 expression in melanoma cells,65 while S1P2 was 
also implicated in the induction of IL- 6 expression in en-
dometriotic stromal cells derived from endometrioma.20 
In this work, the involvement of S1P2 in ERK5 activation 

was excluded since when the receptor was silenced by 
RNA interference the effect of the sphingolipid was not 
significantly altered. Crucially, it was previously shown 
that a deep remodeling of S1PR occurs at the level of en-
dometriotic lesions when compared with healthy endo-
metrium controls.17,18

S1P has been previously reported to induce SRC ac-
tivation, in turn responsible for NADPH oxidase activa-
tion and H2O2 production in NIH/3T3 fibroblasts as well 
as COX- 2 expression and PGE2/IL- 6 secretion in human 
tracheal smooth muscle cells.66 Moreover, SRC has been 
extensively demonstrated to be an upstream activator of 
the MEK5/ERK5 module in many cell types.24 In line 
with the above findings, we show here that the bioactive 

F I G U R E  7  S1P induces IL- 1β and IL- 
6 expression via ERK5 activation and ROS 
formation. HESC were serum- starved for 
18 h and pretreated or not with the S1P1/3 
antagonist VPC23019 (VPC, 10 μM) (A) 
or the ERK5 inhibitor XMD8- 92 (XMD, 
5 μM) (B) or the ROS scavenger NAC 
(5 mM) (D) for 1 h before being stimulated 
with 100 nM S1P for 6 h. HESC transfected 
with SCR-  or ERK5- siRNA (C) were 
serum- starved prior to be stimulated with 
100 nM S1P for 6 h. Quantitative analysis 
of IL- 1β and IL- 6 mRNA was performed 
by real- time PCR. Results are expressed 
as fold changes according to the 2−ΔΔCt 
method, using individual cytokines of the 
unchallenged specimen as calibrator. S1P 
increases IL- 1β and IL- 6 expression in a 
statistically significant manner (*p < .05; 
**p < .01). The effect of S1P1/3 blockade 
by VPC23019 (A) or ERK5 inhibition by 
XMD8- 92 (B) or ERK5- downregulation by 
specific siRNA (C) or ROS scavenging by 
NAC (D) on S1P- induced cytokine mRNA 
levels was statistically significant by two- 
way ANOVA followed by Bonferroni's 
post hoc test (#p < .05, ##p < .01, 
###p < .001).
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sphingolipid activates ERK5 through SFK. In this respect, 
it is worth noting that despite ERK5 inhibition almost 
completely impaired S1P- induced ROS production, we 
may not exclude that activation of the SFK/MEK5/ERK5 
signaling is ROS- dependent.40,67,68 On the other hand, our 
data indicate that S1P- induced ERK5 activation is medi-
ated by MEK5, in line with the well- established notion 
that ERK5 activation is classically operated by its up-
stream MAPKK, MEK5, that has ERK5 as its only known 
substrate.69 To our knowledge, this is the first evidence of 
MEK5 activation by the bioactive sphingolipid. At vari-
ance with what is reported in certain cellular models,32,70 
ERK1/2 does not seem to be involved in S1P- mediated 
ERK5 activation in endometrial cells.

Proinflammatory mediators are involved in the onset 
and worsening of endometriosis.71 In the present work, 
we found that S1P increases the expression of IL- 6 and 
IL- 1β in endometrial cells and that ERK5 inhibition ab-
rogated this increase, thus supporting the hypothesis of 
the involvement of ERK5 in S1P- mediated regulation of 
the inflammatory response in the endometrium. These 
findings are in keeping with the fact that serum IL- 6 has 
been identified in high concentrations in endometrio-
sis72 and that the level of its expression has been linked 
to the disease severity.73 Moreover, the expression of IL- 
1β, which has been associated with the risk of endome-
triosis,74 appears to depend on the stage of the disease 
and stimulates the upregulation of biomolecules that 
induce pain.75

In conclusion, our findings support the view that the 
S1P signaling via ERK5 activation supports a proinflam-
matory response in the endometrium and establish the 
rationale for the exploitation of S1P/ERK5 targeting as an 
innovative therapeutic approach in endometriosis.
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