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ABSTRACT 

  

BACKGROUND & AIMS: Enteric glial cells (EGC) produce soluble mediators to regulate 

intestinal epithelial barrier (IEB) homeostasis. The present study concerns the definition of the EGC 

polyunsaturated fatty acid (PUFA) metabolite profile and functional studies of EGC and 15-

hydroxyeicosatetraenoic acid (15-HETE) on IEB permeability in a physiological or a Crohn’s 

disease (CD) context. 

METHODS: The PUFA signatures of rat EGC and 15-HETE dosage on human EGC from control 

and CD patients were established using high sensitivity liquid chromatography tandem mass 

spectrometry. A15-HETE-producing enzyme was identified in rat and human EGC and tissues by 

immunostaining. The impact of human EGC on IEB permeability was measured in a co-culture 

model using Caco-2 cells. In vitro and in vivo, the functional impact of 15-HETE on IEB 

permeability and on 15-HETE molecular signaling were analyzed using pharmacological 

approaches and western blot analysis. 

RESULTS: EGC expressed 15-lipoxygenase-2 and mostly produced 15-HETE, which increased 

IEB resistance and decreased IEB permeability. 15-HETE production was reduced in EGC from CD 

patients compared with those from control patients. CD EGC were also unable to decrease IEB 

permeability, and 15-HETE addition restored the permeability to control conditions. In vivo, 

inhibition of 15-HETE production increased permeability, thereby reproducing pathological 

features. 15-HETE regulated IEB permeability through an inhibition of AMP-activated kinase 

(AMPK) and an increase in Zonula Occludens-1 expression. 

CONCLUSIONS: This study not only presents the first evidence for human EGC functional 

abnormalities in CD, but also reveals that 15-HETE can control IEB permeability through an 

AMPK- and ZO-1-dependent pathway. 

 

KEYWORDS: Enteric Nervous System; Inflammatory Bowel Disease; AMPK; ZO-1 

 

INTRODUCTION 

 

 Accumulating data demonstrate that under physiological conditions, enteric glial cells (EGC) 

positively regulate the intestinal epithelial barrier (IEB). Prime evidence for EGC requirement in 

maintaining IEB homeostasis is the drastic phenotype of mouse models defective for EGC. In vivo, 

severe ablation of EGC induces a fulminant jejunoileitis, characterized by disruption of IEB 

integrity.1, 2 Less severe ablation of EGC increases paracellular permeability in the absence of gut 

inflammation3 or prior to the development of intestinal inflammation.4 Additional arguments are the 

studies demonstrating that EGC control the major IEB properties of proliferation, differentiation, 

healing, resistance and permeability.5 EGC inhibit intestinal epithelial cell (IEC) proliferation via 

the release of transforming growth factor-16 and regulate IEC proliferation and differentiation via 

the 15-deoxy-Δ12,14-prostaglandin J2 (15dPGJ2).
7 Both in vivo and in vitro experiments show that 

EGC enhance IEB repair following mechanical or inflammatory injury through the production of 

derived pro-epidermal growth factor.8 EGC also increase IEB resistance and reduce paracellular 

permeability, in part via S-nitrosoglutathione.9 EGC have consistently been shown to increase IEB 

resistance evoked by stressors such as bacteria, inflammatory mediators and skin burn injuries.10-12 

Altogether these studies identify EGC as a source for soluble factors able to reinforce the IEB via 

paracrine signaling, but no broad glial secretome has been defined, and the production of 

gliomediators in pathological contexts remains to be determined. This could be of particular interest 

to understanding pathological mechanisms of inflammatory bowel disease (IBD). Indeed, EGC 

present abnormalities in Crohn’s disease (CD) and ulcerative colitis (UC). First, glial-derived 

neurotrophic factor expression is significantly higher in the mucosae of patients with UC as 

compared with those of controls.13 In contrast to UC, a reduced number of glial fibrillary acidic 

protein (GFAP)–positive EGC are present in noninflamed gut specimens of patients with CD.2, 13 



However, none of the currently available data provide evidence of EGC dysfunction in IBD that 

could be responsible for gut dysfunction and/or pathological symptom generation. 

 Polyunsaturated fatty acid (PUFA) metabolites are bioactive compounds that play an 

important role in the induction and resolution of inflammation, and characterization of their role in 

IBD is currently in progress. The major PUFA in the diet is linoleic acid, which is a precursor of 

arachidonic acid (AA). AA is metabolized via three major biochemical pathways as follows: the 

cyclooxygenase pathway leading to prostaglandins, prostacyclin and thromboxane; the lipoxygenase 

(LOX) pathway giving rise to various hydroperoxy and hydroxy (HETE) fatty acids and 

leukotrienes; the P450-dependent epoxygenase pathway generating epoxyeicosanoids. Previous 

studies have shown upregulation of COX and LOX in active UC14 and elevation of thromboxane 

TXB2,15 leukotriene LTB416 and prostaglandin PGE217 in UC and CD. However, their production 

is attributed to the mucosa15-17 or more specifically to neutrophils.18 The contribution of EGC is 

unknown, but these cells have been reported to produce PGE219 and 15dPGJ2.7 

 In this study, we wanted to define a part of the EGC secretome, that is the EGC lipidome, by 

performing PUFA profiling of EGC-conditioned media. In addition, we assessed the functional 

impact of two PUFA metabolites produced by EGC, and studied the role of 15-

hydroxyeicosatetraenoic acid (15-HETE) in the regulation of IEB permeability in the CD 

pathological context. 

 

Materials and Methods 

Human and rat EGC cultures 

Cultures of human and adult rat enteric glial cells (EGC) were obtained according to the procedure 

described by Soret et al..20 Briefly, human EGC originated from noninflamed, macroscopically 

healthy areas of intestinal resections from control patients (having undergone surgery for colorectal 

cancer) and those with a diagnosis of CD established according to international criteria. Six control 

(age, 19–74 y; sex ratio 1:1; 3 colons and 3 ilea) and six CD (Table 1) patients were included in this 

study. 

Sex Age at surgery 
Explant use for EGC 

culture 
Duration of the disease 

(years)  
Treatment at the 
time of surgery 

F 49 colon 24 Anti-TNF-α antibody 

F 63 ileum 21 none 

M 24 colon 7 none 

M 17 ileum 1 Humira 

F 28 ileum 11 Imurel + corticoid 

F 25 ileum 13 Imurel 

Table 1: Main clinical features of patients with Crohn's disease (n=6) 

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 Humans and registered 

under the no. DC-2008-402. Adult rat EGC (ROG) were obtained from entire small intestines of 

Sprague-Dawley rats. Human EGC and ROG were maintained for 3 to 5 passages in Dulbecco’s 

modified Eagle medium (DMEM, 4.5g/L Glc) supplemented with 10% heat-inactivated fetal calf 

serum, 2 mmol/L glutamine, 100 IU/mL penicillin and 100 μg/mL streptomycin. The purity of the 

cellular population was verified regularly by immunocytochemistry (see Immunocytochemistry). 

EGC cultures presenting more than 80% GFAP-, Sox10-, and S100-positive cells were used for 

experiments. The rat embryonic cell line (JUG) was obtained as described by Bach-Ngohou et al.7 

and was studied between passages 18 to 30. 

PUFA dosage 

The PUFA dosage was performed as described by Le Faouder et al..21 and detailed in Suppl Mat 1. 

The PUFA profile was established in EGC-conditioned media. Five thousand JUG, ROG or HOG 

were plated in 12-well plates and after 1 day placed in 2 mL defined DMEM medium supplemented 

with 100 IU/mL penicillin and 100 μg/mL streptomycin, without any serum. After 3 days, 



conditioned media were centrifuged at 14,000 rpm for 5 min at 4°C, 1 mL was used for analysis of 

permeability and TEER on Caco-2 filters, and 500 µL frozen at -80°C until analysis. 

Intestinal epithelial cell (IEC) culture 

The human IEC line, Caco-2, was cultured in DMEM (4.5g/L Glc) supplemented with 10% heat-

inactivated fetal calf serum, 2 mmol/L glutamine, 100 IU/mL penicillin and 100 μg/mL 

streptomycin.  

Stable Caco-2 cell lines expressing short hairpin RNA (shRNA) sequences targeting ZO-1 or 

degenerated sequences (control) were established to assess the role of ZO-1. Lentiviral particles (sc-

29829-V) were purchased and used according the manufacturer’s instructions (Santa Cruz 

Biotechnology). Stable cell lines were selected in 1 mg/mL puromycin dihydrochloride 2 weeks 

before use, and maintained under selection during the experimental period. Antibiotic-resistant cell 

lines were screened by immunoblotting. TEER and permeability were measured as explained for the 

parental Caco-2 cell line. 

Spreading and proliferation assessment 

For spreading and proliferation experiments, 60,000 Caco-2 cells were seeded on 12-well Transwell 

filters (pore size 0.40 µm, Corning, Avon, France). 5-HETE (100 pg/mL) or 15-HETE (100 pg/mL) 

were added or not the following day for a further 2 days. The IEC size was measured by anti-zonula 

occludens-1 (ZO-1) immunostaining. After the 2 days of the experiment, IEC Transwell filters were 

fixed, separated from the Transwell and incubated for 30 min at RT with PBS containing 0.5% 

Triton X-100 and 10% horse serum (PBS-TX-HS). Filters were then incubated with a mouse 

monoclonal antibody, anti-ZO-1 (1:500; Invitrogen), diluted in PBS-TX-HS overnight at 4°C. After 

washing with PBS, filters were incubated with an anti-mouse CY-3 (1:500; Jackson 

ImmunoResearch) for 45 min at RT. 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 

45.3 +/- 7.3 IEC were analyzed for each experimental condition. The proliferation rate was evaluated 

by counting DAPI nuclear staining. 

Measurement of transepithelial electrical resistance (TEER) and permeability 
For TEER and permeability experiments, 100,000 Caco-2 cells were seeded on 24-well Transwell 

filters coated with collagen I. To determine the effect of EGC-conditioned media or 5- or 15-HETE 

on IEB resistance, the TEER was measured 1 day after treatment with an EVOM epithelial 

voltohmmeter (World Precision Instruments, Inc, Sarasota, FL). To determine the effect of EGC-

conditioned media or 5- or 15-HETE on IEB permeability, 50 μL apical medium were replaced with 

50 μL fluorescein–5.6 sulfonic acid (1 mg/mL; Invitrogen). The fluorescence level of basolateral 

aliquots (150 μL) was measured every 30 min for a period of 180 min using a fluorimeter 

(Varioskan, Thermo SA, France). Paracellular permeability was determined by the average of the 

gradient of change in fluorescence intensity over time, using a linear regression fit model measured 

in the specimens.  

Immunocytochemistry and immunohistochemistry 

Human and rat EGC seeded in 48-well plates were fixed in PBS/4% paraformaldehyde (PAF) for 

15 min. Immunostaining was performed as described in Suppl Mat 3. 

Western blotting 

After different time periods of 15-HETE stimulation, the Caco-2 filters were washed with ice-cold 

PBS and placed into ice-cold RIPA buffer containing with protease inhibitor cocktail (Roche 

diagnostic) and serine–threonine phosphatase inhibitor cocktail (Sigma). Nuclei and unlyzed cells 

were removed and samples were processed for electrophoresis using the NuPAGE MES SDS buffer 

kit (Invitrogen) and separated on 4–12% bis-Tris or 3-8% Tris-acetate gels (NuPAGE, Life 

Technologies). Proteins were transferred to nitrocellulose membranes with the iBlot™ system (Life 

Technologies). After blocking, blots were incubated overnight at 4°C with primary antibodies 

diluted in TBS/ 5% nonfat dry milk for mouse anti-ZO-1 (Thermo Scientific, 1:200), mouse anti-

ZO-2 (Life Technologies, 1:200), rabbit anti-occludin (Abcam, 1:250), rabbit anti-JAM-A (Bethyl, 

1:500), rabbit anti-claudin 1 (Invitrogen, 1:250), mouse anti-claudin 2 (Life Technologies, 1:200), 



rabbit anti-phospho-Thr172-AMPK (P-AMPK), rabbit anti-AMPK, rabbit anti-phospho-p44/p42 

(P-ERK), rabbit anti-p44/p42, rabbit anti-phosphoY416Src, rabbit anti-Src  (Cell Signaling), anti-

phosphotyrosine 4G10Platinium, mouse anti--actin (Sigma Aldrich, 1:10,000) and mouse anti-

beta-GAPDH (1:1000; Santa Cruz). Immunoblots were probed with the appropriate horseradish 

peroxidase-conjugated secondary antibodies (Life Technologies) and visualized by 

chemiluminescence (Clarity Western ECL Substrate, Bio-Rad) using a Gel-Doc imager and the 

Image Lab Software (Bio-Rad). The value of phosphorylated or total protein immunoreactivity was 

normalized to the unphosphorylated form or GAPDH immunoreactivity, respectively, and expressed 

as fold increase relative to the average of control values taken as 1. 

Real-time quantitative PCR analysis  

Human controls or CD EGC were lyzed in RA1 buffer (Macherey-Nagel, Düren, Germany) in order 

to study mRNA expression as described in Suppl Mat 4. 

Animal procedure 

For in vivo assessment of 15-HETE in IEB permeability, 15-HETE (2 mL of 400 ng/mL in PBS) or 

15-lipoxygenase inhibitor 1 (2 mL of 4 µL/mL in PBS; Cayman chemical) were given to male 

Sprague-Dawley rats (250 g, Janvier) by two intraperitoneal injections of 1 mL (IP) at a 2-h interval. 

Four hours after the first IP, animals were sacrificed and the entire colon was removed, opened and 

washed three times in cold Krebs’s solution (0.187 g/L NaH2PO42H2O, 6.84 g/L NaCl, 0.35 g/L 

KCl, 2.10 g/L NaHCO3, 1.98 g/L glucose, 0.368 g/L CaCl2.2H2O, 0.244 g/L MgCl2.6H2O). Four 

pieces of each colon were mounted in Ussing chambers (0.03 cm2 exposed surface area) 

(Physiological instruments, San Diego, CA, USA) as previously described 22. Each chamber 

contained 2 mL Ham’s Nutrient Mixture (HAM/F12; Invitrogen, Courtaboeuf, France). The medium 

was maintained at 37°C under an atmosphere of 95% O2 and 5% CO2. After 30 min of equilibrium, 

200 μL apical medium were replaced with 200 μL fluorescein–5.6 sulfonic acid (1 mg/mL; 

Invitrogen). The fluorescence level of basolateral aliquots (150 μL) was measured every 30 min for 

a period of 180 min using a fluorimeter (Varioskan, Thermo SA, France). Paracellular permeability 

was determined by the average of the gradient of change in fluorescence intensity over time, using 

a linear regression fit model measured in the specimens (GraphPad Software Company, La Jolla, 

CA, USA). Four rats were included in each group. Two rats of the control group were treated with 

the 15-HETE excipient, ethanol, whereas two other control rats were treated with the 15-LOX 

inhibitor excipient, chloroform, at the same dilution as the drugs. 

Drugs 

5- or 15-HETE were purchased from Cayman Chemicals. U0126 (MEK1/2 inhibitor, 10 µM; 

Calbiochem) or AICAR (AMPK activator, 10 µM; Calbiochem) were added, or not, 30 min prior to 

the addition of 15-HETE. 

Statistical analysis 

All graphics were drawn and analyzed with GraphPad Prism Software (GraphPad Software, San 

Diego, California) using a Kruskal-Wallis nonparametric ANOVA test followed by Dunn’s post 

test. Values of p ≤ 0.05 were considered statistically significant. 

 

 

Results 

 

Rat EGC produce 5- and 15-HETE 
To uncover molecules potentially implicated in glial-epithelial communication, we characterized the 

profile of 29 n-6 (eicosanoids)/n-3 (docosanoids) PUFA-derived metabolites in conditioned media 

of primary cultures of rat EGC (ROG) or rat cell line (JUG). 5- and 15-HETE levels were 

significantly higher in conditioned media of ROG and JUG compared with defined DMEM culture 

media (Figure 1). 8-HETE, 18-HEPE, 8isoPGA2, 14-HDoHE, LxA4, PGE2 and TxB2 levels were 

also significantly higher in ROG-conditioned media, but not in those conditioned with JUG (Figure 

1). Among the 29 lipidic mediators analyzed, 5 were undetected, and 15 others did not show any 



significant differences compared to defined DMEM culture media (Suppl Mat 1). This analysis 

showed that rat EGC cell line or primary cultures can produce 5- and 15-HETE. 

 

15-HETE increases IEB spreading and resistance and decreases IEB permeability 

In a first set of experiments, we determined if these two mediators could regulate IEB properties by 

directly treating Caco-2 with 5- or 15-HETE. Compared with untreated cells, 15-HETE significantly 

increased the TEER (Figure 2A) and decreased the permeability (Figure 2B) of Caco-2 monolayers, 

whereas 5-HETE had no significant effect. Both mediators increased Caco-2 spreading (Figure 2C) 

compared with untreated cells. 5- or 15-HETE did not modify Caco-2 cell numbers in these 

conditions (Figure 2D). These first functional data demonstrate that 5- or 15-HETE could regulate 

IEB properties, and that 15-HETE had a broader effect than 5-HETE, regulating spreading and also 

resistance and permeability of an IEC monolayer. We thus focused our study on the effects of 15-

HETE. 

 

Human and rat EGC express the 15-lipoxygenase-2 

To better understand 15-HETE production by EGC, we used immunostaining to analyze the 

expression of the two enzymes, 15-lipoxygenase-1 (15-LOX-1) and 15-lipoxygenase-2 (15-LOX-

2), responsible for its production in ROG, and also in human EGC and human submucosal plexus. 

15-LOX-2 immunoreactivity appeared as a cytoplasmic staining for 100% of ROG (Figure 3A) and 

human EGC (Figure 3B). 15-LOX-1 immunoreactivity was undetectable. Co-staining of human 

enteric submucosal plexus with 15-LOX-2 and S100 glial marker showed that 15-LOX-2 is 

expressed in situ in EGC, and also in neurons (Figure 3C).  

 

Defect of 15-HETE production by CD EGC is responsible for increased IEB permeability  

To analyze the importance of glial 15-HETE production and its impact on IEB in a pathological 

context, we studied EGC from CD patients compared with control patients. 15-Lox-2 mRNA 

(ALox15B) expression was measured in control and CD EGC and 15-HETE production was 

measured in control and CD EGC-conditioned media. Whereas ALox15B was expressed at 

comparable levels in control and CD EGC (Figure 4A), the 15-HETE level was significantly lower 

in CD compared with control EGC-conditioned media (Figure 4B). To study the functional impact 

of control and CD EGC on IEB, we replaced Caco-2 basolateral culture media with EGC-

conditioned media. Control EGC-conditioned media induced a significant decrease in IEB 

permeability, but CD EGC-conditioned media had no effect (Figure 4C). 15-HETE supplementation 

in CD EGC-conditioned media significantly decreased IEB permeability but had no additional effect 

when added to control EGC-conditioned media (Figure 4C). These data show that the functional 

defect presented by CD EGC could be fixed by 15-HETE addition. 

 

In vivo inhibition of 15-HETE production induces IEB permeability 

To evaluate the range of impact of 15-HETE on IEB permeability in vivo, rats were injected i.p. with 

15-HETE or 15-LOX inhibitor 1, and the permeability of colon pieces was measured in Ussing 

chambers. 15-HETE injection had no significant effect, whereas 15-LOX inhibitor 1 injection 

induced an increase in IEB permeability (Figure 4D). This indicated that 15-HETE production 

constantly maintains IEB permeability in vivo. 

 

15-HETE induces ZO-1 expression in IEC 

To further understand the mechanisms of 15-HETE regulation of IEB permeability, we analyzed the 

expression of tight junction proteins on Caco-2 cells treated with 15-HETE for 5 min, 15 min or 24 

h. Expression of the zonula occludens 1 (ZO-1) was increased after 15 min and 24 h of 15-HETE 

treatment, whereas Claudin 1, Claudin 2, occludin, JAM-A and ZO-2 expression were unchanged 

(Figure 5A and 5B). This indicated that 15-HETE could decrease IEB permeability through a rise in 

ZO-1 expression. 

 



ZO-1 is necessary to regulate epithelial resistance and permeability in response to 15-HETE 

To assess the role of ZO-1 in the effects of 15-HETE, we generated a Caco-2 cell line that 

downregulates ZO-1 expression. We stably expressed ZO-1 shRNA and isolated a stable cell line 

on the basis of puromycin resistance. This cell line showed a significant reduction of around 80% 

of ZO-1 protein levels when compared with control, and no more induction of ZO-1 expression after 

treatment with 15-HETE (Figure 6A).  The 15-HETE-induced increase in TEER and decrease in 

permeability observed in control Caco-2 were absent in the sh-ZO-1 cell line (Figure 6B and 6C). 

Compared with control cells, sh-ZO-1 cells presented significantly decreased TEER (Figure 6B) and 

increased permeability (Figure 6C). These data demonstrate that the regulation of IEB properties by 

15-HETE is mediated by ZO-1. 

 

15-HETE inhibits AMPK to increase IEB resistance 

To refine the signaling involved in the control of IEB permeability by 15-HETE, we analyzed the 

transduction pathways that could be activated by 15-HETE in IEC. 15-HETE regulates several 

cellular functions through tyrosine phosphorylation, Src, ERK or AMPK activation.23-25 Global 

tyrosine phosphorylation did not vary with the time period of 15-HETE stimulation (Figure 6A and 

6B). Quantification of specific major signals of tyrosine phosphorylation at 22, 40 or 110 kDa did 

not show further variations (quantification not shown). ERK phosphorylation was significantly 

increased after 15 min and 24 h of 15-HETE treatment, and Src phosphorylation remained stable 

(Figure 6A and 6B). On the contrary, AMPK phosphorylation was significantly reduced after 15 min 

of 15-HETE treatment (Figure 6A and 6B). To study the implication of ERK activation or AMPK 

inhibition on 15-HETE-induced reduction of permeability, we pretreated Caco-2 cells with the ERK 

pathway inhibitor, U0126, or the AMPK activator, AICAR. U0126 treatment alone decreased IEB 

permeability, and 15-HETE had no additional effect (Figure 6C). The AICAR compound entirely 

blocked the 15-HETE-induced decrease in IEB permeability and, despite a trend, had no significant 

effect alone (Figure 6D). These data demonstrated that ERK activation by 15-HETE was not 

responsible for the inhibition of IEB permeability by 15-HETE, whereas AMPK inhibition was. 

 

Discussion 

 
 Whereas several studies have described phenotypic abnormalities of EGC from CD patients, 

no functional study is available to define whether these cells present dysfunctions. Our work 

demonstrates that CD EGC are defective for IEB permeability control, a defect that could be due to 

their low 15-HETE production. At the same time, we describe how EGC express 15-LOX-2, but not 

15-LOX-1, to produce 15-HETE and regulate IEC spreading, IEB resistance and permeability. In 

addition, 15-HETE controls IEB permeability through AMPK and ZO-1 targeting. 

 The profile of PUFA derivatives produced by EGC indicates that a few metabolites are 

present in EGC-conditioned medium, and that LOX metabolites such as 5- and 15-HETE are highly 

produced, independently of the source of rat EGC, primary cultures or cell lines. Considering the 

low stability of these compounds, we cannot draw conclusions about the absence of production of 

the other PUFA by EGC, but we could ensure the production of 5-and 15-HETE. In addition, this 

study shows for the first time the expression of 15-LOX-2 in human EGC and ganglionated 

submucosal plexus of the enteric nervous system. Among the 18 LOX sequences published, the 15-

LOX-2, originally identified in hair follicles, has been found in skin, prostate, and cornea26, and later 

in lung, esophageal epithelial cells and ovarian tissue.27, 28 , 29 The biological functions of 15-LOX-

2 in different cell types are diverse. Until now, it has mainly been studied in relation to cancer and 

atherosclerosis. 15-LOX-2 negatively regulates the proliferation of prostate epithelial cells 30, 31 and 

has a tumor suppressing role.32, 33 Concerning atherosclerosis, the beneficial role of 15-LOX has for 

a long while been questioned regarding the anti-inflammatory effect of 15-LOX through lipid 

mediator production and the proinflammatory and atherogenic effects through oxLDL formation.34 

Nevertheless, recent studies have focused on a proatherogenic role of 15-LOX-2 35-37, in particular 

by increasing inflammation. In fact, 15-LOX-2 exerts biological activities via the formation of 



bioactive lipids, mainly 15-HETE, that could exhibit numerous pro- or anti-inflammatory properties. 

15-HETE increases platelet aggregation,38 and induces endothelial cell barrier dysfunction,39 

angiogenesis 24, 40-43 and vascular and pulmonary smooth muscle remodeling.23, 25, 44-49 Concerning 

effects on the epithelium, 15-HETE has been shown to induce cell growth of preconfluent 

nondifferentiated intestinal epithelial cells.50 We did not find an effect of 15-HETE on Caco-2 cell 

numbers, and could only explain this difference by the confluence and the IEC culture on filters. 

Only one other study has reported that 15(S)-HETE can increase Caco-2 TEER and decrease 

permeability 51. We confirmed these results and have additionally shown that 15-HETE induces 

Caco-2 spreading and controls the permeability in vivo. This enlarges the spectrum of the effects of 

15-HETE on IEB, and because these are beneficial, we could consider them to reinforce the IEB, 

especially in a pathological context presenting IEB defects.  

 Due to their anti- or proinflammatory properties, some PUFA have already been measured 

in the mucosa of inflammatory bowel disease patients.15-18 More recently, it was shown that levels 

of PGE2, PGD2, TXB2, 5-HETE, 11-HETE, 12-HETE and 15-HETE were significantly elevated in 

inflamed mucosa and correlated with the severity of inflammation in UC patients.52 15-HETE 

production was also induced after ischemia in mouse jejunal tissue.53 Our work provides evidence 

for a protective role of 15-HETE, prompting a reinforcing of the IEB by diminishing its 

permeability.  

 This study additionally shows that, in Caco-2 cells, 15-HETE did not activate Src or induce 

tyrosine phosphorylation as previously described,25, 45 but activated the ERK and inhibited the 

AMPK pathways. Whereas ERK activation was not responsible for the reduction in permeability 

observed, the AMPK inhibition was. The energy sensor, AMPK, is generally activated in response 

to cellular stress, as occurs during inflammation, and to our knowledge few data link 15-LOX 

activity or 15-HETE production with AMPK. Nevertheless, the nordihydroguaiaretic acid (NDGA) 

inhibitor of 15-LOX induced phosphorylation and activation of AMPK,54 confirming the relation 

we are describing between 15-HETE and AMPK. In addition, if the expression of AMPK was 

necessary for an amelioration of the epithelial barrier,55, 56 AMPK activation has been linked to 

intestinal barrier dysfunction.57, 58 AMPK activation has also been shown to decrease ZO-1 

expression.57 Further work is necessary to define if, as described, inhibition of the AMPK alpha2 

isoform, but not inhibition of alpha1, can reinforce the epithelial barrier.59 

 Nevertheless, we have shown that the impact of 15-HETE on permeability requires ZO-1 

expression, confirming that this tight junction protein is a key mediator of the EGC control of 

epithelial permeability and resistance 9, 11, 12, 60. Taking into account the impact of nutrients and 

microbiota on the phenotype and function of the enteric nervous system 61, we might wonder whether 

nutritional status can influence gut wall integrity through the ENS 62. 

 Our work defines the novel protective role of 15-HETE on the IEB, and shows that 15-HETE 

mediates its effect through AMPK inhibition and ZO-1 expression. In addition, this work brings the 

first evidence of human EGC dysfunction in CD. Overall, our ex vivo functional studies indicate that 

primary cultures of EGC isolated from noninflamed intestine of CD patients exhibit loss of function 

as compared with EGC isolated from control patients. These findings suggest that CD EGC have an 

altered intrinsic functional phenotype. It is thus tempting to speculate that impaired intrinsic 

functions of EGC from CD patients predispose to and/or directly participate in the disease onset, 

supporting the idea that CD could be a “gliopathy”. 
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Figures and Figure legends 

 

 

Figure 1. Rat EGC mostly produce 5- and 15-HETE. 

Production of eicosanoids by EGC was measured using high sensitivity liquid chromatography 

tandem mass spectrometry in the culture medium of a rat EGC cell line (JUG) or primary cultures 

of rat EGC (ROG). Nine compounds were differentially present in culture medium alone (medium) 

or after 3 days of JUG or ROG culture. Fifteen compounds were present at the same level in these 

three media, and five compounds were undetected (Suppl Mat 1). Data represent means ± SEM of 

4 independent cultures, p<0.05.  
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Figure 2. 15-HETE increases IEB spreading and resistance and decreases IEB permeability. 

5- or 15-HETE functional impact on IEB was assessed by TEER, permeability, spreading and 

proliferation measurements. (A) TEER was measured on a Caco-2 monolayer after 1 day of 5- or 

15-HETE (100 pg/mL) in the basolateral chamber. (B) Permeability was measured by sulfonic acid 

flux through the same Caco-2 monolayer. (C) Spreading was measured using ZO-1 staining on 

Caco-2 after 2 days of treatments. (D) Cell proliferation was estimated by direct counting of DAPI 

staining. These four parameters are represented as fold to the control average. Data represent means 

± SEM of 4 to 6 independent experiments.*p<0.05. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 3. Human and rat EGC express the 15-lipoxygenase-2. 

 (A) ROG and (B) human EGC immunostaining for 15-lipoxygenase-2 (15-LOX-2). Scale bar, 50 

µm. (C) Submucosal immunohistochemistry was performed using anti-15LOX-2 and -S100β (glial 

marker) antibodies. Representative pictures. Scale bar, 100 µm. 
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Figure 4. EGC from CD patients are functionally abnormal: they misproduce 15-HETE and fail to 

reduce IEB permeability. 

(A) ALox15B mRNA (coding for 15-LOX-2) expression was measured in human EGC from control 

(control) or CD (CD) patients. (B) 15-HETE production was measured by liquid chromatography-

tandem mass spectrometry in the culture medium of human EGC from control or CD patients, or in 

the culture medium alone (WO). Data represent means ± SEM of 6 independent control and 5 CD 

EGC cultures. *p<0.05. (C) Permeability was measured by sulfonic acid flux through the Caco-2 

monolayer incubated without (WO) or with control (cont) or CD (CD) EGC-conditioned media, 

with supplementation of 15-HETE (+15-HETE) or not. Data represent means ± SEM of fold to the 

control average of 3 to 6 independent experiments.*p<0.05. (D) 15-HETE functional impact in vivo 

was evaluated by the measurement of colon permeability of rats 4 h after IP injections with 15-

HETE (15-HETE) or 15-lipoxygenase inhibitor 1 (15-lox INH). Data represent means ± SEM of 2 

independent experiments, 4 animals per group for each experiment; *p<0.05. 

 

 

 

 

 



 

 
Figure 5. 15-HETE induces ZO-1 expression in IEC. 

(A) Claudin-1, Claudin-2, occluding, JAM-A, ZO-1 and ZO-2 expression were measured by western 

blotting from Caco-2 monolayers stimulated for 5 min, 15 min or 24 h with 15-HETE (100 pg/mL) 

at the basolateral side. (B) Quantification of western blot analysis. Data represent means of fold to 

control average ±  SEM of 3 to 4 independent experiments.*p<0.05. 

 



 

 

 
Figure 6. ZO-1 is necessary to regulate epithelial resistance and permeability in response to 

15-HETE. 

Stable Caco-2 cell lines expressing short hairpin RNA (shRNA) sequences targeting ZO-1 (sh-ZO-

1) or degenerated sequences (control) were established to assess the role of ZO-1 in 15-HETE 

effects. (A) Representative western blot analysis shows that sh-ZO-1 effectively knocks-down ZO-

1 expression. (B) TEER was measured on control or sh-ZO-1 Caco-2 monolayers with or without 1 

day of 15-HETE (100 pg/mL) in the basolateral chamber. (C) Permeability was measured by 

sulfonic acid flux through the same Caco-2 monolayers. These two parameters are represented as 

fold to the medium control average. Data represent means ± SEM of 6 independent 

experiments.*p<0.05 compared to without 15-HETE; §p<0.05 compared to control. 



 

 
Figure 7. 15-HETE inhibits AMPK to decrease IEB permeability. 

(A) Total phospho-Tyrosine (P-Tyr), ERK phosphorylation (P-ERK), Src phosphorylation (P-Src) 

and AMPK phosphorylation (P-AMPK)  levels were measured by western blotting from Caco-2 

monolayers stimulated for 5 min, 15 min or 24 h with 15-HETE (100 pg/mL) at the basolateral side. 

(B) Quantification of western blot analysis. Data represent means of fold to control average ± SEM 

of 4 independent experiments.*p<0.05. (C) Impact of ERK inhibition on IEB permeability was 

assessed by pretreatment of Caco-2 monolayer with the MEK inhibitor (U0126, 10 µM) 30 min 

prior to 15-HETE stimulation. Data represent means of fold to control average ± SEM of 3 

independent experiments.*p<0.05. (D) Impact of AMPK activation on IEB permeability was 

assessed by treatment of Caco-2 monolayer with the AMPK activator (AICAR, 10 µM). Data 

represent means of fold to control average ± SEM of 3 independent experiments.*p<0.05 vs control; 

.§p<0.05 vs 15-HETE.  

 

 

 

 



 

 

 

 



 

 

 

 

 



 

 

 



 

 

 

 

 

 

 

 

 



 

 


