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The arachidonic acid metabolite
11β-ProstaglandinF2α controls
intestinal epithelial healing:
deficiency in patients with Crohn’s
disease
Sabrina Coquenlorge1,2,3,4, Laurianne Van Landeghem1,2,3,4, Julie Jaulin1,2,3,4, Nicolas Cenac5,6,
Nathalie Vergnolle5,6, Emilie Duchalais1,2,3,4, Michel Neunlist1,2,3,4,* & Malvyne RolliDerkinderen1,2,3,4,*
In healthy gut enteric glial cells (EGC) are essential to intestinal epithelial barrier (IEB) functions. In
Crohn’s Disease (CD), both EGC phenotype and IEB functions are altered, but putative involvement of
EGC in CD pathogenesis remains unknown and study of human EGC are lacking. EGC isolated from CD
and control patients showed similar expression of glial markers and EGC-derived soluble factors (IL6,
TGF-β, proEGF, GSH) but CD EGC failed to increase IEB resistance and healing. Lipid profiling showed
that CD EGC produced decreased amounts of 15-HETE, 18-HEPE, 15dPGJ2 and 11βPGF2α as compared
to healthy EGC. They also had reduced expression of the L-PGDS and AKR1C3 enzymes. Produced
by healthy EGC, the 11βPGF2 activated PPARγ receptor of intestinal epithelial cells to induce cell
spreading and IEB wound repair. In addition to this novel healing mechanism our data show that CD
EGC presented impaired ability to promote IEB functions through defect in L-PGDS-AKR1C3-11βPGF2α
dependent pathway.
Compelling evidence has demonstrated that defects in mucosal healing are central to Crohn’s Disease (CD)
pathogenesis and prognosis. In particular several studies have reported that intestinal mucosal lesions precede
inflammation and are considered as a predictive factor of relapse1–3. Mucosal healing has further been suggested
to represent a treatment goal and a predictive factor for sustained clinical remission in CD4–6.
The intestinal epithelium is a dynamic interface between the environment and the organism that must constantly preserve its integrity to maintain digestive and barrier functions. After injury, mucosal repair is a key
process to restore epithelium lining and functions such as permeability control leading ultimately to intestinal
homeostasis. Three main concomitant regenerative processes participate to mucosal healing and include epithelial restitution, that involves cell spreading and migration into the wound, cell proliferation and differentiation7.
It has now been well demonstrated that IEB functions, including intestinal healing, are regulated by neighboring
cells, the so-called microenvironment, and in particular the enteric nervous system (ENS)8.
The ENS is an integrative neuronal network localized along the gastrointestinal tract that regulates key digestive functions such as gut motility and mucosal secretion9,10. ENS is composed of enteric neurons and enteric
glial cells (EGC) that outnumber enteric neurons by a factor of 4 to 1011 and share common markers and functional properties with central nervous system astrocytes12–16. EGC form a dense network that surrounds intestinal
crypts, and are located at less than 2 μ m from intestinal epithelial cells (IECs). A large number of studies from
our group and others have now well demonstrated that EGC are key regulators of IEB homeostasis and functions17,18. In particular EGC impact IEC major functions via paracrine signaling. For instance they inhibit IEC
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Figure 1. Human enteric glial cells characterization: control and CD EGC express the same level of glial
markers. (a) GFAP, (b) S100β, (c) Sox10 mRNA expressions were measured by RT-qPCR and expressed as a
ratio to S6 mRNA. n =  19 control EGC and n =  17 CD EGC; Mann-Whitney test.

proliferation via the release of transforming growth factor-β (TGF-β ) and 15-deoxy-delta12,14-Prostaglandin
J2 (15dPGJ2), a derivative of n-6 (omega-6) polyunsaturated fatty acids (PUFA), and activation of Peroxisome
proliferator-activated receptorγ (PPARγ )-dependent pathways19,20. Importantly, EGC promote mucosal healing via enhanced cell spreading/restitution and pro-epidermal growth factor (proEGF) secretion21 and decrease
intestinal permeability via S-nitrosoglutathione (GSNO) production22.
Of major interest, EGC ablation in transgenic murine models leads to histopathological alterations reminiscent to CD23–25. Some human studies have reported abnormalities of the EGC network in CD patients with mostly
altered expression of EGC markers such as S100β and GFAP25–27. However whether CD EGC have altered ability
to regulate IEC functions remains largelly unknown. A very recent study has shown that EGC of CD patients
have reduced ability to regulate paracellular permeability28 but their impact on the control of IEB repair remains
currently unknonwn.
In this study, we hypothesized that CD EGC will show impaired functional phenotype as compared to ‘healthy’
EGC, thus participating to CD-associated defects in IEB mucosal healing. Using a non-contact co-culture model
of human EGC isolated from CD or control patients and IEC, we assessed whether CD EGC have differential
impact on IEC sealing, spreading and healing than control EGC, and we identified glial-soluble factors and signaling pathways involved.

Results

CD EGC express the same level of glial markers than control EGC.

Previous studies have demonstrated that during IBD, the expression of glial markers, GFAP and S100β were altered. A decrease of GFAP
expression was observed in non-inflamed area of CD patients compared to control patients, whereas an increase
of GFAP was observed in inflamed area of ulcerative colitis and CD patients25–27. To characterize our EGC primary cultures, we measured GFAP (Fig. 1a), S100β (Fig. 1b) and Sox10 (Fig. 1c) mRNA expression by RT-qPCR
and observed no significant differences between control and CD EGC.

Primary cultures of EGC from CD patients have lost their ability to speed up IEB healing. In
previous studies we have shown that EGC stimulate intestinal epithelial cell monolayer healing in part through
spreading acceleration. These effects are associated with an increase in Caco-2 cell transepithelial electrical resistance (TER), indicative of increased sealing of the monolayer21. To determine whether CD EGC have impaired
functional impact on IEB, we compared effects of EGC isolated from CD patients vs. control patients on Caco-2
cell TER, spreading and healing in a non-contact co-culture model. Using an in vitro mechanically induced
wound-healing model, we showed that while control EGC enhanced wound closure, CD EGC had no significant impact (Fig. 2a,b). Consistent with previous work29, human control EGC significantly increased Caco-2 cell
spreading and monolayer resistance (Fig. 2c–e). In contrast, CD EGC did not impact spreading (Fig. 2c,d) or TER
(Fig. 2e) as compared to Caco-2 monolayer cultured alone. These results demonstrate that EGC from CD patients
have impaired effects on IEB healing.
CD EGC express the same level of IL-6, TGF-β1, EGF and GCLc than control EGC. We next
hypothesized that CD-associated impairment of EGC functions was due to altered soluble factor production.
Thus, we first quantified four EGC-derived soluble factors known to regulate IEB functions. Those included
Interleukin 6 (IL6), TGF-β 1, EGF and glutathione. Control EGC and CD EGC expressed similar levels of IL6
(Fig. 3a) and TGF-β1 (Fig. 3c) mRNA (p =  0.21 and p =  0.06 respectively), and released similar concentration of
IL6 (Fig. 3b) and TGF-β 1 (Fig. 3d) (p =  0.74 and p =  0.48 respectively). EGF (Fig. 3e) and glutamate cysteine ligase
catalytic subunit (GCLc; Fig. 3g) mRNA were expressed at similar levels in control and CD EGC. Consistently
proEGF (Fig. 3f) and glutathione (Fig. 3h) proteins were produced at equivalent levels by control and CD EGC.
CD EGC produce less 15-HETE, 18-HEPE, 15dPGJ2 and 11βPGF2α. Previous work from our
group and others has shown that EGC secrete PUFA metabolites that could regulate IEB functions such as
15dPGJ2, 15-HETE and PGE219,28,30. We next sought to determine whether PUFA metabolite release was
altered in CD EGC vs. control EGC. Mass spectrometry data on EGC conditioned medium show that among
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Figure 2. Functional impact of human enteric glial cells (EGC) on IEB healing. IEC properties were
evaluated in Caco-2 monolayers after three days of indirect co-culture with control (+ Control EGC) or CD
EGC (+ CD EGC) or without co-culture (− EGC). (a) Representative pictures of epithelial healing of IEC
monolayers after three days of indirect co-culture with control (+ Control EGC), CD EGC (+ CD EGC) or
without co-culture (− EGC). (b) Epithelial healing was measured as a percentage of restitution between t0
and 48 h. n =  7 − EGC and CD EGC; n =  12 control EGC; Kruskal-Wallis test; ***p <  0.005 as compared to
IEC without EGC. (c) Representative ZO-1 immunostaining of IEC monolayers after three days of indirect
co-culture with control (+ Control EGC), CD EGC (+ CD EGC) or without co-culture (− EGC) (Scale
bar =  100μ m). (d) Epithelial spreading is the measure of cell area delimited by ZO-1 staining and expressed as
percentage of IEC surface measured in (− EGC) condition, and (e) the transepithelial electrical resistance (TER)
was measured and compared to TER of IEC –EGC considered as 1 (n =  20 − EGC, n =  14 control EGC; n =  11
CD EGC; Kruskal-Wallis test; ***p <  0.005 as compared to − EGC.
31 PUFA metabolites assessed, 21 were detected in both CD and control EGC conditioned medium (Table 1).
The 15dPGJ2, 9-alpha, 11-beta prostaglandin F2 (11β PGF2α ), 15-hydroxyeicosatetraenoic acid (15-HETE) and
18-hydroxyeicosapentaenoic acid (18-HEPE) concentrations were significantly reduced in CD EGC conditioned
medium compared to control EGC conditioned medium (Table 1).

CD EGC express less L-PGDS and AKR1C3 than control EGC.

Both 15dPGJ2 and 11β PGF2α derive
from transformation of PGD2, which is synthetized by lipocalin like prostaglandin D synthase (L-PGDS) and
cyclooxygenases (COX) enzymes. The aldo-keto reductase family 1 member C3 (AKR1C3) converts PGD2 to
11β PGF2α . To assess if this pathway was altered in CD EGC, we measured Cox-1, Cox-2 and L-PGDS but also
AKR1C3 mRNA expression. In CD EGC, while Cox-1 (Fig. 4a) and Cox-2 (Fig. 4b) mRNA levels were unchanged,
L-PGDS (Fig. 4c) and AKR1C3 (Fig. 4d) mRNA expressions were significantly reduced in CD EGC as compared
to control EGC. We further demonstrated that the protein expression of AKR1C3 was significantly reduced in
CD-EGC as compared to control EGC (Fig. 4e,f). These results show for the first time that human EGC expressed
the enzyme AKR1C3 but especially indicate that L-PGDS and AKR1C3 pathway is down regulated in EGC
derived from CD patients that are thereby defective for 11β PGF2α production.

11βPGF2α reproduces control EGC impact on IEC healing and spreading. The impact of glial
15dPGJ2 on IEC was already described19, therefore we focused on 11β PGF2α effects on IEB wound closure. IEB
healing was significantly accelerated by 11β PGF2α (Fig. 5a,b), and IEC spreading was also strongly enhanced by
Scientific Reports | 6:25203 | DOI: 10.1038/srep25203
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Figure 3. No difference in EGC-derived soluble factors expression between control and CD EGC. Study
of the expression of four glial mediators (IL6, TGF-β 1, EGF and glutathione GSH) was performed by ELISA
(b,d,h), Western-Blot (f) or qPCR of the mediator or of its producing enzyme as GCLc (glutamate-cysteine
ligase, catalytic subunit) (a,c,e,g). n =  11–12 control EGC and n =  5–10 CD EGC; Mann-Whitney test.

11β PGF2α (Fig. 5c). To assess whether 11β PGF2α could restore CD EGC function, we have added 11β PGF2α
in the culture medium of EGC co-cultivated with Caco-2 monolayer.11β PGF2α supplementation in CD EGC –
Caco-2 co-cultures significantly increased IEB healing but has no additional effect when added in control EGC
– Caco-2 co-cultures (Fig. 5d). These data show that the functional defect presented by CD EGC could be fixed
by 11β PGF2α addition.
As it has been proposed that AKR1C3 or the prostaglandin D2 and its derivatives may regulate ligand
access to the orphan nuclear receptor PPARγ 31, we have analyzed whether 11β PGF2α could activate PPARγ .
Scientific Reports | 6:25203 | DOI: 10.1038/srep25203
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Table 1. Human enteric glial cells secrete PUFA metabolites. 31 polyunsaturated fatty acid (PUFA)
metabolites were quantified by liquid Chromatography/tandem Mass Spectrometry in EGC supernatants.
Among the 21 mediators secreted by human EGC, the 15-HETE, the 18-HEPE and two by-products of
prostaglandin D2, the 15dPGJ2 and the 11β PGF2α were less present in CD EGC conditioned media as compared
to control EGC conditioned media. n =  14 control EGC and n =  11 CD EGC; Mann-Whitney test; *p <  0.05 as
compared to control EGC.

Immunocytochemistry showed a transient increase of PPARγ nuclear localization after 5min of IEC treatment
with 11β PGF2α (Fig. 5e). PPARγ expression was also significantly increased after 24 hours of IEC treatment with
11β PGF2α (Fig. 5f,g). These data demonstrate that 11β PGF2α reproduced control EGC effects on IEB, namely
IEC spreading and IEB healing promotion, and activate the orphan nuclear receptor PPARγ .

PPARγ agonist induces IEC spreading and IEB healing. We then assessed the impact of PPARγ ago-

nist on IEB healing and TER, and on IEC spreading. The PPARγ agonist, rosiglitazone, resulted in an accelerated healing (Fig. 6a,b) and an increased cell spreading (Fig. 6c,e) and TER (Fig. 6d). These results show that as
11β PGF2α , PPARγ agonist enhances IEC spreading and IEB healing.

Functional defect of CD EGC on IEB properties involved DP2 and PPARγ-dependent pathways. To assess if 11β PGF2α is the mediator of EGC regulation of IEB, and to unravel how it does, we blocked

11β PGF2α dependent pathways in our co-culture model of IEB and control or CD EGC. As 11β PGF2α can
act through PPARγ but also through FP or DP2 receptor, we used the selective FP antagonist (AL8810), DP2
antagonist (CAY10595) as well as PPARγ antagonist (GW9662). CAY10595 and GW9662 significantly blocked
IEB healing induced by control EGC but had no effect on IEB healing when Caco-2 monolayer was cultivated in
the presence of CD EGC (Fig. 7a). The AL8810 had no significant effect upon wound healing in any condition
tested (not shown). Both CAY10595 and GW9662 also blocked the increase of IEB healing induced by 11β PGF2α
(Fig. 7b). These data show that DP2 and PPARγ -dependent pathways are responsible for IEB healing induced by
11β PGF2α glial production, and that CD EGC lack these regulations.

Discussion

The main goal of this work was to assess whether primary cultures of EGC from CD patients have altered impact
on IEB healing, compared to EGC from control patients. A second goal of this study was to better characterize
human EGC lipidic secretome and to study its possible impact on IEB repair. Our data unravel that human
EGC from control patients produce the prostaglandin 11β PGF2α that induces IEC spreading and accelerates
IEB wound healing. We demonstrate that 11β PGF2α acts through DP2- and PPARγ -dependent pathways. In
addition we demonstrate that in contrast to control EGC, CD EGC do not enhance TER, spreading or wound
closure, indicating that CD EGC have lost their ability to accelerate sealing and healing. We show that this defect
is due to a down-regulation of L-PGDS and AKR1C3 expression and a reduced production of 11βPGF2α (Fig. 8).
One of the main findings of this work is that CD EGC did not accelerate sealing of epithelial monolayer, did
not stimulate cell spreading and as a result, did not promote wound closure, as opposed to their healthy homologues. These data strongly implies that defects in mucosal healing observed in CD could be, at least in part,
due to EGC that have lost their abilities to promote cell restitution. Altogether our ex vivo functional studies
indicate that primary cultures of EGC isolated from CD patients exhibit loss of function as compared to EGC
isolated from control patients. These findings suggest that CD EGC have altered intrinsic functional phenotype.
Regarding the recent work of Pochard et al., that shows that CD EGC have decreased properties to control IEB
permeability28, it is thus tempting to speculate that impaired intrinsic functions of EGC from CD patients predispose and/or directly participate to the disease onset or favor relapse.
Scientific Reports | 6:25203 | DOI: 10.1038/srep25203
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Figure 4. CD EGC present a defect in L-PGDS and AKR1C3 expressions. Quantitative PCR analyze of
Cox1, Cox2, L-PGDS and AKR1C3 mRNA expression related to S6 mRNA expression. Control and CD EGC
expressed the same level of Cox1 and Cox2 (a and b) mRNA expression but CD EGC had a significantly reduced
expression of L-PGDS (c) and AKR1C3 (d); n =  1–13 control EGC and n =  11–12 CD EGC. (e) Representative
western blotting analyzes of AKR1C3 expression in Control EGC (patient 1, 2, 3) and CD-EGC (patients 4, 5, 6).
(f) Quantification of AKR1C3/β -actin from n =  11 control EGC and n =  8 CD EGC. Data represent
mean ±  SEM,; Mann-Whitney test; *p <  0.05 as compared to control EGC.
Another important result of this work is the description of human EGC lipidic signature. In previous studies
we have already described the rat EGC lipidic signature28 and have shown that 15dPGJ2 was produced by rat
EGC19, and the prostaglandin PGE2 has already been shown to be produced by enteric glia32 as well as by central
glial cells33–36. In the present study, among 31 PUFA metabolites measured in human EGC conditioned medium,
we detected 19 other PUFA derivatives, in addition to these two prostaglandins previously described. These derivatives are produced by the activation of three major AA metabolic pathways, i.e. COX; LOX and p450 signaling
pathways, which are active in EGC. According to the low stability of PUFA catabolic products, we cannot rule out
that the PUFA derivatives that we did not detect are not produced in EGC. Concerning the role of these metabolites, little is known about their specific regulation of the neuro-glio-epithelial unit. We have already shown that
glial production of 15dPGJ2 exerts anti-proliferative and pro-differentiating effects on IEC19. Beside its impact on
IEC, 15dPGJ2 can regulate other cells of the glial microenvironment. For instance, 15dPGJ2 is a neuroprotective
agent37–39 and is believed to be responsible for neutrophil recruitment40. On another hand, the prostaglandin
PGD2 and the COX pathway have been described to regulate enteric nervous system excitability41,42, and more
specifically glial production of PGE2 has been shown to potentiate neuronal response to bradykinin32. In this
study we concentrated on determining the role of 11β PGF2α , the primary plasma metabolite of PGD2 in vivo43.
Up to now 11β PGF2α had no specific intestinal function. It inhibits ADP- or thrombin-induced human platelet
aggregation44, induces human bronchial smooth muscle contractions45, inhibits adipocyte differentiation46 and
Scientific Reports | 6:25203 | DOI: 10.1038/srep25203
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Figure 5. Functional impact of 11βPGF2α on IEB healing. IEC properties were evaluated in Caco-2
monolayers after three days of culture in presence of lipid mediator 11βPGF2α or not (CT).(a) Representative
pictures of epithelial healing of IEC monolayers cultured without treatment (CT) or with 11β PGF2α for two
days. (b) Quantification of epithelial healing was calculated as a percentage of healing between t0 and 48 h.
n =  5–12; Kruskal-Wallis test; *p <  0.05 as compared to IEC without treatment. (c) Epithelial spreading was
expressed as percentage of CT IEC surface. n =  5–8 independent experiments performed in duplicates; KruskalWallis test; ***p <  0.005 as compared to CT. (d) IEC properties were also evaluated in Caco-2 monolayers
after two days of co-culture with Control EGC or CD EGC in presence of the lipid mediator 11β PGF2α or not
(− ). Quantification of epithelial healing was calculated as a percentage of healing between t0 and 48 h. n =  3;
Kruskal-Wallis test; *p <  0.05 as compared to CD EGC-Caco2 co-cultures without treatment. §p <  0.05 as
compared to Control EGC-Caco2 co-cultures without treatment. (e) PPARγ immunostaining on Caco-2 treated
5min with 11β PGF2α compared to ZO-1 staining. n =  3 independent experiments, scale 20 μ M. (f) Western
blotting analyzes of PPARγ expression in Caco-2 treated 24 hours with 11β PGF2α . (g) Quantification of
PPARγ /β -actin related to the average control ratio taken as 1. Data represent mean ±  SEM, n =  4 independent
experiments; Kruskal-Wallis test; *p <  0.05 as compared to cont.

promotes prostate cell proliferation47. To the best of our knowledge this is the first study that demonstrates that
11β PGF2α is produced in the intestine by EGC and that it massively increases IEC spreading, enhances cell restitution and thereby wound closure.
Described as equipotent to PGF2α , 11β PGF2α is believed to act through FP receptors, although this still
needs to be clearly demonstrated. We did not observed significant effect of FP antagonist on IEB healing but
have demonstrated that 11β PGF2α , as well as EGC, induced healing through type 2 PGD2 receptor (DP2)- and
peroxysome-proliferator activated receptor (PPARγ )-dependent pathways (Fig. 7). Besides canonical pathways
such as Wnt/β -catenin or Notch, recent data have shown that PPARγ signaling is also a key pathway in the control
of IEC functions48. For instance, PPARγ activation inhibits IEC proliferation and promotes cell differentiation49,50.
In the present study we demonstrate that PPARγ activation, induced by EGC or not, can promote IEC spreading
and IEB wound closure. The barrier-promoting impact of the 11β PGF2α -PPARγ -pathway that we have observed
in the intestine, could also be of interest in other epithelial tissues, and could explains protective effects of this
pathway against lethal influenza infection with lung viral load reduction for example51.
In addition we have compared human EGC lipidic secretome from control versus CD patients. Among the
21 PUFA metabolites measured in control EGC conditioned media, four of them are significantly less present
Scientific Reports | 6:25203 | DOI: 10.1038/srep25203
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Figure 6. PPARγ agonist reproduces control EGC effect on IEB healing. IEC properties were evaluated in
Caco-2 monolayers after three days of treatment with the PPARγ agonist rosiglitazone. (a) Representative
pictures of epithelial healing of IEC monolayers cultured without treatment (CT) or with rosiglitazone.
(b) Quantification of epithelial healing was calculated as a percentage of healing between t0 and 48 h.
n =  6 independent experiments (c) Representative ZO-1 immunostaining of IEC filters treated or not with
rosiglitazone, (d) Transepithelial electrical resistance (TER) expressed as percentage of CT TER and (e)
epithelial spreading expressed as percentage of CT IEC surface. n =  5 independent experiments; Mann-Whitney
test; *p <  0.05; **p <  0.01 as compared to CT.

in CD EGC conditioned media: the 15-HETE, the 18-HEPE, the 15dPGJ2 and the 11β PGF2α . In this study we
have demonstrated that 11β -PGF2α promotes wound healing. As mentioned above, 15dPGJ2 has neuroprotective effects37–39 and is already described to regulate IEC proliferation and differentiation19. 15-HETE regulates
different vascular functions52–57 and concerning effects on epithelium, 15-HETE has been shown to induce cell
growth of pre-confluent non-differentiated intestinal epithelial cells58 and to increase Caco-2 TER and decrease
permeability59. We have very recently demonstrated that the glial production of 15-HETE is responsible for the
control of ZO-1 expression and IEB permeability, and that this regulation is lost in CD28. Very little is known
about 18-HEPE role, but one paper suggests that 18-HEPE could play a role in mucosal repair60. Thus, it is likely
that CD EGC deficit in 15-HETE, 18-HEPE, 15dPGJ2 and 11β PGF2α production overall participates to abnormalities/alterations observed during CD1–3,6,26,61–63.
Finally, our study suggest that 11β PGF2α reduced production by CD EGC results from reduced L-PGDS and
AKR1C3 expression in CD-EGC as compared to control EGC. Indeed 15dPGJ2 and 11β PGF2α derive from prostaglandin D2 (PGD2), which results from prostaglandin H2 (PGH2) isomerization by prostaglandin D synthase
(PGDS). While IEC, mast cells and fibroblasts express H-PGDS, the most representative form of PGDS in the
gut64,65 EGC express the lipocalin-PGDS (L-PGDS)19 We have shown that EGC also express the aldo-keto reductase AKR1C3 that converts PGD2 to 11β -PGF2α . First identified as an enzyme involved in steroid metabolism,
AKR1C3 could metabolize a broad spectrum of carbonyl compounds and has broad role in the development of
Scientific Reports | 6:25203 | DOI: 10.1038/srep25203
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Figure 7. Implication of DP receptors and PPARγ in IEB healing induced by EGC. DP (CAY10595)
and PPARγ (GW9662) antagonists were applied directly on IEC cultivated alone, on IEC co-cultivated with
Control EGC or on IEC co-cultivated with CD EGC during three days. Quantification of epithelial healing
was calculated as the difference between the percentage of healing between t0 and 48 h for co-cultures and
the percentage of healing between t0 and 48 h for Caco-2 cultivated alone (b) CAY10595 and GW996 were
also added to IEC culture in presence of 11β PGF2α . Quantification of epithelial healing was calculated as a
percentage of healing between t0 and 48 h and compared to 11β PGF2α healing considered as one. n =  4–7
independent experiments; Kruskal-Wallis test; *p <  0.05; **p <  0.01 as compared to without treatment.

tumor diseases66. We could speculate that the role of glial AKRIC3 is wider than the production of 11β -PGF2α
and the consequent induction of IEC spreading. The function and regulation of AKRIC3, as the ones of 15-HETE
and 18-HEPE in EGC deserve further investigation.
Collectively our results demonstrate that EGC from CD patients exhibit loss of function as compared to control EGC, due to defects in L-PGDS, AKR1C3 and 11β PGF2α expression/synthesis. Thus this work confirms and
extends the emerging major role of EGC on intestinal homeostasis and mucosal repair after injury17,18,67. Enteric
glia not only regulates epithelial cells, but also forms a cellular and molecular bridge between enteric nerves68,69,
enteroendocrine cells70,71 and immune cells72 that lets suspect even broader impact of EGC upon intestinal
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Figure 8. Schematic representation of the control of IEB healing by human EGC from control and CD
EGC. Human EGC can produce PUFA metabolites derived from n-3 or n-6. Among the 21 mediators secreted
by human EGC, only two by-products of prostaglandin D2 (PGD2), 15dPGJ2 and 11β PGF2α were misproduced
by CD EGC that express less L-PGDS and AKR1C3 but the same level of COX1 and COX2. 15dPGJ2 and
11β PGF2α glial production regulates IEB healing through PPARg and DP2 dependent pathway.

functions. Our results not only imply that CD EGC could be actors of CD pathogenesis or development, but also
establish a molecular basis for developing and testing therapeutic strategies by targeting 11β PGF2α production
or DP2-PPARγ dependent pathways.

Methods

Enteric glial cells. Cultures of human enteric glial cells (EGC) were obtained according to the procedure
described by Soret et al.29. Briefly, human EGC originated from intestinal resections of control patients (patients
having undergone surgery for colorectal cancer, 10cm from the tumor area) and from patients with an established
diagnosis of CD according to international criteria. All intestinal resections were macroscopically healthy. 15
control (age 56– 89 y; sex ratio 5men:10women) and 11 CD (age, 17–63 y; sex ratio 4men:7women) patients were
included in this study. Patients gave their informed consent to take part in the study and all procedures were performed according to the guidelines of the French Ethics Committee for Research on Human and registered under
the no. DC-2008–402. An immunocytochemistry study was performed to verify the purity of the EGC population
as described by Soret et al.29. EGC cultures presenting more than 80% of GFAP-, Sox10-, and S100β positive cells
were used for these experiments, at passage 3.
Co-culture model and spreading, TER and healing measurement.

The human IEC line Caco-2
was cultured in DMEM medium (Gibco , Life Technologies, Carlsbad, CA, USA). For spreading and resistance experiments, Caco-2 cells and EGC were respectively seeded on 24-well transwell filters (Pore size 0.45 μ m,

®
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Corning, Avon, France) at 90 ×  103 cells/cm2 and in 24-well plates at 7,9 ×  103 cells/cm2 for three days. The IEC
size was measured thanks to anti-zonula occludens-1 immunostaining (see Immunofluorescence staining). The
transepithelial electrical resistance (TER) was measured every day with an epithelial volt-ohmmeter (EVOM,
World Precision Instruments, Inc). For wound healing experiments, Caco-2 cells and EGC were respectively
seeded onto 6-well filters at 122 ×  103 cells/cm2 and in 6-well plates at 2,1 ×  103 cells/cm2 for 15 days. Caco-2
monolayers were wounded with the 0.5–10 μ l tip of a pipette. Each hole was photographed at 0 and 48 h by using
a microscope (Axiovert 200M; Zeiss; objective lens 5× ) with Axiovision software and surface was quantified with
ImageJ software (National Institute of Health, Bethesda, Maryland, United States). Epithelial healing was calculated as the percentage of the healing after two days of treatments or EGC co-culture compared to t0.

Immunofluorescence staining and western blotting.

IEC transwell filters were fixed in PBS 4% paraformaldehyde for 30 min. The IEC size was measured thanks to anti-zonula-occludens-1 (ZO-1) immunostaining. Briefly, fixed filters were incubated for 30 min at RT with PBS containing 0.5% Triton X-100 (Sigma-Aldrich,
Saint-Louis, MO, USA) and 10% horse serum (Merk Millipore, Billerica, MA, USA; PBS-TX-HS) and then incubated with a mouse monoclonal antibody anti-ZO-1 diluted in PBS-TX-HS (1:500; Life Technologies) for 2 h at
RT. After washing with PBS, filters were incubated with an anti-mouse CY-3 (1:500; Jackson ImmunoResearch,
West Grove, PA, USA) for 45 min at RT. After washing with PBS containing DAPI (Sigma-Aldrich) for the first
wash, filters were mounted on slides for fluorescence microscopy analysis. Images were acquired with a digital
camera (Olympus DP 50) coupled to a fluorescence microscope (Olympus IX 50). Cell surface area was measured
with ImageJ software. An average of 149.9+ /− 8.6 IEC was analyzed for each experimental condition. PPAR-γ
nuclear localisation was studied by the same immunostaining procedure using anti- PPAR-γ antibody (sc-7273
diluted 1/500). The same antibody diluted 1/500 was used for western blotting procedure.

ELISA.

The concentrations of IL-6 (BD OptEIATM ELISA Set, BD Biosciences, Franklin Lakes, NJ, USA),
TGF-β 1 (Cytoset, Novex , Life Technologies) and GSH (glutathione assay kit, Sigma-Aldrich) were determined
in EGC culture supernatants by ELISA according to the manufacturer’s instructions. Absorbance measurements
were performed at 450 nm on a spectrophotometric enzyme-linked immunosorbent sandwich assay (ELISA)
plate reader (Varioskan , Thermo Scientific, Rockford, IL, USA) using the SkanIt software (Thermo scientific).

®

®

PUFA dosage.

The PUFA dosage was performed as described Le Faouder et al.73. This innovative method
has been improved for the simultaneously measurement of 31 lipids derived from the n-3 and n-6 PUFA that are
6-keto-prostaglandin F1α (6kPGF1α ), thromboxan B2 (TXB2), prostaglandin E2 (PGE2), prostaglandin E3 (PGE3),
prostaglandin A1 (PGA1), 8-iso prostaglandin A2 (8-isoPGA2), 15-Deoxy-Delta12,14-Prostaglandin J2 (15d-PGJ2),
9-alpha,11-beta prostaglandin F2 (9α ,11β PGF2 or 11β PGF2α), lipoxin A4 (LxA4), resolvin D1 (RvD1), leukotrien
B4 (LTB4), leukotrien B5 (LTB5), 10(S), 17(S)-protectin (PDx), 18-hydroxyeicosapentaenoic acid (18-HEPE),
15-hydroxyeicosatetraenoic acid (15-HETE) and 12-HETE, 8-HETE, 5-HETE, 17-hydroxy-docosahexaenoic
acid (17-HDoHE) and 14-HDoHE, 14,15-epoxyeicosatrienoic acid (14,15-EET) and 11,12-EET, 8,9-EET, 5,6EET, 5-oxoeicosatetraenoic acid (5-oxo-ETE). Briefly, the 24 lipids of interest and 3 deuterated internal standards (LxA4-d5, LTB4-d4, 5-HETE-d8), were separated by LC-MS/MS analysis on HPLC system (Agilent LC1290
Infinity) coupled to Agilent 6460 triple quadrupole MS (Agilent Technologies) equipped with electro-spray ionization operating in negative mode. Reverse-phase HPLC was performed using ZorBAX SB-C18 column (2.1 mm;
50 mm; 1.8 μ m) (Agilent Technologies) with a gradient elution. Mobile phase A consisted of water, ACN and FA
(75/25/0.1); Solvent B: ACN, FA (100/0.1). Compounds were separated with a linear gradient to 85% B from 0 to
8.5 min and 100% B to 9 min. Isocratic elution continued for 1 min at 100% B then 100% A was reached at 11 min
and maintained to 12 min. The flow rate was 0.35 mL/min. The autosampler was set at 5 °C and the injection volume was 5 μ L. Data were acquired in MRM mode with optimized conditions (fragmentors and collision energy).
Peak detection, integration and quantitative analysis were done using Mass Hunter Quantitative analysis software
(Agilent Technologies). PUFA profile was established in EGC conditioned media. 75 000 HOG were plated in T25
flasks and placed in 5 ml defined DMEM media supplemented with 100 IU/ml penicillin, 100 μ g/ml streptomycin
and 10% heat-inactivated fetal calf serum. After 3 days, conditioned media were centrifuged at 14,000 rpm for
5 minutes at 4 °C and 500 μ l frozen at − 80 °C until analysis.

Real-time quantitative PCR analysis.

IEC grown on filters were lyzed in RA1 buffer (Macherey-Nagel,
Düren, Germany) in order to study mRNA and protein expression. According to the manufacturer’s recommendations, total RNA extraction from cells was performed with Nucleospin RNAII kit (Macherey-Nagel) and 1 μ g
purified RNA was denatured and processed for reverse transcription using Superscript II reverse transcriptase
(Invitrogen). PCR amplifications were performed using the Absolute Blue SYBR green fluorescein kit (Roche)
and run on a Rotor-Gene (Qiagen, Venlo, The Netherlands). The following primers (Sigma-Aldrich) were used:
AKR1C3 (Aldo-keto reductase family 1, member C3) # NM_003739.5
Forward Primer: 5′ -AGTAAAGCTTTGGAGGTCACA-3′
Reverse Primer: 5′ -ACTCTGGTCGATGAAAAGTGG-3′
GCLc (Glutamate cysteine ligase, catalytic subunit) # NM_001197115.1
Forward Primer: 5′ -AGGTGACATTCCAAGCCTGC-3′
Reverse Primer: 5′ -CCCCAGCGACAATCAATGTC-3′
Prostaglandine D2 synthase (L-PGDS or PTGDS) # NM_000954.5
Forward Primer: 5′ -AGAAGAAGGCGGCGTTGTCC-3′
Reverse Primer: 5′ -CCACCACTGACACGGAGTAGG-3′
Prostaglandin-endoperoxide synthase1 (prostaglandinG/H synthase and cyclooxygenase) (PTGS1 or
COX1) NM_
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Forward Primer: 5′ -TCCATGTTGGTGGACTATGG-3′
Reverse Primer: 5′ -GTGGTGGTCCATGTTCCTG-3′
Prostaglandin-endoperoxide synthase2 (prostaglandinG/H synthase and cyclooxygenase) (PTGS2 or
COX2) NM_000963.3
Forward Primer: 5′ -TGGGAAGCCTTCTCTAACCTC-3′
Reverse Primer: 5′ -TCAGGAAGCTGCTTTTTACCTT-3′
IL6 # NM_000600
Forward Primer: 5′ -CAATGAGGAGACTTGCCTGGTGAA -3′
Reverse Primer: 5′ -TGTGGTTGGGTCAGGGGTGGTT-3′
TGF-β 1 #NM_000660
Forward Primer: 5′ -GTCACCGGAGTTGTGCGGCA-3
Reverse Primer: 5′ -CTCGGCGGCCGGTAGTGAAC-3
Ribosomal protein S6 (S6) # NM_001010
Forward Primer: 5′ -CCAAGCTTATTCAGCGTCTTGTTACTCC-3′
Reverse Primer: 5′ -CCCTCGAGTCCTTCATTCTCTTGGC-3′
Relative quantification of gene expression was determined using the standard curve method and endogenous
control ribosomal protein S6 mRNA.

Immunoblotting. Lysates from RA1 extraction were precipitated and pellets were resuspended in PSB/TCEP

(Macherey-Nagel). Samples were processed for electrophoresis using NuPAGE MES SDS buffer kit (Life technologies) and separated on 4–12% Bis-Tris gels (NuPAGE, Life Technologies). Proteins were transferred to nitrocellulose membranes with the iBlot system (Life Technologies). After blocking with TBS/0.1% Tween20/5% nonfat
dry milk for 1 hour, blots were incubated overnight at 4 °C with primary antibodies diluted in TBS/5% nonfat dry
milk for rabbit anti-proEGF (1:500; Pierce, Thermo Scientific), and mouse anti-β -actin (1:10000; Sigma-Aldrich).
Immunoblots were probed with the appropriate horseradish peroxidase-conjugated secondary antibodies (Life
Technologies) and visualized by chemiluminescence (ECL, Biorad, Hercules, CA, USA). Quantitative analysis
was performed using ImageJ software. The value of protein immunoreactivity was normalized to the amount of
β -actin immunoreactivity.

™

Treatment of IEC monolayers. IEC cultivated on filters as described in our “Co-culture model” section were also treated with 11β PGF2α (5 μ M; Cayman Chemical, Ann Arbor, MI, USA) or the PPARγ agonist
(Rosiglitazone; 5 μ M; Sigma-Aldrich) for three days, and spreading, TER, or healing were measured as described
above. IEC co-cultivated with control or CD EGC were also treated with FP receptor antagonist (AL8810; 1 μ M;
Cayman Chemical), DP2 receptor antagonist (CAY10595; 10 nM; Cayman Chemical), or PPARγ antagonist
(GW9662; 10 μ M; Sigma-Aldrich) for two days, and healing was measured as described above.
Statistics.

Data are expressed as the mean ±  SEM of three to ten independent experiments. The significance
of differences was determined using a Mann-Whitney test to compare two groups and a one-way analysis of variance (ANOVA), Kruskal-Wallis test followed by a Dunn’s post-test, to compare three groups or more. Differences
were considered statistically significant for p <  0.05.

Study approval. Patients gave their informed consent to take part in the study and all procedures were performed according to the guidelines of the French Ethics Committee for Research on Human. All experimental
protocols were approved by local Committee on Ethics and Human Research and the Inserm (Institut national de
la santé et de la recherche médicale) and registered under the no. DC-2008-402.

References

1. Arrieta, M. C., Bistritz, L. & Meddings, J. B. Alterations in intestinal permeability. Gut 55, 1512–1520 (2006).
2. Wyatt, J., Vogelsang, H., Hubl, W., Waldhoer, T. & Lochs, H. Intestinal permeability and the prediction of relapse in Crohn’s disease.
Lancet 341, 1437–1439 (1993).
3. Coskun, M. Intestinal epithelium in inflammatory bowel disease. Front Med (Lausanne) 1, 24 (2014).
4. Baert, F. et al. Mucosal healing predicts sustained clinical remission in patients with early-stage Crohn’s disease. Gastroenterology
138, 463–468; quiz e410–461 (2010).
5. Froslie, K. F., Jahnsen, J., Moum, B. A. & Vatn, M. H. Mucosal healing in inflammatory bowel disease: results from a Norwegian
population-based cohort. Gastroenterology 133, 412–422 (2007).
6. Fischer, A. et al. Adalimumab prevents barrier dysfunction and antagonizes distinct effects of TNF-alpha on tight junction proteins
and signaling pathways in intestinal epithelial cells. Am J Physiol Gastrointest Liver Physiol 304, G970–979 (2013).
7. Sturm, A. & Dignass, A. U. Epithelial restitution and wound healing in inflammatory bowel disease. World J Gastroenterol 14,
348–353 (2008).
8. Neunlist, M. et al. The digestive neuronal-glial-epithelial unit: a new actor in gut health and disease. Nat Rev Gastroenterol Hepatol
10, 90–100 (2013).
9. Furness, J. B. The enteric nervous system and neurogastroenterology. Nat Rev Gastroenterol Hepatol 9, 286–294 (2012).
10. Schemann, M. & Neunlist, M. The human enteric nervous system. Neurogastroenterol Motil 16 Suppl 1, 55–59 (2004).
11. Hoff, S. et al. Quantitative assessment of glial cells in the human and guinea pig enteric nervous system with an anti-Sox8/9/10
antibody. J Comp Neurol 509, 356–371 (2008).
12. Ferri, G. L. et al. Evidence for the presence of S-100 protein in the glial component of the human enteric nervous system. Nature 297,
409–410 (1982).
13. Gabella, G. Glial cells in the myenteric plexus. Z Naturforsch B 26, 244–245 (1971).
14. Jessen, K. R. & Mirsky, R. Astrocyte-like glia in the peripheral nervous system: an immunohistochemical study of enteric glia. J
Neurosci 3, 2206–2218 (1983).
15. Ruhl, A., Nasser, Y. & Sharkey, K. A. Enteric glia. Neurogastroenterol Motil 16 Suppl 1, 44–49 (2004).
16. Savidge, T. C. MIND the gap: an astroglial perspective on barrier regulation. Neuron Glia Biol 3, 191–197 (2007).
17. Neunlist, M. et al. Enteric glial cells: recent developments and future directions. Gastroenterology 147, 1230–1237 (2014).
18. Sharkey, K. A. Emerging roles for enteric glia in gastrointestinal disorders. J Clin Invest 125, 918–925 (2015).

Scientific Reports | 6:25203 | DOI: 10.1038/srep25203

12

www.nature.com/scientificreports/
19. Bach-Ngohou, K. et al. Enteric glia modulate epithelial cell proliferation and differentiation through 15-deoxy-12,14-prostaglandin
J2. J Physiol 588, 2533–2544 (2010).
20. Neunlist, M. et al. Enteric glia inhibit intestinal epithelial cell proliferation partly through a TGF-beta1-dependent pathway. Am J
Physiol Gastrointest Liver Physiol 292, G231–241 (2007).
21. Van Landeghem, L. et al. Enteric glia promote intestinal mucosal healing via activation of focal adhesion kinase and release of
proEGF. Am J Physiol Gastrointest Liver Physiol 300, G976–987 (2011).
22. Savidge, T. C. et al. Enteric glia regulate intestinal barrier function and inflammation via release of S-nitrosoglutathione.
Gastroenterology 132, 1344–1358 (2007).
23. Aube, A. C. et al. Changes in enteric neurone phenotype and intestinal functions in a transgenic mouse model of enteric glia
disruption. Gut 55, 630–637 (2006).
24. Bush, T. G. et al. Fulminant jejuno-ileitis following ablation of enteric glia in adult transgenic mice. Cell 93, 189–201 (1998).
25. Cornet, A. et al. Enterocolitis induced by autoimmune targeting of enteric glial cells: a possible mechanism in Crohn’s disease? Proc
Natl Acad Sci USA 98, 13306–13311 (2001).
26. Villanacci, V. et al. Enteric nervous system abnormalities in inflammatory bowel diseases. Neurogastroenterol Motil 20, 1009–1016
(2008).
27. von Boyen, G. B. et al. Distribution of enteric glia and GDNF during gut inflammation. BMC Gastroenterol 11, 3 (2011).
28. Pochard, C. et al. Defects in 15-HETE Production and Control of Epithelial Permeability by Human Enteric Glial Cells from Patients
With Crohn’s disease. Gastroenterology (2015).
29. Soret, R. et al. Characterization of human, mouse, and rat cultures of enteric glial cells and their effect on intestinal epithelial cells.
Neurogastroenterol Motil 25, e755–764 (2013).
30. Martin-Venegas, R., Roig-Perez, S., Ferrer, R. & Moreno, J. J. Arachidonic acid cascade and epithelial barrier function during Caco2 cell differentiation. J Lipid Res 47, 1416–1423 (2006).
31. Desmond, J. C. et al. The aldo-keto reductase AKR1C3 is a novel suppressor of cell differentiation that provides a plausible target for
the non-cyclooxygenase-dependent antineoplastic actions of nonsteroidal anti-inflammatory drugs. Cancer Res 63, 505–512 (2003).
32. Murakami, M., Ohta, T., Otsuguro, K. I. & Ito, S. Involvement of prostaglandin E(2) derived from enteric glial cells in the action of
bradykinin in cultured rat myenteric neurons. Neuroscience 145, 642–653 (2007).
33. Blanco, A., Alvarez, S., Fresno, M. & Munoz-Fernandez, M. A. Amyloid-beta induces cyclooxygenase-2 and PGE2 release in human
astrocytes in NF-kappa B dependent manner. J Alzheimers Dis 22, 493–505 (2010).
34. Takayama, F. et al. Possible involvement of aiPLA2 in the phosphatidylserine-containing liposomes induced production of PGE2
and PGD2 in microglia. J Neuroimmunol 262, 121–124 (2013).
35. Weaver-Mikaere, L., Gunn, A. J., Mitchell, M. D., Bennet, L. & Fraser, M. LPS and TNF alpha modulate AMPA/NMDA receptor
subunit expression and induce PGE2 and glutamate release in preterm fetal ovine mixed glial cultures. J Neuroinflammation 10, 153
(2013).
36. Xia, M. & Zhu, Y. Signaling pathways of ATP-induced PGE2 release in spinal cord astrocytes are EGFR transactivation-dependent.
Glia 59, 664–674 (2011).
37. Abdo, H. et al. The omega-6 fatty acid derivative 15-deoxy-Delta(1)(2),(1)(4)-prostaglandin J2 is involved in neuroprotection by
enteric glial cells against oxidative stress. J Physiol 590, 2739–2750 (2012).
38. Nicholson, J. D. et al. PGJ(2) provides prolonged CNS stroke protection by reducing white matter edema. PLos One 7, e50021 (2012).
39. Lin, T. N. et al. 15d-prostaglandin J2 protects brain from ischemia-reperfusion injury. Arterioscler Thromb Vasc Biol 26, 481–487
(2006).
40. Fernandez-Bustamante, A. et al. Early increase in alveolar macrophage prostaglandin 15d-PGJ2 precedes neutrophil recruitment
into lungs of cytokine-insufflated rats. Inflammation 36, 1030–1040 (2013).
41. Balestra, B. et al. Colonic mucosal mediators from patients with irritable bowel syndrome excite enteric cholinergic motor neurons.
Neurogastroenterol Motil 24, 1118–e1570 (2012).
42. Heredia, D. J., Grainger, N., McCann, C. J. & Smith, T. K. Insights from a novel model of slow-transit constipation generated by
partial outlet obstruction in the murine large intestine. Am J Physiol Gastrointest Liver Physiol 303, G1004–1016 (2012).
43. Liston, T. E. & Roberts, L. J. 2nd Transformation of prostaglandin D2 to 9 alpha, 11 beta-(15S)-trihydroxyprosta-(5Z,13E)-dien-1-oic
acid (9 alpha, 11 beta-prostaglandin F2): a unique biologically active prostaglandin produced enzymatically in vivo in humans. Proc
Natl Acad Sci USA 82, 6030–6034 (1985).
44. Pugliese, G., Spokas, E. G., Marcinkiewicz, E. & Wong, P. Y. Hepatic transformation of prostaglandin D2 to a new prostanoid, 9
alpha,11 beta-prostaglandin F2, that inhibits platelet aggregation and constricts blood vessels. J Biol Chem 260, 14621–14625 (1985).
45. Coleman, R. A. & Sheldrick, R. L. Prostanoid-induced contraction of human bronchial smooth muscle is mediated by TP-receptors.
Br J Pharmacol 96, 688–692 (1989).
46. Lepak, N. M. & Serrero, G. Inhibition of adipose differentiation by 9 alpha, 11 beta-prostaglandin F2 alpha. Prostaglandins 46,
511–517 (1993).
47. Wang, S., Yang, Q., Fung, K. M. & Lin, H. K. AKR1C2 and AKR1C3 mediated prostaglandin D2 metabolism augments the PI3K/Akt
proliferative signaling pathway in human prostate cancer cells. Mol Cell Endocrinol 289, 60–66 (2008).
48. Su, W. et al. Differential expression, distribution, and function of PPAR-gamma in the proximal and distal colon. Physiol Genomics
30, 342–353 (2007).
49. Kato, M. et al. Induction of differentiation and peroxisome proliferator-activated receptor gamma expression in colon cancer cell
lines by troglitazone. J Cancer Res Clin Oncol 130, 73–79 (2004).
50. Sarraf, P. et al. Differentiation and reversal of malignant changes in colon cancer through PPARgamma. Nat Med 4, 1046–1052
(1998).
51. Cloutier, A. et al. The prostanoid 15-deoxy-Delta12,14-prostaglandin-j2 reduces lung inflammation and protects mice against lethal
influenza infection. J Infect Dis 205, 621–630 (2012).
52. Ma, C. et al. Key role of 15-lipoxygenase/15-hydroxyeicosatetraenoic acid in pulmonary vascular remodeling and vascular
angiogenesis associated with hypoxic pulmonary hypertension. Hypertension 58, 679–688 (2011).
53. Potula, H. S. et al. Src-dependent STAT-3-mediated expression of monocyte chemoattractant protein-1 is required for 15(S)hydroxyeicosatetraenoic acid-induced vascular smooth muscle cell migration. J Biol Chem 284, 31142–31155 (2009).
54. Soumya, S. J. et al. Effect of 15-lipoxygenase metabolites on angiogenesis: 15(S)-HPETE is angiostatic and 15(S)-HETE is angiogenic.
Inflamm Res 61, 707–718 (2012).
55. Vijil, C., Hermansson, C., Jeppsson, A., Bergstrom, G. & Hulten, L. M. Arachidonate 15-lipoxygenase enzyme products increase
platelet aggregation and thrombin generation. PLos One 9, e88546 (2014).
56. Yuan, D. et al. Enhancement of the HIF-1alpha/15-LO/15-HETE axis promotes hypoxia-induced endothelial proliferation in
preeclamptic pregnancy. PLos One 9, e96510 (2014).
57. Zhang, L. et al. Platelet-derived growth factor (PDGF) induces pulmonary vascular remodeling through 15-LO/15-HETE pathway
under hypoxic condition. Cell Signal 24, 1931–1939 (2012).
58. Cabral, M., Martin-Venegas, R. & Moreno, J. J. Role of arachidonic acid metabolites on the control of non-differentiated intestinal
epithelial cell growth. Int J Biochem Cell Biol 45, 1620–1628 (2013).
59. Ohata, A., Usami, M. & Miyoshi, M. Short-chain fatty acids alter tight junction permeability in intestinal monolayer cells via
lipoxygenase activation. Nutrition 21, 838–847 (2005).

Scientific Reports | 6:25203 | DOI: 10.1038/srep25203

13

www.nature.com/scientificreports/
60. Gobbetti, T. et al. Polyunsaturated fatty acid metabolism signature in ischemia differs from reperfusion in mouse intestine. PLos One
8, e75581 (2013).
61. Bassotti, G. et al. Enteric neuroglial apoptosis in inflammatory bowel diseases. J Crohns Colitis 3, 264–270 (2009).
62. Boisse, L., Chisholm, S. P., Lukewich, M. K. & Lomax, A. E. Clinical and experimental evidence of sympathetic neural dysfunction
during inflammatory bowel disease. Clin Exp Pharmacol Physiol 36, 1026–1033 (2009).
63. Williams, C. S. et al. MTG16 contributes to colonic epithelial integrity in experimental colitis. Gut 62, 1446–1455 (2013).
64. Hokari, R. et al. Increased expression and cellular localization of lipocalin-type prostaglandin D synthase in Helicobacter pyloriinduced gastritis. J Pathol 219, 417–426 (2009).
65. Park, J. M. et al. Hematopoietic prostaglandin D synthase suppresses intestinal adenomas in ApcMin/+ mice. Cancer Res 67,
881–889 (2007).
66. Zhong, T., Xu, F., Xu, J., Liu, L. & Chen, Y. Aldo-keto reductase 1C3 (AKR1C3) is associated with the doxorubicin resistance in
human breast cancer via PTEN Loss. Biomed Pharmacother 69, 317–325 (2015).
67. Yu, Y. B. & Li, Y. Q. Enteric glial cells and their role in the intestinal epithelial barrier. World J Gastroenterol 20, 11273–11280 (2014).
68. Boesmans, W. et al. Imaging neuron-glia interactions in the enteric nervous system. Front Cell Neurosci 7, 183 (2013).
69. Gulbransen, B. D. & Sharkey, K. A. Novel functional roles for enteric glia in the gastrointestinal tract. Nat Rev Gastroenterol Hepatol
(2012).
70. Bohorquez, D. V. & Liddle, R. A. The gut connectome: making sense of what you eat. J Clin Invest 125, 888–890 (2015).
71. Bohorquez, D. V. et al. An enteroendocrine cell-enteric glia connection revealed by 3D electron microscopy. PLos One 9, e89881
(2014).
72. Geboes, K. et al. Major histocompatibility class II expression on the small intestinal nervous system in Crohn’s disease.
Gastroenterology 103, 439–447 (1992).
73. Le Faouder, P. et al. LC-MS/MS method for rapid and concomitant quantification of pro-inflammatory and pro-resolving
polyunsaturated fatty acid metabolites. J Chromatogr B Analyt Technol Biomed Life Sci 932, 123–133 (2013).

Acknowledgements

This work was supported by grants from the INSERM, Nantes University, the Centre Hospitalier Universitaire
(CHU) of Nantes and the SantéDige foundation. SC is a recipient of a doctoral fellowship from Inserm-Pays de La
Loire. MRD is supported by the Centre National pour la Recherche Scientifique (CNRS). MN is supported by a
Contrat d’interface Hospitalier du CHU of Nantes. LVL is supported by La Ligue contre le cancer. We are indebted
to the digestive surgery department (Clinique de chirurgie digestive et endocrienne, CCDE) for the management
and supply of human surgical samples.

Author Contributions

S.C., L.V.L., J.J. and N.C. performed experiments. E.D. helped in the management and supply of human surgical
samples. M.R.D. and M.N. designed the research study and supervised the study. S.C., L.V.L. and M.R.D. wrote the
paper. S.C., L.V.L., M.R.D. and M.N. analyzed the data. N.V. participated in the critical reading of the manuscript.

Additional Information

Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Coquenlorge, S. et al. The arachidonic acid metabolite 11β-ProstaglandinF2α controls
intestinal epithelial healing: deficiency in patients with Crohn's disease. Sci. Rep. 6, 25203; doi: 10.1038/
srep25203 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

Scientific Reports | 6:25203 | DOI: 10.1038/srep25203

14

