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Abstract: Licania rigida Benth has been evaluated as an alternative drug to treat diseases associated
with inflammatory processes. This study evaluated the anti-inflammatory effects of aqueous and
hydroalcoholic leaf extracts of L. rigida with inflammation induced by lipopolysaccharides in in vitro
and in vivo inflammation models. The phytochemical profile of the extracts, analyzed by ultra-fast
liquid chromatography coupled with tandem mass spectrometry, revealed the presence of gallic
and ellagic acids in both extracts, whereas isovitexin, ferulate, bulky amino acids (e.g., phenylala-
nine), pheophorbide, lactic acid, and pyridoxine were detected in the hydroalcoholic extract. The
extracts displayed the ability to modulate in vitro and in vivo inflammatory responses, reducing
approximately 50% of pro-inflammatory cytokine secretion (TNF-α, IL-1β, and IL-6), and inhibiting
both NO production and leukocyte migration by approximately 30 and 40% at 100 and 500 µg/mL,
respectively. Overall, the results highlight and identify, for the first time, the ability of L. rigida leaf
extract to modulate inflammatory processes. These data suggest that the leaf extracts of this plant
have potential in the development of herbal formulations for the treatment of inflammation.

Keywords: plant extract; phytocomposition; chromatography; anti-inflammatory

1. Introduction

The inflammatory process involves a complex series of tightly controlled biochemical
cellular events that evolve to contain or eliminate foreign infectious agents and repair
tissue damage. This response is normally beneficial and is necessary for the organism
to self-regulate and quickly restore homeostasis. An inefficient or uncontrolled immune
response promotes cellular dysfunction, tissue damage, and inadequate repair, which are
characteristics of many inflammatory diseases [1,2].

Although important for the human body, these responses must be efficiently regulated
to prevent the development and worsening of inflammatory diseases. Therefore, several
cellular mediators are secreted that perform essential functions to achieve homeostasis.
White blood cell infiltration is pivotal for these inflammatory processes [3,4].
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Macrophages are dynamic monocyte-derived cells that play a critical role in immune
cells by activating inflammatory pathways and releasing inflammatory mediators [5].
Macrophages provide three main functions in relation to inflammation: antigen presenta-
tion, phagocytosis, and immunomodulation through the mediation of several cytokines
and growth factors. Macrophages are closely related to the triggering, maintenance, and
termination of inflammation. Therefore, these cells are considered one of the main cytokine
sources involved in the immune system, and their activation promotes the synthesis and
release of several cytokines, such as TGF-ß1, TNFα, TNF- γ, IL-6, IL-8, IL-10, IL-1 γ, PGE-2,
nitric oxide, and rG-CSF. IL-8 and IL-6 are potent inflammatory cytokines, whereas IL-10
and TGF-ß1 are important anti-inflammatory cytokines that exhibit the ability to deactivate
macrophages [1,6–8].

An inefficient or decompensated response contributes to the cellular dysfunction,
tissue damage, and inadequate repair that are present in many inflammatory diseases.
Thus, during an exacerbated response, anti-inflammatory drugs can mitigate deleterious
effects on the human body. Hence, non-steroidal anti-inflammatory drugs (NSAIDs) are
clinically administered, although their prolonged use causes serious side effects, such
as iron deficiency anemia, gastric ulcers, liver and kidney toxicity, and gastrointestinal
bleeding, with a concomitant increase in morbidity and mortality rates. These negative
effects are a cause for concern, as anti-inflammatory drugs are used indiscriminately
worldwide by individuals of all age groups. Therefore, studies have focused on natural
compounds as alternative treatments to modulate the inflammatory response, particularly
molecules with relatively few side effects, especially for long-term use [4,9]. Medicinal
plants are a reservoir of chemical substances whose therapeutic properties in the human
body must be carefully analyzed. Many of these substances, known as active principles,
are transformed into drugs suitable for treating various human diseases [10,11].

Brazilian biodiversity is prevalent worldwide, with approximately 46,000 catalogued
species. The vegetation of the Caatinga biome in Brazil is poorly researched, and studies are
required to ensure the safe use of plant species to which folk medicine attributes pharmaco-
logical properties. Licania rigida Benth is a large evergreen tree species from the Brazilian
Caatinga that is known as oiticica, and is commonly used in the treatment of inflamma-
tory processes and diabetes [12]. This plant is traditionally used for its antimicrobial and
anticancer properties, which are associated with oxidative stress [13–16]. Studies have eval-
uated the biological and pharmacological activities of plants belonging to the same family
as Licania (Chrysobalanaceae) and demonstrated their anti-inflammatory effects [13,17].

Several studies have reported the use of extracts from different plant parts of the
Chrysobalanaceae family, such as the bark, leaves, and fruit, for therapeutic and prophy-
lactic purposes, including the treatment of inflammatory processes, whereby a decrease
in pro-inflammatory cytokine expression was observed [13,18–21]. A hydroalcoholic leaf
extract of L. rigida was evaluated in a mouse paw edema model, where acute inflammation
was induced by carrageenan. The peritoneal exudate was assessed for vascular permeabil-
ity and leukocyte migration, and an anti-inflammatory effect was observed, mainly related
to the inhibition of monocyte and neutrophil migration [20].

Several plant metabolites of L. rigida have shown pharmacological activity, includ-
ing certain phenolic compounds. According to Morais et al. [16], L. rigida crude leaf
extract and its ethyl acetate fraction contain the flavonol-O-3 glycosylated flavonoid as
its main compound. This molecule displays several biological properties, including anti-
inflammatory activity and inhibitory potential against inflammatory mediators such as
xanthine oxidase (XO), cyclooxygenase (COX), and lipoxygenase [22,23]. L. rigida also
shows anticoagulant activity, as its alcoholic leaf extract directly inhibits thrombin [24].
Pro-inflammatory cytokines are closely related to the thromboembolic process by modulat-
ing coagulation activation through thrombin production and attenuation of endogenous
fibrinolysis. Therefore, inflammation is strongly linked to the pathophysiology of venous
thromboembolism [25–27].
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Despite the use of medicinal plants in the treatment and prevention of diseases due
to their pharmacological properties, there remain concerns about the toxicity, cytotoxic-
ity, genotoxicity, and mutagenicity of these compounds. Many plant species have toxic
constituents that are responsible for triggering hepato- and renal toxic effects, abortion,
and poisoning [28–31]. However, Luz et al. [24] and Batista et al. [32] showed no toxic,
cytotoxic, or genotoxic effects when using alcoholic and aqueous leaf extracts of L. rigida
in vivo or in vitro. Therefore, the use of these extracts is promising and appear safe from a
toxicological perspective.

Based on these considerations, L. rigida shows promising pharmacological activities,
as described in the literature. Nonetheless, a more thorough analysis of these activities
is required due to the indiscriminate use of this plant in folk medicine and the urgent
need for alternatives to anti-inflammatory therapy, considering the undesirable reactions
resulting from conventional NSAID treatment. Studies on the anti-inflammatory potential
of plant species would reveal their phytocomposition and indicate potential pharmaco-
logical applications. Hence, this study analyzed the chemical composition of L. rigida leaf
extracts and evaluated their anti-inflammatory effects by applying an in vitro model using
LPS-stimulated RAW 264.7 macrophages and an in vivo model of LPS-induced peritonitis
to contribute to the prospection of new anti-inflammatory molecules with low side effects.

2. Results

Aqueous and hydroethanolic leaf extracts of L. rigida were analyzed by LC–MS/MS,
and their spectra were compared with those of the GNPS database to identify the detected
compounds. Despite the high number of MS/MS spectra acquired for each extract, only
those in the database that matched with a cosine ≥0.85 and a mass difference ≤0.005
were considered for analysis. The chemical profiles of both extracts showed the presence
of gallic acid, a metabolite of pharmacological interest, as well as ellagic acid. Other
constituents included adenosine monophosphate, phenylalanine, vitamin B6 (pyridoxine),
and isovitexin. Furthermore, the antioxidants ferulic acid and pheophorbide A and a lactic
acid derivative were identified in the hydroalcoholic extract.

The extracted ion chromatograms (XICs) obtained for each structure and identified by
UPLC-MS/MS and GNPS analyses showed four main phytocomponents with clear resolu-
tion for the L. rigida aqueous extracts (Figure 1A) and nine structures in the hydroethanolic
extracts (Figure 1B). Table 1 shows the phytochemical components of both the extracts and
their respective cosines, mass differences, masses, molecular formula, ion fragments, and
adducts resulting from the ionization process.

After phytochemical characterization of both L. rigida leaf extracts, their respective
cytotoxicities were evaluated on activated macrophages (RAW 264.7). Results from cell
viability assays using MTT (Figure 2A) and Alamar Blue® (Figure 2B) showed no cyto-
toxic effects after challenging activated macrophages with different extract concentrations,
compared with the control group.

Leukocyte migration in the inflammatory process is of paramount importance because
it is responsible for the induction, maintenance, and regulation of immune responses [33].
The AELR and HELR extracts significantly decreased leukocyte expression after treatment,
both in terms of total and differential leukocyte counts (Figure 3A,B).

LPS is recognized by the toll-like receptor (TLR4), which is part of the macrophage
constitution and activates these defense cells in the presence of LPS. Consequently, several
signaling pathways are activated to release pro-inflammatory mediators, such as tumor
necrosis factor (TNF-α), interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and nitric oxide
(NO), to achieve homeostasis [34]. After AELR and HELR extract administration, the
results showed a marked reduction in inflammatory cytokine secretion (TNF-α and IL-1β)
in activated RAW 264.7 macrophages by LPS (Figures 4 and 5).
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Figure 1. LC–MS/MS fingerprint of L. rigida extracts: (A) L. rigida aqueous leaf extract; (B) L. rigida 
hydroethanolic leaf extract. 3.5 x denotes the magnification applied in the dotted areas of the 
chromatogram. 

Table 1. Phytocomponents identified in L. rigida leaf extracts by LC–MS/MS analyses. L. rigida 
aqueous leaf extract (AELR); L. rigida hydroethanolic leaf extract (HELR). 

Peak Compound Cosine MassDiff Mass 
Molecular 
Formula Ion Fragments Adduct Extract 
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Adenosine 

monophosphate 
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250.09, 178.07, 
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[M + H]+ AELR 
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5′-Deoxy-5-

‘(methylsulfinyl)adenosi
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[M + H]+ AELR 

4 Ellagic acid 0.86 0.038 303.048 C14H6O8 
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[M + H]+ AELR 

1 Gallic acid 0.94 0 171.029 C7H6O5 
153.02, 127.04, 
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107.01, 81.04 

[M + H]+ HELR 

2 Phenylalanine 0.93 0 166.086 C9H11NO2 
149.06, 120.08, 

103.05 
[M + H]+ HELR 

3 2,6-Xylidine 0.96 0 122.096 C8H11N 
105.07, 79.06, 
77.04, 51.04 

[M + H]+ HELR 

Figure 1. LC-MS/MS fingerprint of L. rigida extracts: (A) L. rigida aqueous leaf extract; (B) L. rigida hy-
droethanolic leaf extract. 3.5 x denotes the magnification applied in the dotted areas of the chromatogram.
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Figure 2. AELR and HELR cytotoxicity effects on RAW 264.7 murine macrophage cells: (A) cell via-
bility measured by MTT assay; (B) cell viability measured by Alamar Blue® assay. Culture medium
DMEM was used as a negative control for cytotoxicity.
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Table 1. Phytocomponents identified in L. rigida leaf extracts by LC-MS/MS analyses. L. rigida
aqueous leaf extract (AELR); L. rigida hydroethanolic leaf extract (HELR).

Peak Compound Cosine MassDiff Mass Molecular
Formula Ion Fragments Adduct Extract

1 Adenosine
monophosphate 0.89 0.001 348.071 C10H14N5O7P 250.09,

178.07, 136.06 [M + H]+ AELR

2 Gallic acid 0.97 0 171.029 C7H6O5

153.02, 135.01,
127.04, 125.02,

109.03, 107.01, 81.04
[M + H]+ AELR

3
5′-Deoxy-5′-

(methylsulfinyl)
adenosine

0.91 0.003 314.093 C11H15N5O4S 296.08, 164.06,
136.06, 97.03 [M + H]+ AELR

4 Ellagic acid 0.86 0.038 303.048 C14H6O8
285.00, 275.02,
257.01, 201.02 [M + H]+ AELR

1 Gallic acid 0.94 0 171.029 C7H6O5

153.02, 127.04,
125.02, 109.03,
107.01, 81.04

[M + H]+ HELR

2 Phenylalanine 0.93 0 166.086 C9H11NO2
149.06,

120.08, 103.05 [M + H]+ HELR

3 2,6-Xylidine 0.96 0 122.096 C8H11N 105.07, 79.06,
77.04, 51.04 [M + H]+ HELR

4 Pyridoxine 0.87 0 170.081 C8H11NO3
152.07, 142.05,

134.06, 124.08, 96.05 [M + H]+ HELR

5 DL-Indole-3-lactic acid 0.98 0.001 188.071 C11H11NO3
146.06,

118.07, 65.04 [M + H-H2O]+ HELR

6 4-Aminobutanoate 0.87 0 104.071 C4H9NO2 87.05, 86.06, 69.04 [M + H]+ HELR

7 Isovitexin 0.97 0.003 433.113 C21H20O10
415.10, 313.07,
283.06, 217.05 [M + H]+ HELR

8 Ferulate 0.93 0 177.054 C10H10O4
149.06, 145.03,

117.07, 89.04, 63.03 [M + H-H2O]+ HELR

9 Pheophorbide A 0.89 0.032 593.237 C35H36N4O5
533.25, 461.23,
460.22, 433.24 [M + H]+ HELR
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hydroethanolic leaf extract (HELR), −C (negative control: animals not induced with LPS) and + C 

Figure 3. Total leukocyte count in (A) LPS-induced peritonitis model and (B) differential leuko-
cyte count in an LPS-induced peritonitis model. L. rigida aqueous leaf extract (AELR); L. rigida
hydroethanolic leaf extract (HELR), −C (negative control: animals not induced with LPS) and
+C (positive control: animals induced with LPS and treated with PBS). Mice were injected in-
traperitoneally with 100 µL of LPS 1 h before the intravenous injection of PBS, AELR, and HELR
(25 mg/kg/animal). After 4 h, the peritoneal lavage was evaluated for the total number of cells and
compared with the LPS-stimulated positive group; * p < 0.05; # p < 0.05 between the extracts. n = 6.
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Both extracts displayed a slightly significant reduction in IL-1β cytokine expression 
compared with the positive control. Nevertheless, an increase in the extract concentration 
significantly reduced IL-1β expression (Figure 5). HELR at 500 µg/mL exhibited superior 
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over AELR), using a one-way ANOVA followed by a post hoc Tukey test. 

Figure 4. Effect of L. rigida extracts on TNF-α cytokine release: (A) AELR and (B) HELR. The cytokine
content was released in RAW 264.7 cells and stimulated by LPS after 24 h. Release of cytokines was
quantified by ELISA analysis. Data represent the mean ± SEM from three independent experiments.
One-way ANOVA was used followed by a post hoc Tukey test. * p < 0.05 vs. the negative control
group; # p < 0.05 vs. the LPS-stimulated cells; ** p < 0.05 between the concentrations of the extract;
*** p < 0.05 between the higher extract concentrations (100 and 500 µg/mL).
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Figure 5. Effect of L. rigida extracts on IL-1β cytokine release: (A) AELR and (B) HELR. The cytokine
content was released in RAW 264.7 cells and stimulated by LPS after 24 h. Release of cytokines was
quantified by ELISA analysis. Data represent the mean ± SEM from three independent experiments.
One-way ANOVA was used followed by a post hoc Tukey test. * p < 0.05 vs. the negative control
group; # p < 0.05 vs. the LPS-stimulated cells; ** p < 0.05 between extract concentrations.

Regarding the inhibition of TNF-α, the best result was observed at the highest con-
centrations of both extracts, characterizing a concentration-dependent response (Figure 4).
HELR displayed the most efficient reduction in TNF-α compared with AELR at the highest
extract concentration, whereas the latter showed a better result than HELR at a concentra-
tion of 100 µg/mL (Figure 4A,B). Statistical analysis between both extracts determined a
value of p = 0.023 (HELR over AELR) and p = 0.045 (AELR over HELR), respectively, using
a one-way ANOVA followed by Tukey’s post hoc test.

Both extracts displayed a slightly significant reduction in IL-1β cytokine expression
compared with the positive control. Nevertheless, an increase in the extract concentration
significantly reduced IL-1β expression (Figure 5). HELR at 500 µg/mL exhibited superior
results (Figure 5B), which were significantly different from those of AELR at the same
concentration (Figure 5A). The statistics between the extracts had a p value = 0.039 (HELR
over AELR), using a one-way ANOVA followed by a post hoc Tukey test.
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AELR was less effective in modulating IL-6 cytokine secretion, reaching a reduction of
approximately 50% at an extract concentration of 500 µg/mL (Figure 6A), whereas HELR
showed a more satisfactory inhibition of IL-6 expression as extract concentration increased,
achieving its highest capacity at 500 µg/mL (Figure 6B). The statistics between the extracts
determined a p value = 0.042 (HELR over AELR), using a one-way ANOVA followed by a
post hoc Tukey test.
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Acute inflammation was LPS-induced in vivo in the peritoneal cavity of C5,7BL/6 male
mice to determine the ability of the L. rigida extract to inhibit inflammatory cytokine infiltra-
tion at the injury site. The LPS-stimulated animals (positive control) showed a significant
increase in inflammatory cytokines in the peritoneal cavity (p < 0.05) compared with the
non-stimulated group (negative control), confirming the inflammatory process induced by
LPS (Figure 7A–C). In animals with LPS-induced inflammation, treatment with aqueous
and hydroethanolic extracts resulted in a significant decrease in inflammatory cytokine
infiltration into the peritoneal cavity (p < 0.05). Both the aqueous and hydroethanolic
extracts inhibited TNF-α secretion, although HELR displayed a more satisfactory result,
with a reduction of approximately 50% (Figure 7A). Both extracts reduced IL-1β secretion,
with HELR reaching greater than 50% inhibition (Figure 7B). Both extracts reduced IL-6
secretion by approximately 50% (Figure 7C).

Both the aqueous and hydroethanolic extracts promoted a significant reduction in
NO production in the macrophages at 100 and 500 µg/mL (p < 0.05) compared with the
LPS-stimulated control group (Figure 8A,B). AELR and HELR displayed similar results,
inhibiting NO secretion by approximately 30 and 40% at 100 µg/mL and 500 µg/mL,
respectively. No significant differences were observed between the negative controls. With
respect to in vivo NO secretion, local inflammation was LPS-stimulated in the peritoneal
cavity of male mice. Animals stimulated with LPS (positive control) showed a significant
increase in NO in the peritoneal cavity (p < 0.05) compared with non-stimulated animals
(negative control), confirming the development of the inflammatory process (Figure 9).
However, after AELR and HELR treatment, a reduction in NO production by approximately
50% was observed in the peritoneal cavity of LPS-stimulated animals.
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secretion, (B). IL-1β secretion and (C) IL-6 secretion. AELR (L. rigida aqueous leaf extract). HELR
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* p < 0.05 vs. the negative control group; ** p < 0.05 vs. the LPS-stimulated group; *** p< 0.05 between
the extracts. n = 6.

Molecules 2022, 27, 6291 8 of 17 
 

 

 
Figure 7. LPS-stimulated cytokine production in C57BL/6 mice. Effect of extracts on: (A) TNF-α 
secretion, (B). IL-1β secretion and (C) IL-6 secretion. AELR (L. rigida aqueous leaf extract). HELR (L. 
rigida hydroethanolic leaf extract). −C (negative control: animals not induced with LPS). +C (positive 
control: animals induced with LPS and treated with PBS). Results represent mean cytokine levels 
(pg/mL) as well as standard deviations between animals in each group. Symbols indicate a statistical 
difference (p < 0.05) by ANOVA, with Tukey post-test in the comparison between compounds. * p < 
0.05 vs. the negative control group; ** p < 0.05 vs. the LPS-stimulated group; *** p< 0.05 between the 
extracts. n = 6. 

Both the aqueous and hydroethanolic extracts promoted a significant reduction in 
NO production in the macrophages at 100 and 500 µg/mL (p < 0.05) compared with the 
LPS-stimulated control group (Figure 8A,B). AELR and HELR displayed similar results, 
inhibiting NO secretion by approximately 30 and 40% at 100 µg/mL and 500 µg/mL, 
respectively. No significant differences were observed between the negative controls. 
With respect to in vivo NO secretion, local inflammation was LPS-stimulated in the 
peritoneal cavity of male mice. Animals stimulated with LPS (positive control) showed a 
significant increase in NO in the peritoneal cavity (p < 0.05) compared with non-stimulated 
animals (negative control), confirming the development of the inflammatory process 
(Figure 9). However, after AELR and HELR treatment, a reduction in NO production by 
approximately 50% was observed in the peritoneal cavity of LPS-stimulated animals. 

. 

Figure 8. Inhibitory effects of L rigida extracts on LPS-stimulated nitric oxide (NO) production in 
RAW 264.7 macrophages: (A) AELR and (B) HELR. The NO level in the culture medium was 
quantified using Griess reagent. Data represent the mean ± SEM from three independent 
experiments. One-way ANOVA was used followed by a post hoc Tukey test. * p < 0.05 vs. the 
negative control group; # p < 0.05 vs. the LPS-stimulated cells. 

Figure 8. Inhibitory effects of L rigida extracts on LPS-stimulated nitric oxide (NO) production in RAW
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3. Discussion

NSAIDs are widely used clinically as anti-inflammatory drugs, despite triggering
undesirable adverse effects, such as gastrointestinal bleeding. These drugs are used to treat
intestinal inflammation, including irritable bowel syndrome (IBS), which corresponds to a
group of chronic inflammatory diseases such as Crohn’s disease and ulcerative colitis, and
NSAIDs can exacerbate these pathologies. Moreover, chronic use of this class of drugs is
responsible for the development of these pathologies, and patients often use several drugs
to treat inflammation. Currently, the situation is aggravated due to the unavailability of
effective drugs with few side effects for management of these diseases. Hence, studies have
demonstrated the effectiveness of natural and herbal products for the treatment of Crohn’s
disease and ulcerative colitis [34–36].

NSAIDs also cause hypersensitivity reactions in patients, which can result in anaphy-
laxis and death [37]. The indiscriminate use of NSAIDs has stimulated the search for new
therapeutic methods and medicinal plants represent a reservoir of chemical compounds that
show strong potential in the development and production of new and effective drugs [38].

The bioactivities attributed to phytochemical compounds have generated scientific
interest for further study of their therapeutic properties, including antioxidant and anti-
inflammatory effects [39]. Hence, this study qualitatively analyzed the phytocomposition of
aqueous and hydroethanolic leaf extracts of L. rigida using mass spectrometry and evaluated
their anti-inflammatory and cytotoxic effects in in vitro and in vivo models. Although
phytochemical quantification is required to validate the relevance of these extracts, the
phytocomposition of the genus Licania has previously been characterized [13,14,21].

No cytotoxic effects of AELR and HELR were observed on cell viability using the
Alamar Blue and MTT assays. Furthermore, previous studies by our group with AELR indi-
cated no toxic effects, as evidenced by acute toxicity, 28-day repeated dose oral toxicity, cyto-
toxicity, and mutagenicity [32]. Regarding the hydroethanolic leaf extract, Morais et al. [16]
reported no toxicity in animals, no cytotoxicity, and nonsignificant apoptotic levels. This
assessment is required to determine the potential health risks of natural products [40].

Studies on the phytochemical characterization of Licania are scarce in the scientific
literature. However, Carnevale et al. [21] reported that triterpenoids, diterpenoids, steroids,
and flavonoids were the main chemical compounds in the Chrysobalanaceae family.
Morais et al. [16] detected significant amounts of phenolic compounds and flavonoids
with flavonol-3-O-glycosylates as the main constituents in the phytochemical analysis of
L. rigida hydroalcoholic leaf extract and its ethyl acetate fraction. This flavonol is likely
isovitexin, which was identified in the hydroalcoholic extract in the present study, although
further analyses, such as NRM, are required to confirm this finding. Moreover, other
studies have analyzed different extracts and fractions of L. rigida leaves and seeds and
identified catechins, chalcones, flavonoids, and tannins in their chemical profiles [13,19].
Our AELR and HELR phytochemical analyses also identified compound classes similar to
those described in these studies.

The anti-inflammatory effects of AELR and HELR may be explained by their flavonoid
content. This class of metabolites displays anti-inflammatory and immunomodulatory
properties [41,42], as evidenced by the decrease in inflammatory cytokines IL-6, TNF-α,
and IL-1β, after L. rigida extract treatment. This result is consistent with scientific evidence
that has shown that bioactive constituents, such as flavonoids and carotenoids in fruits,
leaves, bark, and seeds, can play important anti-inflammatory roles, either individually
or synergistically [43–45]. In addition, studies by Linus et al. [18] that used the bark
of Parinari kerstingii (Chrysobalanaceae) highlighted aspirin-like results in inflammatory
treatment of a carrageenan-induced paw edema model in Sprague-Dawley rats. Similarly,
Venancio et al. [19] observed anti-inflammatory effects of Chrysobalanus icaco in decreased
expression of pro-inflammatory cytokines, such as IL-1β and TNF-α.

Furthermore, the observed anti-inflammatory effect may be associated with isovitexin,
which was identified in the L. rigida hydroethanolic leaf extract and has been shown to
exhibit anti-inflammatory effects through the inhibition of several cytokines, such as IL-1β,



Molecules 2022, 27, 6291 10 of 16

IL-6, and TNF-α [46]. The AELR and HELR results are consistent with reports showing
the anti-inflammatory potential of isovitexin in inhibiting cisplatin-induced renal injury in
mice [47] and acute gouty arthritis in rats [48]. In both cases, a reduction in the expression
and infiltration of the inflammatory cytokines IL-6, TNF-α, and IL-1β was observed after
treatment with isovitexin.

This anti-inflammatory effect may also be associated with the presence of gallic acid
in both AELR and HELR extracts. It is noteworthy that our results with both L. rigida
extracts are corroborated by other reports, indicating that gallic acid is a subject of study
due to its beneficial therapeutic activities, such as its role in the regulation of extracellular
platelet-activating factor and modulation of the inflammatory process [49,50].

The identification of ellagic acid in the chemical composition of both L. rigida aque-
ous and hydroalcoholic extracts may also explain their remarkable effects in reducing
inflammatory factors, as this compound is important because of its anti-inflammatory prop-
erties [51]. Data after treatment with AELR and HELR suggested the effective involvement
of ellagic acid against LPS-induced inflammation. This result is consistent with the anti-
inflammatory effects evidenced by Allam et al. [52] after treatment with ellagic acid in an
animal model, showing a significant reduction in pro-inflammatory cytokine serum levels
and a concomitant increase in anti-inflammatory cytokines. Studies have demonstrated
that the therapeutic effects of ferulate are due to its antioxidant and anti-inflammatory
properties [53], which may also be associated with the anti-inflammatory effects observed
after treatment with L. rigida extracts using the LPS-induced inflammation model.

Adenosine monophosphate was also identified in the phytochemical profiles of the
L. rigida extracts. This metabolite may be associated with anti-inflammatory effects following
treatment with AELR and HELR. This compound is crucial for regulating inflammatory
responses [54], as it activates a signaling pathway by suppressing or modulating IL-1β [55,56].

The in vivo anti-inflammatory effect of L. rigida extract also displayed a decrease in
leukocyte migration and pro-inflammatory cytokine inhibition in the peritoneal cavity.
A similar result was reported by Santos et al. [20], who evaluated the anti-inflammatory
activity of L. rigida hydroethanolic leaf extract in a systemic inflammation mouse model. In
both cases, the observed anti-inflammatory effect was likely due to the polyphenol contents
of the extracts.

The efficient anti-inflammatory effects observed after L. rigida extract treatment suggest
a synergistic effect from the different compounds identified in AELR and HELR. Studies
have shown that drug combination is a useful strategy, as synergism offers opportunities to
improve treatment effectiveness [57,58]. In plants, this synergy occurs because extracts are
a mixture of secondary metabolites that can interact with each other, resulting in robust
control to treat diseases [43,45]. In this regard, herbal extracts have been reported as anti-
inflammatory agents [45], indicating the combined effects of these phytocompounds or
their synergistic interactions to ameliorate inflammatory processes [59–61].

In addition to synergism, the chemical compositions of AELR and HELR display
concurrent antioxidant activity, which is attributed to the presence of polyphenols. This
activity was previously described by Morais et al. [16] and Batista et al. [32], who showed
high scavenging free radical DPPH capacities and reductions in lipid peroxidation by HELR
and AELR, respectively. Overall, examination of these antioxidant parameters indicates
potential protective effects. Antioxidant activity is involved in the prevention of damage
caused by ROS [62]. Free radical production by biological and environmental effects causes
a natural antioxidant imbalance that triggers several inflammatory processes involved in
the progression of various diseases [63].

Overall, natural products contain a diversity of compounds that can interact with
different targets. Furthermore, some components of this phytocomposition can function
as additives or synergists to exert therapeutic effects in association with other bioactive
co-actives [11,64]. Therefore, natural products, as a complex mixture of molecules, have
attracted scientific interest, considering the potential synergistic therapeutic effects of their
chemical compositions [10,38,65].
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Experimental data reveal the pharmacological potential of L. rigida, as evidenced by the
anti-inflammatory effects of both the aqueous and hydroethanolic extracts, which were effi-
cient in reducing leukocyte migration, and modulating inflammatory cytokine expression.
Therefore, the chemical and biological results suggest the potential for prospecting safe
molecules and formulations for the therapeutic management of inflammatory processes.

4. Materials and Methods
4.1. Collection of Plant Material and Preparation of Extracts

L. rigida leaves were collected in Florânia, RN, Brazil, in April 2021, under the approval
of the Authorization and Information System in Biodiversity (SisBio) and the National
System for the Management of Genetic Heritage and Associated Traditional Knowledge
(SisGen). The species was identified by Dr. Jomar Gomes Jardim at the Department of
Botany and Zoology Herbarium, Federal University of Rio Grande do Norte, Natal, RN,
Brazil, under registration number 0674/08.

After selection, leaves were cleaned and air-dried at 40 ◦C for 48 h. The material was
ground to sizes of 0.5–1.0 mm and stored in amber containers before extract preparation.
The powdered material (300 g) was then subjected to decoction (100 ◦C/10 min) with 1.5 L
of water, filtration, and lyophilization to obtain L. rigida aqueous leaf extract (AELR). For
the L. rigida hydroethanolic leaf extract, 300 g of powdered leaves was macerated with a
1.5 L ethanol: water solution (50:50, v/v) for four days at room temperature. The extracts
were filtered, rotaevaporated, and lyophilized to secure the HELR.

4.2. Phytochemical Analysis by Ultrafast Liquid Chromatography Coupled with Mass Spectrometry
(LC-MS/MS)

Prior to LC-MS/MS analyses, extract samples were resuspended in methanol (µg/mL),
centrifuged (30 min/13,000 rpm), filtered through a 0.22 µm membrane, and stored at
−20 ◦C. AELR and HELR were diluted in pure acetonitrile (mobile phase) 10× and
20×, respectively.

Sample analysis was performed using ultrafast liquid chromatography in a UPLC
Eksigent UltraLC 110-XL liquid chromatograph (AB Sciex, Framingham, MA, USA) coupled
to a Kinetex 2.6 µm C18 100 Å column (50 mm × 2.1 mm) and a 5600+ TripleT spectrometer
(AB Sciex). After equilibrating the column with 5% acetonitrile/0.1% formic acid for 5 min,
the sample (2 µL) was automatically injected to perform separation with a linear gradient
of 5% acetonitrile/0.1% formic acid (5–95%) for 10 min at a flow of 0.4 mL/min, keeping
the column temperature at 40 ◦C. The mass spectrometer was operated in the positive
information-dependent acquisition (IDA) mode with a mass range from 100 to 1800 m/z
and a source temperature of 650 ◦C. IDA data acquisition was configured to fragment
ions from 100 to 1250 m/z, with a load ranging from 1 to 3, and intensity greater than
1000 counts. Further acquisition parameters included: period cycle time = 900 ms; pulser
frequency = 15,392 kHz; accumulation time = 250.0 ms; curtain gas = 15,000; ion source gas
1 = 50,000; ion source gas 2 = 45,000; and ion spray voltage floating = 5500. In addition to
the extracts, a blank control was used. Prior to starting and following every five analyses,
the spectrometer was calibrated with the calibration solution (AB Sciex) to an accuracy of
approximately 0.5 ppm (sodium iodide (2 µg/µL) and cesium iodide (50 ng/µL) in 50/50
2-propanol/water).

For data analysis, the acquisition files (WIFF) were converted to mzXML format
using MSConvert software (ProteoWizard 3.0, ProteoWizard, Palo Alto, CA, USA) and
analyzed on the: Global Natural Products Social Molecular Networking (GNPS; http:
//gnps.ucsd.edu, accessed on 16 August 2022) platform for analysis with the Molecular-
Library Search-V2 (version release_14) tool. Data were filtered by removing peaks with
~17 Da, referring to Molecules 2022, 27, and 1084 and 13 of 17 of the m/z values of the
precursors present in the MS/MS spectra, selecting only the top six peaks in the 50 Da
window across the spectrum. Data were then grouped by MS-Cluster with tolerances to
an original mass of 0.02 Da and an ion of MS/MS fragments of 0.1 Da to create consensus

http://gnps.ucsd.edu
http://gnps.ucsd.edu
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spectra. Moreover, consensus spectra with fewer than two spectra were eliminated prior to
the GNPS spectral library analysis. Library spectra were filtered according to the input data.
All correspondences between the network and library spectra were required to exhibit
a score >0.85 and at least four matching correspondences. The cosine score indicates a
normalized dot product, which is a mathematical measure of the spectral similarity between
two fragmentation spectra. A cosine score of 1 characterizes identical spectra and a cosine
score of 0 denotes no similarity. (See Supplementary Materials)

4.3. Cell Culture and Animals

For in vitro assays, murine macrophages (RAW 264.7) were purchased from the Amer-
ican Type Culture Collection (ATCC, Rockville, MD, USA) (ATCC® TIB-71™). The cells
were grown at 37 ◦C in a humidified atmosphere with 5% CO2 in Dulbecco’s modified
medium (DMEM), containing 10% fetal bovine serum, streptomycin (5000 mg/mL), and
penicillin (5000 IU).

For the in vivo assays, C57BL/6 male mice (25–30 g) were obtained from the UFRN
Health Sciences Center Vivarium, Natal-RN, Brazil. Animals were kept in collective cages
(n = 5) under controlled lighting conditions (12 h light/dark cycles) and temperature
(22 ± 2 ◦C), with food and water provided ad libitum. All the experiments were approved
by the UFRN Ethics Committee on Animal Use (Protocol No. 254.021/2021).

4.4. Cell Viability and Cytotoxicity Assays

RAW 264.7 macrophages were individually challenged in triplicate at concentra-
tions of 5, 50, 100, and 500 µg/mL of AELR and HELR to assess cytotoxicity using the
MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). Macrophages
(1 × 105 cells/well) were seeded in 96-well microplates and incubated for 24 h at 37 ◦C
to promote adhesion. Next, 100 µL of MTT (5 mg/mL) was added to each well, and the
plates were incubated (37 ◦C for 4 h). After removing the culture medium, DMSO (100 µL)
was added to each well and cell viability was assessed at 570 nm using a microplate
ELISA reader (Epoch-Biotek, Winooski, VT, USA). Cells grown in DMEM were used as
negative controls.

The cytotoxic effects of AELR and HELR at 5, 50, 100, and 500 µg/mL on cell viability
were also evaluated in triplicate using the Alamar Blue® assay. Briefly, macrophages
(1 × 105 cells/well) were seeded in 96-well microplates and incubated for 24 h to promote
adhesion. After exposure to the extracts (24 h at 37 ◦C), 10% Alamar Blue®, corresponding
to the medium volume in each well, was added. The plate was again incubated (4 h
at 37 ◦C and 5% CO2), and reduced Alamar Blue® was monitored at 570 and 600 nm
using a microplate ELISA reader (Epoch-Biotek). Cells grown in DMEM were used as
negative controls.

4.5. Leukocyte Migration into Peritoneal Cavity and Cytokine Dosage

C57BL/6 male mice were divided into four groups (n = 5), as follows: Group 1, neg-
ative control, receiving only PBS solution; Group 2, positive control; and Groups 3 and 4,
treated with 25 mg/kg AELR and HELR, respectively. Groups 2, 3, and 4 were stimulated in-
traperitoneally with 2 µg/mL LPS (E. coli O55:B5 strain) to induce acute inflammation. After
15 min, AELR and HELR (25 mg/kg) were administered intravenously to Groups 3 and 4,
respectively. Four hours later, the mice were anesthetized with xylazine and ketamine (1:1)
and euthanized, and the abdominal cavity was washed with 2 mL of 0.5% saline solution
and 1 mM EDTA before collecting peritoneal fluids. After recovery, total cells were counted
using a hemocytometer, and the differential polymorphonuclear leukocyte (PMN) count
was determined in eosin- and hematoxylin-fixed cytospin preparations. Peritoneal fluid
samples from each group were stored at −80 ◦C to analyze TNF-α, IL-1β, and IL-6 levels
using an enzyme immunoassay kit (ELISA), as well as NO production.
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4.6. Cytokine Measurement (TNF-α, IL1-β, and IL-6)

Raw 264.7 cells (1 × 105 cells/well) were seeded and stimulated with 2 µg/mL of LPS
dissolved in DMEM for 1 h. Cells were then challenged with 5, 50, 100, and 500 µg/mL of
AELR and HELR. After 24 h, the supernatants were harvested to determine TNF-α, IL1-β,
and IL-6 levels using an immunoenzymatic assay (ELISA) kit (eBioscience), following
the manufacturer’s instructions. Analyses were performed in triplicate to determine the
optical density (OD) at 450 nm using a microplate ELISA reader (Epoch-Biotek). LPS-
stimulated and unstimulated non-extract-treated cells were used as positive and negative
controls, respectively.

The collected peritoneal fluid TNF-α, IL1-β, and IL-6 levels from each group after
LPS-induced inflammation were measured using an enzyme-linked immunosorbent assay
(ELISA) kit (eBioscience), following the manufacturer’s instructions. The OD was measured
in triplicate at 450 nm.

4.7. Measurement of Nitric Oxide (NO) Production

Raw 264.7 cells (1 × 105 cells/well) were seeded and LPS-stimulated (2 µg/mL dis-
solved in DMEM) for 1 h. Cells were then treated with 5, 50, 100, and 500 µg/mL of AELR
and HELR. After 24 h, supernatants were collected to assess the total NO concentration by
adding Griess reagent to 40 µL of supernatant and monitoring the absorbance at 545 nm us-
ing a microplate ELISA reader (Epoch-Biotek). LPS-stimulated and unstimulated cells that
were not treated with the extract were used as positive and negative controls, respectively.

Regarding LPS-induced inflammation in mice, peritoneal fluid collected from each
group was used to determine NO production. The total NO concentration was assessed
after the addition of Griess reagent to 100 µL of peritoneal fluid, and the absorbance was
measured at 545 nm. All measurements were performed in triplicate using a microplate
ELISA reader (Epoch-Biotek).

4.8. Statistical Analysis

Data are expressed as means ± SEM and were analyzed with one-way ANOVA and
Tukey’s post hoc test, using GraphPad Prism version 6.0 Software for Windows (GraphPad
Software, San Diego, CA, USA). Statistical significance was set at p < 0.05.

5. Conclusions

The present study conducted a phytochemical analysis of L. rigida aqueous and hy-
droethanolic leaf extracts by LC-MS/MS, which showed a rich composition of phenolic
compounds as well as flavonoids. Furthermore, these extracts promoted a significant
anti-inflammatory effect in an in vitro model using murine macrophages activated with
LPS and in an in vivo model of LPS-induced peritonitis. AELR and HELR caused a marked
reduction in leukocyte migration to the mouse peritoneal cavity, in addition to reductions
in the expression of inflammatory cytokines both in vivo and in vitro. L. rigida extracts also
inhibited NO production in both experimental models. These results suggest that these
extracts are associated with the inhibition of cytokine production, and the extract phyto-
composition may be responsible for the observed anti-inflammatory activity. Although
further studies are required, the data provide promising evidence supporting AELR and
HELR as alternatives for prospective anti-inflammatory agents.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27196291/s1. Figure S1. Comparison between the
library GNPS and query spectra of phytocomponents identified in Licania rigida leaf extracts by
LC-MS/MS analyses.
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1. Chan, J.T.H.; Kadri, S.; Köllner, B.; Rebl, A.; Korytář, T. RNA-seq of single fish cells—Seeking out the leukocytes mediating

immunity in teleost fishes. Front. Immunol. 2022, 13, 1664–3224. [CrossRef] [PubMed]
2. Morla, S. Glycosaminoglycans and glycosaminoglycan mimetics in cancer and inflammation. Int. J. Mol. Sci. 2019, 20, 1963.

[CrossRef] [PubMed]
3. Abdulkhaleq, L.A.; Assi, M.A.; Abdullah, R.; Zamri-Saad, M.; Taufiq-Yap, Y.H.; Hezmee, M.N.M. The crucial roles of inflammatory

mediators in inflammation: A review. Vet. World 2018, 11, 627–635. [CrossRef] [PubMed]
4. Pirlamarla, P.; Bond, R.M. FDA labeling of NSAIDs: Review of nonsteroidal anti-inflammatory drugs in cardiovascular disease.

Trends Cardiovasc. Med. 2016, 26, 675–680. [CrossRef]
5. Ross, E.A.; Devitt, A.; Johnson, J.R. Macrophages: The good, the bad, and the gluttony. Front. Immunol. 2021, 12, 708186.

[CrossRef]
6. Fuijiwara, N.; Kobayashi, K. Macrophages in inflammation. Curr. Drugs Targets Inflamm. Allergy 2005, 4, 281–286. [CrossRef]
7. Cavallion, J.M. Cytokines and macrophages. Biomed. Pharmacother. 1994, 10, 445–453. [CrossRef]
8. Kamimura, D.; Ishihara, K.; Hirano, T. IL-6 signal transduction and its physiological roles: The signal orchestration model. Physiol.

Biochem. Pharmacol. 2003, 149, 1–38.
9. Siregar, A.S.; Werdhani, R.A.; Ascobat, P.; Nafrialdi, N.; Syam, A.F.; Hidayat, R.; Wangge, G. Development of module for the

prevention of nonsteroidal anti-inflammatory drugs-associated gastrointestinal adverse reactions in the elderly at a primary
health center. Int. J. Risk Saf. Med. 2021, 32, 61–73. [CrossRef]

10. Atanasov, A.G.; Zotchev, S.B.; Dirsch, V.M.; The International Natural Product Sciences Taskforce; Supuran, C.T. Natural products
in drug discovery: Advances and opportunities. Nat. Rev. Drug Discov. 2021, 20, 200–216. [CrossRef]

11. Najmi, A.; Javed, S.A.; Al Bratty, M.; Alhazmi, H.A. Modern approaches in the discovery and development of plant-based natural
products and their analogues as potential therapeutic agents. Molecules 2022, 27, 349. [CrossRef] [PubMed]

12. Albuquerque, U.P.; Medeiros, P.M.; Almeida, A.L.S.; Monteiro, J.M.; Lins Neto, E.M.F.; Melo, J.G.; Santos, J.P. Medicinal plants
of the caatinga (semi-arid) vegetation of NE Brazil: A quantitative approach. J. Ethnopharmacol. 2007, 114, 325–354. [CrossRef]
[PubMed]

13. Feitosa, E.A.; Xavier, H.S.; Randau, K.P. Chrysobalanaceae: Traditional uses, phytochemistry and pharmacology. Rev. Bras.
Farmacogn. 2012, 22, 1181–1186. [CrossRef]

14. Pessoa, I.P.; Neto, J.J.L.; de Almeida, T.S.; Farias, D.F.; Vieira, L.R.; de Medeiros, J.L.; Boligon, A.A.; Peijnenburg, A.; Castelar, I.;
Carvalho, A.F.U. Polyphenol composition, antioxidant activity and cytotoxicity of seeds from two underexploited wild Licania
species: L. rigida and L. tomentosa. Molecules 2016, 21, 1755. [CrossRef] [PubMed]

15. Luna, E.M.; Lopes, H.T.O.; Rodrigues, F.A.; Coutinho, H.D.M.; Oliveira, L.C.C. Antioxidant potential of the Caatinga flora.
Phytomed. Plus. 2022, 2, 100240. [CrossRef]

16. Morais, L.V.F.; Luz, J.R.D.; Nascimento, T.E.S.; Azevedo, M.A.S.; Rocha, W.P.S.; Araujo-Silva, G.; Ururahy, M.A.G.; Chaves, G.M.;
López, J.A.; Santos, E.C.G.; et al. Phenolic composition, toxicity potential, and antimicrobial activity of Licania rigida Benth
(Chrysobalanaceae) leaf extracts. J. Med. Food 2022, 25, 97–109. [CrossRef]

http://doi.org/10.3389/fimmu.2022.798712
http://www.ncbi.nlm.nih.gov/pubmed/35140719
http://doi.org/10.3390/ijms20081963
http://www.ncbi.nlm.nih.gov/pubmed/31013618
http://doi.org/10.14202/vetworld.2018.627-635
http://www.ncbi.nlm.nih.gov/pubmed/29915501
http://doi.org/10.1016/j.tcm.2016.04.011
http://doi.org/10.3389/fimmu.2021.708186
http://doi.org/10.2174/1568010054022024
http://doi.org/10.1016/0753-3322(94)90005-1
http://doi.org/10.3233/JRS-200008
http://doi.org/10.1038/s41573-020-00114-z
http://doi.org/10.3390/molecules27020349
http://www.ncbi.nlm.nih.gov/pubmed/35056662
http://doi.org/10.1016/j.jep.2007.08.017
http://www.ncbi.nlm.nih.gov/pubmed/17900836
http://doi.org/10.1590/S0102-695X2012005000080
http://doi.org/10.3390/molecules21121755
http://www.ncbi.nlm.nih.gov/pubmed/28009846
http://doi.org/10.1016/j.phyplu.2022.100240
http://doi.org/10.1089/jmf.2021.0059


Molecules 2022, 27, 6291 15 of 16

17. Santos, E.S.; Oliveira-Tintino, C.D.M.; Correia, D.B.; Alencar, C.D.C.; Sousa, M.F.; Lima, C.N.F.; Machado, S.T.S.; Gomes, A.D.S.;
Garcia, F.A.O.; Menezes, I.R.A.; et al. Topical anti-inflammatory effect of hydroalcoholic extract of leaves of Licania rigida Benth.
in mice. Phytomed. Plus 2021, 1, 100110. [CrossRef]

18. Linus, L.O.; Wang, S.L.; Shi, N.; Hanson, C.; Lu, Y.T.; Alolga, R.N.; Liu, Q.; Njokuocha, R.C.; Qi, L.W. The new plant
Parinari kerstinguii Engl: Toxicity studies and anti-inflammatory properties. J. Ethnopharmacol. 2018, 220, 101016. [CrossRef]

19. Venancio, V.P.; Cipriano, P.A.; Kim, H.; Antunes, L.M.G.; Talcott, S.T.; Mertens-Talcott, S.U. Cocoplum (Chrysobalanus icaco L.)
anthocyanins exert anti-inflammatory activity in human colon cancer and non-malignant colon cells. Food Funct. 2017, 8, 307–331.
[CrossRef]

20. Santos, E.S.; Oliveira, C.D.M.; Menezes, I.R.A.; Nascimento, E.P.; Correia, D.B.; Alencar, C.D.C.; Sousa, M.F.; Lima, C.N.F.;
Monteiro, A.B.; Souza, C.P.E.; et al. Anti-inflammatory activity of herb products from Licania rigida Benth. Complement. Ther. Med.
2019, 45, 254–261. [CrossRef]

21. Carnevale, N.F.; Pilon, A.C.; Silva, B.V. Chrysobalanaceae: Secondary metabolites, ethnopharmacology and pharmacological
potential. Phytochem. Rev. 2013, 12, 121–146. [CrossRef]

22. Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. [CrossRef] [PubMed]
23. Al-Khayri, J.M.; Sahana, G.R.; Nagella, P.; Joseph, B.V.; Alessa, F.M.; Al-Mssallem, M.Q. Flavonoids as potential anti-inflammatory

molecules: A review. Molecules 2022, 27, 2901. [CrossRef] [PubMed]
24. Da Luz, J.R.D.; do Nascimento, T.E.S.; Araujo-Silva, G.; de Rezende, A.A.; Brandão-Neto, J.; Ururahy, M.A.G.; Luchessi, A.D.;

López, J.A.; Rocha, H.A.O.; das Graças Almeida, M. Licania rigida Benth leaf extracts: Assessment of toxicity and potential
anticoagulant effect. S. Afr. J. Bot. 2021, 139, 217–225. [CrossRef]

25. Bernal, A.J.; da Silva, M.M.G.; Musungaie, D.B.; Kovalchuk, E.; Gonzalez, A.; De los Reyes, V.; Martín-Quirós, A.; Caraco, Y.;
Williams-Diaz, A.; Brown, M.L. Molnupiravir for oral treatment of COVID-19 in nonhospitalized patients. N. Engl. J. Med. 2022,
386, 509–520. [CrossRef]

26. Poredos, P.; Poredos, P. Involvement of inflammation in venous thromboembolic disease: An update in the age of COVID-19.
Semin. Thromb. Hemost. 2021, 48, 93–99. [CrossRef]

27. Singh, A.K.; Malviya, R. Coagulation and inflammation in cancer: Limitations and prospects for treatment. Biochim. Biophys. Acta
Rev. Cancer 2022, 1877, 188727. [CrossRef]

28. Oliveira, M.C.B.; Cruz, C.K.S.; Rocha, G.M.M.; Brito, M.G.A.; Oliveira, G.A.L. Toxicity and antibacterial activity of medicinal
plants used in the treatment of respiratory diseases: An integrative review. Res. Soc. Dev. 2020, 9, e244997169. [CrossRef]

29. van Wyk, A.S.; Prinsloo, G. Health, safety and quality concerns of plant-based traditional medicines and herbal remedies. S. Afr.
J. Bot. 2020, 133, 54–62. [CrossRef]

30. Vieira, E.O.G.; Fernandes, R.M.T. Toxic effects of medicinal plants commercialized in natura in São Luís/MA: A literature review.
Res. Soc. Dev. 2021, 10, e55910514821. [CrossRef]

31. Gaston, T.E.; Mendrick, D.L.; Paine, M.F.; Roe, A.L.; Yeung, C.K. Natural is not synonymous with safe: Toxicity of natural
products alone and in combination with pharmaceutical agents. Regul. Toxicol. Pharmacol. 2020, 113, 104642. [CrossRef] [PubMed]

32. Batista, D.; Luz, J.R.D.; Nascimento, T.E.S.; Senes-Lopes, T.F.; Galdino, O.A.; Silva, S.V.; Ferreira, M.P.; Azevedo, M.A.S.; Brandão-
Neto, J.; Araujo-Silva, G.; et al. Licania rigida leaf extract: Protective effect on oxidative stress, associated with cytotoxic,
mutagenic and preclinical aspects. J. Toxicol. Environ. Health Part A 2021, 20, 276–290. [CrossRef]

33. Kameritsch, P.; Rrnkawitz, J. Principles of leukocyte migration strategies. Trends Cell Biol. 2020, 30, 818–832. [CrossRef] [PubMed]
34. Huang, P.; Hong, J.; Mi, J.; Sun, B.; Zhang, J.; Li, C.; Yang, W. Polyphenols extracted from Enteromorpha clathrata alleviates inflam-

mation in lipopolysaccharide-induced RAW 264.7 cells by inhibiting the MAPKs/NF-κB signaling pathways. J. Ethnopharmacol.
2022, 286, 114897. [CrossRef]

35. Moninuola, O.O.; Milligan, W.; Lochhead, P.; Khalili, H. Systematic review with meta-analysis: Association between ac-
etaminophen and nonsteroidal anti-inflammatory drugs (NSAIDs) and risk of Crohn’s disease and ulcerative colitis exacerbation.
Aliment. Pharmacol. Ther. 2018, 47, 1428–1439. [CrossRef] [PubMed]

36. Guo, B.J.; Bian, Z.X.; Qiu, H.C.; Wang, Y.T.; Wang, Y. Biological and clinical implications of herbal medicine and natural products
for the treatment of inflammatory bowel disease. Ann. N. Y. Acad. Sci. 2017, 1401, 37–38. [CrossRef]

37. Trinh, H.K.T.; Pham, L.D.; Le, K.M.; Park, H.S. Pharmacogenomics of hypersensitivity to non-steroidal anti-inflammatory drugs.
Front. Genet. 2021, 12, 647257. [CrossRef]

38. Nunes, C.R.; Arantes, M.B.; de Faria Pereira, S.M.; da Cruz, L.L.; de Souza Passos, M.; de Moraes, L.P.; Vieira, I.J.C.;
de Oliveira, D.B. Plants as sources of anti-inflammatory agents. Molecules 2020, 25, 3726. [CrossRef]

39. Shazhni, J.R.A.; Renu, A.; Vijayaraghavan, P. Insights of antidiabetic, anti-inflammatory and hepatoprotective properties of
antimicrobial secondary metabolites of corm extract from Caladium x hortulanum. Saudi J. Biol. Sci. 2018, 25, 1755–1761. [CrossRef]

40. Di Nunzio, M.; Valli, V.; Tomás-Cobos, L.; Tomás-Chisbert, T.; Murgui-Bosch, L.; Danesi, F.; Bordoni, A. Is cytotoxicity a
determinant of the different in vitro and in vivo effects of bioactives? BMC Complement. Altern. Med. 2017, 17, 453. [CrossRef]

41. Beigh, S.; Rehman, M.U.; Khan, A.; Patil, B.R.; Makeen, H.A.; Rasool, S.; Rashid, S.; Arafah, A.; Kamal, M.A. Therapeutic role of
flavonoids in lung inflammatory disorders. Phytomed. Plus 2022, 2, 100221. [CrossRef]

42. Alzaabi, M.M.; Hamdy, R.; Ashmawy, N.S.; Hamoda, A.M.; Alkhayat, F.; Khademi, N.N.; Al Joud, S.M.A.; El-Keblawy, A.A.;
Soliman, S.M.M. Flavonoids are promising safe therapy against COVID-19. Phytochem. Rev. 2022, 21, 291–312. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.phyplu.2021.100110
http://doi.org/10.1016/j.jep.2018.03.016
http://doi.org/10.1039/C6FO01498D
http://doi.org/10.1016/j.ctim.2019.06.001
http://doi.org/10.1007/s11101-012-9259-z
http://doi.org/10.1017/jns.2016.41
http://www.ncbi.nlm.nih.gov/pubmed/28620474
http://doi.org/10.3390/molecules27092901
http://www.ncbi.nlm.nih.gov/pubmed/35566252
http://doi.org/10.1016/j.sajb.2021.02.016
http://doi.org/10.1056/NEJMoa2116044
http://doi.org/10.1055/s-0041-1732372
http://doi.org/10.1016/j.bbcan.2022.188727
http://doi.org/10.33448/rsd-v9i9.7169
http://doi.org/10.1016/j.sajb.2020.06.031
http://doi.org/10.33448/rsd-v10i5.14821
http://doi.org/10.1016/j.yrtph.2020.104642
http://www.ncbi.nlm.nih.gov/pubmed/32197968
http://doi.org/10.1080/15287394.2021.2002744
http://doi.org/10.1016/j.tcb.2020.06.007
http://www.ncbi.nlm.nih.gov/pubmed/32690238
http://doi.org/10.1016/j.jep.2021.114897
http://doi.org/10.1111/apt.14606
http://www.ncbi.nlm.nih.gov/pubmed/29620794
http://doi.org/10.1111/nyas.13414
http://doi.org/10.3389/fgene.2021.647257
http://doi.org/10.3390/molecules25163726
http://doi.org/10.1016/j.sjbs.2018.03.013
http://doi.org/10.1186/s12906-017-1962-2
http://doi.org/10.1016/j.phyplu.2022.100221
http://doi.org/10.1007/s11101-021-09759-z
http://www.ncbi.nlm.nih.gov/pubmed/34054380


Molecules 2022, 27, 6291 16 of 16

43. Yahfoufi, N.; Alsadi, N.; Jambi, M.; Matar, C. The immunomodulatory and anti-inflammatory role of polyphenols. Nutrients 2018,
10, 1618. [CrossRef] [PubMed]

44. Maleki, S.J.; Crespo, J.F.; Cabanillas, B. Anti-inflammatory effects of flavonoids. Food Chem. 2019, 299, 125124. [CrossRef]
[PubMed]

45. Zhang, L.; Virgous, C.; Si, H. Synergistic anti-inflammatory effects and mechanisms of combined phytochemicals. J. Nutr. Biochem.
2019, 69, 19–30. [CrossRef]

46. He, M.; Min, J.W.; Kong, W.L.; He, X.H.; Li, J.X.; Peng, B.W. A review on the pharmacological effects of vitexin and isovitexin.
Fitoterapia 2016, 115, 74–85. [CrossRef] [PubMed]

47. Liu, S.; Zhang, X.; Wang, J. Isovitexin protects against cisplatin-induced kidney injury in mice through inhibiting inflammatory
and oxidative responses. Int. Immunopharmacol. 2020, 83, 106437. [CrossRef]

48. Xi, S.; Shao, Z.; Li, L.; Gui, Z.; Liu, P.; Jiang, Q.; Yu, Y.; Zhou, W.; Zhou, Z.; Zhang, S.; et al. Tongbixiao pills improve gout by
reducing uric acid levels and inhibiting inflammation. Dose-Response 2022, 20, 1–11. [CrossRef]

49. Bai, J.; Zhang, Y.; Tang, C.; Hou, Y.; Ai, X.; Chen, X.; Zhang, Y.; Wang, X.; Meng, X. Gallic acid: Pharmacological activities and
molecular mechanisms involved in inflammation-related diseases. Biomed. Pharmacother. 2021, 133, 110985. [CrossRef]

50. Toyama, M.H.; Rogero, A.; de Moraes, L.L.F.; Fernandes, G.A.; da Cruz Costa, C.R.; Belchor, M.N.; De Carli, A.M.;
de Oliveira, M.A. Gallic acid as a non-selective inhibitor of α/β-hydrolase fold enzymes involved in the inflammatory process:
The two sides of the same coin. Pharmaceutics 2022, 14, 368. [CrossRef]

51. Rios, L.L.; Giner, R.M.; Marín, M.; Recio, M.C. A pharmacological update of ellagic acid. Planta Med. 2018, 84, 1068–1093.
[CrossRef] [PubMed]

52. Allam, G.; Mahdi, E.A.; Alzahrani, A.M.; Abuelsaad, A.S. Ellagic acid alleviates adjuvant induced arthritis by modulation of pro-
and anti-inflammatory cytokines. Cent. Eur. J. Immunol. 2016, 41, 339–349. [CrossRef] [PubMed]

53. Ghosh, S.; Basak, P.; Dutta, S.; Chowdhury, S.; Sil, P.C. New insights into the ameliorative effects of ferulic acid in pathophysiolog-
ical conditions. Food Chem. Toxicol. 2017, 103, 41–55. [CrossRef]

54. Pasquini, S.; Contri, C.; Borea, P.A.; Vincenzi, F.; Varani, K. Adenosine and inflammation: Here, there and everywhere. Int. J. Mol.
Sci. 2021, 22, 7685. [CrossRef] [PubMed]

55. Qin, M.; Guo, A.; Li, F.; Zhang, F.; Bi, M.; Zhang, Y.; Zhu, W. Liquiritigenin enhances cyclic adenosine monophosphate production
to mitigate inflammation in dendritic cells. Int. J. Immunopathol. Pharmacol. 2021, 35, 1–11. [CrossRef] [PubMed]

56. Bergantin, L.B. Diabetes and inflammatory diseases: An overview from the perspective of Ca2+/3′-5′-cyclic adenosine monophos-
phate signaling. World J. Diabetes 2021, 12, 767–779. [CrossRef]

57. Pemovska, T.; Bigenzahn, J.; Superti-Furga, G. Recent advances in combinatorial drug screening and synergy scoring. Curr. Opin.
Pharmacol. 2018, 42, 102–110. [CrossRef]

58. Ma, J.; Motsinger-Reif, A. Current methods for quantifying drug synergism. Proteom. Bioinform. 2019, 1, 43–48.
59. Azab, A.; Nassar, A.; Azab, A.N. Anti-inflammatory activity of natural products. Molecules 2016, 21, 1321. [CrossRef]
60. Yuan, H.; Ma, Q.; Cui, H.; Liu, G.; Zhao, X.; Li, W.; Piao, G. How can synergism of traditional medicines benefit from network

pharmacology? Molecules 2017, 22, 1135. [CrossRef]
61. Elmaidomy, A.H.; Alhadrami, H.A.; Amin, E.; Aly, H.F.; Othman, A.M.; Rateb, M.E.; Hetta, M.H.; Abdelmohsen, U.R.;

Hassan, H.M. Anti-inflammatory and antioxidant activities of terpene- and polyphenol-rich Premna odorata leaves on alcohol-
inflamed female Wistar albino rat liver. Molecules 2020, 25, 3116. [CrossRef] [PubMed]

62. Arulselvan, P.; Fard, M.T.; Tan, W.S.; Gothai, S.; Fakurazi, S.; Norhaizan, M.E.; Kumar, S.S. Role of antioxidants and natural
products in inflammation. Oxid Med. Cell. Longev. 2016, 2016, 5276130. [CrossRef] [PubMed]

63. Mittal, M.; Siddiqui, M.R.; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive oxygen species in inflammation and tissue injury. Antioxid.
Redox Signal. 2014, 20, 1126–1167. [CrossRef] [PubMed]

64. Aware, C.B.; Patil, D.N.; Suryawanshi, S.S.; Mali, P.R.; Rane, M.R.; Gurav, R.G.; Jadhav, J.P. Natural bioactive products as
promising therapeutics: A review of natural product-based drug development. S. Afr. J. Bot. 2022, in press. [CrossRef]

65. Sun, X.; Zhang, Y.; Zhou, Y.; Lian, X.; Yan, L.; Pan, T.; Jin, T.; Xie, H.; Liang, Z.; Qiu, W.; et al. NPCDR: Natural product-based
drug combination and its disease-specific molecular regulation. Nucleic Acids Res. 2022, 50, D1324–D1333. [CrossRef]

http://doi.org/10.3390/nu10111618
http://www.ncbi.nlm.nih.gov/pubmed/30400131
http://doi.org/10.1016/j.foodchem.2019.125124
http://www.ncbi.nlm.nih.gov/pubmed/31288163
http://doi.org/10.1016/j.jnutbio.2019.03.009
http://doi.org/10.1016/j.fitote.2016.09.011
http://www.ncbi.nlm.nih.gov/pubmed/27693342
http://doi.org/10.1016/j.intimp.2020.106437
http://doi.org/10.1177/15593258221090340
http://doi.org/10.1016/j.biopha.2020.110985
http://doi.org/10.3390/pharmaceutics14020368
http://doi.org/10.1055/a-0633-9492
http://www.ncbi.nlm.nih.gov/pubmed/29847844
http://doi.org/10.5114/ceji.2016.65132
http://www.ncbi.nlm.nih.gov/pubmed/28450796
http://doi.org/10.1016/j.fct.2017.02.028
http://doi.org/10.3390/ijms22147685
http://www.ncbi.nlm.nih.gov/pubmed/34299305
http://doi.org/10.1177/20587384211038098
http://www.ncbi.nlm.nih.gov/pubmed/34939873
http://doi.org/10.4239/wjd.v12.i6.767
http://doi.org/10.1016/j.coph.2018.07.008
http://doi.org/10.3390/molecules21101321
http://doi.org/10.3390/molecules22071135
http://doi.org/10.3390/molecules25143116
http://www.ncbi.nlm.nih.gov/pubmed/32650478
http://doi.org/10.1155/2016/5276130
http://www.ncbi.nlm.nih.gov/pubmed/27803762
http://doi.org/10.1089/ars.2012.5149
http://www.ncbi.nlm.nih.gov/pubmed/23991888
http://doi.org/10.1016/j.sajb.2022.05.028
http://doi.org/10.1093/nar/gkab913

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Collection of Plant Material and Preparation of Extracts 
	Phytochemical Analysis by Ultrafast Liquid Chromatography Coupled with Mass Spectrometry (LC-MS/MS) 
	Cell Culture and Animals 
	Cell Viability and Cytotoxicity Assays 
	Leukocyte Migration into Peritoneal Cavity and Cytokine Dosage 
	Cytokine Measurement (TNF-, IL1-, and IL-6) 
	Measurement of Nitric Oxide (NO) Production 
	Statistical Analysis 

	Conclusions 
	References

