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GENERAL ABSTRACT 

 

This thesis examines innovative approaches to enhance the anti-inflammatory and 

antiproliferative potential of ALIAmides, bioactive lipids with promising roles in 

modulating physiological and pathological inflammatory responses. ALIAmides, 

particularly Palmitoylethanolamide (PEA) and novel compounds like N-palmitoyl-D-

glucosamine (PGA) and adelmidrol, exert significant anti-inflammatory effects 

primarily through PPAR-α activation, which suppresses pro-inflammatory cytokines 

and enhances anti-inflammatory and antioxidant gene expression. However, 

pharmacokinetic limitations, including poor bioavailability, restrict their therapeutic 

application. This research addresses these challenges by investigating novel 

delivery systems and synthetic alternatives in murine models of inflammatory 

bowel disease (IBD), colorectal cancer (CRC), and SARS-CoV-2-induced lung 

inflammation. To optimize ALIAmide administration, micronized PGA (m-PGA) and 

adelmidrol were formulated to improve absorption and efficacy, with m-PGA tested 

in a DNBS (dinitrobenzene sulfonic acid)-induced colitis model to evaluate its 

impact on inflammation during both acute and resolution phases. In addition, m-

PGA was investigated for its antiproliferative properties in a colorectal cancer 

model induced by AOM + DSS (azoxymethane + dextran sodium sulfate), focusing 

on its effects on inflammatory markers, tumor size, and cellular proliferation. To 

further enhance targeted delivery, an engineered strain of Lactobacillus paracasei 

F19 (pNAPE-LP) was developed, capable of biosynthesizing PEA at the site of 

inflammation in response to palmitate supplementation, with its efficacy assessed 

in a murine model of SARS-CoV-2-induced lung inflammation. A novel adelmidrol-

hyaluronic acid rectal gel was also evaluated in a murine colitis model and ex vivo 

in human biopsy samples for its potential to reduce inflammation and protect 

mucosal integrity. The m-PGA demonstrated significant anti-inflammatory effects in 

the colitis model, reducing cytokine expression and improving histological scores in 

both acute and resolution phases. In the CRC model, m-PGA inhibited tumor 

proliferation, reduced inflammation, and showed marked improvements in tissue 

integrity. The adelmidrol-hyaluronic acid gel (Ade/HA) produced similar anti-

inflammatory effects, effectively reducing pro-inflammatory markers and preserving 

mucosal integrity. Notably, pNAPE-LP in the lung inflammation model showed 
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promising results in mitigating inflammatory cell infiltration, preserving alveolar 

structure, and downregulating ACE-2 expression, indicating its potential as an 

adjunctive therapy for SARS-CoV-2-related respiratory distress.  

The results underscore the potential of ALIAmides as versatile agents for 

managing inflammation through both oral and topical formulations. The findings 

support the hypothesis that m-PGA and adelmidrol can provide effective anti-

inflammatory and antiproliferative benefits in IBD and CRC by modulating PPAR-α 

pathways, offering therapeutic advantages with fewer side effects than traditional 

treatments. The engineered pNAPE-LP strain represents a groundbreaking 

approach to in situ drug delivery, capable of enhancing bioavailability while 

minimizing systemic exposure.  

This research suggests exciting directions for optimizing ALIAmide-based 

therapies through pharmaceutical and biotechnological innovations and contributes 

to advancing anti-inflammatory strategies, positioning ALIAmides as promising 

candidates for novel therapies in chronic inflammation and cancer. 
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INTRODUCTION 

 

1.  Aliamides: new therapeutic and adjuvants perspectives with anti-inflammatory 

and antiproliferative properties 

ALIAmides (Autacoid Local Injury Antagonist), represent a class of bioactive lipids 

that play a significant role in modulating physiological and pathological responses in 

our body. These molecules are derived from the biosynthesis of a lipid precursor 

known as N-acylphosphatidylethanolamine phospholipase D (NAPE), which is 

primarily produced by cellular membranes in response to inflammatory or injurious 

stimuli (D’Amico R. et al., 2020). 

The key enzyme involved in this biosynthesis is N-Arachidonoyl-

phosphatidylethanolamine phospholipase D (NAPE-PLD), which catalyzes the 

hydrolytic cleavage of NAPE, ultimately releasing ALIAmides as the final product. 

When an inflammatory response is triggered, cells such as macrophages, mast 

cells, and endothelial cells become activated, leading to the enhanced expression 

of inflammatory mediators. The mechanism of action of ALIAmides operates primarly 

as a response to inflammatory or injurious stimuli. These lipid-derived signaling 

molecules are generated in the body under conditions of stress, particularly when 

tissues are compromised or inflamed (D’Amico R. et al., 2020; Della Rocca G, Re 

G. et al., 2022). 

 

These molecules exert their effects through specific receptors, predominantly the 

peroxisome proliferator-activated receptors (PPARs) (Lo Verme J. et al., 2005) and 

indirectly activates cannabinoid receptors 1 and 2 (CB1 and CB2) through inhibiting 

the degradation of the endocannabinoid, anandamide (AEA), a phenomenon known 

as the ‘entourage effect’ (Re G. et al., 2007; Di Marzo V. et al., 2001; Rankin L, 

Fowler C.J., 2020; Baggiato S. et al., 2019) PPARs, particularly PPAR-α and PPAR-

γ, mediate various metabolic and inflammatory responses (Korbecki J. et al., 2019; 

Yang XY et al., 2008). 
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Activation of PPARα initiates a cascade of molecular events that suppress pro-

inflammatory cytokine production and promote the expression of genes associated 

with anti-inflammatory and antioxidant effects. This modulation is particularly 

relevant in the context of chronic inflammatory diseases, where excessive 

inflammation contributes to tissue damage and tumorigenesis. Furthermore, PPARα 

agonism has been implicated in inhibiting cell cycle progression and inducing 

apoptosis in various cancer cell lines, underlining its potential as a therapeutic target 

in oncology. Anti-inflammatory effects of PPAR-α agonists involve the trans-

repression of pro-inflammatory transcription factors such as NFκB, leading to an 

inhibition of the release of inflammatory cytokines such as tumor necrosis factor α 

(TNF-α) and interleukins 1β and 6 (Grabacka M. et al., 2021; Clayton P. et al., 2021). 

Palmitoylethanolamide (PEA, N-hexadecanoylethanolamide) is an endogenous and 

widely investigated compound belonging to the family of ALIAmides. PEA exerts a 

wide range of anti-inflammatory effects, downregulating inducible nitric oxide 

synthase (iNOS), cycloxigenase-2 (COX-2), tumor necrosis factor-α (TNF-α) 

expression, NFκB and Tool like receptor 4 (TLR4) signaling pathways, with 

downstream regulation of pro-inflammatory cytokines and immune cell infiltration in 

inflamed tissues (Clayton P. et al., 2021; Del Re A. et al., 2021).  PEA anti-

inflammatory effects have been tested in several in vitro and in vivo models of colitis, 

as well as gastrointestinal biopsies from human patients with inflammatory bowel 

disease (IBD) and functional dyspepsia (Esposito G. et al., 2021; Sarnelli G. et al., 

2021).  ALIAmides, especially PEA, have exhibited an excellent safety profile across 

various preclinical and clinical studies, with few reported adverse effects. As a result, 

these molecules stand out as promising candidates for diverse therapeutic 

applications. 

 

2.  Pharmacokinetic Limits of ALIAmides and Optimization of Formulations 

 

The pharmacokinetic limitations of ALIAmides, specifically their poor absorption and 

limited bioavailability due to their high lipophilicity, present challenges in maximizing their 

therapeutic potential. Moreover, the first-pass metabolism can significantly dimmish the 

compound’s systemic availability, leading to reduced therapeutic effects (Bilia A.R. et al., 

2017; Petrosino S. et al., 2018). Despite demonstrating favorable pharmacological 

properties, these compounds struggle to enter systemic circulation efficiently. The 
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suboptimal absorption rates are attributable to various factors, including molecular 

structure, solubility, and gastrointestinal stability. As a result, the limited bioavailability 

necessitates the administration of higher doses to attain effective physiological 

responses, which may not only increase the risk of adverse effects but also elevate 

healthcare costs. Furthermore, the inefficacy in achieving adequate plasma 

concentrations means that the anticipated therapeutic benefits might remain unfulfilled, 

leading to a potential misunderstanding of the compounds' effectiveness in clinical 

settings. Higher required dosages can also complicate treatment regimens and patient 

adherence, as individuals may be reluctant to engage in prolonged therapeutic 

measures that appear ineffective or burdensome (Petrosino S. et al., 2018). 

Two primary approaches can be explored to overcome these pharmacokinetic 

limitations: (1) the development of novel pharmaceutical formulations that improve the 

delivery and absorption of ALIAmides, and (2) the design of synthetic or semi-synthetic 

molecules with similar therapeutic effects but superior pharmacokinetic properties. 

2.1 Novel Pharmaceutical Formulations 

Innovative drug delivery technologies offer an opportunity to enhance the 

pharmacokinetics of ALIAmides without altering their chemical structure. Techniques 

such as micronization, nanoencapsulation, or the use of advanced drug delivery 

systems like liposomes and solid lipid nanoparticles can improve the solubility and 

absorption of ALIAmides (Leleux J, Williams R.O., 2014; Takano R. et al., 2008; Rao 

S. et al., 2011; Petrosino S. et al., 2018; Del Re A. et al., 2021). These strategies 

could enhance bioavailability, allowing for more efficient drug uptake and prolonged 

therapeutic action, especially in inflammatory tissues. By optimizing the formulation, 

the therapeutic potential of ALIAmides can be maximized, reducing the frequency of 

dosing and improving patient compliance. Among the various techniques available 

to enhance drug pharmacokinetics, micronization has emerged as a superior choice 

for improving the properties of aliamides, offering distinct advantages over other 

methods. By breaking down the particles to a finer scale, micronization allows for 

more efficient absorption in the gastrointestinal tract, thus potentially improving the 

therapeutic efficacy of aliamides in both acute and chronic inflammatory states. 

Compared to alternative approaches, such as nanoparticle formulation or the use of 

solubilizing agents, micronization is a simpler, more cost-effective technique. While 
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nanotechnology-based strategies may offer further improvements in drug delivery, 

they often involve complex processes, higher production costs, and potential issues 

related to stability and toxicity. On the other hand, micronization offers a balance 

between feasibility and effectiveness, enhancing the pharmacokinetics without 

introducing significant formulation complexities. Additionally, micronization retains 

the integrity of aliamides, ensuring that their functional properties remain intact while 

improving their pharmacokinetic performance. This makes micronization particularly 

suitable for aliamides, whose anti-inflammatory effects rely on maintaining their 

bioactive structure. 

Another particularly promising approach involves leveraging bacterial engineering to 

develop genetically modified bacteria capable of biosynthesizing ALIAmides directly 

at the site of inflammation (Fooladi S. et al., 2023). By engineering bacteria to 

produce ALIAmides in situ, this approach could ensure localized drug delivery, thus 

improving therapeutic efficacy while minimizing systemic exposure and side effects. 

The bacteria could be designed to colonize inflamed tissues, releasing ALIAmides 

where they are most needed, thereby enhancing bioavailability and reducing the 

need for high systemic doses. This biotechnological innovation represents a 

groundbreaking method for improving the pharmacokinetics of ALIAmides while 

simultaneously ensuring targeted therapeutic action (Leyang W. et al., 2022). 

 

2.1.1 engineered NAPE-PLD-expressing Lactobacillus paracasei F19 (pNAPE-LP) 

 

By engineering Lactobacillus paracasei subsp. paracasei F19 (pLP) with the human 

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

aimed to develop an in situ probiotic drug-delivery system capable of selectively 

releasing PEA in the gastrointestinal (GI) tract, activated by ultra-low doses of 

exogenous palmitate (Esposito G. et al., 2021; Esposito G. et al., 2021). Previous in 

vivo studies demonstrated that Lactobacillus F19 survived effectively throughout the 

human GI tract and was found in significant numbers in stool samples from 100% of 

the subjects (Mättö J. et al., 2006;Crittenden R. et al., 2002). Lactobacilli can survive 

the GI tract and colonize the large intestine, where they are part of the endogenous 

microflora. Recognized as safe (GRAS) for human consumption, they are ideal 

carriers for delivering therapeutic molecules to the large intestine. 
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2.2 Synthetic or Semi-synthetic Molecules 

The design and synthesis of new synthetic or semi-synthetic molecules that mimic the 

therapeutic actions of ALIAmides while possessing enhanced pharmacokinetic 

properties is a promising avenue for addressing the limitations of natural ALIAmides. By 

modifying their molecular structure, these compounds can improve solubility, metabolic 

stability, and overall bioavailability, leading to better absorption and controlled 

distribution. This can result in more predictable and sustained therapeutic effects while 

retaining the anti-inflammatory benefits of ALIAmides. Such modifications allow for fine-

tuning of pharmacokinetics without compromising the ability to modulate key 

inflammatory pathways. As a result, these engineered analogs can offer more effective 

treatments with fewer side effects and more convenient dosing regimens. The 

exploration of synthetic and semi-synthetic molecules represents a significant 

opportunity for developing next-generation anti-inflammatory therapies. By leveraging 

modern medicinal chemistry techniques, researchers can design compounds that 

maintain the efficacy of ALIAmides while addressing their pharmacokinetic challenges, 

ultimately leading to more effective and better patients compliance for inflammatory 

diseases. 

2.2.1 N-palmitoyl-D-glucosamine (PGA) 

N-palmitoyl-D-glucosamine (PGA) is a naturally occurring fatty acid 

amide derived from glucosamine and palmitic acid. This molecule 

has garnered significant attention due to its potential therapeutic 

applications. PGA exhibits promising anti-inflammatory properties 

by modulating various pathways involved in the inflammatory 

response. It is known to inhibit the production of pro-inflammatory 

cytokines and chemokines, thus reducing inflammation in various 

tissues. Moreover, PGA’s ability to interact with cellular signaling 

pathways positions it as a potential candidate for managing chronic 

inflammatory diseases such as arthritis, inflammatory bowel 

disease, and others (Iannotta M. et al., 2021; Della Rocca G. et al., 

2023; Cordaro M. et al., 2019; Palenca I. et al., 2022; Palenca I. et 

al., 2024). 
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2.2.2 Adelmidrol 

Adelmidrol is an N-acyl derivative of palmitic acid. The structural 

modification includes a hydroxethyl group that enhances its 

solubility and bioavailability. This unique structure is key to its 

interaction with biological membranes and cellular targets. 

Adelmidrol has been shown to downregulate the expression of pro-

inflammatory cytokines such as TNF-α, IL-1β, and IL-6. By inhibiting 

these mediators, it reduces the inflammatory response, which is 

particularly beneficial in chronic inflammatory diseases. 2. It also 

inhibits inducible nitric oxide synthase (iNOS), leading to reduced 

nitric oxide (NO) production. Elevated levels of NO are associated 

with inflammatory processes, and its reduction helps mitigate tissue 

damage. The anti-inflammatory properties of adelmidrol make it a 

potential candidate for treating diseases like rheumatoid arthritis, 

inflammatory bowel disease, and chronic pain syndromes (Guida F. 

et al., 2022; Fusco R. et al., 2020; Di Paola R. et al., 2016; 

Impellizzeri D. et al., 2024; Del Re A. et al., 2022; Palenca I. et al., 

2023). 

During my doctoral journey, I focused on testing new synthetic and semi-synthetic 

molecules, in particular micronized PGA (m-PGA) and Adelmidrol, with the potential 

for pharmacological efficacy and an improved pharmacokinetic profile compared to 

endogenous ALIAmides. In addition to exploring synthetic alternatives, I also 

investigated an innovative formulation derived from the bacterial engineering of 

NAPE-PLD-expressing Lactobacillus paracasei F19 (pNAPE-LP), able to produce 

PEA under the boost of ultra-low palmitate supply. This approach aimed to enable 

effective and efficient biosynthesis of ALIAmides directly at the site of action. By 

leveraging the unique properties of this engineered bacterium, it was possible to 

create a targeted delivery system that could enhance the local concentration of 

ALIAmides in inflamed tissues. In particular, these formulations were tested in the 

context of acute and chronic inflammatory conditions in the intestinal and pulmonary 

systems. This research not only sought to develop compounds with superior 

pharmacological profiles but also aimed to explore novel biotechnological strategies 
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that could revolutionize the delivery and efficacy of ALIAmides in clinical practice. 

Through this dual approach, I aimed to contribute to the advancement of anti-

inflammatory therapies, offering more effective and patient-friendly treatment 

options for individuals suffering from inflammatory diseases. 

  



17 
 

 

 

EXPERIMENTAL STUDIES 

Background (i) 

1  Acute and Chronic Inflammatory Bowel Diseases (IBDs) 

1.1 Epidemiology 

Intestinal bowel diseases (IBD) encompass a range of gastrointestinal disorders 

characterized by inflammation of the digestive tract. These conditions can be broadly 

classified into acute and chronic forms, with acute intestinal bowel diseases typically 

presenting with sudden onset symptoms, such as diarrhea, abdominal pain, and fever, 

while chronic intestinal bowel diseases, including Crohn’s disease and ulcerative colitis, 

are marked by persistent or recurrent inflammation leading to long-term complications. 

The prevalence of IBD is rising globally, with significant variations based on geographic 

location, age, and ethnicity. In developed countries, the incidence rates of IBD are among 

the highest, with estimates suggesting that over 1.6 million individuals in the United 

States and approximately 2.5 million in Europe are affected. Acute intestinal bowel 

diseases, often related to infections or inflammatory processes, can affect individuals of 

any age, while chronic forms typically manifest in young adults, usually between the 

ages of 15 and 35 (Windsor J.W., Kaplan G.G., 2022; Agrawal M., Jess T., 2022). 

Emerging trends indicate an alarming increase in cases among children and 

adolescents, necessitating a closer examination of environmental and genetic factors 

contributing to these disorders. 

1.2 Current treatments 

Treatment strategies for intestinal bowel diseases aim to induce and maintain remission, 

alleviate symptoms, and prevent complications. For acute intestinal bowel disease, 

particularly those caused by infections, treatment often focuses on hydration, electrolyte 

replacement, and, in some cases, antibiotics or antiparasitics. Dietary modifications may 

also play a critical role in managing acute symptoms. Management of chronic IBD 

includes a combination of medications such as: Aminosalicylates (5-ASA): Primarily 
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used for mild to moderate ulcerative colitis, these agents help reduce inflammation in the 

bowel. Corticosteroids: Effective in controlling acute flare-ups, they are not 

recommended for long-term use due to potential side effects. Immunomodulators: Drugs 

like azathioprine and methotrexate work by suppressing the immune response to reduce 

inflammation. Biologic therapies: Targeted biologic agents, including anti-TNF and 

integrin inhibitors, have transformed the treatment landscape for moderate to severe 

IBD, providing significant symptom relief and promoting mucosal healing (Pithadia A.B., 

Jain S., 2011). Surgical intervention: In severe cases of chronic IBD, surgical options 

such as resections or colectomy may be necessary to alleviate symptoms and prevent 

complications (Maggiori L., Panis Y., 2013). 

2  Colorectal Cancer (CRC) 

2.1 Epidemiology 

Colorectal cancer (CRC) is one of the most common malignancies worldwide, 

representing a significant public health challenge due to its high incidence and mortality 

rates. Globally, CRC ranks as the third most diagnosed cancer and the second leading 

cause of cancer-related deaths, affecting both men and women. The disease primarily 

arises from the epithelial cells lining the colon or rectum and typically progresses over 

several years from benign polyps to invasive carcinoma. CRC incidence varies widely 

across regions, with higher rates observed in developed countries, which is often 

attributed to lifestyle factors such as diets high in red and processed meats, sedentary 

behavior, obesity, and alcohol consumption. However, recent trends indicate that CRC 

rates are rising in younger populations in many parts of the world, particularly in high-

income countries, shifting the traditional understanding of risk demographics. Age 

remains the most significant risk factor, with the majority of cases occurring in individuals 

over the age of 50. However, screening programs have played a crucial role in early 

detection and prevention, contributing to declining mortality rates in some populations 

(Baidoun F. et al., 2021; Patel S.G. et al., 2022).  

2.2 Current treatments 

Pharmacological treatments play a central role in the management of CRC, especially 

for patients with advanced or metastatic disease. Over recent decades, the CRC 
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treatment landscape has evolved significantly, integrating traditional chemotherapeutic 

agents with targeted therapies, immunotherapies, and adjuvant pharmacological 

strategies aimed at reducing side effects and enhancing treatment efficacy. These 

advances have markedly improved survival rates and quality of life, particularly when 

treatments are tailored to the molecular characteristics of the tumor. Chemotherapy 

remains a cornerstone in the pharmacological treatment of CRC. Common regimens 

such as FOLFOX (fluorouracil, leucovorin, and oxaliplatin) and FOLFIRI (fluorouracil, 

leucovorin, and irinotecan) work by disrupting cancer cell division and inducing apoptosis 

(Labianca R. et a., 2013; Van Cutsem E. et al., 2014; Kuipers et al., 2015). Targeted 

therapies have also revolutionized CRC treatment by focusing on specific molecular 

pathways that drive tumor growth and metastasis. Monoclonal antibodies such as 

bevacizumab (anti-VEGF) and cetuximab (anti-EGFR) are frequently combined with 

chemotherapy, allowing for lower doses of chemotherapeutic agents while maintaining 

or even enhancing efficacy (Willett C.G. et al., 2004; Labianca R. et al., 2013). However, 

the non-selective nature of chemotherapy often results in significant side effects, 

including gastrointestinal toxicity, myelosuppression, and neuropathy. This has driven 

the development of adjuvant pharmacological therapies that can reduce chemotherapy 

dosages and mitigate these adverse effects. Adjuvant therapies, such as anti-

inflammatory agents, probiotics, and antioxidants, are increasingly being studied for their 

potential to reduce chemotherapy-induced toxicity. For example, the use of  PEA and 

ALIAmides, which act as endogenous anti-inflammatory agents, has shown promise in 

reducing the inflammatory side effects of chemotherapy, allowing for lower 

chemotherapeutic dosages without compromising efficacy (Sarnelli G. et al., 2016; 

Pagano E. et al., 2021). 

  



20 
 

 

Aims (i) 

 

The aim of these studies was to evaluate the anti-inflammatory potential of m-PGA 

administered orally in a mouse model of colitis induced by DNBS (dinitrobenzene 

sulfonic acid). The aim was to assess its effects during both the acute and resolution 

phases of inflammation. Additionally, we investigated the effects of PGA in an AOM + 

DSS (azoxymethane + dextran sodium sulfate)-induced colorectal cancer model, with a 

focus on its anti-inflammatory and antiproliferative properties, and how these 

mechanisms influence tumor growth and proliferation. Inflammation plays a critical role 

in the pathogenesis of both colitis and colorectal cancer, with chronic inflammatory 

conditions like colitis being a major risk factor for the development of colorectal cancer. 

Thus, addressing inflammation not only in the acute phase but also during the resolution 

phase is crucial for reducing disease progression and potential malignant transformation. 

PGA, as an ALIAmide with known anti-inflammatory properties, offers promise in 

modulating the inflammatory response and potentially inhibiting tumor proliferation in 

colorectal cancer models. Furthermore, to explore the broader potential of ALIAmides in 

treating inflammatory bowel diseases, we assessed the efficacy of a rectally 

administered gel composed of adelmidrol and hyaluronic acid. This gel was tested in 

both a murine model of colitis and in an ex-vivo culture of biopsy samples. The objective 

was to evaluate its anti-inflammatory effectiveness and its protective barrier effect on the 

mucosal lining, which is crucial in maintaining the integrity of the gastrointestinal tract 

during inflammation. By investigating both oral and topical formulations of ALIAmides, 

these studies aim to provide a comprehensive understanding of their therapeutic 

potential in both inflammation-driven diseases like colitis and colorectal cancer. The 

findings may support the development of novel, targeted therapies that reduce 

inflammation, promote mucosal healing, and potentially inhibit tumor growth, with fewer 

side effects than traditional treatments. 
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N-Palmitoyl-D-Glucosamine Inhibits TLR-4/NLRP3 and Improves 

DNBS-Induced Colon Inflammation through a PPAR-α-Dependent 

Mechanism 

 

Irene Palenca , Luisa Seguella , Alessandro Del Re , Silvia Basili Franzin , Chiara 

Corpetti , Marcella Pesce , Sara Rurgo , Luca Steardo , Giovanni Sarnelli , and Giuseppe 

Esposito. 

 

Abstract: Similar to canine inflammatory enteropathy, inflammatory bowel disease 

(IBD) is a chronic idiopathic condition characterized by remission periods and 

recurrent flares in which diarrhea, visceral pain, rectal bleeding/bloody stools, and 

weight loss are the main clinical symptoms. Intestinal barrier function alterations 

often persist in the remission phase of the disease without ongoing inflammatory 

processes. However, current therapies include mainly anti-inflammatory compounds 

that fail to promote functional symptoms-free disease remission, urging new drug 

discoveries to handle patients during this step of the disease. ALIAmides (ALIA, 

autacoid local injury antagonism) are bioactive fatty acid amides that recently gained 

attention because of their involvement in the control of inflammatory response, 

prompting the use of these molecules as plausible therapeutic strategies in the 

treatment of several chronic inflammatory conditions. N-palmitoyl-D-glucosamine 

(PGA), an under-researched ALIAmide, resulted in being safe and effective in 

preclinical models of inflammation and pain, suggesting its potential engagement in 

the treatment of IBD. In our study, we demonstrated that micronized PGA 

significantly and dose-dependently reduces colitis severity, improves intestinal 

mucosa integrity by increasing the tight junction proteins expression, and 

downregulates the TLR-4/NLRP3/iNOS pathway via PPAR-α receptors signaling in 

DNBS- treated mice. The possibility of clinically exploiting micronized PGA as 

support for the treatment and prevention of inflammation-related changes in IBD 

patients would represent an innovative, effective, and safe strategy. 
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1.  Introduction 

Inflammatory Bowel Disease (IBD) is a complex of chronic and relapsing diseases 

of the gastrointestinal (GI) tract that converges environmental, microbial, 

immunological, and genetic factors both in humans [1] and dogs [2]. In humans, 

these heterogeneous GI disor- ders present as two major clinical phenotypes, 

ulcerative colitis (UC) and Crohn’s disease (CD), which are characterized by periods 

of remission and flare-ups of the disease, in which diarrhea, visceral hypersensitivity, 

and fever are commonly referred [3]. Acute inflamma- tion markedly impairs 

intestinal physiology and function, and persistent alterations are often observed after 

the resolution of intestinal inflammation, consistently suggesting a role for 

inflammatory effects in generating the symptoms that occur during remission in 

patients with IBD. These long-term changes involve motility, abnormal secretion, and 

altered visceral sensation, and no effective treatments are currently available to 

handle this phase of the disease. In recent decades, IBD has alarming emerged in 

Western countries, predominantly UC, suggesting that this epidemiological evolution 

is likely related to the westernization of lifestyle associated with changes in diet, 

antibiotic use, hygiene status, and microbial exposures [4]. UC primarily involves 

confluent inflammation of the colonic mucosa and im- pairs the epithelial barrier 

integrity, and intestinal homeostasis. The consequent abnormal translocation of 

luminal microbes and their products across the impaired intestinal barrier leads to 

robust activation of resident macrophages and antigen-presenting cells (APCs), and 

the massive release of Tumor Necrosis Factor- α (TNF-α), Interleukin-1β (IL-1β), IL-

13, IL-9, IL-23, IL-36, and other pro-inflammatory mediators [5]. This acute 

inflammation is responsible for most alterations in intestinal functions that often 

persist following the resolution of the acute inflammation process and are frequently 

observed during remis- sion in patients with IBD. Currently, there are no effective 

treatments for UC that prevent the inflammation-related acute and long-term 

intestinal dysfunctions, but only combined pharmacological and nutritional therapies, 

which encompass assessment of daily caloric intake and periodic measurement of 

functional capacities. 5-aminosalicylic acid is the first therapeutic approach with 

corticosteroids and thiopurines. However, the high incidence of side effects, 
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including hypersensitivity reactions, liver toxicity, immunosuppression, and 

pancreatitis [5] associated with the increasing number of corticosteroids/thiopurines- 

resistant UC led to the development of alternative therapeutical strategies that 

include anti-TNF-α, anti-IL-12/23 p40, and anti-integrin or JAK inhibitors [6]. 

Biological therapies, such as infliximab and adalimumab, also have limitations 

mainly related to the reduced compliance for parenteral administration, 

immunogenicity, and high costs that reduce their clinical application. N-palmitoyl-D-

glucosamine (PGA) is a natural amide of palmitic acid and glucosamine that shares 

the anti-inflammatory properties with its endogenous analog palmitoylethanolamide 

(PEA) and those of glucosamine [7]. PGA belongs to the ALIAmide family (ALIA, 

autacoid local injury antagonism), a class of both synthetic and endogenous fatty 

acid amides that display a wide range of homeostatic effects in response to 

increased oxidative stress and cell damage, including anti-inflammatory and pain-

relieving effects [8]. In particular, PEA has repeatedly been shown to improve clinical 

and histological signs of colitis in different murine models [9,10]. In line, micronized 

PGA resulted in being safe (LD50 ≥ 2000 mg/kg) and effective in preclinical models 

of inflammation and osteoarthritis (OA) pain, taking advantage of particle size 

reduction that enhances its anti-inflammatory activity [7]. To note, the anti-

inflammatory action of PGA might derive from both the amide and monosaccharide 

portions [11]. In fact, glucosamine improved colitis symptoms in DSS- treated mice 

by preventing intestinal epithelial cell activation and tight junction proteins 

expression decrease, with a parallel decrease in the nuclear factor-kappa B (NF-kB) 

activity and reduced TNF-α and IL-1β release [11,12]. Moreover, oral glucosamine 

and chondroitin compositions positively impact microbiota composition in the 

intestine of healthy adults, supporting PGA similar acitivity [13]. Iannotta et al. also 

reported that micronized PGA acts as a toll-like receptor (TLR)-4 antagonist, thanks 

to its structural similarity to the lipid A component of lipopolysaccharide (LPS). TLR-

4 is involved in activating the nucleotide-binding oligomerization domain leucine-rich 

repeat and pyrin domain-containing protein 3 (NLRP3) inflammasome complex, 

which is overactivated in several inflammatory syndromes, including intestinal 

inflammation, neurodegenerative, and metabolic diseases [14]. NLRP3 

inflammasome plays a critical role in inflammatory response as a major component 

of innate immunity and is involved in exacerbating the mucosal immune response 

and intestinal epithelial barrier damage during colitis [15]. ALIAmide-mediated 
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activation of the peroxisome proliferator-activated receptors-α (PPAR- α) counters 

the NLRP3 activity [16], although whether PGA exerts its anti-inflammatory effects 

via PPAR-α receptors is still unknown. 

In this study, we investigated the effectiveness and the mechanisms of action of 

micronized PGA in a murine model of colitis induced by the 2,4-dinitrobenzene 

sulfonic acid (DNBS) and assessed the in vivo effects of orally administered 

micronized PGA on (i) colitis severity, (ii) mucosal inflammation and immune cells 

infiltration, (iii) release of pro-inflammatory cytokines, and (iv) NLRP3 and TLR-4 

intestinal activation in a resolution phase of intestinal inflammation. 

 

2. Materials and Methods 

 

2.1. Animals and Experimental Design 

Eight-week-old male C57BL/6J mice (Charles River, Lecco, Italy) (n = 50) have been 

used for the experiments. The procedures included in the experimental plan have 

been approved by Sapienza University’s Ethics Committee. Animal care followed 

the (Inter- national Association for the Study of Pain) IASP and European 

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

in experimental research. Colitis groups received a single intracolonic administration 

of 4 mg DNBS (Sigma Aldrich, St. Louis, MO, USA) in 100 μL of 50% ethanol (Sigma 

Aldrich, St. Louis, MO, USA) and saline (Thermo Fisher Scientific, Waltham, MA, 

USA), whereas the vehicle group received a single intracolonic administration of 

saline and ethanol as described below. Overnight-fasted mice were treated with 

DNBS on day 0 through a soft cannula (Hugo-Sachs Elektronik, March, Germany) 

quickly inserted around 3cm away from the anus without anesthetization. DNBS 

solution was slowly administrated into the colon-rectal tract, and animals were 

maintained slightly sloped for the entire procedure. Thus, mice were placed back 

into their cages and kept overnight on a heating pad to aid recovery. Disease activity 

index (DAI) parameters were daily recorded from day 0 to day 7 to assess colitis 

severity. Micronized PGA was suspended in carboxymethylcellulose (CMC) (Thermo 

Fisher Scientific, Waltham, MA, USA) and 1X PBS (Sigma Aldrich, St. Louis, MO, 

USA), and 200 μL of 30 mg/kg and 100 mg/kg PGA suspension were daily given by 

a single gavage from days 1 to 6 based on the experimental design [7]. PGA was 

used in the micronized formulation kindly provided by Epitech Group S.p.A 
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(Saccolongo, Italy). Micronized formulation of PGA with a smaller particle size 

overcomes the low water-solubility issue of this compound, increasing its oral 

absorption and bioavailability. In fact, drug solubility is strongly related to particle 

size and its reduction leads to an increase in the specific surface area with enhanced 

solubility and potentially higher bioavailability. PPAR-α antagonist MK886 (Selleck 

Chemicals, Houston, TX) was dissolved in 1X PBS and given daily at the dose of 10 

mg/kg by a single intraperi- toneal (IP) administration (150 μL) from days 1 to Mice 

were randomly divided into the following groups (n = 10 each): (1) vehicle group 

receiving single intracolonic administra- tion of saline; (2) colitis group; (3) colitis 

group receiving a daily gavage with 30 mg/kg micronized PGA; (4) colitis group 

receiving a daily gavage with 100 mg/kg micronized PGA; (5) colitis group receiving 

a daily gavage with 100 mg/kg micronized PGA associated with daily intraperitoneal 

administration of 10 mg/kg PPAR-α antagonist MK886. Animals in the vehicle and 

colitis groups also received a daily gavage of CMC solution in 1X PBS (200 μL) and 

a daily IP with 1X PBS (150 μL) from days 1 to day 6. Mice were euthanized on day 

7 by cervical dislocation; thus, spleen weight and colon length were measured, and 

blood samples, as well as colon tissues, were collected to conduct histochemical 

and biochemical analyses as described below. Each experimental group included n 

= 10 mice. All the experiments were performed in triplicate on the distal colon by 

randomly using N = 5 colon for histological staining and N = 5 colon for 

immunofluorescence analysis. 

 

2.2. Disease Activity Index (DAI) 

The DAI score was used to evaluate the colitis severity and progression during the 

7 days of the experimental protocol, according to the criteria developed by Cooper 

et al. [17]. The scored parameters were: (i) changes in body weight; (ii) stool 

consistency; (iii) rectal bleeding. DAI score was recorded daily (from day 0 to 7), 

scores were given depending on the severity of the symptoms, and the results were 

expressed as cumulative average scores in each experimental group. ZO-1 Mouse 

Occludin Rabbit NLRP3 Rabbit TLR-4 Rabbit iNOS Mouse 

 

2.3. Histopathological Analyses 

Colonic tissues were fixed in 4% paraformaldehyde (PFA) (Thermo Fisher Scientific, 

Waltham, MA, USA) and cryo-sectioned in 15 μm slices. Slices were stained with 
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hema- toxylin and eosin (H&E) (Sigma Aldrich, St. Louis, MO, USA) to evaluate the 

histopatho- logical damage score according to Li et al. [18]. Criteria included: (i) 

distortion and loss of crypt architecture; (ii) inflammatory cells infiltration; (iii) muscle 

thickening; (iv) goblet cells depletion; (v) crypts absence.Slices were analyzed with 

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

Tokyo, Japan), and images were captured at 10× magnification by a high-resolution 

digital camera (Nikon Digital Sight DS- U1). Cumulative damage scores obtained 

from each experimental group were expressed as average scores. 

 

2.4. Immunofluorescence Analysis on Colonic Sections 

Immunofluorescence analyses were performed on 15 μm colonic slices fixed in ice-

cold 4% PFA. Sections were blocked with a solution composed of 1X PBS, 4% 

Normal Donkey Serum, 0.4% (Merk Millipore, St. Louis, MO, USA) TRITON-100 

(Sigma Aldrich, St. Louis, MO, USA), and 1% Bovine Serum Albumin (BSA) (Sigma 

Aldrich, St. Louis, MO, USA) for 45 min and subsequently incubated at +4 ◦C 

overnight with primary antibody (Table 1). Slices were then washed with 1X PBS and 

incubated in the dark at +4 ◦C with fluorescein isothiocyanate-conjugated anti-rabbit 

(1:1000 dilution v/v; Abcam, Cambridge, UK) or Texas Red-conjugated anti-mouse 

(1:500 dilution v/v, mouse; Abcam, Cambridge, USA). Sections were analyzed with 

a microscope Nikon Eclipse 80i, and images were captured at 20× and 40× 

magnification by a high-resolution digital camera (Nikon Digital Sight DS-U1). 

Results were expressed as relative fluorescence units (RFU) and fluorescence 

intensity percentage (FI%). 

 

Antibody Host Clonality Dilution Brand 

ZO-1 Mouse Monoclonal 6 microgram  

w/v 

Invitrogen, 

Thermo Fisher, 

Waltham, MA, 

USA 

Occludin Rabbit Polyclonal 1:100 v/v Bioss 

Antibodies, 

Boston, MA, 

USA 
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NLRP3 Rabbit Polyclonal 1:1000 v/v Invitrogen, 

Thermo Fisher, 

Waltham, MA, 

USA 

TLR-4 Rabbit Polyclonal 1:150 v/v Bioss 

Antibodies, 

Boston, MA, 

USA 

iNOS Mouse Monoclonal 1:1000 v/v Novusbio, 

Centennial, CO, 

USA 

 

Table 1. Primary antibodies used in immunofluorescence analyses on cryo-

sectioned colon slides. 

 

2.5. Enzyme-Linked Immunosorbent Assay (ELISA) for IL-1β and PGE2 

Enzyme-linked immunosorbent assay (ELISA) for PGE2 and IL-1β (Thermo Fisher 

Sci- entific, Waltham, MA, USA) was carried out on mouse plasma isolated from 

blood samples according to the manufacturer’s protocol. Absorbance was measured 

on a microtiter plate reader. PGE2 and IL-1β levels were determined using standard 

curve methods. 

 

2.6. Statistical Analyses 

Results were expressed as the mean ± SD. Statistical analysis was performed us- 

ing 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. Data were analyzed by using Graphpad Prism and ImageJ 

software. 
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3. Results 

 

3.1. Micronized PGA Improves the Disease Spectrum and Macroscopic Signs of 

Colitis in a Dose-Dependent Manner through PPAR-α Involvement 

The DAI score was significantly increased in the colitis group during the 7 days that 

followed DNBS administration (7.9 ± 0.141, p < 0.0001; Figure 1A), with a parallel 

colonic shortening (3.83 ± 0.543 cm, p < 0.0001; Figure 1B,D) and spleen weight 

increase (0.153 ± 0.0269 g, p < 0.05; Figure 1C) in comparison to the vehicle group. 

PGA resulted in a dose-dependent improvement of overall colitis hallmarks, leading 

to a significant decrease in DAI score (4.65 ± 0.354, p < 0.001 and 3.07 ± 0.305, p 

< 0.0001 for the 30 mg/kg and 100 mg/kg dose, respectively; Figure 1A), increase 

in colon length (5.82 ± 0.676 cm and 7.55 ± 0.572 cm, p < 0.0001 for 30 mg/kg and 

100 mg/kg dose, respectively; Figure 1B), and reduction of spleen weight (0.0897 ± 

0.011 g, p < 0.05 for 100 mg/kg m-PGA, Figure 1C) as compared to DNBS-treated 

mice. DAI score, colon length, and spleen weight were com- parable to those in 

DNBS mice treated with 100 mg/Kg um-PGA and PPAR-α antagonist MK886 (10 

mg/kg), suggesting that PGA exerts its beneficial effects on colitis through the 

selective involvement of PPAR-α receptors. 
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Figure 1. Micronized PGA significantly improves colitis hallmarks in PPAR-α-dependent 

manner. The effects of oral administration of micronized PGA on (A) DAI score, (B, D) colonic 

length and (C) spleen weight in DNBS-treated mice. Results are expressed as the mean ± 

SD of n=5 experiments. ° p< 0.05 vs. vehicle; °°°° p< 0.0001 vs. vehicle; * p< 0.05 vs. DNBS; 

*** p< 0.001 vs. DNBS; **** p< 0.0001 vs. DNBS. 

 

3.2. Micronized PGA Ameliorates Mucosal Integrity and Prevents Colonic 

Histological Damage in DNBS-Treated Mice 

 

DNBS-treated mice maintained a significant impairment of colonic mucosal integrity 

on day 7 following colitis induction, as demonstrated by the decreased expression 

of the two tight junction proteins, zonula occludens-1 (ZO-1) and occludin, compared 

to the vehicle group (25.08 ± 3.196 FI%, p < 0.0001 for ZO-1 and 18.23 ± 1.322 FI%, 

p < 0.0001 for occludin; Figure 2A–C). The loss of ZO-1 and occludin was partially 

prevented by PGA at 30 mg/kg dose (37.4 ± 2.507 FI%, p <0.0001 for ZO-1 and 



30 
 

33.97 ± 2.217 FI%, p < 0.0001 for occludin; Figure 2A–C), whereas a marked 

restoration was observed in colitis mice treated with 100 mg/kg PGA in comparison 

to the DNBS group (87.8 ± 2.579 FI% and 94.75 ± 3.988 FI%, p < 0.0001 for ZO-1 

and occludin, respectively; Figure 2A–C). The effects of PGA (100 mg/kg) were 

reverted by MK886 (10 mg/kg) in colitis mice, further demonstrating the involvement 

of PPAR-α receptors. Histopathological scores revealed extensive damage in the 

colonic mucosal barrier of DNBS-treated mice with marked neutrophil infiltration and 

damaged mucosal integrity compared to vehicle (8.2 ± 0.9189, p < 0.0001; Figure 

2D,E). Micronized PGA (30 mg/kg) preserved mucosal integrity and counteracted 

the neutrophil infiltration within the mucosa, although the number of crypts was lower 

in comparison to the DNBS group (5.5 ± 0.9718, p < 0.0001; Figure 2D,E). At the 

higher dose (100 mg/kg), PGA widely restored mucosal integrity, significantly 

reducing the neutrophil infiltration, and preserving the architecture and number of 

the crypts in comparison to the DNBS group (2.5 ± 0.8498, p < 0.0001; Figure 2D,E). 

Co- administration of PGA and MK886 resulted in colonic histological damage 

comparable to DNBS-group, further supporting that PGA preserves the intestinal 

mucosal integrity by PPAR-α engagement. 
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Figure 2. Micronized PGA prevents the loss of tight junction proteins ZO-1 and occludin, and 

colonic barrier disruption through PPAR-α involvement. (A) Representative images show double-

label immunohistochemistry for occludin (green) and ZO-1 (red) in the colon with (B, C) relative 

quantification. Nuclei were also labeled by DAPI . (E) Representative images of hematoxylin and 

eosin (H&E)-stained on distal colon sections and (D) relative histological damage score. Results 

are expressed as the mean ± SD of n=5 experiments. °°°° p< 0.0001 vs. vehicle; **** p<0.0001 

vs. DNBS. Scale bar = 100 μm; magnification 20x. 

 

3.3 Micronized PGA downregulates the TLR-4/NLRP3/iNOS expression and decreases 

the release of inflammatory mediators in DNBS-treated mice via PPAR-α receptors 

 

Our results show that TLR-4, NLRP3, and iNOS expression was markedly increased 

within the mucosa following DNBS-induced colitis compared to vehicle (31.38  1.169 

RFU, 14.54  1.282 RFU, and 33.93  1.665 RFU for TLR-4, NLRP3 and iNOS, 

respectively; p<0.0001 for all comparisons; Fig. 3A-D). In DNBS mice receiving 30 
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mg/kg PGA, the expression of TLR-4, NLRP3, and iNOS was significantly reduced 

(21.08  1.904 RFU, 10.40  1.235 RFU, and 18.26  1.668 RFU for TLR-4, NLRP3 and 

iNOS, respectively; p<0,0001 for all comparisons; Fig. 3A-D) and completely 

downregulated by PGA 100 mg/kg (14.98  0.712 RFU, 7.54  0.537 RFU, and 12.56  

1.105 RFU for TLR-4, NLRP3 and iNOS, respectively; p<0.0001 for all comparisons; 

Fig. 3A-D). According to previous results, 100 mg/kg PGA did not show any effect in 

DNBS mice co-administered with PPAR-α antagonist MK866 (10mg/kg), supporting that 

PGA prevents the activation of the TLR4/NLRP3/iNOS pathway through PPAR-α-

mediated mechanism. Further, the increased plasma levels of IL-1β and PGE2 detected 

in DNBS mice at day 7 after colitis induction (113.1  32.71 pg/ml and 348.5  45.22 

pg/ml for IL-1β and PGE2, respectively; p<0.0001 vs. vehicle for both comparisons; Fig. 

3E and F) were significantly and dose-dependently  decreased by PGA (62.1  15.09 

pg/ml and 36.7  13.12 pg/ml for IL-1β in the lower and higher dose group, respectively; 

217.5  61.07 pg/ml and 169.7  37.12 pg/ml for PGE2 in the lower and higher dose 

group, respectively; p<0.0001 vs. DNBS for all comparisons; Fig. 3E and F). The anti-

inflammatory effect of PGA was significantly inhibited in presence of PPAR-α antagonist 

MK886 displaying comparable plasma cytokines levels with the DNBS group. 

 

Figure 3. Micronized PGA decreases TLR4/NLRP3/iNOS expression in mice colon and pro-

inflammatory cytokines realease in plasma samples throught a selective PPAR-α involvement in 
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DNBS-treated mice. (A) Immunofluorescence images display TLR-4 (green), NLRP3 (magenta), 

and iNOS (red) staining and the relative quantification for (B) TLR-4, (C) NLRP3, and (D) iNOS. 

(E) IL-1β and (F) PGE2 release in mice plasma. Results are expressed as the mean ± SD of n = 5 

experiments. °°°° p<0.0001 vs. vehicle; * p<0.05 vs. DNBS; **** p<0.0001 vs. DNBS. Scale bar = 

100 μm; magnification 20x-40x. 

4. Discussion 

IBD is increasing incidence worldwide and current therapies mainly consist of the chronic 

administration of immunosuppressive drugs [17]. However, these drugs display a short-

term efficacy and they are not suitable as a maintenance therapy due to a variety of 

systemic adverse reactions [18]. The possibility of exploiting new compounds able to 

target different steps and pathways of the inflammatory response represents an 

outstanding challenge for IBD therapy. In the present study, we provided evidence that 

micronized PGA significantly and dose-dependently counteracts the inflammatory-

mediated alteration of the intestinal functions that often persist in the resolution phase of 

colitis and characterize the remission state of the disease. 

Oral administration of micronized PGA improved DAI score and resulted in macroscopic 

amelioration of intestinal inflammation, as shown by the increased expression of tight 

junction proteins (ZO-1 and occludin) in the colonic mucosa and lower histological 

damage score. Similar to the homologous ALIAmide PEA which was successful in the 

treatment of several colitis models in mice and humans [19, 20, 21, 22, 23], PGA 

revealed an anti-inflammatory effect through a PPAR-α-dependent mechanism, since in 

the presence of PPAR-α antagonist MK886, PGA-mediated effects were abolished. We 

demonstrated that PGA caused a significant decrease of pro-inflammatory mediators, 

such as iNOS and NLRP3 protein expression in colonic tissues as well as PGE2 and IL-

1β release in plasma. 

In agreement with previous studies demonstrating that this ALIAmide negatively 

regulates TLR-4 signaling enhanced by intestinal inflammation and neuropathic pain [8,  

12], our results show that micronized PGA dose-dependently reduced the TLR-4 

expression in the colonic mucosa of colitis mice, suggesting that this may contribute to 

its potent anti-inflammatory activity. The sequel of events triggered by the TLR-4 

activation, including NF-kB and NLRP3 activation, and the release fo IL-1β, IL-6, TNF-

α, is considered an important event involved in the triggering and the maintenance of a 

persistent intestinal inflammation during colitis [8, 12] and HIV-1 Tat-induced diahrrea 
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[24]. In this context, PPAR-α agonists, such as PEA, may mediate TLR-4 down-

regulation and efficiently suppress the inflammatory process similar to the evidence 

observed in vitro [13] and in clinical studies [25], in endotoxin induced-uveitis rat model 

and DSS-induced colitis mice model [19, 26]. 

In addition to the agonism on PPAR-α, PGA displays structural similarity with the 

lipopolysaccharide (LPS) component Lipid A, which results in an direct antagonism on 

TLR-4 [12]. Thus, anti-inflammatory properties of PGA might be related to two distinct 

mechanisms, although this hypothesis requires further investigations. 

Previous studies have shown that PPAR-α activation inhibits immune cell infiltration in 

colonic mucosa and decreases the expression and release of pro-inflammatory markers 

typical of IBD, in mice and humans [27, 28]. In line, we have shown that micronized PGA 

reduces immune cell infiltration within the colonic mucosa and downregulates NLRP3 

inflammasome expression via PPAR-α activation. This anti-inflammatory activity 

probably mediates the ability of PGA to preserve the intestinal epithelial barrier integrity. 

Actually, NLRP3 plays a key role in exacerbating the mucosal immune response and 

intestinal epithelial barrier damage [29]. Indeed, NLRP3 overactivation was linked to 

several inflammatory syndromes, including intestinal inflammation, and the activation of 

PPAR-α receptors is able to prevent NLRP3 overactivation [27]. Here, we demonstrated 

that the NLRP3 overexpression is efficiently and dose-dependently counteracted by the 

oral administration of micronized PGA. This was associated with reduced colitis severity 

and histological damage of colonic mucosa, supporting that PGA exerts an anti-

inflammatory effect by suppressing NLRP3 activity through PPAR-α receptor 

involvement. 

To gain more mechanistic insights, we evaluated the effect of micronized PGA on the 

expression of TLR-4, which plays an essential role in innate immunity activation by 

recognizing microbial antigens, such as LPS [30]. The increased translocation of luminal 

microbe-derived products that follows the epithelial barrier breakdown during intestinal 

inflammation, leads to higher TLR-4 activation. The downstream sequel events triggered 

by the TLR-4 activation, including NLRP3 overexpression, iNOS upregulation, and 

increased release of pro-inflammatory cytokine such as IL-1β and PGE2 [31, 32], are 

strictly related to mucosa damage expansion [33], and visceral hypersensitivity 

associated with the inflammatory process [34, 35]. Oral administration of micronized 

PGA resulted in the decreased expression of TLR-4 and related downstream pro-

inflammatory pathways in DNBS mice, as demonstrated by the parallel downregulation 
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of iNOS and NLRP3 expression, as well as by the reduced release of IL-1β and PGE2. 

This suggests that PGA might act as a safe "multitarget" modulator of intestinal 

inflammation and prevents the long-term intestinal dyfunction that generally follows the 

acute phase of colitis. 

To note, TLR-4 activation is also associated with visceral hypersensitivity and related 

behavioral disorders, resulting in episodes of anxiety and recurrent flares of abdominal 

pain [36, 37, 38]. This latter was also associated with long-term changes in the intestinal 

microbiota composition, pointing out that compounds able to restore and maintain 

microbiota homeostasis might provide benefit in IBD patients with recurrent visceral 

allodynia and hyperalgesia [39]. Interestingly, a bacteria strain deriving from legumes is 

able to produce PGA (Rhizobium Leguminosarum) [40], and successfully colonize the 

intestinal microenvironment by acting as a xenobiotic metabolizer [38]. This suggests 

that micronized PGA might have the potential to target distinct pathological aspects of 

intestinal inflammation by downregulating pro-inflammatory mediators, decreasing the 

mucosal damage and visceral hypersensitivity, and even restoring the microbiota 

homeostasis. 

Despite further studies being needed to confirm this hypothesis, our results provide the 

first evidence on the ability of micronized PGA to target colitis through a double 

mechanism of action: PPAR-α agonism and TLR-4 antagonism [12]. In consideration of 

the obtained results and the safety profile of micronized PGA, more studies are advised 

in order to explore the protective effects of micronized PGA in the management of IBD. 
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Abstract 

Chronic intestinal inflammation and neo-angiogenesis are interconnected in 

colorectal carcinoma (CRC) pathogenesis. Molecules reducing inflammation and 

angiogenesis hold promise for CRC prevention and treatment. N-Palmitoyl-d-

glucosamine (PGA), a natural glycolipid analog with anti-inflammatory properties, 

has shown efficacy against acute colitis. Micronized PGA (mPGA) formulations 

exhibit superior anti-inflammatory activity. This study investigates the in vivo anti-

angiogenic and protective effects of mPGA in a mouse model of colitis-associated 

CRC induced by azoxymethane/dextran sodium sulfate (AOM/DSS). CRC was 

induced in C57BL/6J mice using intraperitoneal azoxymethane followed by three 

cycles of 2.5% dextran sodium sulfate (DSS) in drinking water. Mice were treated 

with mPGA (30–150 mg/kg) with or without the PPARα inhibitor MK886 (10 mg/kg). 

At Day 70 post-azoxymethane injection, mice underwent anesthetized endoscopic 

colon evaluation. Post-mortem analysis of tumorigenesis and angiogenesis was 

performed using histological, immunohistochemical, and immunoblotting 

techniques. mPGA improved disease progression and survival rates in a dose- and 

PPARα-dependent manner in AOM/DSS-exposed mice. It reduced polyp formation, 

decreased pro-angiogenic CD31, pro-proliferative Ki67, and pro-inflammatory TLR4 

expression levels, and inhibited VEGF and MMP-9 secretion by disrupting the 

pAkt/mTOR/HIF1α pathway. mPGA increased colon PEA levels, restoring anti-

tumoral PPARα and wtp53 protein expression. Given its lack of toxicity, mPGA 
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shows potential as a nutritional intervention to counteract inflammation-related 

angiogenesis in CRC. 

 

1. Introduction 

Colorectal carcinoma (CRC) ranks third worldwide among the most prevalent and 

life-threatening malignancies (Sung et al., 2021). Genetic factors, unhealthy dietary 

habits, and chronic intestinal inflammation significantly contribute to the genesis and 

advancement of precancerous lesions, thereby facilitating the growth of CRC 

(Lichtenstern et al., 2020; Mandle et al., 2024). Over the past decade, extensive 

research has demonstrated that the onset of a chronic inflammatory milieu 

associated with CRC fosters a supportive environment for hyperproliferation of 

epithelial cells and promotes angiogenesis, the formation of new blood vessels, 

which facilitates metastasis in the colon and rectum (Aguilar-Cazares et al., 2019). 

This process significantly decreases the survival rate of affected patients (Jensen et 

al., 2006). Chronic inflammation in the colon creates a cancer-growth favorable 

microenvironment that self-perpetuates by the release of vascular endothelial 

growth factor (VEGF) and pro-inflammatory cytokines. This ultimately disrupts the 

normal mucosal histological architecture and leads to uncontrolled hyperproliferation 

of epithelial cells (Sato et al., 2023). Identifying molecules that target intestinal 

inflammation and angiogenesis is crucial for the development of preventive and 

therapeutic strategies that can complement current CRC therapy (Kumar et 

al., 2023). 

In this context, Autacoid Local Injury Antagonist Amides (ALIAmides) are a class of 

bioactive fatty acid amides that play a pivotal role in locally regulating inflammation 

and immune responses (Aloe et al., 1993; Chiurchiù et al., 2018). Acting at the 

Peroxisome Proliferator-Activated Receptors α (PPARα) site (Lo Verme et al., 2005), 

the ALIAmide palmitoylethanolamide (PEA) interferes with pro-angiogenic VEGF 

signaling and oncogenic pAkt/mTOR pathway with an excellent safety profile against 

inflammation, cell proliferation, and angiogenesis (Sarnelli, D'Alessandro, et 

al., 2016). 

Besides PEA, other ALIAmides have been recently investigated (Gugliandolo et 

al., 2020; Palenca et al., 2022, 2023). Among these, N-palmitoyl-D-glucosamine 

(PGA) has been identified as a natural derived monosaccharide-based glycolipid 

resulting from a combination of palmitic acid and glucosamine (Cordaro et al., 2019). 

https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0035
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0021
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0025
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0002
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0015
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0031
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0018
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0003
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0006
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0023
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0029
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0011
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0026
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0027
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0007
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PGA shares anti-inflammatory properties with its endogenous analog PEA and those 

of glucosamine (Cordaro et al., 2019). Similarly to PEA, micronized formulations of 

PGA (mPGA) have shown superior activity compared with unprocessed ones 

(Cordaro et al., 2019). In preclinical in vivo models, mPGA has been revealed as a 

safe anti-inflammatory agent in the treatment of osteoarthritis pain and colon 

inflammation (Cordaro et al., 2019; Palenca et al., 2022). Such effect has been 

attributed to PGA-mediated downregulation of the toll-like receptor 4 (TLR4) 

pathway through PPARα receptor signaling (Iannotta et al., 2021). Despite these 

observations, no studies have yet investigated the effect of mPGA against chronic 

inflammation and angiogenesis in colon cancer. To address this gap, our study aims 

to explore the activity of an orally administered mPGA in a model of chronic 

inflammation-related CRC in C57BL/6J mice, induced by azoxymethane (AOM) and 

2.5% dextran sulfate sodium (DSS) (Dzhalilova et al., 2023). The present study will 

primarily investigate the dose-dependent effects of mPGA on the following aspects 

within the AOM/DSS colon cancer mouse model: (i) colorectal polyps' formation and 

mice survival, (ii) anti-angiogenic effects and changes in epithelial mucosa, (iii) 

release of pro-angiogenic and inflammatory cytokines, and (iv) activation of the 

pAkt/mTOR signaling pathway. 

 

2. Materials and Methods 

 

2.1 Animal and experimental design 

All in vivo experimental protocols were approved by the animal welfare regulation of 

the University of Naples “Federico II,” Italy, and by the Superior Institute of Health, 

Italy. Animal studies were carried out in compliance with the ARRIVE (Animal 

Research: Reporting of In vivo Experiments) guidelines, E.U. Directive 2010/63/EU 

for animal experiments (date of the approval, 2021). Eight-week-old male C57BL/6J 

(Charles River, Lecco, Italy) mice were used for all the experiments (n = 105). Mice 

were maintained on a 12 h light/dark cycle in a temperature-controlled environment 

with access to food and water ad libitum. After mice acclimatization, according to the 

procedure described by Parang et al. (2016), mice were given an intraperitoneal 

injection with 10 mg/kg AOM in 0.1 mL phosphate buffer saline (PBS), followed by 

three cycles of 2.5% DSS in drinking water for 1 week and normal drinking water for 

2 weeks (Figure 1a). Mice body weight was recorded weekly, and the overall survival 

https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0007
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0007
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0007
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https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0008
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0028
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-fig-0001
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of the animals at the end of the procedure was also assessed. Concerning the 

treatment carried out in the experimental plan, an amount of 200 μL of 30, 100, 

150 mg/kg mPGA (Epitech Group S.p.A, Saccolongo, Italy), and 150 mg/kg 

glucosamine was suspended in 1× PBS (Sigma-Aldrich, St. Louis, MO, USA) and 

carboxymethylcellulose 1:4 (Thermo Fisher Scientific, Waltham, MA, USA); the 

PPARα antagonist, 10 mg/kg MK886 (Selleck Chemicals, Houston, TX), was 

dissolved in 1× PBS, according the procedures described by Palenca et al. (2022). 

Animals were then randomly divided into seven groups (n = 15 each), depending 

upon the experimental protocol described (Figure 1a): (1) vehicle group, receiving 

200 μL of 1× PBS plus 1:4 carboxymethylcellulose orally administered 3 days a 

week; (2) CRC group, receiving 2.5% DSS in the drinking water + single 

intraperitoneal injection of 10 mg/kg AOM at Day 0; (3) 2.5% DSS + 10 mg/kg 

AOM + orally administered 30 mg/kg mPGA 3 days a week; (4) 2.5% 

DSS + 10 mg/kg AOM + 100 mg/kg mPGA 3 days a week; (5) 2.5% DSS + 10 mg/kg 

AOM + 150 mg/kg mPGA 3 days a week; (6) 2.5% DSS + 10 mg/kg 

AOM + 150 mg/kg mPGA 3 days a week + intraperitoneal administration of 10 mg/kg 

PPARα antagonist MK886 at Days 7, 28, and 49; and (7) 2.5% DSS + 10 mg/kg 

AOM + 150 mg/kg glucosamine sulfate 3 days a week. The dose of glucosamine was 

chosen in order to administer a higher (i.e., double) dose compared with the amount 

of glucosamine contained in 150 mg/kg mPGA dose. Starting on Day 7, the animals 

were monitored to determine the survival curve, concluding the procedures on Day 

70 after AOM injection. Before euthanasia, a random subset of n = 5 mice from each 

group underwent endoscopy to identify colon tumor formation. At the end of the 

experimental protocol, all animals were euthanized via CO2 hypoxia. Subsequently, 

colons were isolated, measured for length, and examined macroscopically for polyp 

formation and enumeration. Colon samples were then processed for further 

analyses. 

 

https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0026
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-fig-0001
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Figure 1. Experimental design and impact of treatments on mice weight loss and survival following 

AOM/DSS colon cancer induction. Figure shows (a) Schematic overview of the experimental 

design and treatments in AOM/DSS model of colorectal carcinoma in mice. (b) Time course of 

body weight changes and (c) log-rank graph showing the survival rate of mice evaluated at Day 

70 after AOM injection. The results are expressed as mean ± SD. ***p < 0.001 vs. vehicle, 

**p < 0.01 vs. vehicle, °°p < 0.01 vs. AOM/DSS group, °p < 0.05 vs. AOM/DSS group, ###p < 0.001 

vs. 150 mg/kg mPGA group, #p < 0.05 vs. 150 mg/kg mPGA group. 

 

2.2 Endoscopic procedures and endoscopic injury score evaluation 

For endoscopic procedures, n = 5 mice from each experimental group were anesthetized 

via intraperitoneal injection of 60 mg/kg ketamine and 10 mg/kg xylazine. Before the 
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procedure, the mice were given a 1× PBS enema to optimize visualization of the colonic 

mucosa. The experimental endoscopy of the rectum and colon was performed using a 

bronchoscopy adapted for small rodent use (Karl Storz, Tuttlingen, Germany). 

Endoscopic frames were captured using a color monitor and digitally recorded on tape 

(CV-190 PLUS; Olympus, Segrate, Italy). Endoscopic injury scoring was performed 

according to the method described by Becker et al. (2006). 

 

2.3 Histopathological analyses 

Colonic tissues were fixed overnight in ice-cold 4% paraformaldehyde (PFA) (Thermo 

Fisher Scientific, Waltham, MA, USA) and then transferred to a 1× PBS solution 

containing 20% sucrose at 4°C for 48 h. Subsequently, the colon specimens were cryo-

sectioned into 15 μm slices. Slices underwent staining with hematoxylin and eosin (H&E) 

(Sigma-Aldrich, St. Louis, MO, USA) to assess histopathological changes, by the 

methodology described by Li et al. (2017). Criteria included (i) distortion and loss of crypt 

architecture; (ii) inflammatory cell infiltration; (iii) muscle thickening; (iv) goblet cells 

depletion; and (v) crypts absence. The analyses were performed using a Nikon Eclipse 

80i microscope from Nikon Instruments Europe (Nikon Corporation, Tokyo, Japan), with 

images captured at 10× magnification using a high-resolution digital camera (Nikon 

Digital Sight DS-U1). Cumulative damage scores obtained from each experimental 

group were expressed as average scores. 

 

2.4 Immunofluorescence analysis 

Immunofluorescence analyses were performed on 15 μm colonic slices fixed in ice-cold 

4% PFA. Tissues were rinsed three times (10 min each) in 1× PBS containing 0.1% Triton 

X-100 (T-PBS) followed by a 1 h incubation in blocking solution (containing T-PBS, 4% 

normal donkey serum, and 1% bovine serum albumin) at room temperature (RT). After 

three washes in T-PBS (10 min each), sections were then stained with anti-Ki67 

(1:100 v/v; rabbit; Abcam, Cambridge, UK) and anti-CD31 (1:50 v/v, mouse; Abcam, 

Cambridge, UK) overnight at +4°C. Tissues were rinsed three times (10 min each) with 

T-PBS after removing the primary antibodies, and then, secondary antibodies anti-Rabbit 

Alexa Fluor 488 (1:400 v/v; Jackson Immuno Research, Cambridgeshire, UK) and anti-

Mouse Alexa Fluor 564 (1:400 v/v; Jackson Immuno Research, Cambridgeshire, UK) 

were incubated for 2 h at RT. Tissues were rinsed two times (10 min each) in 1× PBS, 

once in 0.1 M phosphate buffer (10 min), and mounted in DAPI Fluoromount (Southern 

https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0004
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Biotech, Birmingham, USA). Sections were analyzed with a Nikon Eclipse 80i 

microscope, and images were captured by Nikon Digital Sight DS-U1 high-resolution 

digital camera. 

 

2.5 Protein extraction and western blot analysis 

Mice colon specimens were homogenized in ice-cold hypotonic lysis buffer, and the 

protein concentration was determined using the Bio-Rad protein assay kit (Bio-Rad, 

Milan, Italy). Subsequently, total protein fractions from the homogenates were utilized for 

the analysis of various protein expressions. Equivalent amounts of homogenates (50 μg) 

were subjected to electrophoresis through a polyacrylamide minigel. The proteins were 

then transferred onto nitrocellulose membranes, which were saturated by incubation with 

10% non-fat dry milk in 1× PBS overnight at 4°C. Following saturation, the membranes 

were incubated according to the experimental protocols with the following primary 

antibodies: mouse anti-total Akt (1:1000 v/v; Cell Signaling Technology, Euroclone, MI, 

Italy); rabbit monoclonal anti-phospho-Akt (Ser 473) (1:2000 v/v; Cell Signaling 

Technology, Euroclone, MI, Italy); rabbit polyclonal anti-total mTOR (1:1000 v/v; Abcam, 

Cambridge, UK); rabbit polyclonal anti-phospho-mTOR (pSer2448) (1:1000 v/v; Cell 

Signaling Technology, Euroclone, MI, Italy); rabbit polyclonal anti-total p70S6K 

(1:1000 v/v; Cell Signaling Technology, Euroclone, MI, Italy); rabbit polyclonal anti-

phospho-p70S6K (Thr421/Ser424, Thr389) (1:1000 v/v; Cell Signaling Technology, 

Euroclone, MI, Italy); rabbit monoclonal anti-VEGF receptor (1:1000 v/v; Cell Signaling 

Technology, Euroclone, MI, Italy); rabbit monoclonal anti-PPARα (1:1000 v/v; Abcam, 

Cambridge, UK); rabbit polyclonal anti TLR4 receptor (Bioss Antibodies, Boston, MA, 

USA, 1:50 v/v), anti-wtp53 protein (1:1500 v/v; Biocompare, San Francisco, CA, USA) 

mouse monoclonal anti-HIF1α (1:500 v/v; Sigma-Aldrich, MI, Italy); and mouse anti-β-

actin (1:2000 v/v; Santa Cruz Biotechnology, Santa Cruz, California, USA). Following 

primary antibody incubation, the membranes were further incubated with specific 

secondary antibodies conjugated to horseradish peroxidase (HRP) (Dako, Milan, Italy). 

Immune complexes were visualized using enhanced chemiluminescence detection 

reagents (Amersham Biosciences, Milan, Italy). Immune complexes were revealed by 

enhanced chemiluminescence detection reagents, and immunoreactive protein bands 

were then visualized, scanned, and densitometrically analyzed with ChemiDoc XRS+ 

apparatus (Bio-Rad Laboratories S.r.l. Segrate, Milano, Italy). The results were 
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expressed as the % of protein expression and normalized on the expression of the 

housekeeping protein β-actin for mouse proteins. 

 

2.6 Quantification of PEA in the tissue by HPLC–MS method 

The extraction and analysis of PEA level in the tissue were performed according to the 

protocol outlined by Gachet et al. (2015), with minor adjustments. Initially, colon 

specimens were firstly lysed using a lysis buffer and subsequently evaporated under a 

stream of nitrogen. The resulting residues were reconstituted in an extraction solution, 

followed by ultracentrifugation (14,000 rpm, 4°C, 5 min). The supernatant obtained was 

then subjected to mass spectrometry analysis. The analyses were conducted using a 

Jasco Extrema LC-4000 system (Jasco Inc., Easton, MD, USA) coupled with an Advion 

Expression mass spectrometer (Advion Inc., Ithaca, NY, USA) equipped with an 

electrospray (ESI) source. Mass spectra were acquired in positive selected ion 

monitoring (SIM) mode. The capillary voltage was set to +180 V, the spray voltage to 

3 kV, the source voltage offset to +20 V, and the capillary temperature to 250°C. 

Chromatographic separation was carried out using a Kinetex C18 analytical column 

(150 × 4.6 mm, 3 μm particle size, 100 Å pore size) along with a security guard column, 

both supplied by Phenomenex (Torrance, CA, USA). The analyses were performed at a 

flow rate of 0.3 mL/min, employing solvent A (water with 2 mM ammonium acetate) and 

solvent B (methanol with 2 mM ammonium acetate and 0.1% formic acid). Elution 

proceeded with a linear gradient: starting at 15% B for 0.5 min, transitioning from 15% 

to 70% B over 2.5 min, further transitioning from 70% to 99% B over 1.5 min, maintaining 

99% B for 4 min, and then returning to 15% B over 3.5 min, with a total run time of 15 min. 

The injection volume was 10 μL, and the column temperature was maintained at 40°C. 

For quantitative analysis, standard curves of PEA (Sigma-Aldrich, Milan, Italy) were 

established across a concentration range of 0.0001–10 ppm, encompassing six 

concentration levels, with duplicate injections prepared at each level. Data acquisition 

and processing were conducted using JASCO Chrom NAV (version 2.02.04) and Advion 

Data Express (4.0.13.8). 

 

2.7 Enzyme-linked immunosorbent assay for VEGF and MMP-9 

Enzyme-linked immunosorbent assays (ELISA) for VEGF (Abcam, Cambridge, UK) and 

MMP-9 (Proteintech, Planegg-Martinsried, Germany) have been carried out on mice 

homogenized tissue according to the respective manufacturer's protocols. Absorbance 

https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0010
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was measured on a microtiter plate reader. VEGF and MMP-9 level were then 

determined using the standard curve method according to the manufacturer's 

instructions. 

 

2.8 Hemoglobin content measurement in the colon 

Hemoglobin content is an appropriate method for angiogenesis quantification in sampled 

tissues (Tsuji et al., 1995). Mice colonic specimens were collected and weighed, followed 

by homogenization in 1× PBS. Subsequently, the homogenates underwent 

centrifugation at 2500 g for 20 min at 4°C. The resulting supernatants were subjected to 

further centrifugation at 5000 g for 30 min. Hemoglobin concentration in the supernatant 

was quantified spectrophotometrically at 450 nm using the hemoglobin assay kit (Sigma-

Aldrich, MI, Italy). The measured values were then normalized and expressed as mg 

hemoglobin per gram of wet weight. 

 

2.9 Statistical analysis 

The results were expressed as mean ± SD or mean percentage. The effect was 

calculated as the percentage change between compared treatment groups. Depending 

upon the experiments, statistical analysis was performed using Log-rank (Mantex-Cox) 

test for survival rate and parametric one-way analysis of variance (ANOVA) followed by 

multiple comparisons with Bonferroni's post hoc test. p-values < 0.05 were considered 

statistically significant. Data were analyzed using Graph-pad Prism 9 and ImageJ 1.53 

software. 

 

3. Results 

 

3.1 Dose and PPARα-dependent effect of mPGA on weight loss and survival rate in mice 

exposed to AOM/DSS 

Following AOM administration (Figure 1a), body weight changes were monitored to 

assess the progression of colon cancer. In addition, before euthanasia endoscopic 

evaluations of colon were performed, and the general survival rate was recorded. 

Compared with the vehicle group, AOM/DSS caused a significant weight loss (Figure 1b, 

−45.3%, p < 0.01 vs. vehicle group) which was dose-dependently (30–150 mg/kg 

mPGA) reverted by mPGA (Figure 1b, +9.7%, ns; +16%, ns; and +55%, p < 0.05, 

respectively, vs. AOM/DSS group) whereas the co-administration of PPARα antagonist 

https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-bib-0036
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MK866 significantly reduced the mPGA protective effect on weight loss (Figure 1b, 

−37%, p < 0.05 vs. 150 mg/kg mPGA group). Administration of glucosamine did not 

result in any significant prevention of weight loss compared with the AOM/DSS group 

(Figure 1b). 

The log-rank percent survival rate at the end of the experimental procedure, 70 days 

after AOM injection, revealed a significant decrease in mice survival in the AOM/DSS 

compared with vehicle group (Figure 1c, p < 0.01 vs. vehicle group) and mPGA at the 

highest dosage (150 mg/kg) was able to increase mice survival (Figure 1c, p < 0.05 vs. 

AOM/DSS group); such beneficial effect was significantly reduced in the presence of 

MK866 (Figure 1c, p < 0.05 vs. 150 mg/kg mPGA group), while no significant effect on 

animal survival was registered following glucosamine alone. 

 

3.2 mPGA dose- and PPARα-dependently reduced endoscopic colon alteration, colon 

length, and polyps' formation in mice exposed to AOM/DSS 

The endoscopic injury score (EIS), used to evaluate the extent of mucosal damage and 

alterations, was assessed in mice at the end of the experimental procedure, immediately 

before euthanasia. Following AOM/DSS, a significant increase in the injury score was 

detected (Figure 2a–c, +618%, p < 0.001 vs. vehicle group) and such effect was dose-

dependently decreased by 30-150 mg/kg mPGA treatment (Figure 2a–c, 

−22.5%, p < 0.05; −51.6%, p < 0.01; and −82.5%, p < 0.001, respectively, vs. AOM/DSS 

group). The protective effect of mPGA was significantly reverted by the co-administration 

of MK866 (Figure 2a–c, +433%, p < 0.001 vs. 150 mg/kg mPGA group). Once again, 

glucosamine did not cause any significant effect in our experimental conditions 

(Figure 2a–c, −7.2%, ns vs. AOM/DSS group). 
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Figure. 2 Endoscopic and macroscopic evaluation of mPGA on colon polyps' formation and 

density following AOM/DSS colon cancer induction. Figure shows (a) The endoscopic images of 

endoluminal polyps in the mouse colon on Day 70 after AOM injection in the different experimental 

groups; (b) macroscopic image evaluation of polyps in the distal segment mouse colons at Day 70 

after AOM injection and relative Centimeter reference scale on the left side; (c) evaluation of tissue 

damage by relative endoscopic score, (d) colon length, and (e) the number of polyps in the distal 

segment of the mouse colon. The results are expressed as the mean ± SD of n = 5 experiments in 

triplicate. ****p < 0.0001 vs. vehicle, ***p < 0.001 vs. vehicle, °°°°p < 0.0001 vs. AOM/DSS group, 

°°°p < 0.001 vs. AOM/DSS group, °°p < 0.01 vs. AOM/DSS group, °p < 0.05 vs. AOM/DSS 

group, ###p < 0.001 vs. 150 mg/kg mPGA group. 

 

 

AOM/DSS caused a significant reduction in colon length (Figure 2b–d, 

−46.2%, p < 0.001 vs. vehicle group), and such decrease was dose-dependently 

reverted by 30–150 mg/kg mPGA administration (Figure 2b–d, +15.6, p < 0.05; 

+22%, p < 0.01; and +72.5%, p < 0.001, respectively, vs. AOM/DSS group). Again, the 

co-administration of MK866 strongly impaired mPGA effect (Figure 2b,c, 

https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-fig-0002
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−40%, p < 0.001 vs. AOM/DSS group), and no significant effect was observed following 

glucosamine alone (Figure 2b,c, +6.8%, ns vs. AOM/DSS group). In line with these 

results, AOM/DSS induced a significant increase in polyp formation in the colon 

(Figure 2b–e, +3900%, p < 0.001 vs. vehicle group) and such effect was dose-

dependently reduced by 30–150 mg/kg mPGA administration (Figure 2b–e, 

−19%, p < 0.05; −33.8%, p < 0.01 and −85%, p < 0.001 vs. AOM/DSS group, 

respectively). As expected, the protective effect of mPGA on polyp count was inhibited 

in the presence of MK866 (Figure 2b–e, +525%, p < 0.001 vs. 150 mg/kg mPGA group), 

whereas no significant effect was produced by glucosamine (Figure 2b–e, −10%, ns vs. 

AOM/DSS group). 

 

3.3 mPGA dose- and PPARα-dependently reduced histological damage score severity, 

pro-angiogenic CD31 marker, and hyperproliferative Ki67 protein expression in the colon 

of mice exposed to AOM/DSS 

In accordance with endoscopic evaluation, post-mortem histological analysis revealed 

that AOM/DSS induced a significant mucosal damage (Figure 3a–d, +1458%, p < 0.001 

vs. vehicle group). AOM/DSS also increased the expression of the pro-angiogenic 

marker CD31 (Figure 3b–e, +190%, p < 0.001 vs. vehicle group) and 

immunofluorescence for the proliferation protein Ki67 in comparison with respective 

https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-fig-0002
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controls (Figure 3c–f, +335%, p < 0.001 vs. vehicle group).

 

Figure. 3 Effect of mPGA treatments on histological damage and angiogenic/proliferative markers 

in mucosa following AOM/DSS challenge. (a) Colon tissue morphology and relative (d) histological 

damage assessment by hematoxylin and eosin staining. The panel shows in (b, c and e, f), 

respectively, pro-angiogenic CD31 and proliferative Ki67 marker expression by 

immunofluorescence analysis (b, c) in the colon sections and respective their quantification 

expressed in terms of relative fluorescence units (RFU) (e, f). The results are expressed as 

mean ± SD of n = 5 experiments in triplicate. ****p < 0.0001 vs. vehicle, ***p < 0.001 vs. vehicle, 

https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-fig-0003
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°°°p < 0.001 vs. AOM/DSS group, °°p < 0.01 vs. AOM/DSS group, °p < 0.05 vs. AOM/DSS 

group, ###p < 0.001 vs. 150 mg/kg mPGA group. Magnification 20×; Scale bar: 100 μm. 

 

Administration of 30–150 mg/kg mPGA dose-dependently reduced the histopathological 

score (Figure 3a–d, −27%, p < 0.05; −43%, p < 0.01; and −77%, p < 0.001, respectively, 

vs. AOM/DSS group). Such effect was accompanied by dose-dependent inhibition of the 

expression of CD31 (Figure 3b–e, −33%, p < 0.05; −40%, p < 0.05; and −55% p < 0.001 

vs. AOM/DSS group, respectively) and Ki67 (Figure 3c–f, −33%, p < 0.05; 

−51%, p < 0.001; and −63%, p < 0.001 vs. AOM/DSS group, respectively) in the colon 

mucosa. In the presence of MK866, the above-described inhibitory effects by 150 mg/kg 

mPGA were completely lost. Glucosamine alone did not display any significant effect on 

histological damage score (Figure 3a–d, −5.6%, ns vs. AOM/DSS group), nor on CD31 

(Figure 3b–d, −6.7%, ns vs. AOM/DSS group) and Ki67 protein expression (Figure 3c–

f, −8.5%, ns vs. AOM/DSS group). 

 

3.4 mPGA dose- and PPARα-dependently reduced hemoglobin content, VEGF, and 

MMP-9 release in the colon of mice exposed to AOM/DSS 

To evaluate colon angiogenesis, we measured the tissue hemoglobin content and the 

levels of VEGF and MMP-9 proteins. AOM/DSS treatment caused a marked and 

significant increase in hemoglobin tissue content (Figure 4a, +236%, p < 0.001 vs. 

vehicle group), VEGF (Figure 4b, +290%, p < 0.001 vs. vehicle group), and MMP-9 

release (Figure 4c, +258%, p < 0.001 vs. vehicle group). As expected, 30–150 mg/kg 

mPGA caused an overall decrease in all the examined parameters, causing a dose-

dependent decrease in tissue hemoglobin (Figure 4a, −30%, p < 0.05; −40%, p < 0.01; 

and −61%, p < 0.001 vs. AOM/DSS group), VEGF (Figure 4b, −37%, p < 0.01; 

−51%, p < 0.001; and −62%, p < 0.001 vs. AOM/DSS group), and MMP-9 release 

(Figure 4c, −33%, p < 0.01; −52%, p < 0.001; and −68%, p < 0.001 vs. AOM/DSS group). 

According to the other experiments, the effect of mPGA was almost completely abolished 

by MK866 (Figure 4a–c). No significant effects on AOM/DSS-induced angiogenesis 

were observed following administration of glucosamine alone, neither in terms of 

hemoglobin variation (Figure 4a, −2.4%, ns vs. AOM/DSS group), VEGF (Figure 4b, 

−6.7%, ns vs. AOM/DSS group), nor MMP-9 release (Figure 4C, −1.6%, ns vs. 

AOM/DSS group). 
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Figure. 4 Effect of mPGA administration on colon hemoglobin content, VEGF, and MMP-9 release 

in AOM/DSS challenged mice. (a) The hemoglobin content in the colon tissue as indirect marker 

of neovascularization assessment in the tissue, and the ELISA quantification of specific pro-

angiogenic markers (b) VEGF and (c) MMP-9 level in the colon tissues. The results are expressed 

as the mean ± SD of n = 5 experiments in triplicate. ***p < 0.001 vs. vehicle, °°°p < 0.001 vs. 

AOM/DSS group, °°p < 0.01 vs. AOM/DSS group, °p < 0.05 vs. AOM/DSS group, ###p < 0.001 vs. 

150 mg/kg mPGA group, ##p < 0.01 vs. 150 mg/kg mPGA group. 

 

 

3.5 mPGA dose- and PPARα-dependently reduced pAkt/mTOR/HIF1α signaling induced 

by AOM/DSS in mice 

The molecular pathway involving phosphorylation of Akt and mTOR signaling is crucial 

to the activation of HIF1α, and this is a key step in colon carcinogenesis (Leiphrakpam 

& Are, 2024). Immunoblot analysis revealed a significant increase in phosphorylation of 

Akt (Figure 5a,b, +650%, p < 0.001 vs. vehicle group), p70S6K (Figure 5a–c, 

+1175% p < 0.001 vs. vehicle group), HIF1α (Figure 5a–d, +1310%, p < 0.001 vs. 

vehicle group), and mTOR (Figure 5a–e, +697%, p < 0.001 vs. vehicle group) following 

AOM/DSS treatment. Administration of 30–150 mg/kg mPGA resulted in a dose-

dependent progressive reduction in the expression of all investigated proteins, 
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specifically causing a significant reduction in phosphorylation of Akt (Figure 5a,b, 

−25%, p < 0.05; −28%, p < 0.001; and −72%, p < 0.001 vs. AOM/DSS group), p70S6K 

(Figure 5a–c, −31%, p < 0.05; −67%, p < 0.001; and −89%, p < 0.001 vs. AOM/DSS 

group), HIFα (Figure 5a–d, −40%, p < 0.01; −58%, p < 0.001; and −81%, p < 0.001 vs. 

AOM/DSS group, respectively), and mTOR (Figure 5a–e, −30%, p < 0.05; 

−66%, p < 0.001; and −72%, p < 0.001 vs. AOM/DSS group). In the presence of MK866, 

the inhibitory effects of mPGA were significantly reverted in terms of phosphorylation of 

Akt (Figure 5a,b, +297%, p < 0.001 vs. 150 mg/kg mPGA group), p70S6K (Figure 5a–c, 

+732%, p < 0.001 vs. 150 mg/kg mPGA group), HIF1α (Figure 5a–d, +637%, p < 0.001 

vs. 150 mg/kg mPGA group, respectively), and mTOR (Figure 5a–e, +264%, p < 0.001 

vs. 150 mg/kg mPGA group) expression. Negligible effects were produced by 

glucosamine administration in the same experimental conditions, while, on the contrary, 

no detectable effects on p-Akt, (Figure 5a,b, +8.3%, ns vs. AOM/DSS group), p-70S6K 

(Figure 5a–c, −13%, ns vs. AOM/DSS group), HIF1α (Figure 5a–d, −6%, ns vs. 

AOM/DSS group), and p-mTOR (Figure 5a–e, −11%, ns vs. AOM/DSS group) were 

observed. 
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Figure. 5 Effect of mPGA on pAkt/mTOR/HIF1a pathway in AOM/DSS challenged mice. (a) 

The immunoblot panel expression and respective quantifications of (b) phospho-AKT, (c) 

mTOR, (d) phosphor-p70S6K, and (e) HIF1α proteins. The results as the mean ± SD of n = 5 

experiments in triplicate.°°°p < 0.001 vs. AOM/DSS group, °p < 0.05 vs. AOM/DSS 

group, ###p < 0.001 vs. 150 mg/kg mPGA group. 

 

3.6 mPGA increased PEA production in colon tissue in a dose- and PPARα-

dependent manner 

While no significant variations of endogenous PEA were induced by AOM/DSS 

treatment (Figure 6a, +6%, ns vs. vehicle group), a significant and dose-dependent 

upregulation of PEA level was observed following 30–150 mg/kg mPGA 

administration (Figure 6a, +109%, p < 0.05; +151%, p < 0.01; and +230%, p < 0.001 

vs. AOM/DSS group, respectively). Such increase was notably impacted by MK866 

administration (Figure 6a, −63%, p < 0.05 vs. 150 mg/kg mPGA group), and no 

effects on PEA level were detected following glucosamine administration (Figure 6a, 

+15%, ns vs. AOM/DSS group). 

https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-fig-0006
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-fig-0006
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-fig-0006
https://onlinelibrary.wiley.com/doi/10.1002/ptr.8303#ptr8303-fig-0006


58 
 

 

 

Figure. 6 Effect of mPGA administration on endogenous PEA level, and its modulation on TLR4, 

PPARα, and wtp53 protein expression in AOM/DSS challenged mice. (a) Quantitative HPLC-MS 

analysis of PEA level and (b) immunoblot panel expression with relative quantification of (c) TLR4, 

(d) PPARα, and (e) wtp53 proteins, respectively, in the mouse colon. The results are expressed 

as the mean ± SD of n = 5 experiments in triplicate. ***p < 0.001 vs. vehicle, °°°p < 0.001 vs. 

AOM/DSS group, °p < 0.05 vs. AOM/DSS group, ###p < 0.001 vs. 150 mg/kg mPGA group. 

 

Interestingly, a significant increase in TLR4 expression was detected in AOM/DSS 

group in comparison with vehicle group (Figure 6b,c, +224%, p < 0.001 vs. vehicle 

group). Such increase was counteracted in a dose-dependent manner by 30–
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150 mg/kg mPGA treatment (Figure 6b,c, −42%, p < 0.05; −58%, p < 0.001; and 

−73.5%, p < 0.001, respectively, vs. AOM/DSS group). In the presence of PPARα 

antagonist MK866, 150 mg/kg mPGA effect was profoundly inhibited (Figure 6b,c, 

+282%, p < 0.001 vs. mPGA 150 mg/kg group) while no significant variation of TLR4 

expression was detected in glucosamine alone group (Figure 6b,c, +4.6%, ns vs. 

AOM/DSS group). 

On the contrary, a marked decrease in PPARα expression was observed in 

AOM/DSS colon tissue (Figure 6b–d, −86%, p < 0.001 vs. vehicle group) and this 

effect was associated to a severe decrease in wtp53 expression (Figure 6b–d, 

−90%, p < 0.001 vs. vehicle group). Administration of 30–150 mg/kg mPGA dose-

dependently increased both PPARα (Figure 6b–d, +123%, p < 0.05; 

+238%, p < 0.001; and +499%, p < 0.001 vs. AOM/DSS group) and wtp53 

expression (Figure 6b–e, +59%, p < 0.05; +210%, p < 0.001; and +455%, p < 0.001 

vs. AOM/DSS group). As expected, such increases were strongly impaired by 

MK866 administration (Figure 6b–e, −82%, p < 0.05; and −78%, p < 0.05 vs. 

150 mg/kg mPGA group, for PPARα and wtp53 expression, respectively), whereas 

no significant effect was produced neither on PPARα (Figure 6b,c, +14% vs. 

AOM/DSS group, ns) nor wtp53 (Figure 6b–e, +16%, ns vs. AOM/DSS group) 

expression by glucosamine alone. 

 

4. Discussion 

The advancements in early screening and personalized treatments have 

significantly improved therapy and survival rates for patients with CRC (Koroukian 

et al., 2023; Zeineddine et al., 2023). Early screening through methods such as 

colonoscopy allows for the detection of CRC in its initial stages, identifying 

precancerous growths and enabling timely intervention and treatment 

(Simon, 2016). In addition to prevention, healthy lifestyle, and proper diet, reducing 

the chronic pro-inflammatory conditions in the colon may be beneficial (Janakiram 

& Rao, 2014). 

Introducing molecules that favorably affect chronic mucosal inflammation and 

reduce mucosal hyperproliferation is crucial for promptly halting the molecular 

pathways driving cancer growth and progression (Singh et al., 2019). Developing 

new tools with a safe profile and high tolerability, which can act on multiple levels to 

inhibit the transition from chronic inflammation to angiogenesis and cancer, is 
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essential. These advancements pave the way for personalized therapies and 

enhance the effectiveness of current drugs available against CRC. 

Natural functional lipids such as PEA have demonstrated significant anti-

inflammatory properties. These benefits have been observed in both the field of 

rheumatology (Schweiger et al., 2019) and in controlling experimental acute colitis 

in mice (Borrelli et al., 2015). Our study has revealed that mPGA exhibits marked 

and dose-dependent protection against mucosal damage and angiogenesis, thus 

limiting carcinogenesis and rectal colon polyps' formation in a murine colon cancer 

model induced by chronic inflammation from AOM/DSS. Notably, mPGA 

demonstrated a significant and dose-dependent reduction in both the number and 

size of tumoral neoformations, accompanied by a noteworthy decrease in mucosal 

damage as evidenced by both in vivo endoscopic and post-mortem macroscopic 

evaluations, alongside a significant improvement in mice survival rates. The mPGA 

reported LD50 of >2000 mg/kg further indicates an excellent safety profile (Cordaro 

et al., 2019). Our findings highlight that mPGA maintains a normal histological 

architecture in colon mucosal samples. Additionally, mPGA is capable of exerting a 

significant management over colon epithelial angiogenesis and proliferation, 

respectively, causing a marked reduction in the number of new CD31-positive 

vessels and Ki67-positive proliferating cells in the gut mucosa. The reduction in 

VEGF and MMP-9 levels in the colon mucosa induced by mPGA further strengthens 

the anti-angiogenetic effect of the tested compound. Interestingly, colon mast cells, 

a source of both MMP-9 and VEGF (Liu et al., 2023), are suggested to play key roles 

in CRC progression (Acikalin et al., 2005; Yu et al., 2018). Although our present 

study did not directly address the issue, it can be speculated that the inhibitory effect 

of mPGA on VEGF and MMP-9 levels might depend, at least in part, on the down-

modulation of colon mast cells. Indeed, mPGA was shown to decrease in vivo mast 

cell hyperplasia (Cordaro et al., 2019). The data further reveal that in our 

experimental conditions mPGA effect is independent from the glucosamine 

(monosaccharide portion of PGA), since glucosamine alone showed no beneficial 

effect in any of the studied parameters. In line with previous findings (Palenca et 

al., 2022), the effects of mPGA are mediated through agonism at the PPARα 

receptors. This is underscored by the nearly complete abolition of mPEA protective 

effects in our carcinogenesis model upon co-administration of MK866. As known, at 

molecular sight, the activation of the Akt/mTOR axis has been specifically linked to 
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neovascularization in the development of CRC (Sarnelli, Gigli, et al., 2016). This 

pathway triggers the overexpression of HIF1α, interacting with reactive oxygen 

species (ROS) to induce the release of VEGF, thus promoting neo-angiogenesis 

(Sarnelli, D'Alessandro, et al., 2016). In line with these findings and similarly to the 

previously documented anti-angiogenic effects of PEA in models of chronic colon 

inflammation (Sarnelli, D'Alessandro, et al., 2016), the results reported here 

demonstrate that mPGA significantly inhibits the Akt/mTOR pathway, crucial in the 

pro-angiogenic mechanisms associated with CRC carcinogenesis. Specifically, 

mPGA exhibits significant and dose-dependent inhibition of AOM/DSS-induced Akt, 

mTOR, and p7065 phosphorylation, leading to downstream suppression of HIF1α 

expression, VEGF release, and hemoglobin content (an indirect marker of 

neovascularization). In this context, the effects of mPGA were also found to be 

PPARα-dependent and independent of the monosaccharide component. No effects 

were detected in the presence of the MK866, and glucosamine alone failed to elicit 

any significant impact on Akt/mTOR signaling induced by AOM/DSS. Of particular 

interest, in situ evaluation of endogenous PEA level in the mice colon revealed a 

moderate decrease following AOM/DSS treatment. Surprisingly, the administration 

of mPGA reversed this effect, leading to a progressive and dose-dependent increase 

in PEA accumulation in the colon. This effect was not influenced by the 

monosaccharide component of PGA and was strictly dependent on PPARα 

activation. These findings suggest a genuine synergistic enhancement of 

endogenous PEA effect potentiation induced by mPGA. It is worth noting that 

disruption of PPARα expression in the intestine exacerbates AOM/DSS-induced 

colon carcinogenesis, resulting in larger tumor size, increased tumor multiplicity and 

malignancy, and enhanced neo-angiogenesis (Luo et al., 2019). The clear inverse 

correlation between PPARα levels and poor prognosis in CRC is evident, as low 

levels of PPARα are associated with a reduction in pro-apoptotic mechanisms that 

control tumor proliferation (Kaipainen et al., 2007). Our data demonstrate that oral 

supplementation of mPGA, likely through increased colon PEA production, leads to 

a progressive restoration of PPARα levels. Consistent with findings from previous 

studies on acute colitis models (Palenca et al., 2023), our research in the AOM/DSS 

model demonstrates that mPGA significantly reduces TLR4 expression. This aligns 

with the well-established notion that TLR4 upregulation in colon cancer serves as a 

predictive marker for carcinogenesis promotion (Fukata et al., 2007; Hu et al., 2021). 
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Consequently, we can infer that the pleiotropic effects mediated by mPGA, including 

the upregulation of PPARα, the reduction in TLR4, and the enhancement of wtp53 

expression, collectively exert a potent influence on intestinal neoplastic proliferation. 

These findings underscore a novel mechanism by which natural ALIAmides such as 

mPGA exert colon-protective and anti-angiogenic effects in CRC. While further 

studies are warranted to define any potential direct antineoplastic activity of mPGA 

in colon carcinoma cell lines, additional investigations will aim to evaluate its 

possible, yet undefined, antiproliferative effect in genetic models of colon cancer. 

These experimental advancements will shed light on whether mPGA, beyond its 

anti-inflammatory and colon-protective effects, can indeed exert cancer prevention 

properties. 
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Abstract: Improving clinical outcomes and delaying disease recrudescence in 

Ulcerative Colitis (UC) patients is crucial for clinicians. In addition to traditional and new 

pharmacological therapies that utilize biological drugs, the development of medical 

devices that can ameliorate UC and facilitate the remission phase should not be 

overlooked. Drug-based therapy requires time to be personalized and to evaluate the 

benefit/risk ratio. However, the increasing number of diagnosed UC cases worldwide 

necessitates the exploration of new strategies to enhance clinical outcomes. By 

incorporating medical devices alongside pharmacological treatments, clinicians can 

provide additional support to UC patients, potentially improving their condition and 

slowing down the recurrence of symptoms. Chemically identified as an azelaic acid 

derivative and palmitoylethanolamide (PEA) analog, adelmidrol is a potent anti-

inflammatory and antioxidant compound. In this study, we aimed to evaluate the effect 

of an intrarectal administration of 2% adelmidrol (Ade) and 0.1% hyaluronic acid (HA) 

gel formulation in both the acute and resolution phase of a mouse model of colitis 

induced via DNBS enema. We also investigated its activity in cultured human colon 

biopsies isolated from UC patients in the remission phase at follow-up when exposed in 

vitro to a cytomix challenge. Simultaneously, with its capacity to effectively alleviate 

chronic painful inflammatory cystitis when administered intravesically to urological 

patients such as Vessilen, the intrarectal administration of Ade/HA gel has shown 

remarkable potential in improving the course of colitis. This treatment approach has 

demonstrated a reduction in the histological damage score and an increase in the 
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expression of ZO-1 and occludin tight junctions in both in vivo studies and human 

specimens. By acting independently on endogenous PEA levels and without any 

noticeable systemic absorption, the effectiveness of Ade/HA gel is reliant on a local 

antioxidant mechanism that functions as a “barrier effect” in the inflamed gut. Building 

on the findings of this preliminary study, we are confident that the Ade/HA gel medical 

device holds promise as a valuable adjunct in supporting traditional anti-UC therapies. 

Keywords: experimental mouse colitis; DNBS; intrarectal adelmidrol/hyaluronic acid gel  

administration; medical device; human biopsies 

1. Introduction 

Inflammatory bowel diseases (IBDs) are chronic and multifactorial illnesses 

characterized by remission periods and recurrent flares in which diarrhea, visceral pain, 

rectal bleeding/bloody stools, and weight loss are the main clinical symptoms [1]. 

Ulcerative Colitis (UC) and Chron’s disease (CD) are the most common forms of IBDs, 

and despite their uncertain etiology [2,3], according to Global Disease Burden (GBD) 

IBD Collaborators, UC affects millions of people worldwide (2020), and current 

treatments have varying levels of efficacy and adverse reactions with a refined 

evaluation by the clinician and patients about the best combination of the risk/benefit 

ratio [4]. Despite being commonly prescribed for a UC treatment, traditional long-term 

therapies like corticosteroids, immunosuppressants, and biologic agents can cause 

substantial and unpredictable side effects, negatively impacting the stability of patients 

[5]. It is, thus, pivotal to identify and pharmacologically characterize new drugs and/or 

medical devices to amplify the current tools against UC. Adelmidrol (N,N’-bis(2-

hydroxyethyl-nonanediamide) is a synthetic compound with anti-inflammatory, 

analgesic, and antioxidant properties deriving from azelaic acid and plays interesting 

roles in modulating the immune response and reducing oxidative stress [6]. Oral 

adelmidrol administration in mice revealed powerful anti-inflammatory effects, and it has 

been demonstrated to reduce oxidative stress, increasing the integrity of the intestinal 

mucosal barrier during experimental colitis damage [7]. Many of the beneficial effects 

displayed by adelmidrol are linked to its intrinsic capability to increase the level of the 

endogenous palmitoylethanolamide (PEA) via the so-called “entourage effect” [8]. 

Furthermore, we recently showed that adelmidrol can effectively enhance the 

therapeutic approach based on PEA in various intestinal disorders. It achieves this by 

increasing the production and availability of PEA through its selective targeting of 
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peroxisome proliferator-activated receptors- γ (PPAR- γ) [9]. To maximize adelmidrol’s 

beneficial effects, adelmidrol has been co-administered with hyaluronic acid (HA), a 

glycosaminoglycan of the extracellular matrix, [10] and such an association has 

demonstrated promising benefits in controlling the inflammatory processes characteristic 

of pathological conditions, such as osteoarthritis [11] and spinal cord injury [12]. 

However, there is currently a lack of evidence regarding the potential therapeutic effect 

of adelmidrol/HA association in intrarectal medical device systems during colitis. 

Nevertheless, pharmacologically associated adelmidrol (Ade)/HA restored the 

urothelium tissue’s integrity in interstitial cystitis/painful bladder syndrome (IC/PBS) via 

topic intravesical administration. In this way, such a sterile medical device can topically 

reduce inflammation in the urothelium, displaying a synergistic anti-inflammatory effect 

in the bladder [13]. Based on this background, the aims of the present study were to (i) 

investigate the mechanical effect of the association of Ade/HA administered via an 

intrarectal route in a mouse model of DNBS-induced colitis, testing the effect of HA 0,1% 

and adelmidrol 2% gel formulation on the amelioration of colon inflammation during both 

the acute (3rd day) and late (7th day) resolution of colitis. (ii) In this context, we evaluated 

the inhibitory effect of HA on the absorption of adelmidrol, addressing its function through 

a mechanical action in situ that promotes intestinal homeostasis and exhibits inhibitory 

effects against the degradation of HA by hyaluronidase-1 (HYAL-1). (iii) From a 

translational perspective, to confirm the protective effect of Ade/HA gel, we also 

assessed its protective effect in human biopsies isolated from patients diagnosed with 

UC in the remission phase. The biopsies were treated with cytomix (lipo-polisaccharide 

(LPS), interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-α)) in vitro to re-activate 

the inflammatory process. The results of the study demonstrated the protective action of 

the Ade/HA formulation, leading to a reduction in colon inflammation and a potential 

decrease in mucosal damage and permeability. Overall, this study suggests that the 

mechanical action of the Ade/HA gel formulation makes it a promising medical device for 

the prevention of mucosal damage and related inflammatory complications for the 

treatment of colitis. 

2. Results 

2.1. The Endoscopic Evaluation, Colon Length Measurement, Spleen Weight and DAI 

Score Showed That Ade/HA Intrarectal Administration Ameliorated both the Acute and 

Post-Remission Phase of DNBS-Induced Colitis 
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The endoscopic evaluation of mouse rectal mucosa (rectoscopy) revealed that the 

administration of DNBS caused a significant increase in colitis features measured as the 

injury score on the third day after DNBS stimulus (+392% *** p < 0.001 vs. vehicle) 

[Figure 1]. Such increased damage was slightly reduced in the resolving phase of DNBS-

induced colitis on the seventh day, but it remained significantly higher in comparison to 

the corresponding vehicle (+185% *** p < 0.001 vs. vehicle) [Figure 1]. Every 72 h, the 

intrarectal administration of Ade/Ha gel markedly impacted the colitis’ course since it 

resulted in a significant reduction in injury score values both on the 3rd day (−75% °°° p 

< 0.001 vs. DNBS) and on the 7th day (−55% °°° p < 0.001 vs. DNBS) [Figure 1]. 

Conversely, no relevant impact on mouse mucosa protection was observed following HA 

gel treatment alone. In fact, in the same experimental conditions, histological damage 

scores were not affected significantly on the 3rd (−4.6% vs. DNBS) or 7th day (−10% vs. 

DNBS) [Figure 1]. Our data show that DNBS treatment caused a marked and significant 

decrease in the colon length with respect to the vehicle group, and colon shortening was 

particularly evident on the 3rd day (−70% ** p< 0.01 vs. vehicle) and was still observable 

on the 7th day (−50% ** p < 0.01 vs. vehicle) [Figure 1]. In parallel to the endoscopic 

evaluation, Ade/HA resulted in a marked rescue of colon length in the two time points on 

the 3rd (+169% °°°p < 0.001 vs. DNBS) and 7th day (+100% °°° p < 0.001 vs. DNBS), 

whereas no significant effect was detected following HA treatment alone in both the acute 

(+9.4% vs. DNBS) and remission phase (+10% vs. DNBS) of the colitis [Figure 1]. As 

expected, the DNBS challenge caused significant spleen weight in both the acute (+ 

63% *** p < 0.001 vs. vehicle) and remission phase (+25% ** p < 0.01 vs. vehicle); these 

data were accompanied by a marked increase in the DAI score on the 3rd day (+305% 

*** p < 0.001 vs. vehicle) and 7th day (+166% ** p < 0.01 vs. vehicle). The intrarectal 

administration of Ade/HA gel every 72 h resulted in a significant improvement in all the 

parameters. It reduced spleen weight on the 3rd day (−34% ° p < 0.05 vs. DNBS) and 7th 

day (−42% °°° p < 0.001 vs. DNBS) and attenuated the DAI score on the 3rd (−64% °°° 

p < 0.001) and 7th days (−77% °°° p < 0.001) vs. DNBS. No significant spleen weight 

reduction was observed following the HA treatment on the 3rd (−10% vs. DNBS) and 7th 

days (−3% vs. DNBS); the DAI score for the same intervals was (+2% vs. DNBS) and 

(−2.4% vs. DNBS), respectively [Figure 1]. 
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Figure 1. Experimental design and the ameliorative effect of intrarectal Ade/HA gel administration 

on DNBS-induced colitis in mice. Synoptic frame showing (A) the experimental plan of colitis 

induction and relative treatments in mice and relative time points for the DAI course, treatments, 

blood collection, and endoscopic procedures, and the post-mortem processing of the samples. 

The figure shows the endoscopic (B) images of the mice colon on the 3rd and 7th days after DNBS 

enema and (C) the respective endoscopic injury score evaluation; (D,E) representative post-

mortem colon length examination and quantification. (F) Spleen weight quantification in mice on 

the 3rd and 7th day after DNBS enema and (G) DAI course in the experimental intervals. Results 

are expressed as the mean ± SD of n = 5 experiments *** p < 0.001 vs. vehicle; ** p < 0.01 vs. 

vehicle; °°° p < 0.001 vs. DNBS; ° p < 0.001 vs. DNBS. 

2.2. Intrarectal Ade/HA Administration Reduced ZO-1 and Occludin Loss Induced by 

DNBS in both Acute and Remission Phase of Colitis 

After the DNBS challenge, significant mucosal damage was observed at both time points 

according to the macroscopic evaluation carried out before. The histological damage 

score was significantly increased in the DNBS vs. the vehicle group on the 3rd day 
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(+800% *** p < 0.001 vs. vehicle) and was still evident on the 7th day (+567% *** p < 

0.001 vs. vehicle). A significant increase in the infiltration of macrophages labeled with 

MAC387 was evident in the DNBS vs. vehicle group on the 3rd (+378% **** p < 0.0001 

vs. vehicle) and 7th days (+398% ****p < 0.0001 vs. vehicle). In parallel to this, the 

absorption of FITC dextran dye was markedly increased across the colitis mucosa on 

the 3rd (+700% *** p < 0.001 vs. vehicle) and 7th days (+760% *** p < 0.001 vs. vehicle) 

following the DNBS challenge, confirming the overall damage of the mouse mucosa 

revealed by histological analysis [Figure 2]. No significant protective effect was observed 

by HA administration in the same experimental conditions. Conversely, there was a 

significant and consistent reduction in both mucosal damage and FITC-dextran 

permeability following the intrarectal administration of Ade/HA. This effect was evident 

for a significant reduction in the histological damage score of DNBS-induced tissue injury 

on the 3rd day (compared to DNBS, −53% °°° p < 0.001) and 7th day (compared to 

DNBS, −80% °°° p < 0.001). Furthermore, a significant reduction in MAC387-positive 

cell counts in the mucosa on the 3rd day (−75%°°°° p < 0.0001 vs. DNBS) and 7th day 

( −79%°°°° p < 0.0001 vs. DNBS) was detected. Moreover, Ade/HA treatment led to a 

significant decrease in the transmucosal passage of FITC dye on the 3rd day (compared 

to DNBS, −63% °°° p < 0.001) and 7th day (compared to DNBS, −78% °°° p < 0.001) 

[Figure 2]. Immunofluorescence and immunoblot analysis confirmed that the DNBS 

challenge resulted in a significant reduction in ZO-1 and occludin expression, indicating 

a severe disruption of the gut barrier integrity in colitis. Specifically, on day 3 post-DNBS 

challenge, we identified a significant decrease in ZO-1 (−69% *** p < 0.001 vs. vehicle) 

and occludin (65% *** p < 0.001 vs. vehicle). This effect persisted to a lesser but still 

significant extent during the resolution phase of colitis on day 7 post-DNBS challenge, 

with reductions in ZO-1 (77% *** p < 0.001 vs. vehicle) and occludin (75% *** p < 0.001 

vs. vehicle). Immunoblot analysis confirmed these findings, showing significant 

reductions in ZO-1 and occludin expression compared to the DNBS challenge, both in 

the acute phase (−70%**** p < 0.0001 and −80% **** p < 0.0001 vs. respective vehicle 

groups for ZO-1) and resolution phase of colitis (−75%**** p < 0.0001 and −70%**** p < 

0.0001 vs. respective vehicle groups for occludin). HA alone did not restore the 

expression of tight junctions in time point intervals via the immunofluorescence of ZO-1 

on the 3rd or 7th day after the DNBS challenge (+0.5% vs. DNBS and +1% vs. DNBS, 

respectively). In parallel to this, no HA effect was detected for occludin both on the 3rd 

and 7th day after the DNBS challenge (+1% and +2% vs. DNBS, respectively). Such 
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data matched with immunoblot analysis showing that HA alone did not impact both ZO-

1 expression on the 3rd (+2% vs. DNBS) and 7th days after the DNBS challenge (+2.2% 

vs. DNBS), and nor did it result in the ability to modify occludin expression in the same 

interval range (+1% vs. DNBS at 3rd day and +2% vs. DNBS at 7th day after DNBS 

challenge, respectively). Immunofluorescence analysis demonstrated that Ade/HA gel 

intrarectal administration significantly preserved the mucosal barrier by improving both 

ZO-1 and occludin expression on the 3rd (+190% °°° p < 0.001 for ZO-1 and +115% °°° 

p < 0.001 for occludin vs. respective DNBS groups) and 7th day (+290% °°° p < 0.001 

for ZO-1 °°° p < 0.001 and +105% °°p < 0.01 for occludin vs. respective DNBS groups). 

According to these data, immunoblot analysis confirmed that Ade/HA gel caused the 

significant restoration of both ZO-1 and occludin expression on the 3rd (+180% °°°° p < 

0.0001 for ZO-1 and +135% °°°° p < 0.0001 for occludin vs. respective DNBS groups) 

and 7th day (+100% for ZO-1 °°°° p < 0.0001 and +105% °°°° p < 0.0001 for occludin 

vs. respective DNBS groups) [Figure 2]. 
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Figure 2. Intrarectal Ade/Ha gel administration ameliorates DNBS-induced histological damage 

and improves mucosal integrity by rescuing ZO-1 and occludin expression in mice. Synoptic frame 

showing the protective effect of Ade/Ha on mice mucosa in the acute and resolution phase of colitis 

induced by DNBS enema. The figure at the top shows the histological evaluation using 

hematoxylin–eosin staining and colon permeability via FITC-dextran immunofluorescence 

analysis carried out on the mice colon on the 3rd (A) and 7th day (B), respectively, after DNBS 

enema in the presence of different treatments. Respective quantification of both FITC-dextran 

relative fluorescence units (RFU), the histological damage score, and immunohistochemical 

expression of MAC387-positive cell on the 3rd (C–E) and 7th day (F–H). Magnification 20×; Scale 

bar 100 μm. The middle panel shows the immunofluorescence analysis of occludin and ZO-1 and 

their merged expression, respectively, on the 3rd and 7th day after DNBS enema (I–J) and 
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respective quantification by RFU (KL)—Magnification 20×; Scale bar 100 μm. In the lower panel, 

the figure shows the immunoblot expression and respective quantifications of ZO-1 (M) and 

Occludin (N), respectively, on the 3rd and 7th day after the DNBS enema. Results are expressed 

as the mean ± SD of n = 5 experiments **** p < 0.0001 vs. vehicle; *** p < 0.001 vs. vehicle; °°°° 

p < 0.0001 vs. DNBS; °°° p < 0.001 vs. DNBS; °° p < 0.01 vs. DNBS. Black arrows indicate areas 

of crypt loss and inflammation. Red arrows indicate a positive cluster of resident macrophages 

expressing the MAC387 protein. 

2.3. Intrarectal Ade/HA Administration Reduced DNBS-Induced Proinflammatory 

Response, Oxidative Stress and Endotoxemia without Affecting Endogenous PEA Level 

and in Absence of Systemic Adelmidrol Absorption 

Consistent with the expectations, the DNBS challenge elicited a pronounced pro-

inflammatory response and oxidative stress in the mouse colon, as evidenced by 

significant increases in IL-1β (+138% *** p < 0.001 vs. vehicle), IL-6 (+1005% **** p < 

0.0001 vs. vehicle) and TNF-α (+766% **** p < 0.0001 vs. vehicle), neutrophil infiltration 

indicated by up-regulation of MPO (+540% *** p < 0.001 vs. vehicle) and the oxidative 

stress induction manifested by a substantial rise in the lipid peroxidation marker 

malondyaldheide (MDA) (+158% *** p < 0.001 vs. vehicle) during the acute phase of 

colitis [Figure 3]. Moreover, the previously mentioned disruption of gut mucosal integrity 

was accompanied by a significant increase in endotoxemia during the acute phase of 

colitis (+218% *** p < 0.001 vs. vehicle) [Figure 3]. Even during the resolution phase of 

colitis, although to a slightly lesser extent, all the pro-inflammatory parameters remained 

markedly increased compared to the respective vehicle group. Notably, there was a 

significant up-regulation of IL-1β (+131% *** p < 0.001 vs. vehicle), IL-6 (+632% **** p < 

0.0001 vs. vehicle) and TNF-α (+861% **** p < 0.0001 vs. vehicle), MPO (+177% *** p 

< 0.001 vs. vehicle), MDA accumulation (+90% *** p < 0.001 vs. vehicle) and LPS 

detection (+110% *** p < 0.001 vs. vehicle) in the serum [Figure 3]. According to the 

previously obtained data, no significant effect of HA alone was detected at both time 

points, clearly showing no significant improvement in all pro-inflammatory, oxidative, and 

endotoxemia parameters in comparison to the DNBS groups. Conversely, the intrarectal 

administration of Ade/HA was able to produce a significant reduction in IL-1β (−48% °°° 

p < 0.001 vs. DNBS), IL-6 (−87% °°°° p < 0.0001 vs. DNBS), TNF-α (−74% °°°° p < 

0.0001 vs. DNBS), MPO (−58% °°° p < 0.001 vs. DNBS), MDA production (−55% °°° p 

< 0.001 vs. DNBS) and endotoxemia (−66% °°° p < 0.001 vs. DNBS) in the acute phase 

of colitis, and such an effect was still preserved in the resolution phase of the 
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experimental colitis, whereas a marked inhibition of IL-1β (−51% °°° p < 0.001 vs. 

DNBS), IL-6 (−80%°°°° p < 0.0001 vs. DNBS), TNF-α (−86% °°°° p < 0.0001 vs. DNBS), 

MPO (−52% °°° p < 0.001 vs. DNBS), MDA production (−44% °°° p < 0.001 vs. DNBS) 

and endotoxemia (−45% °°° p < 0.001 vs. DNBS) was reported [Figure 3]. Moreover, the 

DNBS challenge caused a massive increase in HYAL-1 expression on the 3rd day (152% 

*** p < 0.001 vs. DNBS group), and such an effect was still preserved on the 7th day 

after colitis induction (+172% *** p < 0.001 vs. DNBS group). In full agreement with the 

previous results, HA alone did not show any significant effect on HYAL-1 expression in 

the tissue both in the acute (−5% vs. DNBS group) and resolution phase (−4% vs. DNBS 

group) of colitis. On the contrary, Ade/HA administration resulted in a significant HYAL-1 

reduction on the 3rd (−58% °°° p < 0.001 vs. DNBS group) and 7th (−60% °°° p < 0.001 

vs. DNBS group) day after the DNBS challenge. Our data revealed that after the DNBS 

challenge, endogenous PEA levels were elevated on the 3rd day following colitis 

induction (+91% *** p < 0.001 vs. vehicle), but neither HA administration (+9% vs. DNBS) 

nor, more interestingly, Ade/HA administration (+8% vs. DNBS) significantly altered PEA 

accumulation during the acute phase of colitis. Interestingly, the DNBS-induced increase 

in PEA levels was no longer present on the 7th day of colitis (+2% vs. vehicle), and, once 

again, neither HA (−0.6% vs. DNBS) nor Ade/HA (−1% vs. DNBS) administration had a 

significant effect on PEA levels. This suggests that the protective effects of the intrarectal 

administration of the Ade/HA gel were independent of any potentiation of endogenous 

PEA effects [Figure 3]. Furthermore, our results demonstrate that the intracolonic 

administration of adelmidrol plus HA gel did not result in the detectable systemic 

absorption of this molecule (Table 1). 

Table 1. Quantification of adelmidrol. 

Time (Hours after Intrarectal 

Administration) 

Level of Quantification (LOQ) [ng/mL] in 

the Plasma 

0 <71.4 

72 <71.4 

168 <71.4 

 



80 
 

 

 

Figure 3. Ade/Ha intrarectal administration reduces endotoxemia and oxidative stress without 

interfering with the PEA level and inhibiting HYAL-1 expression in the mice colon during DNBS-

induced colitis. The figure shows the effect of the intrarectal administration of Ade/HA on 

endotoxemia (A) and IL-1β release (B) in the plasma affected by colitis on the 3rd and 7th day 

after DNBS challenge; the Figure also shows (C) IL-6 release, (D) TNF-α release, (E) MPO, (F) 

MDA, (G) and the quantification of PEA. On the right panel, (H) the immunofluorescence analysis 

of HYAL1 expression on the 3rd and 7th day after the DNBS challenge in the presence of different 

treatments and (I) the relative quantification expressed as RFU are presented. Magnification: 10X; 

scale bar: Results are expressed as the mean ± SD of n = 5 experiments **** p < 0.0001 vs. 

vehicle; *** p < 0.001 vs. vehicle °°°° p < 0.0001 vs. DNBS; °°°° p < 0.0001 vs. DNBS; °°° p < 

0.001 vs. DNBS. 

2.4. Ade/HA Inhibited Cytomix-Induced Pro-Inflammatory Response in Cultured Human 

UC-Deriving Biopsies without Interfering with in Ex-Vivo PEA Production 

When biopsies deriving from patients with UC in the remission phase underwent a 

challenge with cytomix (TNF-α, INF-γ, LPS) for 24h, a consistent pro-inflammatory 

response was stimulated in vitro and a significant increase in the histological damage 

score was observed ex vivo (+471% *** p < 0.001 vs. control), including a significant 

increase in MAC387-positive cell infiltration (+328% **** p < 0.0001 vs. control) as well 

as a marked decrease in both ZO-1 (−87% *** p < 0.001 vs. control) and occludin (−77% 
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*** p < 0.001 vs. control) expression observed via immunofluorescence [Figure 4]. Such 

data were confirmed using immunoblot analysis (−85% **** p < 0.0001 vs. control for 

ZO-1 and −88% **** p < 0.0001 vs. control for occludin, respectively) [Figure 4]. In the 

same experimental conditions, the cytomix stimulation caused a consistent increase in 

HYAL-1 expression in cultured biopsies (+266% **** p < 0.001 vs. control). Accordingly, 

to in vivo-obtained data, the cytomix challenge also resulted in a parallel increase in 

tissue IL-1β (+116% *** p < 0.001 vs. control), IL-6 (+1425%**** p < 0.0001 vs. control), 

TNF-α (+951% **** p < 0.0001 vs. control), MPO (+200% **** p < 0.0001 vs. control), 

and oxidative stress via MDA accumulation (+400% *** p < 0.001 vs. control) in cultured 

bioptic samples [Figure 4]. Treatment with HA alone did not lead to a detectable 

reduction in any of the observed parameters. This was evident from the lack of significant 

effects on histological damage, occluding, ZO-1, and HYAL-1 expression , as well as the 

absence of a reduction in IL-1β, MPO and MDA accumulation in the biopsy’s 

milieu[Figure 4]. 

As expected, Ade/HA gel markedly reduced the pro-inflammatory response evoked by 

cytomix incubation ex vivo, and a significant reduction in the histological damage score 

(−60% °° p < 0.01 vs. cytomix group), MAC387-positive cell count (−72% °°°° p < 0.0001 

vs. cytomix group), as well as a consistent rescue of both ZO-1 (+350% °°° p < 0.001 

vs. cytomix group) and occludin (+300% °°° p < 0.001 vs. cytomix group) via 

immunofluorescence analysis, was in agreement with immunoblot analysis whereas 

both ZO-1 (+305% °°°° p < 0.0001 vs. cytomix group) and occludin (+290% °°°° p < 

0.0001 vs. cytomix group) were markedly rescued by Ade/HA treatment [Figure 4]. 

Ade/HA incubation caused a marked decrease in cytomix-induced HYAL-1 up-regulation 

(−70% °° p < 0.01 vs. cytomix group), and, at the same time it accounted for an IL-1β 

(−55% °°° p < 0.001 vs. cytomix group), IL-6 (−90%°°°° p < 0.0001 vs. cytomix group), 

TNF-α (−84%°°°° p < 0.0001 vs. cytomix group), MPO (−70% °° p < 0.01 vs. cytomix 

group) and MDA accumulation decrease (−60% °°° p < 0.001 vs. cytomix group) in 

comparison with the cytomix group [Figure 4]. Consistent with our in vivo findings, the 

inflammatory response induced by cytomix incubation in the bioptic samples led to a 

significant increase in PEA release (+118% *** p < 0.001 vs. control group). Importantly, 

none of the treatments had an impact on PEA levels in the ex vivo setting. Our results 

clearly demonstrate that Ade/HA did not alter PEA levels ex vivo, further supporting the 

conclusion that PEA was not involved in mediating the effects of Ade/HA under our 

experimental conditions [Figure 4]. 



82 
 

 

 

Figure 4. The in vitro incubation of Ade/HA gel ameliorates the pro-inflammatory status in 

remission phase-isolated UC biopsies stimulated with cytomix without affecting PEA release. The 

synoptic frame is shown at the top (A) with the experimental plan and procedures for ex vivo 

experiments in human biopsies isolated by UC patients in the remission phase having undergone 

follow-up colonoscopy in vitro-challenged with cytomix. In the middle part of the figure panel, we 

show, from left to the right, the protective effect of Ade/HA on histological damage via 

hematoxylin/eosin analysis (B), the immunohistochemical expression of MAC387 positive cells 

(C), the rescue of occludin and ZO-1, (D) the inhibition of HYAL-1 immunofluorescence analysis 

(E) and the respective quantification of the histological damage score, cell count and RFU (F–J) 
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in human colon biopsies exposed to the cytomix challenge for 24 in vitro after their isolation. 

Magnification 20×; Scale bar: 100 μm. In the lower panel, the figure shows the effect of Ade/Ha on 

ZO-1 and occludin expression via immunoblot analysis (K) and its relative quantification (L,M); in 

the same experimental conditions, the effect of Ade/Ha and other treatments were evaluated on 

(N) MPO, (O) IL-6, (P) IL-1β, (Q) TNF-α, (R) MDA and (S) PEA quantification in cultured biopsies. 

Results are expressed as the mean ± SD of n = 5 experiments *** p < 0.001 vs. Control; **** p < 

0.0001 vs. Control; °° p < 0.01 vs. Cytomix °°° p < 0.001 vs. Cytomix. °°°° p < 0.0001 vs. Cytomix. 

Black arrows indicate areas of crypt loss and inflammation. Red arrows indicate a positive cluster 

of resident macrophages expressing the MAC387 protein. 

3. Discussion 

One of the key challenges faced by gastroenterologists and pharmacologists currently 

is the quest for novel therapeutic approaches that can manage IBDs while ensuring 

optimal patient compliance and acceptability and considering the risk/benefit ratio [4]. It 

is, therefore, mandatory to investigate new therapeutic strategies that can complement 

existing therapies and enhance treatment outcomes over time [14]. In this regard, 

adelmidrol, as an analog of PEA, has garnered significant attention due to its anti-

inflammatory and antioxidant properties [15,16] across various experimental conditions. 

In recent years, adelmidrol’s oral administration has demonstrated efficacy in the 

management of experimental colitis induced by DNBS in mice via inhibiting the 

translocation of Nuclear Factor kappa-B (NF-κB) and promoting a reduction in 

Intercellular Adhesion Molecule 1 (ICAM1) expression through its specific interaction 

with PPAR-γ receptors [7]. Although pre-clinical evidence for adelmidrol administration 

in mice has shown promising results, translating these findings into effective treatments 

for human IBDs poses a considerable challenge. The process of testing new anti-colitis 

drugs in humans is inherently complex and laborious. Nevertheless, with the rising global 

incidence of IBDs, there is an urgent demand for innovative therapeutic approaches [17]. 

In this regard, the use of a medical device incorporating adelmidrol and leveraging its 

protective potential during colitis could present a significant therapeutic approach for the 

treatment of UC in humans. By leveraging the benefits of adelmidrol in a localized and 

targeted manner, medical devices can provide a more focused and efficient delivery of 

the therapeutic compound. This potential medical device could be beneficial in 

combination with other pharmacological therapies used in the treatment of UC to 

improve therapy adherence, potentially lowering the dosage of the co-administered drug 

and thereby reducing potential systemic side effects. Furthermore, the well-known safety 
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profile of adelmidrol and HA makes them suitable candidates for medical device 

applications. This formulation, with a non-pharmacological physical mechanism of 

action, combined with their favorable safety profiles, highlights the potential of these 

molecules as medical devices for the prevention and treatment of UC flareups. 

In addition to its established oral anti-inflammatory properties, our research has 

demonstrated that the intrarectal application of Ade/HA gel leads to a significant 

reduction in symptom severity and colonic tissue damage in a mouse model of DNBS-

induced colitis. This highlights the potential of Ade/HA gel as a promising therapeutic 

approach in the treatment of colitis. Our data suggest that the protective effect of such 

an intrarectal application increases over time. We observed that the treatment’s efficacy 

began during the acute phase of colitis induction on the 3rd day and reached its peak on 

the 7th day after the DNBS enema challenge. The Ade/HA association caused a 

significant improvement in colonic mucosal condition mouse colitis, exerting a topic 

“barrier effect” on the colon due to its capability to promote a marked inhibition of colitis-

induced gut hyper-permeability, preventing a leaky gut syndrome. Our findings revealed 

that the Ade/HA intrarectal administration caused a significant reduction in the DNBS-

induced leaky gut effect in mice, as evidenced by the prevention of FITC-dextran 

mucosal infiltration and a subsequent reduction in the endotoxemia level. Additionally, 

this treatment rescued the expression of important proteins involved in maintaining the 

intestinal barrier’s integrity, such as ZO-1 and occludin [18], which were negatively 

affected by the DNBS challenge. Such effects were, thus, accompanied by a significant 

increase in MAC387-positive cells, as well as a marked up-regulation of pro-

inflammatory cytokines, such as IL-1β, IL-6, TNF-α, the lipid peroxidation product MDA, 

and a reduction in MPO levels in the inflamed colon, indicating the effectiveness of the 

topical administration of Ade/HA gel in reducing the extent of mucosal pro-inflammatory 

cells’ infiltration during colitis. In the same experimental conditions, Ade/HA gel promoted 

a significant antioxidant effect, reducing the amount of MDA generated by the DNBS 

challenge in the mouse mucosa, thus providing a synergistic effect on barrier integrity 

maintenance. Our data, in agreement with the formerly described antioxidant effects of 

adelmidrol in other inflammatory conditions [6], led us to identify such beneficial activity 

as the protective mechanism at the basis of the topical effect of Ade/HA gel in our 

experimental conditions. This is highlighted by the observation that no detectable 

systemic absorbance of Adelmidrol via the intrarectal administration of the Ade/HA 

formulation, and notably, no adelmidrol-mediated “entourage effect” on the endogenous 
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PEA level’s up-regulation in the colon was detectable. Although recent studies have 

demonstrated the possible protective and anti-inflammatory role of HA during colitis [19], 

in our experimental conditions, this was not evident, and HA alone did not show any 

significant amelioration for the severity of colitis in vivo and in ex vivo experiments. 

Moreover, it has recently been demonstrated that intrarectal HA’s co-administration with 

Acetylsalicilic acid (ASA) is a very interesting approach to improving the course of colitis 

[20]. However, it is important to note that the studies mentioned have employed 

significantly higher dosages and more frequent administration compared to our 

experimental plan. Additionally, it is crucial to acknowledge that other studies have 

demonstrated the anti-IBD effects of chemically modified forms of HA, which differ from 

the naïve HA used in our study [21]. Furthermore, our findings revealed that that 

intrarectal administration of Ade/HA gel effectively reduces the expression of HYAL-1, an 

enzyme responsible for HA degradation, especially in the colon [22]. These results 

suggest the potentially synergistic effect of adelmidrol, functioning as an antioxidant 

agent while simultaneously inhibiting the degradation of HA in situ. By slowing down the 

degradation of HA, adelmidrol allows for the increased duration of the protective physical 

barrier that is achieved with this formulation. Mucosal biopsies deriving from patients 

affected by UC and challenged with cytomix were used to test Ade/HA efficacy, resulting 

in significant inhibition of mucosal inflammatory infiltration, with the consequent increase 

in the ex vivo expression of occludin and ZO-1. Consistently with the data obtained in 

murine colitis, Ade/HA determined a significant decrease in the release of IL-1β, TNF-α, 

IL-6, MPO, and MDA accumulation in cytomix-stimulated tissues, and these effects were 

accompanied by a significant reduction in the expression of HYAL-1. Also, in this case, 

no significant variation in terms of PEA release by Ade/HA gel treatment was observed 

in vitro; this confirmed the “virtually” independent PEA release via Ade/HA as having an 

“entourage” effect capable of the observed anti-inflammatory activity in human biopsies. 

Although the topical application of 5-ASA is commonly used for treating distal colitis, 

several studies have demonstrated that the effectiveness of in vitro 5-ASA is directly 

linked to its dose and tissue concentration, which, in turn, drive clinical response [23]. In 

this context, our data highlight, for the first time, that the intrarectal instillation of Ade/HA 

gel has the potential to be a new therapeutic tool against experimental colitis. This is 

attributed to the “mechanic” and antioxidant protective barrier effect of Ade/HA gel on the 

gut mucosa, introducing such a formulation as an innovative approach helpful for its 

clinical and fast translation. Given, in fact, the observed lack of absorption of adelmidrol 
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in our study due to its topical effect, we are led to consider Ade/HA gel a medical device 

rather than a traditional drug. This classification is like its application in controlling 

bladder inflammation as Vessilen® [13]. In conclusion, despite the undeniable successes 

of biological drugs in the treatment of IBDs that are increasingly performing, the potential 

utilization of medical devices that provide a local supportive effect to conventional UC 

therapies should be taken into account in optimizing therapeutic treatments. Additional 

clinical studies are necessary to evaluate the true efficacy of Ade/HA gel as a medical 

device, exploring the mechanisms underlying the here-observed “barrier” effect, and 

determine the optimal dosage and formulation for humans in the consideration of leaky 

gut as a pivotal factor in UC, the implementation of this formulation alongside traditional 

pharmacological therapies presents a promising avenue for improved patient care and 

the management of this disease. 

4. Materials and Methods 

4.1. Animals and Experimental Design 

Eight-week-old female C57BL/8J mice (Charles River, Lecco, Italy) (n = 64) were used 

for all the experiments. The procedures included in the experimental plan were approved 

by Sapienza University’s Ethics Committee. Animal care followed the (International 

Association for the Study of Pain) IASP and European Community (EC L358/1 18/12/86) 

guidelines on the use and protection of animals in experimental research. Colitis was 

induced via a single intracolonic administration of 5 mg of DNBS (Sigma Aldrich, St. 

Louis, MO, USA) dissolved in 100 μL of 50% ethanol (EtOH) (Sigma Aldrich, St. Louis, 

MO, USA) and saline (Thermo Fisher Scientific, Waltham, MA, USA) [24], whereas the 

vehicle group received a single intracolonic administration of saline and EtOH at 100 μL. 

EtOH was used as a means to effectively break the intestinal barrier and enable the 

interaction of DNBS with colon tissue proteins, thereby triggering the host’s innate and 

adaptive immune responses. Overnight-fasted mice were treated with DNBS on day 0 

through a flexible catheter (Hugo-Sachs Elektronik, March, Germany) rapidly inserted 

approximately 3 cm from the anus without anesthesia. A total of 100 μL of the DNBS 

solution was introduced slowly into the colon–rectal tract and the animals were kept 

slightly reclined throughout the procedure. Therefore, the mice were returned to their 

cages and placed overnight on a heating pad to facilitate recovery. The progression of 

experimental colitis, and the efficacy of treatments was assessed both on the acute (3rd) 

day and in the remission phase (7th day) post DNBS enema. Mice were randomly divided 
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into the following groups (n = 16 each): (i) vehicle (receiving 100 μL sterile saline); (ii) 

DNBS (colitis group, receiving 100 μL of DNBS at 5 mg in EtOH 50% sterile saline); (iii) 

HA (100 μL of 0.1% sodium hyaluronate saline every 72 h starting on day 0 until day 7; 

(iv) Adelmidrol/HA gel (100 μL HA 0.1% plus 2% adelmidrol) every 72 h starting on day 

0 until day 7. 

4.2. Patients and Tissue Culture Treatments 

Recto-sigmoid mucosal biopsies were obtained from patients with a diagnosis of distal 

UC. Patients were considered in clinical and biochemical remission and underwent 

colonoscopy for screening (n = 8, median age: 32 years range 25–40; 4 female). Patients 

were asked to stop any pharmacological treatment during the 2 weeks preceding the 

endoscopy; exclusion criteria were (i) a history of cancer; (ii) the use of an 

immunosuppressant, anti-platelet, or anti-coagulant drugs; (iii) significant uncontrolled 

comorbidity. Patients gave their written informed consent, and the protocol was approved 

by the Ethics Committee of the Federico II University of Naples. 

Four mucosal biopsies obtained from the recto-sigmoid region were used. In brief, 

specimens were immediately placed in 24-well plates and cultured in Dulbecco-Modified 

Eagle’s Medium (DMEM) (Sigma, Milan, Italy) supplemented with 5% fetal bovine serum, 

2 mmol/l of glutamine, 100 U/I of penicillin, and 100 μg/mL of streptomycin (Biowhittaker, 

Milan, Italy) at 37 °C in 5% CO2/95% air for 24 h, as previously described [25, 26, 27]. 

To mimic active inflammation, we used a protocol previously reported by our group [28], 

comprising the incubation of isolated biopsies in a pro-inflammatory Cytomix constituted 

by LPS (10 μg/mL), plus IFN-γ (300 U/mL) and TNF-α (100 U/mL) (all from Sigma, Milan, 

Italy), in the presence or absence of 0.1% of HA or 2% Adelmidrol plus 0.1% HA gel, 

(Ade/HA) (both from Epitech group, Saccolongo-Padua, Italy) for another 24 h before 

being addressed to a histological, immunofluorescence and immunoblot or cytokine 

assay as indicated in the experiment [Figure 4A] and as described subsequently. 

4.3. Endoscopic Procedures in Mouse and Endoscopic Damage Score Evaluation 

For endoscopic procedures, n = 4 mice from each experimental group on both the 3rd 

and 7th day after the DNBS stimulus underwent anesthesia via the intraperitoneal 

injection of ketamine at 100 mg/mL and xylazine at 20 mg/mL [29]. The experimental 

endoscopy of the rectum and colon was performed using a bronchoscopy adapted for 

small rodent use (Karl Storz, Tuttlingen, Germany). The animals were fasted 24 h before 

endoscopy and underwent PBS 1X enema to favor the adequate visualization of the 
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colonic mucosa. The endoscopic frames were acquired by a color monitor and digitally 

recorded on a tape (CV-190 PLUS, Olympus, Segrate, Italy). The endoscopic injury 

score was determined according to the method described [29]. 

4.4. Colon Length, Spleen Weight and Disease Activity Index (DAI) 

Depending upon the experimental design, a group of n = 8 mice derived from each 

experimental group were euthanized on days 3 and 7 after DNBS-induced colitis. Spleen 

weight and colon length were measured, and colonic tissues were removed to perform 

macroscopic, histochemical, and biochemical analyses, as described in the 

experimental protocol (Figure 1A). The DAI scale was used to evaluate colitis induction 

and progression. The DAI score was determined by two independent observers blinded 

to the treatments and according to the criteria proposed by Cooper et al. (1993) [30] 

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) were scored. The DAI score was recorded on 

days 3 and 7, and the results were expressed as cumulative average scores in each 

experimental group. 

4.5. Histopathological Analysis of the Mouse and Human Ex Vivo Cultured Colonic 

Biopsies 

After sacrifice, mouse distal colons were collected on the 3rd and 7th day after the DNBS 

challenge. Similarly, bioptic samples were cultured ex vivo and exposed to the cytomix 

challenge for 24 h. The samples were then fixed in 4% paraformaldehyde (PFA), sliced 

into 15 μm sections, and stained with hematoxylin and eosin (H&E) for a macroscopic 

and histopathological assessment. Histological damage was evaluated using the 

complex scoring system proposed by Li et al. (2017) [31] and based on the following 

parameters: (i) the distortion and loss of crypt architecture; (ii) the infiltration of the 

inflammatory; (iii) muscle thickening; (iv) goblet cell depletion; and (v) crypt absence. 

The slides were analyzed using a Nikon Eclipse 80i microscope (Nikon Corporation, 

Tokyo, Japan), and images were captured at 10× magnification using a high-resolution 

digital camera (Nikon Digital Sight DS-U1). The cumulative histological damage scores 

were expressed as average scores in each experimental group. 

4.6. Macrophage Infiltration Immunohistochemical Assay 
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Tissue samples were fixed in 4% PFA, embedded in paraffin, and sectioned into 15 μm 

slices for subsequent immunohistochemical processing. The slices underwent heat-

mediated antigen retrieval using a sodium citrate buffer, followed by incubation with anti-

MAC387 (Abcam, Cambridge, UK) at room temperature (RT), as described by Thoree 

et al. [32], and were then subjected to detection using the horseradish peroxidase (HRP)-

conjugated compact polymer system. 3,30-diaminobenzidine (DAB) was employed as 

chromogen. Subsequently, the slices were counterstained with hematoxylin and 

examined using a microscope (Optika XDS-3L4 Ponteranica, Bergamo Italy). Images 

were captured at 20× magnification using a high-resolution digital camera. The 

quantitative analysis was performed by blinded assessors, with the results expressed as 

the median number of MAC387-positive cells per unit area and determined using ImageJ 

1.53 software (National Institutes of Health). 

4.7. In Vivo Assay of the Intestinal Permeability 

Before being euthanized, a group of n = 3 mice for each treatment on the 3rd and 7th 

day following DNBS enema were weighed and gavaged with 1% body weight (volume 

to mass) of fluorescein isothiocyanate-dextran (FITC-Dextran, 4 kDa, Sigma) and were 

euthanized 5 h after administration. Colon samples were fixed in PFA 4% (Thermo Fisher 

Scientific, Waltham, MA, USA) and cryo-sectioned in 15 μm slices. These sections were 

analyzed with a microscope Nikon Eclipse 80i, and images were captured at 10× 

magnification by a high-resolution digital camera (Nikon Digital Sight DS-U1). The results 

were expressed as relative fluorescence units (RFU) and as arbitrary units. 

4.8. Zonula Occludens (ZO-1) and Occludin Immunofluorescence 

On day 3rd and 7th day after DNBS, enema mice were sacrificed, and the distal colon 

was isolated, fixed, and sectioned into 25 μm slices. In a similar way, ex vivo cultured 

human biopsies were sectioned in 15 μm slices. Both mouse and human sections were 

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

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

(1:100 dilution v/v; Novus Biologicals, Abingdon, UK) or mouse anti-HYAL1 antibody 

(1:150 dilution v/v; Santa Cruz Biotechnology, CA, USA). The slices were then washed 

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

anti-rabbit (Abcam, Cambridge, UK). The nuclei were stained by 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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4.9. Protein Extraction and ZO-1 and Occludin Immunoblot Analysis 

Colonic tissue isolated on the 3rd and 7th day after colitis induction or bioptic samples 

were processed for Western blot analysis. Briefly, the samples were homogenized in an 

ice-cold hypotonic lysis buffer with (10 mM of 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 1.5 mM of MgCl2, 10 mM of KCl, 0.5 mM of 

phenyl-methyl-sulphonylfluoride, 1.5 mg/mL of the soybean trypsin inhibitor, 7 mg/mL of 

pepstatin A, 5 mg/mL of leupeptin, 0.1 mM of benzamidine and 0.5 mM of dithiothreitol 

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

buffer (50 mM Tris (hydroxymethyl) aminomethane (Tris), 10% sodium-dodecylsulfate 

(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. The protein concentration was 

determined using the Bradford assay, and equivalent amounts (50 μg) of each 

homogenate underwent electrophoresis through a polyacrylamide mini gel. Proteins 

were transferred to nitrocellulose membranes that were saturated via incubation with 

10% non-fat dry milk in PBS 1X overnight at 4 °C  before incubating with 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, and 

immunoreactive protein bands were then visualized, scanned, and densitometrically 

analyzed with ChemiDoc XRS+ apparatus (Bio-Rad Laboratories S.r.l. Segrate, Milano, 

Italy). The results were expressed as the % of protein expression and normalized on the 

expression of the housekeeping protein β-actin for mouse proteins. 

4.10. Plasma Collection and Adelmidrol Quantification in the Blood 

Mouse blood samples were obtained via a cardiac puncture during anesthesia for the 

endoscopic procedure. Blood samples were, thus, collected in 5% EDTA vials 

immediately prior to sacrifice to determine the adelmidrol level in the blood following its 

intrarectal administration. The adelmidrol level was measured according to the 

procedure described by D’Amico et al. (2020) [33], using LC-MS/MS (Agilent 

Technologies G6470A) as a function of time. Briefly, an amount of 100μL of the plasma 

samples was diluted in 900μL of acetonitrile, and the relative absorption rate of 

Adelmidrol in the plasma was quantified using a stock solution of adelmidrol in methanol. 
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The five-point calibration curve was prepared by dilution in acetonitrile from the stock 

solution as previously described [31]. 

4.11. ELISA Quantification of LPS (endotoxemia), IL-1β, IL-6, and TNF-α in the Mouse 

Plasma and Human Bioptic Samples 

Enzyme-linked immunosorbent assay (ELISA) kits were used to quantify both LPS 

(Chondrex Inc., Woodinville, WA, USA), IL-1β, IL-6, and TNF-α (Thermo Fisher 

Scientific, MA, USA) in the plasma of collected mice blood samples and homogenized 

human bioptic samples according to the relative manufacturer’s instructions. 

4.12. Myeloperoxidase Activity 

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

of neutrophil infiltration and activation, as previously described [34]. After removal, 

mouse colonic tissues or human-cultured bioptic samples were rinsed in a cold saline 

solution, then homogenized in a solution containing 0.5% hexadecyltrimethylammonium 

bromide (Sigma-Aldrich) dissolved in 10 mM of a 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 of hydrogen 

peroxide (Sigma-Aldrich). The absorbance was then spectrophotometrically measured 

at 650 nm. MPO activity was determined as the amount of the enzyme degrading 1 

mmol/min of peroxide at 37 °C and was expressed in milliunits per 100 mL of the 

homogenized sample. 

4.13. Lipid Peroxidation Assay 

Malonyl dialdehyde (MDA) was measured via the thiobarbituric acid colorimetric assay 

according to the method described by Esposito et al. (2012) [35] in isolated colonic 

tissues on the 3rd and 7th day after DNBS challenge and in ex vivo human-cultured 

biopsies. Briefly, 1 mL of 10% (w/v) trichloroacetic acid was added to 450 μL of the tissue 

lysate. After centrifugation, 1.3 mL 0.5% (w/v) of thiobarbituric acid was added, and the 

mixture was heated at 80 °C for 20 min. After cooling, MDA formation was recorded 

(absorbance 530 nm and absorbance 550 nm) in a Perkin Elmer (Waltham, MA, USA) 

spectrofluorimeter, and the results were presented as ng MDA/mL. 

4.14. PEA Level Quantification 
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The extraction and analysis of PEA levels were performed according to [36], with slight 

modifications. Mouse colonic tissues or human-cultured bioptic samples were firstly 

lysed and then evaporated under a nitrogen stream. Residues were suspended in an 

extraction solution, ultracentrifuged (14,000 rpm, 4 °C, 5 min), and the supernatant was 

injected for 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) and equipped with an electrospray (ESI) 

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

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

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

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

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 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, Milan, Italy) were prepared over a concentration range of 

0.0001–10 ppm with six different concentration levels, and duplicate injections were 

prepared at each level. All data were collected and processed using JASCO Chrom NAV 

(version 2.02.04) and Advion Data Express (4.0.13.8). 

4.15. Statistical Analysis 

The results were expressed as the mean percentage. Statistical analysis was performed 

using parametric one-way analysis of variance (ANOVA), and multiple comparisons were 

performed using Bonferroni’s post hoc test. p-values < 0.05 were considered statistically 

significant. Data were analyzed using Graphpad Prism 9 and ImageJ 1.53 software. 
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Background (II) 

1. COVID-19 pandemic 

1.1 Epidemiology of COVID-19 

The COVID-19 pandemic, caused by the SARS-CoV-2 virus, has dramatically impacted 

global health, economies, and social structures since its emergence in late 2019. This 

highly contagious respiratory illness spread rapidly, leading the World Health 

Organization (WHO) to declare it a global pandemic in March 2020. Understanding the 

epidemiology of COVID-19 — including patterns of transmission, incidence, and 

prevalence — has been crucial in guiding public health interventions and policy-making. 

Epidemiological studies have revealed that COVID-19 spreads primarily through 

respiratory droplets and aerosols, with transmission dynamics influenced by factors such 

as population density, social behaviors, and health system responses. Risk factors 

associated with severe COVID-19 outcomes include advanced age, gender, pre-existing 

health conditions (e.g., cardiovascular disease, diabetes, chronic respiratory diseases), 

and certain demographic factors (Didac et al., 2020; Mueller et al., 2020)(Chakravarty et 

al., 2020). Socioeconomic status, racial and ethnic backgrounds, and occupational 

exposure also play significant roles, as these factors often influence access to healthcare 

and likelihood of exposure  (Pan et al., 2020; Ravi, 2020). 

1.2 Etiopathogenesis of COVID-19 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first identified 

as the causative agent of COVID-19 in Wuhan in 2019 (Huang et al., 2020; Zhu et 

al., 2020). In the early stages, the similarities between SARS-CoV, Middle East 

respiratory syndrome coronavirus (MERS-CoV), and SARS-CoV-2 helped 

researchers trace its zoonotic origins (Rabaan et al., 2020). Although various 

hypotheses have been proposed, including the lab escape scenario, evidence points 

to bats as the primary source of SARS-CoV-2, while the intermediate host remains 

unidentified (Schindell et al., 2022). Structurally, SARS-CoV-2 features a crown-like 

outer envelope and a positive-stranded RNA genome that encodes several 

structural proteins, including spike (S), membrane (M), envelope (E), nucleocapsid 
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(N), and hemagglutinin-esterase (HE) proteins, along with sixteen non-structural 

proteins and six accessory proteins. The entry of SARS-CoV-2 into host cells is 

facilitated by the transmembrane S glycoprotein, whose heterodimers extend from 

the viral surface, creating the characteristic crown-like appearance of coronaviruses 

(Beniac et al., 2006; Delmas and Laude, 1990). Differences in the S proteins may 

account for the rapid transmission of SARS-CoV-2 compared to SARS-CoV 

(Rabaan et al., 2020). The S protein is often cleaved by a furin-like host protease 

into two subunits: S1, which binds to the host cell's ACE2 receptor, and S2, which 

contains the fusion machinery (Walls et al., 2020). The S1/ACE2 binding exposes 

an internal site on S2, which is subsequently cleaved by transmembrane protease 

serine 2 (TMPRSS2) in the endosomal compartment, releasing the fusion peptide 

and initiating the formation of the fusion pore (Jackson et al., 2022). Variations in the 

S glycoprotein are responsible for the emergence of different viral variants (Ong et 

al., 2022).  Infection typically occurs in the epithelium of the upper respiratory tract, 

as respiratory droplets are the primary mode of transmission, leading to either 

symptomatic or asymptomatic COVID-19 cases. About 80% of cases, categorized 

as mild to moderate, present with a range of symptoms such as fever, headache, 

anosmia, shortness of breath, fatigue, and mild cough, which may develop after an 

incubation period of 4-10 days (He et al., 2020; Long et al., 2022). The remaining 

20% of patients may experience severe disease, as the infection disrupts gas 

exchange in the alveolar epithelial cells, resulting in hypoxemia, edema, and fibrosis 

(Mason, 2020). When the infection reaches the lower respiratory tract, it can lead to 

pneumonia, which may result in severe complications, including respiratory failure 

(Huang et al., 2020; Lentz et al., 2020). Furthermore, SARS-CoV-2 has been 

detected in various tissues where ACE2 and TMPRSS2 are abundant, contributing 

to the occurrence of multiple extrapulmonary symptoms (Bilinska et al., 2020; 

Khreefa et al., 2023). These tissues, acting as viral reservoirs, may also facilitate 

viral transmission. Indeed, viral particles have been found not only in respiratory 

droplets but also in aerosols, blood, ocular secretions, urine, and stool (Long et al., 

2022). 
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1.3 Acute respiratory distress syndrome (ARDS) 

Acute respiratory distress syndrome (ARDS) induced by COVID-19 represents one 

of the most severe complications of SARS-CoV-2 infection, characterized by 

intense inflammation and profound respiratory failure. In COVID-19-associated 

ARDS, the inflammatory response is a central pathological feature, driven by an 

exaggerated immune response known as a "cytokine storm." This condition 

results from the overproduction of pro-inflammatory cytokines, such as IL-6, IL-

1β, and TNF-α, which amplify inflammation in lung tissues and lead to 

widespread alveolar damage. The inflammatory pathways activated in COVID-

19 ARDS involve both innate and adaptive immune components, including the 

NF-κB pathway, and activation of inflammasomes. These pathways work 

together to recruit immune cells like neutrophils and macrophages to the lung, 

further propagating inflammation and exacerbating tissue damage. 

Understanding the mechanisms of these inflammatory pathways is crucial for 

developing targeted treatments, as they offer potential therapeutic avenues to 

mitigate severe respiratory complications in COVID-19 patients, reduce 

mortality, and improve patient outcomes. 

1.4 Current COVID-19 Treatments and Their Limitations 

The COVID-19 pandemic has prompted a rapid evolution of therapeutic strategies aimed 

at managing the disease and improving patient outcomes. Current treatments primarily 

include antiviral medications, monoclonal antibodies, and supportive therapies, which 

together address various aspects of the illness. Antiviral agents like remdesivir have 

been shown to reduce viral replication and shorten recovery times for hospitalized 

patients. Monoclonal antibodies are utilized to target the virus early in infection, helping 

to prevent severe disease progression. Additionally, corticosteroids, particularly 

dexamethasone, have become essential in treating severe cases by dampening the 

inflammatory response associated with COVID-19. Despite these advancements, 

significant limitations persist in the treatment landscape. The effectiveness of antiviral 

medications can vary based on the timing of administration and the presence of variants 

with resistance. Monoclonal antibodies, while effective, may lose efficacy against certain 

variants, limiting their applicability in a constantly evolving viral environment. 
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Furthermore, the use of corticosteroids is primarily beneficial in patients with severe 

disease, and their role in mild to moderate cases remains unclear. Moreover, access to 

these therapies can be limited by logistical challenges, regulatory barriers, and 

disparities in healthcare systems. As the pandemic evolves, ongoing research is crucial 

to identify new treatment modalities, optimize existing therapies, and address the 

limitations inherent in current approaches. This dynamic and challenging landscape 

underscores the need for continued vigilance and innovation in the fight against COVID-

19. 

1.5  Potential of Aliamides in the Treatment of COVID-19-Related Acute Lung Injury 

In the search for effective treatments for ARDS, ALIAmides have garnered attention due 

to their unique properties and mechanisms of action. Preclinical studies have indicated 

that aliamides can exert anti-inflammatory effects by influencing the pathways involved 

in cytokine release and immune cell activation, potentially mitigating the 

hyperinflammation associated with COVID-19. One of the most promising aspects of 

ALIAmides is their ability to selectively target pathways involved in the immune response 

without broadly suppressing it, thereby preserving the body’s ability to fight the virus. 

This targeted approach could be particularly beneficial in COVID-19 patients, where a 

balanced immune response is crucial to avoid worsening the condition. Furthermore, the 

safety profile of ALIAmides appears favorable, with limited side effects reported in 

preliminary studies. This makes them suitable candidates for adjunctive therapy 

alongside existing treatments for COVID-19 and ARDS, such as corticosteroids and 

antiviral medications. 

Aims (ii) 

The primary aims of this study was to investigate the therapeutic potential of the pNAPE-

LP in mitigating lung inflammation triggered by the SARS-CoV-2 Spike Protein (SP). 

Specifically, the study seeks to elucidate the efficacy of intranasal administration of 

pNAPE-LP/palmitate in a murine model, focusing on its ability to colonize pulmonary 

tissues and facilitate the localized release of the anti-inflammatory compound 

palmitoylethanolamide (PEA). The study intended to assess the impact of pNAPE-LP on 

innate immune responses and histological lung damage following SP challenge. Key 
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objectives include the evaluation of cellular infiltration, morphological integrity of alveoli, 

and the modulation of pro-inflammatory mediators, including cytokines and 

myeloperoxidase activity. Additionally, the investigation aims to determine the role of 

pNAPE-LP in downregulating ACE-2 expression in lung tissues, which may contribute 

to the attenuation of infection severity. By addressing these aims, the study aims to 

contribute valuable insights into a potential adjunctive therapeutic strategy for managing 

acute respiratory distress syndrome associated with SARS-CoV-2, while advancing the 

understanding of probiotic-engineered therapies in inflammatory lung conditions. 
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Intranasal delivery of PEA-producing Lactobacillus paracasei F19 

alleviates SARS- CoV-2 spike protein-induced lung injury 

in mice  

Alessandro Del Re, Silvia Basili Franzin, Jie Lu, Irene Palenca, Aurora Zilli, Federico 

Pepi, Anna Troiani, Luisa Seguella, Marcella Pesce, Giovanni Esposito, Giovanni 

Sarnelli and Giuseppe Esposito 

Abstract 

Background SARS-CoV-2 belongs to the coronaviridae family and infects human cells 

by directly interacting with the angiotensin-converting enzyme-2 (ACE-2) through the 

viral Spike Protein (SP). While vaccines are crucial, much attention has been directed 

towards managing the symptoms of acute respiratory distress syndrome. Our present 

study highlights the potential in counteracting lung inflammation triggered by SARS-CoV-

2 SP of the intranasal administration of the engineered probiotic Lactobacillus paracasei 

F19 expressing the enzyme NAPE-PLD (pNAPE-LP) able to in situ release 

palmitoylethanolamide (PEA) under a super-low boost of palmitate.  

Methods C57BL/6J mice undergo prophylactic treatment with intranasal pNAPE-

LP/palmitate for 7 days before a 7 days challenge with intranasal SARS-CoV-2 SP. Then 

the capability of pNAPE-LP of colonizing the lungs and actively release PEA in situ have 

been determined by immunofluorescence, western blot and HPLC-MS. Moreover, the 

innate immune system downregulation and the histological damage rescue exerted by 

pNAPE-LP have been tested by immunofluorescence, hematoxylin and eosin staining, 

western blot analysis and ELISA test for the release of the pro- inflammatory mediators.  

Results pNAPE-LP effectively colonizes mice lungs and releases the anti-inflammatory 

compound PEA. Moreover, pNAPE-LP exhibits a protective effect on alveolar 

morphology, innate immune cells infiltration and in the reduction of neutrophil count, 

effectively reducing lung injury induced by SARS-CoV-2 SP. This is achieved by 

mitigating TLR4- mediated NLRP3 activation and the downstream pro-inflammatory 

products such as ILs, TNFα, C-reactive protein and the myeloperoxidase activity. 

Interestingly we observed a global reduction ACE2 expression in the lungs.  
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Conclusion pNAPE-LP actively protect from severe inflammatory-related symptoms in 

SP-challenged mice. Also, it can downregulate the expression of ACE-2 receptors at the 

lung site potentially preventing the spreading of the infection.  

Keywords Engineered probiotic, Palmitoylethanolamide, SARS-CoV-2, Spike protein, 

ARDS, NLRP3  

1. Background  

Over the past two decades, there has been a concerning surge in the emergence of 

novel viral diseases [1] and lastly the world has been grappling with the SARS-CoV-2 

pandemic, resulting in nearly 7 million deaths to date [2]. SARS-CoV-2 is classified within 

the coronaviridae fam- ily and engages human cells through a direct interaction with the 

angiotensin-converting enzyme-2 (ACE-2) via the viral Spike Protein (SP). This infection 

precipitates a range of symptoms, notably including acute respiratory distress syndrome 

(ARDS) and multiorgan failure in the worst-case scenario [3]. Despite the conclusion of 

the crisis and the gradual global reversion to a state of normalcy, numerous schol- arly 

investigations are underscored by the prospect that COVID-19 possesses the capacity 

to transmute its epi- demiological characteristics from a pandemic manifesta- tion into 

an endemic counterpart [4], thereby undergoing a change into a seasonal infection. 

Moreover, taking into account the the impending threat of future pandem- ics [5], coupled 

with the fact that recent viral diseases predominantly propagate via airborne 

transmission, an imperative and pressing demand arises for efficacious preventative 

interventions. While vaccines were effectively preventing the worst clinical outcomes of 

the COVID-19 [6], the possible emergence of new variants of concern as well as the 

pos- sibility of new airborne outbreaks, much attention has been directed towards 

managing ARDS. This condition occurs when macrophages and mast cells fail to 

regulate the innate immune response [7, 8], leading to an exces- sive release of pro-

inflammatory mediators furtherly amplified by the activation of the Nod-like receptor fam- 

ily pyrin domain containing 3 (NLRP3) inflammasome [9–12]. It appears that the SP of 

SARS-CoV-2 triggers this hyper-inflammatory response by interacting with the Toll-like 

receptor 4 (TLR4) and triggering a sort of bacte- rial-like response in the innate immune 

system [13–15]. Extensive research has demonstrated the direct asso- ciation between 

these components, which plays a pivotal role in ARDS development and various short-

term and long-term manifestations of COVID-19 [16, 17]. Further- more, TLR4-related 
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pathways may enhance viral infec- tivity by indirectly upregulating the ACE-2 receptor in 

different cell subtypes during inflammatory conditions [18–20]. Recent scientific studies 

have shed light on autacoid local injury amides (ALIAmides), a class of naturally 

occurring molecules synthesized by the N-acyl phospha- tidylethanolamine-specific 

phospholipase D (NAPE PLD) in response to specific demands. ALIAmides are promis- 

ing valuable tool in the clinical management of COVID- 19 and other viral diseases by 

acting on peroxisome proliferator-activated receptors (PPARs) and reducing the 

inflammatory response [21–23]. They achieve this by downregulating the expression of 

several pro-inflam- matory mediators and cytokines, including interleukin (IL)-6 and IL-

1β. Additionally, ALIAmides can decrease the expression of TLR4 and NLRP3, both of 

which are involved in the development of ARDS [24–26]. Our research group recently 

demonstrated that pal- mitoylethanolamide (PEA), a specific type of ALIAmide, can 

effectively reduce in vitro the expression of ACE-2 in alveolar macrophages activated by 

the SP of SARS-CoV-2 (see Fig. 1 for a summary of our previous findings) [18]. Notably, 

clinical trials have shown the clinical efficacy and safety of PEA in treating other viral 

lung diseases such as influenza and the common cold [27]. Currently, PEA is the subject 

of two clinical trials in Italy and the United States, assessing its effectiveness in managing 

COVID-19-related symptoms [28, 29]. However, the clinical utility of PEA is limited by its 

low solubility and the consequent need of using high doses to attain and maintain the 

therapeutic effect, under- scoring the importance of localizing the release of PEA to 

enhance regional absorption [30]. To enhance its local bioavailability, our laboratory 

developed a modi- fied strain of Lactobacillus paracasei subsp. paracasei F19 carrying 

a plasmid that expresses the NAPE-PLD enzyme (pNAPE-LP). By releasing PEA under 

a super- low boost of palmitate, this probiotic system has already demonstrated 

effectiveness in reducing inflammation in the gut across various colitis models. In these 

previ- ous investigation we observed an optimum of PEA pro- duction at the palmitate 

concentration of 0.003 μM [31, 32]. Moreover, considering the established connection 

between lung microbiota disruption and ARDS, pNAPE- LP holds promise as a 

prophylactic agent against ARDS by mitigating inflammatory responses also by restoring 

lung microbiota [33, 34]. Finally, its local action makes it a compelling candidate for 

intranasal delivery. Therefore, the objective of this study is to investigate the prophylac- 

tic anti-inflammatory effect of intranasal administration of the pNAPE-LP system 

combined with palmitate in a SARS-CoV-2 SP-induced lung injury model. Initially, we 

confirmed the ability of pNAPE-LP to colonize the lungs and release PEA in situ. 
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Subsequently, through histo- logical, immunofluorescence, Western blot, and ELISA 

analyses, we assessed the ability of our probiotic system to preserve alveolar 

architecture integrity and reduce the increase of pro-inflammatory markers (NLRP3, 

TLR4, etc.).  

 

Fig. 1 Summary of previous findings. Effect of ultramicronized(um)-PEA on SP-challenged murine 

alveolar macrophages. Anti-inflammatory effect of um-PEA in SARS-CoV-2 spike protein 

challenged murine alveolar macrophages depends upon PPARα-mediated control of NF-κB and 

NLRP3 inflamma- some signaling pathways. Schematic representation of SARS-CoV-2 spike 

protein-induced inflammasome activation and relative proposed anti-inflam- matory mechanism of 

um-PEA in mice alveolar macrophages. Spike protein interacts at TLR4 and ACE-2 receptor sites, 

activating phosphorylation of p38MAPK and consequent NF-κB activation. This is accompanied 

by cytokine release (IL-6 and TNF-α) and inflammasome pathway activation, featured by NLRP3 

and Caspase-1/IL-1β upregulation. Um-PEA acting at PPAR-α receptor site inhibits NF-κB 

transcription and NLRP-3 inflammasome signaling leading to a significant anti-inflammatory effect 

in spike protein-challenged alveolar macrophages  

2. Materials and methods  

2.1 Generation of genetically modified strains of Lactobacillus paracasei subsp. 

paracasei F19 
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The pTRKH3-slpGFP vector obtained from Add- gene (Watertown, MA, USA) underwent 

several modifications. Firstly, the GFP sequence was eliminated at SalI/PstI restriction 

sites, followed by the insertion of T7 transcriptional terminators at BamHI/EcoRV sites, 

and finally, linker sequences containing BsaI-BsaI were added at PstI/XmaI restriction 

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

of human NAPE-PLD was inserted into the BsaI sites. Electroporation was used to 

transfect the resulting pTRKH3-slp-NAPE-PLD construct and the parental plasmid 

(which does not express the NAPE-PLD gene and is used as a negative control) into 

Lactobacil- lus paracasei subsp. paracasei F19 strain (Arla Foods, Hoersholm, 

Denmark). Positive clones were obtained by erythromycin (5 μg/mL) selection. The 

parental plasmid (pLP) and NAPE-PLD-expressing bacteria (pNAPE-LP) were then 

anaerobically amplified in Man, Rogosa and Sharpe (MRS)-broth (Conda, Torrejón de 

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

Spain) supplemented with erythromycin 5 μg/mL (Sigma-Aldrich, Milan, Italy) under 

anaerobic conditions at 37 °C for 72 h. Finally, the viability of the bacteria was determined 

by manually counting colonies, and the colony forming units (CFU)/mL were obtained by 

correcting the number of colonies for the dilution factor.  

2.2 Animals and experimental plan  

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

experiments. Sapienza University’s Ethics Committee approved all experimen- tal 

procedures. 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. The Experimental plans last for 14 days in total (from day − 7 to day 7, see 

Fig. 2).  



107 
 

 

Fig. 2 Experimental plan 

For the intranasal administration the animals were lightly anesthetized by inhaled 

isoflurane (Abbott Labo- ratories, Montreal, PQ, Canada), and 2 or 4 volumes (25 μl 

each) of bacterial suspensions, SP solution, Pal- mitate solution or vehicle were 

intranasally delivered dropwise to the nares using a pipetman (model P20 or P200, 

Gilson) while the mouse was in a supine position. In details, the animals were randomly 

divided into 5 groups n=8 each and undergo treatments as follow: (1) Vehicle, daily 

intranasal administration of sterile saline solution along the entire experimental plan; (2) 

SARS- CoV-2 SP 500 μg/Kg, daily intranasal administration of sterile saline solution from 

day −7 to -1 and daily intra- nasal administration of SP 500 μg/Kg from day 1 to day 7; 

(3) pNAPE-LP/Palmitate 0.003 μM, daily intranasal administration of 109 CFU of 

pNAPE-LP+Palmitate 0.003 μM from day −7 to day −1 and daily intranasal 

administration of SP 500 μg/Kg from day 1 to day 7; (4) pLP/Palmitate 0.003 μM, daily 

intranasal administration of 109 CFU of pLP+Palmitate 0.003 μM from day −7 to day −1 

and daily intranasal administration of SP 500 μg/ Kg from day 1 to day 7; (5) Palmitate 

0.003 μM, daily intranasal administration of Palmitate 0.003 μM from day −7 to day −1 

and daily intranasal administration of SP 500 μg/Kg from day 1 to day 7. All the solutions 

for the intranasal inoculation have been prepared in sterile saline as described in the 

Supplementary Table 1. Rectal temperature was measured daily for the entire duration 

of the experiment. To obtain the rectal temperature, the mice were hand-restrained and 

placed on a horizontal surface. The tail was then lifted, and the probe (covered with 
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Vaseline) was gently inserted into the rectum, up to a fixed depth. At day 7 the animals 

were sacrificed by CO2 hypoxia.  

2.3 Sample collection and preparation  

Broncho-alveolar lavage fluid (BALF) was collected in the following manner. The mice 

were dissected to expose the trachea, and a small incision was made. A sterile tube (with 

an internal diameter of 0.58 mm) was inserted through the incision and connected to a 

sterile syringe needle. To create an airtight seal, a piece of sterile sur- gical thread was 

tightly wrapped around the intubated trachea. Two rounds of instillation and retrieval of 

1 mL of sterile phosphate-buffered saline (PBS) into the lungs were then performed using 

the sterile syringe. To ensure the integrity of the procedure, the tubing-needle-syringe 

setup was rinsed thoroughly with sterile PBS between each sample collection. Sterile 

PBS (n=2) was used for lavage, and PBS rinses (n=4) of the syringe, needle, and tubing 

(before and after lavage) were collected as pro- cedural controls. BAL fluid was prepared 

by pooling the two sequential lavages from each mouse, resulting in up to 2 mL of total 

BAL fluid per mouse. To prepare perfused lungs for H&E and immuno- fluorescence 

analysis, a solution of 4% PFA was injected directly into the lung through the trachea, 

which was then secured with a piece of thread. The lungs were sub- sequently immersed 

in the same fixative for 24 h. Follow- ing fixation, the lungs were perfused and then 

immersed in 30% sucrose for 24 h. Finally, the lungs perfused and immersed in OCT for 

a period of 24 h before the cryostat cutting. Lungs homogenates were obtained from 

non-PFA fixed lungs. The snap-frozen lungs were thawed, weighed, transferred to 

different tubes on ice containing hypo- tonic lysis buffer (10 mM 4-(2-hydroxyethyl)-1-

pipera- zineethanesulfonic 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 dithioth- reitol (DTT)). 

The samples were centrifuged at 10,000 × g for 10 min and supernatants were 

transferred to clean microcentrifuge tubes, frozen on dry ice and stored at -80 for the 

analysis.  

2.4 Confirmation of pNAPE-LP lung colonization  

BALF collected from groups 1 and 3 as previously described were immediately diluted 

in serial 1/10 dilu- tions (from 10−1 to 10−5) and plated in MRS agar enriched with 
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Erythromycin [50 μg/mL] as selection marker. The plates were incubated for 72 h at 37 

°C in a microaerophilic environment and then the colonies from each spot were counted 

to determine the CFU/mL con- tained in the BALF samples. N=4 single colonies have 

been picked up from the 10−5 dilution and inoculated in MRS liquid media enriched with 

Erythromycin [50 μg/ mL] and growth overnight. According to the procedure previously 

described [17] with slight modifications, immunofluorescence analysis was performed in 

both pNAPE-LP and in the cultured pLP as a negative con- trol. Briefly, the cultures 

undergo spinning and the pellets were washed in phosphate buffer saline (PBS). For 

immu- nofluorescence staining of both pNAPE-LP and in the pLP, 1 × 107 bacterial cells 

were placed on polyethylenei- mine-coated coverslips and fixed with 4% PFA. Blocking 

solution containing 1% bovine serum albumin (BSA) in PBS (w/v) was used. Labelling 

was performed using poly- clonal rabbit anti-NAPE-PLD antibody (1:100 dil. v/v) (Cell 

Signaling Technology, Inc., Danvers, MA, USA). Secondary fluorescein isothiocyanate-

conjugated anti- rabbit antibodies were incubated at room temperature for 2 h in the 

dark. Samples were examined by Optika XDS-3L4 microscope (Ponteranica, Bergamo, 

Italy). Images were captured at 100× by a high-resolution digital camera (Nikon Digital 

Sight DS-U1).  

2.5 HPLC-MS determination of PEA level in mice lungs  

Specimens from the lung from every groups of mice were isolated to evaluate PEA 

concentrations in vivo. Tissues were processed according to the method described by 

the Endocannabinoid Research Group [39]. Extraction and analysis were performed 

accord- ing to Gachet et al. [40], with slight modifications. 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 Kine- tex C18 analytical column (150 

× 4.6 mm, id. 3 μm, 100 Å) and security guard column, both supplied by Phe- nomenex 

(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 
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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 analy- sis, 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 

lev- els and duplicate injections at each level. All data were collected and processed 

using JASCO ChromNAV (v2.02.04)andAdvionDataExpress(v4.0.13.8).  

2.6 Western blot analysis  

Proteins were extracted from lung tissue or bacte- ria pellets and processed by Western 

blot analysis. For protein extraction by the bacterial pellet, a spe- cific CelLyticTM lysis 

buffer (Sigma-Aldrich, Milan, Italy) was used according to manufacturer’s instruc- tions. 

Tissue 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 phenylmethylsulphonyl- fluoride, 1.5 μg/ml soybean trypsin inhibitor, 7 mg/ ml 

pepstatin A, 5 mg/ml leupeptin, 0.1 mM benzami- dine, and 0.5 mM dithiothreitol (DTT)]. 

Both bacte- rial- and tissue-deriving protein extracts were mixed with a non-reducing gel 

loading buffer [50 mM Tris (hydroxymethyl)aminomethane (Tris), 10% sodium dodecyl 

sulfate (SDS), 10% glycerol, 2 mg/ml bromo- phenol] at a 1:1 ratio, and then boiled for 

3 min fol- lowed by centrifugation at 10,000×g for 10 min. The protein concentration was 

determined using Brad- ford assay and equivalent amounts (50 μg) of each homogenate 

underwent electrophoresis through a polyacrilamide minigel. After the transfer the mem- 

branes were incubated with 10% nonfat dry milk in PBS overnight at 4 °C and then 

exposed, depending on the experiments, with the appropriate primary anti- body 

according to standard experimental protocols (see Table 1). 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 proteins β-actin for mice 

samples and GroEL for bacterial pellets.  
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Table 1 Antibodies for western blot 

2.7 Hematoxylin and Eosin (H&E) staining and lung injury assessment 

Frozen sections of the lungs were sectioned using a cryostat at 8 μm and placed onto 

slides. The sections were stained with H&E according to Ling et al. [35]. The 

histopathological analysis has been performed in the following manner. Number of 

epithelial cells, and the number infiltrated neutrophils in alveolar spaces and interstitial 

space were analyzed by NIH Image J. Ten 40x fields from each group were chosen for 

the counting of the epithelial and infiltrated neutrophils. Lung injury score was measured 

as described by Mat- ute-Bello et al. [36] following a scale (see Supplemen- tary Table 

2).  

2.8 Immunofluorescence  

Frozen sections of the lungs were sectioned using a cryostat at 8 μm and placed onto 

slides. Sections were blocked with bovine serum albumin (BSA) and subsequently 

stained with the appropriate primary antibody (See Table 2). Slices were then washed 

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

rabbit or anti-mouse (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).  

2.9 Myeloperoxidase assay  

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

determined as previously described (Mullane et al., 1985). After removal, lungs tis- sues 
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were rinsed with a cold saline solution. Then, the tissues were homogenized in a solution 

containing 0.5% hexadecyltrimethylammonium bromide (Sigma-Aldrich, Milan, Italy), 

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, Milan, Italy) and 0.1 mM hydrogen 

peroxide (Sigma-Aldrich, Milan, Italy). The solution was then spectrophotometri- cally 

measured at 650 nm. MPO activity was determined as the amount of enzyme degrading 

1 mmol/min of per- oxide at 37 °C and was expressed in milliunits (mu) per 100 mg of 

wet tissue weight.  

2.10 Enzyme-linked immunosorbent assay (ELISA)  

ELISA for IL-1β, IL-6, TNFα and CRP (all from Thermo Fisher Scientific, MA, USA) was 

carried out on lungs homogenate according to the manufacturer’s protocol. Absorbance 

was measured on a microtiter plate reader. IL-1β, IL-6, TNFα and CRP levels were 

determined using standard curve methods.  

3. Results  

3.1 pNAPE-LP colonizes mice lungs and actively releases PEA in situ 

In order to validate the lung colonization by our probi- otic system, we cultured the BALF 

obtained from groups (1) and (3) on MRS agar supplemented with erythro- mycin [50 

μg/mL]. Our findings revealed the presence of erythromycin-resistant colonies 

exclusively in the samples derived from the group subjected to intranasal administration 

of pNAPE-LP (Fig. 3, A). Additionally, the samples from group (3) exhibited an average 

level of 104 CFU/mL (Fig. 3, B), thereby confirming the successful colonization of the 

lungs by pNAPE-LP. To further cor- roborate our observations, four colonies were 

selected from each sample and cultured overnight in MRS liquid media supplemented 

with erythromycin. Subsequently, the resulting cultures underwent Immunofluorescence 

and western blot analyses to ascertain the expression of the NAPE-PLD enzymes. Our 

immunofluorescence analysis (Fig. 3, C) and western blot results (Fig. 3, D-E) 

demonstrated the selective expression of the NAPE-PLD enzyme exclusively in the 

bacterial cells isolated from the BALF of group (3). Moreover, to validate the capacity of 

pNAPE-LP to locally produce and release PEA under minimal stimula- tion with 
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palmitate, homogenates of mouse lung samples from groups (1), (3), and (4) were 

subjected to HPLS-MS analysis to determine the levels of PEA. Once again, only the 

samples obtained from animals treated with pNAPE- LP and palmitate exhibited a 

significant increase in PEA levels (p < 0.001 vs. Vehicle group) (Fig. 3, B).  

 

 

Fig. 3 Confirmation of pNAPE-PLD colonization of the mice lungs. At the end of the experimental 

protocol the BALF from pNAPE-LP/Palmitate group displays significant levels of erythromycin 

resistant CFU compared to the Vehicle group (A). Once picked and amplified, these cells are 

revealed to express the NAPE-PLD enzyme as confirmed by immunofluorescence (C), and 

western blot analysis (46 kDa) (housekeeping protein GroEL, 57 kDa) (D, E). The HPLC-MS 

analysis of homogenates of lungs revealed a significant increase in the levels of PEA only in 

pNAPE-LP/Palmitate group (B). Results are expressed as mean ± SD of n = 7 or 9 experiments 

performed in triplicate. *** p < 0.001, **p < 0.01, * p < 0.05 vs. Vehicle, n.d.=non detectable  
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3.2 pNAPE-LP protects alveolar morphology and reduces the lung injury score from 

SARS-CoV-2 SP pro-inflammatory effect 

After 7 days of intranasal delivery of SARS-CoV-2 SP, mice in group 2 exhibited a 

substantial deterioration in their alveolar architecture, indicating significant dam- age to 

the small air sacs in their lungs. In contrast, the prophylactic administration of pNAPE-

LP/Palmitate (3) demonstrated a protective effect, effectively preserving the alveolar 

morphology in the mice’s lungs. It is note- worthy that the combination of the engineered 

probiotic pNAPE-LP and palmitate played a pivotal role in confer- ring histological 

protection in our experimental model (Fig. 4, A). The results clearly highlight the efficacy 

of this specific combination in mitigating the detrimental effects induced by SARS-CoV-

2 SP. The observed loss of alveolar architecture in group 2 was accompanied by a 

significant increase in the infiltra- tion of epithelial cells (p < 0.001 vs. Vehicle), as well 

as a marked elevation in the neutrophil count (p<0.001 vs. Vehicle), indicating a 

pronounced lung injury (p<0.001 vs. Vehicle). However, the prophylactic treatment with 

pNAPE-LP/Palmitate (3) reversed the histological dam- age observed in this group. 

Specifically, it successfully normalized the percentage of infiltrated epithelial cells (p < 

0.001 vs. SP [500 μg/Kg]), reduced the neutrophil count (p<0.01 vs. SP [500 μg/Kg]), 

and consequently decreased the overall lung injury score (p<0.01 vs. SP [500 μg/Kg]) 

to levels comparable to those observed in the vehicle group (Fig. 4, B-D). Consistent 

with expec- tations, the two internal control groups, namely pLP/ Palmitate (4) and 

Palmitate alone (5), did not show any significant differences compared to the SP [500 

μg/Kg] group (2) in terms of deterioration in their alveolar archi- tecture, the percentage 

of infiltrated epithelial cells, the neutrophil count and the lung injury score (Fig. 4, A-D).  

3.3 pNAPE-LP attenuates TLR4-mediated NLRP3 activation in the lungs of mice and 

reduces global ACE2 expression 

To gain insights into the role of SARS-CoV-2 SP agonism on TLR4 in vivo and explore 

the potential protective effect of pNAPE-LP/Palmitate, we conducted immuno- 

fluorescent analysis on lung sections of mice. Our objec- tive was to examine the 

expression of TLR4 in alveolar macrophages (CD68 + cells) and its influence on the co- 

expression of NLRP3 and ACE-2, two important markers of ARDS onset and viral 

invasion, respectively. Our findings+ revealed a significant upregulation of TLR4 in CD68 

cells (p<0.001 vs. Vehicle) in samples from the SP [500 μg/Kg] group (2). Similarly, we 
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observed a parallel increase in the co-expression of NLRP3 and ACE-2 (p<0.001 vs. 

Vehicle) following daily administra- tion of SARS-CoV-2 SP (Fig. 4E-H). Consistent with 

previous observations, treatment with pNAPE-LP/Palmitate significantly mitigated the 

pro- inflammatory environment in the lungs of mice. Notably, the expression levels of 

TLR4 in CD68+ cells were mark- edly reduced (p<0.001 vs. SP [500 μg/Kg]), as were 

the overall numbers of CD68+ cells, indicating the beneficial effects of the probiotic 

system compared to the SARS- CoV-2 SP group (2). Similarly, the global co-expression 

of NLRP3/ACE-2 was significantly diminished by the engi- neered probiotic (p < 0.001 

vs. SP [500 μg/Kg]), further confirming its anti-inflammatory properties (Fig. 4E-H). In 

contrast, our investigation of the internal control groups, namely pLP/Palmitate (4) and 

Palmitate alone (5), revealed no significant changes in the expression of the 

aforementioned markers compared to the SP [500 μg/ Kg] group (2). Specifically, there 

were no notable dif- ferences observed in the levels of TLR4 expression in CD68+ cells 

or concerning the co-expression of NLRP3 and ACE-2. These findings suggest that the 

administra- tion of pLP/Palmitate or Palmitate alone did not exert a significant impact on 

reducing the expression of these markers when compared to the SP [500 μg/Kg] group 

(Fig. 4E-H).  

3.4 pNAPE-LP reduces the MPO activity in mice lungs  

To gain a deeper comprehension of the role of innate immunity in SP-induced lung 

inflammation and to understand the therapeutic potential of pNAPE-LP/Pal- mitate 

system, we conducted an MPO assay on samples obtained from all experimental 

groups. As anticipated, the SP [500 μg/Kg] group (2) exhib- ited an elevated MPO 

activity, indicative of an inflam- matory state in the lungs of mice (p < 0.001 vs. Vehicle). 

In contrast, treatment with pNAPE-LP/Palmitate reduced MPO activity to physiological 

levels (p < 0.001 vs. SP [500 μg/Kg]), thereby confirming the probiotic system’s ability to 

restrain over-activation of the innate immune system.  

Once again, the internal control groups, pLP/Pal- mitate (4) and Palmitate alone (5), 

demonstrated no significant changes in MPO activity levels when com- pared to the SP 

[500 μg/Kg] group (2) (Fig. 4, I).  
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Fig. 4 Prophylactic administration of pNAPE-LP/Palmitate accounts for histological damage 

attenuation, reduction of pro-inflammatory markers expres- sion and MPO activity in mice lungs. 

Hematoxylin and eosin (H and E) stained lung specimens (A), relative quantification of infiltrated 

epithelial cells (B), the neutrophil count (C) and the global lung damage score (D) showing the 

protective effect of pNAPE-LP/palmitate treatment on SP-induced lung injury. Representative 

immunofluorescence images showing the co-expression of NLRP3 (green) and ACE-2 (red) and 

their merge (E) on the left and the expression of TLR4 (red) on the surface of CD68+ (green) cells 

in mice lung specimens with their respective quantifica- tion (G,H) display the protective effect of 

pNAPE-LP/Palmitate treatment on mice lungs following SP-mediated injury. Effect of pNAPE-LP 

prophilactic treatment in reducing the MPO activity in lung tissue (I). Nuclei were also investigated 

using DAPI staining. Results are expressed as mean ± SEM of n = 5 experiments performed in 

triplicate. *** p < 0.001, **p < 0.01 vs. SP [500 μg/Kg]. Scale bar = 20 μm; magnification 20×  
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3.5 Western blot analysis confirms pNAPE-LP-mediated modulation of NLRP3, TLR4, 

and caspase 1 expression in SARS-CoV-2 SP-induced lung injury 

To further validate the findings obtained from immunofluorescent analysis and delve into 

the activation of procaspase 1 upon NLRP3 expression, western blot analysis was 

conducted on lung homogenates. Corroborating the previous data, our investigation 

revealed a significant increase in the abundance of TLR4 (p < 0.001 vs. Vehicle), NLRP3 

(p < 0.001 vs. Vehicle), and the cleaved form of caspase1 (p < 0.001 vs. Vehicle) in the 

SP [500 μg/Kg] group (2) when com- pared to the levels observed in the Vehicle group 

(1). Once again, the prophylactic administration of pNAPE-LP/Palmitate demonstrated 

its ability to reverse this inflammatory trend. It not only reduced the expression of TLR4 

(p < 0.001 vs. SP [500 μg/Kg]) and NLRP3 (p < 0.001 vs. SP [500 μg/Kg]) but also 

decreased the levels of the effector protein caspase1 p < 0.01 vs. SP [500 μg/Kg]) 

derived from NLRP3. In contrast, the internal control groups (4,5) did not exhibit any 

consistent effect in reducing the levels of the aforementioned proteins. The levels 

observed in these control groups were comparable to those of the SP [500 μg/Kg] group 

(2) (Fig. 5, A-D).  
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Fig. 5 Prophylactic administration of pNAPE-LP/Palmitate reduces pro-inflammatory markers 

expression and body temperature in mice. Western blot analysis on lung specimens to detect 

TLR4 (95 kDa), cleaved Caspase 1 (50 kDa), NLRP3 (120 kDa) and the housekeeping protein β-

actin (40 kDa) (A), and the relative densitometric quantification (B, C, D) showing the protective 

effect of pNAPE-LP/palmitate treatment on SP-induced lung injury. pNAPE- LP + palmitate 

treatment reduces ILs (E, F), TNF-alpha (G) and CRP (H), thus reducing the body temperature (I) 

in SP-challenged mice. Results are ex- pressed as mean ± SEM of n = 5 experiments performed 

in triplicate. *** p < 0.001, **p < 0.01, * p < 0.05 vs. SP [500 μg/Kg]  
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3.6 pNAPE-LP/Palmitate treatment reduce the release of IL-1β, IL-6, TNFα and CRP in 

the lungs of mice 

In conjunction with the western blot analysis, we con- ducted ELISA tests to assess the 

levels of downstream effectors released upon activation of the TLR4-NLRP3 pathway in 

the lungs of mice, including ILs, TNFα and CRP. Following the same pattern as the 

previous data, the ELISA test demonstrated a significant increase in the release of IL-1β 

(p<0.001 vs. Vehicle), IL-6 (p<0.001 vs. Vehicle), TNFα (p<0.001 vs. Vehicle) and CRP 

(p<0.001 vs. Vehicle) in the SP [500 μg/Kg] group (2) as a result of TLR4/NLRP3 

pathway activation. Conversely, the pre-treatment with pNAPE-LP/pal- mitate led to a 

parallel reduction in the release of IL-1β (p < 0.05 vs. SP [500 μg/Kg]), IL-6 (p < 0.01 vs. 

SP [500 μg/ Kg]), TNFα (p<0.01 vs. SP [500 μg/Kg]) and CRP (p<0.001 vs. SP [500 

μg/Kg]), aligning with the down- regulation observed in the upstream proteins. In con- 

trast, the pLP/palmitate (4) and Palmitate (5) groups did not exhibit such effects, as they 

displayed similar levels of IL-1β, IL-6, and TNFα to those observed in the SP [500 μg/Kg] 

group (2) (Fig. 3, E-H).  

3.7 pNAPE-LP mitigates hyperthermia in mice  

Because of the pro-inflammatory markers overexpres- sion, the mice from SP [500 

μg/Kg] group (2) displayed an increased body temperature during the SP exposition (p 

< 0.05 vs. Vehicle). Again, the prophylactic pNAPE-LP/ Palmitate treatment was able to 

mitigate the hyperther- mia to physiological levels (p < 0.05 vs. SP [500 μg/Kg]).  

4. Discussion  

The present study highlights the remarkable potential of the probiotic system pNAPE-LP 

in counteracting lung inflammation triggered by SARS-CoV-2 SP. This excep- tional 

probiotic effectively colonizes mice lungs and releases the anti-inflammatory compound 

PEA. More- over, pNAPE-LP exhibits a protective effect on alveolar morphology, 

effectively reducing lung injury induced by SARS-CoV-2 SP. This is achieved by 

mitigating TLR4- mediated NLRP3 activation and global ACE2 expression in the lungs, 

while also reining in innate immune system over-activation.  
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The notion of harnessing probiotics as formidable allies in the battle against COVID-19 

has gained momentum due to their remarkable ability to modulate the micro- biota in 

hollow organs [37, 38]. This modulation, in turn, exerts a positive influence on immune 

responses [39], resulting in a potential reduction in systemic inflamma- tion [40, 41]—a 

critical factor in severe COVID-19 cases. Specifically, when probiotics are administered 

intrana- sally, they have demonstrated the capacity to shape the composition of the 

respiratory microbiota [42], a pivotal player in determining immune responses [43]. 

These beneficial microbial agents fortify the respiratory tract’s defense mechanisms, 

fostering a stronger and more bal- anced immune reaction to viral infections [44]. By pro- 

moting the production of short-chain fatty acids and anti-inflammatory molecules, they 

have the potential to play a crucial role in quelling the body’s inflammatory storm, 

potentially alleviating the severity of COVID-19 [45, 46]. By integrating the inherent 

attributes of probiotic strains with the capacity of pNAPE-LP to release PEA on-site, our 

probiotic system accomplishes the objective of significantly enhancing the anti-

inflammatory impact in comparison to the unmodified strain. The majority of PEA’s anti-

inflammatory characteristics stem from its ability in counteracting the NF-κB signaling 

pathway via the activation of PPAR receptors, with a strong affinity for PPAR-α [47]. 

Additionally, PEA has the capability to hinder NF-κB through a dual mechanism: direct 

interaction with NF-κB p65 or the stimulation of NF-κB inhibitors (IκBs) expression across 

diverse cell types [48]. In our model, the opposition to the NF-κB signaling pathway was 

indirectly validated by the observation of diminished levels of upstream (TLR4) and 

downstream (NLRP3, ILs, etc.) signaling molecules. Through this pathway inhibi- tion, 

pNAPE-LP effectively governs several genes linked to pro-inflammatory cytokine 

transcription, culminating in reduced release of IL-6 and TNF-α. Furthermore, in 

alignment with our prior in vitro findings, a significant reduction in NLRP3 expression 

was demonstrated, consequently lowering inflammasome activation within the cohort 

subjected to pNAPE-LP and palmitate treatment. This data strongly suggests that 

pNAPE-LP might hold a pivotal role in the regulation of the inflammatory processes 

implicated in the initiation of ARDS. By curtailing NLRP3-dependent pathways, this 

probiotic systematically targets and downregulates downstream products, including IL-

1β, a significant mediator in ARDS pathogenesis [49] and a potential pharmacological 

target in the early phases of COVID- 19 [50]. The inhibition of the NLRP3/caspase-1 

pathway within lung tissue also stands to be crucial in preventing the initiation of 

pyroptosis ‘ [51]. Such prevention could be deemed strategic since, in numerous 
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pathological conditions and models, extensive pyroptosis triggered by NLRP3/caspase-

1 activation has been linked to heightened neutrophil recruitment [52, 53] (See Fig. 6). 

This scenario was notably observed in our experimental model’s group treated with SP, 

as evidenced by increased neutrophil count and heightened MPO activity. In contrast to 

resident tissue macrophages, neutrophils exhibit greater immunoreactivity [54], and their 

activation often results in intensified inflammation. Notably, an excessive recruitment of 

neutrophils has been reported in severe stages of COVID-19 [55, 56]. The mitigation of 

pyroptosis facilitated by pNAPE-LP pre-treatment was indirectly confirmed by the 

reduction in neutrophil count and MPO activity within lung samples. Furthermore, 

specific probiotic strains, notably from the Lactobacillus family, have exhibited direct 

antiviral effects [57–59], displaying the capacity to impede viral replication. While the 

precise mechanisms demand further elucidation, probiotics from the Lactobacillus genus 

seem adept at lowering viral infection rates by establishing an antiviral state within 

macrophages [60, 61]. Within our probiotic system, this inherent antiviral activity of 

Lactobacillus strains harmonizes with PEA’s ability to hinder SARS-CoV-2 infection by 

directly engaging with SP and ACE2 receptors [62], as well as its inhibitory influence on 

PPAR-α, which curbs viral replication [63]. Recent in vitro studies have indeed indicated 

that PEA’s binding to the SARS-CoV-2 S protein results in approximately 70% reduction 

in viral infection among Huh-7 cells [62]. Furthermore, a previous research contribution 

from our team underscored SP’s in vitro capability to elevate ACE2 receptor expression 

by instigating TLR4-mediated inflammatory responses [18]. Once again, this pattern was 

substantiated in our current in vivo study, evident in the ACE2/NLRP3 co-expression 

within lung tissues. Scientific understanding dictates that proinflammatory elements, 

such as LPS (lipopolysaccharides) and/or pathological inflammatory states, are linked 

to elevated ACE-2 expression on tissue macrophages [19, 64]. Numerous investigations 

have indicated that elevated ACE expression in macrophages accentuates the immune 

response of these cells, potentially leading to a shift towards the M2 phenotype, 

indicating a regulatory role in the inflammatory process. It is plausible that SARS-CoV-

2’s SP potentially fosters viral infection by enhancing ACE2 receptor expression in 

neighboring cells via the induction of inflammatory conditions in alveolar macrophages 

[18, 65]. However, the precise mechanism governing this ACE-2 upregulation by SP 

remains elusive and necessitates further exploration through additional studies. 

Conversely, our probiotic system effectively reversed the over-expression of ACE2 

receptors, likely attributable to its anti-inflammatory impact. This intriguing effect holds 
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the potential to mitigate the propagation of infection within lung tissue. The findings 

presented in this study open up several avenues for future research and have significant 

implications for healthcare practices, particularly in the context of addressing lung 

inflammation triggered by SARS-CoV-2. Future research could focus on translating 

these findings into clinical trials to evaluate the safety and efficacy of pNAPE-LP in 

human subjects with SARS-CoV-2 infections. If proven effective, this probiotic system 

could be developed as a novel therapeutic strategy for managing COVID-19 and other 

respiratory infections. On the other hand, considering the complex nature of COVID-19 

and its associated inflammatory responses, future investigation may also explore 

combination therapies. Combining pNAPE-LP with other anti-inflammatory agents or 

medications commonly used in COVID-19 treatment might enhance therapeutic 

outcomes. This approach could be explored in preclinical models and, subsequently, in 

clinical trials.  

 

Fig. 6 Graphical representation of the main findings of the present paper  
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5. Conclusion  

In essence, the notion of harnessing probiotics as allies in the battle against COVID-19 

is rapidly gaining traction. A number of studies have focused on the preclinical efficacy 

of recombinant probiotics as potential platform for oral and intranasal vaccines. The 

probiotic system, known as pNAPE-LP, has exhibited promising potential in addressing 

the lung inflammation triggered by SARS-CoV-2 SP, leading to a reduction in the 

excessive expression of the ACE2 receptor and a dampening of the inflammatory 

reaction. This holds the promise of yielding significant advantages in averting severe 

symptoms and secondary infections among COVID-19 patients, particularly within 

diverse demo- graphics such as children and the elderly. Emphasizing the significance 

of localized PEA release is paramount. Notably, pNAPE-LP not only enhances the 

accessibility of PEA but also has the unique capability to selectively augment its 

presence precisely where it is required. This characteristic positions it as a novel and 

auspicious tool within the realm of precision medicine. Furthermore, the combination of 

immune-modulatory attributes inherent in a probiotic with the potent anti-inflammatory 

effects of PEA bestows upon pNAPE-LP a distinct superiority when compared to these 

two individual components in isolation. In conclusion, the innovative synergy between 

pro- biotics and the pNAPE-LP system holds potential in reshaping our approach to 

combating COVID-19 and its associated inflammatory challenges.  
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GENERAL CONCLUSIONS 

 

In conclusion, this doctoral thesis has undertaken a comprehensive examination of the 

therapeutic potential of ALIAmide-based formulations, particularly highlighting their 

effects in inflammation-driven diseases such as colitis, colorectal cancer, and SARS-

CoV-2-induced lung inflammation. This research stands out for its innovative approach 

to addressing complex inflammatory pathways and offers significant insights that could 

reshape therapeutic strategies in the field. Through an extensive investigation of m-PGA 

administered orally in a DNBS-induced murine model of colitis, this study illuminated the 

anti-inflammatory effects of m-PGA during both the acute and resolution phases of 

inflammation (Palenca I. et al., 2022; Palenca I. et al., 2024). Such dual-phase 

intervention is crucial, as it suggests that m-PGA plays a significant role in not only 

controlling inflammation but also in facilitating recovery, thus addressing both immediate 

and long-term inflammatory responses. This aspect of the research underlines the 

innovative nature of the study, as it expands the current understanding of therapeutic 

interventions that target inflammation beyond mere symptom relief, proposing a more 

holistic approach to managing chronic conditions. Additionally, the investigation into the 

rectally administered gel containing adelmidrol and hyaluronic acid proved effective in 

reducing inflammation and providing mucosal protection in murine colitis models and ex-

vivo biopsy cultures (Palenca I. et al., 2023). This finding underscores the potential of 

targeted therapies for gastrointestinal mucosal preservation, presenting an innovative 

delivery method that could enhance patient outcomes in inflammatory bowel diseases. 

The ability of this gel to effectively mitigate inflammation highlights its promise as a 

complementary option in conjunction with other treatments like m-PGA, potentially 

maximizing therapeutic efficacy. Furthermore, findings from an AOM + DSS model of 

colorectal cancer underscored m-PGA’s dual anti-inflammatory and antiproliferative 

properties. This dual action emphasizes its potential to influence tumor growth by 

modulating inflammatory pathways essential to tumorigenesis. Importantly, this thesis 

posits that targeting inflammation should not be limited to its acute stages but must 

encompass the entire continuum of the inflammatory process, particularly in chronic 
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conditions like colitis, where sustained inflammation significantly elevates the risk of 

developing colorectal cancer. This perspective on inflammation management highlights 

the study's innovative approach to cancer prevention and treatment, positioning it as a 

significant advancement in the field. In addition to gastrointestinal inflammation, this 

research also explored the application of pNAPE-LP in mitigating lung inflammation 

induced by the SP (Del Re A. et al., 2024). Notably, this engineered bacterium had 

previously been used in our studies on murine models of gastrointestinal inflammation, 

where it demonstrated significant anti-inflammatory efficacy, contributing to the 

maintenance of intestinal mucosal integrity and reducing mucosal permeability (Esposito 

G. et al., 2021; Esposito G. et al., 2021).  This investigation aimed to evaluate the efficacy 

of pNAPE-LP as a localized anti-inflammatory treatment, a novel strategy that could offer 

a targeted solution in the face of a global pandemic (Brahim Z., 2021). By administering 

pNAPE-LP/palmitate intranasally in a murine model, the study successfully 

demonstrated the capacity of pNAPE-LP to effectively colonize pulmonary tissues and 

deliver the anti-inflammatory compound PEA directly to the site of inflammation. The 

findings revealed not only a reduction in cellular infiltration but also the preservation of 

alveolar integrity and the modulation of key pro-inflammatory mediators, including 

cytokines and myeloperoxidase, in response to the SP challenge. These results are 

particularly promising, as they suggest a potential therapeutic avenue for controlling lung 

inflammation associated with viral infections. Altogether, this thesis contributes 

significantly to the growing body of evidence supporting ALIAmide-based therapies as 

viable, potentially complementary options to traditional treatments. By offering a trifecta 

of anti-inflammatory, mucosal-protective, and potentially antiproliferative benefits with a 

lower side-effect profile, these formulations demonstrate considerable promise in 

advancing therapeutic strategies for both gastrointestinal and respiratory inflammation. 

Looking ahead, future research should aim to refine these interventions further and 

optimize their clinical applications. This includes conducting extensive clinical trials to 

establish the safety, efficacy, and optimal dosing regimens for ALIAmide-based therapies 

across various patient populations. Additionally, numerous studies support the use of 

ALIAmides as adjuncts in pharmacological therapies for inflammatory diseases and pain 

management (Cocito D. et al., 2024; Nobili S. et al., 2024; Noce A. et al., 2021; Peritore 

A.F. et al., 2021; Bartolucci M.L. et al., 2018). Researchers should further explore the 

potential for combination therapies that integrate ALIAmide formulations with existing 

anti-inflammatory and immunomodulatory agents, which could enhance therapeutic 
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outcomes and provide more comprehensive treatment strategies. This approach may 

offer synergistic benefits, improving efficacy while potentially reducing the dosage and 

side effects associated with conventional treatments. A deeper understanding of the 

molecular mechanisms underlying ALIAmide-based therapies will be crucial to 

identifying specific patient subgroups that may benefit the most from these treatments. 

For instance, biomarker studies could elucidate which inflammatory pathways are most 

effectively modulated by these formulations, facilitating personalized medicine 

approaches. Furthermore, considering that the widely studied ALIAmide PEA has been 

shown to improve intestinal homeostasis and positively influence gut microbiota (Pirozzi 

C. et al., 2023; Brankovic M. et al., 2024; Esposito G. et al., 2014). it is worth evaluating 

whether these new synthetic and semi-synthetic compounds might have similar 

beneficial effects. Future research should investigate the long-term effects of these 

therapies, particularly concerning their impact on gut microbiota and overall immune 

function, to ensure sustained benefits and minimize any adverse effects. Understanding 

these dynamics could also reveal additional therapeutic benefits, enhancing the 

application of ALIAmides in chronic inflammatory disease management. Moreover, 

expanding the scope of investigation to include additional inflammatory and autoimmune 

diseases could reveal broader applications for ALIAmide-based therapies, potentially 

transforming the landscape of treatment options available for managing complex 

conditions. As the field evolves, the integration of advanced drug delivery systems, such 

as nanocarriers or smart polymers, may also enhance the specificity and efficacy of 

these formulations, paving the way for innovative therapeutic modalities (Howard M.D. 

et al., 2014). In conclusion, the promising findings of this thesis underscore the need for 

continued exploration and innovation in ALIAmide-based therapies. By building on this 

foundational research, we can advance therapeutic strategies to better manage 

inflammation-driven diseases like colitis, colorectal cancer, and SARS-CoV-2-induced 

lung inflammation, ultimately improving patient care and outcomes. 
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