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Abstract

Gingival inflammation compromises the integrity of the gingival epithelium and the un-
derlying tissues, highlighting the need for adjuvant therapies with immunomodulatory
and healing properties. Casearia sylvestris, a medicinal plant known as guaçatonga, is
traditionally used to treat inflammatory lesions. This study aimed to investigate the effects
of C. sylvestris on the synthesis of pro- and anti-inflammatory, proteolytic, and antioxidant
molecules and on wound healing in epithelial cells. A human telomerase-immortalized
gingival keratinocyte cell line (TIGKs) was used, and cells were exposed to Escherichia coli
lipopolysaccharide (LPS) in the presence and absence of C. sylvestris extract, its diterpene-
concentrated fraction, and its clerodane diterpene casearin J for 24 h and 48 h. Gene
expression and protein synthesis were analyzed by RT-qPCR and ELISA, respectively.
Nitric oxide (NO) and NF-κB activation were analyzed by Griess reaction and immunoflu-
orescence, respectively. Additionally, cell viability was evaluated by alamarBlue® assay,
and an automated scratch assay was used for wound healing. LPS significantly increased
the expression of cytokines (TNF-α, IL-1β, IL-6, IL-8, IL-10, IL-17), proteases (MMP-1 and
MMP-13), iNOS as well as NO synthesis, and triggered NF-κB nuclear translocation. It
also reduced IL-4 expression, cell viability, and cellular wound repopulation. Treatment
with C. sylvestris derivatives significantly abrogated all aforementioned LPS-induced effects
by 80–100%. Furthermore, even at higher concentrations, C. sylvestris did not affect cell
viability, thus proving the safety of its derivatives. C. sylvestris exerts anti-inflammatory,
antiproteolytic, and antioxidant effects on gingival keratinocytes, highlighting its potential
as a valuable adjunct in the prevention and treatment of periodontal diseases.

Keywords: periodontal diseases; Casearia sylvestris; anti-inflammatory; antioxidant;
wound healing

1. Introduction
The oral mucosa is lined with stratified squamous epithelium that plays essential

roles in maintaining oral homeostasis. Oral epithelial cells act as a physical barrier against
pathogenic microorganisms and actively participate in the innate immune response by pro-
ducing cytokines and chemokines that modulate inflammation and tissue repair. Moreover,
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these cells interact with the oral microbiota, contributing to the balance between health and
disease in the oral cavity [1,2].

Gingivitis is a reversible inflammation of the gingival tissues caused primarily by the
accumulation of dental biofilm, which is a complex community of microorganisms adhering
to the tooth surface, triggering a host inflammatory response. This condition is characterized
by erythema, edema, and bleeding on probing, without loss of attachment or destruction
of the alveolar bone [3]. If left untreated, gingivitis can progress to periodontitis, leading to
irreversible damage to the periodontal tissue [4,5]. During gingivitis, there is an increase in
the cellular production of pro-inflammatory cytokines, such as interleukin (IL)-1β, tumor
necrosis factor-alpha (TNF-α), and IL-6, which contribute to tissue destruction and disease
progression [4–7]. In addition, activation of the IL-23/IL-17 axis also plays a critical role in the
pathogenesis of periodontitis, a more advanced stage of periodontal disease [8].

Proper control of the oral microbiota is essential for preventing chronic inflammation
and destruction of periodontal tissues. However, excessively prolonged inflammation
can disturb microbial balance, leading to dysbiosis and intensification of immune re-
sponses [9,10]. Therefore, therapeutic strategies should focus on modulating the microbiota
while preserving homeostasis and preventing damage to periodontal tissues. Conventional
periodontal treatment includes mechanical removal of biofilm by manual and/or ultrasonic
instrumentation, along with proper oral hygiene instructions. These approaches aim to re-
duce microbial load and inflammation, promoting tissue regeneration. However, the search
for adjunctive therapies that enhance conventional treatments has led to investigations of
natural compounds with anti-inflammatory and antimicrobial properties [11–13].

In recent years, there has been growing interest in the use of natural polymers and
plant-based compounds as adjuvant therapies in maintaining or restoring oral health.
The concept of “green dentistry” advocates environmentally friendly and biologically
safe alternatives for oral health maintenance. Natural biopolymers such as chitosan and
plant-derived extracts, including propolis and cranberry, have shown promising anti-
inflammatory, antimicrobial, and tissue regenerative properties [14]. The incorporation of
herbal agents into oral care formulations reflects a growing trend towards the development
of sustainable and biocompatible therapeutic strategies.

Several medicinal plants have been studied for their benefits in periodontal health. For
example, garlic (Allium sativum) contains bioactive compounds with antimicrobial activity
against periodontal pathogens, such as Porphyromonas gingivalis [15]. Other plants, such as
green tea (Camellia sinensis), turmeric (Curcuma longa), and passion fruit (Passiflora edulis)
bagasse extract have also shown anti-inflammatory and antioxidant properties that may
help manage periodontal diseases [16–18]. Casearia sylvestris Swartz (Salicaceae), popularly
known as guaçatonga in Brazil, is a Latin American medicinal plant traditionally used for
its anti-inflammatory, wound healing, antimicrobial, and antiulcer properties [19–22]. C.
sylvestris has been used in formulations to treat cutaneous lesions, and infusions of its leaves
have been used to combat gastric ulcers [19,21]. In vitro studies have demonstrated that the
ethanolic extract of C. sylvestris leaves exhibit antimicrobial activity against oral pathogens,
suggesting its potential use as a therapeutic agent in oral infections, including periodontal
diseases [23,24]. This pharmacological potential is primarily attributed to its rich content of
secondary metabolites, including flavonoids and a particular group of clerodane-type diter-
penes that are structurally similar to casearin and are collectively known as casearin-like
diterpenes [25,26]. These compounds are the main bioactive constituents of C. sylvestris and
are associated with anti-inflammatory, antioxidant, and cytoprotective properties [19]. In
addition to the crude ethanolic extract, the present study therefore incorporated a diterpene-
enriched fraction and the isolated compound casearin J to delineate the contributions of
these diterpenoids. Therefore, the aim of this in vitro study was to investigate whether
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C. sylvestris derivatives can modulate the synthesis of pro- and anti-inflammatory, prote-
olytic, and antioxidant molecules and wound healing in gingival keratinocytes.

2. Materials and Methods
2.1. Cell Culture

A human telomerase immortalized gingival keratinocyte cell line (TIGKs, CRL-3397,
ATCC, Manassas, VA, USA) was used. Cells were cultured in Keratinocyte Growth Medium
(KGM-Gold; Lonza, Basel, Switzerland) at 37 ◦C and 5% CO2. Gingival keratinocytes were
seeded in 12-well plates (80,000 cells/well) and grown until reaching 70–80% confluence.
The culture medium was changed every two days. In order to simulate an inflammatory
environment in vitro, cells were exposed to 1 µg/mL of LPS from E. coli (Sigma-Aldrich, St.
Louis, MO, USA). After 30 min, cells were treated with 1 µg/mL of C. sylvestris ethanolic
extract (extract), 1 µg/mL of C. sylvestris fraction (F2), and 50 µg/mL of its clerodane
diterpene casearin J (Cas J). Although a higher dose of Cas J (50 µg/mL) was used compared
to the ethanolic extract or fraction F2 (1 µg/mL), this concentration was selected based
on the absence of cytotoxicity in keratinocytes and aimed to ensure observable biological
effects in the in vitro model. Untreated cells were used as control.

2.2. Plant Material, Extraction, Purification, and Quantification of Cas J

Leaves were collected from 10 specimens of C. sylvestris at the School of Pharmaceutical
Sciences, São Paulo State University, Araraquara, SP, Brazil. Furthermore, this study was registered
in the Brazilian National System for the Management of Genetic Heritage (SisGen) under the
code A9B40A7. Leaves were dried at 40 ◦C for 3 d and powdered using a knife mill. The
dried and powdered leaves (3 kg) were extracted by maceration with ethanol (3:15 w/v, 72 h) at
40 ◦C. Ethanol was evaporated in an IKA DEST KV 05S3 evaporator to yield the dry extract
(300 g, 10.0% w/w). The extract (62 g) was submitted to solid-phase extraction in a glass column
(20 × 10 cm) using silica gel (63–200 µm)/activated charcoal (1:1, w/w) and eluted with hexane–
ethyl acetate 95:05 (fraction 1—F1), ethyl acetate (fraction 2—F2), and methanol (fraction 3—F3).
F2 (12.6 g) was submitted to silica gel column chromatography (20 × 5 cm, 40–63 µm) eluted with
1.3 L of hexane–ethyl acetate–isopropanol gradient (85:14:01; 78:20.5:1.5; 76:22.4:1.6; 73:25.2:1.8;
68:29.9:2.1, and 60:37.2:2.8), resulting in 38 subfractions. Cas J was purified from subfractions
11–12 by preparative HPLC-PDA/UV (Shimadzu® Corporation, Kyoto, Japan) with an Agilent
Eclipse XDB HPLC-PDA/UV C18 column (250 × 21.2 mm, 7 µm) using methanol 65% for 30 min,
15 mL/min flow rate, 1.8 mL injection volume, and monitored at 235 nm to yield 84.0 mg of Cas J
(t R: 14.1 min; 98.3% purity). Cas J was identified by spectrometric data and quantified in extract
and F2 according to Carvalho et al. (2018) [27]. The Cas J content in extract and fraction F2 was
0.2 and 3.9%, respectively, while the total casearin content in extract and fraction F2 was 11.9 and
58.4%, respectively.

2.3. Real-Time PCR

Total RNA was extracted using the RNeasy Protect Mini Kit (Qiagen, Hilden, Ger-
many). RNA concentration was determined by spectrophotometry (NanoDrop ND-2000,
Thermo Fisher Scientific, Waltham, MA, USA). Reverse transcription of 500 ng of RNA into
cDNA was performed using the iScript™ Select cDNA Synthesis Kit (Bio-Rad Laboratories,
Munich, Germany), following the manufacturer’s protocol. PCR reactions were conducted
using SYBR Green PCR Master Mix (SsoAdvanced Universal SYBR Green Supermix, Bio-
Rad Laboratories) and specific primers (QuantiTect Primer Assay, Qiagen). Gene expression
of cytokines, including IL-1β, IL-4, IL-6, IL-8, IL-10, IL-17, and TNF-α, MMP-1 and MMP-13,
and iNOS, was analyzed. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as a reference gene. The PCR protocol included 1 µL of cDNA, 12.5 µL of SYBR Green,
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2.5 µL of primers, and 9 µL of nuclease-free water. Initial heating was at 95 ◦C for 5 min,
followed by 40 cycles of denaturation at 95 ◦C for 10 s, and annealing/extension at 60 ◦C
for 30 s. Data analysis was performed using the comparative threshold cycle (Ct) method.

2.4. ELISA

Quantification of TNF-α, IL-8, and MMP-1 protein levels in cell supernatants was
performed using ELISA commercial kits (DuoSet Human ELISA Kit, R&D Systems, Min-
neapolis, MN, USA), according to the manufacturer’s instructions. Optical density was
measured at 450 nm using a multimode microplate reader (BioTek Synergy H1, Agilent,
Santa Clara, CA, USA). Optical correction was performed by subtracting readings at 540 nm,
as recommended by the company. Cell counting was performed, and no significant differ-
ences between groups were observed.

2.5. Nitrite Analysis

Gingival keratinocytes were treated as previously described. Afterwards, the super-
natants were collected, and the nitrite concentration was measured using the Griess Reagent
Kit (MAK367, Sigma-Aldrich), following the manufacturer’s instructions. Supernatants
were placed on a 96-well plate, and 10 µL of each Griess Reagent (I and II) were added.
The volume was adjusted to 100 µL with Nitrite Assay Buffer. After incubation at room
temperature for 10 min, the absorbance was measured at 540 nm using a microplate reader
(BioTek Synergy H1, Agilent). Culture medium was used as a negative control. Nitrite con-
centration was determined from a nitrite standard curve. The experiment was performed
in duplicate and repeated three times.

2.6. Immunofluorescence

Gingival keratinocytes were cultured in 24-well plates and, after 24 h, treated as
previously described for up to 60 min. Cells were then washed with phosphate-buffered
saline, fixed with 4% paraformaldehyde (Sigma-Aldrich) for 10 min, and permeabilized
with 0.1% Triton X-100 (Sigma-Aldrich) for 5 min. Subsequently, cells were blocked with
skimmed milk for 1 h. After washing, cells were incubated with a rabbit primary antibody
against NF-κB p65 (1:400, D14E12, Cell Signaling Technology, Danvers, MA, USA) for
90 min. Then, cells were incubated with a goat anti-rabbit IgG CY3-conjugated secondary
antibody (1:2000, ab6939, Abcam, Cambridge, MA, USA) for 45 min. Nuclear translocation
of NF-κB p65 was observed by fluorescence using the ZOE™ Fluorescent Cell Imager
(Bio-Rad Laboratories). Untreated cells served as control. The experiment was repeated
three times.

2.7. Cell Viability

Cell viability was assessed using the alamarBlue assay (Invitrogen, Karlsruhe, Ger-
many), following the manufacturer’s instructions. This method uses resazurin as a cell
health indicator by measuring its reduction to resorufin. Briefly, gingival keratinocytes
were seeded in 24-well plates (5000 cells/well) and cultured for 24 h, followed by treatment
as previously described. Untreated cells served as control. After 24 h and 48 h of treatment,
the medium was replaced with fresh medium containing 10% alamarBlue and incubated at
37 ◦C for 4 h. Then, 100 µL of the solubilization solution was transferred to 96-well plates,
and absorbance was measured at 570 nm and 600 nm using a multimode reader (BioTek
Synergy H1, Agilent). Results were expressed as the percentage difference in alamarBlue
reduction between groups, according to the manufacturer’s protocol. The experiment was
performed in duplicate and repeated three times.
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2.8. Wound Healing

An in vitro wound healing model was used as previously published [18]. To evaluate
the effects of C. sylvestris compounds on gingival keratinocytes, cells were seeded in
24-well plates (110,000 cells/well) and maintained until reaching confluence over 24 h.
Subsequently, a uniform scratch was made in each well of the monolayer cells using
the AutoScratch Wound Making Tool (Agilent, Santa Clara, CA, USA), according to the
manufacturer’s instructions. After wound formation, wells were washed three times
with culture medium to remove non-adherent cells and debris. Then, cells were treated
as described above. Untreated cells served as control. High-resolution kinetic images
were captured every two hours over 72 h, using the Lionheart FX Automated Microscope
(Agilent). Wound healing analysis was performed using the Scratch Assay App (Agilent),
providing detailed reports on wound width, cellular wound repopulation, and cellular
wound repopulation rate. The experiment was repeated three times.

2.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (version 9.5.0,
GraphPad Software, San Diego, CA, USA). Data were expressed as mean ± standard error
of the mean (SEM). Data normality was assessed. For multiple comparisons, ANOVA
followed by Dunnett’s test was used. A p-value < 0.0001 was considered statistically
significant in all experiments.

3. Results
3.1. Regulatory Effects of C. Sylvestris Derivatives on Gene and Protein Expressions

First, we evaluated the gene expression of pro- and anti-inflammatory cytokines in gingival
keratinocytes exposed to lipopolysaccharide (LPS) in the presence and absence of C. sylvestris
extract (extract), its diterpene-concentrated fraction (F2), or its clerodane diterpene casearin
J (Cas J) at 24 h and 48 h. Cells treated with LPS alone showed significantly (p < 0.0001)
increased expression of TNF-α, IL-1β, IL-6, IL-8, and IL-17 at 24 h and 48 h. However, C. sylvestris
derivatives could significantly (p < 0.0001) counteract the stimulating effects of LPS on these
pro-inflammatory molecules by 80–100% (Figure 1a–j, Table S1).

When cells were exposed to LPS, the constitutive IL-4 gene expression was significantly
(p < 0.0001) reduced (Figure 2a,b). However, when cells were simultaneously incubated with
C. sylvestris extract, F2, or Cas J, this LPS-induced downregulation was completely abrogated
(Figure 2a,b). In contrast to IL-4, the expression of IL-10 was significantly enhanced in the
presence of LPS. Nevertheless, this IL-10 upregulation by LPS was significantly (p < 0.0001)
inhibited by C. sylvestris extract, F2, or Cas J (Figure 2c,d, Table S1).

Furthermore, we studied the effects of C. sylvestris derivatives on molecules involved
in periodontal tissue degradation. LPS caused a significant upregulation of matrix met-
alloproteinases 1 (MMP-1) and 13 (MMP-13) as compared to control. When the cells
were simultaneously exposed to C. sylvestris derivatives, the stimulating effect of LPS was
significantly (p < 0.0001) diminished (Figure 3a–d, Table S1).

Subsequently, the protein levels of TNF-α, IL-8, and MMP-1 in the cell supernatants
were measured by ELISA. Corresponding to the expression levels, LPS led to a significant
(p < 0.0001) increase in TNF-α, IL-8, and MMP-1, whereas C. sylvestris extract, F2, or Cas J
could significantly (p < 0.0001) counteract this LPS-induced stimulation (Figure 4a–f).
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Figure 1. Regulation of the gene expressions of the pro-inflammatory cytokines TNF-α (a,b), IL-1β

(c,d), IL-6 (e,f), IL-8 (g,h), and IL-17 (i,j) in gingival keratinocytes exposed to LPS in the presence
and absence of C. sylvestris derivatives after 24 h and 48 h, respectively. Untreated cells were
used as a control. Values are expressed as mean ± SEM (n = 9). Log10 scale (a–h). * Significant
(p < 0.0001) difference compared to all other groups. LPS (E. coli lipopolysaccharide), Extract (C.
sylvestris ethanolic extract), F2 (C. sylvestris diterpene-concentrated fraction), Cas J (C. sylvestris
clerodane diterpene casearin J).
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Figure 2. Regulation of the gene expressions of the anti-inflammatory cytokines IL-4 (a,b) and IL-10
(c,d) in gingival keratinocytes exposed to LPS in the presence and absence of C. sylvestris derivatives
after 24 h and 48 h. Untreated cells were used as a control. Values are expressed as mean ± SEM
(n = 9). Log10 scale (c,d). * Significant (p < 0.0001) difference compared to all other groups. LPS (E.
coli lipopolysaccharide), Extract (C. sylvestris ethanolic extract), F2 (C. sylvestris diterpene-concentrated
fraction), Cas J (C. sylvestris clerodane diterpene casearin J).

Figure 3. Regulation of the gene expressions of the proteolytic markers MMP-1 (a,b) and MMP-13
(c,d) in gingival keratinocytes exposed to LPS in the presence and absence of C. sylvestris derivatives
after 24 h and 48 h. Untreated cells were used as a control. Values are expressed as mean ± SEM
(n = 9). Log10 scale (c,d). * Significant (p < 0.0001) difference compared to all other groups. LPS (E.
coli lipopolysaccharide), Extract (C. sylvestris ethanolic extract), F2 (C. sylvestris diterpene-concentrated
fraction), Cas J (C. sylvestris clerodane diterpene casearin J).
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Figure 4. Protein levels of TNF-α (a,b), IL-8 (c,d), and MMP-1 (e,f) in supernatants of gingival
keratinocytes exposed to LPS in the presence and absence of C. sylvestris derivatives after 24 h
and 48 h. Untreated cells were used as a control. Values are expressed as mean ± SEM (n = 9).
* Significant (p < 0.0001) difference compared to all other groups. LPS (E. coli lipopolysaccharide),
Extract (C. sylvestris ethanolic extract), F2 (C. sylvestris diterpene-concentrated fraction), Cas J (C.
sylvestris clerodane diterpene casearin J).

3.2. Modulation of NO Levels by C. sylvestris Derivatives

We then examined the effects of the tested compounds on the inducible nitric oxide
synthase (iNOS) gene expression and nitric oxide (NO) concentration by real-time PCR and
Griess reaction, respectively, after 24 h and 48 h. LPS significantly (p < 0.0001) enhanced
the iNOS expression (Figure 5a,b, Table S1) and NO synthesis (Figure 5c,d) at 24 h and 48 h.
Again, C. sylvestris extract, F2, or Cas J significantly (p < 0.0001) abrogated the stimulatory
LPS effects (Figure 5a–d).
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Figure 5. Regulation of iNOS gene expression (a,b) and NO production (c,d), as measured by nitrite
concentration, in supernatants of gingival keratinocytes exposed to LPS in the presence and absence
of C. sylvestris derivatives after 24 h and 48 h. Untreated cells were used as a control. Values are
expressed as mean ± SEM (n = 9). Log10 scale (a,b). * Significant (p < 0.0001) difference compared
to all other groups. LPS (E. coli lipopolysaccharide), Extract (C. sylvestris ethanolic extract), F2 (C.
sylvestris diterpene-concentrated fraction), Cas J (C. sylvestris clerodane diterpene casearin J).

3.3. Effect of C. sylvestris Derivatives on NF-κB p65 Nuclear Translocation

To elucidate the mechanisms by which C. sylvestris compounds could exert their
regulatory effects, we investigated the activation of the nuclear factor-kappa B (NF-κB)
signaling pathway in gingival keratinocytes exposed to LPS in the presence and absence of
C. sylvestris derivatives. As shown in Figure 6, LPS resulted in nuclear translocation of NF-
κB p65 in many cells at 60 min. The tested compounds inhibited the LPS-stimulated NF-κB
p65 nuclear translocation at 60 min, as demonstrated by immunofluorescence microscopy.
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Figure 6. Regulation of the NF-κB signaling pathway in gingival keratinocytes exposed to LPS in the
presence of C. sylvestris derivatives, as analyzed by immunofluorescence microscopy. Representative
images of the groups from one experiment are shown. Yellow arrows indicate NF-κB nuclear
translocation. Untreated cells were used as a control. LPS (E. coli lipopolysaccharide), Extract (C.
sylvestris ethanolic extract), F2 (C. sylvestris diterpene-concentrated fraction), Cas J (C. sylvestris
clerodane diterpene casearin J).
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3.4. Effects of LPS and C. sylvestris Derivatives on Cell Viability

We also analyzed the cell viability of gingival keratinocytes exposed to LPS or differ-
ent concentrations of C. sylvestris derivatives. Exposure to LPS resulted in a significant
(p < 0.0001) reduction in cell viability compared to all other groups after 24 h and 48 h.
However, cell viability was not compromised by C. sylvestris derivatives, regardless of the
concentrations tested (Figure 7a,b).

Figure 7. Cell viability of gingival keratinocytes exposed to LPS (1 µg/mL) in the presence and
absence of C. sylvestris extract (1 µg/mL and 2 µg/mL), F2 (1 µg/mL and 3 µg/mL), and Cas J
(50 µg/mL and 100 µg/mL) after 24 h (a) and 48 h (b). Untreated cells were used as a control. Values
are expressed as mean ± SEM (n = 9). * Significant (p < 0.0001) difference compared to all other
groups. LPS (E. coli lipopolysaccharide), Extract (C. sylvestris ethanolic extract), F2 (C. sylvestris
diterpene-concentrated fraction), Cas J (C. sylvestris clerodane diterpene casearin J).

3.5. Effect of C. sylvestris Derivatives on In Vitro Wound Healing and Cell Migration

Finally, we studied the actions of C. sylvestris compounds on wound healing in vitro.
The exposure of the wounded monolayers of gingival keratinocytes to LPS resulted in a
reduced cellular wound repopulation, as shown in Figure 8a. In accordance, the cellular
wound repopulation rate was significantly (p < 0.0001) decreased by LPS (Figure 8b).
Furthermore, LPS inhibited the wound closure of 72 h, as assessed by the wound width
(Figure 8c,d). However, the inhibitory effects of LPS on the cellular wound repopulation
and its rate as well as the wound closure were counteracted by C. sylvestris extract, F2, and
Cas J over 72 h (Figure 8a–d).
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Figure 8. Percentage of cellular wound repopulation (a), wound width (µm) (b), and wound cell
repopulation rate (µm2/h) (c) in gingival keratinocytes exposed to LPS in the presence and absence
of C. sylvestris derivatives. Representative high-contrast brightfield images with 4× magnification
captured using the Lionheart FX Automated Microscope (Agilent, Santa Clara, CA, USA) at 0 h,
24 h, 48 h, and 72 h for each group from one experiment (d). Untreated cells were used as a control.
Values are expressed as mean ± SEM (n = 9). * Significant (p < 0.0001) difference compared to all
other groups. LPS (E. coli lipopolysaccharide), Extract (C. sylvestris ethanolic extract), F2 (C. sylvestris
diterpene-concentrated fraction), Cas J (C. sylvestris clerodane diterpene casearin J).
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4. Discussion
This study provides novel in vitro evidence that C. sylvestris derivatives exert potent

anti-inflammatory, antiproteolytic, and antioxidant effects on gingival keratinocytes ex-
posed to Escherichia coli LPS. Furthermore, C. sylvestris compounds demonstrated wound
healing potential without affecting cell viability, supporting their role as promising adjunc-
tive agents for periodontal prevention and therapy.

C. sylvestris is a traditional Latin American medicinal plant widely used to treat in-
flammatory and ulcerative conditions [19]. Furthermore, C. sylvestris exhibits antimicrobial
action against pathogens such as fungi and bacteria [23,24]. Its pharmacological effects are
attributed to a rich phytochemical profile, including flavonoids and clerodane diterpenes, such
as casearin J [25,26]. The search for herbal adjuvants is a growing area in oral and periodontal
medicine [16–18]. Our results highlight the potential of C. sylvestris as a candidate for such
use, especially due to its broad-spectrum anti-inflammatory and tissue-protective activities.

Periodontal disease involves the chronic production of inflammatory cytokines, such
as TNF-α, IL-1β, IL-6, IL-8, and IL-17, which contribute to the destruction of soft and hard
tissues [5,7,10]. In this study, gingival keratinocytes exposed to LPS, which is a compo-
nent of the bacterial cell wall, significantly increased the aforementioned cytokines at the
gene and protein levels, mimicking the pro-inflammatory microenvironment of gingival
inflammation. Interestingly, when C. sylvestris derivatives were added to the cells simulta-
neously with LPS, there was a downregulation of these mediators, demonstrating a strong
immunomodulatory potential. Additionally, we found that IL-4, an anti-inflammatory
cytokine linked to the Th2 immune response, was significantly suppressed following ex-
posure to LPS. IL-4 plays an important role in regulating inflammation, so its reduction
may compromise immune regulatory mechanisms [5,7]. Interestingly, C. sylvestris treat-
ment restored IL-4 levels, suggesting a modulating effect that favors a more balanced,
less inflammatory immune environment. In addition, the observed upregulation of IL-10
by LPS, which is often associated with persistent inflammation, was normalized by C.
sylvestris derivatives, indicating a balancing effect on immune homeostasis [19]. Further-
more, iNOS also plays a pro-inflammatory role in periodontal diseases. Elevated expression
of iNOS and increased NO production have been measured in the gingival tissues, gingival
crevicular fluid, and saliva of patients with periodontitis and gingivitis, and are often
associated with disease severity and tissue destruction [9]. In the present study, LPS also
induced the upregulation of iNOS and increased NO production, suggesting the induction
of nitrosative stress, which plays a key role in tissue degradation [9]. Again, all tested C.
sylvestris compounds reduced iNOS expression and NO accumulation, confirming their
anti-inflammatory and antioxidant properties. These results are in agreement with previous
studies describing C. sylvestris as an inhibitor of NO production and oxidative mediator
in models of inflammation and tissue injury [19,28]. These data suggest that C. sylvestris
could be a potential adjuvant for prevention and therapy of periodontal diseases by its
anti-inflammatory and antioxidant effects.

When inflammation persists, intensifies, and endures over time, it can lead to soft tissue
degradation and bone resorption. For example, MMP overexpression caused by inflammation
results in collagen degradation and, thereby, periodontal attachment loss [7,10]. In the present
study, LPS significantly increased the expression of MMP-1 and MMP-13, while all C. sylvestris
derivatives abrogated these effects. This antiproteolytic activity of C. sylvestris has also been
demonstrated in other inflammatory conditions and may be attributed to its ability to suppress
NF-κB and possibly mitogen-activated protein kinase (MAPK) signaling [19,28,29]. These
data suggest that C. sylvestris could be a potential adjuvant in the prevention and therapy of
periodontal diseases due to its antiproteolytic effects.
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LPS can induce inflammation through toll-like receptor 4 (TLR4) activation, leading
to nuclear translocation of NF-κB p65 [9,10]. Immunofluorescence microscopy confirmed
this stimulatory effect of LPS on several cells in the present study. However, C. sylvestris
inhibited NF-κB p65 nuclear translocation caused by LPS, suggesting a key mechanism for
its anti-inflammatory bioactivity. This inhibition of NF-κB aligns with anti-inflammatory
mechanisms described in other herbal medicines, such as curcumin, green tea, and passion
fruit bagasse extract [16–18]. Other pathways might also be involved in the modulatory
effects of C. sylvestris. Our data suggest that the anti-inflammatory and antiproteolytic
actions are at least partially mediated through the NF-κB pathway.

We also studied the effects of C. sylvestris in an in vitro wound healing assay. Wound
healing was significantly impaired by LPS, as demonstrated by delayed cellular wound
repopulation and persistent wound width. Interestingly, C. sylvestris derivatives could
counteract this negative influence of LPS by improving all wound healing parameters. It
is important to highlight that cell viability was reduced by LPS, but remained unaffected
by C. sylvestris, confirming the safety of its derivatives even at higher concentrations. Our
findings are consistent with those of a previous study on the cytotoxicity of C. sylvestris [19].
The wound healing effects of C. sylvestris parallel those of other botanicals such as Aloe
vera, Calendula officinalis, and Chamomilla recutita, which contain antioxidant flavonoids
that promote wound healing [30–32]. So far, C. sylvestris has been used in the treatment
of cutaneous ulcers and wounds [19,33]. Our study suggests that C. sylvestris could also
promote oral wound healing.

In the search for effective natural agents to control oral inflammation, several other
plant-derived compounds and biopolymers have been investigated. Chitosan, for instance,
has shown antimicrobial and wound healing-promoting properties and has been used as a
coating material for dental applications [34,35]. Propolis, a resinous substance produced
by bees, is well recognized for its anti-inflammatory and antioxidant properties in peri-
odontal therapy [36,37]. Furthermore, cranberry extracts, rich in proanthocyanidins, have
demonstrated the ability to inhibit bacterial adhesion and modulate host inflammatory
responses [38]. In the present study, C. sylvestris derivatives significantly reduced the
production of inflammatory mediators (TNF-α, IL-8, iNOS), decreased proteolytic activity,
and promoted wound healing in gingival keratinocytes, reinforcing their potential as a
novel adjuvant therapy for the control of periodontal inflammation.

The present investigation has also some limitations. In our study, we focused on
human gingival keratinocytes to investigate possible regulatory effects of C. sylvestris.
These cells are located at the interface between bacteria and host serving as the first line
of defense of the oral mucosa against periodontal pathogens and directly mediating the
initial signaling of the inflammatory response [39,40]. Furthermore, these cells play a
central role in the production of pro-inflammatory and chemotactic cytokines shortly after
the recognition of microorganisms or their products making them an important model
for the investigation of epithelial reactions in gingivitis [40,41]. However, periodontal
tissues are composed of a variety of different cell types that interact dynamically during
inflammation and healing. Therefore, future studies should also explore the response of
other periodontal cell types, such as gingival fibroblasts, periodontal ligament fibroblasts,
and bone cells. In addition, the inflammatory stimulus in our study was induced with
E. coli LPS. Our data show that LPS from E. coli exerted strong pro-inflammatory effects
on gingival keratinocytes. We used E. coli LPS in our study because it is a standardized,
purified form of LPS that is frequently used in research, making it easy to compare with
other studies [42–45]. Furthermore, studies have shown that the effects of E. coli LPS are
similar to those of periodontopathogens, such as P. gingivalis, with regard to the activa-
tion of inflammatory pathways, such as NF-κB, and the expression of pro-inflammatory
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cytokines [44,46]. However, due to the polymicrobial nature and structural complexity of
periodontal biofilms, future studies should also incorporate other bacteria and bacterial
biofilms to better mimic the complex environment of periodontal diseases. Although the
study demonstrated significant biological effects of C. sylvestris derivatives, the extract
was not fully characterized phytochemically, leaving other potentially active constituents
unidentified. Finally, as this is an in vitro study, pre-clinical in vivo and clinical trials are
needed to validate the therapeutic potential, safety, and mechanisms of action of C. sylvestris
in the context of periodontal diseases.

5. Conclusions
This in vitro study provides novel evidence that C. sylvestris leaf derivatives, such as the

crude ethanolic extract, a concentrated diterpene fraction, and the diterpene casearin J isolated
from clerodane, exert significant anti-inflammatory, antiproteolytic, and antioxidant effects
on gingival keratinocytes exposed to E. coli LPS. Furthermore, the C. sylvestris derivatives
also promoted wound healing by increasing cell migration and repopulation in vitro, without
compromising cell viability even at higher concentrations, thus confirming their biological
safety. These findings support the potential use of C. sylvestris as an adjunctive agent for
periodontal prevention and therapy. However, pre-clinical in vivo and clinical trials are
needed to validate the efficacy, safety, and mechanisms of action of C. sylvestris.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox14080901/s1, Table S1: Inhibition of LPS-induced gene
expression (%) by extract, F2 and cas J in gingival keratinocytes at 24 h and 48 h. Extract (C. sylvestris
ethanolic extract), F2 (C. sylvestris diterpene-concentrated fraction), Cas J (C. sylvestris clerodane
diterpene casearin J).

Author Contributions: Conceptualization, A.L.R.P., J.A.C., J.D. and A.V.B.N.; methodology, A.L.R.P.,
A.T.R., F.A.C., S.Z., A.G.d.S., J.A.C., J.D. and A.V.B.N.; validation, A.L.R.P., M.E.S.L., A.T.R., F.A.C.,
S.Z., A.G.d.S., J.A.C., J.D. and A.V.B.N.; formal analysis, A.L.R.P., J.A.C., J.D. and A.V.B.N.; investi-
gation, A.L.R.P., M.E.S.L., A.T.R. and A.V.B.N.; resources, A.G.d.S., J.A.C., J.D. and A.V.B.N.; data
curation, A.L.R.P. and A.V.B.N.; writing—original draft preparation, A.L.R.P., M.E.S.L., A.T.R., F.A.C.,
S.Z., A.G.d.S., J.A.C., J.D. and A.V.B.N.; writing—review and editing, A.L.R.P., M.E.S.L., A.T.R., F.A.C.,
S.Z., A.G.d.S., J.A.C., J.D. and A.V.B.N.; visualization, A.L.R.P., J.D. and A.V.B.N.; supervision, J.D.
and A.V.B.N.; project administration, J.D. and A.V.B.N. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was partially funded by the Coordination for the Improvement of Higher
Education Personnel-Brazil (CAPES)–Financing Code 001 and by the National Institute of Science
and Technology of Biodiversity and Natural Products-INCT-BioNat (CNPq and FAPESP, Grant
465637/2014-0). Furthermore, the present research was supported by the University Medical Center
of the Johannes Gutenberg University.

Institutional Review Board Statement: Not applicable because an immortalized keratinocyte cell
line from ATCC was used.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data used in the present study are available from the corresponding
author on reasonable request.

Acknowledgments: We would like to thank São Paulo Research Foundation (FAPESP) for the
scholarship grants to ALRP (2022/13096-5 and 2024/09363-3) and Antonietta Valentino for her
valuable technical support.

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

https://www.mdpi.com/article/10.3390/antiox14080901/s1
https://www.mdpi.com/article/10.3390/antiox14080901/s1


Antioxidants 2025, 14, 901 16 of 18

Abbreviations
The following abbreviations are used in this manuscript:

IL-1β Interleukin-1 beta
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