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Abstract: The object of the study was to estimate the long-lasting effects induced by ammonium
glycyrrhizinate (AG) after a single administration in mice using animal models of pain and
inflammation together with biochemical and docking studies. A single intraperitoneal injection
of AG was able to produce anti-inflammatory effects in zymosan-induced paw edema and
peritonitis. Moreover, in several animal models of pain, such as the writhing test, the formalin test,
and hyperalgesia induced by zymosan, AG administered 24 h before the tests was able to induce a
strong antinociceptive effect. Molecular docking studies revealed that AG possesses higher affinity for
microsomal prostaglandin E synthase type-2 compared to type-1, whereas it seems to locate better in
the binding pocket of cyclooxygenase (COX)-2 compared to COX-1. These results demonstrated that
AG induced anti-inflammatory and antinociceptive effects until 24–48 h after a single administration
thanks to its ability to bind the COX/mPGEs pathway. Taken together, all these findings highlight the
potential use of AG for clinical treatment of pain and/or inflammatory-related diseases.
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1. Introduction

The most prevalent medical issues strongly affecting people in terms of health and quality of
life are acute and chronic pain [1]. Acute and chronic pain are different clinical entities. Acute pain
resolves with healing of the underlying injury and it is usually nociceptive, whereas chronic pain
is a pathophysiological state connected with the alteration of the peripheral and/or central nervous
systems and it is commonly coupled with inflammation caused by tissue trauma, chemical stimuli,
and infectious agents. A considerable number of studies have demonstrated that several mediators,
including cytokines (Interleukin (IL) -1β, IL-6, IL-17, IL-10, tumor necrosis factor (TNF) -α), chemokines
(chemokine (CXCL1), Motif Chemokine Ligand (CCL2), C-X-C chemokine receptor type 2 (CXCR2)),
lipid mediators (prostaglandins and leukotrienes) and growth factors (nerve growth factor (NGF),
and brain-derived neurotrophic factor (BDNF)), play an important role in inflammatory pain [2].
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Two types of treatments can be used to treat inflammatory pain: nonsteroidal anti-inflammatory
drugs (NSAIDs) and opioids. Very often there are several side effects, such as gastrointestinal lesions [3]
and nephrotoxicity [4], in the case of treatment with NSAIDs, when they are used for a long time,
and respiratory depression, tolerance, and physical dependence for opioids [5]. Thus, the identification
of new potential targets to treat pain without inducing side effects is crucial.

Glycyrrhiza glabra L., commonly known as liquorice, is a perennial, herbaceous shrub, belonging to
the family of Leguminosae. This plant is endemic to Mediterranean countries, such as Greece, Spain,
and Southern Italy [6]. Liquorice root has been used since prehistoric times. It contains triterpenoid
saponins (3–5%), mainly glycyrrhizin, a mix of calcium and potassium salts of 18β-glycyrrhizic acid
(also known as glycyrrhizic or glycyrrhizinic acid and a glycoside of glycyrrhetinic acid) and flavonoids
(1–1.5%) [7,8]. Responsible for the anti-inflammatory effect, owing an indirect strengthening of the
glucocorticoid activity, are triterpenes [9]. Liquorice is a herb that people have used for thousands of
years to treat a variety of ailments, such as dermatitis, psoriasis, and eczema, and shows comparable
efficacy to that of corticosteroids [10–12]. In particular, the ammonium salt of glycyrrhizic acid (AG) has
strong anti-inflammatory activity [13]. Furthermore it is clear that glycyrrhizin leads to a decrease in
inflammatory events due to spinal cord injury (edema, tissue damage, apoptosis, inducible expression
of nitric oxide synthase (iNOS)) and nuclear factor kappa-light-chain-enhancer of activated B cells
(NFκB) activation, improving the recovery of limb function [14].

Antinociceptive effects were also reported for glycyrrhizic acid and derivatives. Disodium glycyrrhetinic
acid hemiphthalate significantly suppressed acetic acid-induced writhing responses in mice, with a
potency ~12 times higher than acetylsalicylic acid [15]. Glycyrrhizin in mice significantly inhibited
the nociception induced by acetic acid and formalin, downregulating the expression levels of TNF-α,
IL-6, iNOS, and COX-2 [16]. Recent evidence confirm the anti- inflammatory and antinociceptive
effectiveness of glycyrrhizin and suggest that these effects depend upon the glycyrrhizin inhibition of
microglial high-mobility group box 1 protein (HMGB1) [17].

The above-mentioned activities were observed in a short time range after administration of AG
and AG derivates. Therefore, in the present study, we investigated the long-lasting anti-inflammatory
and antinociceptive effects of AG after a single administration and we have explored its mechanism of
action by biochemical and molecular docking studies.

2. Results

2.1. Edema Induced by Zymosan

In animals treated with vehicle (Hepes, 10 mL/kg, i.p.) 10 min before zymosan, we discovered
a rise in paw volume that achieved the maximal value 3–4 h after the injection, followed by a slight
reduction in the following 48 h (Figure 1). In this set of experiments, we noticed significant differences
in the behavioral responses between treatments (F2,33 = 16.30, p < 0.0001) and in the time elapsed
after zymosan administration (F5,165 = 38.59, p < 0.0001). The i.p. administration of AG at the dose
of 50 mg/kg 10 min before zymosan generated a considerable reduction of paw edema induced by
zymosan injection, from 1 to 3 h after zymosan injection (Figure 1). The i.p. administration of AG at
the dose of 150 mg/kg induced a robust reduction of paw edema starting from 1 h and lasting for the
full course of treatment (Figure 1).
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Figure 1. Zymosan-induced paw edema. Effects induced by vehicle (Hepes, 10 mL/kg, 
intraperitoneally (i.p.)) and ammonium glycyrrhizate (AG, 50 or 150 mg/kg, i.p.) administered 10 min 
before zymosan (2.5% w/v in saline, 20 µL/paw). * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 
0.001 and **** denotes p < 0.0001 vs. Vehicle. n = 12. 

2.2. Writhing Test 

The antinociceptive effect of AG in acetic acid writhing test is shown in Figure 2. Statistical 
analysis revealed significant differences between treatments (F2,24 = 17.69, p < 0.0001). In this test, 
AG administered i.p. at the dose of 50 mg/kg reduced writhes induced by acetic acid. Severe 
inhibition of the number of writhes was discovered when AG was administered at the dose of 150 
mg/kg. 

 

Figure 2. Writhing test. Effects induced by vehicle (Hepes, 10 mL/kg, intraperitoneally (i.p.)) and 
ammonium glycyrrhizate (AG, 50 or 150 mg/kg, i.p.) administered 24 h before acetic acid (0.6% v/v in 
salina, 10 mL/kg, i.p.). **** denotes p < 0.0001 vs. Vehicle. n = 9. 

Figure 1. Zymosan-induced paw edema. Effects induced by vehicle (Hepes, 10 mL/kg, intraperitoneally (i.p.))
and ammonium glycyrrhizate (AG, 50 or 150 mg/kg, i.p.) administered 10 min before zymosan (2.5% w/v
in saline, 20 µL/paw). * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001 and **** denotes
p < 0.0001 vs. Vehicle. n = 12.

2.2. Writhing Test

The antinociceptive effect of AG in acetic acid writhing test is shown in Figure 2. Statistical analysis
revealed significant differences between treatments (F2,24 = 17.69, p < 0.0001). In this test, AG administered
i.p. at the dose of 50 mg/kg reduced writhes induced by acetic acid. Severe inhibition of the number of
writhes was discovered when AG was administered at the dose of 150 mg/kg.
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Figure 2. Writhing test. Effects induced by vehicle (Hepes, 10 mL/kg, intraperitoneally (i.p.)) and
ammonium glycyrrhizate (AG, 50 or 150 mg/kg, i.p.) administered 24 h before acetic acid (0.6% v/v in
salina, 10 mL/kg, i.p.). **** denotes p < 0.0001 vs. Vehicle. n = 9.
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2.3. Formalin Test

Subcutaneous injection of formalin induced a nociceptive behavioural response that showed a
biphasic trend. There was an early phase (from 0 to 10 min after formalin injection) produced by the
direct stimulation of peripheral nociceptors, and a late prolonged phase (from 15 to 40 min) which
reflected the response to inflammatory pain. The total time the animal spent licking or biting its paw
during the early and late phase of formalin-induced nociception was recorded. The results obtained in
these experiments are reported in Figure 3. The administration of AG at the dose of 50 or 150 mg/kg
i.p. 24 h before formalin, did not modify the nociceptive response induced by aldehyde in the early
phase of the test (F2,27 = 2.903, p > 0.05). A considerable decrease of the formalin-induced licking and
biting activity was instead observed in the late phase of the test (F2,27 = 24.69, p < 0.0001). When the
confront was restricted to two means, AG administered at the dose of 50 mg/kg induced a light but
nonsignificant reduction of formalin-induced behaviour (p > 0.05) in the late phase. On the contrary,
AG administered at the dose of 150 mg/kg strongly reduced the nociceptive behavior induced by
formalin (p < 0.0001).
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Figure 3. Formalin test. Effects induced by vehicle (Hepes, 10 mL/kg, i.p.) and ammonium 
glycyrrhizate (AG, 50 or 150 mg/kg, i.p.) administered 24 h before formalin (1% in saline, 20 µL/paw) 
in the formalin test. Black bars represent the early phase and the white bars represent the late phase 
of the formalin test. **** is for p < 0.0001 vs. Vehicle. n = 10. 

2.4. Zymosan-Induced Hyperalgesia 

This experimental pain model is characterized by the measurements of time-dependent 
hyperalgesia after zymosan administration. This measurement is equivalent to time-dependent 
reduction in the latency to respond to the thermal stimuli applied to the injected paw compared with 
the baseline measurements. In particular, 20 µL of zymosan A (2.5% w/v in saline) was administered 
s.c. into the dorsal surface of one hind paw. 

In our experiments, treatments were given i.p. 10 min before the first measurement of the pain 
threshold, i.e., 1 h after zymosan administration. Figure 4 shows the results of these experiments. 
With the use of two-way ANOVA, we can notice that there are significant differences in treatments 
(F2,27 = 6.901, p < 0.01) and in the time point when pain threshold was recorded (F5,135 = 30.51, p < 
0.0001). Tukey’s multiple comparison test showed significant differences from 1 to 24 h after zymosan 
administration between animals treated with AG at the dose of 150 mg/kg, i.p. and those deal with 
vehicle. AG administered at low dose (50 mg/kg, i.p) induced a light but nonsignificant increase in 
pain threshold (Figure 4). 

Figure 3. Formalin test. Effects induced by vehicle (Hepes, 10 mL/kg, i.p.) and ammonium glycyrrhizate
(AG, 50 or 150 mg/kg, i.p.) administered 24 h before formalin (1% in saline, 20 µL/paw) in the formalin
test. Black bars represent the early phase and the white bars represent the late phase of the formalin
test. **** is for p < 0.0001 vs. Vehicle. n = 10.

2.4. Zymosan-Induced Hyperalgesia

This experimental pain model is characterized by the measurements of time-dependent
hyperalgesia after zymosan administration. This measurement is equivalent to time-dependent
reduction in the latency to respond to the thermal stimuli applied to the injected paw compared with
the baseline measurements. In particular, 20 µL of zymosan A (2.5% w/v in saline) was administered
s.c. into the dorsal surface of one hind paw.

In our experiments, treatments were given i.p. 10 min before the first measurement of the pain
threshold, i.e., 1 h after zymosan administration. Figure 4 shows the results of these experiments.
With the use of two-way ANOVA, we can notice that there are significant differences in treatments
(F2,27 = 6.901, p < 0.01) and in the time point when pain threshold was recorded (F5,135 = 30.51,
p < 0.0001). Tukey’s multiple comparison test showed significant differences from 1 to 24 h after
zymosan administration between animals treated with AG at the dose of 150 mg/kg, i.p. and those deal



Molecules 2019, 24, 2453 5 of 19

with vehicle. AG administered at low dose (50 mg/kg, i.p) induced a light but nonsignificant increase
in pain threshold (Figure 4).
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Figure 4. Zymosan-induced hyperalgesia. Effects induced by vehicle (Hepes, 10 mL/kg, 
intraperitoneally (i.p.)) and ammonium glycyrrhizate (AG, 50 or 150 mg/kg, i.p.) administered 10 min 
before zymosan (2.5% w/v in saline, 20 µL/paw). * denotes p < 0.05 and ** denotes p < 0.01 vs. Vehicle. 
n = 10. 
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and the cytokines and chemokines profiles of collected inflammatory fluids obtained from mice 
receiving zymosan and zymosan plus AG at 4 and 24 h. As shown in Figure 5a, 4 h after zymosan 
(500 mg/kg) or zymosan + AG (150 mg/kg) injection, mice exhibited no significant difference in the 
number of recruited inflammatory leukocytes. In contrast, at 24 h, mice receiving AG (150 mg/kg) 
showed a marked decrease (p < 0.01) in the number of inflammatory infiltrates compared to zymosan-
treated mice (Figure 5b). Administration of AG at 50 and 150 mg/kg did not show any significant 
effect, both at 4 and 24 h (data not shown). Contingently, as shown in Figure 6, zymosan 
administration at 4 h caused a massive production of cyto/chemokines (Figure 6a) that was not 
counterbalanced in AG-treated mice (Figure 6b), except for macrophage inflammatory proteins 
(MIP)-1α and keratinocyte chemoattractant (KC) production and with a less extent IL-6, SDF-1 and 
TNF-α (Figure 6c). Interestingly, comparison of the inflammatory profile of fluids from zymosan 
(Figure 7a) and zymosan + AG (Figure 7b) at 24 h revealed a striking difference in the 
semiquantitative levels of IL-6, IL-10, IL-1β, IP-10, KC, MCP-5, macrophage inflammatory proteins 
(MIP) 1-α, 1-β, 2, and TNF-α (Figure 7c,d). 

Figure 4. Zymosan-induced hyperalgesia. Effects induced by vehicle (Hepes, 10 mL/kg,
intraperitoneally (i.p.)) and ammonium glycyrrhizate (AG, 50 or 150 mg/kg, i.p.) administered
10 min before zymosan (2.5% w/v in saline, 20 µL/paw). * denotes p < 0.05 and ** denotes p < 0.01 vs.
Vehicle. n = 10.

2.5. Zymosan Peritonitis and Cytokines-Chemokines Protein Array

To investigate the molecular mechanisms behind the selective long-lasting anti-inflammatory
and antinociceptive effects of AG, we firstly compared the recruitment of total inflammatory cells and
the cytokines and chemokines profiles of collected inflammatory fluids obtained from mice receiving
zymosan and zymosan plus AG at 4 and 24 h. As shown in Figure 5a, 4 h after zymosan (500 mg/kg)
or zymosan + AG (150 mg/kg) injection, mice exhibited no significant difference in the number of
recruited inflammatory leukocytes. In contrast, at 24 h, mice receiving AG (150 mg/kg) showed a
marked decrease (p < 0.01) in the number of inflammatory infiltrates compared to zymosan-treated
mice (Figure 5b). Administration of AG at 50 and 150 mg/kg did not show any significant effect, both at
4 and 24 h (data not shown). Contingently, as shown in Figure 6, zymosan administration at 4 h caused
a massive production of cyto/chemokines (Figure 6a) that was not counterbalanced in AG-treated mice
(Figure 6b), except for macrophage inflammatory proteins (MIP)-1α and keratinocyte chemoattractant
(KC) production and with a less extent IL-6, SDF-1 and TNF-α (Figure 6c). Interestingly, comparison of
the inflammatory profile of fluids from zymosan (Figure 7a) and zymosan + AG (Figure 7b) at 24 h
revealed a striking difference in the semiquantitative levels of IL-6, IL-10, IL-1β, IP-10, KC, MCP-5,
macrophage inflammatory proteins (MIP) 1-α, 1-β, 2, and TNF-α (Figure 7c,d).
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intraperitoneal (i.p.) injection of zymosan (500 mg/kg) or zymosan + AG (150 mg/kg) at 4 and (B) 24 
h. Bars represent group mean values ± Standard Error of the Mean (S.E.M) of three separate 
experiments with n = 7 mice. ** p < 0.01 vs. zymosan-treated mice. 

 
Figure 6. (A) Inflammatory fluids in zymosan and zymosan + AG-injected mice at 4 h. Inflammatory 
fluids obtained from peritoneal cavities were assayed using a proteome profiler cytokine array. Mean 
changes (± S.E.M) between zymosan (500 mg/kg) and (B) zymosan + AG-injected mice (150 mg/kg) of 
three separate experiments with n = 7 mice, (C) are expressed as increase in the optical density 
(INT/mm2) between the two groups. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. zymosan-treated mice. 

Figure 5. (A) Cell infiltration into mouse peritoneal cavity of mice that have received an intraperitoneal
(i.p.) injection of zymosan (500 mg/kg) or zymosan + AG (150 mg/kg) at 4 and (B) 24 h. Bars represent
group mean values ± Standard Error of the Mean (S.E.M) of three separate experiments with n = 7
mice. ** p < 0.01 vs. zymosan-treated mice.
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Figure 6. (A) Inflammatory fluids in zymosan and zymosan + AG-injected mice at 4 h. Inflammatory fluids
obtained from peritoneal cavities were assayed using a proteome profiler cytokine array. Mean changes
(± S.E.M) between zymosan (500 mg/kg) and (B) zymosan + AG-injected mice (150 mg/kg) of three
separate experiments with n = 7 mice, (C) are expressed as increase in the optical density (INT/mm2)
between the two groups. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. zymosan-treated mice.
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(INT/mm2) between the two groups. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. zymosan-treated mice.

2.6. Docking Experiments

The molecular docking studies were used to evaluate and to rationalize the anti-inflammatory
activity of glycyrrhizic acid towards some key enzymes of the arachidonic acid cascade such
as 5-lipoxygenase (5-LO), 5-lipoxygenase-activating protein (FLAP, Supporting Information),
microsomal prostaglandin E synthase 1 and 2 (mPGES-1 and mPGES-2), and COX-1 and COX-2,
responsible for leukotrienes (LTs) and prostaglandin (PG) biosynthesis, respectively. These enzymes
are involved in the generation of inflammatory mediators and their role in the progression of
inflammation is well-established; therefore, they were suitable targets for the study of the glycyrrhizic
acid anti-inflammatory activity.

2.7. mPGES-1 and mPGES-2

Prostaglandin E2 (PGE2) is one of the key mediators of inflammation and it is synthesized by
members of the prostaglandin E synthase (PGESs) family from the unstable prostaglandin H2 (PGH2).
The most known and studied isoforms are mPGES-1 and mPGES-2; the first one is an inducible
isoform, whereas mPGES-2 is constitutively expressed [18]. They differ also in tissue localization,
with mPGES-1 mainly expressed in lung, kidney, and reproductive organs and mPGES-2 mainly
expressed in heart and brain [18,19]. Key amino acids for the binding are: Arg38, Asp49, Arg52, His53,
Arg70, Arg73, Asn74, Glu77, Arg110, Leu121, Arg122, Arg126, Ser127, Ile125, Thr129, and Tyr130
for mPGES-1 [20–23], and Cys110, His241, His244, Ser247, Arg292, and Arg296 for mPGES-2 [24].
Molecular docking experiments involving both microsomal prostaglandin E synthase proteins revealed
that AG has a higher affinity for mPGES-2 than mPGES-1. In particular, in the case of mPGES-1,
the only interaction shown is one H-bond between the OH group and Arg52 and His53 on chain B.
Regarding mPGES-2, instead, the three polar groups of AG are all involved in H-bonds with the target.
In more detail:

• The OH group interacts both with the side chain and the backbone of Thr109,
• The carbonyl group interacts with Ser247, and
• The carboxyl group forms an H-bond and a salt bridge with Arg296 (Figures 8 and 9).
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2.8. COX-1 and COX-2

Cyclooxygenases are the starting point in the production of eicosanoids, as they convert fatty
acids into PGH2. Like mPGESs, they are present in two main isoforms: COX-1, which is constitutively
expressed, and COX-2, which is inducible [25,26]. COX-1 and COX-2 monomers consist of three different
domains: the EGF domain, the membrane-binding domain, and the catalytic domain containing the
catalytic triad Arg120, Tyr355, and Glu524. Among these, the catalytic domain represents the main
target for NSAID and, particularly, Arg120, Tyr355, Tyr385, Ser530, and Arg513 are essential for the
inhibitory activity [27]. The study of the interaction between AG and the two isoforms of COX required
a flexible docking approach (induced fit) [28] to allow the entrance of the ligand into the catalytic site of
the enzymes. AG seems to locate better in the binding pocket of COX-2 as it interacts with key amino
acids such as Trp387 and Ser530 (H-bonds) and Arg120 (salt bridge). In the case of COX-1, on the other
hand, AG forms H-bonds and a salt bridge with Arg120 that do not reach the inner part of the binding
pocket (Figures 10 and 11). These data suggest a preference of glycyrrhetic acid (AG) for isoform 2
of COX.
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2.9. 5-LO

The mammalian 5-lipoxygenase (5-LO) pathway produces potent mediators, such as leukotriene
B4 (LTB4) and peptide leukotrienes (LTC4, LTD4 or LTE4), that have well-known functions and are
involved in different pathologies and disorders [29–31]. To date, four different class of 5-LO direct
inhibitors are classified: 1) iron-ligand inhibitors, 2) non-redox-active 5-LO inhibitors, which compete
with arachidonic acid for binding to the enzyme 3) redox-active 5-LO inhibitors, interfering with
the catalytic cycle of the enzyme, and 4) inhibitors that act with an unrecognized mechanism [30].
To computationally evaluate the binding of AG to 5-LO, a combined approach of rigid and flexible
docking was used to predict its possible mechanism of action.

The human 5-LO structure (PDB ID: 3V99) [32] in complex with its substrate, arachidonic acid
(AA), was used as the target for molecular docking studies [33]. The computational analysis highlighted
two possible binding modes for the AG molecule (Figure 12), compatible with two different class of
direct 5-LO inhibitors [30]. The results of the rigid docking approach are compatible with a non-redox
type binding mode (Figure 12a), where AG was able to partially occupy the same binding site of AA
and establishes hydrogen bonds with the side chain of Lys409 and with the backbone of Phe177. On the
other hand, considering the induced fit molecular docking approach, the carboxylate group of AG
was able to coordinate Fe2+ (Figure 12b) in a bidentate manner, and the OH group formed a hydrogen
bond with the backbone of Arg666, behaving as an iron-ligand inhibitor.



Molecules 2019, 24, 2453 10 of 19

Molecules 2019, 24, x 10 of 20 

 

carboxylate group of AG was able to coordinate Fe2+ (Figure 12b) in a bidentate manner, and the OH 
group formed a hydrogen bond with the backbone of Arg666, behaving as an iron-ligand inhibitor. 

 

Figure 12. (a) Rigid docking and induced fit (b) of AG (colored by atom types: C green, O red, polar 
H white) in the binding site of 5-lipoxygenase (5-LO) (blue ribbons and Fe2+ as an orange sphere). 
Green dotted lines represent H-bonds, and original arachidonic acid (AA) molecule is in pink. 

These computational data have suggested a probable binding between AG and 5-LO by one of 
the two proposed mechanisms, which could represent a novel finding regarding its biological activity 
profile, especially with respect to glycyrrhizin from Glycyrrhiza glabra L. as reported by 
Chandrasekaran et al. [34]. 

3. Discussion 

Available therapy for the management of chronic and inflammatory pain is not fully adequate 
in most cases. Furthermore, the common treatments of inflammatory pain, NSAIDs and opioids, lead 
to severe toxicities, including gastrointestinal lesions and nephrotoxicity [4] in the case of NSAIDs 
and respiratory depression, tolerance, and physical dependence for opioids when they are used for a 
long time [35]. Thus, identification of new potential targets which may affect pain and inflammatory 
processes is becoming an urgent clinical and therapeutic need. In our present study, we investigated 
the possible long-lasting anti-inflammatory and antinociceptive effects of AG using pharmacological, 
biochemical, and in silico tools. Our experimental method demonstrated that AG caused significant 
long-lasting reduction of inflammation and nociception, revealing that effects are most likely due to 
the inhibition of different aspects and mediators of inflammation. Moreover, these effects were 
observed at AG doses which have already been demonstrated to be free of toxic effects [36]. 

Several investigators have reported that the anti-inflammatory mechanism of AG involves 
cytokines such as IFN-γ, TNF-α, IL-1β, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, and IL-17 [37–42], 
intercellular cell adhesion molecule 1 (ICAM-1) and P-selectin, enzymes such as iNOS, and 
transcription factors such as NF-kappaB, signal transducer and activator of transcription (STAT)-3 
and STAT-6 [33]. 

The anti-inflammatory efficacy of AG was evaluated using zymosan-induced paw edema and 
peritonitis. Zymosan consists of insoluble polysaccharides from yeast cell wall that induces an 
inflammatory reaction [43]. In this context, zymosan-induced ear or paw edema are preliminary 
models for screening potential anti-inflammatory drugs, characterized by pronounced dose- and 
time-dependent edema with moderate to severe infiltration of neutrophils and, to a lesser extent, 
macrophages and lymphocytes [44]. Furthermore, zymosan-induced paw edema is COX-2-
dependent since it is significantly reduced in COX-2−/− mice [45]. In this context, previous studies 
demonstrated that AG was able to reduce paw [15,16] or ear [16] edema formation and these effects 
were observed from 1 to 5 h after its administration [46]. After carrageenan injection in mouse paw, 
TNF-α, IL-6, iNOS, and COX-2 mRNA expressions increased and AG treatment (150 mg/kg, i.p.) 
markedly suppressed carrageenan’s effects [16]. The results of our experiments demonstrated that 

Figure 12. (a) Rigid docking and induced fit (b) of AG (colored by atom types: C green, O red, polar H
white) in the binding site of 5-lipoxygenase (5-LO) (blue ribbons and Fe2+ as an orange sphere).
Green dotted lines represent H-bonds, and original arachidonic acid (AA) molecule is in pink.

These computational data have suggested a probable binding between AG and 5-LO by one of the
two proposed mechanisms, which could represent a novel finding regarding its biological activity profile,
especially with respect to glycyrrhizin from Glycyrrhiza glabra L. as reported by Chandrasekaran et al. [34].

3. Discussion

Available therapy for the management of chronic and inflammatory pain is not fully adequate
in most cases. Furthermore, the common treatments of inflammatory pain, NSAIDs and opioids,
lead to severe toxicities, including gastrointestinal lesions and nephrotoxicity [4] in the case of NSAIDs
and respiratory depression, tolerance, and physical dependence for opioids when they are used for a
long time [35]. Thus, identification of new potential targets which may affect pain and inflammatory
processes is becoming an urgent clinical and therapeutic need. In our present study, we investigated
the possible long-lasting anti-inflammatory and antinociceptive effects of AG using pharmacological,
biochemical, and in silico tools. Our experimental method demonstrated that AG caused significant
long-lasting reduction of inflammation and nociception, revealing that effects are most likely due to the
inhibition of different aspects and mediators of inflammation. Moreover, these effects were observed at
AG doses which have already been demonstrated to be free of toxic effects [36].

Several investigators have reported that the anti-inflammatory mechanism of AG involves
cytokines such as IFN-γ, TNF-α, IL-1β, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, and IL-17 [37–42],
intercellular cell adhesion molecule 1 (ICAM-1) and P-selectin, enzymes such as iNOS, and transcription
factors such as NF-kappaB, signal transducer and activator of transcription (STAT)-3 and STAT-6 [33].

The anti-inflammatory efficacy of AG was evaluated using zymosan-induced paw edema and
peritonitis. Zymosan consists of insoluble polysaccharides from yeast cell wall that induces an
inflammatory reaction [43]. In this context, zymosan-induced ear or paw edema are preliminary
models for screening potential anti-inflammatory drugs, characterized by pronounced dose- and
time-dependent edema with moderate to severe infiltration of neutrophils and, to a lesser extent,
macrophages and lymphocytes [44]. Furthermore, zymosan-induced paw edema is COX-2-dependent
since it is significantly reduced in COX-2−/− mice [45]. In this context, previous studies demonstrated
that AG was able to reduce paw [15,16] or ear [16] edema formation and these effects were
observed from 1 to 5 h after its administration [46]. After carrageenan injection in mouse paw,
TNF-α, IL-6, iNOS, and COX-2 mRNA expressions increased and AG treatment (150 mg/kg, i.p.)
markedly suppressed carrageenan’s effects [16]. The results of our experiments demonstrated that AG
had a significant long-lasting anti-inflammatory activity since AG reduced paw edema formation until
48 h after administration.

Accordingly, to better investigate the long-lasting anti-inflammatory effect of AG, we next aimed
to assess its action using zymosan-induced peritonitis. Intraperitoneal injection of zymosan is a
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model of acute inflammation and has been widely used for the quantification of cell types and
inflammation-related soluble factors [47]. It is well known that the use of zymosan as experimental
model of inflammation results in a range of benefits: following the injection with zymosan, it is
possible to collect a reasonable amount of exudate for the analysis of several inflammatory mediators;
the normal inflammatory response of an immunocompetent individual is imitated by zymosan injection.
Furthermore, injection into a serosal cavity instead of an artificially formed cavity, such as a sterile
air pouch, means that leukocytes exit from the site of inflammation via their natural conduits to the
draining lymph node [48,49]. This model is simple, accurate, and capable of being reproduced [47].

When administered in the mouse peritoneal cavity, zymosan-induced acute inflammation
characterized by increased vascular permeability, leukocyte influx, and release of inflammatory
mediators [50]. In mice receiving AG 24 h before zymosan, AG induced a high decrease in the number
of inflammatory cells and a significant decrease in IL-6, IL-10, IL-1β, IP-10, KC, MCP-5, MIP1-α,
MIP1-β, MIP2, and TNF-α release in inflammatory fluids from zymosan-treated animals. This scenario
was partially evoked even at 4 h post-AG administration. At this time-point, AG was able to reduce
the levels of IL-6, MIP-1α, SDF-1, TNF-α, and KC. No data have previously been reported, to our
knowledge, on AG effects in a zymosan-peritonitis model. However, in a model of acute lung injury
induced by intratracheal administration of lipopolysaccharide (LPS) from Escherichia coli, AG was
able to reduce lung edema, total leukocyte number, and neutrophil percentage in the bronchoalveolar
lavage fluid (BALF), and AG downregulated TNF-α level in the lung [51]. Further investigation using
a similar model of lung inflammation indicated that AG was able to reduce the concentrations of
pro-inflammatory cytokines IL-1β in BALF and AG suppressed the expression of COX-2 and iNOS in
lung tissue [52]. All reported data confirm the anti-inflammatory effects of AG, and these AG-related
anti-inflammatory effects were until present 24–48 h after a single AG administration.

The writhing test, formalin test, and zymosan-induced hyperalgesia test were performed 24 h after
AG administration to evaluate the possible long-lasting antinociceptive property of AG. Several studies
have already demonstrated that AG is able to induce antinociceptive effects in the writhing test [15,16],
formalin test, and thermal hyperalgesia [16] and these effects were observed from 1 to 5 h after AG
administration. Our data demonstrated for the first time that AG exerts long-lasting antinociceptive
effects, since AG-induced antinociception was observed until 24–48 h after a single administration.

To better investigate its analgesic profile, we finally tested the AG pharmacological profile in an
acetic acid-induced writhing test, a commonly used method for monitoring preliminary antinociceptive
activity, since in this test both central and peripheral analgesics are detected [53]. The injection of
acetic acid directly activates the visceral and somatic nociceptors that innervate the peritoneum and
induces inflammation not only in subdiaphragmatic visceral organs, but also in the subcutaneous
muscle walls [54]. Furthermore, the nociceptive activity of acetic acid in the writhing model may be
due to the release of TNF-α, IL-1β, and IL-8 by resident peritoneal macrophages and mast cells [55].
Our results revealed that AG administered 24 h before the test significantly reduced the number of
writhes, suggesting that AG possessed long-lasting antinociceptive effects. Because of the lack of drug
specificity, caution is required in interpreting the results obtained in the writhing test [53], and other
tests could be conducted to scientifically asses the obtained results.

The formalin test for nociception, which is mainly used with rats and mice, involves moderate
and continuous pain generated by injured tissue. This test in mice is a well-founded and trustworthy
model of nociception and is sensitive for various classes of analgesic drugs [56]. Plantar injections
of formalin in the mouse induce a characteristic behaviour evoked in two temporal phases. The first
phase is observed immediately after the formalin injection, followed by a quiescent period, and then a
second phase appears, which lasts until the end of the period of observation. The first phase depends
upon direct stimulation of nociceptors, whereas the second involves a period of sensitization during
which inflammatory phenomena occurs, involving the release of pain mediators such as histamine,
serotonin, prostaglandins, bradykinin, and cytokines. Opioid analgesics appear to be antinociceptive
for both phases, whereas NSAIDs seem to suppress only the second phase [53]. In our research,
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AG substantially diminished the second phase of the formalin test when administered 24 h before the
test, thus confirming the results obtained in the writhing test.

Furthermore, in vivo tests of AG show the efficiency of the drug in terms of increase of nociceptive
threshold after zymosan administration. Associated with paw edema, the injection of zymosan in the
mouse paw produces a decrease of pain thresholds, which indicates a state of hyperalgesia [44,45].
In this pain model, a time-dependent hyperalgesia was noticed after zymosan administration and
measured as a time-dependent reduction in the latency to respond to the thermal stimuli applied to the
injected paw compared to the baseline measurements. We also have outstanding results in terms of the
highest increase in pain threshold after AG administration. We observed that AG caused a significant
reduction of zymosan-induced hyperalgesia until 48 h after administration.

It is well known that several components of liquorice can suppress COX-2 [57,58] and this seems
to be true also for AG [16]. In addition to above-mentioned effects of AG on COX-2 [51,52], in skin
tumor, AG significantly inhibited NF-κB, COX-2, prostaglandin E2 (PGE2), and nitric oxide (NO)
levels [59]. Furthermore, in focal cerebral ischemic-reperfusion injury in mice, AG administered for
seven days significantly improved neurofunction, decreased infarct size, and suppressed edema [60].
The neuroprotective effect of AG was associated with a significant reduction in IL-1, TNF-α, COX-2,
iNOS, NF-κB, and GFAP levels [60]. Further recent studies showed that AG downregulates the
expression of iNOS and COX-2 in the inflamed kidney [61] and skin [62], blocking NF-κB activation.
In HaCaT cells, AG inhibited the UV-B-mediated increase in intracellular ROS and downregulated
the release of IL-6, IL-1α, IL-1β, TNF-α, and PGE2 [63]. In LPS-stimulated mouse endometrial
epithelial cells, AG considerably repressed LPS-induced TNF-α, IL-1β, NO, and PGE2 production,
attenuated LPS-induced iNOS, COX-2, and TLR4 expression and NF-κB activation [64].

Our docking studies, for the first time, suggest that AG’s effects on inflammation and nociception
might also depend upon the interaction with mPGES-1/2, COX-1/2, and 5-LO. In fact, from the
analysis of the results, it emerged that AG interacted with key amino acids of mPGES-2 and COX-2,
highlighting a preferential binding with these two isoforms. AG seems to locate better in the binding
pocket of COX-2 as it interacts with key amino acids like Trp387, Ser530 (H-bonds), and Arg120
(salt bridge). Moreover, by combined rigid and flexible molecular docking studies, two possible
mechanisms of interaction between AG and 5-LO were proposed: non-redox competitive binding and
Fe2+ complexation. Here, the binding energy calculated is lower compared to those obtained with the
other proteins, namely mPGES-1 and 2, COX-1 and 2 (data not shown), but consistent with putative
inhibitor activity. These data suggest that further experiments should be performed to evaluate the
effects of AG’s interaction with 5-LO.

4. Materials and Methods

4.1. Reagents

Ethylenediaminetetraacetate (EDTA), enhanced chemiluminescence detection kit (ECL),
and glycyrrhizic acid ammonium salt from glycyrrhiza root (≥95%) were purchased from Sigma-Aldrich
(Milan, Italy).The proteome profiler mouse cytokine array kit was from R&D System (Abingdon, UK).
All the other reagents were from Carlo Erba (Milan, Italy), unless otherwise specified.

4.2. Animals and Ethical Statement

We used male CD-1 mice (Harlan, Italy) weighing 25 g in all of the experiments. Mice were housed
in colony cages (seven mice per cage) under standard conditions of light, temperature, and relative
humidity for at least one week before the start of experimental sessions. Food and water were available
ad libitum.

All experiments were performed according to Legislative Decree 26/14, which implements the
European Directive 2010/63/UE on laboratory animal protection in Italy, and were approved by the
local ethics committee. Animal studies are reported in accordance with the ARRIVE (Animal Research:
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Reporting of In Vivo Experiments) guidelines [65,66]. The research protocol was approved by the
Service for Biotechnology and Animal Welfare of the Istituto Superiore di Sanità and authorized by the
Italian Ministry of Health.

4.3. Edema Induced by Zymosan

Edema was induced with a subcutaneous injection of 2.5% w/v zymosan A in saline, in the dorsal
surface of the right hind paw (20 µL/paw). Paw volume was measured three times before the injections
and at 1, 2, 3, 4, 24, and 48 h thereafter by the use of hydroplethysmometer specially modified for small
volumes (Ugo Basile, Italy). AG (50 or 150 mg/kg) and vehicle (Hepes, 10 mL/kg) were administered
intraperitoneally (i.p.) 10 min before zymosan A. The increase in paw volume was evaluated as
percentage difference between the paw volume at each time point and the basal paw volume [67].

4.4. Writhing Test

Mice were given an intraperitoneal injection of 0.6% v/v acetic acid in a volume of 10 mL/kg.
Acetic acid induces a series of writhes, consisting in abdominal contraction and hind limb extension [68].
AG (50 or 150 mg/kg) and vehicle (Hepes, 10 mL/kg) were administered i.p. 24 h before acetic acid.
After vehicle or AG administration, the number of writhes were recorded over a 20 min period
beginning 5 min after acetic acid injection.

4.5. Formalin Test

Male mice were split into three groups of ten animals each: vehicle (10 mL/kg, i.p.), AG (50 mg/kg,
i.p.) and AG (150 mg/kg, i.p.). One percent formalin in saline was injected into the right mouse
hind paw, twenty-four hours after saline and AG i.p. administrations. Formalin aroused nociceptive
behavioural responses, such as licking and/or biting the injected paw, which are considered indices
of nociception [69]. The nociceptive response showed a biphasic trend: an early phase (from 0 to
10 min after formalin injection) produced by the direct stimulation of peripheral nociceptors, and a
late prolonged phase (from 15 to 40 min) which reflected the response to inflammatory pain. The total
time the animal spent licking or biting its paw during the early and late phase of formalin-induced
nociception was recorded. During the test, the mouse was located in a Plexiglas observation cage
(30 × 14 × 12 cm) 1 h before the formalin administration to allow it to acclimatize to its surroundings.

4.6. Zymosan-Induced Hyperalgesia

In these experiments, AG (50 or 150 mg/kg) and vehicle (Hepes, 10 mL/kg) were administered
intraperitoneally (i.p.) 10 min before a subcutaneous injection (20 µL/paw) of zymosan A (2.5% w/v
in saline) into the dorsal surface of the right hind paw. Then, hyperalgesia measurements were
performed [70]. The plantar test (Ugo Basile, Italy) was used to measure the sensitivity to a noxious
heat stimulus with the aim of assessing thermal hyperalgesia after zymosan-induced inflammation of
the mouse hind paw. The animals are located in cages with a glass floor covered with transparent
plastic boxes and allowed to habituate to their surroundings for at least 1 h in a temperature-controlled
room (21 ◦C) for three consecutive days prior to testing. On the test day, the animals were acclimatized
to their environment for at least 1 h before paw withdrawal latency (PWL) was measured. Care was
taken to initiate the test when the animal was at rest, not walking, with its hind paw in contact with the
glass floor of the test apparatus. A radiant heat source was constantly directed at the mouse footpad
until paw withdrawal, foot drumming, licking, or any other aversive action was observed. A timer
started automatically when the heat source was activated, and a photocell stopped the timer when the
mouse withdrew its hind paw. The heat source on the plantar apparatus was set to an intensity of 30
and a cut-off time of 15 s was used to avoid tissue damage. Animals were first tested to determine their
baseline PWL; after zymosan injection, the PWL (seconds) of each animal in response to the plantar
test was determined again at 1, 2, 3, 4, 5, 24, and 48 h.
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4.7. Zymosan Peritonitis

Zymosan peritonitis was induced as previously reported [71,72]. Mice were injected intraperitoneally
with 500 mg/kg of zymosan. Animals were killed by CO2 exposure, peritoneal cavities washed with
3 mL of PBS containing 3 mM EDTA, at different time points. Aliquots of the lavage fluids were then
stained with Turk’s solution (0.01% crystal violet in 3% acetic acid) and differential counts performed
using a Neubauer haemocytometer counting chamber (Thermo Fisher Scientific, Rome, Italy) and a
light microscope. Lavage fluids were collected and used to measure the relative expression levels of
~40 cytokines and chemokines using the Mouse Cytokine Array Panel A from R&D System.

4.8. Cytokines and Chemokines Protein Array

Equal volumes (1.5 mL) of the peritoneal inflammatory fluids obtained at different time points
(4 and 24 h) after the treatment with zymosan (500 mg/kg) or zymosan plus AG (150 mg/kg) were
incubated with the precoated proteome profiler array membranes according to the manufacturer’s
instructions. Dot plots were detected by using ECL detection kit and ImageQuant 400 GE Healthcare
(GE Healthcare Europe GmbH, Milan, Italy) and successively quantified as optical density (INT/mm2)
using GS 800 imaging densitometer software (Bio-Rad Laboratories, Milan, Italy) as previously
described [73].

4.9. Molecular Docking Input Files Preparation

The crystal structure of mPGES1 in complex with inhibitors (5TL9) [74], mPGES-2 in complex
with indomethacin (1Z9H) [24], COX-1 in complex with mofezolac (5WBE) [25], COX-2 in complex
with meclofenamic acid (5IKQ) [38], and 5-lipoxygenase (3V99) [32] were used as molecular targets
for the docking studies. All the protein 3D structures were produced using the Schrödinger Protein
Preparation Wizard workflow [75]. First, all missing hydrogen atoms were added, bond orders were
properly assigned, partial charges calculated, water molecules were eliminated, and protein termini
were capped. Glycyrrhizic acid was built with Maestro’s Build Panel (Maestro version 10.2, 2015),
processed with LigPrep (LigPrep version 3.4, 2015) and, finally, minimized with the OPLS 2005 force
field [76].

4.10. Docking Experiments

The cocrystallized inhibitors were used to generate the grid necessary for the molecular docking
experiments, using the following coordinates: 10.75 (x), 15.07 (y), 28.45 (z) for mPGES-1; −21.10 (x),
54.51 (y), 11.75 (z) for mPGES-2; 19.34 (x), 2.67 (y), 31.22 (z) for COX-1; 24.25 (x), 3.52 (y), 33.07 (z)
for COX-2; 9.21 (x), −82.00 (y), −32.69 (z) for 5-LO. The boundaries of the inner box were extended
of 10 Å for COX-1 and mPGES1 and 13 Å for mPGES-2 and COX-2 in the three directions of space.
Regarding 5-LO, in both calculations, the centre of the grid was set close to Asn544 and, in the rigid
docking approach, the outer box boundaries were set at 40 Å from it. For the in silico docking
experiments, the software Glide [77–79] was used. In the rigid docking approach, in a preliminary
phase, in standard precision (SP) mode, 10,000 ligand poses were kept, and the best 800 poses were
selected for energy minimization. Once the minimization was completed, only one output structure
was saved for each ligand. After this phase, a post-docking optimization of the obtained molecules
was carried out, setting the rejection cut-off at 0.5 kcal/mol and a maximum of ten poses per ligand
were kept. The poses generated in the initial phase, were submitted to a second optimizations phase in
extra precision glide (XP) mode. In this last phase, the post-docking optimization of the docking poses
was performed accounting for a maximum of ten poses with the same parameters for the selection of
initial poses and rejection cut off used during the SP docking experiments. The induced fit docking
was carried out using the same settings of the rigid docking XP mode, but allowing a certain degree of
flexibility to amino acids of the catalytic pocket. The first step consists in docking the ligand in the
binding site with Glide [77–79]; then, the protein side chains are re-oriented with Prime [80,81] with
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the aim of better accommodating the molecule. At the last stage, a second rigid docking inside the new
cavity is carried out.

4.11. Data Analysis and Statistics

The results achieved are given as the mean ± SEM. Statistical analysis was carried out by
using one-way ANOVA followed by Dunnett’s post-test when comparing more than two groups.
In certain cases, one sample t-test was used to evaluate significance against the hypothetical zero
value. Statistical analysis was conducted by using GraphPad Prism 6.0 software (San Diego, CA, USA).
Data were considered statistically significant when a value of p < 0.05 was achieved. The data and
statistical analysis comply with the recommendations on experimental design and analysis [82].

5. Conclusions

Results of the present study indicated that AG possesses long-lasting anti-inflammatory
and antinociceptive effects as observed 24–48 h after the administration. Our data also suggest
that its anti-inflammatory and antinociceptive effects might be attributed to the inhibition of the
levels of different pro-inflammatory cytokines and chemokines. Taken together, all these findings
indicate that AG is a long-acting therapeutic agent for the treatment of painful conditions and
inflammatory-related diseases.

Supplementary Materials: The following are available online. Molecular docking studies between AG and FLAP
and spectral data.

Author Contributions: S.P. designed the study and wrote the manuscript. F.M., P.M., F.R., M.G.C. and S.D.V.
performed the experiments. A.D.G., G.B., N.M. and S.P. edited and revised the manuscript. All Authors gave final
approval to the publication.

Funding: This work was in part supported by Ministero dell'Università e della Ricerca (MIUR) PRIN 2017
(2017A95NCJ/2017A95NCJ_002) “Stolen molecules – Stealing natural products from the depot and reselling them
as new drug candidates”.

Conflicts of Interest: The authors declare no competing conflict of interests.

References

1. Rahavard, B.B.; Candido, K.D.; Knezevic, N.N. Different pain responses to chronic and acute pain in various
ethnic/racial groups. Pain Manag. 2017, 7, 427–453. [CrossRef] [PubMed]

2. Baral, P.; Udit, S.; Chiu, I.M. Pain and immunity: Implication for host defence. Nat. Rev. Immunol. 2019, 15, 1.
[CrossRef] [PubMed]

3. Sinha, M.; Gautam, L.; Shukla, P.K.; Kaur, P.; Sharma, S.; Singh, T.P. Current perspectives in NSAID-induced
gastropathy. Mediat. Inflamm. 2013, 2013, 258209. [CrossRef]

4. Musu, M.; Finco, G.; Antonucci, R.; Polati, E.; Sanna, D.; Evangelista, M.; Ribuffo, D.; Schweiger, V.; Fanos, V.
Acute nephrotoxicity of NSAID from the foetus to the adult. Eur. Rev. Med. Pharmacol. Sci. 2011, 15,
1461–1472. [PubMed]

5. Benyamin, R.; Trescot, A.M.; Datta, S.; Buenaventura, R.; Adlaka, R.; Sehgal, N.; Glaser, S.E.; Vallejo, R.
Opioid complications and side effects. Pain Physician 2008, 11, S105–S120. [PubMed]

6. Statti, G.A.; Tundis, R.; Sacchetti, G.; Muzzoli, M.; Bianchi, A.; Menichini, F. Variability in the content of
active constituents and biological activity of Glycyrrhiza glabra. Fitoterapia 2004, 75, 371–374. [CrossRef]

7. Fu, Y.; Hsieh, T.C.; Guo, J.; Kunicki, J.; Lee, M.Y.; Darzynkiewicz, Z.; Wu, J.M. Licochalcone-A, a novel flavonoid
isolated from licorice root (Glycyrrhiza glabra), causes G2 and late-G1 arrests in androgen-independent PC-3
prostate cancer cells. Biochem. Biophys. Res. Commun. 2004, 322, 263–270. [CrossRef]

8. Ignesti, G.; Maleci, L.; Medica, A.; Pirisino, R. Piante Medicinali. Botanica,Chimica,Farmacologia,Tossicologia;
Pitagora Editrice: Bologna, Italy, 1999.

9. Chen, M.F.; Shimada, F.; Kato, H.; Yano, S.; Kanaoka, M. Effect of oral administration of glycyrrhizin on the
pharmacokinetics of prednisolone. Endocrinol. Jpn. 1991, 38, 167–174. [CrossRef]

10. Herold, A.; Cremer, L.; Calugaru, A.; Tamas, V.; Ionescu, F.; Manea, S.; Szegli, G. Hydroalcoholic plant
extracts with antiinflammatory activity. Roum. Arch. Microbiol. Immunol. 2003, 62, 117–129.

http://dx.doi.org/10.2217/pmt-2017-0056
http://www.ncbi.nlm.nih.gov/pubmed/28937312
http://dx.doi.org/10.1038/s41577-019-0147-2
http://www.ncbi.nlm.nih.gov/pubmed/30874629
http://dx.doi.org/10.1155/2013/258209
http://www.ncbi.nlm.nih.gov/pubmed/22288307
http://www.ncbi.nlm.nih.gov/pubmed/18443635
http://dx.doi.org/10.1016/j.fitote.2003.12.022
http://dx.doi.org/10.1016/j.bbrc.2004.07.094
http://dx.doi.org/10.1507/endocrj1954.38.167


Molecules 2019, 24, 2453 16 of 19

11. Fukai, T.; Satoh, K.; Nomura, T.; Sakagami, H. Preliminary evaluation of antinephritis and radical scavenging
activities of glabridin from Glycyrrhiza glabra. Fitoterapia 2003, 74, 624–629. [CrossRef]

12. Morteza-Semnani, K.; Saeedi, M.; Shahnavaz, B. Comparison of antioxidant activity of extract from roots of
licorice (Glycyrrhiza glabra L.) to commercial antioxidants in 2% hydroquinone cream. J. Cosmet. Sci. 2003, 54,
551–558. [PubMed]

13. Paolino, D.; Lucania, G.; Mardente, D.; Alhaique, F.; Fresta, M. Ethosomes for skin delivery of ammonium
glycyrrhizinate: In vitro percutaneous permeation through human skin and in vivo anti-inflammatory
activity on human volunteers. J. Control. Release 2005, 106, 99–110. [CrossRef] [PubMed]

14. Genovese, T.; Menegazzi, M.; Mazzon, E.; Crisafulli, C.; Di Paola, R.; Dal Bosco, M.; Zou, Z.; Suzuki, H.;
Cuzzocrea, S. Glycyrrhizin reduces secondary inflammatory process after spinal cord compression injury in
mice. Shock 2009, 31, 367–375. [CrossRef] [PubMed]

15. Khaksa, G.; Zolfaghari, M.E.; Dehpour, A.R.; Samadian, T. Anti-inflammatory and anti-nociceptive activity
of disodium glycyrrhetinic acid hemiphthalate. Planta Med. 1996, 62, 326–328. [CrossRef] [PubMed]

16. Wang, H.L.; Li, Y.X.; Niu, Y.T.; Zheng, J.; Wu, J.; Shi, G.J.; Ma, L.; Niu, Y.; Sun, T.; Yu, J.Q.
Observing Anti-inflammatory and Anti-nociceptive Activities of Glycyrrhizin Through Regulating COX-2

and Pro-inflammatory Cytokines Expressions in Mice. Inflammation 2015, 38, 2269–2278. [CrossRef] [PubMed]
17. Sun, X.; Zeng, H.; Wang, Q.; Yu, Q.; Wu, J.; Feng, Y.; Deng, P.; Zhang, H. Glycyrrhizin ameliorates

inflammatory pain by inhibiting microglial activation-mediated inflammatory response via blockage of the
HMGB1-TLR4-NF-kB pathway. Exp. Cell. Res. 2018, 369, 112–119. [CrossRef] [PubMed]

18. Koeberle, A.; Werz, O. Perspective of microsomal prostaglandin E2 synthase-1 as drug target in
inflammation-related disorders. Biochem. Pharmacol. 2015, 98, 1–15. [CrossRef]

19. Park, J.Y.; Pillinger, M.H.; Abramson, S.B. Prostaglandin E2 synthesis and secretion: The role of PGE2

synthases. Clin. Immunol. 2006, 119, 229–240. [CrossRef]
20. Iranshahi, M.; Chini, M.G.; Masullo, M.; Sahebkar, A.; Javidnia, A.; Chitsazian Yazdi, M.; Pergola, C.;

Koeberle, A.; Werz, O.; Pizza, C.; et al. Can Small Chemical Modifications of Natural Pan-inhibitors Modulate
the Biological Selectivity? The Case of Curcumin Prenylated Derivatives Acting as HDAC or mPGES-1
Inhibitors. J. Nat. Prod. 2015, 78, 2867–2879. [CrossRef]

21. Ding, K.; Zhou, Z.; Hou, S.; Yuan, Y.; Zhou, S.; Zheng, X.; Chen, J.; Loftin, C.; Zheng, F.; Zhan, C.G.
Structure-based discovery of mPGES-1 inhibitors suitable for preclinical testing in wild-type mice as a new
generation of anti-inflammatory drugs. Sci. Rep. 2018, 8, 5205. [CrossRef]

22. Luz, J.G.; Antonysamy, S.; Kuklish, S.L.; Condon, B.; Lee, M.R.; Allison, D.; Yu, X.P.; Chandrasekhar, S.;
Backer, R.; Zhang, A.; et al. Crystal Structures of mPGES-1 Inhibitor Complexes Form a Basis for the
Rational Design of Potent Analgesic and Anti-Inflammatory Therapeutics. J. Med. Chem. 2015, 58, 4727–4737.
[CrossRef] [PubMed]

23. Lauro, G.; Tortorella, P.; Bertamino, A.; Ostacolo, C.; Koeberle, A.; Fischer, K.; Bruno, I.; Terracciano, S.;
Gomez-Monterrey, I.M.; Tauro, M.; et al. Structure-Based Design of Microsomal Prostaglandin E2 Synthase-1

(mPGES-1) Inhibitors using a Virtual Fragment Growing Optimization Scheme. Chem. Med. Chem. 2016, 11,
612–619. [CrossRef] [PubMed]

24. Yamada, T.; Komoto, J.; Watanabe, K.; Ohmiya, Y.; Takusagawa, F. Crystal structure and possible catalytic
mechanism of microsomal prostaglandin E synthase type 2 (mPGES-2). J. Mol. Boil. 2005, 348, 1163–1176.
[CrossRef] [PubMed]

25. Cingolani, G.; Panella, A.; Perrone, M.G.; Vitale, P.; Di Mauro, G.; Fortuna, C.G.; Armen, R.S.; Ferorelli, S.;
Smith, W.L.; Scilimati, A. Structural basis for selective inhibition of Cyclooxygenase-1 (COX-1) by
diarylisoxazoles mofezolac and 3-(5-chlorofuran-2-yl)-5-methyl-4-phenylisoxazole (P6). Eur. J. Med. Chem.
2017, 138, 661–668. [CrossRef] [PubMed]

26. Orlando, B.J.; Malkowski, M.G. Substrate-selective inhibition of cyclooxygeanse-2 by fenamic acid derivatives
is dependent on peroxide tone. J. Biol. Chem. 2016, 291, 15069–15081. [CrossRef] [PubMed]

27. Blobaum, A.L.; Marnett, L.J. Structural and Functional Basis of Cyclooxygenase Inhibition. J. Med. Chem.
2007, 50, 1425–1441. [CrossRef] [PubMed]

28. Sherman, W.; Day, T.; Jacobson, M.P.; Friesner, R.A.; Farid, R. Novel procedure for modeling ligand/receptor
induced fit effects. J. Med. Chem. 2006, 49, 534–553. [CrossRef]

29. Pergola, C.; Werz, O. 5-Lipoxygenase inhibitors: A review of recent developments and patents. Expert Opin.
Ther. Pat. 2010, 20, 355–375. [CrossRef]

http://dx.doi.org/10.1016/S0367-326X(03)00164-3
http://www.ncbi.nlm.nih.gov/pubmed/14730371
http://dx.doi.org/10.1016/j.jconrel.2005.04.007
http://www.ncbi.nlm.nih.gov/pubmed/15935505
http://dx.doi.org/10.1097/SHK.0b013e3181833b08
http://www.ncbi.nlm.nih.gov/pubmed/18665052
http://dx.doi.org/10.1055/s-2006-957894
http://www.ncbi.nlm.nih.gov/pubmed/8792664
http://dx.doi.org/10.1007/s10753-015-0212-3
http://www.ncbi.nlm.nih.gov/pubmed/26178479
http://dx.doi.org/10.1016/j.yexcr.2018.05.012
http://www.ncbi.nlm.nih.gov/pubmed/29763588
http://dx.doi.org/10.1016/j.bcp.2015.06.022
http://dx.doi.org/10.1016/j.clim.2006.01.016
http://dx.doi.org/10.1021/acs.jnatprod.5b00700
http://dx.doi.org/10.1038/s41598-018-23482-4
http://dx.doi.org/10.1021/acs.jmedchem.5b00330
http://www.ncbi.nlm.nih.gov/pubmed/25961169
http://dx.doi.org/10.1002/cmdc.201500598
http://www.ncbi.nlm.nih.gov/pubmed/26915684
http://dx.doi.org/10.1016/j.jmb.2005.03.035
http://www.ncbi.nlm.nih.gov/pubmed/15854652
http://dx.doi.org/10.1016/j.ejmech.2017.06.045
http://www.ncbi.nlm.nih.gov/pubmed/28710965
http://dx.doi.org/10.1074/jbc.M116.725713
http://www.ncbi.nlm.nih.gov/pubmed/27226593
http://dx.doi.org/10.1021/jm0613166
http://www.ncbi.nlm.nih.gov/pubmed/17341061
http://dx.doi.org/10.1021/jm050540c
http://dx.doi.org/10.1517/13543771003602012


Molecules 2019, 24, 2453 17 of 19

30. Werz, O. Inhibition of 5-Lipoxygenase Product Synthesis by Natural Compounds of Plant Origin. Planta Med.
2007, 73, 1331–1357. [CrossRef]

31. Rådmark, O.; Samuelsson, B. Regulation of the activity of 5-lipoxygenase, a key enzyme in leukotriene
biosynthesis. Biochem. Biophys. Res. Commun. 2010, 396, 105–110. [CrossRef]

32. Gilbert, N.C.; Rui, Z.; Neau, D.B.; Waight, M.T.; Bartlett, S.G.; Boeglin, W.E.; Brash, A.R.; Newcomer, M.E.
Conversion of human 5-lipoxygenase to a 15-lipoxygenase by a point mutation to mimic phosphorylation at
Serine-663. FASEB J. 2012, 26, 3222–3229. [CrossRef] [PubMed]

33. Tsolaki, E.; Eleftheriou, P.; Kartsev, V.; Geronikaki, A.; Saxena, K.A. Application of Docking Analysis in
the Prediction and Biological Evaluation of the Lipoxygenase Inhibitory Action of Thiazolyl Derivatives of
Mycophenolic Acid. Molecules. 2018, 23, 1621. [CrossRef] [PubMed]

34. Chandrasekaran, C.V.; Deepak, H.B.; Thiyagarajan, P.; Kathiresan, S.; Sangli, G.K.; Deepak, M.; Agarwal, A.
Dual inhibitory effect of Glycyrrhiza glabra (GutGard™) on COX and LOX products. Phytomedicine 2011, 18,
278–284. [CrossRef] [PubMed]

35. Stamenkovic, D.M.; Laycock, H.; Karanikolas, M.; Ladjevic, N.G.; Neskovic, V.; Bantel, C. Chronic Pain and
Chronic Opioid Use After Intensive Care Discharge—Is It Time to Change Practice? Front. Pharmacol. 2019,
10, 23. [CrossRef]

36. Cosmetic Ingredient Review Expert Panel. Final report on the safety assessment of Glycyrrhetinic Acid,
Potassium Glycyrrhetinate, Disodium Succinoyl Glycyrrhetinate, Glyceryl Glycyrrhetinate, Glycyrrhetinyl
Stearate, Stearyl Glycyrrhetinate, Glycyrrhizic Acid, Ammonium Glycyrrhizate, Dipotassium Glycyrrhizate,
Disodium Glycyrrhizate, Trisodium Glycyrrhizate, Methyl Glycyrrhizate, and Potassium Glycyrrhizinate.
Cosmetic Ingredient Review Expert Panel. Int. J. Toxicol. 2007, 26, 79–112.

37. Menegazzi, M.; Di Paola, R.; Mazzon, E.; Genovese, T.; Crisafulli, C.; Dal Bosco, M.; Zou, Z.; Suzuki, H.;
Cuzzocrea, S. Glycyrrhizin attenuates the development of carrageenan-induced lung injury in mice.
Pharmacol. Res. 2008, 58, 22–31. [CrossRef]

38. Sun, Y.; Cai, T.T.; Shen, Y.; Zhou, X.B.; Chen, T.; Xu, Q. Si-Ni-San a traditional Chinese prescription,
and its active ingredient glycyrrhizin ameliorate experimental colitis through regulating cytokine balance.
Int. Immunopharmacol. 2009, 9, 1437–1443. [CrossRef]

39. Feng, C.; Wang, H.; Yao, C.; Zhang, J.; Tian, Z. Diammonium glycyrrhizinate, a component of traditional
Chinese medicine Gan-Cao, prevents murine T-cell-mediated fulminant hepatitis in IL-10- and IL-6-dependent
manners. Int. Immunopharmacol. 2007, 7, 1292–1298. [CrossRef]

40. Yoshida, T.; Abe, K.; Ikeda, T.; Matsushita, T.; Wake, K.; Sato, T.; Sato, T.; Inoue, H. Inhibitory effect of
glycyrrhizin on lipopolysaccharide and d-galactosamine-induced mouse liver injury. Eur. J. Pharmacol. 2007,
576, 136–142. [CrossRef]

41. Ram, A.; Mabalirajan, U.; Das, M.; Bhattacharya, I.; Dinda, A.K.; Gangal, S.V.; Ghosh, B. Glycyrrhizin alleviates
experimental allergic asthma in mice. Int. Immunopharmacol. 2006, 6, 1468–1477. [CrossRef]

42. Matsui, S.; Sonoda, Y.; Sekiya, T.; Aizu-Yokota, E.; Kasahara, T. Glycyrrhizin derivative inhibits eotaxin
1 production via STAT6 in human lung fibroblasts. Int. Immunopharmacol. 2006, 6, 369–375. [CrossRef]
[PubMed]

43. Calhoun, W.; Chang, J.; Carlson, R.P. Effect of selected antiinflammatory agents and other drugs on zymosan,
arachidonic acid, PAF and carrageenan induced paw edema in the mouse. Agents Actions 1987, 21, 306–309.
[CrossRef] [PubMed]

44. Suo, J.; Linke, B.; Meyer dos Santos, S.; Pierre, S.; Stegner, D.; Zhang, D.D.; Denis, C.V.; Geisslinger, G.;
Nieswandt, B.; Scholich, K. Neutrophils mediate edema formation but not mechanical allodynia during
zymosan-induced inflammation. J. Leukoc. Biol. 2014, 96, 133–142. [CrossRef] [PubMed]

45. Jain, N.K.; Ishikawa, T.O.; Spigelman, I.; Herschman, H.R. COX-2 expression and function in the hyperalgesic
response to paw inflammation in mice. Prostaglandins Leukot. Essent. Fatty Acids 2008, 79, 183–190. [CrossRef]
[PubMed]

46. Marianecci, C.; Rinaldi, F.; Di Marzio, L.; Mastriota, M.; Pieretti, S.; Celia, C.; Paolino, D.; Iannone, M.;
Fresta, M.; Carafa, M. Ammonium glycyrrhizinate-loaded niosomes as a potential nanotherapeutic system
for anti-inflammatory activity in murine models. Int. J. Nanomed. 2014, 9, 635–651. [CrossRef]

47. Cash, J.L.; White, G.E.; Greaves, D.R. Chapter 17. Zymosan-induced peritonitis as a simple experimental
system for the study of inflammation. Methods Enzymol. 2009, 461, 379–396. [CrossRef] [PubMed]

http://dx.doi.org/10.1055/s-2007-990242
http://dx.doi.org/10.1016/j.bbrc.2010.02.173
http://dx.doi.org/10.1096/fj.12-205286
http://www.ncbi.nlm.nih.gov/pubmed/22516296
http://dx.doi.org/10.3390/molecules23071621
http://www.ncbi.nlm.nih.gov/pubmed/29970872
http://dx.doi.org/10.1016/j.phymed.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20864324
http://dx.doi.org/10.3389/fphar.2019.00023
http://dx.doi.org/10.1016/j.phrs.2008.05.012
http://dx.doi.org/10.1016/j.intimp.2009.08.017
http://dx.doi.org/10.1016/j.intimp.2007.05.011
http://dx.doi.org/10.1016/j.ejphar.2007.08.012
http://dx.doi.org/10.1016/j.intimp.2006.04.020
http://dx.doi.org/10.1016/j.intimp.2005.08.025
http://www.ncbi.nlm.nih.gov/pubmed/16428072
http://dx.doi.org/10.1007/BF01966499
http://www.ncbi.nlm.nih.gov/pubmed/3120510
http://dx.doi.org/10.1189/jlb.3A1213-628R
http://www.ncbi.nlm.nih.gov/pubmed/24555986
http://dx.doi.org/10.1016/j.plefa.2008.08.001
http://www.ncbi.nlm.nih.gov/pubmed/18829279
http://dx.doi.org/10.2147/IJN.S55066
http://dx.doi.org/10.1016/S0076-6879(09)05417-2
http://www.ncbi.nlm.nih.gov/pubmed/19480928


Molecules 2019, 24, 2453 18 of 19

48. Bellingan, G.J.; Caldwell, H.; Howie, S.E.; Dransfield, I.; Haslett, C. In vivo fate of the inflammatory
macrophage during the resolution of inflammation: Inflammatory macrophages do not die locally,
but emigrate to the draining lymph nodes. J. Immunol. 1996, 157, 2577–2585.

49. Schwab, J.M.; Chiang, N.; Arita, M.; Serhan, C.N. Resolvin E1 and protectin D1 activate inflammation-
resolution programmes. Nature 2007, 447, 869–874. [CrossRef]

50. Leite, J.A.; Alves, A.K.; Galvão, J.G.; Teixeira, M.P.; Cavalcante-Silva, L.H.; Scavone, C.; Morrot, A.;
Rumjanek, V.M.; Rodrigues-Mascarenhas, S. Ouabain Modulates Zymosan-Induced Peritonitis in Mice.
Mediat. Inflamm. 2015, 2015, 265798. [CrossRef]

51. Shi, J.R.; Mao, L.G.; Jiang, R.A.; Qian, Y.; Tang, H.F.; Chen, J.Q. Monoammonium glycyrrhizinate inhibited
the inflammation of LPS-induced acute lung injury in mice. Int. Immunopharmacol. 2010, 10, 1235–1241.
[CrossRef]

52. Ni, Y.F.; Kuai, J.K.; Lu, Z.F.; Yang, G.D.; Fu, H.Y.; Wang, J.; Tian, F.; Yan, X.L.; Zhao, Y.C.; Wang, Y.J.; et al.
Glycyrrhizin treatment is associated with attenuation of lipopolysaccharide-induced acute lung injury by
inhibiting cyclooxygenase-2 and inducible nitric oxide synthase expression. J. Surg. Res. 2011, 165, e29–e35.
[CrossRef] [PubMed]

53. Le Bars, D.; Gozariu, M.; Cadden, S.W. Animal models of nociception. Pharmacol. Rev. 2001, 53, 597–652.
[PubMed]

54. Satyanarayana, P.S.; Jain, N.K.; Singh, A.; Kulkarni, S.K. Isobolographic analysis of interaction between
cyclooxygenase inhibitors and tramadol in acetic acid-induced writhing in mice. Prog. Neuropsychopharmacol.
Biol. Psychiatry 2004, 28, 641–649. [CrossRef] [PubMed]

55. Ribeiro, R.A.; Vale, M.L.; Thomazzi, S.M.; Paschoalato, A.B.; Poole, S.; Ferreira, S.H.; Cunha, F.Q.
Involvement of resident macrophages and mast cells in the writhing nociceptive response induced by
zymosan and acetic acid in mice. Eur. J. Pharmacol. 2000, 387, 111–118. [CrossRef]

56. Hunskaar, S.; Hole, K. The formalin test in mice: Dissociation between inflammatory and non-inflammatory
pain. Pain 1987, 30, 103–114. [CrossRef]

57. Lau, G.T.; Ye, L.; Leung, L.K. The licorice flavonoid isoliquiritigenin suppresses phorbol ester-induced
cyclooxygenase-2 expression in the non-tumorigenic MCF-10A breast cell line. Planta Med. 2010, 76, 780–785.
[CrossRef]

58. Song, N.R.; Kim, J.E.; Park, J.S.; Kim, J.R.; Kang, H.; Lee, E.; Kang, Y.G.; Son, J.E.; Seo, S.G.; Heo, Y.S.; et al.
Licochalcone A, a polyphenol present in licorice, suppresses UV-induced COX-2 expression by targeting
PI3K, MEK1, and B-Raf. Int. J. Mol. Sci. 2015, 16, 4453–4470. [CrossRef]

59. Cherng, J.M.; Tsai, K.D.; Yu, Y.W.; Lin, J.C. Molecular mechanisms underlying chemopreventive activities
of glycyrrhizic acid against UVB-radiation-induced carcinogenesis in SKH-1 hairless mouse epidermis.
Radiat. Res. 2011, 176, 177–186. [CrossRef]

60. Hou, S.Z.; Li, Y.; Zhu, X.L.; Wang, Z.Y.; Wang, X.; Xu, Y. Ameliorative effects of diammonium glycyrrhizinate
on inflammation in focal cerebral ischemic-reperfusion injury. Brain Res. 2012, 1447, 20–27. [CrossRef]

61. Zhao, H.; Zhao, M.; Wang, Y.; Li, F.; Zhang, Z. Glycyrrhizic Acid Attenuates Sepsis-Induced Acute Kidney
Injury by Inhibiting NF-κB Signaling Pathway. Evid. Based Complement. Alternat. Med. 2016, 2016, 8219287.
[CrossRef]

62. Liu, W.; Huang, S.; Li, Y.; Li, Y.; Li, D.; Wu, P.; Wang, Q.; Zheng, X.; Zhang, K. Glycyrrhizic acid from licorice
down-regulates inflammatory responses via blocking MAPK and PI3K/Akt-dependent NF-κB signalling
pathways in TPA-induced skin inflammation. MedChemComm 2018, 9, 1502–1510. [CrossRef] [PubMed]

63. Afnan, Q.; Kaiser, P.J.; Rafiq, R.A.; Nazir, L.A.; Bhushan, S.; Bhardwaj, S.C.; Sandhir, R.; Tasduq, S.A.
Glycyrrhizic acid prevents ultraviolet-B-induced photodamage: A role for mitogen-activated protein kinases,
nuclear factor kappa B and mitochondrial apoptotic pathway. Exp. Dermatol. 2016, 25, 440–446. [CrossRef]
[PubMed]

64. Wang, X.R.; Hao, H.G.; Chu, L. Glycyrrhizin inhibits LPS-induced inflammatory mediator production in
endometrial epithelial cells. Microb. Pathog. 2017, 109, 110–113. [CrossRef] [PubMed]

65. Kilkenny, C.; Browne, W.; Cuthill, I.C.; Emerson, M.; Altman, D.G. Animal research: Reporting in vivo
experiments: The ARRIVE guidelines. Br. J. Pharmacol. 2010, 160, 1577–1579. [CrossRef] [PubMed]

66. 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] [PubMed]

http://dx.doi.org/10.1038/nature05877
http://dx.doi.org/10.1155/2015/265798
http://dx.doi.org/10.1016/j.intimp.2010.07.004
http://dx.doi.org/10.1016/j.jss.2010.10.004
http://www.ncbi.nlm.nih.gov/pubmed/21074783
http://www.ncbi.nlm.nih.gov/pubmed/11734620
http://dx.doi.org/10.1016/j.pnpbp.2004.01.015
http://www.ncbi.nlm.nih.gov/pubmed/15276689
http://dx.doi.org/10.1016/S0014-2999(99)00790-6
http://dx.doi.org/10.1016/0304-3959(87)90088-1
http://dx.doi.org/10.1055/s-0029-1240699
http://dx.doi.org/10.3390/ijms16034453
http://dx.doi.org/10.1667/RR2510.1
http://dx.doi.org/10.1016/j.brainres.2012.02.011
http://dx.doi.org/10.1155/2016/8219287
http://dx.doi.org/10.1039/C8MD00288F
http://www.ncbi.nlm.nih.gov/pubmed/30288224
http://dx.doi.org/10.1111/exd.12964
http://www.ncbi.nlm.nih.gov/pubmed/26836460
http://dx.doi.org/10.1016/j.micpath.2017.05.032
http://www.ncbi.nlm.nih.gov/pubmed/28552807
http://dx.doi.org/10.1111/j.1476-5381.2010.00872.x
http://www.ncbi.nlm.nih.gov/pubmed/20649561
http://dx.doi.org/10.1111/bph.12955
http://www.ncbi.nlm.nih.gov/pubmed/25964986


Molecules 2019, 24, 2453 19 of 19

67. Colucci, M.; Maione, F.; Bonito, M.C.; Piscopo, A.; Di Giannuario, A.; Pieretti, S. New insights of dimethyl
sulphoxide effects (DMSO) on experimental in vivo models of nociception and inflammation. Pharmacol. Res.
2008, 57, 419–425. [CrossRef] [PubMed]

68. Pieretti, S.; Dal Piaz, V.; Matucci, R.; Giovannoni, M.P.; Galli, A. Antinociceptive activity of a
3(2H)-pyridazinone derivative in mice. Life Sci. 1999, 65, 1381–1394. [CrossRef]

69. Tjølsen, A.; Berge, O.G.; Hunskaar, S.; Rosland, J.H.; Hole, K. The formalin test: An evaluation of the method.
Pain 1992, 51, 5–17. [CrossRef]

70. Niederberger, E.; Schmidtko, A.; Gao, W.; Kühlein, H.; Ehnert, C.; Geisslinger, G. Impaired acute and
inflammatory nociception in mice lacking the p50 subunit of NF-kappaB. Eur. J. Pharmacol. 2007, 559, 55–60.
[CrossRef]

71. Chatterjee, B.E.; Yona, S.; Rosignoli, G.; Young, R.E.; Nourshargh, S.; Flower, R.J.; Perretti, M. Annexin 1-deficient
neutrophils exhibit enhanced transmigration in vivo and increased responsiveness in vitro. J. Leukoc. Biol.
2005, 78, 639–646. [CrossRef]

72. Damazo, A.S.; Yona, S.; Flower, R.J.; Perretti, M.; Oliani, S.M. Spatial and temporal profiles for anti-inflammatory
gene expression in leukocytes during a resolving model of peritonitis. J. Immunol. 2006, 176, 4410–4418.
[CrossRef] [PubMed]

73. Maione, F.; Piccolo, M.; De Vita, S.; Chini, M.G.; Cristiano, C.; De Caro, C.; Lippiello, P.; Miniaci, M.C.;
Santamaria, R.; Irace, C.; et al. Down regulation of pro-inflammatory pathways by tanshinone IIA and
cryptotanshinone in a non-genetic mouse model of Alzheimer′s disease. Pharmacol. Res. 2018, 129, 482–490.
[CrossRef] [PubMed]

74. Partridge, K.M.; Antonysamy, S.; Bhattachar, S.N.; Chandrasekhar, S.; Fisher, M.J.; Fretland, A.; Gooding, K.;
Harvey, A.; Hughes, N.E.; Kuklish, S.L.; et al. Discovery and characterization of [(cyclopentyl) ethyl] benzoic
acid inhibitors of microsomal prostaglandin E synthase-1. Bioorg. Med. Chem. Lett. 2017, 27, 1478–1483.
[CrossRef] [PubMed]

75. Sastry, G.M.; Adzhigirey, M.; Day, T.; Annabhimoju, R.; Sherman, W. Protein and ligand preparation:
Parameters, protocols, and influence on virtual screening enrichments. J. Comput. Aided Mol. Des. 2013, 27,
221–234. [CrossRef] [PubMed]

76. D’Ambola, M.; Fiengo, L.; Chini, M.G.; Cotugno, R.; Bader, A.; Bifulco, G.; Braca, A.; De Tommasi, N.;
Dal Piaz, F. Fusicoccane Diterpenes from Hypoestes forsskaolii as Heat Shock Protein 90 (Hsp90) Modulators.
J. Nat. Prod. 2019, 82, 539–549. [CrossRef] [PubMed]

77. Friesner, R.A.; Murphy, R.B.; Repasky, M.P.; Frye, L.L.; Greenwood, J.R.; Halgren, T.A.; Sanschagrin, P.C.;
Mainz, D.T. Extra Precision Glide: Docking and Scoring Incorporating a Model of Hydrophobic Enclosure
for Protein-Ligand Complexes. J. Med. Chem. 2006, 49, 6177–6196. [CrossRef] [PubMed]

78. Halgren, T.A.; Murphy, R.B.; Friesner, R.A.; Beard, H.S.; Frye, L.L.; Pollard, W.T.; Banks, J.L. Glide: A New
Approach for Rapid, Accurate Docking and Scoring. 2. Enrichment Factors in Database Screening. J. Med.
Chem. 2004, 47, 1750–1759. [CrossRef]

79. Friesner, R.A.; Banks, J.L.; Murphy, R.B.; Halgren, T.A.; Klicic, J.J.; Mainz, D.T.; Repasky, M.P.; Knoll, E.H.;
Shaw, D.E.; Shelley, M.; et al. Glide: A New Approach for Rapid, Accurate Docking and Scoring. 1.
Method and Assessment of Docking Accuracy. J. Med. Chem. 2004, 47, 1739–1749. [CrossRef]

80. Jacobson, M.P.; Pincus, D.L.; Rapp, C.S.; Day, T.J.F.; Honig, B.; Shaw, D.E.; Friesner, R.A. A hierarchical
approach to all-atom protein loop prediction. Proteins Struct. Funct. Bioinf. 2004, 55, 351–367. [CrossRef]

81. Jacobson, M.P.; Friesner, R.A.; Xiang, Z.; Honig, B. On the Role of the Crystal Environment in Determining
Protein Side-chain Conformations. J. Mol. Biol. 2002, 320, 597–608. [CrossRef]

82. Curtis, M.J.; Bond, R.A.; Spina, D.; Ahluwalia, A.; Alexander, S.P.A.; Giembycz, M.A.; Gilchrist, A.; Hoyer, D.;
Insel, P.A.; Izzo, A.A.; et al. Experimental design and analysis and their reporting: New guidance for
publication in BJP. Br. J. Pharmacol. 2015, 172, 3461–3471. [CrossRef] [PubMed]

Sample Availability: Not available.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.phrs.2008.04.004
http://www.ncbi.nlm.nih.gov/pubmed/18508278
http://dx.doi.org/10.1016/S0024-3205(99)00377-X
http://dx.doi.org/10.1016/0304-3959(92)90003-T
http://dx.doi.org/10.1016/j.ejphar.2006.11.074
http://dx.doi.org/10.1189/jlb.0405206
http://dx.doi.org/10.4049/jimmunol.176.7.4410
http://www.ncbi.nlm.nih.gov/pubmed/16547279
http://dx.doi.org/10.1016/j.phrs.2017.11.018
http://www.ncbi.nlm.nih.gov/pubmed/29158049
http://dx.doi.org/10.1016/j.bmcl.2016.11.011
http://www.ncbi.nlm.nih.gov/pubmed/28190634
http://dx.doi.org/10.1007/s10822-013-9644-8
http://www.ncbi.nlm.nih.gov/pubmed/23579614
http://dx.doi.org/10.1021/acs.jnatprod.8b00924
http://www.ncbi.nlm.nih.gov/pubmed/30839211
http://dx.doi.org/10.1021/jm051256o
http://www.ncbi.nlm.nih.gov/pubmed/17034125
http://dx.doi.org/10.1021/jm030644s
http://dx.doi.org/10.1021/jm0306430
http://dx.doi.org/10.1002/prot.10613
http://dx.doi.org/10.1016/S0022-2836(02)00470-9
http://dx.doi.org/10.1111/bph.12856
http://www.ncbi.nlm.nih.gov/pubmed/26114403
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Edema Induced by Zymosan 
	Writhing Test 
	Formalin Test 
	Zymosan-Induced Hyperalgesia 
	Zymosan Peritonitis and Cytokines-Chemokines Protein Array 
	Docking Experiments 
	mPGES-1 and mPGES-2 
	COX-1 and COX-2 
	5-LO 

	Discussion 
	Materials and Methods 
	Reagents 
	Animals and Ethical Statement 
	Edema Induced by Zymosan 
	Writhing Test 
	Formalin Test 
	Zymosan-Induced Hyperalgesia 
	Zymosan Peritonitis 
	Cytokines and Chemokines Protein Array 
	Molecular Docking Input Files Preparation 
	Docking Experiments 
	Data Analysis and Statistics 

	Conclusions 
	References

