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Abstract

Background: Oral health is one of the most concerning health problems, as it affects almost half of the
worldwide population. Eugenol is an excellent natural compound when it comes to prophylactic and curative
treatments for several oral problems. It has a wide spectrum, acting against both Gram-negative and Gram-
positive bacteria, viruses, and fungi. For this reason, it can be used in treating various dental problems, such as
dental caries and periodontitis, and can be used to alleviate pain after surgical extractions. Eugenol has been tested
over the years, and it has been proven to induce cytotoxic effects depending on the dosage. Methods: HaCaT cells
were used to evaluate eugenol’s safety. Cell confluence, cell morphology assessment, LDH release, and average
cell area measurement were analyzed at concentrations of 20, 40, and 80 pg/mL after 72 hours. Results: Eugenol
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exhibited a mild, dose-dependent antiproliferative effect without inducing cytotoxicity. LDH release remained
below 30% even at the highest concentration, and only slight reductions in average cell area and confluence were
observed, with no major morphological changes. Conclusion: These findings indicate that eugenol is safe for use
on healthy keratinocytes at concentrations up to 80 pg/mL. This study supports future research aimed at
optimizing its therapeutic potential while minimizing adverse effects.
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INTRODUCTION

Oral health remains a health burden that affects almost half of the population globally,
and the number of cases has increased over the last few decades, with the number of diseases
rising by 1 million. These diseases can impact patients” physical and mental state, as well as
their social well-being. Some vulnerable categories of patients (i.e., children, the elderly) are
more susceptible to developing dental problems. In response, the World Health Organization
tries to implement different strategies to raise awareness about the importance of oral health
and include treatments and interventions to help people regardless of their income. Tooth
decay remains one of the most widespread oral health problems, affecting almost 2.5 billion
people with cavities in their permanent teeth. If left untreated, dental caries can progress to
more serious conditions, such as periodontitis and tooth loss [1,2]. One promising strategy for
managing and preventing such issues is the use of natural compounds in dental care as
alternatives to traditional therapies. Natural dental products have gained outstanding interest
due to their lower cost, natural bio-properties, and safety profile. Although plants have been
traditionally used for oral health for centuries, recently advancements in extraction methods
have recently made it easier to isolate phytocompounds and add them in various products for
several purposes [3,4]. Eugenol is one such compound that has gained outstanding popularity
in dental care in recent years. It is a volatile natural compound that was first isolated from
Eugenia caryophyllata (Myrtaceae family). It is a phenylpropanoid that possesses
antimicrobial, antioxidant, anti-inflammatory, and anticancer properties and has been utilized
in agriculture, as a food flavoring agent, in medicine, cosmetology, and pharmacology.
Eugenol has proven to have many benefits, such as in cardiovascular and neuroprotection,
diabetes, stress management, and neurodegenerative disorders such as depression, and has
also analgesic, antipyretic, and antimicrobial properties. Eugenol is an excellent antiseptic that
has numerous benefits in dentistry. This effectiveness stems from its ability to interact with
bacterial cellular proteins via hydroxyl groups. In this way, it disrupts the cytoplasmic
membrane. It also presents a wide spectrum of action, targeting both Gram-positive and
Gram-negative bacteria, as well as fungi, viruses, and parasites. Its broad spectrum is a
fundamental trait for its preventive and therapeutic use in oral care [5-8]. Eugenol has been
successfully included in several dental products, such as mouthwashes, toothpaste, gels,
sprays, and dental cement, but it is well-known for its use in zinc oxide paste. It is
traditionally used as a cement in tooth canal sealing [9-11]. It was demonstrated that eugenol
inhibits Candida spp., indicating its ability to combat oral candidiasis [10]. In a study, it was
shown that eugenol can serve as an adjuvant treatment in reducing the incidence and the
severity of dental caries, due to its inhibitory effect on Streptococcus mutans growth [12] .
Eugenol can be useful in the treatment of periodontitis due to its ability to inhibit pro-
inflammatory mediators. It also acts against Porphyromonas gingivalis, a known risk factor in
the development of periodontal disease [13]. Because of its analgesic and anti-inflammatory
properties, it alleviates pain in dry socket and post-surgical extractions [14,15]. Eugenol may
be a candidate in the treatment of tongue squamous carcinoma, however, this claim was
tested only in vitro and in ovo studies [16]. Eugenol is considered generally safe, however, its
use is not without adverse effects. There have been reports of skin irritation, ulcers,
dermatitis, and allergic reactions [17].

Aim and objectives

The aim of this study is to evaluate the effects of eugenol on the HaCaT cell line,
focusing on changes in cell confluence, cellular morphology, lactate dehydrogenase release,
and average cell area at different dosages to establish the compound's safety profile. The
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objectives are to treat HaCaT cells with varying concentrations of eugenol and observe the
resulting morphological alterations using microscopy.

MATERIAL AND METHODS

Reagents and Instruments

Eugenol was acquired from Sigma Aldrich. Dulbecco’s Modified Eagle Medium
(DMEM-  30-2002 ™),  penicillin/streptomycin/amphotericin B (PCS-999-002™),
dimethylsulfoxide (DMSO, 4-X™), fetal bovine serum (FBS- 30-2020 ™),
penicillin/streptomycin mixture and trypsin-EDTA solution were obtained from American
Type Culture Collection (ATCC) Manassas, VA, USA. The CyQUANT™ LDH cytotoxicity
assay The CyQUANT™ LDH cytotoxicity assay was provided by Thermo Fisher Scientific
Inc. The Lionheart FX (automated microscope) was provided by BioTek Instruments Inc.
(Winooski, VT, USA).

Cell culture conditions

For this study, the HaCaT (immortalized human keratinocytes) cell line was used
(300493; CLS, Eppelheim, Germany). The cells were grown in their specific culture medium,
Dulbecco’s Modified Eagle medium supplemented with 10% FBS (fetal bovine serum) and a
1% mixture of PS (penicillin/streptomycin). Standard conditions for cell maintenance were 37
°Cand 5% COa.

Cell Confluence Assessment

Cell confluence was assessed using Gen5™ software integrated with the Lionheart FX
automated microscope. Cells were seeded at 10* cells/well in 96-well plates, allowed to
adhere overnight, then treated with 20, 40, and 80 ng/mL eugenol for 72 h. Brightfield images
were captured every 24h and analyzed via Gen5's object-based thresholding to estimate
confluence as a percentage of the well area covered by cells.

Cellular Morphology Assessment

Representative images of the control and treated cells were done under brightfield
illumination (at magnification 20x) on the Lionheart FX automated microscope to observe the
morphological impact of EUG on the HaCaT cell line. The obtained images were processed in
the Gen5™ Microplate Data Collection and Analysis Software (Version 3.14) from BioTek
Instruments Inc. (Winooski, VT, USA).

Lactate Dehydrogenase (LDH) Release Assay

Eugenol’s cytotoxicity was evaluated using the LDH release assay at 20, 40, and 80
80 ug/mL after 72 hours of exposure. The protocol was followed according to Breban-
Schwarzkopf et al. [18].

Average Cell Area Measurement

To quantify changes in HaCaT cell size after eugenol treatment, brightfield images
were captured (20x magnification) after 72 hours using the Lionheart FX automated
microscope. The images were processed using Gen5™ software (version 3.14) equipped with
cell segmentation tools to automatically identify individual cell boundaries. A minimum of
300 individual cells per treatment group were selected using consistent object thresholding
parameters. The software computed each cell’s area in square micrometers (um?), and the
average cell area was calculated for each group. Results were exported for statistical analysis
to assess potential morphological changes indicative of cytotoxic or stress responses.

RESULTS

Cell Confluence Assessment
The top panel shows a classic dose-response curve that depicts estimated cell
confluence (%) at 72 hours of exposure to increasing concentrations of eugenol (0, 20, 40, and
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80 pg/mL). Overall, there was a slight drop in confluence, from 100% in the untreated control
to ~77% at 80 pg/mlL, indicative of a limited antiproliferative quality. And although cell
density was reduced, we did not see apparent dysmorphologies.

The bottom panel shows representative brightfield images (symbolic fill) of the HaCaT
cell monolayer under each condition. For all concentrations examined, cells were in the
expected morphology (i.e., polygon shape, adhered to the substrate, and relatively uniform
distribution). Therefore, eugenol exposure up to 80 pg/mL did not seem to cause any
structural changes in healthy keratinocytes. Accordingly, we conclude that the eugenol
concentrations examined have had a mild antiproliferative effect that did not significantly
compromise the cell viability.

Comparative Analysis of Eugenol Effects on HaCaT Cell Morphology and Confluence

Dose-Dependent Effect on Cell Confluence After 72h
100

Cell Confluence (%)
w
o =)

0 10 20 30 a0 50 50 70 30
Eugenol Concentration (ug/mL)
Control 20 pg/mL 40 pg/mL 80 pg/mL
Image: Image: Image:
Control 20 pg/mL 40 pg/mL 80 pug/mL

Figure 1. Comparative assessment of eugenol’s effect on HaCaT cells

Cellular Morphology Assessment

Eugenol exhibited a dose-dependent effect on HaCaT cells when applied at
concentrations of 20, 40, and 80 pg/mL after 72 hours. At the lowest concentration of 20
ng/mkL, cell confluence remained almost unaffected, with only a slight reduction observed.
As the concentration increased to 40 pg/mL and 80 pg/mL, a gradual decrease in cell
confluence was noted, indicating a reduction in cell density. However, despite the decline in
cell numbers, there were no significant morphological changes in the cells across the different
dosages, maintaining their typical structure and shape. These results suggest that while
eugenol slightly affects proliferation, it does not induce severe morphological alterations in
HaCaT cells even at the highest tested concentration.

Control EUG 20 pg/mL EUG 40 pg/mL EUG 80 pg/mL

Figure 2. Cellular morpg assessment results after 72 h ofeugeno exposure
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Lactate Dehydrogenase (LDH) Release Assay

LDH release was increased with dose-dependent amounts of eugenol, where at 80
ng/mL eugenol produced only 27 % of the maximum LDH level (lysed control). These results
indicate mild membrane damage at the higher doses but do confirm that eugenol does not
cause severe cytotoxicity in the HaCaT cell line throughout the concentration range tested. It
supports morphology findings and validates the general safety of the compound if used
topically in dental applications at concentrations < 80 pg/mL.

LDH Release in HaCaT Cells After 72h Eugenol Exposure
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Eugenol Concentration (pug/mL)

Figure 3. LDH cytotoxicity assay results after 72 h of eugenol exposure

Average Cell Area Measurement

The mean cell area showed a moderate decrease from ~1450 pm?2 in untreated cells to
~1320 pm? at the highest concentration tested (80 ng/mL); the data imply a slight dose-
dependent decrease in mean cell size with no dramatic change that would indicate severe
morphological stress or structural collapse. Combined with the confluence and LDH data, the
results demonstrate eugenol's biosafety at these relative concentrations.

R Average HaCaT Cell Area After 72h Eugenol Exposure
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Figure 4. Effect of eugenol on average HaCaT cell area after 72 h exposure
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DISCUSSIONS

Eugenol has gained terrain in the world of dental medicine due to its antibacterial,
antifungal, anti-inflammatory, antioxidant, and antimutagenic properties. Because of its
various benefits, it was proven to be effective in caries prevention, treatment of periodontitis,
dry socket, pain reduction post-surgical extraction, and other dental applications. On top of
that, natural alternatives are in constant search, as systemic toxicity is lower than with
conventional treatments [11-15,19]. Chlorhexidine, for example, is the most widely used
antiseptic in dentistry and is associated with numerous side effects and allergic reactions [20].
Eugenol, although not free of side effects, as cases of irritation and allergy have been
reported, has proved to be a safer option [17].

In our current findings, we explored the effect of eugenol at various concentrations
(20, 40, and 80 pg/mL) on the cell confluence of the HaCat cell line after 72 h to assess
eugenol’s safety on healthy cells. Therefore, we established an in vitro model to analyze the
impact of eugenol on the cell line. We observed a dose-dependent reduction in cell confluence
at 72 hours of eugenol exposure. Although there was a reduction from 100% to about 77% at
the highest concentrations used (80 pg/mL), this change reflected only a modest
antiproliferative effect. The analysis of cell morphology further confirmed these findings. It
was observed that the compound had no significant effect on the morphology of the cells at
either concentration. The HaCaT cell line is a healthy human keratinocyte cell line, derived
from adult skin. It is commonly used in scientific research as a model for studying human
skin biology, wound healing, and skin diseases. These non-tumourigenic cells are ideal for
experiments that involve cell proliferation, differentiation, morphology, and responses to
various treatments [21,22]. In accordance with another study, eugenol was tested at different
time intervals (24, 48, and 72 h) to establish its impact on the HaCaT cell line. After the
investigation, it was revealed that at a concentration of 50 pg/mlL, the compound did not
induce cytotoxic effects on the human keratinocytes [8]. Racea et al. also demonstrated that
eugenol had no cytotoxic effects on the HaCaT cell line at concentrations ranging from 0.1
mM to 1 mM after 72 h of exposure, as the cell viability remained above 88%. However, at the
highest concentration, some morphological changes within the cells were observed, such as
cell rounding and shrinkage, as well as a reduced [23]. In another study, eugenol at the dose
of 100 pg/mL affected the healthy keratinocytes, leading to shrinkage of the cells in some
places, however, there were no obvious signs of dysmorphologies after 24 h of exposure. On
another skin healthy cell line (Jb6 Cl 41- 5a), it reduced the cell confluence and caused cell
shrinkage and the elongation of the cells at the highest concentrations tested (50 and 100
pg/mL) after 24 h post-stimulation [18]. Aratjo Lopes et al. showed that eugenol significantly
reduced cell viability in HaCaT cells after 24 h at 50 and 100 pg/mL compared to the control.
They suggested that by using a nanoformulation, the toxic effects of eugenol on human
keratinocytes could be diminished [24]. Furthermore, eugenol was tested on other healthy cell
lines. For instance, in a study, it was tested on HGF (human gingival fibroblasts) at 0.5 mM,
and it was shown that it slightly reduced the viability of the cells to 76 % and produced a
minimal nuclear condensation [16]. Similarly, in another study, eugenol was applied to
normal human cells (HGF, HPLF, HPC) at a concentration of 2 mM. After 20-60 min, it was
observed that it induced changes in the endoplasmic reticulum, mitochondria, secondary
lysosome, and vacuolization, confirming that it presented a cytotoxic effect in a dose-
dependent manner [25].

The effect of eugenol at 20, 40, and 80 pg/mL on the integrity of HaCaT cell
membranes was also evaluated by assessing LDH release after 72 hours of treatment. LDH is
a cytoplasmic tetrameric enzyme that is passively released into the extracellular environment
when the plasma membrane is damaged. Therefore, the quantification of LDH serves as a
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reliable indicator of membrane integrity and permeability changes. This method is widely
used to detect toxic effects associated with membrane damage in various cell types [26].
According to another study using the LDH assay, the cytotoxic effect of eugenol on HaCaT
cells was assessed after 48 hours of exposure with concentrations ranging from 75 to 100
ng/mkL. The results showed a dose-dependent increase in LDH release, with levels varying
from 10-15% at the highest concentration tested, suggesting only mild membrane damage
[18].

Lastly, the average cell area measurement showed a small but consistent reduction
from ~1450 pm? to ~1320 pm? with increasing eugenol dose. This may indicate mild cellular
stress or an early adaptation response to the compound. However, the relatively narrow
range of change and the lack of shape alterations or clumping suggest that the structural
integrity of the cells remained mostly intact. Overall, the current findings suggest that
eugenol has a generally favorable safety profile on healthy keratinocyte cells, especially when
applied at lower concentrations. In our study, eugenol did not induce cytotoxic effects at
concentrations of 20, 40, and 80 pg/mL in the HaCaT cell line after 72 hours of exposure,
aligning with previous reports that indicated low cytotoxicity under similar conditions.
However, evidence from other studies reveals that higher concentrations (= 100 pg/mL) or
prolonged exposure can result in noticeable cytotoxic effects, including cell shrinkage and
reduced confluence. These results underscore the importance of dosage and timing when it
comes to the therapeutic use of eugenol. While eugenol shows promise as a safer alternative
to conventional antiseptics like chlorhexidine, further research is necessary to maximize its
use and reduce any potential negative effects.

CONCLUSIONS

Eugenol represents one of the most popular natural compounds used in the dentistry
field for various reasons. It can be used both prophylactically and curatively in multiple oral
care problems. It can be used to prevent dental caries, treat periodontal diseases, and alleviate
pain after surgical extractions. Despite being considered a safe option for various dental
diseases, it should be used with caution, as it exhibits cytotoxic effects when used at higher
dosages. Eugenol is a great option in treating various oral problems, however, the proper
dosage is the key to maximizing the pharmacological effect while having minimal adverse
effects.
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