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Abstract: Posidonia oceanica (L.) Delile is traditionally used for its beneficial properties. Recently,
promising antioxidant and anti-inflammatory biological properties emerged through studying the
in vitro activity of the ethanolic leaves extract (POE). The present study aims to investigate the
anti-inflammatory and analgesic role of POE in mice. Inflammatory pain was modeled in CD-1 mice
by the intraplantar injection of carrageenan, interleukin IL-1β and formalin. Pain threshold was
measured by von Frey and paw pressure tests. Nociceptive pain was studied by the hot-plate test.
POE (10–100 mg kg−1) was administered per os. The paw soft tissue of carrageenan-treated animals
was analyzed to measure anti-inflammatory and antioxidant effects. POE exerted a dose-dependent,
acute anti-inflammatory effect able to counteract carrageenan-induced pain and paw oedema. Similar
anti-hyperalgesic and anti-allodynic results were obtained when inflammation was induced by IL-1β.
In the formalin test, the pre-treatment with POE significantly reduced the nocifensive behavior.
Moreover, POE was able to evoke an analgesic effect in naïve animals. Ex vivo, POE reduced the
myeloperoxidase activity as well as TNF-α and IL-1β levels; further antioxidant properties were
highlighted as a reduction in NO concentration. POE is the candidate for a new valid strategy against
inflammation and pain.

Keywords: P. oceanica; inflammation; pain; CD-1 mice

1. Introduction

Posidonia oceanica (L.) Delile is a marine vascular plant belonging to the Posidoniaceae
family and the only endemic species of the Mediterranean Sea. It is a seagrass that blooms
underwater forming vast meadows of tens of thousands of square kilometers of great
ecological importance and is essential for the entire marine ecosystem [1].

According to tradition, P. oceanica provided benefits for human health. The first
information on the P. oceanica healing properties comes from ancient Egypt, where it was
assumed to be effective against sore throats and skin problems [2]. Other documents
describe its traditional use to treat inflammation and irritation, but also acne, lower limbs
pain and colitis [3].

A more recent tradition of the villagers of the west Anatolian coast concerns the use
of P. oceanica leaves decoction as a natural remedy for diabetes and hypertension [4]. An
in vivo preclinical study claimed that oral administration of an ethanolic extract from P.
oceanica leaves in alloxan-induced diabetic rats lowered blood sugar, restored antioxidant
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enzyme activity and reduced the lipid peroxidation process, supporting the antidiabetic
and vasoprotective roles of P. oceanica [4].

Recently, the hydroalcoholic extract from P. oceanica leaves, called POE, has been the
focus of a series of bioactivity studies. A first UPLC characterization analysis, conducted
by some of our authors [5], showed that the hydrophilic fraction of POE consisted of
88% phenolic compounds. The polyphenolic profile was specifically represented by about
85% (+) catechins, while the remaining 5% by a mixture of gallic acid (0.4%), ferulic acid
(1.7%), epicatechin (1.4%) and chlorogenic acid (0.6%). The small remaining fraction (11%)
was represented by minor peaks, indicating the presence of further compounds, which,
although detectable as phenols, are un-known/uncharacterized (Figure 1) [5].
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Figure 1. Phenolic profile of P. oceanica leaves extract (POE) obtained by UPLC analysis [5]. The
percentage composition of each phenolic compound in POE is reported below each chemical structure.
An additional 11% of POE composition remains unknown and/or uncharacterized.

Although the individual phenolic compounds identified have been tested in some
experimental models of in vitro bioactivity [5], POE has been shown to be particularly
effective as a phytocomplex. Indeed, POE has proved to be capable of inhibiting the
migration of cancer cells, such as human fibrosarcoma HT1080 cells [5,6] and human
neuroblastoma SH-SY5Y cells [7]. The total absence of cellular toxicity in POE activities
has been attributed to its ability to modulate the activation of the autophagic process [6].

In relation to the traditional and recognized antidiabetic role of P. oceanica, POE has
also proven to be an effective in vitro inhibitor of the protein glycation process, strength-
ening its potential use in the management of diabetic pathophysiology and associated
complications [8].

In addition, some authors of this work have previously provided the first experimental
support for the potential therapeutic application of POE against various inflammatory-
associated disorders [9]. Indeed, POE was found to be able to effectively inhibit the
LPS-induced inflammatory process in RAW264.7 murine macrophages, blocking the sig-
naling cascades upstream of NF-κB, the crucial transcription factor for pro-inflammatory
mediators’ production.

Inflammation is a pathophysiological condition characteristic of many of the most
life-threatening diseases in humans, encompassing pain as a main symptom.

Conventional non-steroidal anti-inflammatory drugs (NSAIDs) are commonly pre-
scribed to relieve pain and reduce inflammation. However, prolonged clinical use of
NSAIDs is strongly discouraged due to their common, even serious, side effects [10].
Novel, safe, pharmacological approaches are necessary for treating, in particular, chronic
inflammatory diseases. The use of herbal medicines is still today one effective strategy
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in the management of diseases and in relieving pain, as they are an important source of
natural compounds with different bioactive properties [11].

The anti-inflammatory role of POE described above could be recognized as an in-
novative strategic weapon to fight the progression of these pathologies. Furthermore,
the cell-safe POE profile [5–7,9] makes this phytocomplex an excellent candidate for the
study of alternative natural strategies against inflammation in order to reduce the use of
conventional drugs and, consequently, their side effects.

In light of these considerations, this work aims to investigate the effect of oral admin-
istration of POE on pain and inflammation in different models of acute inflammatory pain
in CD-1 mice.

2. Results and Discussion
2.1. Biochemical Characterization and Antioxidant Activity of POE

The hydroalcoholic extraction method was able to recover polyphenols and carbohy-
drates from minced P. oceanica dried leaves.

Here, POE was found to contain 0.7 ± 0.02 mg/mL gallic acid equivalents of polyphe-
nols and 10 ± 2.3 mg/mL glucose equivalents of carbohydrates. The antioxidant activity of
POE was further evaluated by DPPH and FRAP assays. Particularly, POE exhibited radical
scavenging and antioxidant activities of 1.2 ± 0.04 and 0.24 ± 0.05 mg/mL ascorbic acid
equivalents, respectively.

The data were in agreement with those previously obtained [5].

2.2. The Effect of POE Against Inflammatory Pain

Inflammation is a physiological response to various stimuli (physical, chemical and
biological or a combination) characterized by the recruitment and activation of immune
cells, which rapidly manage the resolution and healing of damaged tissues [12].

Inflammation leads to the alteration of the pain threshold, inducing a pathological
hypersensitivity, which represents the first passage from physiological nociception to per-
sistent pain [13]. An uncontrolled immune response can make inflammation a pathological
condition, so it is not surprising that inflammation and pain are key features of most human
ailments.

In light of the recent discovery on the relevant in vitro anti-inflammatory effects of
POE [9], the potential of POE to relieve pain in different models of acute inflammatory
pain in vivo was investigated for the first time in this study.

Inflammatory pain was induced in mice by local injection of pro-inflammatory agents.
The carrageenan model has been extensively used to study acute pain and inflamma-
tion [14,15]; in this work, carrageenan was intraplantarly administered to evoke a dramatic
acute reaction characterized by pain and edema in mice.

In Figure 2a, pain threshold measurement by von Frey test is reported. Non-noxious
mechanical paw stimulation (allodynia-like measure) allowed us to observe a decreased
withdrawal response in carrageenan-treated animals that maintained a plateau between
2 and 3 h after treatment. Administration of POE (10–100 mg kg−1) in a dose-dependent
manner increased the pain threshold; the higher dose was significantly effective between
15 and 45 min after treatment, completely blocking carrageenan-induced hypersensitivity.

POE efficacy was confirmed by paw pressure test, the extract was able to counter-
act carrageenan-dependent pain even when evoked by a noxious mechanical stimulus
(hyperalgesia-like response), as illustrated in Figure 2b. POE 30 and 100 mg kg−1 also re-
duced the joint’s diameter made edematous by carrageenan (Figure 2c); POE 100 mg kg−1

was fully effective even 60 min after administration.
The carrageenan-induced acute and local inflammation consists of two phases. The

early phase (0–1 h) is related to the production of histamine, serotonin and bradykinin, as
first mediators, while the second phase has been linked to the production of prostaglandins
and various cytokines such as IL-1β, IL-6, IL-10 and TNF-α [16].
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Figure 2. POE effects against carrageenan-induced pain and paw oedema. Two hours after the
intraplantar injection of carrageenan (car), POE was per os administered. Pain threshold was
measured by (a) von Frey test and (b) paw pressure test over time; (c) at the same time points,
oedema was evaluated by measuring the joint’s diameter. Results are reported as mean ± S.E.M. of
10 mice analyzed in 2 different experimental sessions. ** p < 0.01 vs. vehicle + vehicle; ˆˆ p < 0.01 vs.
car + vehicle.
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Accordingly, POE (30 and 100 mg kg−1) was also effective in decreasing pain induced
by the direct injection into the paw of IL-1β; efficacy was measured by both von Frey
(Figure 3a) and paw pressure (Figure 3b) tests.
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Figure 3. POE effects against IL-1β-induced pain. IL-1β was intraplantarly injected; 2 h later, POE
was per os administered. Pain threshold was measured by (a) von Frey test and (b) paw pressure test
over time. Results are reported as mean ± S.E.M. of 10 mice analyzed in 2 different experimental
sessions. ** p < 0.01 vs. vehicle + vehicle; ˆ p < 0.05 and ˆˆ p < 0.01 vs. IL-1β + vehicle.

Finally, the pain-relieving properties of POE were investigated in the formalin-induced
sensitization model. Formalin shows a biphasic pain-related behavior, with an early, short-
lasting first phase (0–7 min) caused by a primary afferent discharge produced by the
stimulus, followed by a quiescent period and then a second, prolonged phase (15–60 min)
of tonic pain related to inflammation and sensitization [17,18]. The nociceptive response
was measured as the time spent in lifting, favoring, licking, shaking and flinching of the
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injected paw. POE 100 mg kg−1 was effective in both phases, the lower 30 mg kg−1 dose
was able to significantly counteract the second prolonged phase (Figure 4).
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Figure 4. POE effects against formalin-induced pain. Formalin (form) was intraplantarly injected
on time 0; in the following 60 min, the time spent lifting, favoring, licking, shaking and flinching
the injected paw was recorded as nocifensive behavior. POE was p.o. administered 20 min before
formalin. Control animals (vehicle + vehicle) showed 0 min as nociceptive response. Results are
reported as mean ± S.E.M. of 10 mice analyzed in 2 different experimental sessions. ˆˆ p < 0.01 vs.
form + vehicle.

In the writhing test, a model of visceral irritation [19] induced by the intraperitoneal
injection of acetic acid able to stimulate nociceptive neurons by the release of several medi-
ators in the peritoneal fluid [20], POE was not able to reduce the abdominal constrictions
induced by the acetic acid intraperitoneal injection (Supplementary Table S1), revealing the
lack of activity against irritative stimuli.

Based on the interesting findings collected in the hypersensitivity models mentioned
above, the analgesic properties of POE were also explored in naïve animals characterized
by a physiological pain threshold. Through the hot-plate test (Figure 5), it was found that
POE (30 and 100 mg kg−1) was able to increase the physiological pain threshold evaluated
as a response to a hot stimulus.

Overall, these results showed that POE had the dual characteristic of counteracting
inflammation-induced hypersensitivity (hyperalgesia and allodynia) as well as enhancing
the normal pain threshold by analgesic effects. To note the potency and efficacy of POE both
in relieving pain and reducing paw edema is comparable to those of the widely clinically
employed NSAID ibuprofen [21,22]. As discussed in a previous work as well [5], POE
effectively exerts its bioactivities in the form of a phytocomplex. Thus, it is possible that its
beneficial property against inflammatory pain, shown here, is due to the synergistic action
of its constituents rather than that of individual bioactive compounds.
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Figure 5. Analgesic effect of POE in naïve animals. The property to enhance the physiological
pain threshold was evaluated in naïve mice by the hot-plate test. POE was p.o. administered;
the time spent on a hot surface before showing nocifensive responses was recorded. Results are
reported as mean ± S.E.M. of 10 mice analyzed in 2 different experimental sessions. ** p < 0.01 vs.
vehicle + vehicle.

2.3. Effect of POE on the Inflammatory and Oxidative Mediators

The protective profile of POE was analyzed ex vivo in the paw soft tissue of carrageenan-
treated animals by collecting the tissue 30 min after POE administration concurrent with
the peak of pain-relieving efficacy.

The effect of POE in the tissue activity of myeloperoxidase (MPO), a primary indicator
of inflammatory responses and neutrophil recruitment [23], and the tissue concentration
of proinflammatory cytokines, i.e., IL-1β and TNF-α, were then evaluated. These soluble
factors are able to initiate peripheral sensitization; together with reactive oxygen species
(ROS) and free radicals, they activate their receptors and nociceptors terminals to decrease
the pain threshold, causing hyperalgesia and inflammatory pain [24,25].

As illustrated in Figure 6a, carrageenan induced an increase in the tissue MPO activity
at 80.3 ± 10.7 µU/mg compared to 23 ± 2.9 µU/mg of the vehicle; POE showed a significant
inhibitory effect on the MPO activity by 50%. This result showed that POE was able to
control pain in parallel with a significant decrease in tissue damage parameters.

The TNF-α concentration also increased sharply from 45.1 ± 7.8 pmol/mL of vehicle
treated to 223.2 ± 20.5 pmol/mL of the carrageenan group; this increase was inhibited
by 37% after POE injection (Figure 6b); similarly, POE reduced the increase in IL-1β that
occurred in the control group (256.3 ± 36.1 pmol/mL) by 42% compared to the carrageenan-
treated group (845.4 ± 125.1 pmol/mL), as shown in Figure 6c.

Figure 7 shows the effects of POE against carrageenan-induced redox imbalance. The
inflammatory stimulus doubled the NO levels compared to the control and tripled the lipid
peroxidation. As shown in Figure 7a, POE completely reduced NO levels. Contrarily, POE
was found to be ineffective against lipid changes (Figure 7b).

This finding was perfectly consistent with the POE in vitro ability to suppress the
expression of major inflammation-associated enzymes, including inducible nitric oxide
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synthase (iNOS), compromising the production of metabolites harmful to cells and tissues,
such as NO, and in general the production of ROS [9].

Oxidative and nitrosative stress in tissue is a key parameter in carrageenan paw
inflammation [26]. NO is a crucial mediator in the first and second phase of carrageenan-
induced rat paw inflammation, which contributes to edema progression and hyperalgesia
augmentation [27,28].
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Figure 6. Ex vivo analysis of anti-inflammatory POE effects. Paw damage was induced by car-
rageenan (car, i.pl.); 2 h after car injection, POE was p.o. administered against carrageenan-induced
pain and paw oedema. Two hours after the intraplantar injection of carrageenan (car), POE was p.o.
administered. Thirty min later, paw tissue was collected for dosing (a) myeloperoxidase activity,
(b) TNF-α and (c) IL-1β concentrations. Results are reported as mean ± S.E.M. of 10 mice analyzed
in 2 different experimental sessions. ** p < 0.01 vs. vehicle + vehicle; ˆ p < 0.05 vs. car + vehicle.
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Figure 7. Ex vivo analysis of antioxidant POE effects. Paw damage was induced by carrageenan (car,
i.pl.); 2 h after car injection, POE was p.o. administered against carrageenan-induced pain and paw
oedema. Two hours after the intraplantar injection of carrageenan (car), POE was per os administered.
Thirty min later, paw tissue was collected for dosing (a) NO levels were evaluated via nitrite and
nitrate measurement according to the Griess reaction; (b) the peroxidation of lipids was quantified
by the thiobarbituric-acid-reactive substances (TBARS) assay. Results are reported as mean ± S.E.M.
of 10 mice analyzed in 2 different experimental sessions. ** p < 0.01 vs. vehicle + vehicle; ˆ p < 0.05 vs.
car + vehicle.

Macrophages and neutrophils are the potential origins of NO during inflammation,
so the attenuation in the recruitment of neutrophils into the paw tissue (as assessed by
myeloperoxidase activity measurements) may be responsible for POE suppression of NO
increase induced by carrageenan. According to the literature [29], carrageenan also induced
an increase in lipid peroxidation that could not be modified by POE probably because
acute treatment was not ideal for reducing tissue damage.

3. Materials and Methods
3.1. Animals

CD-1 mice (Envigo, Varese, Italy) weighing 20–25 g at the beginning of the experimen-
tal procedure were used. Animals were housed in the Centro Stabulazione Animali da
Laboratorio (University of Florence) and used at least 1 week after their arrival.

Ten mice were housed per cage (size 26 × 41 cm); animals were fed a standard
laboratory diet and tap water ad libitum and kept at 23 ± 1 ◦C with a 12 h light/dark cycle
(light at 7 a.m.).

All animal manipulations were carried out according to the Directive 2010/63/EU of
the European Parliament and of the European Union Council (22 September 2010) on the
protection of animals used for scientific purposes.
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The ethical policy of the University of Florence complies with the Guide for the Care
and Use of Laboratory Animals of the US National Institutes of Health (NIH Publication
No. 85-23, revised 1996; University of Florence assurance number: A5278-01).

Formal approval to conduct the experiments described was obtained from the Italian
Ministry of Health (No. 498/2017) and from the Animal Subjects Review Board of the
University of Florence. Experiments involving animals have been reported according to
ARRIVE guidelines [30].

All efforts were made to minimize animal suffering and to reduce the number of
animals used.

3.2. P. oceanica Extract (POE) Preparation

The leaves of P. oceanica were extracted as previously described [5]. Briefly, 1 g of P.
oceanica dried leaves were minced and suspended overnight in 10 mL of EtOH/H2O (70:30
v/v) at 37 ◦C under stirring and subsequently at 65 ◦C for 3 h.

Hydrophobic compounds were removed from the hydroalcoholic extraction by re-
peated shaking in n-hexane (1:1), whereas the recovered hydrophilic fraction was dispensed
in 1 mL aliquots and then dried. A single batch of P. oceanica extract was dissolved in
0.5 mL of EtOH/H2O (70:30 v/v) before use and is hereafter referred to as POE.

Freshly dissolved POE was characterized for its total polyphenol (TP) and carbohy-
drate (TC) content and for its antioxidant and free-radical scavenging activities. Briefly, the
Folin-Ciocalteau’s and phenol/sulfuric acid methods were used to determine the TP and
TC values of POE, respectively [5,6]. Gallic acid (0.5 mg/mL) and D-glucose (1 mg/mL)
were used as reference to determine TP and TC values, respectively.

The antioxidant and free-radical scavenging activities of POE were established using
ferric reducing/antioxidant power assays (FRAP) and DPPH, respectively [5,6]. Ascorbic
acid (0.1 mg/mL) was used as a reference to evaluate both activities.

3.3. POE Administration

POE extract was suspended in 1% carboxymethylcellulose sodium salt (CMC; Sigma-
Aldrich, Milan, Italy) and acutely administered per os (p.o.) in a dose ranging from 10 to
100 mg kg−1. Control animals were treated with vehicle.

3.4. Carrageenan-Induced Pain and Paw Oedema in Mice

The acute inflammatory response was induced by an intraplantar injection of car-
rageenan (Sigma-Aldrich, Milan, Italy) in the right hind paw (car: 300 µg/80 µL, i.pl.) or
vehicle (V: sterile 0.9% saline, 80 µL, i.pl.) [31]. Two hours later, POE extract was suspended
in 1% carboxymethylcellulose sodium salt (CMC) and orally administered.

Pain threshold was measured before (time 0) and after (15, 30, 45 and 60 min) POE
treatment. Concomitantly, to evaluate the oedema, the paw thickness was measured using
a digital caliper and expressed as mm [32]. In a separate experimental setting, animals
were sacrificed 30 min after POE administration, the soft tissue of the paw was collected
and frozen for evaluating anti-inflammatory and antioxidant properties.

3.5. Formalin-Induced Pain

Mice received formalin (1.25% in saline, 30 µL) in the dorsal surface of one side of
the hind paw. Each mouse, randomly assigned to one of the experimental groups, was
placed in a plexiglass cage and allowed to move freely. A mirror was placed at a 45◦ angle
under the cage to allow full view of the hind limbs. Lifting, favoring, licking, shaking and
flinching of the injected paw were recorded as nocifensive behavior [33]. The total time of
the nociceptive response was measured up to 60 min after formalin injection and expressed
in minutes (mean ± S.E.M.). Mice received vehicle (1% CMC) or different doses of POE
20 min before formalin injection.
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3.6. IL-1β-Induced Pain

Interleukin-1β (IL-1β) (R&D Systems Inc., Minneapolis, MN, USA) was i.pl. injected
in the right hind paw (IL-1β 0.05 U/80 µL); control animals received sterile 0.9% saline,
80 µL, i.pl.) [34]. Two hours later, POE extract was suspended in 1% carboxymethylcellulose
sodium salt (CMC) and orally administered. The mechanical allodynia and hyperalgesia
was measured before (time 0) and after (15, 30, 45 and 60 min) POE treatment by the von
Frey test and paw pressure test, respectively.

3.7. Von Frey Test

The animals were placed in 20 × 20 cm Plexiglas boxes equipped with a metallic
meshy floor, 20 cm above the bench. A habituation of 15 min was allowed before the
test. An electronic von Frey hair unit (Ugo Basile, Varese, Italy) was used: the withdrawal
threshold was evaluated by applying force ranging from 0 to 5 g with a 0.2 g accuracy.
Punctuate stimulus was delivered to the mid-plantar area of each anterior paw from below
the meshy floor through a plastic tip and the withdrawal threshold was automatically
displayed on the screen.

The paw sensitivity threshold was defined as the minimum pressure required to elicit
a robust and immediate withdrawal reflex of the paw. Voluntary movements associated
with locomotion were not taken as a withdrawal response. Stimuli were applied on each
anterior paw with an interval of 5 s. The measure was repeated 5 times, and the final value
was obtained by averaging the 5 measures [35,36].

3.8. Paw Pressure Test

Mechanical hyperalgesia was determined by measuring the latency in seconds to
withdraw the paw away from a constant mechanical pressure exerted onto the dorsal
surface [37]. A 15 g calibrated glass cylindrical rod (diameter = 10 mm) chamfered to a
conical point (diameter = 3 mm) was used to exert the mechanical force. The weight was
suspended vertically between two rings attached to a stand and was free to move vertically.
A single measure was made per animal. A cutoff time of 40 s was used.

3.9. Hot-Plate Test

Analgesia was assessed using the hot plate test. With minimal animal–handler inter-
action, mice were taken from home-cages and placed onto the surface of the hot plate (Ugo
Basile, Varese, Italy) maintained at a constant temperature of 49 ◦C ± 1 ◦C. Ambulation
was restricted by a cylindrical Plexiglas chamber (diameter, 10 cm; height, 15 cm), with
open top. A timer controlled by a foot peddle began timing response latency from the
moment the mouse was placed onto the hot plate. Pain-related behavior (licking of the
hind paw) was observed, and the time (seconds) of the first sign was recorded. The cutoff
time of the latency of paw lifting or licking was set at 40 s [38].

3.10. Abdominal Constriction Test

Mice were injected i.p. with a 0.6% solution of acetic acid (10 mL kg−1), according to
Koster et al. [39]. The number of stretching movements was counted for 10 min, starting
5 min after acetic acid injection. POE was injected 20 min before acetic acid.

3.11. Myeloperoxidase (MPO) Activity Assay

Tissue samples were homogenized in a solution containing 0.5% hexa-decyl-trimethyl-
ammonium for 1 min. After three freeze-thawing cycles, samples were sonicated for 30 s,
centrifuged for 30 min at 10,000× g. One hundred microliter of supernatant with 2.9 mL
of solution containing O-dianisidine, buffer phosphate (pH 6) and H2O2 were mixed and
after 5 min, 100 mL of chloridric acid solution (1.2 M) was added. Samples’ absorbance
was read spectrophotometrically at a 400 nm wavelength [40].
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3.12. Tumor Necrosis Factor (TNF)-α and Interleukin (IL)-1β Assessment

The hind paw tissue levels of IL-1β, IL-6 and TNF-α were measured using the ELISA
kits (Rat IL-1β, IL-6 and TNF-α, Biolegend, CA, USA) based on the manufacture’s guideline.
In summary, the frozen hind paw tissue samples were homogenated in RIPA buffer. After
centrifugation, the supernatants were incubated in the wells and after washing, diluted
streptavidin-HRP-conjugated anti-rat IL-1β, IL-6 or TNF-α were added. Finally, after
adding stop solution, the absorbance was read at 450 nm using an ELISA reader. The
concentration of the cytokines was expressed as pg/mL of tissue.

3.13. Nitric Oxide (NO) Assay

NO swiftly oxidized to nitrite and nitrate subsequent to its creation. The level of total
NO was evaluated via nitrite and nitrate measurement according to the Griess reaction [40].
In this colorimetric method, the final product absorbance can be determined at a wavelength
of 540 nm in a microplate reader.

3.14. Lipid Peroxidation (Thiobarbituric Acid-Reactive Substances (TBARS) Assay)

The TBARS determination was carried out in paw tissue homogenate in PBS at the
final concentration of 10% w/v. Then, FeCl3 (20 µM, Sigma-Aldrich, St. Louis, MO, USA)
and ascorbic acid (100 µM, Sigma-Aldrich) were added to obtain the Fenton reaction.

At the end of incubation, the mixture was added to 4 mL reaction mixture consisting of
36 mM thiobarbituric acid (Sigma-Aldrich) solubilized in 10% CH3COOH, 0.2% SDS, and
pH was adjusted to 4.0 with NaOH. The mixture was heated for 60 min at 100 ◦C, and the
reaction was stopped by placing the vials in an ice bath for 10 min. After centrifugation (at
1600× g at 4 ◦C for 10 min) the absorbance of the supernatant was measured at 532 nm and
550 nm (PerkinElmer spectrometer, Milan, Italy), and TBARS were quantified in µmoL/mg
of total proteins using 1,1,3,3-tetramethoxypropane as the standard [41].

3.15. Statistical Analysis

Behavioral measurements were performed on 10 mice for each treatment carried out
in 2 different experimental sets. All assessments were made by researchers blinded to
animal treatments. Results were expressed as mean ± (S.E.M.) with one-way analysis of
variance. A Bonferroni’s significant difference procedure was used as a post hoc compari-
son. p-values < 0.05 or < 0.01 were considered significant. Data were analyzed using the
Origin 9 software (OriginLab, Northampton, MA, USA).

4. Conclusions

Recent evidence has revealed that POE works as a mixture of compounds capable
of synergistically evoking an effective and totally safe in vitro response for cells against
inflammation.

This study represents the first attempt to provide pharmacological evidence for POE
ability to relieve inflammatory pain in in vivo animal models alongside with a decrease
in inflammatory and oxidative markers. In particular, POE was found to be effective in
a dose-dependent manner after a single oral administration in different models of acute
inflammatory pain.

Faced with the relentless demand for new alternative natural analgesic and anti-
inflammatory agents, the cell-safe POE profile, described in numerous in vitro studies,
together with its analgesic and anti-inflammatory properties, makes this phytocomplex
an excellent candidate for continuing the investigation of the potential use of POE in the
management of painful inflammatory disease in order to reduce the use of conventional
drugs and, consequently, their side effects.

Supplementary Materials: The following are available online at https://www.mdpi.com/1660-339
7/19/2/48/s1, Table S1: Effect of acute administration of POE on acetic-acid-induced abdominal
constrictions in mice: writhing test.

https://www.mdpi.com/1660-3397/19/2/48/s1
https://www.mdpi.com/1660-3397/19/2/48/s1


Mar. Drugs 2021, 19, 48 13 of 14

Author Contributions: Conceptualization, D.D. and L.D.C.M.; methodology, L.M., M.V. and E.B.;
software, E.L.; formal analysis, E.L. and E.B.; investigation, L.M.; resources, C.G. and D.D.; data
curation, L.M. and L.D.C.M.; writing—original draft preparation, L.D.C.M. and D.D.; writing—review
and editing, C.G. and M.V.; supervision, C.G.; project administration, L.D.C.M.; funding acquisition,
C.G. and D.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Italian Minister of University and Research (MIUR) and
by the University of Florence.

Institutional Review Board Statement: This study was carried out according to the Directive
2010/63/EU of the European parliament and of the European Union council (22 September 2010)
on the protection of animals used for scientific purposes. The ethical policy of the University of
Florence complies with the Guide for the Care and Use of Laboratory Animals of the US National
Institutes of Health (NIH Publication No. 85-23, revised 1996; University of Florence assurance
number: A5278-01). Formal approval to conduct the experiments described was obtained from
the Italian Ministry of Health (No. 498/2017) and from the Animal Subjects Review Board of the
University of Florence.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vacchi, M.; De Falco, G.; Simeone, S.; Montefalcone, M.; Morri, C.; Ferrari, M.; Bianchi, C.N. Biogeomorphology of the

Mediterranean Posidonia oceanica seagrass meadows. Earth Surf. Process. Landf. 2016, 42, 42–54. [CrossRef]
2. Batanouny, K.H. Wild Medicinal Plants in Egypt. Entrep. Sustain. Issues 2015, 3, 47.
3. El-Mokasabi, F.M. Floristic composition and traditional uses of plant species at Wadi Alkuf, Al-Jabal Al-Akhder, Libya. Am.-

Eurasian J. Sustain. Agric. 2014, 14, 685–697. [CrossRef]
4. Gokce, G.; Haznedaroglu, M.Z. Evaluation of antidiabetic, antioxidant and vasoprotective effects of Posidonia oceanica extract. J.

Ethnopharmacol. 2008, 115, 122–130. [CrossRef]
5. Barletta, E.; Ramazzotti, M.; Fratianni, F.; Pessani, D.; Degl’Innocenti, D. Hydrophilic extract from Posidonia oceanica inhibits

activity and expression of gelatinases and prevents HT1080 human fibrosarcoma cell line invasion. Cell Adhes. Migr. 2015, 9,
422–431. [CrossRef]

6. Leri, M.; Ramazzotti, M.; Vasarri, M.; Peri, S.; Barletta, E.; Pretti, C.; Degl’Innocenti, D. Bioactive compounds from Posidonia
oceanica (L.) Delile impair malignant cell migration through autophagy modulation. Mar. Drugs 2018, 16, 137. [CrossRef]

7. Piazzini, V.; Vasarri, M.; Degl’Innocenti, D.; Guastini, A.; Barletta, E.; Salvatici, M.C.; Bergonzi, M.C. Comparison of Chitosan
Nanoparticles and Soluplus Micelles to optimize the bioactivity of Posidonia oceanica extract on human neuroblastoma cell
migration. Pharmaceutics 2019, 11, 655. [CrossRef]

8. Vasarri, M.; Barletta, E.; Ramazzotti, M.; Degl’Innocenti, D. In vitro anti-glycation activity of the marine plant Posidonia oceanica
(L.) Delile. J. Ethnopharmacol. 2020, 259, 112960. [CrossRef]

9. Vasarri, M.; Leri, M.; Barletta, E.; Ramazzotti, M.; Marzocchini, R.; Degl’Innocenti, D. Anti-inflammatory properties of the marine
plant Posidonia oceanica (L.) Delile. J. Ethnopharmacol. 2020, 247, 112252. [CrossRef]

10. Wongrakpanich, S.; Wongrakpanich, A.; Melhado, K.; Rangaswami, J. A comprehensive review of non-steroidal anti-inflammatory
drug use in the elderly. Aging Dis. 2018, 9, 143–150. [CrossRef]

11. Rauf, A.; Jehan, N.; Ahmad, Z.; Mubarak, M.S. Analgesic potential of extracts and derived natural products from medicinal
plants. In Pain Relief-From Analgesics to Alternative Therapies; Maldonado, C., Ed.; IntechOpen: Rijeka, Croatia, 2017. [CrossRef]

12. Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses and inflammation-
associated diseases in organs. Oncotarget 2017, 9, 7204–7218. [CrossRef] [PubMed]

13. Xu, Q.; Yaksh, T.L. A brief comparison of the pathophysiology of inflammatory versus neuropathic pain. Curr. Opin. Anesthesiol.
2011, 24, 400–407. [CrossRef]

14. Iannitti, T.; Graham, A.; Dolan, S. Adiponectin-mediated analgesia and anti-inflammatory effects in rat. PLoS ONE 2015, 10,
e0136819. [CrossRef] [PubMed]

15. Morales-Medina, J.C.; Flores, G.; Vallelunga, A.; Griffiths, N.H.; Iannitti, T. Cerebrolysin improves peripheral inflammatory pain:
Sex differences in two models of acute and chronic mechanical hypersensitivity. Drug Dev. Res. 2019, 80, 513–518. [CrossRef]

16. Crunkhorn, P.; Meacock, S.C. Mediators of the inflammation induced in the rat paw by carrageenin. Br. J. Pharmacol. 1971, 42,
392–402. [CrossRef] [PubMed]

17. Fischer, M.; Carli, G.; Raboisson, P.; Reeh, P. The interphase of the formalin test. Pain 2014, 155, 511–521. [CrossRef] [PubMed]

http://doi.org/10.1002/esp.3932
http://doi.org/10.5829/idosi.aejaes.2014.14.08.12375
http://doi.org/10.1016/j.jep.2007.09.016
http://doi.org/10.1080/19336918.2015.1008330
http://doi.org/10.3390/md16040137
http://doi.org/10.3390/pharmaceutics11120655
http://doi.org/10.1016/j.jep.2020.112960
http://doi.org/10.1016/j.jep.2019.112252
http://doi.org/10.14336/AD.2017.0306
http://doi.org/10.5772/intechopen.68631
http://doi.org/10.18632/oncotarget.23208
http://www.ncbi.nlm.nih.gov/pubmed/29467962
http://doi.org/10.1097/ACO.0b013e32834871df
http://doi.org/10.1371/journal.pone.0136819
http://www.ncbi.nlm.nih.gov/pubmed/26352808
http://doi.org/10.1002/ddr.21528
http://doi.org/10.1111/j.1476-5381.1971.tb07124.x
http://www.ncbi.nlm.nih.gov/pubmed/4104654
http://doi.org/10.1016/j.pain.2013.11.015
http://www.ncbi.nlm.nih.gov/pubmed/24291649


Mar. Drugs 2021, 19, 48 14 of 14

18. Moriello, A.S.; Luongo, L.; Guida, F.; Christodoulou, M.S.; Perdicchia, D.; Maione, S.; Passarella, D.; Marzo, V.D.; Petrocellis, L.
Chalcone derivatives activate and desensitize the transient receptor potential Ankyrin 1 cation channel, subfamily A, member 1
TRPA1 Ion channel: Structure-activity relationships in vitro and anti-nociceptive and anti-inflammatory activity in vivo. CNS
Neurol. Disord. Drug Targets 2016, 15, 987–994. [CrossRef]

19. Nakamura, H.; Imazu, C.; Ishii, K.; Yokoyama, Y.; Kadokawa, T.; Shimizu, M. Site of analgesic action of zomepirac sodium, a
potent non-narcotic analgesic in experi- mental animals. Jpn. J. Pharmacol. 1983, 33, 875–883. [CrossRef]

20. Boonyarikpunchai, W.; Sukrong, S.; Towiwat, P. Antinociceptive and anti-inflammatory effects of rosmarinic acid isolated from
thunbergia laurifolia Lindl. Pharmacol. Biochem. Behav. 2014, 124, 67–73. [CrossRef]

21. Di Cesare Mannelli, L.; Tenci, B.; Zanardelli, M.; Maidecchi, A.; Lugli, A.; Mattoli, L.; Ghelardini, C. Widespread pain reliever
profile of a flower extract of Tanacetum parthenium. Phytomedicine 2015, 22, 7–8. [CrossRef]

22. Moilanen, L.J.; Laavola, M.; Kukkonen, M.; Korhonen, R.; Leppänen, T.; Högestätt, E.D.; Zygmunt, P.M.; Nieminen, R.M.;
Moilanen, E. TRPA1 contributes to the acute inflammatory response and mediates carrageenan-induced paw edema in the mouse.
Sci. Rep. 2012, 2, 380. [CrossRef] [PubMed]

23. Strzepa, A.; Pritchard, K.A.; Dittel, B.N. Myeloperoxidase: A new player in autoimmunity. Cell. Immunol. 2017, 317, 1–8.
[CrossRef] [PubMed]

24. Kadetoff, D.; Lampa, J.; Westman, M.; Andersson, M.; Kosek, E. Evidence of central inflammation in fibromyalgia-increased
cerebrospinal fluid interleukin-8 levels. J. Neuroimmunol. 2012, 242, 33–38. [CrossRef] [PubMed]

25. Stejskal, V.; Ockert, K.; Bjørklund, G. Metal-induced inflammation triggers fibromyalgia in metal-allergic patients. Neuroendocrinol.
Lett. 2013, 34, 559–565. [PubMed]

26. Mizokami, S.S.; Hohmann, M.S.; Staurengo-Ferrari, L.; Carvalho, T.T.; Zarpelon, A.C.; Possebon, M.I.; de Souza, A.R.; Veneziani,
R.C.; Arakawa, N.S.; Casagrande, R.; et al. Pimaradienoic acid inhibits Carrageenan-induced inflammatory leukocyte recruitment
and edema in mice: Inhibition of oxidative stress, nitric oxide and cytokine production. PLoS ONE 2016, 11, e0149656. [CrossRef]

27. Namgyal, D.; Sarwat, M. Saffron as a neuroprotective agent. In Saffron, 1st ed.; Sarwat, M., Sumaiya, S., Eds.; Elsevier: Amsterdam,
The Netherlands, 2020; pp. 93–102. [CrossRef]

28. Sharma, B.; Kumar, H.; Kaushik, P.; Mirza, R.; Awasthi, R.; Kulkarni, G. Therapeutic benefits of Saffron in brain diseases: New
lights on possible pharmacological mechanisms. In Saffron, 1st ed.; Sarwat, M., Sumaiya, S., Eds.; Elsevier: Amsterdam, The
Netherlands, 2020; pp. 117–130. [CrossRef]

29. Haddadi, R.; Rashtiani, R. Anti-inflammatory and anti-hyperalgesic effects of milnacipran in inflamed rats: Involvement of
myeloperoxidase activity, cytokines and oxidative/nitrosative stress. Inflammopharmacology 2020, 28, 903–913. [CrossRef]

30. McGrath, J.C.; Lilley, E. Implementing guidelines on reporting research using animals (ARRIVE etc.): New requirements for
publication in BJP. Br. J. Pharmacol. 2015, 172, 3189–3193. [CrossRef]

31. Dallazen, J.L.; Maria-Ferreira, D.; da Luz, B.B.; Nascimento, A.M.; Cipriani, T.R.; de Souza, L.M.; Felipe, L.; Silva, B.; Nassini, R.;
de Paula Werner, M.F. Pharmacological potential of alkylamides from acmella oleracea flowers and synthetic isobutylalkyl amide
to treat inflammatory pain. Inflammopharmacology 2020, 28, 175–186. [CrossRef]

32. Micheli, L.; Ghelardini, C.; Lucarini, E.; Parisio, C.; Trallori, E.; Cinci, L.; Di Cesare Mannelli, L. Intra-articular mucilages:
Behavioural and histological evaluations for a new model of articular pain. J. Pharm. Pharmacol. 2019, 71, 971–981. [CrossRef]

33. Abbott, F.V.; Guy, E.R. Effects of morphine, pentobarbital and amphetamine on formalin-induced behaviours in infant rats:
Sedation versus specific suppression of pain. Pain 1995, 62, 303–312. [CrossRef]

34. Ferreira, S.H.; Lorenzetti, B.B.; Bristow, A.F.; Poole, S. Interleukin-1 beta as a potent hyperalgesic agent antagonized by a tripeptide
analogue. Nature 1998, 334, 698–700. [CrossRef]

35. Sakurai, M.; Egashira, N.; Kawashiri, T.; Yano, T.; Ikesue, H.; Oishi, R. Oxaliplatin-induced neuropathy in the rat: Involvement of
oxalate in cold hyperalgesia but not mechanical allodynia. Pain 2009, 147, 165–174. [CrossRef] [PubMed]

36. Di Cesare Mannelli, L.; Micheli, L.; Maresca, M.; Cravotto, G.; Bellumori, M.; Innocenti, M.; Mulinacci, N.; Ghelardini, C.
Anti-neuropathic effects of rosmarinus officinalis L. terpenoid fraction: Relevance of nicotinic receptors. Sci. Rep. 2016, 6, 34832.
[CrossRef] [PubMed]

37. Micheli, L.; Di Cesare Mannelli, L.; Del Bello, F.; Giannella, M.; Piergentili, A.; Quaglia, W.; Carrino, D.; Pacini, A.; Ghelardini,
C. The use of the selective imidazoline I 1 receptor agonist carbophenyline as a strategy for neuropathic pain relief: Preclinical
evaluation in a mouse model of oxaliplatin-induced neurotoxicity. Neurotherapeutics 2020, 17, 1005–1015. [CrossRef] [PubMed]

38. Micheli, L.; Di Cesare Mannelli, L.; Lucarini, E.; Parisio, C.; Toti, A.; Fiorentino, B.; Rigamonti, M.A.; Calosi, L.; Ghelardini, C.
Intranasal low-dose naltrexone against opioid side effects: A preclinical study. Front. Pharmacol. 2020, 11, 576624. [CrossRef]

39. Koster, R.; Anderson, M.; De Beer, E.J. Acetic acid for analgesic screening. Fed. Proc. 1959, 18, 412–417.
40. Haddadi, R.; Poursina, M.; Zeraati, F.; Nadi, F. Gastrodin microinjection suppresses 6-OHDA-induced motor impairments in

parkinsonian rats: Insights into oxidative balance and microglial activation in SNc. Inflammopharmacology 2018, 26, 1305–1316.
[CrossRef]

41. Micheli, L.; Lucarini, E.; Trallori, E.; Avagliano, C.; De Caro, C.; Russo, R.; Calignano, A.; Ghelardini, C.; Pacini, A.; Di Cesare
Mannelli, L. Phaseolus vulgaris L. Extract: Alpha-amylase inhibition against metabolic syndrome in mice. Nutrients 2019, 11,
1778. [CrossRef]

http://doi.org/10.2174/1871527315666160413123621
http://doi.org/10.1016/S0021-5198(19)52478-7
http://doi.org/10.1016/j.pbb.2014.05.004
http://doi.org/10.1016/j.phymed.2015.05.006
http://doi.org/10.1038/srep00380
http://www.ncbi.nlm.nih.gov/pubmed/22532928
http://doi.org/10.1016/j.cellimm.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/28511921
http://doi.org/10.1016/j.jneuroim.2011.10.013
http://www.ncbi.nlm.nih.gov/pubmed/22126705
http://www.ncbi.nlm.nih.gov/pubmed/24378456
http://doi.org/10.1371/journal.pone.0149656
http://doi.org/10.1016/B978-0-12-818462-2.00008-5
http://doi.org/10.1016/B978-0-12-818462-2.00010-3
http://doi.org/10.1007/s10787-020-00726-2
http://doi.org/10.1111/bph.12955
http://doi.org/10.1007/s10787-019-00601-9
http://doi.org/10.1111/jphp.13078
http://doi.org/10.1016/0304-3959(94)00277-L
http://doi.org/10.1038/334698a0
http://doi.org/10.1016/j.pain.2009.09.003
http://www.ncbi.nlm.nih.gov/pubmed/19782472
http://doi.org/10.1038/srep34832
http://www.ncbi.nlm.nih.gov/pubmed/27713514
http://doi.org/10.1007/s13311-020-00873-y
http://www.ncbi.nlm.nih.gov/pubmed/32572830
http://doi.org/10.3389/fphar.2020.576624
http://doi.org/10.1007/s10787-018-0470-4
http://doi.org/10.3390/nu11081778

	Introduction 
	Results and Discussion 
	Biochemical Characterization and Antioxidant Activity of POE 
	The Effect of POE Against Inflammatory Pain 
	Effect of POE on the Inflammatory and Oxidative Mediators 

	Materials and Methods 
	Animals 
	P. oceanica Extract (POE) Preparation 
	POE Administration 
	Carrageenan-Induced Pain and Paw Oedema in Mice 
	Formalin-Induced Pain 
	IL-1-Induced Pain 
	Von Frey Test 
	Paw Pressure Test 
	Hot-Plate Test 
	Abdominal Constriction Test 
	Myeloperoxidase (MPO) Activity Assay 
	Tumor Necrosis Factor (TNF)- and Interleukin (IL)-1 Assessment 
	Nitric Oxide (NO) Assay 
	Lipid Peroxidation (Thiobarbituric Acid-Reactive Substances (TBARS) Assay) 
	Statistical Analysis 

	Conclusions 
	References

