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ENGINEERED PROBIOTICS  

Probiotics are living microorganisms that may confer health benefit(s) to the host by 

restoring mucosal barrier integrity, exerting immunomodulatory effects on the Gut As-

sociated Lymphoid Tissue (GALT) and improving microbial diversity [1].  

With the outstanding advancements in genetic engineering, we recently witnessed the 

development of bacterial/probiotic strains genetically engineered to either act as “in-

testinal biosensors” (detecting specific molecules within the gut milieu i.e. 

inflammatory markers) or as “resident cells’ factories” of therapeutic molecules 

(biotherapeutics improving drug delivery at the mucosal surface) [2, 3].  

Biosensors are live bacteria engineered to respond to specific biomarkers by producing 

a reporter substrate that could be easily detected (like fluorescent proteins), hence 

limiting the need for invasive testing. To this aim, several biosensors have been 

recently developed to respond to markers of intestinal inflammation [3, 4] or bleeding 

[2]. Yet, biosensors should display high sensitivity and specificity toward the selected 

biomarker to be used as diagnostic tools. This approach is, therefore, currently 

hampered by the limited knowledge of relevant specific biomarkers and the number of 

characterized bacterial systems that can be reliably used as disease-responsive circuits.  

Given these shortcomings, most published studies have focused on developing en-

gineered probiotics able of expressing therapeutic molecules (biotherapeutic 

probiotics), either constitutively or “on-demand” through inducible systems that 

respond to exogenously administered substrates (commonly added to food or water) 

or to locally produced biomarkers (sense and respond systems) (Figure 1).  
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All biotherapeutic probiotics are live bacteria designed to produce in situ anti-

inflammatory molecules, offering the main advantage of achieving the topical release 

of therapeutics. Therapeutic agents, indeed, may be released directly in situ, 

maximizing therapeutic concentrations in the target tissue using relatively smaller 

doses of the therapeutic compound, thus limiting systemic side effects.  

Constitutive systems offer the unquestionable advantage of using relatively simpler 

genetic modifications, mostly expressed in a constitutive fashion by the chosen 

probiotic platform. However, this comes to a cost considering the large amount of 

energy required for the probiotic to constitutively express these substances, while also 

exposing to the risk of overproducing the therapeutic substance in unwanted sites, 

potentially hindering their effectiveness and safety, respectively. 

Inducible probiotic systems overcome these two main concerns, by producing the 

therapeutic substance in a controlled fashion only upon activation of inducible promot-

ers. Depending on the considered probiotic construct, several types of inducible 

expression systems have been produced, able of regulating the expression of the 

therapeutic molecule by adding exogenous substrates (like xylan, palmitate, xylose, 

etc.) to animals’ food and/or water [5-7].  

Sense and respond systems are an even more specific type of inducible system that 

combines and incorporates the technology of biosensors into live biotherapeutics to 

generate a more efficient and targeted delivery of the biotherapeutics only in response 

to a site-specific and/or disease-specific biomarker [2]. These systems do not respond 

to externally administered substances, rather they “sense” specific environmental 

stimuli within the gut milieu (such as low pH, heat shock, or nitric oxide) and 



 

3 
 

consequently release the therapeutic molecule, increasing the likelihood that its 

delivery is effectively site-specific and released under the most desirable 

circumstances [8]. Nonetheless, like with biosensors themselves, “sense and respond 

systems” are hampered by the lack of specificity of biomarkers produced along the GI 

tract and the limited number of reliable disease-responsive circuits identified in 

bacterial systems.  

In this context, a recent pivotal study, using a synthetic memory circuit in E. Coli, has 

allowed recording environmental stimuli differentially activated as the bacteria passed 

through the host and to retain this information via reporter gene expression, thus 

effectively enabling a non-invasive readout of transient signals generated under 

physiological and inflammatory circumstances, respectively [9]. The different genetic 

libraries obtained from healthy or dextran sulfate sodium (DSS) ‐treated mice, indeed, 

detected a number of activators or repressors differentially expressed during gut 

inflammation. Though their identity or function is not fully understood, this study 

marks an important step forward in our understanding of novel biomarkers that may 

be indirectly activated during the inflammatory process, paving the way to construct 

disease-responsive circuits by combining multiple redundant sensors differentially 

responding based on the localization within the gut.  

In the following chapters, we will illustrate three potential fields of application of a 

genetically modified Lactobacillus Paracasei F19 able to respond to exogenous 

substrates (fatty acids; i.e., palmitic and oleic acid, respectively) with the in-situ 

production and release of bioactive autacoid local injury antagonist amides 

(ALIAmides).   
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Next-generation probiotics in inflammatory bowel disease: Engineered 

lactobacillus paracasei producing palmitoylethanolamide (PEA) prevents colitis 

in mice 

ABSTRACT 

Palmitoylethanolamide (PEA) is an N-acylethanolamide produced on-demand by the 

enzyme N-acylphosphatidylethanolamine-preferring phospholipase D (NAPE-PLD). 

Being a key member of the larger family of bioactive autacoid local injury antagonist 

amides (ALIAmides), PEA significantly improves the clinical and histopathological 

stigmata in models of ulcerative colitis (UC). Despite its safety profile, high PEA doses 

are required in vivo to exert its therapeutic activity; therefore, PEA has been tested 

only in animals or human biopsy samples, to date. To overcome these limitations, we 

developed a NAPE-PLD-expressing Lactobacillus paracasei F19 (pNAPE-LP), able 

to produce PEA under the boost of ultra-low palmitate supply, and investigated its 

therapeutic potential in a murine model of UC. The coadministration of pNAPE-LP 

and palmitate led to a time-dependent release of PEA, resulting in a significant 

amelioration of the clinical and histological damage score, with a significantly reduced 

neutrophil infiltration, lower expression and release of pro-inflammatory cytokines 

and oxidative stress markers, and a markedly improved epithelial barrier integrity. We 

concluded that pNAPE-LP with ultra-low palmitate supply stands as a new method to 

increase the in situ intestinal delivery of PEA and as a new therapeutic able of 

controlling intestinal inflammation in inflammatory bowel disease. 
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INTRODUCTION 

Palmitoylethanolamide (PEA) is a naturally-produced lipid derived from the 

hydrolysis of its phospholipid precursor, by N-acylphosphatidylethanolamine- specific 

phospholipase D (NAPE-PLD) [10-12]. PEA belongs to the larger family of bioactive 

autacoid local injury antagonist amides (ALIAmides), whose production is induced 

on-demand by several cells’ types and tissues, during inflammatory noxae [13].  

PEA exerts potent anti-inflammatory effects, and it has been shown to improve 

intestinal inflammation, following both intraperitoneal and oral administration [14], in 

animal models of colitis. More importantly, its efficacy has also been demonstrated in 

mucosal biopsies from patients with ulcerative colitis (UC) [15–17], with the 

peroxisome proliferator activated receptor α (PPARα) being one of the key receptors 

mediating these effects [18].  

Inflammatory bowel disease (IBD), which comprises Crohn’s disease and UC, is a 

chronic relapsing inflammatory bowel disorder with multifactorial pathophysiology, 

featuring diarrhea, abdominal pain, and weight loss [19]. In IBD, an altered PEA 

turnover with relative down-expression of NAPE-PLD and overexpression of its 

degrading enzymes led to the postulation of an impairment of the acylethanolamide–

PPARα anti-inflammatory axis in patients with active UC [20]. 

In spite of the widespread use of PEA-based over-the-counter preparations for 

disorders featuring pain and hyper-inflammation [21], and the lack of recorded serious 

adverse drug reactions [22], its use in treating intestinal inflammatory conditions is 

currently limited by the high doses required to achieve its therapeutic effect, following 

oral administration. This strongly limits PEA use in current clinical practice, and 
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alternative strategies to efficiently increase PEA bioavailability are currently under 

development.  

An innovative approach that may overcome such limitations could be the topical 

delivery of PEA at the colonic mucosa surface, by genetically-modified probiotics, 

able to achieve a controlled production of anti-inflammatory molecules. This probiotic 

system could adhere to the intestinal surface and produce specific bioactive 

metabolite(s) in response to an exogenous substrate; thus, behaving as a resident “cell 

factory” for intestinal therapeutics against IBD. This approach was first explored in 

the pioneer works by Djordjevic and Klaenhammer and Steidler et al. [23,24] in the 

late 1990s and early 2000s, and was proven to be feasible both in animals and in phase 

I clinical studies involving IBD patients.  

Using Lactobacillus paracasei subsp. paracasei F19 (pLP) engineered with human N-

acylphosphatidylethanolamine-specific phospholipase D-(NAPE-PLD) gene, we 

aimed at generating an in situ drug-delivery probiotic system, able to selectively 

release PEA in the gastrointestinal (GI) tract, under the boost of ultra-low doses of 

exogenous palmitate. Previous in vivo studies demonstrated that Lactobacillus F19 

survived well through the human GI tract and was detected in reasonable numbers in 

stool specimens from 100% of studied subjects [25].  

Given the high genetic stability of this widely used probiotic, we tested whether the 

transformed NAPE-expressing LP (pNAPE-LP) was able to release PEA effectively 

both in vitro and in vivo, and assessed the in vivo effects of orally administered 

pNAPE-LP on (i) colitis severity, (ii) plasmatic release of pro-inflammatory signaling 

molecules and cytokines (iii) mucosal inflammation and neutrophil infiltration and (iv) 
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epithelial barrier integrity in a well-validate murine model of acute colitis. Dextran 

sodium sulphate (DSS) is a widely used method to study various clinical and 

histopathological features that reflect those observed in human ulcerative colitis, 

because of its simplicity, inexpensiveness, and reproducibility [26].  

MATERIAL AND METHODS 

Generation of Genetically Modified Strains of Lactobacillus paracasei subsp. 

paracasei F19  

The pTRKH3-slpGFP vector (Addgene, Watertown, MA, USA) was first modified to 

remove the GFP sequence at SalI/PstI restriction sites, insert T7 transcriptional 

terminators at BamHI/EcoRV sites, and insert linker sequences containing BsaI-BsaI 

at PstI/XmaI restriction sites. The cDNA of human NAPE-PLD was then inserted into 

the BsaI sites using the In-Fusion method (Clontech, Mountain View, CA, USA). The 

resulting pTRKH3-slp-NAPE-PLD and parental plasmid (not expressing NAPE-PLD 

gene, used as negative control) constructs were transfected into the Lactobacillus 

paracasei subsp. paracasei F19 strain (Arla Foods, Hoersholm, Denmark) by 

electroporation, and positive clones were obtained by erythromycin (5 μg/mL) 

selection. Both parental plasmid (pLP) and NAPE-PLD-expressing bacteria (pNAPE-

LP) were amplified anaerobically in Man, Rogosa and Sharpe (MRS)-broth (Conda, 

Torrejón de Ardoz Madrid, Spain) and isolated in MRS agar (Conda, Torrejón de 

Ardoz Madrid, Spain), both supplemented with erythromycin 5 μg/mL (Sigma-

Aldrich, Milan, Italy) under anaerobic conditions for 72 h at 37 °C. Bacteria viability 

was determined by manually counting colonies, and the colony forming units 

(CFU)/mL were obtained through a colonies number correction for the dilution factor. 
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Animals and Experimental Design 

Six-week-old male C57BL/6J mice (Charles River, Lecco, Italy) were used for the 

experiments. This gender/strain of rodents has been widely validated and investigated 

in DSS-induced colitis, given high animal susceptibility and detailed course in acute 

colitis [27]. All experimental procedures were approved by Sapienza University’s 

Ethics Committee. Animal care was in compliance with the IASP and European 

Community (EC L358/1 18/12/86) guidelines on the use and protection of animals in 

experimental research. Mice were randomly divided into the following groups (n = 10 

each): (1) non-colitic (vehicle) group; (2) colitic group receiving a daily intragastric 

gavage with 200 µL MRS broth without probiotic supplementation; colitic groups 

receiving a daily intragastric gavage with either (3) pLP or (4) pNAPE-LP combined 

with palmitate (0.0003 μg/kg); and (5) colitic group receiving a daily intragastric 

gavage with palmitate alone (0.0003 μg/kg), colitic groups receiving a daily 

intragastric gavage with pNAPE-LP combined with palmitate (0.0003 μg/kg) in the 

presence of selective (6) PPARα antagonist MK886 (10 mg/Kg) or (7) PPARγ 

antagonist GW966 (1 mg/Kg), respectively. A representative figure of our 

experimental plan is depicted in Figure 2A.  

In all groups, colitis was experimentally induced by administering dextran sulfate 

sodium (DSS 4% w/v, MW 36,000 to 50,000, Sigma Aldrich, Italy) in drinking water 

for six consecutive days (starting from day 1). Probiotic treatment was given daily 

from day 2 until day 6 by intragastric administration of 0.1 mL of bacteria suspension 

containing 0.8–1.2 × 109 CFU/mL of pLP or pNAPE-LP together with palmitate 

0.0003 μg/kg. PPARα antagonist MK886 and PPARγ antagonist GW966 were given 
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intraperitoneally from day 2 to day 6. During the whole length of the study, animal 

body weight, stool consistency and presence of bloody diarrhea were recorded daily 

to determine the disease activity index (DAI) (see Figure 2B). Animals were sacrificed 

at day 7 after colitis induction, spleen weight and colon length were measured after 

post-mortem isolation, and colonic tissues were removed to perform macroscopic, 

histochemical, and biochemical analyses, as described below.  

In Vitro and In Vivo Quantification of Bacteria-Produced PEA by HPLC–MS 

Method 

Specimens from the stomach, duodenum, jejunum, ileum, and distal colon from a 

subset of mice of the vehicle group treated with 0.1 mL of bacteria suspension 

containing 0.8–1.2 × 109 CFU/mL of pLP or pNAPE-LP together with palmitate 

0.0003 μg/kg were isolated to evaluate PEA concentrations in vivo (n = 12 in total, 6 

mice treated with pLP and 6 mice treated with pNAPE-LP). Tissues were processed 

according to the method described by the Endocannabinoid Research Group [28]. 

Extraction and analysis were performed according to Gachet et al. [29], with slight 

modifications. Firstly, samples of bacterial cultures were ultra-centrifuged at 10,956× 

g for 10 min, obtaining a supernatant (representing the culture medium) and a pellet 

(representing the bacteria). An amount of 250 µl of supernatant was extracted with the 

same volume of acetonitrile (ACN) with 0.1% formic acid (extraction solution), 

vortexed for 1 min, and placed at 4 °C for 10 min, to facilitate the precipitation of 

proteins. Then, the samples were centrifuged (10,956× g, 4 °C, 5 min) and the 

supernatant was injected for the mass spectrometry analysis. For the lysis of the 

bacterial pellet, 200 µL of extraction solution were added to each sample and vortexed 
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for 1 min. Samples were kept to −20 °C for 10 min and then in an ultrasound bath for 

a total of 30 min (2 cycles of 15 min each, with 5 min of break). Subsequently, the 

samples were centrifuged (10,956× g, 4 °C, 5 min) and the supernatant was injected 

for the mass spectrometry analysis. Analyses were run on a Jasco Extrema LC-4000 

system (Jasco Inc., Easton, MD, USA) coupled to an Advion Expression mass 

spectrometer (Advion Inc., Ithaca, NY, USA) equipped with an electrospray (ESI) 

source. Mass spectra were recorded in positive SIM mode. The capillary voltage was 

set at +180 V, the spray voltage was at 3 kV, the source voltage offset was at +20 V, 

and the capillary temperature was set at 250 °C. The chromatographic separation was 

performed on a Kinetex C18 analytical column (150 × 4.6 mm, id. 3 µm, 100 Å) and 

security guard column, both supplied by Phenomenex (Torrance, CA, USA).  

The analyses were performed at a flow rate of 0.3 mL/min, with solvent A (water 

containing 2 mM ammonium acetate) and solvent B (methanol containing 2 mM 

ammonium acetate and 0.1 % formic acid). Elution was performed according to the 

following linear gradient: 15% B for 0.5 min, 15–70% B from 0.5 to 2.5 min, 7–99% 

B from 2.5 to 4.0 min and held at 99% B from 4.0 to 8.0 min. From 8 to 11.50 min, 

the column was equilibrated to 15% B and conditioned from 11.5 to 15.0 min at 15% 

B.  

The injection volume was 10 µL and the column temperature was fixed at 40 °C. For 

quantitative analysis, standard curves of PEA (Sigma-Aldrich St. Louis, MO, USA) 

were prepared over a concentration range of 0.0001–1 ppm with six different 

concentration levels and duplicate injections at each level. All data were collected and 

processed using JASCO ChromNAV (v2.02.04) and Advion Data Express (v4.0.13.8). 
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Disease Activity Index (DAI) 

The DAI scale was used to evaluate experimental colitis induction and progression. 

DAI was determined by scoring changes in body weight (0 = none; 1 = 1 to 5%; 2 = 5 

to 10%; 3 =10 to 20%; 4 = >20%); stool consistency (0 = normal; 2 = loose; 4 = 

diarrhea) and rectal bleeding (0 = normal; 2 = occult bleeding; 4 = gross bleeding), 

according to the criteria proposed by Cooper et al. [30]. DAI score was recorded daily 

(from day 0 to day 7) and the results were expressed as cumulative average scores in 

each experimental group. 

Histopathological Analysis 

After sacrifice, mouse distal colons were fixed in 4% paraformaldehyde (PFA), 

sectioned into 15 μm slices, and stained with hematoxylin and eosin (H&E) for 

macroscopic and histopathological assessment. Colonic histological damage was 

evaluated through a complex score, according to the criteria proposed by Li et al. [31] 

considering the following parameters: (i) distortion and loss of crypt architecture (0 = 

none; 1 = mild; 2 = moderate; 3 = severe); (ii) infiltration of inflammatory cells (0 = 

normal; 1 = mild infiltration; 2 = moderate infiltration; 3 = dense infiltration); (iii) 

muscle thickening (0 = normal; 1 = mild muscle thickening; 2 = moderate muscle 

thickening; 3 = marked muscle thickening); (iv) goblet cell depletion (0 = absence; 1 

= presence); (v) crypt absence (0 = absence; 1 = presence). Slices were analyzed with 

a microscope Nikon Eclipse 80i by Nikon Instruments Europe (Nikon 

Corporation,Tokyo, Japan), and images were captured at 4× magnification by a high-

resolution digital camera (Nikon Digital Sight DS-U1). Cumulative histological 

damage scores were expressed as average scores in each experimental group.  
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Protein Extraction and Western Blot Analysis 

Proteins were extracted from colonic tissue and processed by Western blot analysis. 

Briefly, the samples were homogenized in ice-cold hypotonic lysis buffer (10 mM 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1.5 mM MgCl2, 10 mM 

KCl, 0.5 mM phenylmethylsulphonylfluoride, 1.5 mg/mL soybean trypsin inhibitor, 7 

mg/mL pepstatinA, 5 mg/mL leupeptin, 0.1 mM benzamidine and 0.5 mM 

dithiothreitol (DTT)). The resulting cytosolic extracts were mixed with a non-reducing 

gel loading buffer (50 mM Tris (hydroxymethyl) aminomethane (Tris), 10% 

sodiumdodecylsulfate (SDS), 10% glycerol, 2 mg bromophenol/mL) at a 1:1 ratio, and 

then boiled for 3 min followed by centrifugation at 10,000× g for 10 min. Protein 

concentration was determined using Bradford assay and equivalent amounts (50 μg) 

of each homogenate underwent electrophoresis through a polyacrylamide minigel. 

Proteins were transferred to nitrocellulose membranes that were saturated by 

incubation with 10% non-fat dry milk in 1X PBS overnight at 4°C and then incubated 

with either rabbit polyclonal anti-iNOS (Novus Biological, Abingdon, UK), rabbit 

polyclonal anti-COX-2 (Cell Signaling Technology, Danvers, MA, USA), rabbit 

polyclonal anti-IL-1β, rabbit polyclonal anti ZO-1, rabbit monoclonal anti-occludin 

(Abcam, Cambridge, UK) or mouse monoclonal anti-β-actin (Santa Cruz 

Biotechnology, CA, USA) for 2 h at room temperature (RT).  

Membranes were then incubated with the specific secondary antibodies conjugated to 

horseradish peroxidase (HRP) (Dako, Milan, Italy). Immune complexes were revealed 

by enhanced chemiluminescence detection reagents (Amersham Biosciences, Milan, 

Italy) and exposed to Kodak X-Omat film (Eastman Kodak Co., Rochester, NY, USA). 
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Protein bands were then scanned and densitometrically analyzed with a GS-700 

imaging densitometer. Results were expressed as OD (arbitrary units; mm2) and 

normalized on the expression of the housekeeping protein β-actin for mice and 

bacterial proteins, respectively. 

Preparation of Blood Samples 

Before being sacrificed, mice were deeply anesthetized. Blood samples were taken 

by cardiac puncture and collected in 5% EDTA vials, immediately prior to sacrifice. To 

determine nitric oxide (NO), prostaglandin E2 (PGE2), interleukin 1β (IL-1β) and 

tumor necrosis factor-α (TNFα) levels, plasma was then isolated from the blood, 

immediately frozen, and stored at −80 °C until the assays. 

Enzyme-Linked Immunosorbent Assay for TNFα, PGE2 and IL-1β 

Enzyme-linked immunosorbent assay (ELISA) for PGE2, IL-1β and TNFα (all Thermo 

Fisher Scientific, MA, USA) was carried out on mouse plasma according to the 

manufacturer’s protocol. Absorbance was measured on a microtiter plate reader. PGE2, 

IL-1β and TNFα levels were determined using standard curve methods. 

NO Quantification 

NO production was measured as nitrite (NO2
−) accumulation in murine plasma by a 

spectrophotometer assay based on the Griess reaction [32]. Briefly, Griess reagent (1% 

sulphanilamide, 0.1% naphthylethylenediamine in H3PO4) was added to an equal 

volume of plasma and the absorbance was measured at 550 nm. Nitrite concentration 

(nM) was thus determined using a standard curve of NaNO2. 
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Myeloperoxidase Activity  

Myeloperoxidase (MPO) activity was evaluated in colonic tissues to determine the 

extent of neutrophil infiltration and activation, as previously described [33]. After 

removal, mice colonic tissues were rinsed with a cold saline solution, opened, and 

deprived of the mucosa using a glass slide. The resulting layer was then homogenized 

in a solution containing 0.5% hexadecyltrimethylammonium bromide (Sigma-

Aldrich) dissolved in 10 mM potassium phosphate buffer and centrifuged for 30 min 

at 20,000× g at 37 °C.  

An aliquot of the supernatant was mixed with a solution of tetramethylbenzidine (1.6 

mM; Sigma-Aldrich) and 0.1 mM hydrogen peroxide (Sigma-Aldrich). The 

absorbance was then spectrophotometrically measured at 650 nm. MPO activity was 

determined as the amount of enzyme degrading 1 mmol/min of peroxide at 37 °C and 

was expressed in milliunits per 100 mg of wet tissue weight. 

Immunofluorescence Analysis  

On day 7, animals were sacrificed, and distal colon was isolated then fixed in ice-cold 

4% paraformaldehyde (PFA) and sectioned into 20 μm slices. Sections were blocked 

with bovine serum albumin and subsequently stained with rabbit anti-ZO-1 antibody 

(1:100 dilution v/v; Proteintech, Manchester, UK) or rabbit anti-occludin antibody 

(1:100 dilution v/v; Novus Biologicals, Abingdon, UK). Slices were then washed with 

PBS 1X and incubated in the dark with fluorescein isothiocyanate-conjugated anti-

rabbit (Abcam, Cambridge, UK). Nuclei were stained with Hoechst. Sections were 

analyzed with a microscope (Nikon Eclipse 80i), and images were captured by a high-

resolution digital camera (Nikon Digital Sight DS-U1). 
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Statistical Analysis 

Results were expressed as the mean ± SD of experiments. Statistical analysis was 

performed using parametric one-way analysis of variance (ANOVA) and multiple 

comparisons were performed by Bonferroni’s post hoc test. p-values < 0.05 were 

considered statistically significant. 

RESULTS 

Time-Dependent Production of PEA by pNAPE-LP and Exogenous Palmitate 

In an in vitro preliminary analysis, we tested the actual presence of PEA in the 

supernatant of pNAPE-LP strains after the boost of an ultra-low dose of exogenous 

palmitate. PEA release was measured at 1, 3, 6, and 12 h after the exposure to 

exogenous palmitate; native Lactobacillus paracasei (pLP) served as the control. We 

observed a significant PEA release only when the culture medium was enriched with 

0.0003 μg/mL of palmitate. The release of PEA reached the peak between 6 and 12 h, 

with a plateau detected at 12 h. In pLP, no detectable levels of released PEA were 

observed at the same time points, even when the medium was enriched with 0.0003 

μg/mL of palmitate (Figure 3A). Paralleling the in vitro results, the intragastric 

administration of pNAPE-LP and palmitate for four consecutive days resulted in a 

significantly increased expression of PEA in the duodenum (0.27 ± 0.19, p < 0.05 vs 

pLP + palmitate) ileum (0.44 ± 0.24, p < 0.05 vs pLP + palmitate) and colon (1.62 ± 

0.42, p < 0.001 vs pLP + palmitate), as compared to pLP-treated mice, with the highest 

PEA concentrations achieved in distal colonic samples (+123% vs pLP+ palmitate). 

On the contrary, no significant differences were observed in jejunal concentrations of 

PEA (Figure 3B). 
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Co-Administration of pNAPE-LP and Palmitate Improves the Severity of DSS-

induced Colitis in Mice  

Starting from day 4 after DSS administration (Figure 4), the disease activity index 

(DAI) score was significantly increased in colitis group (6.2 ± 1.45, p ˂ 0.001 vs 

vehicle), with a marked raise in bloody diarrhea and a significant body weight loss, as 

compared to control mice (Figure 4A). Parallel to this, a significant colonic shortening, 

and an increased spleen weight were also observed (Figure 4B–D, 3.9 ± 2.13, 0.085 ± 

0.012; all p ˂ 0.001 vs vehicle). Co-administration of pNAPE-LP and palmitate 

(0.0003 μg/kg) significantly decreased DAI score, causing an overall improvement in 

the severity of all the above signs. A significant reduction in bloody diarrhea, an 

increase in body weight, an increase in colon length and a reduction in the spleen 

weight were indeed observed in mice receiving pNAPE-LP as compared to DSS-

treated mice (Figure 4A–D, 1.8 ± 0.83, 8.3 ± 1.33, 0.032 ± 0.017; all p ˂ 0.001 vs 

DSS). In mice receiving native Lactobacillus Paracasei (pLP), no significant changes 

in the severity of colitis were conversely observed, even in the presence of palmitate 

(Figure 4A–D). Additionally, administration of palmitate alone did not show any 

significant effect on DAI severity, colon length or spleen weight, confirming that 

palmitate per se did not affect the course of colitis. According to previously reported 

data [16,18,34], we also confirmed that the protective effects of pNAPE-LP + 

palmitate were almost completely abolished in the presence of the selective PPARα 

antagonist (MK886), but not the PPARγ antagonist (GW9662) (Figure 4A–D, 2.2 ± 

0.83, 8.05 ± 0.95, 0.041 ± 0.017; p ˂  0.001 vs DSS), reflecting that pNAPE-LP-derived 

PEA exerts its beneficial effects through the selective involvement of PPARα 

receptors.  
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pNAPE-LP and Palmitate Co-administration Improves Colon Histopathological 

Damage, Mucosal Neutrophils Infiltration and Decreases Inflammatory Markers 

Expression and Release in DSS-Treated Mice 

Histopathological analysis revealed severe mucosal damage in DSS-treated mice that 

was characterized by marked mucosal neutrophil infiltration and a significant increase 

in MPO activity (Figure 4E–G, 7.2 ± 0.79, 30.8 ± 4.6; p ˂ 0.001 vs vehicle). The 

treatment with pNAPE-LP significantly ameliorated the colitis histopathological score 

and decreased MPO activity in comparison to DSS-treated mice (Figure 4E–G, 3.83 ± 

0.95, 13.4 ± 4.16; p ˂ 0.001 vs DSS). No significant effects on both mucosal 

inflammation and MPO activity were conversely observed in DSS-treated mice 

receiving pLP and palmitate co-administration, nor were pNAPE-LP alone or 

palmitate able to significantly improve mucosal damage and neutrophil infiltration 

(Figure 4E–G). The protective effects of the pNAPE-LP strain were found to be 

dependent by selective targeting of PPARα receptors, because they were inhibited by 

selective PPARα, but not PPARγ antagonism (Figure 4E–G, 3.86 ± 1.11, 13 ± 4.6; p 

˂ 0.001 vs DSS). The expression of pro-inflammatory signaling molecules and 

cytokines and their release were evaluated in colonic tissue homogenates and plasma 

samples, respectively. Our results demonstrated that DSS-treatment caused a marked 

increase in colonic iNOS, COX-2 and IL-1β in comparison to the vehicle group (Figure 

5A–D, 14.9 ± 1.94, 11.6 ± 1.83, 24.1 ± 1.83; all p ˂ 0.001 vs vehicle). Similarly, 

significant increases in the plasma level of NO, PGE2, IL-1β and TNF-α were observed 

(Figure 5E–H, 17.2 ± 2.35, 6.05 ± 1.7, 5.3 ± 1.73, 7.83 ± 2.08, respectively; all p ˂ 

0.001 vs vehicle). Treatment with pNAPE-LP and palmitate resulted in a significantly 

reduced expression and release of all the pro-inflammatory markers reported above, at 
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both colonic and plasmatic levels (Figure 5A–D, 2.91 ± 0.64, 2.94 ± 0.31, 8.82 ± 0.81; 

Figure 5E–H, 3.64 ± 1.9, 1.55 ± 1.33, 1.01 ± 0.45, 1.05 ± 0.69; all p ˂ 0.001 vs DSS).  

Again, the anti-inflammatory effects were significantly inhibited in the presence of the 

PPARα antagonist but not in the presence of the PPARγ antagonist (Figure 5A–D, 3.65 

± 0.64, 4.04 ± 2.13, 9.65 ± 0.6; Figure 5E–H, 4.83 ± 1.73, 2.05 ± 1.3, 1.74 ± 0.74, 2.1 

± 1.82; all p ˂ 0.001 vs DSS), whereas administration of pNAPE-LP alone, palmitate, 

or pLP + palmitate failed to significantly inhibit the expression and the release of 

inflammatory mediators (Figure 5).  

pNAPE-LP and Palmitate Co-administration Restores DSS-Induced Mucosal 

Integrity 

Western blot and immunofluorescence analyses revealed a significant impairment of 

colonic mucosa integrity, as demonstrated by the significantly lower expression of 

zonula occludens (ZO-1) and occludin in DSS-treated, than in control mice (2.24 ± 

1.44, 3.24 ± 1.75, 7.86 ± 3.69, 8.33 ± 2.87, respectively; both p ˂ 0.001 vs vehicle; 

Figure 6). A marked recovery of mucosal integrity was observed in DSS-treated mice 

receiving pNAPE-LP + palmitate, with ZO-1 and occludin expression being 

significantly increased (14.4 ± 2.87, 16.1 ± 3.52, 22.3 ± 5.68, 24.9 ± 2.87; both p ˂ 

0.001 vs DSS; Figure 6). This effect was completely abolished by MK886, but not 

GW9662 (14.4 ± 3.58, 16.2 ± 4.09, 21.5 ± 4.85, 23.7 ± 4.33; both p ˂ 0.001 vs DSS), 

further demonstrating the involvement of PPARα receptors, while the administration 

of pLP + palmitate or palmitate was not able to significantly improve mucosal integrity 

in DSS-induced mucosal damage (both p > 0.05 vs DSS; Figure 6).  
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DISCUSSION 

Our understanding of the pathophysiological role of gut microbiota underwent a 

paradigm shift in recent years. Considered as an innocent bystander for decades, 

accumulating evidence has clearly demonstrated its pivotal role in regulating several 

aspects of intestinal homeostasis, including mucosal integrity and inflammation 

[35,36]. In IBD, impaired host–microbiota interactions, resulting in a pro-

inflammatory milieu, are essential for the maintenance and progression of mucosal 

inflammation [37,38]. The use of probiotics, by means of potential therapeutics in IBD 

[39], has therefore immediately captivated the scientific community as an innovative 

approach to control and inhibit gut inflammation [40]. However, despite the 

encouraging preclinical data, most probiotics are poor colonizers of the intestinal 

surface in vivo, and their bioactive metabolites are still poorly characterized.  

Aside from the implicit regulation of the host–microbiota imbalance postulated in IBD, 

probiotics offer the unique prospect of serving as potential delivery systems of anti-

inflammatory molecules at the mucosal surface [41]. Genetically engineered 

probiotics able to colonize and express anti-inflammatory mediators in situ could 

overcome some of the current therapeutic failings, providing a novel efficient 

therapeutic approach in IBD [42].  

In the pioneering work by Steidler et al, genetically modified Lactococcus (Lc.) lactis, 

expressing murine IL-10, was able to prevent colitis development in IL-10 KO mice 

and to improve inflammation in DSS-induced colitis [41]. This approach in humans 

was, however, hindered by the poor survival of this probiotic in the gastrointestinal 

tract, given its poor bile and acid resistance, and the authors suggested novel strategies, 
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in order to improve the intestinal delivery of therapeutically engineered Lc. lactis, such 

as enteric coated formulations [42]. In a subsequent phase I clinical trial in Crohn’s 

patients, the enteric-coated engineered Lc. lactis has been shown to improve the 

disease course in humans [43]. However, in this clinical study, patients received both 

bile acid binders and proton pump inhibitors due to Lc. lactis poor viability, in order 

to improve the colonization of the GI tract.  

On the basis of such experimental paradigm, here, we demonstrated the feasibility of 

integrating a genetically-engineered probiotic, able to biosynthesize human NAPE-

PLD, into the murine microbiota, and evaluated its effects on colonic inflammation in 

a well-validated mouse model of acute colitis, using Lactobacillus paracasei F19 spp., 

a widely used probiotic in clinical settings, that is featured by its peculiar genetic 

stability.  

Lactobacillus F19 has also been chosen for its favorable technological features: it can 

tolerate the gastric acidic environment (pH 2.5, 1 h) and exposure to bile (20%, 2 h), 

and hence has good ability to colonize and persist in the human intestine. Binding of 

collagen by Lactobacillus strains has been described earlier [44], which, combined 

with the absence of adverse effects during human trials, even in subjects with 

underlying disorders, suggests that pLP is safe and effective as a probiotic in humans 

[45,46].  

In line with this, our data confirm that the colonization by pNAPE-LP is achieved after 

four days of treatment, and it results in the highest concentration of PEA in the distal 

colon.  
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Our findings indicate that the oral treatment with pNAPE-LP and palmitate efficiently 

improves DSS-induced colitis in mice, as shown by the decreased DAI score, 

preservation of colonic length and the attenuation of splenomegaly. The co-

administration of pNAPE-LP and palmitate also resulted in a significant 

histopathological improvement of colonic inflammation and neutrophil activation, as 

demonstrated by the reduced MPO activity. This, in turn, was mirrored by the 

significantly reduced expression and release of several proinflammatory molecules 

and cytokines.  

These potent anti-inflammatory effects were dependent on the pNAPE-LP ability of 

expressing the NAPE-PLD gene and producing PEA under the boost of ultra-low doses 

of exogenous palmitate. In fact, the administration of either pLP or palmitate alone 

was ineffective in counteracting colonic inflammation and improving colitis course. In 

parallel, PEA release caused an overall stabilization of mucosal barrier integrity in 

colitic mice, likely exploiting its well-known gate-keeper functions [16] due to PEA-

induced up-regulation of ZO-1 and occludin proteins. 

We also replicated previous data showing that these effects are secondary to PPARα 

receptors’ activation; the co-administration with PPARα, but not PPARγ antagonists, 

was able to almost completely prevent its anti-inflammatory effects, further providing 

indirect evidence of the key role PEA of in mediating pNAPE-LP effects.  

A number of genetically unmodified bacteria have shown potential anti-inflammatory 

properties in mice and, more recently, it has been proven that these effects are at least 

partially mediated by the endocannabinoid system. In a paper by Rossi et al., indeed, 

the widely used probiotic VSL#3 was able to modulate several genes encoding for 
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enzymes involved in endocannabinoid (EC) metabolism and to relatively modulate the 

expression of CB1 and CB2 at the intestinal surface [47]. A clear advantage of using 

engineered pNAPE-LP rather than wild-type probiotics is the possibility of selecting 

carrier bacteria that can increase the likelihood of reaching therapeutic doses of the 

appropriate compound and selectively modulating the endocannabinoid system.  

Given its inability of activating the cannabinoid receptors, PEA is a very intriguing 

candidate-drug in IBD, because it offers the prospect of modulating the ECS without 

any virtual side effects [48,49]. A previous paper has also demonstrated that PEA is 

able to dose-dependently improve colonic inflammation both in mice and, most 

importantly, in human colonic tissue samples derived from patients with UC [16]. 

Thus, the main limiting factor to orally-administered PEA as a therapeutic in humans 

is largely related to its often-unpredictable tissue concentrations. The possibility of 

efficiently delivering and increasing the production of PEA in situ therefore represents 

a very promising strategy. Furthermore, PEA is a short-lived compound that is 

produced on demand and is rapidly metabolized to its inactive metabolites [50-52]. 

Several other strategies able to enhance PEA tissue delivery are under consideration, 

comprising the co-administration with polydatin and ultra-micronized formulation of 

PEA. However, given the short-lived activity of PEA, it is unclear whether any of these 

strategies could efficiently maintain its tissue concentration at therapeutic levels.  

A possible critical advantage of genetically engineered probiotic systems is that being 

able to adhere to the mucosal surface and colonize the gut for prolonged periods, they 

could serve as a sustained source of PEA produced in situ. Because PEA is a naturally 

occurring acylethanolamine, deriving from endogenous mammalians phospholipids, it 
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seems highly unlikely to trigger an immune response, even when chronically 

biosynthesized by heterologous sources (i.e., gut microbiota) [53]. Furthermore, the 

fact that PEA production from the therapeutically engineered Lactobacillus is 

responsive to the co-administration of an exogenous substrate (palmitate), and that 

both PEA and pLP have a very favorable safety profile, with virtually no side effects 

observed in human trials, adds to the safety of our system.  

A limitation of our study is related to the fact that we did not explore the 

qualitative/quantitative changes in gut microbiota composition in mice. As previously 

stated, probiotics alone have shown the potential to modulate the ECS and positively 

impact on mucosal inflammation in IBD. However, pLP alone did not show any 

significant effects on mucosal inflammation in mice, and the pNAPE-LP + palmitate 

anti-inflammatory effects were mediated by the selective agonism at PPARα receptor 

sites, exerted by PEA release in vivo. One could argue that given the high plasticity of 

the acylethanolamine–PPARα axis, its anti-inflammatory effects could be attenuated 

for prolonged administrations. Further studies are required to determine the ideal 

interval and duration of booster administrations of pNAPE-LP able to maintain a 

sustained anti-inflammatory effect.  

Taken together, the results of the present study highlight the importance of pNAPE-

LP as a new therapeutic tool that, by counteracting mucosal immune cells infiltration 

and proinflammatory mediators release, may improve colitis. Moving forward, further 

research to evaluate the long-term, ecological, and environmental safety of this 

genetically modified organism, is ongoing in order to possibly translate this approach 

in humans.  
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Next-generation probiotics in infectious diseases: A Palmitoylethanolamide 

Producing Lactobacillus paracasei Improves Clostridium difficile Toxin A-

Induced Colitis 

ABSTRACT 

Genetically engineered probiotics, able to in situ deliver therapeutically active 

compounds while restoring gut eubiosis, could represent an attractive therapeutic 

alternative in Clostridium difficile infection (CDI). Palmitoylethanolamide (PEA) is 

an endogenous lipid able to exert immunomodulatory activities and restore epithelial 

barrier integrity in human models of colitis, by binding the peroxisome proliferator-

activated receptor-α (PPARα).  

The aim of this study was to explore the efficacy of a newly designed PEA-producing 

probiotic in a mice model of C. difficile toxin A (TcdA)-induced colitis.  The human 

N-acyl-phosphatidylethanolamine-specific phospholipase D (pNAPE-LP), a key 

enzyme involved in the synthesis of PEA production was cloned and expressed in a 

Lactobacillus paracasei, that was intragastrically administered to mice 7 days prior 

the induction of the colitis. Bacteria carrying the empty vector served as negative 

controls (pLP).  

In the presence of palmitate pNAPE-LP was able to significantly increase PEA 

production by 27900%, in a time- and concentration-dependent fashion. Mice treated 

with pNAPE-LP showed a significant improvement of colitis as measured by 

histological damage score, macrophage count and myeloperoxidase levels (-53, -82% 

and -70.4%, respectively). This was paralleled by a significant decrease both in the 

expression of Toll Like Receptor-4 (TLR-4) (-71%), phospho-p38 Mitogen-activated 
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protein kinase (phospho-p38 MAPK) (-72%), Hypoxia-inducible factor-1-alpha (HIF-

1α) (-53%), p50 (-74%) and p65 (-60%) and in the plasmatic release of Interleukin 6 

(IL-6) (-86%), nitric oxide (NO) (-59%) and Vascular-Endothelial Growth Factor 

(VEGF) (-71%). Finally, mucosal barrier integrity was significantly improved by 

pNAPE-LP treatment as witnessed by the rescue of Zonula Occludens-1 (ZO-1) 

(+304%), Ras homolog family member A-GTP (RhoA-GTP) (+649%) and occludin 

expression (+160%). These protective effects were mediated by the specific release of 

PEA by the engineered probiotic, as they were abolished in PPARα knock-out mice 

and in wild type mice treated with the pLP. 

Herein, we demonstrated that pNAPE-LP has therapeutic potential in CDI by 

inhibiting colonic inflammation and restoring epithelial barrier integrity in mice, 

paving the way to next generation probiotics as a promising strategy in CDI 

prevention. 

INTRODUCTION 

Clostridium (Clostridioides) difficile infection (CDI) represents the leading cause of 

nosocomial diarrhea in North America and Europe and has been labeled as an urgent 

public health threat by the US Center for Disease Control and Prevention (CDC) [54]. 

The disease almost invariably follows a disruption of gut resident flora, allowing C. 

difficile colonization and germination of the colon, commonly caused by broad-

spectrum antibiotic use. Recent estimates indicate that C. difficile strains can be found 

in up to 50 % of asymptomatic hospitalized patients; while in symptomatic individuals, 

the clinical spectrum may vary from uncomplicated diarrhea to even lethal 

pseudomembranous colitis, depending on strain virulence, on one hand and intestinal 
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microecological conditions (competitive colonization resistance from host 

microflora), on the other [55].  

C. difficile virulence depends on two bacterial exotoxins, C. difficile toxin A and B 

(TcdA and B, respectively) [56], that are internalized into the host cells via receptor-

mediated endocytosis and inhibit by glycosylation Ras homolog family member A-

GTPase (RhoA-GTPase) [57]. RhoA-GTPase proteins are physiologically involved in 

actin cytoskeleton and tight junctions’ assembly [58], resulting in the disruption of 

epithelial barrier, and consequently, a profound inflammatory response with release of 

proinflammatory cytokines and extensive neutrophil infiltration, through the activation 

of nuclear factor‐kappa B (NF‐κB) signaling pathway [59].  

Palmitoylethanolamide (PEA) is an endogenous, on demand-released N-

acylethanolamine belonging to the family of bioactive autacoid local injury antagonist 

amides (ALIAmides), a group of lipid molecules involved in the regulation of several 

physiological processes, ranging from analgesia, neuroprotection and inflammation 

[60]. By selectively binding the peroxisome proliferator-activated receptor-α (PPARα) 

[61], PEA exerts a wide-range of anti-inflammatory effects, downregulating inducible 

nitric oxide synthase (iNOS), cycloxigenase-2 (COX-2) and tumor necrosis factor-α 

(TNF-α) expression, as well as NF-κB signaling pathway, with downstream regulation 

of pro-inflammatory cytokines and immune cells infiltration in inflamed tissues. 

PEA is produced by conjugation from palmitate and ethanolamine, through the N-acyl-

phosphatidylethanolamine-specific phospholipase D (NAPE-PLD) [62], a key enzyme 

in both ALIAmides and endocannabinoid synthesis and is rapidly degraded after 

binding its receptor targets. Owing to its on-demand activity, PEA is safe and virtually 
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free from side effects, but requires high doses to achieve significant pharmacological 

effects. From a translational standpoint, this unfavorable pharmacokinetic profile is a 

major setback in PEA translatability to clinical contexts. It is therefore pivotal to 

develop new formulations and/or delivery systems able to increase PEA tissue 

exposure, enhancing its contact surface in the attempt of achieving an efficient 

therapeutic response.  

To overcome this limitation, we developed a probiotic-based delivery system, by 

genetically engineering Lactobacillus Paracasei subsp paracasei F19 with human 

NAPE-PLD gene (p-NAPE-LP), in order to achieve an in-situ delivery and release of 

PEA in the gastrointestinal tract, under the boost of ultra-low doses of exogenous 

palmitate. Lactobacilli are able to survive the gastrointestinal tract and colonize the 

large intestine, where they constitute part of the endogenous microflora. They are 

recognized as safe (GRAS) for human consumption, making them suitable vehicles to 

deliver therapeutic molecules in the large intestine. Based on this background, we 

tested the efficacy of daily intragastric administration of p-NAPE-LP in preventing the 

severity of colitis induced by intrarectal instillation of TcdA is a well-validated murine 

model that resembles the most important features observed in CDI in humans [63-65].     
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MATERIAL AND METHODS 

Generation of genetically modified strains of Lactobacillus paracasei subsp 

paracasei F19 (pNAPE-LP) 

The pTRKH3-slpGFP vector (Addgene, Watertown, Massachusetts, USA) was first 

modified to remove the GFP sequence at SalI/PstI restriction sites, insert T7 

transcriptional terminator at BamHI/EcoRV sites, and insert linker sequence 

containing BsaI-BsaI at PstI/XmaI restriction sites. The cDNA of human NAPE-PLD 

was then inserted into the BsaI sites using In-Fusion method (Clontech, Mountain 

View, CA, USA).  The resulting pTRKH3-slp-NAPE-PLD and parental plasmid (not 

expressing NAPE-PLD gene, used as negative control) constructs were transfected 

into the Lactobacillus paracasei subsp.paracasei F19  strain (Arla Foods, Hoersholm 

Denmark) by electroporation and positive clones were obtained by erythromycin (5 

μg/mL) selection. Both parental plasmid (pLP) and NAPE-PLD expressing bacteria 

(pNAPE-LP) were amplified anaerobically in Man, Rogosa and Sharpe (MRS)-broth 

(Conda, Torrejón de Ardoz Madrid, Spain) and isolated in MRS agar (Conda, Torrejón 

de Ardoz Madrid, Spain) both supplemented with erythromycin 5 μg/mL (Sigma-

Aldrich, Milan, Italy) under anaerobic conditions for 72 h at 37°C. Bacteria viability 

was determined by manually colonies count and the colony forming units (CFU)/mL 

was obtained through a colonies number correction for dilution factor. 

Animals and experimental design 

Six-weeks-old wild-type (WT) male C57BL/6J (Charles River, Laboratories, Italy) 

and PPARα KO (Taconic, Germantown, New York, USA) mice were used for the 

experiments. All the procedures were approved by La Sapienza University's Ethics 
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Committee in compliance with the IASP and European Community (EC L358/1 

18/12/86) guidelines on the use and protection of animals in experimental research. As 

depicted in Figure 7, C57BL/6J were randomly divided into four experimental groups 

(n=10 per group): (1) vehicle (control group); (2) TcdA group, (3) TcdA+pLP group 

and (4) TcdA+pNAPE-LP group, respectively. Both Vehicle and TcdA groups 

received 200μL MRS broth by intragastric gavage for one week, while the TcdA+pLP 

group was administered a daily volume of 200μL of MRS broth suspension containing 

109 CFU of pLP strain with 0.0003 μg/mL of sodium palmitate (Sigma-Aldrich, Milan, 

Italy). In the same conditions, the TcdA+pNAPE-LP group was administered by 

intragastric route with a daily volume of 200μL of MRS broth suspension containing 

109 CFU of pNAPE-LP and 0.0003 μg/mL of sodium palmitate. PPARα KO mice were 

randomly divided into three experimental groups (n=6 per group): (1) vehicle (control 

group); (2) TcdA group and (3) TcdA+pNAPE-LP group respectively and treated as 

above. One week following probiotic administration, mice received by intrarectal 

route a single administration of phosphate buffered saline 1X (PBS 1X) or TcdA 

(50μg/mL dissolved in PBS 1X), according to the method described by Hirota (Hirota 

et al., 2012) to induce acute pseudomembranous colitis. After 4 h from the intrarectal 

administration, all mice used for the experimental plan were deeply anesthetized 

before being euthanatized and blood samples were collected by intracardiac puncture, 

and tissues were isolated and processed to further analyses (see below).     

Extraction and quantification of in vitro and in vivo produced PEA by HPLC–

MS method 
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Extraction and analysis of PEA released in vitro and in vivo were performed according 

to Gachet et al. [66], with slight modifications. Bacterial cultures were ultracentrifuged 

at 14,000 rpm for 10 min to separate culture medium and bacterial pellet. Culture 

media were freeze-dried and then resuspended in a solution containing acetonitrile 

with 0.1% formic acid (extraction solution). Then, the samples were ultracentrifuged 

(14,000 rpm, 4°C, 5 min) and the supernatant injected for the mass spectrometry 

analysis. Both bacterial pellet and mice colon tissues were firstly lysed using a lysis 

buffer and then evaporated under nitrogen stream. Residues were suspended in 

extraction solution, ultra-centrifuged (14,000 rpm, 4°C, 5 min), and the supernatant 

injected for the mass spectrometry analysis. Analyses were run on a Jasco Extrema 

LC-4000 system (Jasco Inc., Easton, MD) coupled to an Advion Expression mass 

spectrometer (Advion Inc., Ithaca, NY) equipped with an Electrospray (ESI) source. 

Mass spectra were recorded in positive SIM mode. The capillary voltage was set at 

+180V, the spray voltage was at 3kV, the source voltage offset was at +20V and the 

capillary temperature was set at 250°C. The chromatographic separation was 

performed on analytical column Kinetex C18 (150 × 4.6mm, id.3 µm, 100 Å) and 

security guard column both supplied by Phenomenex (Torrance, CA, USA). The 

analyses were performed at flow rate of 0.3mL/min, with solvent A (water containing 

2mM ammonium acetate) and solvent B (methanol containing 2mM ammonium 

acetate and 0.1% formic acid)). Elution was performed according to the following 

linear gradient: 15% B for 0.5 min, 15-70% B from 0.5 to 2.5 min, 7-99% B from 2.5 

to 4.0 min and held at 99% B from 4.0 to 8.0 min. From 8 min to 11.50, the column 

was equilibrated to 15% B and conditioned from 11.5 to 15.0 at 15% B. The injection 

volume was 10 µL and the column temperature was fixed at 40°C. For quantitative 
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analysis, standard curves of PEA (Sigma-Aldrich, Milan, Italy) were prepared over a 

concentration range of 0.0001-10 ppm with six different concentration levels and 

duplicate injections at each level. All data were collected and processed using JASCO 

ChromNAV (version 2.02.04) and Advion data express (4.0.13.8). 

Histopathological analysis 

After sacrifice, mice distal colon specimens were fixed in 4% paraformaldehyde 

(PFA), sectioned into 15μm slices and stained with hematoxylin and eosin (H&E) 

(Sigma-Aldrich, Milan, Italy) for macroscopic and histopathological assessment. 

Colonic histological damage was evaluated through a complex score, according to the 

criteria proposed [67], considering the following parameters: (1) distortion and loss of 

crypt architecture (0 = none; 1 = mild; 2 = moderate; 3 = severe); (2) infiltration of 

inflammatory cells (0 = normal; 1 = mild infiltration; 2 = moderate infiltration; 3 = 

dense infiltration); (3) muscle thickening (0 = normal; 1 = mild muscle thickening; 2 

= moderate muscle thickening; 3 = marked muscle thickening); (4) goblet cells 

depletion (0 = absence; 1 = presence); (5) crypt absence (0 = absence; 1 = presence). 

Slices were analysed with a microscope Optika XDS-3L4 Ponteranica, BG, Italy) and 

images were captured at 4X magnification by a high-resolution digital camera (Nikon 

Digital Sight DS-U1). Cumulative histological damage score was expressed as average 

scores in each experimental group deriving by the observations of two independent 

qualified observers.  

Determination of macrophages mucosal infiltration  

Samples for immunohistochemical assessment of macrophages were isolated from 

both wt and PPARα KO mouse distal colon.  Tissues were fixed in 4% PFA, embedded 
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in paraffin, sectioned in 15μm slices and processed for immunohistochemistry. Slices 

were pretreated using heat-mediated antigen retrieval with a sodium citrate buffer, 

incubated with MAC387 (Abcam, Cambridge, UK) at RT [68], and detected using 

horseradish peroxidase (HRP)-conjugated compact polymer system. 3,30-

Diaminobenzidine (DAB) was used as the chromogen. Slices were then counterstained 

with haematoxylin, mounted with Eukitt (Sigma-Aldrich, Milan, Italy) and analyzed 

with a microscope (Optika XDS-3L4 Ponteranica, BG, Italy). Images were captured 

at 10X by a high-resolution digital camera and the data represent the median results of 

the two blinded assessors; in all cases, results of the assessments differed by no more 

than 5%. Results were quantified by ImageJ software (National Institutes of Health) 

and expressed as the number of macrophage marker antibody (MAC387) positive cells 

per area 

Myeloperoxidase assay 

Myeloperoxidase (MPO), a marker of polymorphonuclear leukocyte accumulation and 

general inflammation occurring in colonic tissues, was determined as previously 

described [69]. After removal, colonic tissues from both WT and PPARα KO mice 

were rinsed with a cold saline solution, opened and deprived of the mucosa using a 

glass slide. The resulting layer was then homogenized in a solution containing 0.5% 

hexadecyltrimethylammonium bromide (Sigma-Aldrich, Milan, Italy) dissolved in 

10mM potassium phosphate buffer and centrifuged for 30min at 20,000 × g at 37°C. 

An aliquot of the supernatant was mixed with a solution of tetramethylbenzidine 

(1.6mM; Sigma-Aldrich, Milan, Italy) and 0.1mM hydrogen peroxide (Sigma-Aldrich, 

Milan, Italy). The solution was then spectrophotometrically measured at 650nm. MPO 
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activity was determined as the amount of enzyme degrading 1 mmol/min of peroxide 

at 37°C and was expressed in milliunits (mU) per 100mg of wet tissue weight. 

Protein extraction and western blot analysis 

Proteins were extracted from colonic tissue or bacteria pellets and processed by 

Western blot analysis. For protein extraction by bacterial pellet, a specific CelLytic™ 

lysis buffer (Sigma-Aldrich, Milan, Italy) was used according manufacturer’s 

instructions. Tissue samples were homogenized in ice-cold hypotonic lysis buffer 

[10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1.5mM MgCl2, 

10mM KCl, 0.5mM phenylmethylsulphonylfluoride, 1.5 µg/mL soybean trypsin 

inhibitor, 7mg/mL pepstatin A, 5mg/mL leupeptin, 0.1mM benzamidine and 0.5mM 

dithiothreitol (DTT)]. Both bacterial and tissue-deriving protein extracts were mixed 

with a non-reducing gel loading buffer [50mM Tris(hydroxymethyl)aminomethane 

(Tris), 10% sodium dodecyl sulphate (SDS), 10% glycerol, 2 mg/mL bromophenol] at 

a 1:1 ratio, and then boiled for 3 min followed by centrifugation at 10,000 × g for 10 

min. The protein concentration was determined using Bradford assay and equivalent 

amounts (50μg) of each homogenate underwent electrophoresis through a 

polyacrilamide minigel. After the transfer the membranes  were incubated with 10% 

non-fat dry milk in PBS overnight at 4°C and then exposed, depending on the 

experiments, with rabbit polyclonal anti-NAPE-PLD (Abcam, Cambridge, UK) (1:200 

v/v), rabbit polyclonal anti-Tool Like Receptor-4 (TLR4) (Bioss Antibodies, Boston, 

USA) (1:1000 v/v), rabbit polyclonal anti-iNOS (Novus biological, Abingdon, UK) 

(1:1100 v/v), mouse monoclonal anti-RhoA-GTPase (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA) (1:100 v/v), rabbit polyclonal anti‐p38 Mitogen-Activated 
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Protein Kinase (p38 MAPK) (Bioss Antibodies, Boston, USA) (1:1000 v/v), rabbit 

monoclonal anti‐phospho-p-38 (p-p38) MAPK (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA) (1:1000 v/v), rabbit polyclonal anti-NF-κB p65 (Sigma-Aldrich, 

Milan, Italy) (1:1000 v/v), mouse monoclonal anti-NF-κB p50 (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) (1:1000 v/v),  mouse monoclonal anti-Hypoxia 

inducible factor-1-alpha (HIF-1α) (Novus biological, Abingdon, UK) (1:500 v/v), 

rabbit polyclonal anti-Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Cell 

Signaling Technology, Danvers, MA, USA) (1:1000 v/v) according to standard 

experimental protocols.  Membranes were then incubated with the specific secondary 

antibodies conjugated to HRP (Dako, Milan, Italy). Immune complexes were exposed 

to enhanced chemiluminescence detection reagents and the blots were analyzed by 

scanning densitometry (Versadoc MP4000; Bio-Rad, Segrate, Italy). Results were 

expressed as optical density (OD; arbitrary units=mm2) and normalized against the 

expression of the housekeeping protein GAPDH. Immune complexes were revealed 

by enhanced chemiluminescence detection reagents (Amersham Biosciences, Milan, 

Italy) and exposed to Kodak X-Omat film (Eastman Kodak Co., Rochester, NY, USA 

OK). Protein bands were then scanned and densitometrically analysed with a GS-700 

imaging densitometer. Results were expressed as OD (arbitrary units; mm2) and 

normalized on the expression of the housekeeping protein GAPDH for mice and 

proteins. 

Blood samples preparation  

Before being sacrificed, mice were deeply anesthetized. Blood samples were taken by 

cardiac puncture and collected in 5% Ethylenediaminetetraacetic acid (EDTA) vials, 
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immediately prior to sacrifice. To determine nitric oxide (NO), Interleukin-6 (IL-6) 

and Vascular-Endothelial Growth Factor (VEGF) levels, plasma was then isolated 

from the blood, immediately frozen and stored at −80°C until the assays. 

Enzyme-linked immunosorbent assay for IL-6 and VEGF 

Enzyme-linked immunosorbent assay (ELISA) for IL-6, and VEGF (all from Thermo 

Fisher Scientific Inc., Monza, Italy) was carried out on mice plasma according to the 

manufacturer’s protocol. Absorbance was measured on a microtiter plate reader. IL-6 

and VEGF levels were determined using standard curves method. 

NO quantification  

NO production was measured as nitrite (NO2
−) accumulation in murine plasma by a 

spectrophotometer assay based on the Griess reaction [70] (Di Rosa et al., 1990). 

Briefly, Griess reagent (1% sulphanilamide, 0.1% naphthylethylenediamine in H3PO4) 

was added to an equal volume of plasma and the absorbance was measured at 550nm. 

NO2
− concentration (nM) was thus determined using a standard curve of NaNO2. 

Immunofluorescence analysis for mucosal ZO-1 and occludin 

Segments of distal mouse colon were isolated and fixed in ice-cold 4% PFA and 

sectioned into 20μm slices. Sections were thus blocked with bovine serum albumin 

and subsequently stained with mouse anti-Zonula Occludens-1 (ZO-1) antibody (Bioss 

Antibodies, Boston, USA) (1:100 v/v) or rabbit anti-occludin antibody (Novus 

biological, Abingdon, UK) (1:100 v/v). Slices were then washed with PBS 1X and 

incubated in the dark with fluorescein isothiocyanate-conjugated anti-rabbit (Abcam, 
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Cambridge, UK). Nuclei were stained with 2-(4-amidinophenyl)-1H -indole-6-

carboxamidine (DAPI) (Thermo Fisher Scientific, Massachussets, USA). Sections 

were analyzed with a microscope (Optika XDS-3FL4 Ponteranica, BG, Italy), and 

images were captured by a high-resolution digital camera (Nikon Digital Sight DS-

U1). The expression of zonula occludens (ZO-1) and occludin were measured as 

relative fluorescence units (RFU) fold change versus vehicle groups. 

Statistical analysis 

Results are expressed as the mean ± standard error (SEM) of n = 6, n=5 or n=4, 

respectively, sets of experiments in triplicate. Statistical analyses were performed 

using one‐way analysis of variance, and multiple comparisons were performed using 

a Bonferroni post hoc test. *p < 0.05, **p<0.01 and ***p<0.001 was considered to 

indicate a statistically significant difference vs. control group and °p < 0.05, °°p<0.01 

and °°°p<0.001 was considered to indicate a statistically significant difference vs. 

TcdA group. 
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RESULTS 

Time- and palmitate concentration- dependent NAPE-PLD expression and PEA 

release by pNAPE-LP engineered bacteria in vitro. 

We first evaluated in vitro the ability of pNAPE-LP engineered strains to release PEA 

in the bacterial supernatant under the boost of the ultra-low dose of exogenous 

palmitate and tested the optimal palmitate concentrations to use in our in vivo 

experiments. Our results demonstrated that NAPE-PLD protein expression increased 

in a time-dependent manner in pNAPE-LP bacteria, following culture medium 

supplementation with 0.000003-0.0003 µg/mL of palmitate, reaching an expression 

peak between 6 and 12 h and a plateau at 12h (+89000% vs pLP) (Fig. 8 A and B), 

while NAPE-PLD was not detected in native pLP at the same time intervals. PEA 

concentrations significantly increased in the supernatant of pNAPE-LP, mirroring 

NAPE-PLD expression in a time and palmitate-dependent manner. PEA level peaked 

at 12 h (+27900% vs pLP) and reached a plateau concentration at the same time 

interval (Fig. 8 A and B). As anticipated, PEA levels were undetectable in pLP, even 

in the presence of the highest palmitate concentrations (0.0003 μg/L) (Fig.8 A and B). 

In vivo NAPE-PLD expression and PEA release by pNAPE-LP engineered 

bacteria  

At sacrifice, NAPE-PLD protein expression and PEA release were also evaluated in 

mice colonic tissues from the different experimental groups. Our data show that TcdA 

challenge, per se, increased NAPE-PLD expression and PEA release (+336% and 

+400%, respectively, versus vehicle), while the treatment with native pLP + palmitate 
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0.0003 μg/mL led to a further, but not significant increase in NAPE-PLD expression 

and PEA release (+21% and +8.95%, respectively, versus TcdA group). 

Conversely, the treatment with pNAPE-LP + palmitate 0.0003 μg/mL resulted in a 

significant +85% and +72% relative increase of NAPE-PLD expression versus TcdA 

and pLP + palmitate 0.0003 μg/mL treated mice, respectively. In line with NAPE-PLD 

expression, PEA concentrations in colonic specimens from pNAPE-LP + palmitate 

0.0003 μg/mL treated mice were increased up to +1233% versus vehicle and +150% 

versus pLP + palmitate 0.0003 μg/mL, respectively treated groups (Fig. 9A, C and E).   

Treatment with pNAPE-LP and palmitate improves colonic histopathological 

damage, macrophage density and neutrophils infiltration in WT mice 

TcdA challenge induced a severe mucosal damage evaluated at histopathological 

analysis performed by H&E (Fig. 10 A and C) in WT mice (+350% vs vehicle). 

Mucosal inflammation was featured by a markedly increased macrophage density in 

the colonic mucosa, as per immunohistochemical quantification of MAC387 positive 

cells (+450% versus vehicle) and by increased neutrophils infiltration, indirectly 

confirmed by the increased MPO activity (+633% versus vehicle) (Fig. 10E, G and I). 

A negligible and not significant improvement in terms of histological score (-6%), 

relative MAC387 density (-5%), and MPO activity (-9%) was observed in mice treated 

with native pLP + palmitate 0.0003 μg/mL.  On the contrary, pNAPE-LP + palmitate 

0.0003 μg/mL administration significantly improved the histological damage score (-

53%), with a consequent reduction of MAC387+ cell count (-70.4%) and a significant 

reduction in MPO levels (-82%) compared to TcdA group in WT mice. 
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Treatment with pNAPE-LP and palmitate decreases pro-inflammatory markers 

expression and cytokine release in TcdA-treated WT mice. 

The expression of pro-inflammatory signalling molecules and their release were 

evaluated in colonic tissue homogenates and plasma samples, respectively. Our results 

demonstrated that the intrarectal TcdA challenge caused a marked increase of TLR-4 

(881%), phospho-p38MAPK (550%), HIF1α (+489%) and of the markers of NF-κB 

activation p50 (433%) and p65 (230%), versus vehicle in C57BL/6J mice. Immunoblot 

analysis also revealed a massive decrease of RhoA-GTPase protein expression in 

TcdA versus vehicle group (-87%) (Fig. 11 A and C). In parallel, plasmatic levels of 

IL-6 (+740%), NO (+245%) and VEGF (458%) were significantly increased in TcdA 

as compared to vehicle (Fig. 11E).  

pLP + palmitate 0.0003 µg/ml coadministration failed to improve the above-described 

parameters, as we observed a not significant variation in TLR-4 (-10%), phospho-

p38MAPK (+6%), HIF-1α (+5%) p50 (-4.0%), p65(-10%) and RhoA-GTPase (+9.5%) 

protein expression. Similarly, plasmatic pro-inflammatory mediators such as IL-6 

(+5.6%), NO (-10%) and VEGF (-11%) were not significantly improved by native pLP 

+ palmitate 0.0003 µg/ml versus TcdA group.  

Conversely, in the group of WT mice treated with pNAPE-LP + palmitate 0.0003 

µg/ml, we observed a reduced expression of pro-inflammatory signaling molecules 

with a significant decrease of TLR-4 (-71%), phospho-p38MAPK (-72%), HIF-1α (-

53%), p50 (-74%) and p65 (-60%) expression as compared to the TcdA group. In line 

with this, pNAPE-LP + palmitate 0.0003 µg/ml also caused a significant recovery of 
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RhoA-GTPase expression (+649%) and a significant inhibition of the systemic release 

of IL-6 (-86%), NO (-59%) and VEGF (-71%).  

Treatment with pNAPE-LP and palmitate improves the epithelial barrier 

function in TcdA- treated WT mice. 

As a consequence of TcdA enterotoxicity, immunofluorescence analysis revealed a 

significant depletion of both ZO-1 and occludin protein expression, key factors 

regulating colonic mucosa integrity, as demonstrated by a severe loss of relative 

fluorescent units compared to vehicle.  

Specifically, TcdA exposure caused a significant decrease of ZO-1 and occludin in 

C57BL/6J mice treated with TcdA (-78% and -77%, respectively vs vehicle) (Fig.12 

A). A one-week course of pLP and palmitate did not improve both ZO-1 (+18%) and 

occludin (-16%) expression versus TcdA group (Fig. 12A), while pNAPE-LP + 

palmitate 0.0003 μg/mL significantly improved mucosal integrity, with a relative 

increase in fluorescence intensity for both ZO-1 (+304%) and occludin (160%) in WT 

mice (Fig. 12C).  

The effects of pNAPE-LP and palmitate are selectively mediated by PPARα 

receptors 

In line with the findings in WT animals, TcdA challenge caused a significant 

upregulation of colonic NAPE-PLD expression (+300%) and PEA release (+133%) 

also in PPARα KO mice. The treatment with pNAPE-LP + palmitate 0.0003 μg/mL 

caused a significant relative increase in NAPE-PLD tissue expression and PEA release 

in PPARα KO mice, similarly to what observed in WT animals (+168% and +207% 
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respectively, compared to pLP + palmitate 0.0003 mg/mL treated mice (Fig. 9 B, D 

and F). Nonetheless, despite the increase in PEA tissue levels, the treatment with 

pNAPE-LP + palmitate 0.0003 mg/mL failed to display all the afore mentioned 

protective effects on the histological damage score, pro-inflammatory markers 

expression and plasmatic release and epithelial barrier function in this murine model. 

Indeed, under the same experimental conditions, pNAPE-LP + palmitate 0.0003 

mg/mL administration failed to improve the histological damage score (-5%), 

macrophage density count (+1.5%) and MPO level quantification (+5%) (Fig. 10 B, F, 

D, H and J), in spite of the increased tissue production of PEA. Conversely to WT 

animals, no significant changes were detected neither in the expression of TLR-4 

(+13%), RhoAGTPase (+3.7%), phospho-p38MAPK (-3.7%), HIF-1α (+1.8%), p50 (-

6.5%) and p65 (-1.5%) (Fig. 11B and D) nor in the plasmatic release of IL-6 (+3.4%), 

NO (-7%) and VEGF (+5%) in pNAPE-LP + palmitate 0.0003 mg/mL treated PPARα 

KO mice versus the respective TcdA group (Fig. 11F), further confirming the role of 

PPARα receptors in mediating PEA effects. Finally, TcdA exposure caused a 

significant decrease of ZO-1 and occludin in PPARα KO mice treated with TcdA (-

78% and -77%, respectively vs vehicle), but once again, the rescue of ZO-1 and 

occluding observed in WT animals treated with pNAPE-LP + palmitate 0.0003 µg/ml 

appeared to be mediated by PPARα receptors, since both ZO-1 (-0.89%) and occludin 

(+18%) signal intensity were unmodified by pNAPE-LP + palmitate 0.0003 mg/mL 

treatment in PPARa KO mice (Fig. 12 B and D). Taken together, these results suggest 

the crucial importance of PPARa receptors in mediating the effects of the engineered 

probiotic pNAPE-LP in our experimental conditions. 
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DUSCUSSION 

With the continue rise in its incidence and recurrence, there has been an increasing 

interest toward the development of non-antibiotic based therapies for C. Difficile 

infection. The current treatment guidelines indeed, advise for the use of metronidazole 

and vancomycin as first-line treatment in CDI [71]; however, increasing concerns have 

been raised regarding the incidence of resistant strains and the rate of recurrence in 

successfully treated patients [72]. Being broad-spectrum antibiotics themselves, both 

metronidazole and vancomycin carry the potential to prolong the susceptibility to 

reinfection, by preventing the replenishment of the resident intestinal microflora and, 

in so doing, suppressing one of the most important protective colonization resistance 

factors from the host [73].  

In this context, probiotics can, at least on paper, be effective in restoring the intestinal 

dysbiosis and play a protective role against CDI [74]. Although Saccharomyces, 

Bifidobacterium, and Lactobacillus genera all carried a protective effect against C. 

difficile [75,76], the efficacy of probiotics for CDI prevention and/or treatment is very 

limited. In keeping with this, we observed only a modest and not significant effect in 

limiting the histopathological damage and regulating the epithelial barrier integrity, 

following preventive administration of pLP in our murine model.  

Aside from the obvious implication of regulating the host-microbiota imbalance, 

however, probiotics could serve as delivery systems of anti-inflammatory molecules 

able to limit the severity of CDI infection. Genetically engineered probiotics able to 

colonize and in-situ express anti-inflammatory mediators could overcome some of the 

therapeutic failings in CDI. Feasibility of oral therapy against CDI by means of using 
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engineered Lactobacillus able to express toxin-neutralizing antibodies was previously 

explored in a hamster model and showed therapeutic potential by reducing colonic 

inflammation and prolonging animals’ survival [77]. In the current study, we explored 

the efficacy of an orally administered pNAPE-LP, in order to achieve an in-situ 

delivery and release of PEA in the gastrointestinal tract, under the boost of ultra-low 

doses of exogenous palmitate.  

Our results show that pNAPE-LP was an effective strategy to produce PEA, both in 

vitro and in vivo. PEA is an endogenous bioactive lipid amide with pleiotropic 

homeostatic properties, including immune response regulation and inhibition of pain 

and inflammation, through the activation of PPARα receptors [61]. These well-

established immunomodulatory properties have been studied in a number of animal 

and human models featured by hyper-inflammation, such as osteoarthritis [78], 

neurodegenerative [79] and, notably, in inflammatory bowel diseases [62].  

In our model, the prophylactic oral administration of pNAPE-LP was able to limit the 

severity of TcdA toxin-induced colitis by improving colonic mucosa histopathological 

damage and reducing the release of proinflammatory mediators in both colonic mucosa 

and plasma. The increase in PEA tissue levels was followed by a significant 

downregulation of p50 and p65, markers of NF-κB activation, a key signaling pathway 

involved in down-stream regulating cytokine and intestinal proinflammatory 

mediators’ release [80]. Besides, neo-angiogenesis induced by TcdA challenge in vivo 

has been recently reported as a contributing factor in CDI pathogenicity [81].  PEA 

release by pNAPE-LP + palmitate 0.0003 µg/ml was followed by a significant 

reduction of HIF-1α expression, through the inhibition of NF-κB signalling pathway. 
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Since it has been demonstrated that HIF-1a activation prompts a rapid worsening of 

CDI pathology and mortality [81].  Our results highlight the importance of the control 

of the neo-angiogenesis as a further protective mechanism of pNAPE-LP 

administration. This is confirmed by the mitigation of both NO and VEGF secretion 

in our experimental conditions that is in line with previous observation of anti-

angiogenic PEA effects in colon inflammatory conditions [82].   

In parallel, PEA release caused an overall stabilization of mucosal barrier integrity, 

likely exploiting its well-known gate-keeper functions due to up-regulation of ZO-1 

and occludin proteins, on one hand and the significant rescue of RhoA GTPase, on the 

other. PEA is also known for its ‘entourage effect’ on the endocannabinoid system 

(ECS), being able to potentiate the effect of prototypical endocannabinoids, but not 

carrying their potential side effects [83]. Interestingly, the non-psychotropic 

cannabinoid Cannabidiol (CBD) was able to prevent the cytotoxic damage caused by 

TcdA in in vitro cultured Caco-2 cells [84]. The observed increase in mucosal integrity 

and reduced cellular permeability in this study were mediated by the involvement of 

the cannabinoid-1 (CB-1) receptor. CBD is a very low-affinity CB1 ligand, that can 

nonetheless still affect CB1 receptor activity and the ECS in vivo in an indirect 

manner. Although it has been suggested that CBD is well tolerated and safe in humans 

at high doses and with chronic use, in vitro and in vivo studies showed potential drug 

metabolism interactions, cytotoxicity and decreased CB receptor activity [85,86].  

On the contrary, PEA offers the prospect of modulating the ECS without any virtual 

side effects, owing to its inability of activating the CB receptors [87]. PEA belongs to 

the Autacoid Local Injury Antagonist (ALIA) amides family, a group of shortly-lived 
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lipids that is produced on demand and rapidly metabolized to their inactive metabolites 

[88]. Hence, the main limiting factor to its clinical transability in humans is PEA often-

unpredictable tissue concentrations following oral administration.  

Here, we demonstrated the feasibility of integrating into the murine microbiota a 

genetically engineered probiotic, able to topically biosynthesize PEA, overcoming 

such limitations.  

We used the Lactobacillus Paracasei subsp paracasei F19, a widely used probiotic in 

clinical settings [89] that is featured by its peculiar genetic stability and its ability to 

colonize and persist in the human intestine [90]. Analogously to PEA, the 

Lactobacillus Paracasei subsp paracasei F19 is considered safe for human 

consumption and during human trials, it showed the absence of adverse effects, even 

in subjects with underlying disorders, adding to the safety of our system.  

One limitation of the current study is that NAPE-PLD gene is a key enzyme 

responsible for the production of several other bioactive lipids, including oleoyl-

ethanolamine (OEA) and anandamide (AEA) and PEA production is often coupled by 

a relative increase of these bioactive compounds. Although we did not test their levels 

in our model, the evidence that the protective effects of pNAPE-LP were abolished in 

PPARα KO mice supports the idea that PEA release is the key factor in mediating such 

effects. Nonetheless, these so-called ‘entourage’ effects on the ECS are not to be 

excluded a priori when considering the potential therapeutic effects of pNAPE-LP.  

Another potential setback is that we explored an acute intestinal disease model by 

intrarectally-injecting mice with TcdA enterotoxin. This is a highly reproducible and 

well-validated model to replicate the pathological findings of CDI; however, it carries 
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the setback of not being able to explore pNAPE-LP anti-inflammatory effects for 

prolonged administrations and/or the secondary changes to gut microflora that would 

have undoubtedly strengthened our results in human pathology.  

Despite these limitations, the results of the present study highlight the safety and 

effectiveness of pNAPE-LP that, by counteracting mucosal inflammation and 

restoring the epithelial barrier function, can improve TcdA-induced colitis in mice. 

Although further research is needed to evaluate the long-term, ecological and 

environmental safety of this genetically modified organism in order to translate this 

approach in humans, this evidence supports, for the first time, the role of PEA and this 

genetically engineered probiotic in counteracting CDI in mice. 
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NEXT-GENERATION PROBIOTICS IN OBESITY AND METABOLIC 

SYNDROME 

ABSTRACT 

Oleoylethanolamine (OEA) is an N-acylethanolamide produced on-demand by the 

enzyme N-acylphosphatidylethanolamine- preferring phospholipase D (NAPE-PLD). 

Being a key member of the larger family of bioactive autacoid local injury antagonist 

amides (ALIAmides), OEA displays a number of actions that are protective against 

obesity and related disorders, including the control of satiety and the regulation of the 

fat acids beta-oxidation in the adipose tissue. Despite its safety profile, however, high 

OEA doses are required in vivo to exert its therapeutic activity.  

To overcome OEA pharmacokinetic limitations, we developed a NAPE-PLD 

expressing Lactobacillus paracasei F19 (pNAPE-LP) able to produce OEA under the 

boost of ultra-low (and non-toxic) oleate supply. We tested this formulation in obese 

mice treated with high-fat diet (HFD), investigating the effects of pNAPE-LP + oleate 

on weight, glycemic and lipid profile and on histological severity of liver steatosis. 

Moreover, we evaluated the effects of pNAPE-LP and oleate on gut microbiome 

composition.  

The coadministration of pNAPE-LP and oleate led to time-and palmitate-

concentration dependent release of OEA, resulting in a significant weight loss in HFD 

treated mice, with a parallel improvement in blood glucose and lipid levels and 

significant improvement in liver steatosis. Furthermore, at the end of the treatment, 

microbiome analysis revealed a restore in the imbalance between Firmicutes and 

Bacteroidetes ratio with an increased abundance for the strains Lactobacillus and 
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Prevotella species. These effects were strictly dependent on the ability of pNAPE-LP 

of integrating within the host microbiota and release the biotherapeutic in situ, since 

we did not observe any effects with the treatment with the native probiotic.  

pNAPE-LP combined with ultra-low oleate supply stands as a new method to increase 

the in situ intestinal delivery of OEA as a new therapeutic in weight control and 

metabolic syndrome.  

BACKGROUND & AIM  

The metabolic syndrome is defined by the concomitant occurrence of several known 

cardiovascular risk factors, comprising insulin resistance, hypertension, dyslipidemia 

and obesity. These disorders are strictly co-dependent and share common 

pathophysiological mechanisms and pathways [91]. Among these, obesity represents 

one of the most critical contributing factors in the development and progression of 

metabolic syndrome and related chronic diseases, such as type 2 diabetes, 

atherosclerosis and non-alcoholic fatty liver disease [92-95]; with vast economic 

burden [96, 97]. Lifestyle and behavioral modifications, such as dietary restriction, are 

the cornerstone of the management of metabolic syndrome, albeit they often fail in 

achieving long-term and sustainable success, particularly in morbidly obese patients 

at higher risk of complications [98]. In this setting, pharmacological approaches should 

be taken into consideration to achieve body weight control and prevent and/or mitigate 

the long-term effects of metabolic syndrome. The endocannabinoid system (ECS) has 

been one of the most extensively studied pharmacological targets for its therapeutic 

potential in preventing obesity [99].  
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Being a pleiotropic endogenous signaling pathway, targeting the ECS bears the 

intriguing potential of modulating at once several aspects implied in the 

pathophysiology of the metabolic syndrome and its complications [100].  

Indeed, the ECS is able of positively regulating metabolism and body composition in 

obesity by modulating food intake at hypothalamic level, while increasing, at the same 

time, peripheral lipogenesis and insulin sensitivity. For these reasons, Rimonabant, a 

type 1 cannabinoid (CB1) receptor antagonist, has been among the first 

pharmacological agents to be approved by the Food and Drug Administration (FDA) 

for the management of severe obesity [101,102]. Nonetheless, despite its promising 

therapeutic effects, it has been withdrawn from the market because of serious 

psychiatric side effects, particularly depression and suicide ideation [103]. Thus, novel 

strategies exploiting the beneficial pleiotropic effects of the ECS without increasing 

the risk of central side effects, driven by CB1 receptors, are utterly awaited.  

Oleoylethanolamine (OEA) is an N-acylethanolamide produced on-demand by the 

enzyme N-acylphosphatidylethanolamine- preferring phospholipase D (NAPE-PLD) 

[104]. OEA belongs to the larger family of the bioactive autacoid local injury 

antagonist amides (ALIAmides), which are endocannabinoid-related compounds 

voided of the potential central side effects of classical cannabinoids, given their 

inability of activating the cannabinoid receptors (CBRs) [105]. OEA is, in fact, a high‐

affinity ligand of the intracellular Peroxisome Proliferator-Activated Receptors 

(PPAR) ‐α [106-108]. PPAR‐α is a key regulator of lipid metabolism and energy 

homeostasis [108-109]. Indeed, fibrates retain their antihyperlipidemic and 

antiatherogenic functions, via PPAR‐α agonism [110-112]. OEA is a more effective 

http://www.sisa.it/upload/GIA_2013_n2_2.pdf
http://www.sisa.it/upload/GIA_2013_n2_2.pdf
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inducer of PPAR‐α receptors than other natural substrates (such as oleic acid) and a 

500 to 900 times more potent agonist than fibrates [113]. Aside from the protective 

cardio-metabolic peripheral effects, OEA is also able to decrease food intake and 

appetite sensation, with consequent reduction of body weight in animal models and 

human trials [114]. For these reasons, OEA has been recently approved as a food 

supplement by the FDA given the positive effects in decreasing body mass index 

(BMI) by 7–8% with no reported side effects, aside from nausea, in clinical trials [115, 

116]. However, the main issue limiting OEA therapy is its rapid metabolization along 

the gastrointestinal (GI) tract. Indeed, pharmacokinetic studies show that when 

administered orally, radiolabeled OEA was rapidly metabolized with only 0.48% of 

the given dose found at tissue level [115]. 

Using Lactobacillus paracasei subsp paracasei F19 (pLP) engineered with human N-

acylphosphatidylethanolamine-specific phospholipase D-(NAPE-PLD) gene, we 

aimed at generating an in-situ drug-delivery probiotic system, able to selectively 

release OEA in the GI tract, under the boost of ultra-low dose of exogenous oleate.  

Given the high genetic stability of this widely used probiotic, we tested whether the 

engineered NAPE-expressing LP (pNAPE-LP) was effectively able to release OEA 

and assessed the in vivo effects of orally administered pNAPE-LP and oleate on (i) 

weight and food intake, (ii) plasmatic levels of blood glucose and lipids (iii) 

histopathological severity of liver steatosis and (iv) microbiome composition in obese 

mice treated with high-fat diet (HFD). 
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MATERIALS AND METHODS 

Generation of genetically-modified strains of Lactobacillus paracasei subsp 

paracasei F19  

The pTRKH3-slpGFP vector (Addgene) was first modified to remove the GFP 

sequence at SalI/PstI restriction sites, insert T7 transcriptional terminator at 

BamHI/EcoRV sites, and insert linker sequence containing BsaI-BsaI at PstI/XmaI 

restriction sites. The cDNA of human NAPE-PLD was then inserted into the BsaI sites 

using In-Fusion method (Clontech). The resulting pTRKH3-slp-NAPE-PLD construct 

was transfected into the Lactobacillus Paracasei by electroporation and positive 

clones were obtained by erythromycin (5 μg/mL) selection. Probiotics pLP (LP strain 

with empty expression plasmid) and pNAPE-LP (LP strain expressing 

human NAPEpld gene) were amplified anaerobically in Man, Rogosa and Sharpe 

(MRS)-broth (Conda, Torrejón de Ardoz Madrid, Spain) and isolated in MRS agar 

(Conda, Torrejón de Ardoz Madrid, Spain) both supplemented with erythromycin 5 

μg/ml (Sigma-Aldrich, Milan, Italy) under anaerobic conditions for 72 h at 37 °C. 

Bacteria viability was determined by manually colonies count and the colony forming 

units (CFU)/ml was obtained through a colonies number correction for dilution factor. 

In vitro assessment of NAPE-PLD expression and quantification of bacterial-

derived OEA release 

To test the ability of pNAPE-LP to release OEA in presence of oleate, respectively, 

0.8-1.2 x 109 CFU/ml of bacteria have been supplemented with increasing 

concentrations of oleate (0.0003, 0.00003 and 0.000003 μg/l) in the culture medium. 

Bacterial samples were ultra-centrifuged at 14,000 rpm for 10 min to obtain the 
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supernatants (culture medium) and pellets (bacteria) at 1, 3, 6 and 12 h after challenge 

with oleate. Extraction and analysis were performed according to Gachet et al [66]  

with slight modifications. Briefly, an amount of 250 μl of supernatant was extracted 

with the same volume of ACN with 0.1% formic acid (extraction solution), vortexed 

for 1 min and placed at 4°C for 10 min, to facilitate the precipitation of proteins. Then, 

the samples were then centrifuged (14,000 rpm, 4°C, 5 min) and the supernatant 

injected for the mass spectrometry analysis. For the lysis of the bacterial pellet, 200 μl 

of extraction solution were added to each sample and vortexed for 1 min. Samples 

were kept to -20°C for 10 min and then in ultrasound bath for 30 min (2 cycles of 15 

minutes each, with 5 minutes of break). Subsequently, the samples were centrifuged 

(14,000 rpm, 4°C, 5 min) and the supernatant injected for the mass spectrometry 

analysis. Analyses were run on a Jasco Extrema LC-4000 system (Jasco Inc., Easton, 

MD) coupled to an Advion Expression mass spectrometer (Advion Inc., Ithaca, NY) 

equipped with an Electrospray (ESI) source. Mass spectra were recorded in positive 

SIM mode. The capillary voltage was set at +180 V, the spray voltage was at 3 kV, the 

source voltage offset was at +20 V and the capillary temperature was set at 250°C. The 

chromatographic separation was performed on analytical column Kinetex C18 

(150×4.6 mm, id.3 μm, 100 Å) and security guard column both supplied by 

Phenomenex (Torrance, CA, USA). The analyses were performed at flow rate of 0.3 

mL/min, with solvent A (water containing 2 mM ammonium acetate) and solvent B 

(methanol containing 2 mM ammonium acetate and 0.1% formic acid). Elution was 

performed according to the following linear gradient: 15% B for 0.5 min, 15-70% B 

from 0.5 to 2.5 min, 7-99% B from 2.5 to 4.0 min and held at 99% B from 4.0 to 8.0 

min. From 8 min to 11.50, the column was equilibrated to 15% B and conditioned from 
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11.5 to 15.0 at 15% B. The injection volume was 10 μL and the column temperature 

was fixed at 40°C. For quantitative analysis, standard curves of OEA (Sigma-Aldrich 

St. Louis, MO, USA) were prepared over a concentration range of 0.0001-1 ppm with 

six different concentration levels and duplicate injections at each level. All data were 

collected and processed using JASCO ChromNAV (version 2.02.04) and Advion data 

express (4.0.13.8). OEA concentration (μg/ml) in pNAPE-LP-derived supernatants 

was determined and compared to non-expressing NAPE-PLD bacteria at 1, 3, 6 and 

12 hours.  In parallel, NAPE-PLD protein expression was determined in pNAPE-LP 

pellets by using B-PER bacterial protein extraction reagent (Thermo Fisher Scientific, 

Massachusetts, USA) and western blot analysis at the same time points. 

Animals and experimental design 

All experiments involving animals were carried out according to Sapienza University's 

Ethics Committee. Animal care was in compliance with the IASP and European 

Community (EC L358/1 18/12/86) guidelines on the use and protection of animals in 

experimental research. Six-weeks-old male C57BL/6J mice (Charles River, Lecco, 

Italy) were used for the experiments. All mice were maintained on a 12-hour light/dark 

cycle in a temperature-controlled environment with access to food and water ad 

libitum. We used an accelerated high-fat diet (HFD) protocol [117] to induce the onset 

of obesity/overweight at 4–6 weeks of diet ingestion [118]. In the initial set of 

experiments assessing the effect of HFD on body weight and metabolic disorder onset, 

mice were fed with a standard chow diet containing 6.2% fat (SD group, n = 10; 

Charles River, Lecco, Italy), or with a high-fat diet containing 72% fat (HFD, n = 10; 

modified DIO 70% kcal fat diet with 2% additional corn oil, TestDiet, Richmond, IN) 
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for 12 weeks. Weekly body weight was measured to monitor overweight progression. 

Glucose tolerance test, HOMA index (homeostatic model assessment), fasting 

baselines of glucose, insulin, cholesterol, and triglyceride were measured in each 

mouse at week 12. In a second set of experiments, we tested whether 8-weeks of oleate-

pNAPE-LP treatment reverted the HFD-induced metabolic and behavioral dysfunction 

in mice fed with HFD for 12 weeks in comparison with pLP-oleate (0.0003 µg/Kg) 

treatment. One group of mice (vehicle, n = 10) continued on a standard chow diet for 

the entire duration of the study, receiving a daily intragastric gavage with MRS broth 

without probiotic. The other three groups of mice (n = 10 mice per group) received an 

HFD for 12 weeks prior to the beginning of probiotic treatment and remained on this 

diet for the entire duration of the study (8 weeks). Two of these groups received a daily 

intragastric gavage with pLP (pLP+oleate group) or pNAPE-LP (pNAPE-LP+oleate 

group) combined with oleate (0.0003 µg/Kg), respectively, while the last group of 

mice (HFD group) continued on an HFD without any supplementary treatment. 

Probiotic treatment consisted in 0.1 ml of bacteria suspension containing 0.8-1.2 x 109 

CFU/ml of pLP or pNAPE-LP supplemented by oleate (0.0003 µg/Kg) for 8 weeks. 

Food intake and body weight were determined weekly. At the end of the study, glucose 

tolerance test, HOMA index (homeostatic model assessment), fasting baselines of 

glucose, insulin, cholesterol, and triglyceride were measured again, and then mice 

were euthanized and blood and tissues were collected. At euthanasia, epididymal fat 

pads were collected, weighed immediately, and expressed as an average ratio of total 

mouse body weight for each group. Feces were collected before and during bacterial 

treatment in either set of experiments. 
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Evaluation of body weight and food intake 

Weekly body weight was recorded for each animal during the entire duration of the 

study. As healthy adult mice continued to grow throughout the study period, we 

compared the average weights of SD and HFD groups each week by t-test to assess 

the obesity/overweight onset. Also, we reported the gain in body weight for each group 

during the entire duration of probiotic treatment and showed the average weight gain 

at the end of the treatment as a percentage of initial body weight [initial weight (g)/total 

weight (g)]X100. This verifies that weight gain was not influenced by initial animal 

weight. Weekly food intake was measured by adding pre-weighed food pellets to each 

cage and then reweighing the remaining pellets. Cumulative food intake for each 

experimental group was reported weekly during the 8 weeks under probiotic 

treatment.  

Glucose tolerance test 

To mimic the human glucose tolerance test, mice fasted for 6 h during the onset of the 

light cycle. This fasting period is more physiological if compared to humans because 

mice are active during the light-dark phase. Briefly, blood was drawn by cutting the 

tail with a scalpel to obtain fasting blood glucose values by Multicare in glucometer 

(Gima S.p.A., Milan, Italy). Following an intraperitoneal injection of glucose solution 

(1 g/kg in a 10 ml/kg volume), blood glucose measurements at 15-, 30-, 60-, and 90-

minute time points were repeated. Glucose tolerance was evaluated by generating a 

curve of blood glucose levels (mg/dl) and measuring the related area-under-curve 

(AUC). Glucose tolerance impairment is indicated by the larger area under curve 

(AUC) values. 
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Insulin level assessment 

We performed to collect serum samples for fasting insulin levels measurement 

together with the glucose tolerance test. Before the intraperitoneal injection of glucose 

solution, baseline blood was collected into a capillary tube. Capillary tubes were 

spinned into a microhematocrit centrifuge at 12,000 g for 10 min to split serum and 

red blood cells. Serum samples have been frozen at –20°C for later measurements and, 

then, fasting insulin was measured by ELISA (Ultra-Sensitive Mouse Insulin ELISA 

Kit, Crystal Chem, Elk Grove Village (IL), USA). 

Homeostatic model assessment (HOMA) 

Homeostatic model assessment (HOMA) values were calculated as an estimate of 

insulin sensitivity, using the formula fasting plasma glucose (mmol/L) × insulin 

(µU/ml)/22.5 as previously described [119]. Higher values of HOMA indicate reduced 

insulin sensitivity. 

Cholesterol and triglycerides levels measurement 

Fasting baselines of cholesterol and triglycerides (mg/dl) were measured together with 

fasting blood glucose measurement by Multicare in glucometer (Gima S.p.A., Milan, 

Italy). 

Histological analysis 

Liver tissues were fixed in paraformaldehyde, processed in paraffin blocks, embedded 

and sectioned at 5 μm, and stained with hematoxylin and eosin using a standard 

procedure. The cellular structure and lipid accumulation in tissue samples were 
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observed and photographed (×200, original magnification) under a microscope 

(Olympus, BX43; Olympus Co., Tokyo, Japan). 

Fecal microbiota community determination by shotgun sequencing  

Fecal samples were collected in a sterilized Eppendorf tube and stored at -20 °C until 

processing or -80 °C for long-term storage. DNA concentration was quantified via 

Qubit (Thermofisher Scientific) and DNA extraction from the stool samples was 

performed using the MagBind Stool DNA according to the manufacturer’s instruction 

(Omega Bio-Tek). The libraries were prepared using Celero™ DNA-Seq Library 

Preparation Kit (Tecan, Männedorf, CH), according to the manufacturer’s instructions. 

Both input and the final libraries were quantified by Qubit 2.0 Fluorometer (Invitrogen, 

Carlsbad, CA) and quality tested by Agilent 2100 Bioanalyzer High Sensitivity DNA 

assay (Agilent technologies, Santa Clara, CA). After the Qubit quantification and 

quality test, the library was sequenced on NovaSeq 6000 in paired-end 150 bp, 

producing a number of reads per sample.  

Statistical analysis 

Results were expressed as mean ± SEM of experiments. Statistical analysis was 

performed using parametric one-way analysis of variance (ANOVA) and multiple 

comparisons were performed by Bonferroni's post hoc test. p values <0.05 were 

considered significant. Metagenomic studies were performed by shotgun sequencing 

(WGS) and analyzed by the GAIA platform (v 2.02) 

(https//metagenomics.sequentiabiotech.com/) [120] to obtain taxonomy tables at 

different levels. Through the R phyloseq package (v 1.36.0), the alpha-diversity was 

computed with the indexes Shannon and Chao1, and the beta-diversity was also 
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computed with the Bray-Curtis dissimilarity index for the overall taxonomic 

composition among samples. DESeq2 (v 1.32.0) was used to perform pairwise 

differential abundance analyses between the different groups at the 20-week endpoint. 

Analyses are based on the threshold of significance p < 0.05. The overall statistical 

analysis was done on program R (version 4.1.0), using ggplot2 (v 3.3.5), ggbur (v 

0.4.0), reshape2 (v 1.4.4) packages.   

  



 

59 
 

RESULTS 

Time and oleate concentration-dependent OEA production by pNAPE-LP 

expressing bacteria.   

In preliminary setup experiments in vitro, we tested in the bacterial supernatant 

whether pNAPE-LP strains were effectively able to release OEA in the presence of 

exogenous oleate. We measured OEA concentrations and NAPE-PLD protein 

expression at 1, 3, 6 and 12 hours after the exposure to exogenous oleate; lactobacilli 

carrying the empty vector (pLP) served as control.  

In pNAPE-LP bacteria, the expression of NAPE-PLD significantly increased only 

when culture medium was enriched with 0.000003-0.0003 μg/ml of oleate, with a peak 

of expression between 6 and 12 h (Fig. 13B). Similarly, the concentration of OEA was 

significantly increased in the supernatant of pNAPE-LP in the same experimental 

conditions (Fig. 13A). No significant changes in the expression of NAPE-PLD and in 

the release of OEA were observed at the same time points in native bacteria (pLP), 

even at highest oleate concentrations (Fig.13). These findings confirm that enzymatic 

expression NAPE-PLD is controlled by the co-administration of oleate, since OEA 

release from pNAPE-LP was absent at baseline. 

The co-administration of pNAPE-LP and oleate reduces body weight and 

modulates satiety in obese mice via the in-situ production of OEA 

Six weeks after the start of the HFD, we observed a progressive trend toward 

increasing body weight in C57BL6J mice (+23% p<0.05 at week 6), reaching a peak 

between week 10 and 12 as compared to mice fed with the Standard Diet (SD) (+30.4% 
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and +32%, both p<0.01 vs SD at 10 and 12 weeks, respectively) (Figure 14A). 

Paralleling this, a significant increase in ependymal fat pads was also observed 

(+243% vs SD, p˂0.0001; figure 14D).   

The treatment with pNAPE-LP and oleate induced a progressive and significant weight 

loss compared to HFD mice starting from week 4 after probiotic treatment. After 8 

weeks of treatment, the normalized body weight loss for the pNAPE-LP and oleate 

group was -324% as compared to untreated mice, with mean body weight values 

comparable to those of the control group (p=NS vs SD at week 20) (Figure 14A and 

B). Importantly, the effects on weight were not related to an adverse health effect of 

treatment with pNAPE-LP, since probiotic supplementation did not increase fecal 

pellets over the course of the experimental plan, witnessing the absence of GI distress 

in treated mice (Figure 15). Indeed, such effects were the consequence of a 

progressively reduced food intake in pNAPE-LP and oleate group as compared to 

untreated mice (-10.74% at the final time point 8 weeks, p<0.0001) (Figure 14C) 

In mice receiving the native Lactobacillus Paracasei (pLP), no significant body weight 

changes were observed, even in the presence of oleate (figure 14). Additionally, 

administration of oleate alone failed to improve body weight, confirming that oleate 

per se did not exhibit orexigenic effects. 

The co-administration of pNAPE-LP and oleate improves metabolic profile and 

reduces liver steatosis in HFD-treated mice via the in-situ production of OEA.  

Histopathological analysis of liver specimens using H&E staining demonstrated an 

increased intrahepatic accumulation of triglycerides of HFD treated mice. Treatment 

with pNAPE-LP and oleate for 8 weeks was able to significantly reduce hepatic 
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triglyceride accumulation. Indeed, histological examination showed a significant 

decrease in triglyceride accumulation in mice treated with pNAPE-LP oleate, but not 

in the other treatment groups (figure 16). 

Paralleling the improvement in liver steatosis, serum levels of cholesterol and 

triglyceride levels were improved following the treatment with pNAPE-LP and oleate 

(-33.7% and -31.2% vs HFD, respectively; both p<0.001) (figure 17 E, F). 

To assess the presence of insulin resistance, we tested glycemic profile following the 

glucose tolerance test, as well as fasting insulin and the HOMA-IR values. HFD-

treated mice showed apparent signs of insulin resistance with a markedly increased 

glucose peak at 20 minutes following the glucose tolerance test (+60.3% p<0.01 vs 

SD) (Figure 17 A, B) and higher levels of fasting insulin and HOMA-IR values as 

compared to mice fed with the standard diet (+609% and +707.8%, p<0.05 and 

p<0.0001 vs SD; respectively) (Figure 17 C, D).  

Treatment with pNAPE-LP and oleate improved glucose tolerance in HFD mice 

compared to vehicle or pLP groups. The area under the curve (AUC) for glucose was 

significantly reduced by the treatment with pNAPE-LP + oleate (-36.8% vs HFD, 

p<0.01). Also, both fasting insulin levels and HOMA-IR index showed a remarkable 

improvement in the pNAPE-LP and oleate group (-86.5% and -65.6%, p<0.01 and 

p<0.001 vs HFD; respectively) (Figure 17). 

Again, none of the positive effects on the metabolic profile were not observed in mice 

treated with either pLP or oleate alone, witnessing that these effects were selectively 

dependent by the release of OEA by pNAPE-LP under the boost of ultra-low doses of 

oleate (Figure 17). 
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Effects of pNAPE-LP and oleate on gut microbiota profile in HFD-treated mice 

At the end of our experimental plan (week 20), the gut microbiota profile of the HFD 

group showed an imbalance in the ratio between Firmicutes/Bacteroidetes phyla (F/B), 

as compared to the controls with an average of 0.96. At genus level, this imbalance 

mirrored a significant increase in Blautia, Coprococcus, and Tynzerella and a decrease 

in Lactobacillus, Prevotella and Parabacteroides in the HFD diet group as compared 

to controls. The treatment with pNAPE-LP + oleate led to a decrease in the imbalance 

of the F/B ratio, with an average value as 0.46 (Figure 18A) and induced an increased 

representation for the genera Lactobacillus sp., Bacteroides, and Prevotella (Figure 

18B). In the figure 18D, it is depicted the Log2 fold-changes (Los2FC) obtained by 

comparing HFD vs pNAPE-LP and oleate treated group. Following pNAPE-LP 

treatment, we observed an increase for the genera Eisenbergella (1.58) and 

Ruminococcus (1.04), and a decrease for Parabacteroides (-2.96), Escherichia (-3.89), 

unknown Bacteroidales (o) (-1.35) and Lactobacillaceae (f) (-5.86) as compared to 

HFD mice.  

The analysis at species level showed an increase in the relative abundance for 

Lactobacillus acidophilus, Lactobacillus gasseri, Lactobacillus paracasei, Prevotella 

sp. in pNAPE-LP treated mice. Interestingly, this effect was not apparent in the group 

treated with native Lactobacillus (pLP) and oleate group. As depicted in Figure 19A, 

indeed we observed that the strains Lactobacillus paracasei showed a major 

percentage abundance for the pNAPE-LP and oleate group than pLP. 

Finally, we built a heatmap with the relative abundance obtained with DESeq2 at the 

significant species strain, with the replicates for the different experimental conditions. 
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In the HFD group, the graph revealed a cluster (Figure 20A), with an abundance of 

species of the phylum Firmicutes and a reduction for Bacteroidetes; in fact, we found 

an increase in Ruminococcus sp, Tynzerella, Veillonella and Blautia sp., and a 

reduction for the strains Lactobacillus acidophilus, Lactobacillus fermentum, 

Prevotella, Akkermansia sp. 

To further analyze the structure of the bacterial community, we performed the 

principal coordinate analysis (PCoA) based on Bray-Curtis distance (Figure 20B). The 

results revealed cluster distributions, and two principal component scores, representing 

43.6% and 17.8% of total changes. In fact, confirming the results of the heatmap, we 

observed a clustering among the pNAPE-LP group and control group, signifying that 

following the treatment with the engineered probiotic the composition of the gut 

microbiota resembled that of non-obese mice. In contrast, the pLP and HFD groups 

showed a greater dispersion away from the control group, witnessing the persistent 

perturbation in gut microbiota species, following a HFD regimen.  
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CONCLUSIONS 

The term globesity has been coined by the World Health Organization (WHO) to 

reflect the huge economic and healthcare burden represented by obesity and metabolic 

syndrome complications worldwide [121]. There is an urgent call for new 

pharmaceuticals able to counteract weight gain and most importantly, target obesity 

related-disorders such as insulin resistance and type 2 diabetes, hyperlipidemia and 

non-alcoholic fatty liver disease [96,97,122]. In this context, OEA represents an ideal 

candidate because it combines its orexigenic effects with the peripheral agonism at 

PPAR-α receptors, key therapeutic targets for their antihyperlipidemic properties 

[114]. The FDA has indeed recently approved OEA supplements in obese patients, 

based on the evidence that it is able to reduce BMI values in clinical trials, without any 

serious side effects [123]. However, limiting its potential therapeutic application 

stands the rapid catabolism of OEA and other ALIAmides in the GI tract. Indeed, less 

than 1% of the oral doses of OEA actually reaches its target tissue [116]. This accounts 

for conflicting results reported in clinical trials in vivo, with no effects observed on 

body weight and satiety in 50 obese patients [124]. Of note, a concentration of at least 

300nM is required to exert these protective cardiometabolic effects [125]. 

To overcome this unfavorable pharmacokinetic profile, we genetically modified a 

Lactobacillus paracasei F19 to express the human NAPE-PLD gene and respond to 

the co-administration of oleate with the in-situ production of OEA. 

Our results demonstrate that our probiotic platform was effectively able to respond in 

a time- and oleate-dependent manner with the release of OEA. This in turn, was 

paralleled by a progressive decrease in body weight and ependymal fat in HFD treated 
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mice. The effects on weight control were directly related to the progressively reduced 

food intake in mice treated with pNAPE-LP, yielding to body weight values 

comparable to those of the control group on standard diet by the end of the 

experimental plan. Mirroring the decrease in food intake and weight, we observed a 

progressive improvement in mice’s metabolic profile with reduced levels of 

cholesterol and triglycerides. Furthermore, the glucose peak after tolerance test and 

fasting insulin levels were markedly reduced, indicating a significant improvement of 

insulin resistance. This also resulted in the histopathological improvement of liver 

steatosis. 

These potent orexigenic and positive metabolic effects were strictly dependent on the 

in-situ production of OEA under the boost of ultra-low doses of exogenous oleate, by 

the engineered probiotic. In fact, the administration of either pLP or oleate alone was 

ineffective in reducing body weight and improving the metabolic profile. 

OEA belongs to the larger family of ALIAmides, endocannabinoid-related compounds 

which are released and act as on-demand signaling molecules, displaying their 

therapeutic effects on non-conventional cannabinoid receptors [105-106]. Owing to its 

inability of activating the cannabinoid receptors, OEA is a very intriguing candidate-

drug because it is voided of potential central side effects, like the ones observed for 

rimonabant; a promising and effective anti-obesity drug, withdrawn from the market 

for the increased risk of psychiatric disorders [103, 109]. OEA orexigenic effects are 

attributed to the modulation of the release of hypothalamic neurotransmitters that 

inhibit food intake and increase satiety, such as oxytocin [126]. The main receptor 

target by which OEA modulates food intake is the PPARα receptors, which OEA 
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activates with higher affinity compared to fibrates and other naturally- occurring 

agonists, such as oleic acid itself [110,127]. Indeed, in our experimental conditions, 

the ultra-low doses of oleate administered were unable to exert these protective effects, 

resulting in no significant differences with the control group. 

Aside from PPARα receptors, however, OEA also recognizes other important 

pharmacological targets involved in energy homeostasis, such as the G-coupled 

receptor GPR119, which is in turn able to increase the release of Glucagon-like peptide 

1 (GLP-1), one of the most important gut-derived peptides modulating satiety signals 

[128, 129]. Furthermore, OEA also targets the Transient Receptor Potential Vanilloid 

1 (TRPV1) expressed on vagal afferents and exerts analgesic and anorexic effects 

[130]. Combined with the effects on central neuropeptides and appetite regulation, 

OEA agonism on PPARα also reduces dyslipidemia and liver steatosis by up-

regulating the expressions of several genes involved in fatty acids uptake, utilization, 

and catabolism, including peroxisomal and mitochondrial fatty acid β-oxidation [110].  

A number of studies have linked intestinal dysbiosis and obesity. Reproducing 

previous results reported in Literature, we indeed observed that a prolonged HFD 

markedly disrupts the F/B ratio of resident microbiota. Based on this evidence, it has 

been postulated that probiotics (e.g. Lactobacillus spp. and Bifidobacterium spp.) may 

elicit anti-obesity effects by modulating gut microbial community and influencing host 

metabolism [131-132]. Lactobacillus paracasei F19 was the chosen probiotic platform 

for its ability of being a good colonizer of the human intestine combined with the 

absence of adverse effects during human trials, even in subjects with underlying 

disorders; suggesting its safety and effectiveness as a probiotic [45,46].  
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In line with this, our data confirm that the colonization by pNAPE-LP was effectively 

achieved since by the end of the treatment the relative abundance of Lactobacilli 

strains significantly increased compared to the HFD group. The microbiota profile of 

pNAPE-LP tended to cluster with the SD-fed mice, while HFD and pLP-treated groups 

showed a greater dispersion from the control group. Interestingly, the group treated 

with the native probiotic (pLP) did not show a significant increase in Lactobacilli 

colonization at the end of the treatment, as compared to untreated mice. This 

demonstrates that, despite being a good colonizer, Lactobacillus paracasei F19 failed 

to successfully engraft in a perturbed microbiota, like the one observed following a 

prolonged high fat diet. This reflects the evidence from real-life practice showing that 

probiotic therapy may have null, if not conflicting effects, in certain populations of 

patients, as a consequence of their inability of establishing a niche within the resident 

gut microbiota [133].  

The observation that only the engineered probiotic, but not the native Lactobacillus 

paracasei was able to increase the relative abundance of Lactobacilli, leads to 

hypothesize that the release of OEA might also positively influence its engraftment 

within the host microbiota, maximizing the therapeutic impact of pNAPE-LP 

treatment.  

Overall, the results of the present study suggest that pNAPE-LP may represent a new 

therapeutic tool in obesity and metabolic syndrome by modulating intestinal dysbiosis 

while also releasing OEA at therapeutic concentrations within the gut milieu; with 

sustained effects on weight control, insulin sensitivity, dyslipidemia and liver steatosis.  
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FIGURES AND LEGENDS 

 

Figure 1. Main approaches in probiotics engineering. Biosensors can induce the expression 

of a reporter (usually a fluorescent marker) upon detecting specific biomarkers. 

Biotherapeutics are able to produce at the mucosal surface a therapeutic molecule either 

constitutively or following the activation of an exogenous substrate (inducible systems). Sense 

and respond systems incorporate the technology of biosensors, by responding to specific 

biomarkers with the production of a therapeutic molecule. 

 

Figure 2. Experimental plan and colitis induction (A) Representative scheme showing our 

experimental protocol. Vehicle group received no treatment and served as internal control. All 

other mice groups were administered dextran sulfate sodium (DSS 4% w/v, MW 36,000 to 

50,000, Sigma Aldrich, Italy) in drinking water for six consecutive days (starting from day 1). 

Starting from day 2, mice were randomly divided into the following groups (n = 10 each): (1) 

no further treatment (DSS 4%); (2) pLP+ palmitate (0.0003 μg/Kg), (3) pNAPE-LP + 

palmitate (0.0003 μg/Kg) (4) palmitate alone (0.0003 μg/Kg) (5) pNAPE-LP + palmitate 

(0.0003 μg/Kg) with the selective PPARα antagonist MK886 (10 mg/Kg) and (6) pNAPE-LP 

+ palmitate (0.0003 μg/Kg) with the selective PPARγ antagonist GW966 (1 mg/Kg), 

respectively. All treatments were given daily from day 2 until day 6 by intragastric gavage, 

while PPARα and PPARγ antagonists were administered intraperitoneally from day 2 to day 

6. (B) Kinetic of colitis induction showing DAI measurements from day 0 to 7 in DSS-treated 

mice. 
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Figure 3. Palmitoylethanolamide (PEA) is time-dependently released by engineered 

NAPE-LP probiotic under palmitate boost. (A) Released PEA levels were evaluated in 

bacterial supernatant at 1, 3, 6, and 12 h by HPLC–MS and the results are expressed as the 

mean ± SD of n = 4 experiments performed in triplicate. In comparison with pLP in absence 

of palmitate supply, exogenous palmitate (0.0003 μg/mL) time-dependently increased PEA 

release from pNAPE-LP probiotics, both *** p < 0.001 vs pLP and pLP in presence of 

palmitate 0.0003 μg/mL. No detectable amount of PEA was revealed by pLP even in the 

presence of 0.0003 μg/mL supplementation of exogenous palmitate. (B) PEA tissue 

concentrations evaluated in tissue homogenates from stomach, duodenum, jejunum, ileum and 

colon in mice treated with pNAPE-LP + palmitate 0.0003 μg/kg or pLP + palmitate 0.0003 

μg/kg by HPLC–MS. Results are expressed, for each two groups as the mean ± SD of n = 6 

experiments performed in triplicate. A significantly increased tissue concentration of PEA was 

observed in the duodenum and ileum of pNAPE-LP + palmitate 0.0003 μg/kg-treated mice as 

compared to pLP + palmitate 0.0003 μg/kg (+200% and +148%, respectively, both * p < 0.05), 

while the highest tissue concentration was reached in the colon with a 123% increase vs pLP 

+ palmitate 0.0003 μg/kg (*** p< 0.0001).  
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Figure 4. Engineered pNAPE-LP + palmitate ameliorates macroscopic signs of colitis, 

prevents colonic histological damage and neutrophil infiltration in DSS-treated mice. 

PPARα-dependent effects of pNAPE-LP + palmitate treatment on (A) DAI score, (B,C) 

colonic length and (D) spleen weight in DSS-exposed mice. (E) Representative images of 

hematoxylin and eosin (H&E) stained distal colon sections and (F) relative histological 

damage score showing the effect of pNAPE-LP + palmitate on DSS-induced colonic injury; 

magnification 4×; scale bar: 200 µm. (G) Myeloperoxidase (MPO) activity quantification as 

indirect evidence of neutrophils infiltration. Results are expressed as the mean ± SD of n = 5 

experiments. *** p < 0.001 versus vehicle; °°° p < 0.001 versus DSS-treated mice. 
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Figure 5. PEA release by pNAPE-LP + palmitate decreases pro-inflammatory mediators’ 

expression in the mouse colon and their release in the plasma through a selective PPARα 

involvement in DSS-treated mice. The administration of pNAPE-LP associated to palmitate 

(0.0003 μg/kg) induced a significant reduction in iNOS, COX-2 and IL-1β protein expression, 

as well as NO, PGE2, IL-1β and TNFα levels through PPARα-dependent involvement in mice 

colon and plasma. (A) Western blot analysis of iNOS, COX-2 and IL-1β protein expression 

and (B–D) relative densitometric analysis (arbitrary units normalized on the expression of the 

housekeeping protein β-actin). (E–H) Respective quantification of NO2
-, PGE2, IL-1β and 

TNFα levels in mice plasma showing the effects of pNAPE-LP associated to palmitate (0.0003 

μg/kg), given alone or in the presence of MK886 (10 mg/kg) or GW9662 (1 mg/kg) in the 

colonic tissue of DSS-treated mice. Results are expressed as the mean ± SD of n = 5 

experiments performed in triplicate. *** p < 0.001 versus vehicle; °°° p < 0.001 versus DSS-

treated mice. 
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Figure 6.  PEA released from pNAPE-LP + palmitate prevents the loss of tight junction 

proteins ZO-1 and occludin and colonic barrier disruption. A) Immunoreactive bands and 

(B,C) relative densitometric analyses (arbitrary units normalized on the expression of the 

housekeeping protein β-actin), as well as immunofluorescence staining and their respective 

quantification corresponding to (D,E) ZO-1 and (F,G) occludin, showing the effects of 

pNAPE-LP combined to palmitate (0.0003 μg/kg), given alone or in the presence of MK886 

(10 mg/kg) or GW9662 (1 mg/kg) on colonic mucosa of DSS-treated mice. Palmitate alone 

(0.0003 μg/kg) failed to significantly affect ZO-1 and occludin expression in colonic mucosa. 

Nuclei were also investigated using DAPI staining. Results are expressed as the mean ± SD of 

n = 5 experiments performed in triplicate. *** p < 0.001 versus vehicle; °°° p < 0.001 versus 

DSS-treated mice. Scale bar = 100 μm; magnification 10×. 

 

 

Figure 7. Experimental plan. Both wild type and PPARα KO mice received a daily 

prophylactic gavage administration of either pNAPE-LP (109 CFU) or pLP (109 CFU) 200μL 

suspensions with sodium palmitate (0.0003 μg/ml). At day 7, animals received a single 

intrarectal instillation of TcdA (50μg/ml). Animals were euthanized 4 hours later and PEA 

quantification and other molecular/histological analyses were thus carried on post-mortem 

isolated colonic tissue or related samples. 
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Figure 8. PEA is released in vitro by engineered NAPE-PLD Lactobacillus paracasei 

under palmitate dose and time dependent boost. A) PEA release was evaluated in bacterial 

supernatants at 1, 3, 6, 12h respectively by HPLC-MS and the results are expressed as 

mean±SEM of n=4 experiments performed in triplicate. Compared with pLP in absence of 

palmitate supply, exogenous palmitate (0.000003-0.0003 μg/l) dose- and time-dependently 

increased PEA release from pNAPE-LP probiotics, ***p<0.001, **p<0.01 vs both pLP and 

pLP in presence of palmitate 0.0003 μg/L. PEA levels were undetectable in pLP supernatants, 

even in the presence of the highest tested doses of exogenous palmitate (0.0003 μg/L). In the 

same conditions, (B) Western blot analysis of NAPE-PLD expression and relative 

densitometric analysis of immunoreactive bands, show that NAPE-PLD protein expression is 

time (1,3,6,12h) and palmitate-concentration (0.000003-0.0003 μg/l) dependent in pNAPE-LP 

engineered bacteria, whereas no expression was noticeable in pLP alone at the different time 

points, even in the presence of the highest palmitate doses (0.0003 μg/L). ***p<0.001 vs both 

pLP and pLP + palmitate 0.0003 μg/L. n.d = non-detectable.  
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Figure 9. PEA is released in vivo by engineered NAPE-PLD probiotic under palmitate 

dose and time dependent boost. PEA levels were measured in both wild type (A) and PPARα 

KO mice (B) colon by HPLC-MS and results are expressed as mean±SEM of n=6 experiments 

performed in triplicate. TcdA challenge caused PEA increase in both mice types (*p<0.05 

versus respective controls). Figure A and B show that pNAPE-LP + palmitate (0.0003 μg/Kg), 

resulted in a significantly increased PEA release as compared to vehicle (both ***p<0.001 vs 

vehicle) and TcdA-treated groups in both wild type and PPARα KO mice (°°°p<0.001 and °° 

p<0.01 and °p<0.05 versus respectively TcdA groups). Fig. 2 also shows western blot analysis 

of NAPE-PLD expression and relative densitometric analysis of immunoreactive bands in both 

wild type (C) and PPARα KO mice (D) colon and their relative densitometric quantification 

(E and F). Results are expressed as mean±SEM of n=6 experiments performed in triplicate. 

TcdA challenge caused an increased expression of NAPE-PLD in both mice types (**p<0.01 

versus respective controls). pNAPE-LP and palmitate (0.0003 μg/Kg) supply, resulted in a 

significantly higher NAPE-PLD protein expression in the colon of both untreated mice types 

(both ***p<0.001 vs vehicle) (C-D, E-F), and in both wild type and PPARα KO mice treated 

with TcdA (both °°°p<0.001 versus respectively TcdA groups). 
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Figure 10. Prophylactic administration of pNAPE-LP and ultra-low palmitate dose 

accounts for histological damage attenuation with macrophage and neutrophils 

infiltration reduction in TcdA challenged mice. Haematoxylin and eosin (H&E) stained 

distal colonic specimens and (A-B) relative histological damage score showing the protective 

and PPARα-dependent effect of pNAPE-LP/palmitate treatment on TcdA-induced colonic 

injury (C-D) in both wild type and PPARα mice (magnification 4X, scale bar: 100μm). Figure 

also shows the effect of pNAPE-LP/palmitate association on the immunohistochemical 

expression of MAC387 positive cell (marker of macrophage density) in distal colonic sections 

deriving from wild type and PPARα KO mice (E-F) (magnification 10X, scale bar: 100μm) 

and its relative quantification (G-H), as well as the myeloperoxidase (MPO) activity 

quantification (indirect evidence of neutrophils infiltration) in both mice types (J-K). Results 

are expressed as mean±SEM of n=5 experiments. ***p<0.001 versus vehicle; °°°p<0.001 

versus TcdA-treated mice. 
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Figure 11. Prophylactic administration of pNAPE-LP and ultra-low palmitate 

administration on pro-inflammatory signaling molecules expression and release in mice 

colon. Immunoreactive bands showing TLR-4, RhoA GTP, phosphorylated/unphosphorylated 

‐p38 MAPK, NF‐κB‐related p50 and p65 and HIF-1α protein expression in both wild type (A) 

and PPARα KO (B) mice following TcdA challenge and their relative PPARα-dependent- 

decrease following pNAPE-LP/palmitate co-administration. Relative densitometric analysis 

(C-D) of each protein (arbitrary units normalized on the expression of the housekeeping 

protein GAPDH). Results were expressed as mean ± SEM of n = 6 experiments performed in 

triplicate. ***p < 0.001 versus vehicle; and °°°p < 0.001 and °°p<0.01 versus TcdA. Figure 

also shows the effect of pNAPE-LP on TcdA challenged wild type (E) and PPARα KO mice 

(F) in terms of release of IL-6, nitric oxide (NO) and VEGF in the plasma. Results were 

expressed as mean ± SEM of n = 6 experiments performed in triplicate. ***p < 0.001 versus 

vehicle; and °°°p < 0.001 versus TcdA. 
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Figure 12. PEA released from pNAPE-LP and ultra-low palmitate co-administration 

restores TcdA-induced colon-barrier disruption, through the upregulation of tight 

junction proteins ZO-1 and occluding. Representative immunofluorescence images showing 

the expression of ZO-1 (red), occludin (green) and their merge (yellow) in both wild type (A) 

and PPARα KO (B) mice colonic specimen with their respective quantification (C and D) 

showing the PPARα-dependent protective effects of pNAPE-LP combined to palmitate 

(0.0003 μg/Kg) co-administration. Nuclei were also investigated using DAPI staining. Results 

are expressed as mean±SEM of n=5 experiments performed in triplicate. *** p<0.001 versus 

vehicle; °°°p<0.001 versus DSS-treated mice. Scale bar = 100 μm; magnification 10X. Scale 

bar: 100μm.  
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Figure 13. OEA is released in vitro by engineered NAPE-PLD Lactobacillus paracasei 

under oleate dose and time dependent boost. A) OEA release was evaluated in bacterial 

supernatants at 1, 3, 6, 12h respectively by HPLC-MS and the results are expressed as 

mean±SEM of n=4 experiments performed in triplicate. Compared with pLP in absence of 

oleate supply, exogenous oleate (0.000003-0.0003 μg/l) dose- and time-dependently increased 

OEA release from pNAPE-LP probiotics, ***p<0.001 vs both pLP and pLP in presence of 

oleate 0.0003 μg/L. OEA levels were undetectable in pLP supernatants, even in the presence 

of the highest tested doses of exogenous oleate (0.0003 μg/L). In the same conditions, (B) 

Western blot analysis of NAPE-PLD expression and relative densitometric analysis of 

immunoreactive bands, show that NAPE-PLD protein expression is time (1,3,6,12h) and 

oleate-concentration (0.000003-0.0003 μg/l) dependent in pNAPE-LP engineered bacteria, 

whereas no expression was noticeable in pLP alone at the different time points, even in the 

presence of the highest oleate doses (0.0003 μg/L). ***p<0.001 vs both pLP and pLP + oleate 
0.0003 μg/L. n.d = non-detectable. 
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Figure 14. The co-administration of pNAPE-LP and oleate reduces body weight and 

modulates satiety in obese mice via the in-situ production of OEA. (A) Following probiotic 

treatment, a progressive weight loss was observed in HFD mice treated with pNAPE-LP 

combined with oleate (0.0003 μg/Kg), but not in the other groups (2-way ANOVA, for 

interaction P=0.1420, time P=0.9438, and treatment P<0.0001). (B) Cumulative effect of 

probiotic treatments on the gain in body weight after 8 weeks of treatment (1-way 

ANOVA,*P<0.05 and ****P<0.0001 vs HFD group) (C) Treatment with pNAPE-LP 

associated with oleate (0.0003 μg/Kg) also resulted in a decrease cumulative food intake in 

HFD mice compared to the other groups (2-way ANOVA, for treatment and time P<0.0001) 

and (D) in epididymal fat mass (1-way ANOVA, ***P<0.001 vs vehicle group; °°°P<0.001 vs 

HFD group). Results are expressed as mean ± SEM, n=8 per group. Solid bars and dashed bars 

indicate time points with significant or not significant differences between pNAPE-LP and 

other groups, respectively (2-way ANOVA, P < 0.05 by Bonferroni’s multiple comparison 

test).  
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Figure 15. Probiotic treatment does not induce GI symptoms. Gut motility was monitored 

by 1h-stool collection test and average number of fecal pellets were measured once a day for 

7 days. There was no significant difference between groups until the day 7 of treatment. 

Results are shown as mean±SEM.  

 

Figure 16. Treatment with pNAPE-LP associated with oleate reduces intrahepatic 

triglyceride accumulation. Hemotoxylin and eosin (H&E) staining of liver sections showed 

a decrease in triglycerides accumulation in the liver of HFD mice after oleate-combined 

pNAPE-LP treatment, but not in the other treatment groups. 
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Figure 17. The co-administration of pNAPE-LP and oleate improves metabolic profile in 

HFD-treated mice via the in-situ production of OEA. Oleate-combined pNAPE-LP 

treatment improved glucose tolerance in HFD mice compared with vehicle or pLP/oleate 

groups. (A-B) Quantitative analysis showed that glucose peak and AUC differed markedly 

among the other groups (1-way ANOVA, *P<0.1 and ***P<0.001 vs vehicle group; °°P<0.01 

vs HFD group). (C) Lower fasting insulin levels (D) and a HOMA index improvement were 

detected after the treatment with oleate-combined pNAPE-LP in HFD mice (1-way ANOVA, 

**P<0.01 and ***P<0.001 vs vehicle group; °°P<0.01 and °°°P<0.001 vs HFD group). (E) 

Basal cholesterol and (F) triglycerides levels were lower in pNAPE-LP/oleate-treated HFD 

mice compared with the other treatment groups (1-way ANOVA, **P<0.01 and ***P<0.001 

vs vehicle group; °°°P<0.001 vs HFD group). Results are expressed as mean ± SEM, n=8 per 

group. Solid bars and dashed bars indicate time points with significant or not significant 

differences between pNAPE-LP and other groups, respectively (2-way ANOVA, P < 0.05 by 

Bonferroni’s multiple comparison test).  
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Figure 18. Effects of pNAPE-LP and oleate treatment on gut microbiota composition. 

(A) Analysis at phylum level: at week 20, a significant imbalance in the F/B ratio was observed 

in HFD mice as compared to mice fed with a standard diet (SD), while treatment with pNAPE-

LP + oleate led to a decrease in the imbalance of the F/B ratio, with an average value as 0.46 

(B) Analysis at genus level: a significant increase in Blautia, Coprococcus, and Tynzerella and 

a decrease in Lactobacillus, Prevotella and Parabacteroides in the HFD group vs SD; while 

pNAPE-LP treated mice displayed an increased representation for the genera Lactobacillus, 

Bacteroides, and Prevotella, (C) Log2 fold-changes (Los2FC) obtained by comparing HFD 

vs pNAPE-LP and oleate treated group at the end of our experimental plan. 
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Figure 19. Metagenomic studies by shotgun sequencing (WGS) at species level. The 

analysis at species level showed an increase in the relative abundance for Lactobacillus 

acidophilus, Lactobacillus gasseri, Lactobacillus paracasei, Prevotella sp. in pNAPE-LP 

treated mice. This effect was not apparent in the group treated with native Lactobacillus (pLP) 

and oleate group. 
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Figure 20. (A) Heatmap with the relative abundance obtained with DESeq2 at the 

significant species strain, with the replicates for the different experimental conditions. In 

the HFD group, the graph revealed a cluster with an abundance of Ruminococcus sp, 

Tynzerella, Veillonella and Blautia sp., and a reduction for the strains Lactobacillus 

acidophilus, Lactobacillus fermentum, Prevotella, Akkermansia sp.(B) Principal coordinate 

analysis (PCoA) based on Bray-Curtis distance. The results revealed cluster distributions, 

and two principal component scores, representing 43.6% and 17.8% of total changes. pLP and 

HFD groups showed a greater dispersion away from the control group, while the pNAPE-LP 

group tended to cluster with the control group.  


