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Abstract

Background: Eugenia involucrata DC. is a Brazilian native species of the Myrtaceae family
traditionally used in folk medicine and known for its antimicrobial, antifungal, and anti-
oxidant properties. However, its anti-inflammatory potential remains poorly investi-
gated. Methods: This study characterized the essential oil from E. involucrata leaves and
evaluated its anti-inflammatory activity using in vitro and in vivo models. The chemical
composition was determined by gas chromatography-mass spectrometry (GC-MS). Anti-
inflammatory activity was assessed in LPS-stimulated RAW 264.7 macrophages and in
murine paw edema models induced by carrageenan, compound 48/80, bradykinin, and
prostaglandin Ez. Results: GC-MS analysis identified 23 compounds, representing 91.41%
of the oil composition, with predominance of oxygenated sesquiterpenes. The major con-
stituents were globulol (15.71%), a-selinene (13.14%), selin-11-en-4-a-ol (8.31%), cubeban-
11-0l (8.04%), and {3-elemene (6.78%). The essential oil showed no significant cytotoxicity
below 100 micrograms/mL toward RAW 264.7 macrophages and significantly reduced
LPS-induced TNF-a and IL-1§3 gene expression. In vivo, it markedly inhibited paw edema
induced by carrageenan, compound 48/80, and bradykinin, but not by prostaglandin E-.
Conclusions: These findings demonstrate that E. involucrata essential oil possesses signif-
icant anti-inflammatory and anti-edematogenic activity, likely through modulation of
early inflammatory mediators involved in acute inflammation.

Keywords: Eugenia involucrata; essential oil; acute inflammation; TNF-o;; IL-18

1. Introduction

Inflammation is a complex physiological process whose primary function is to elim-
inate harmful stimuli, such as pathogens and tissue injuries, as well as to remove necrotic
cells and tissues resulting from these insults, thereby contributing to the maintenance of
organismal homeostasis. This process involves a series of coordinated vascular and cellu-
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lar alterations that characterize the five cardinal signs of inflammation: heat, redness,
swelling, pain, and loss of function [1-3]. The inflammatory response may be classified as
acute or chronic according to its duration and the organism’s ability to eliminate the inju-
rious agent. Acute inflammation is characterized by a rapid response involving vasodila-
tion, release of inflammatory mediators, and recruitment of leukocytes to the site of injury.
When the inflammatory stimulus persists, the process may progress to chronic inflamma-
tion, which is marked by the continuous presence of inflammatory cells, sustained pro-
duction of pro-inflammatory cytokines and reactive oxygen species, ultimately leading to
tissue damage and remodeling [4]. Although inflammation represents an essential defense
mechanism of the organism, dysregulated or persistent inflammation is associated with
the development and progression of several diseases, including rhinitis, asthma, arthritis,
neurodegenerative disorders, cancer, and inflammatory bowel diseases [1,4,5].

Several synthetic drugs are currently used in the treatment of inflammatory diseases;
however, the prolonged use of these medications may be associated with significant ad-
verse effects, raising concerns regarding therapeutic safety. Among the main classes em-
ployed are corticosteroids and nonsteroidal anti-inflammatory drugs (NSAIDs), which act
by modulating different pathways of the inflammatory response. Nevertheless, long-term
use of these agents may result in clinical complications, including Cushing’s syndrome,
hypertension, hyperglycemia, gastrointestinal ulceration, and alterations in platelet func-
tion [6].

Therefore, there is a need to develop safe and effective therapeutic alternatives for
the treatment of inflammatory diseases. In this context, natural products of plant origin
stand out, as they have been used by several civilizations throughout human history and
can treat up to 87% of diseases affecting humans due to their biological properties [7-9].
Numerous plant-derived compounds are recognized for their anti-inflammatory activity.
Classical examples include acetylsalicylic acid, derived from salicylic acid isolated from
Salix sp., colchicine, isolated from Colchicum autumnale, and the oil obtained from Cordia
verbenacea DC. [10-12].

Eugenia involucrata DC. is a Brazilian species belonging to the family Myrtaceae and
the genus Eugenia, popularly known as “cereja-do-mato”, “cerejeira-da-terra”, “cereja-
do-rio-grande”, or “cereja-preta”. This species is used in culinary applications due to its
edible fruits, in the restoration of degraded areas, and in traditional medicine for the treat-
ment of diarrhea and dyspepsia [13-15]. Scientific studies conducted with this species
suggest the presence of biological activities, including antifungal, antimicrobial, and anti-
oxidant properties, thereby indicating its potential pharmacological relevance in the con-
text of inflammation [16,17]. Therefore, the present study aims to evaluate the anti-inflam-
matory potential of the essential oil obtained from the leaves of Eugenia involucrata using
in vitro and in vivo experimental models.

2. Results

The anti-inflammatory potential of E. involucrata essential oil (EIO) was investigated
through a combination of chemical, in vitro, and in vivo approaches. Initially, the chemical
composition of the essential oil was characterized by gas chromatography-mass spec-
trometry (GC-MS).

2.1. Phytochemical Profile Analysis

Phytochemical characterization by GC-MS allowed the identification of 23 com-
pounds in the essential oil of E. involucrata, representing 91.41% of the essential oil. The
analysis revealed a predominant fraction of oxygenated sesquiterpenes (47.47%), with the
main components being globulol (15.71%), a—selinene (13.14%), selin-11-en-4-a-ol
(8.31%), cubebin-11-o0l (8.04%) and p-elemene (6.78%) (Table 1).
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Table 1. Chemical characterization of E. involucrata essential oil from leaves by GC-MS.
RT (min) Alep AlLit Substances Relative Abundance (%)
1 22495 1392 1389 B-elemene 6.78
2 23.592 1419 1417 [-caryophyllene 2.28
3 24185 1433 1434 v-elemene 0.98
4 24397 1439 1439 Aromadendrene 1.66
5 25277 1460 1464 9-epi-(E)-caryophyllene 2.16
6 25882 1475 1476 [-chamigrene 5.82
7 26313 1486 1489 B-selinene 5.37
8  26.681 1495 1498 a-selinene 13.14
9 26900 1501 1500 a-muurolene 0.80
10 28236 1535 1528 Zonarene 1.72
11 28495 1542 1545 Selina-3,7(11)-diene 0.93
12 28910 1553 - n.i. 1.13
13 29.076 1557 1559 Germacrene B 2.30
14 29482 1567 1567 Palustrol 3.50
15 29894 1578 1577 Spathulenol 1.10
16 30.142 1585 1590 Globulol 15.71
17 30.447 1592 1592 Viridiflorol 4.17
18 30.526 1594 1595 Cubeban-11-ol 8.04
19 30.833 1603 1600 Rosifoliol 3.84
20 31258 1614 - n.i. 2.10
21 32346 1644 1640 epi-a-muurolol 1.22
22 32805 1656 1658 Selin-11-en-4-a-ol 8.31
23 34310 1697 1700 Eudesm-7(11)-en-4-ol 1.58
24 35661 1735 - ni. 4.50
25 40445 1875 - ni. 0.85
Total identified 91.41
Not identified (n.i.) 8.58
Sesquiterpene hydrocarbons 43.94
Oxygenated sesquiterpenes 47.47

RT, retention time; AlvLi, arithmetic index from literature (Adams, 2017 [18]); Alrep, arithmetic index

reported; n.i., not identified. Compounds in bold are the major ones

2.2. In Vitro Analysis of Anti-Inflammatory Effects

The cytotoxicity of the sample was evaluated in RAW 264.7 macrophages using the
MTT assay after exposure to increasing concentrations (3.9-250 ug/mL). As shown in Fig-
ure 1, treatment with the sample did not reduce cell viability at concentrations ranging
from 3.9 to 62.5 ug/mL. On the contrary, cell viability remained above 100% at most con-
centrations, varying from approximately 104% to 118% relative to the untreated control,
indicating the absence of cytotoxic effects and suggesting a possible increase in mitochon-
drial metabolic activity. However, at the highest concentrations tested (125 and 250
ug/mL), a concentration-dependent reduction in cell viability was observed, with mean
viability values of approximately 67.5% and 53.8%, respectively. Despite this decrease,
only the highest concentration resulted in cell viability below the 70% threshold com-
monly used to indicate cytotoxicity. These findings demonstrate that the sample exhibits
good cytocompatibility toward RAW 264.7 macrophages at concentrations up to 250
ug/mL, supporting the use of lower concentrations in subsequent anti-inflammatory as-
says. Therefore, the ICso value for EIO was determined to be 167.4 ug/mL.
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Figure 1. Analysis of cell viability in RAW 264.7 cells treated with the essential oil of E. involucrata,
as determined by the MTT assay. Results were expressed as mean + standard error of the mean
(SEM). Differences between experimental groups and the control group were evaluated by one-way
ANOVA followed by Dunnett’s multiple comparisons test. Values of p < 0.05 were considered sta-
tistically significant, *** = 0.0002, and **** < 0.0001.

Lipopolysaccharide (LPS) stimulation markedly increased the expression of the pro-
inflammatory cytokines TNF-a and IL-1(3 in RAW 264.7 macrophages compared with un-
treated cells, confirming the successful establishment of the inflammatory model. As ex-
pected, activation of Toll-like receptor 4 (TLR4) by LPS triggers intracellular signaling
pathways that culminate in NF-kB activation and the transcription of pro-inflammatory
mediators, thereby promoting the initiation and amplification of the inflammatory re-
sponse.

TNF-a gene expression was evaluated after 24 h of treatment with LPS in the absence
or presence of E. involucrata essential oil (EIO, 50 pg/mL) or dexamethasone (1 uM), using
LPS-stimulated cells as the inflammatory control (Figure 2A). LPS significantly increased
TNF-a expression compared with untreated RAW 264.7 macrophages (mean difference =
-0.5816; 95% CI: -0.7255 to —0.4377; p < 0.0001). Dexamethasone significantly attenuated
this response, although expression levels remained higher than those observed in un-
treated cells (mean difference = -0.2696; 95% CI: -0.4135 to —0.1256; p = 0.0008). In contrast,
treatment with EIO restored TNF-a expression to levels comparable with those of the un-
treated group, with no significant difference between these groups (mean difference =
-0.1201; 95% CI: -0.2640 to 0.0239; p = 0.1085).

A similar pattern was observed for IL-1p (Figure 2B). LPS stimulation significantly
increased gene expression compared with untreated macrophages (mean difference =
-0.5177; 95% CI: -0.7303 to -0.3052; p < 0.0001). Dexamethasone markedly reduced IL-1f3
expression relative to the LPS-treated group (mean difference = 0.9016; 95% CI: 0.6891—
1.114; p <0.0001), although expression remained significantly lower than in untreated cells
(mean difference = 0.3839; 95% CI: 0.1713-0.5964; p = 0.0008). Likewise, EIO significantly
suppressed IL-1p3 expression compared with the LPS control (mean difference = 0.5254;
95% CI: 0.3128-0.7379; p < 0.0001), restoring expression to basal levels, as no significant
difference was observed relative to untreated macrophages (mean difference =0.0076; 95%
CI: -0.2049 to 0.2202; p = 0.9995). Notably, IL-13 expression was significantly lower in the
EIO-treated group than in dexamethasone-treated cells (mean difference = -0.3762; 95%
CI: -0.5888 to —0.1637; p = 0.0010), suggesting a stronger inhibitory effect of the essential
oil on this cytokine under experimental conditions.
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Consistent with the previous findings, LPS significantly increased IL-6 gene expres-
sion compared with untreated macrophages (mean difference = 0.6840; p < 0.0001) (Figure
2C). Both dexamethasone and EIO effectively reduced this response, resulting in signifi-
cantly lower IL-6 expression than that observed in the LPS-stimulated group (mean dif-
ferences = 0.7421 and 0.6823, respectively; p < 0.0001 for both comparisons). Neither treat-
ment differed significantly from the untreated control (dexamethasone: p = 0.4334; EIO: p
>0.9999), and no difference was detected between the EIO- and dexamethasone-treated
groups (p = 0.4095), indicating that the essential oil exhibited an anti-inflammatory effect
comparable to that of the reference drug.

LPS also significantly increased NF-kB1A gene expression compared with untreated
RAW 264.7 cells (mean difference = 0.5683; p < 0.0001) (Figure 2D). Dexamethasone signif-
icantly reduced this increase (mean difference = 0.4693; p < 0.0001), restoring expression
to levels that did not differ significantly from untreated cells (p = 0.1000). Similarly, EIO
treatment significantly decreased NF-kB1A expression relative to the LPS-stimulated
group (mean difference = 0.4119; p < 0.0001). Although expression remained slightly
higher than that of untreated macrophages (mean difference = 0.1564; p = 0.0077), no sig-
nificant difference was observed between EIO and dexamethasone (p = 0.4767), demon-
strating that the essential oil effectively attenuated the LPS-induced inflammatory re-
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Figure 2. Effects of E. involucrata essential oil (EIO, 50 ug/mL) on TNF-a (A), IL-1p (B), I1-6 (C) and
NFkBla (D) gene expression in LPS-stimulated RAW 264.7 macrophages. Cells were treated with
EIO or dexamethasone (DEXA, 1 uM) for 24 h in the presence of LPS. Gene expression was deter-
mined by RT-qPCR and normalized to the RAW group. Data are expressed as mean + SEM. Differ-
ent letters indicate statistically significant differences (p < 0.05): a differs from RAW and RAW +
LPS + EIO; b differs from RAW + LPS; and c differs from RAW + LPS and RAW + LPS + EIO.

2.3. In Vivo Analysis of Anti-Inflammatory Effects

The in vivo analyses using the mouse paw edema model allowed the evaluation of
the anti-inflammatory and antiedematogenic effects of EIO against different phlogistic
agents. In the carrageenan-induced paw edema model, both EIO doses showed statisti-
cally significant differences compared with the negative control at all experimental time
points, indicating their ability to inhibit edema formation (Figure 3). The percentage inhi-
bition of paw thickness ranged from 85.57% to 85.58% for EIO at 125 mg/kg and from
84.31% to 76.63% for EIO at 250 mg/kg. The positive control showed statistically signifi-
cant differences starting from the second experimental time point, with inhibition percent-
ages ranging from 74.29% to 99.17%.

https://doi.org/10.3390/molecules31142477
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Figure 3. Anti-inflammatory effect of E. involucrata essential oil in the carrageenan-induced paw
edema model. The effects of EIO at doses of 125 and 250 mg/kg, as well as indomethacin (10 mg/kg),
were expressed as the percentage increase in paw thickness over time after edema induction. ** =p
<0.01, **=p <0.001, *** = p <0.0001 compared with the saline-treated group.

These findings demonstrate that EIO possesses marked anti-inflammatory activity in
the carrageenan-induced paw edema model, a widely used experimental model for eval-
uating acute inflammation. Since carrageenan-induced edema involves the sequential re-
lease of inflammatory mediators, including histamine, serotonin, bradykinin, and prosta-
glandins, the significant inhibition observed throughout the experimental period suggests
that EIO may interfere with multiple stages of the inflammatory cascade. Notably, both
tested doses exhibited inhibition rates comparable to or even higher than those observed
for the reference drug at certain time points, indicating a potent antiedematogenic effect.
The absence of a clear dose-dependent response may suggest that the lower dose was
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sufficient to achieve a near-maximal pharmacological effect under the experimental con-
ditions. Collectively, these results reinforce the potential of EIO as a promising natural
source of bioactive compounds with anti-inflammatory properties and support further
investigations into its mechanisms of action and therapeutic applications.

In the prostaglandin Ezx-induced paw edema model, none of the experimental groups
showed statistically significant differences compared with the negative control, indicating
that EIO was unable to inhibit edema induced by this phlogistic agent under the condi-
tions evaluated (Figure 4). In contrast, the positive control, indomethacin at 10 mg/kg,
showed statistically significant effects at time points 3 and 4, inhibiting 95.29% and 98.79%
of the induced edema, respectively.
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Figure 4. Anti-inflammatory effect of E. involucrata essential oil in the prostaglandin E2-induced
paw edema model. The effects of EIO at doses of 125 and 250 mg/kg, as well as indomethacin (10

mg/kg), were expressed as the percentage increase in paw thickness over time after edema induc-
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tion. Statistical significance was defined as p < 0.01 (**), p <0.001 (***), compared with the saline-

treated group.

In contrast to the results observed in the carrageenan-induced paw edema model,
EIO did not significantly reduce edema formation in animals challenged with prostaglan-
din E;, suggesting that its anti-inflammatory activity is not primarily mediated through
the inhibition of pathways downstream of prostaglandin action. Because prostaglandin E:
is a key mediator responsible for vasodilation and increased vascular permeability during
inflammation, the lack of effect observed for EIO indicates that the essential oil may not
directly antagonize prostaglandin receptors or interfere with the biological responses trig-
gered by this mediator. The marked inhibition produced by indomethacin confirms the
responsiveness of the experimental model and validates the assay conditions. Taken to-
gether, these findings suggest that the anti-inflammatory effects previously observed for
EIO in the carrageenan-induced edema model may be associated with the modulation of
upstream inflammatory mediators or signaling pathways involved in prostaglandin syn-
thesis rather than the blockade of prostaglandin Ez>-induced responses themselves. Further
mechanistic studies are necessary to clarify the specific targets involved in the anti-inflam-
matory action of EIO.

On the other hand, EIO was able to inhibit compound 48/80-induced paw edema
from the first experimental measurement onward, showing statistically significant differ-
ences at the different time points evaluated (Figure 5). The EIO 125 mg/kg group showed
edema inhibition percentages ranging from 62.19% to 75.14%, with significant differences
compared with the negative control during the first three measurements. The EIO 250
mg/kg group showed statistically significant differences at all four time points, with inhi-
bition percentages ranging from 67.74% to 82.26%. The positive control group was signif-
icant throughout the entire experiment and inhibited edema formation by 71.29% to
88.29%.

In the compound 48/80-induced paw edema model, EIO demonstrated a pronounced
inhibitory effect on edema formation, indicating a potential modulatory action on mast
cell-mediated inflammatory responses. Compound 48/80 is known to induce mast cell
degranulation, leading to the rapid release of vasoactive mediators such as histamine and
serotonin, which contribute to the development of acute edema. The significant reduction
in paw swelling observed from the earliest time points suggests that EIO may interfere
with the release or action of these mediators. Notably, the higher dose (250 mg/kg) pro-
duced significant inhibition throughout the entire experimental period and achieved in-
hibition rates comparable to those observed with the reference drug. These findings, to-
gether with the absence of activity in the prostaglandin E:-induced edema model, suggest
that the anti-inflammatory effects of EIO may be more closely associated with the modu-
lation of early inflammatory events, particularly those involving mast cell activation and
the release of preformed inflammatory mediators. Therefore, the results provide im-
portant evidence that EIO exerts its anti-inflammatory activity, at least in part, through
mechanisms related to the inhibition of mast cell-dependent pathways.

Finally, in the bradykinin-induced paw edema model, EIO at doses of 125 mg/kg and
250 mg/kg showed statistically significant differences compared with the negative control
starting from the second experimental time point, with edema inhibition percentages
ranging from 57.52% to 88.87% and from 58.80% to 91.89%, respectively (Figure 6). The
positive control, dexamethasone at 1 mg/kg, showed statistically significant differences
during the last two measurements and was able to inhibit edema formation by 46.01% to
83.49%.
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Figure 5. Anti-inflammatory effect of E. involucrata essential oil in the Compound 48/80-induced

paw edema model. The effects of EIO at doses of 125 and 250 mg/kg, as well as cyproheptadine (4

mg/kg), were expressed as the percentage increase in paw thickness over time after edema induc-
tion. Statistical significance was defined as p <0.01 (**), p <0.001 (***), and p < 0.0001 (****) compared

with the saline-treated group.
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Figure 6. Anti-inflammatory effect of E. involucrata essential oil in the bradykinin-induced paw
edema model. The effects of EIO at doses of 125 and 250 mg/kg, as well as dexamethasone (1 mg/kg),
were expressed as the percentage increase in paw thickness over time after edema induction. Statis-
tical significance was defined as p <0.05 (*), p <0.01 (**), p <0.001 (***), and p <0.0001 (****) compared
with the saline-treated group.

In the bradykinin-induced paw edema model, EIO significantly reduced edema for-
mation at both tested doses, further supporting its anti-inflammatory potential. Brady-
kinin is a potent inflammatory mediator involved in vasodilation, increased vascular per-
meability, pain sensitization, and the stimulation of secondary mediators such as nitric
oxide and prostaglandins. The significant inhibition observed from the second experi-
mental time point onward suggests that EIO may interfere with bradykinin-mediated sig-
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naling pathways or with downstream inflammatory events triggered by this mediator.
Notably, both doses produced inhibition percentages that were comparable to or even
greater than those observed for dexamethasone at several time points, highlighting the
strong anti-edematogenic activity of the essential oil.

When considered together with the results obtained in the compound 48/80 model,
these findings indicate that EIO is particularly effective against inflammatory responses
driven by early vasoactive mediators. The activity observed against bradykinin-induced
edema, coupled with the lack of effect in the prostaglandin E2 model, suggests that EIO
may act preferentially on specific inflammatory pathways involved in the initiation and
amplification of acute inflammation rather than directly antagonizing prostaglandin-me-
diated responses.

3. Discussion

The present study demonstrated, for the first time, that the essential oil of E. involu-
crata (EIO) exhibits remarkable anti-inflammatory activity in both in vitro and in vivo
models of acute inflammation. The essential oil was characterized by high levels of glob-
ulol (15.71%), a-selinene (13.14%), cubeban-11-0l (8.04%), and selin-11-en-4-a-ol (8.31%)
as its major constituents. Previous phytochemical studies of E. involucrata leaf essential oil
reported germacrene B, bicyclogermacrene, 3-elemene, [3-caryophyllene, globulol, and -
elemene as the predominant compounds [17]. In contrast, compounds described as major
constituents in those studies, such as 3-caryophyllene and y-elemene, were detected only
at low concentrations or as minor constituents in the present work. These differences may
be attributed to distinct edaphoclimatic conditions of the collection sites, as well as sea-
sonal variations, cultivation practices, soil characteristics, water availability, plant devel-
opmental stage, and genetic factors, all of which are known to influence the biosynthesis
of secondary metabolites and, consequently, the chemical composition of essential oils
[19,20].

In the in vitro assays, EIO exhibited low cytotoxicity toward RAW 264.7 macrophages
at concentrations below 125 pg/mL, allowing the evaluation of its pharmacological effects
without compromising cell viability. At 50 ug/mL, EIO significantly reduced LPS-induced
TNF-a expression, restoring its levels to those observed in non-stimulated cells. TNF-a is
one of the earliest pro-inflammatory cytokines released by activated macrophages and
plays a pivotal role in initiating and amplifying the inflammatory response through acti-
vation of the NF-kB and MAPK signaling pathways. Therefore, restoration of TNF-a ex-
pression to basal levels suggests that EIO interferes with early events of LPS-induced in-
flammatory signaling. Since TNF-a also promotes the production of downstream media-
tors, including IL-1p and IL-6, its inhibition may partly explain the concomitant reduction
of these cytokines observed in the present study, indicating a broad modulatory effect of
EIO on macrophage activation [21,22].

The anti-inflammatory activity observed for E. involucrata essential oil is unlikely to
be attributed to a single constituent. Essential oils are complex mixtures of volatile com-
pounds whose biological effects often result from synergistic or additive interactions
among their constituents. The anti-inflammatory effect observed in the present study may
therefore arise from the combined action of several sesquiterpenes identified in the essen-
tial oil, particularly p-caryophyllene, (3-elemene, y-elemene, spathulenol, viridiflorol,
globulol, and palustrol. Notably, B-caryophyllene and spathulenol have been extensively
shown to contribute to anti-inflammatory effects through the modulation of key inflam-
matory pathways, including inhibition of NF-kB activation, suppression of inducible ni-
tric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) expression, reduction of pro-
inflammatory cytokines such as TNF-a, IL-1f3 and IL-6, and attenuation of oxidative stress
[23,24].
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The anti-inflammatory activity of the isolated sesquiterpene selin-11-en-4ct-ol has re-
cently been demonstrated in LPS-stimulated RAW264.7 macrophages. Among its major
constituents, selin-11-en-4a-ol, which accounted for 8.31% of the oil, has recently been
reported as a promising anti-inflammatory compound in the same experimental model
employed in the present study. Using LPS-stimulated RAW 264.7 macrophages, selin-11-
en-4a-ol significantly inhibited the production of inflammatory mediators and chemo-
kines, reduced reactive oxygen species generation, and suppressed the activation of both
the MAPK and NF-xB signaling pathways, resulting in decreased inflammatory re-
sponses. Since NF-kB is a central transcription factor regulating the expression of TNF-a,
IL-1p3, and IL-6, the reduction of these cytokines observed in the present study is consistent
with the mechanism previously described for selin-11-en-4a-ol. Although the biological
activity of essential oils is generally attributed to synergistic interactions among multiple
constituents, the relatively high abundance of this sesquiterpene suggests that it may sub-
stantially contribute to the anti-inflammatory effects of E. involucrata essential oil. This
hypothesis is further supported by the concomitant downregulation of TNF-a, IL-1f3, IL-
6, and NF-kB1A observed in the present study, indicating modulation of key inflamma-
tory signaling pathways [25]. Similar multimodal effects have also been reported for E.
pyriformis essential oil, reinforcing that species of the genus Eugenia may share conserved
anti-inflammatory mechanisms [26].

Although the pharmacological activities of several of the remaining sesquiterpenes
remain poorly characterized, compounds such as globulol are frequently identified as ma-
jor constituents of essential oils with anti-inflammatory activity. Therefore, the biological
effects observed for EIO are likely to result from synergistic or additive interactions
among multiple constituents rather than from the action of a single compound, a charac-
teristic widely recognized for essential oils [27]. In this way, synergistic or additive inter-
actions among these compounds may substantially contribute to the biological effects ob-
served for E. involucrata essential oil.

In the carrageenan-induced paw edema model, E. involucrata essential oil (EIO) sig-
nificantly inhibited edema formation throughout the entire experimental period. This
model is widely used for the evaluation of anti-inflammatory agents because it involves a
biphasic inflammatory response characterized initially by the release of histamine, sero-
tonin, and bradykinin, followed by a later phase dependent on the production of prosta-
glandins, nitric oxide, and pro-inflammatory cytokines [28,29]. The ability of EIO to re-
duce edema from the earliest experimental time points and maintain this effect until the
end of the evaluation suggests a broad action on multiple mediators involved in acute
inflammation. Similar findings have been reported for sesquiterpene-rich essential oils,
whose anti-inflammatory activity has been associated with the modulation of cytokine
production and inflammatory lipid mediators [30].

Interestingly, EIO did not exhibit significant activity in the prostaglandin Ez>-induced
edema model. This finding suggests that the oil does not act directly as an antagonist of
prostaglandin receptors nor substantially interfere with the biological events triggered af-
ter prostaglandin receptor activation. Considering that prostaglandin E: is a terminal me-
diator in the inflammatory cascade, the absence of activity in this model reinforces the
hypothesis that the anti-inflammatory effects of EIO occur predominantly at earlier stages
of the inflammatory response, possibly through the inhibition of the release or synthesis
of upstream pro-inflammatory mediators. This pharmacological profile differs from that
of classical nonsteroidal anti-inflammatory drugs but is consistent with the modulatory
mechanisms frequently attributed to terpene-rich natural products [31].

The results obtained in the compound 48/80-induced paw edema model provide ad-
ditional evidence supporting this mechanism of action. Compound 48/80 promotes in-
tense mast cell degranulation, leading to the rapid release of histamine, serotonin, and
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other vasoactive mediators responsible for increased vascular permeability [32,33]. The
marked inhibition of edema observed following EIO treatment suggests that its constitu-
ents may interfere with mast cell activation or attenuate the biological effects of the medi-
ators released. Previous studies have demonstrated that several sesquiterpenes present in
essential oils have been suggested to stabilize mast cells and reduce histamine release,
thereby contributing to the attenuation of acute inflammatory responses [34,35].

In a complementary manner, EIO was also effective in the bradykinin-induced paw
edema model. Bradykinin plays a central role in acute inflammation by promoting vaso-
dilation, increasing vascular permeability, and inducing nociceptive sensitization, in ad-
dition to stimulating the production of nitric oxide, prostaglandins, and pro-inflammatory
cytokines [36]. The ability of EIO to significantly reduce bradykinin-induced edema sug-
gests that its constituents may interfere with signaling pathways associated with B1 and
B2 receptors or modulate mediators produced secondary to receptor activation. The com-
bined activity observed in the compound 48/80- and bradykinin-induced edema models,
together with the lack of effect in the prostaglandin Ez-induced model, points to a mecha-
nism of action primarily related to the inhibition of early events in the acute inflammatory
cascade.

Collectively, these findings suggest that EIO primarily targets upstream events of the
inflammatory cascade. The simultaneous inhibition of NF-kB1A and pro-inflammatory
cytokines, together with the absence of activity in the prostaglandin E:-induced edema
model, indicates that the essential oil acts before prostaglandin-mediated signaling, pos-
sibly by modulating macrophage activation and the release of inflammatory mediators.
This mechanism is consistent with the broad inhibitory profile observed in both the in
vitro and in vivo assays. These findings expand the pharmacological knowledge of E. in-
volucrata and reinforce the biotechnological potential of its essential oil as a promising
source of bioactive compounds for the development of novel anti-inflammatory agents.

4. Materials and Methods
4.1. Plant Material and Essential Oil Extraction

Leaves of E. involucrata DC. were collected in Nova Friburgo, Rio de Janeiro State,
Brazil, from cultivated specimens. The species was identified by a qualified botanist, and
a voucher specimen was deposited in the Herbarium of the University of Campinas (UNI-
CAMP) under accession number AEC 8890.

Fresh leaves (750 g) were subjected to hydrodistillation using a Clevenger-type ap-
paratus for 4 h. The obtained essential oil was dried over anhydrous sodium sulfate and
stored in amber vials at 20 °C until analysis.

4.2. GC-MS Analysis of the Essential Oil

The chemical composition of the essential oil was determined by gas chromatog-
raphy coupled with mass spectrometry (GC-MS) using a GCMS-QP2010 (Shimadzu,
Kyoto, Japan) equipped with an RTX-5MS fused silica capillary column (30 m x 0.25 mm
i.d.; 0.25 um film thickness; Restek Corporation, Bellefonte, PA, USA). The essential oil
was diluted in dichloromethane (1000 ppm; 299.9% GC grade, Sigma-Aldrich, St. Louis,
MO, USA), and 1.0 pL was injected in split mode (split ratio 1:40). Helium was used as the
carrier gas at a constant flow rate of 1.0 mL min™. The injector temperature was main-
tained at 260 °C, and the oven temperature was programmed from 60 °C to 290 °C at a
heating rate of 3 °C min-'. Mass spectra were acquired by electron ionization (EI) at 70 eV
with a scan rate of 1 scan s71. Retention indices (RI) were calculated by interpolation using
a homologous series of n-alkanes (C7-C40, Sigma-Aldrich, St. Louis, MO, USA) analyzed
under the same chromatographic conditions. Compound identification was based on
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comparison of the calculated retention indices with literature data and comparison of the
mass spectra and fragmentation patterns with those available in the NIST Mass Spectral
Library and published literature [18].

4.3. Cell Culture

Murine macrophage RAW 264.7 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin—
streptomycin. Cells were maintained at 37 °C in a humidified atmosphere containing 5%
COa.

4.4. Cell Viability Assay

Cell viability was assessed using the MTT assay. RAW 264.7 cells were seeded in 96-
well plates (3.5 x 10* cells/well) and incubated for 24 h. Cells were then treated with dif-
ferent concentrations of the essential oil for 48 h. Subsequently, MTT solution (5 mg/mL)
was added and incubated for 4 h. The resulting formazan crystals were dissolved in
DMSO, and absorbance was measured at 570 nm using a microplate reader (Epoch, Bio-
Tek Instruments, Winooski, VT, USA). Cell viability was expressed as a percentage rela-
tive to untreated control cells [27].

4.5. Quantitative Real-Time PCR (RT-qPCR)

RAW 264.7 cells were stimulated with lipopolysaccharide (LPS, 1 pg/mL) in the pres-
ence or absence of E. involucrata essential oil. Total RNA was extracted using TRIzol rea-
gent (Invitrogen, Carlsbad, CA, USA), and cDNA was synthesized from 2 ug of RNA us-
ing the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Wal-
tham, MA, USA).

Gene expressions of TNF-a, IL-1§3, IL-6 and NF-kB1la was determined by quantitative
real-time PCR using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, USA).
GAPDH was used as the reference gene. Relative gene expression levels were calculated
using the 2-2Ct method [37].

Primer sequences were as follows:

GAPDH: Forward 5-GTCTTC ACTACCATGGAGAAGG-3; Reverse 5'-
TCATGGATGACCTTGGCCAG-3'

TNEF-a: Forward 5-AGGGGAAATGAGAGACGCAA-3; Reverse 5'-
TTCCCCATCTCTTGCCACAT-3'

IL-18:  Forward 5-TGCAGAGTTCCCCAACTGGTACATC-3'; Reverse 5'-
GTGCTGCCTAATGTCCCCTTGAATC-3'

NFkBla: Forward 5-AGAACAACCTGCAGCAGACT-3’; Reverse 5-TAGACAC-
GTGTGGCCATTG-3'

II-6: Forward 5-GATTCAATGAGGAGACTTGCC-3; Reverse 5-TGTTCTG-
GAGGTACTCTAGGTA-3'

4.6. Animals

Adult female Swiss mice (25-30 g) were obtained from the Laboratory Animal Center
of Fluminense Federal University (NAL-UFF). Animals were housed under controlled
temperature (22 + 2 °C), relative humidity (45-55%), and a 12 h light/dark cycle, with free
access to food and water. All experimental procedures were approved by the Ethics Com-
mittee for Animal Use of Fluminense Federal University under protocol number
1791100425.
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4.7. Carrageenan-Induced Paw Edema

Anti-inflammatory activity was evaluated using the carrageenan-induced paw
edema model [38]. Mice were randomly allocated into four groups (1 = 8): saline (negative
control), indomethacin (10 mg/kg, positive control), and E. involucrata essential oil at 125
or 250 mg/kg. Treatments were administered orally 30 min before intraplantar injection
of carrageenan (30 pug/paw).

Paw thickness was measured before and 1, 2, 3, and 4 h after carrageenan administra-
tion using a digital caliper. Results were expressed as percentage increase relative to base-
line values.

4.8. Paw Edema Induced by Prostaglandin Ez2, Compound 48/80, and Bradykinin

The anti-inflammatory activity of the essential oil was further evaluated using paw
edema induced by prostaglandin E2 (30 pg/paw), compound 48/80 (10 pg/paw), or brad-
ykinin (50 pg/paw). Animals were pretreated orally with saline, essential oil (125 or 250
mg/kg), or the respective reference drugs: indomethacin (10 mg/kg), cyproheptadine (4
mg/kg), and dexamethasone (1 mg/kg).

Thirty minutes after treatment, inflammatory agents were administered intra-
plantarly into the right hind paw. Paw thickness was measured before and at 15, 30, 60,
and 90 min after induction. Results were expressed as percentage edema relative to base-
line values [39].

4.9. Statistical Analysis

Data are presented as mean + SEM. Statistical analyses were performed using one-
way ANOVA followed by Dunnett’s multiple comparisons test. Differences were consid-
ered statistically significant when p < 0.05.

5. Conclusions

This study demonstrated that the essential oil obtained from the leaves of E. involu-
crata possesses a sesquiterpene-rich chemical composition, with globulol, a-selinene, cu-
beban-11-ol, and selin-11-en-4-a-ol identified as the major constituents. The essential oil
exhibited low cytotoxicity at pharmacologically relevant concentrations and significantly
suppressed the LPS-induced expression of the pro-inflammatory cytokines TNF-a, IL-13,
and IL-6 in RAW 264.7 macrophages. In addition, treatment with the essential oil signifi-
cantly reduced NFKBIA gene expression, reaching levels comparable to those observed
with dexamethasone, indicating modulation of the NF-kB signaling pathway.

The in vivo experiments further demonstrated that the essential oil significantly in-
hibited edema induced by carrageenan, compound 48/80, and bradykinin, whereas no in-
hibitory effect was observed against prostaglandin Ex-induced edema. Together, these
findings indicate that the anti-inflammatory activity of E. involucrata essential oil is pri-
marily associated with the modulation of early inflammatory signaling events, including
NF-kB-related pathways and the production of pro-inflammatory cytokines, as well as the
actions of vasoactive mediators involved in the initial phase of acute inflammation. In
contrast, the lack of effect on prostaglandin Ex-induced edema suggests that prostaglan-
din-mediated signaling is unlikely to represent its primary pharmacological target.

Overall, the present study supports a mechanistic model in which E. involucrata es-
sential oil predominantly acts by regulating early inflammatory responses through mod-
ulation of NF-kB-associated signaling and downstream cytokine production, rather than
directly interfering with prostaglandin-dependent pathways. These findings expand the
current pharmacological knowledge of E. involucrata and support its essential oil as a
promising source of bioactive compounds for the development of anti-inflammatory
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agents. Future studies should identify the constituents responsible for these effects and
further investigate the intracellular molecular targets involved in NF-kB signaling and
other upstream regulatory pathways.
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