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Abstract: Background: Chronic pulmonary diseases are characterized by airway remodeling due to
complex multicellular responses and the production of free oxygen radicals. They lead to a progressive
decline of pulmonary functions. Adelmidrol is an analogue of palmitoylethanolamide (PEA), which is a
well-known anti-inflammatory and anti-oxidant compound. In this study, we investigated the efficacy
of adelmidrol (10 mg/Kg) for bleomycin-induced pulmonary fibrosis in mice. Methods: Bleomycin
intratracheal administration was performed on the first day and for the following twenty-one days,
mice were treated with adelmidrol (10 mg/Kg). Results: The survival rate and body weight gain were
recorded daily. At the end of the experiment, adelmidrol-administered animals showed reduced
airway infiltration by inflammatory cells, Myeloperoxidase (MPO) activity, and pro-inflammatory
cytokine overexpression (IL,6 IL-1β, TNF-α, and TGF-1β). Moreover, adelmidrol treatment was able
to manage the significant incapacity of antioxidants and elevation of the oxidant burden, as shown by
the MDA, SOD, and GSH levels and decreased nitric oxide production. It was also able to significantly
modulate the JAK2/STAT3 and IκBα/NF-kB pathway. Histologic examination of the lung tissues
showed reduced sample injury, mast cell degranulation, chymase activity, and collagen deposition.
Conclusions: In sum, our results propose adelmidrol as a therapeutic approach in the treatment of
pulmonary fibrosis.

Keywords: oxidative stress; pulmonary fibrosis; biochemistry

1. Introduction

Pulmonary fibrosis is a devastating disease with different causes and has few treatment options [1],
resulting in a medium survival of less than four years after diagnosis [2]. The prevailing hypotheses on
the pathogenesis of this disease are focused on interactions between the mesenchyma and epithelium,
promoting continued fibroblast activation and epithelial injury [3]. The disease is likely multi-factorial
in nature, with the dysregulation of multiple pathways, including oxidative stress, chemotaxis,
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inflammation, tissue remodeling, and wound healing. The lungs of patients exhibit proteinaceous
exudate, edema, multinucleated giant cells, and focal reactive hyperplasia of pneumocytes with
inflammatory cellular infiltration. Moreover, fibroblastic plugs are found in airspaces. From a molecular
point of view, a cytokine and oxidative storm occurs. In particular, by analyzing the immune
characteristics of patients, researchers have found irregular pathogenic T cells and activated monocytes
producing an aberrant number of cytokines and reactive oxygen species (ROS). The altered alveolar
environment involves oxidative stress that is driven by an imbalance between oxidant production and
antioxidant defenses.

The bleomycin animal model is usually employed to evaluate the in vivo efficacy of anti-fibrotic
and anti-oxidant agents due to the similarities in histological features, such as the mural incorporation
of collagen, intra-alveolar buds, and the obliteration of alveolar spaces, found in bleomycin-treated
animals and patients with idiopathic pulmonary fibrosis [4].

The intratracheal instillation of bleomycin results in an initial inflammatory reaction marked by the
over-expression of pro-inflammatory cytokines and ROS, including hydroxyl radicals and superoxide,
interleukin-6, interleukin-1β, tumor necrosis factor-α, superoxide dismutase (SOD), and catalase (CAT),
followed by increased levels of pro-fibrotic markers, such as transforming growth factor-β1, fibronectin,
and procollagen-1 [5]. The “switch” between the inflammatory and fibrotic stages occurs around
day nine after bleomycin instillation [5]. Therefore, drugs administered during the first seven days
may predominantly act as anti-inflammatory agents and are considered “preventive or prophylactic”,
while drugs administered after seven to ten days could be true anti-fibrotic agents and are considered
“therapeutic” [5].

A great number of compounds in different classes, such as antioxidants, angiotensin
receptor blockers, anticoagulants, macrolide antibiotics, cytokine antibodies, immunosuppressants,
and corticosteroids, have displayed anti-fibrotic effects in the bleomycin model [6]. However, to date,
none of the drugs that have made it to clinical trials have been as successful as in bleomycin
animal studies.

Several studies have demonstrated that N-acylethanolamines (NAEs), extensively expressed
in mammals, are responsible for different physiological functions, including neurotransmission,
inflammation, reproduction, appetite, analgesia, and cryoprotection [7]. As well as other NAEs,
N-palmitoylethanolamine (PEA) has been widely investigated, showing important neuroprotective,
anti-inflammatory, anti-oxidant, and anti-fibrotic effects [8–11]. PEA is able to stabilize the mitochondrial
function, and inhibit mast cell degranulation and anandamide degradation. Its mechanism of action
involves IL6 management [10,12,13]. One of the studied ethanolamide derivatives is adelmidrol
(N,N’-bis(2-hydroxyethyl)nonanediamide), due to its important anti-inflammatory and anti-oxidant
activities. Moreover, it acts by increasing endogenous levels of PEA [14]. It has been found in trace
amounts in some whole grains and the human body [15]. Among adelmidrol chemical characteristics,
the most important are its hydrophobic and hydrophilic properties that support its solubility in organic
and aqueous media [16]. Here, we describe the results of an evaluation of the pharmacological effect of
adelmidrol in a bleomycin-induced pulmonary fibrosis model in mice.

2. Materials and Methods

2.1. Animals

Male CD1 mice (25–30 g, Envigo, Milan, Italy) were accommodated in a controlled location.
They received food and water ad libitum. The University of Messina Review Board for animal care
(OPBA) approved the study (9 Feb 2017, 137/2017-pr). All in vivo experiments followed the new
directives of the USA, Europe, Italy, and the ARRIVE guidelines.
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2.2. Induction of Lung Injury

Bleomycin administration was performed as previously described [8]. Bleomycin sulphate (1 mg/kg
body weight) was delivered by a single intratracheal administration. A volume of 100 µL was injected
at end-expiration to guarantee delivery to the distal airways. This was immediately followed by 300 µL
of air. One hour after surgery, adelmidrol (10 mg/Kg) was given orally by gavage. The treatment was
repeated daily, for 21 days. At the end of the experiment, animals were euthanized and tissues were
harvested for further analysis.

2.3. Experimental Groups

Mice were randomized into the following experimental groups (n = 10):

• Bleomycin + vehicle group. Mice received bleomycin administration and were treated daily with
the vehicle (saline);

• Bleomycin + adelmidrol group. Mice received bleomycin administration and were treated daily
with adelmidrol (10 mg/Kg);

• Sham + vehicle group. Identical to the bleomycin + vehicle group, but animals received intratracheal
instillation of saline (0.9% w/v) instead of bleomycin, and were treated daily with the vehicle (saline);

• Sham + adelmidrol group. Identical to the bleomycin + adelmidrol group, but animals received
intratracheal instillation of saline (0.9% w/v) instead of bleomycin, and were treated daily with
adelmidrol (10 mg/Kg).

Mice were euthanized 21 days after bleomycin instillation and tissues were harvested for analyses
of injury and inflammation. The dose of adelmidrol was selected based on previous experiments [17,18].

2.4. Survival Rate and Body Weight Gain

Mortality and body weight were assessed daily up to 21 days.

2.5. Bronchoalveolar Lavage (BAL)

Twenty-one days after bleomycin instillation, mice were euthanized, and the tracheas were cannulated
to perform the lavage, as previously described [19]. In total, 0.5 mL Dulbecco’s phosphate-buffered
saline (PBS) (GIBCO, Paisley, U.K.) was used. The BAL fluid recovered was spun, the pelleted cells
were collected, and the supernatants were stored at −20 ◦C. In the presence of trypan blue, total BAL
cells were counted using a hemocytometer [20]. The total leukocyte number was determined in
duplicate using a hemocytometer (in a Burker chamber). For a differential WBC count, a smear was
prepared from the cell pellet in bronchoalveolar fluid lavage (BALF) and stained with Wright-Giemsa.
After staining, the differential count was carried out by the standard morphological protocol under a
light microscope [21].

2.6. Measurement of Lung Edema

After 21 days of injections of bleomycin, wet lung weights were recorded. The lungs were
subsequently dried for 48 h at 180 ◦C and then weighed again. The water content of the lungs was
calculated as the ratio of wet:dry weight of the tissue.

2.7. Histological Examination

Lung tissue samples were collected 21 days from bleomycin injection. After fixing the tissues in
buffered formaldehyde solution (10% in PBS), histological sections were stained with haematoxylin
and eosin and evaluated using an Axiovision Zeiss (Milan, Italy) microscope. The severity of lung
fibrosis was scored on a scale from 0 to 8, as already published [8]. Lung sections were stained with
toluidine blue to enumerate mast cells [22] and with Masson’s trichrome for fibrosis [23].
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2.8. Measurement of Chymase Activity

Lung tissues were homogenized and the chymase activity was measured in the supernatant
according to the method described by Pasztor et al. (1991) [24,25].

2.9. MPO Assay

MPO activity was determined as already described [8,26]. It was defined as the quantity of enzyme
degrading 1 µmol of peroxide per min at 37 ◦C and was expressed in units per gram wet tissue weight.

2.10. Soluble Collagen Assay

The Sircol Soluble Collagen Assay (Biocolor, Newtownabbey, Northern Ireland) was performed
following the manufacturer’s instructions [27].

2.11. Enzyme-Linked Immunosorbent Assays (ELISA)

The bronchoalveolar fluid lavage (BALF) IL,6 IL-1β, TNF-α, and TGF-1β levels were detected
by using ELISA kits (Dakewe, Shenzhen, China; Biosource International, Camarillo, CA) [28–30].
Levels of IL6 IL-1β, TNF-α, and TGF-1β in lung tissues were measured by using ELISA kits
(Calbiochem-Novabiochem Corporation, USA) [31,32].

2.12. Nitric Oxide (NO) Analysis

The pulmonary production of NO in the BALF was analyzed with a nitrate/nitrite colorimetric
assay [33]. The absorbance was measured at 550 nm using a plate absorbance reader (Bio-Tek
Instruments, Inc.).

2.13. Measurement of Oxidative Stress

The malondialdehyde (MDA) [34], glutathione (GSH), and SOD levels in the lung tissues were
measured using activity assay kits (Nanjing Jiancheng Bioengineering Institute) [28].

2.14. Western Blot Analysis

Western blots were performed as described in our previous studies [35]. Briefly, lung tissues
from each mouse were suspended in an extraction’s buffer containing 0.15 µM pepstatin A,
0.2 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium orthovanadate, and 20 µM leupeptin;
homogenized at the highest setting for 2 min; and centrifuged at 1000× g for 10 min at 4 ◦C.
Supernatants contain the cytosolic fractions, while the pellets represent the nuclear ones. Pellets
were re-suspended in a second buffer containing 150 mM sodium chloride (NaCl), 1% Triton X-100,
1 mM ethylene glycol tetraacetic acid (EGTA), 10 mM tris-chloridric acid (HCl) pH 7.4, 0.2 mM
PMSF, 1 mM Ethylenediaminetetraacetic acid (EDTA), 0.2 mM sodium orthovanadate, and 20 µm
leupeptin. After centrifugation at 4 ◦C and 15.000 g for 30 min, the nuclear proteins containing the
supernatants were stored at −80 ◦C for further analysis. Specific primary antibody:anti-IkBα (1:1000,
Santa Cruz Biotechnology) or anti-NF-kB p65 (1:1000; Santa Cruz Biotechnology) were mixed in
1× PBS, 5% w/v non-fat dried milk, and 0.1% Tween-20, and incubated at 4 ◦C, overnight. Following
this, blots were incubated with peroxidase-conjugated bovine anti-mouse IgG secondary antibody
or peroxidase-conjugated goat anti-rabbit IgG (1:2000, Jackson Immuno Research) for 1 h at room
temperature. To verify that membranes were loaded with equal amounts of protein, they were also
incubated with the antibody against laminin (1:1000; Santa Cruz Biotechnology) and GADPH (1: 1000;
Santa Cruz Biotechnology). Signals were detected with enhanced chemiluminescence detection system
reagent, according to the manufacturer’s instructions (Super- Signal West Pico Chemiluminescent
Substrate, Pierce). The relative expression of the protein bands was quantified by densitometry with
Bio-Rad ChemiDoc XRS software and standardized tob-actin levels. Images of blot signals (8-bit/600-dpi)
were imported to analysis software (Image Quant TL, v2003).
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2.15. Materials

All compounds used in this study were purchased from Sigma-Aldrich Company Ltd. (Milan, Italy)
and were of the highest commercial grade available. Adelmidrol was obtained from Epitech Group SpA.
Adelmidrol is classified by the WHO as an INN (International Nonproprietary Name = safe substance).

2.16. Statistical Evaluation

All values in the figures and text are expressed as the mean ± standard error of the mean (SEM)
of N number of animals. The results were analyzed by one-way ANOVA followed by a Bonferroni
post-hoc test for multiple comparisons. A p-value < 0.05 was considered significant. * p < 0.05 vs.
sham+vehicle, # p < 0.05 vs. vehicle, ** p < 0.01 vs. sham+vehicle, ## p < 0.01 vs. vehicle, *** p < 0.001
vs. sham+vehicle, and ### p < 0.001 vs. vehicle.

3. Results

3.1. Adelmidrol Exerts Anti-Inflammatory Effects in a Pulmonary Fibrosis Model

Twenty-one days after bleomycin instillation, adelmidrol administration reduced the number of
inflammatory cells in the bronchoalveolar lavage fluid compared to the vehicle-treated mice (Figure 1A).
In particular, we evaluated macrophages, neutrophils, lymphocytes, and eosinophils, observing a
significant rise in cell numbers in bronchoalveolar lavage collected from vehicle-treated animals
compared to the sham groups. Adelmidrol treatment was able to reduce the airway infiltration by
inflammatory cells (Figure 1B). An analysis of cytokine expressions in the bronchoalveolar lavage fluid
showed that pulmonary fibrosis increased IL,6 IL-1β, TNF-α, and TGF-1β expressions compared to the
sham groups. In the bronchoalveolar lavage fluid collected from adelmidrol-treated mice, a reduced
expression of IL,6 IL-1β, TNF-α, and TGF-1β was detected (Figure 1C–F).
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Figure 1. Effect of adelmidrol on cell infiltration, MPO activity, and proinflammatory cytokine
expression in bronchoalveolar lavage fluid: Total cells (A); macrophages, neutrophils, lymphocytes,
and eosinophils (B); IL6 (C); TNF-α (D); IL-1β (E); and TGF-1β (F) expressions in bronchoalveolar fluid
lavage (BALF). # p < 0.05 vs. vehicle, ** p < 0.01 vs. sham + vehicle, ## p < 0.01 vs. vehicle, *** p < 0.001
vs. sham + vehicle, and ### p < 0.001 vs. vehicle.

3.2. Adelmidrol Modulates the Lung Production of IL6, TNF-α, and IL-1β and Oxidative Stress Induced by
Pulmonary Fibrosis

To test whether adelmidrol may modulate the inflammatory process through regulation of the
secretion of cytokines, we analyzed the lung tissue levels of the pro-inflammatory cytokines IL6,
TNF-α, and IL-1β. A substantial increase in IL6, TNF-α, and IL-1β formation was observed in lung



Antioxidants 2020, 9, 601 6 of 14

samples taken from vehicle-treated mice when compared with sham-operated animals. In contrast,
there was a significant inhibition of IL6, TNF-α, and IL-1β in instilled-mice treated with adelmidrol
(Figure 2A–C). MDA, SOD, and GSH levels were evaluated twenty-one days after bleomycin induction.
Vehicle-treated mice showed increased MDA levels, while SOD and GSH were decreased, compared
to the sham groups. Once again, adelmidrol administration was able to reduce the oxidative stress
parameters analyzed (Figure 2D–F). NO, an endogenous short-lived free radical, has a crucial role in
the development of pulmonary fibrosis. Vehicle-treated mice exhibited increased NO production in
the bronchioalveolar lavage fluid compared to the sham groups. Adelmidrol administration decreased
the NO content (Figure 2G).
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3.3. Adelmidrol Manages the STAT3 and NF-kB Pathway

We investigated one of the key inflammatory pathways induced by pulmonary fibrosis:
JAK2/STAT3 and Ikb-α/NF-kB systems. Phospho-janus kinase (p-JAK2) expression levels, monitored by
Western blotting, were considerably increased in tissue collected from vehicle-treated mice compared
to the sham animals. Lung tissues harvested from adelmidrol-treated mice showed a reduced p-JAK2
expression (Figure 3A). Moreover, traumatic brain injury induced increased STAT3 phosphorylation in
vehicle-treated mice, while it was remarkably reduced in samples from adelmidrol-administered animals
(Figure 3B). Ikb-α basal expression was observed in lungs collected from sham mice, while bleomycin
instillation reduced it (Figure 3C). In addition, NF-kB expression in the nucleus was enhanced in
vehicle-treated mice compared to the sham. Treatment with adelmidrol reduced both Ikb-α cytosol
expression and NF-kB expression in the nucleus (Figure 3D).

3.4. Adelmidrol Reduced the Mortality Rate and Improved the Histopathological Score

Pulmonary fibrosis is associated with an important morality rate and body weight decrease.
Adelmidrol administration was able to increase the survival rate (Figure 4A) and the body weight gain
(Figure 4B) compared to the vehicle-treated mice. Moreover, it decreased the lung edema, as shown by
the ratio of wet/dry weight of the tissue (Figure 4C). Histologic examination of the lungs revealed the
abundant tissue damage and extracellular matrix deposition in tissues collected from vehicle-treated
mice (Figure 4F,G), compared to the sham groups (Figure 4D,E,H). Adelmidrol treatment significantly
reduced the lung injury (Figure 4G,H). In order to evaluate the activity of neutrophils, we performed
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the MPO assay. Pulmonary fibrosis increased the MPO activity, while adelmidrol administration
reduced it (Figure 4I).
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3.5. Adelmidrol Reduced Mast Cell Degranulation and Lung Fibrotic Changes

Toluidine blue staining was performed on lung tissues from bleomycin-injected animals in
order to evaluate mast cell activation and recruitment in the inflamed tissues. No mast cells were
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detected in tissues from sham-treated animals (Figure 5A,B,E), while vehicle-treated animals displayed
an increased number of infiltrating mast cells (Figure 5C,E). Adelmidrol (Figure 5D,E) treatment
reduced the recruitment in lungs. Bleomycin administration also increased chymase activity in lungs,
while adelmidrol was able to reduce it (Figure 5F). Severe pulmonary injury produced by bleomycin
in lungs from vehicle-treated mice resulted in extensive TGF-1β expression and collagen deposition
compared to the sham groups (Figure 5G,H). In contrast, adelmidrol treatment reduced this deposition
and TGF-1β expression in the lungs (Figure 5H,G). We also evaluated fibrosis by Masson’s trichrome
staining. Tissues harvested from vehicle-treated mice showed increased collagen deposition around
airway walls and blood vessels (Figure 6C,H) compared to the sham groups (Figure 6A,B,E). Adelmidrol
treatment reduced the bleomycin-induced collagen deposition after analysis in the image-processing
system (Figure 6D,E).

Antioxidants 2020, 9, x FOR PEER REVIEW 8 of 14 

Figure 4. Effect of adelmidrol on the survival rate, body weight, lung edema, histological changes, 
MPO activity, and fibrosis: Survival rate (A); body weight gain (B); wet/dry lung weight ratio (C); 
hematoxylin and eosin staining of sham+vehicle (D), sham+adelmidrol (E), vehicle (F), and 
adelmidrol (G); histological injury score (H); MPO activity (I). ** p < 0.01 vs. sham+vehicle, ## p < 0.01 
vs. vehicle, *** p < 0.001 vs. sham+vehicle, and ### p < 0.001 vs. vehicle. 

3.5. Adelmidrol Reduced Mast Cell Degranulation and Lung Fibrotic Changes 

Toluidine blue staining was performed on lung tissues from bleomycin-injected animals in order 
to evaluate mast cell activation and recruitment in the inflamed tissues. No mast cells were detected 
in tissues from sham-treated animals (Figure 5A,B,E), while vehicle-treated animals displayed an 
increased number of infiltrating mast cells (Figure 5C,5E). Adelmidrol (Figure 5D,E) treatment 
reduced the recruitment in lungs. Bleomycin administration also increased chymase activity in lungs, 
while adelmidrol was able to reduce it (Figure 5F). Severe pulmonary injury produced by bleomycin 
in lungs from vehicle-treated mice resulted in extensive TGF-1β expression and collagen deposition 
compared to the sham groups (Figure 5G,H). In contrast, adelmidrol treatment reduced this 
deposition and TGF-1β expression in the lungs (Figure 5H,G). We also evaluated fibrosis by Masson’s 
trichrome staining. Tissues harvested from vehicle-treated mice showed increased collagen 
deposition around airway walls and blood vessels (Figure 6C,H) compared to the sham groups 
(Figure 6A,B,E). Adelmidrol treatment reduced the bleomycin-induced collagen deposition after 
analysis in the image-processing system (Figure 6D,E). 

 

Figure 5. Effect of adelmidrol on mast cell analysis: Sham+vehicle (A), sham+adelmidrol (B), vehicle 
(C), adelmidrol (D); mast cell count (E); chymase activity (F); TGF-1 (G) expression; collagen 
deposition (H) in lungs. ## p < 0.01 vs. vehicle, *** p < 0.001 vs. sham + vehicle, and ### p < 0.001 vs. 
vehicle. 

Figure 5. Effect of adelmidrol on mast cell analysis: Sham+vehicle (A), sham+adelmidrol (B), vehicle
(C), adelmidrol (D); mast cell count (E); chymase activity (F); TGF-1β (G) expression; collagen deposition
(H) in lungs. ## p < 0.01 vs. vehicle, *** p < 0.001 vs. sham + vehicle, and ### p < 0.001 vs. vehicle.

Antioxidants 2020, 9, x FOR PEER REVIEW 9 of 14 

 

Figure 6. Effect of adelmidrol on Masson’s trichrome staining: Sham+vehicle (A), sham+adelmidrol 
(B), vehicle (C), adelmidrol (D), and staining area (E). *** p < 0.001 vs. sham+vehicle, and ### p < 0.001 
vs. vehicle. 

4. Discussion 

Our experiments examined the effects of adelmidrol administration on bleomycin-induced 
pulmonary fibrosis: in particular, this study indicates that adelmidrol has important anti-
inflammatory and anti-oxidant properties, leading to a reduced expression of pro-inflammatory 
cytokines and the production of free oxygen radicals, a restored expression of anti-oxidant enzymes 
in the bronchoalveolar lavage fluid and lung tissues, and reduced collagen deposition. Adelmidrol, 
a member of the aliamide family, has similar anti-nociceptive and anti-inflammatory proprieties of 
PEA [19,36–39]. In fact, as a PEA synthetic analogue, adelmidrol increases endogenous levels of PEA 
[14]. It is well-described that the intratracheal instillation of bleomycin causes lung damage, primarily 
to alveolar epithelial cells, and then results in lymphocytic and neutrophilic infiltration and pan-
alveolitis [40]. Despite bleomycin animal models of pulmonary fibrosis not completely recapitulating 
the SARS-CoV2 pathology, because in this model, the fibrotic response follows acute lung injury 
rather than the de-novo progressive fibrosis, bleomycin models may still be useful in studying 
fibrosis as a complication of COVID-19. Twenty-one days after bleomycin administration, 
bronchoalveolar lavage fluid collected from vehicle-treated mice showed significant total leukocyte 
airway infiltration, as well as increased lymphocyte, macrophage, neutrophil, and eosinophil 
numbers and enhanced MPO activity. It is well-known that many tissue responses to inflammatory 
injuries are activated and managed by cytokines and oxidative stress [41,42]. Adelmidrol 
administration was able to reduce inflammatory cell infiltration in the bronchoalveolar lavage and 
chemokines and cytokines increased the expression induced by pulmonary injury. ELISA analysis of 
lung tissues also showed a reduced expression of the same cytokines (IL6, TNF-α, and IL-1β) already 
investigated in the bronchoalveolar lavage fluid, confirming the adelmidrol mechanism of action. 
Bleomycin toxicity is also related to free oxygen radical production and the enhancement of oxidative 
stress [43]. In lungs, several antioxidant enzyme systems, including CAT, SOD, and glutathione 
peroxidase (GPxs), have been described [44]. The overexpression of these enzymes is protective 
against fibrosis [45,46]. Moreover, bleomycin instillation binds molecular oxygen and Fe (II), 
producing ROS mediators and causing lipid peroxidation [47]. Adelmidrol treatment reduced the 
significant disability of antioxidants and elevation of the oxidant burden, as shown by the SOD 

Figure 6. Effect of adelmidrol on Masson’s trichrome staining: Sham+vehicle (A), sham+adelmidrol
(B), vehicle (C), adelmidrol (D), and staining area (E). *** p < 0.001 vs. sham+vehicle, and ### p < 0.001
vs. vehicle.



Antioxidants 2020, 9, 601 9 of 14

4. Discussion

Our experiments examined the effects of adelmidrol administration on bleomycin-induced
pulmonary fibrosis: in particular, this study indicates that adelmidrol has important anti-inflammatory
and anti-oxidant properties, leading to a reduced expression of pro-inflammatory cytokines and the
production of free oxygen radicals, a restored expression of anti-oxidant enzymes in the bronchoalveolar
lavage fluid and lung tissues, and reduced collagen deposition. Adelmidrol, a member of the
aliamide family, has similar anti-nociceptive and anti-inflammatory proprieties of PEA [19,36–39].
In fact, as a PEA synthetic analogue, adelmidrol increases endogenous levels of PEA [14]. It is
well-described that the intratracheal instillation of bleomycin causes lung damage, primarily to alveolar
epithelial cells, and then results in lymphocytic and neutrophilic infiltration and pan-alveolitis [40].
Despite bleomycin animal models of pulmonary fibrosis not completely recapitulating the SARS-CoV2
pathology, because in this model, the fibrotic response follows acute lung injury rather than the de-novo
progressive fibrosis, bleomycin models may still be useful in studying fibrosis as a complication of
COVID-19. Twenty-one days after bleomycin administration, bronchoalveolar lavage fluid collected
from vehicle-treated mice showed significant total leukocyte airway infiltration, as well as increased
lymphocyte, macrophage, neutrophil, and eosinophil numbers and enhanced MPO activity. It is
well-known that many tissue responses to inflammatory injuries are activated and managed by
cytokines and oxidative stress [41,42]. Adelmidrol administration was able to reduce inflammatory
cell infiltration in the bronchoalveolar lavage and chemokines and cytokines increased the expression
induced by pulmonary injury. ELISA analysis of lung tissues also showed a reduced expression of
the same cytokines (IL6, TNF-α, and IL-1β) already investigated in the bronchoalveolar lavage fluid,
confirming the adelmidrol mechanism of action. Bleomycin toxicity is also related to free oxygen radical
production and the enhancement of oxidative stress [43]. In lungs, several antioxidant enzyme systems,
including CAT, SOD, and glutathione peroxidase (GPxs), have been described [44]. The overexpression
of these enzymes is protective against fibrosis [45,46]. Moreover, bleomycin instillation binds molecular
oxygen and Fe (II), producing ROS mediators and causing lipid peroxidation [47]. Adelmidrol treatment
reduced the significant disability of antioxidants and elevation of the oxidant burden, as shown by the
SOD activity and MDA and GSH levels, induced by bleomycin instillation [28,31,48]. Mice subjected to
an experimental model of pulmonary fibrosis showed NO over-production [49–51], similar to patients
affected by this pathology [52]. However, no modifications in other NOS levels have been detected [52].
In the current study, we showed that adelmidrol administration was able to reduce NO production.
Our results provide evidence that the anti-inflammatory and antifibrotic effects of adelmidrol are
mediated by reduced cytokine expressions, resulting in the downregulation of TGF-1β, oxidative
stress, and NO production. This increased expression of chemokines, cytokines, and inflammatory
mediators also induces changes in transcription factors. JAKs are receptor-associated tyrosine kinases
with central roles in cytokine and growth factor signaling. Like other receptor-associated tyrosine
kinases, cytokine binding induces the autophosphorylation and activation of JAK kinases [53]. In turn,
JAK kinases recruit and phosphorylate signal transducer and activator of transcription (STAT) proteins.
Upon activation, STATs dimerize and translocate to the nucleus, where they activate the transcription
of several target genes [53]. Alterations in JAK2 signaling cause profound changes in the cellular
response to cytokine stimulation. TGF-1β signaling induces the phosphorylation and activation of
JAK2, which then interacts and phosphorylates STAT3 to induce fibrotic responses [54]. Bleomycin
intratracheal administration enhanced p-JAK2 and p-STAT3 levels, while adelmidrol treatment was
able to reduce the phosphorylation of both proteins. Dual JAK2/STAT3 inhibition was more effective
for inhibiting both of these cellular transitions and lung fibrosis than the individual inhibition of
JAK2 or STAT3, which implies synergistic and independent roles of these proteins in pulmonary
fibrosis. Moreover, it has been described that IL6, TNF-α, and IL-1β lead to activation of the NF-kB
pathway, which is the major controller of pulmonary fibrosis and epithelial–mesenchymal transition,
in response to chronic inflammation [55]. It is normally stored in cytoplasm bound to the IκBα
inhibitor. Once activated by particular stimuli, such as inflammation, infection, and oxidative stress,
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it is phosphorylated by IκB kinase, resulting in NF-kB release and nuclear translocation of the subunit
p65 [56]. Adelmidrol treatment significantly reduced NF-kB nuclear expression. Pulmonary fibrosis
also causes severe modifications of the lung architecture [57], leading to compromised gas exchange
and respiratory failure. Adelmidrol-treated animals exhibited an increase survival rate, body weight
gain, and reduced lung edema induced by bleomycin administration. Mast cells are also known to
mediate fibrogenic events [58]. Moreover, abundant numbers of mast cells have been verified in the
lungs of patients with different forms of fibrosis [59–63]. They contain many profibrotic molecules,
including chymase, tryptase, leukotrienes, histamine, and renin [64]. Therefore, the degranulation
and activation of mast cells may contribute to lung fibrosis [65]. Of particular relevance is chymase
secreted by mast cells [66]. It is a chymotrypsin serine protease that may activate the latent TGF-1β [65].
TGF-1β is a fibrogenic cytokine [67] and has been described to have a key role in the development of
pulmonary fibrosis [68]; in fact, its expression has been found to be increased in patients and a lung
fibrosis mouse model [69,70]. TGF-β stimulates fibroblast differentiation into myofibroblasts [68,71].
Therefore, chymase may induce fibroblast activation and increase collagen synthesis through TGF-1β
activation. Mast cell degranulation may indirectly or/and directly contribute to lung fibrosis [22].
Lungs harvested from adelmidrol-treated animals showed reduced histological lung injury and MPO
activity compared to those from vehicle-treated mice. Adelmidrol, by stabilizing mast cell degranulation,
reduced chymase activity, TGF-1β expression, and collagen deposition.

5. Conclusions

In conclusion, our data propose adelmidrol as a therapeutic approach in the treatment of pulmonary
fibrosis. We have demonstrated its ability to downregulate the over-production of pro-inflammatory
cytokines, in particular, IL6 and its anti-fibrotic and anti-oxidant properties.
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