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Abstract

Carvacrol, a phenolic monoterpene predominantly found in Origanum species, has been reported to
exhibit antimicrobial, anti-inflammatory, antioxidant, and anticancer effects. Formulations such as
Vacrol and S-Mix, enriched with carvacrol and complementary essential oil compounds, may
enhance therapeutic efficacy while reducing toxicity. Essential oil components were analyzed via GC-
MS. Cell viability was assessed using the sulforhodamine B (SRB) assay at different concentrations
and incubation periods. An in ovo chorioallantoic membrane (CAM) assay was performed to
investigate tumor volume changes and histopathological alterations. Vacrol and S-Mix demonstrated
concentration- and time-dependent cell viability-attenuating effects in MDA-MB-231 cells, with
significant reductions in viability at higher concentrations (1 mM-10 mM). In ovo, S-Mix induced ~40%
reduction in tumor volume and promoted apoptotic morphology compared to controls. Combined
effects of carvacrol with a-pinene, eugenol, and p-terpineol likely contributed to enhanced
bioactivity. These findings support further preclinical and mechanistic investigations to validate their
therapeutic potential.

Keywords: carvacrol; cell viability; breast cancer; triple negative; thyme

1. Introduction

Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer characterized by
the absence of estrogen receptor, progesterone receptor, and HER2 expression. Owing to its high
metastatic potential, chemoresistance, and lack of targeted treatment options, TNBC remains one of
the most challenging breast cancer subtypes to manage clinically [1-3]. These limitations have
intensified the search for new therapeutic candidates, particularly multi-targeted natural compounds
capable of modulating several oncogenic pathways simultaneously.

Essential oils and their phenolic monoterpenes have gained increasing attention in oncology due
to their broad pharmacological properties, including antimicrobial, antioxidant, anti-inflammatory,
and cytotoxic activities. Carvacrol (5-isopropyl-2-methylphenol), a predominant component of
Origanum onites, Origanum vulgare, Thymus vulgaris, Thymus zygis, and Satureja hortensis, is one of the
most extensively studied essential oil constituents for its anticancer potential [4-7]. Its antimicrobial
and antioxidant activities are mechanistically linked to its cytotoxic effects: carvacrol disrupts lipid
membrane integrity, alters ion gradients, induces oxidative imbalance, and triggers mitochondrial
dysfunction—mechanisms that similarly promote apoptosis in cancer cells through increased ROS
generation, cytochrome-c release, and caspase activation [8-10].

Carvacrol has demonstrated antiproliferative effects across multiple breast cancer models, with
ICs values reported between 50-200 uM in MCF-7 and MDA-MB-231 cells [10-13]. Despite this,
monotherapy with carvacrol presents important limitations. Achieving strong cytotoxic responses
often requires relatively high concentrations, which may increase the risk of off-target toxicity.
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Furthermore, its physicochemical properties—such as rapid membrane diffusion, volatility, and
limited intracellular retention—may reduce efficacy in complex tumor microenvironments.

To overcome these limitations, strategies have been proposed that combine carvacrol with other
monoterpenes or sesquiterpenes. Compounds such as thymol, a-pinene, eugenol, [3-terpineol, and
camphene have been shown to enhance membrane permeability, modulate redox signaling,
potentiate ROS-mediated cell death, and amplify caspase activation, collectively lowering ICs
thresholds to 20-80 uM in TNBC models [14,15]. These findings support the concept that essential oil
synergy, rather than isolated single-molecule activity, may provide a more potent and
physiologically relevant anticancer approach.

Based on this rationale, standardized carvacrol-based formulations such as Vacrol and S-Mix
were developed. Both originate from thyme-oil-rich species and contain carvacrol as the primary
component yet differ in their complementary monoterpene profiles. Vacrol contains a higher
proportion of carvacrol, whereas S-Mix includes a broader spectrum of terpenes such as a-pinene,
eugenol, (-bisabolene, cinnamaldehyde, and p-terpineol. These formulations aim to enhance
therapeutic efficacy by leveraging multicomponent interaction, improving membrane penetration,
amplifying apoptotic signaling, and potentially reducing the concentration of carvacrol required to
achieve cytotoxic effects.

In the context of TNBC—where treatment options are limited, targeted therapies are lacking,
and chemoresistance is frequent—such multi-targeted natural formulations offer a promising
research direction. However, direct comparative evidence on the anticancer potency of carvacrol-
based mixtures remains scarce, particularly in preclinical breast cancer models.

Therefore, this study investigates the anticancer effects of Vacrol and S-Mix using in vitro (MDA-
MB-231 and MCF-12A) and in ovo CAM models, examining concentration- and time-dependent cell
viability inhibition, and changes in tumor morphology and volume. By evaluating these formulations
within a mechanistic framework of carvacrol combination, the study aims to determine whether
multicomponent essential oil formulations exhibit superior anticancer activity compared with
carvacrol-dominant preparations, thereby providing foundational evidence for their potential use as
complementary agents against triple-negative breast cancer.

2. Results
2.1. GC-MS Analysis Results

The essential oil components of Vacrol and S-Mix were analyzed by GC-MS and are shown in
Table 1. Among these components, the most prominent ones were given in Figure 1.

Table 1. The contents of Vacrol and S-Mix were determined by GC-MS method.

Component Vacrol* RTVacrol (min) S-Mix* RTs-mix (min)
carvacrol 50.1 33.16 24 33.13
limonene 0.8 9.17 13 9.24
a-pinene 3.5 4.30 12.7 4.33
1,8-cineole 9.7 9.42 11.7 9.44
eugenol 4.7 32.17 7.6 32.17

cinnamaldehyde 43 29.71 7.1 29.72
p-cymene 3.2 11.38 34 11.37
linalool 6.3 19.06 2.3 19.04
menthol 1.9 21.22 22 21.22
a-thujone 1.3 15.59 1.5 15.59
0-3-carene 0.4 7.65 1.5 7.66
camphor 1.2 18.03 14 18.03
[-pinene 0.7 6.41 13 6.41
terpinenyl acetate 0.8 22.44 1.1 22.44
caryophyllene 0.9 20.07 0.9 20.07
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menthone 0.8 16.68 0.9 16.70
4-terpineol 1.3 20.31 0.8 20.31
sabinene - - 0.7 6.83
O-terpinene 1.1 10.64 0.7 10.66
bisabolene 1.1 23.14 0.7 23.13
hexadecadienoic acid. 0.6 51.10 0.6 51.10
methyl ester
9-octadecenoic acid - - 0.5 49.49
thymol 2.1 32.60 0.5 32.60
camphene 0.4 5.30 0.5 529
myrcene 0.3 8.21 0.5 8.21
borneol 0.9 22.65 0.4 22.65
fencyl alcohol 0.6 22.55 04 22.55
-thujone 04 16.11 04 16.11
humulene 0.3 21.76 04 21.76
eugenol acetate - - 0.3 33.72

a-terpinene 0.3 8.59 - -

* Units are in percentages (w/w), Values + 0.1, RT: Retention time.
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Figure 1. Structural formulas of the most prominent compounds found in Vacrol and S-Mix.
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2.2. In Vitro Analysis Results

Cell viability assays after Vacrol and S-Mix treatments in the MDA-MB-231 cell line were
performed at 24, 48, and 72 hours (3 biological replicates, 18 technical replicates) and are shown in

Figure 2.
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Figure 2. Effects of S-Mix and Vacrol on the viability of MDA-MB-231 breast cancer cells after treatment a) 24h
b) 48h c) 72h. d) Effects of S-Mix and Vacrol on the viability of MDA-MB-231 breast cancer cells after 24, 48, and
72 hours of treatment with 1.5 mM concentration. Data are presented as mean + SD of 3 biological and 6 technical
replicates (n=3). Significant differences are indicated by asterisks (*p = 0.0222, ***p =0.0001, ***p < 0.0001;
Kruskal-Wallis followed by Dunn’s multiple comparisons test).

At 48 hours, a clear reduction in cell viability was observed at higher concentrations (=1.5 mM)
with 5-Mix compared to Vacrol (***p = 0.0001, ***p < 0.0001). These results indicate time-dependent
cytotoxic and/or cytostatic effects. At lower concentrations, cell viability remained above 90% and
showed a concentration-dependent pattern. At 72 hours, the effects on cell viability became more
evident. S-Mix was highly effective even at low concentrations (*p =0.0222, ***p <0.0001). At 1.5 mM,
S-Mix reduced cell viability to 3.15%, while Vacrol showed 60.11% viability at the same concentration
(Figure 2d). At the 48 hours timepoint, the ICso values were calculated as 3.2 mM for Vacrol and 1.1
mM for S-Mix, and at 72 hours, the ICso values were 2.4 mM for Vacrol and 1 mM for S-Mix (Figure
3).
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Figure 3. Concentration- and time-dependent viability graphs of MDA-MB-231 cells after treatment with S-Mix
and Vacrol for 24, 48, and 72 hours. Vacrol (a—c), S-Mix (d-f). Data are presented as mean + SD of 3 biological

and 6 technical replicates (n=3). (Nonlinear regression analysis, the data are shown as logio values.).

Given that S-Mix was more effective than Vacrol in the MDA-MB-231 cell line, its effect on the
MCF-12A mammary epithelial cell line was examined (****p < 0.0001). The concentrations that were
effective in the MDA-MB-231 TNBC cell line were applied to the MCF-12A mammary epithelial cell
line for 72 hours. Carvacrol, the main component of S-Mix in the MCF-12A cell line, was administered
as a positive control in the amount contained in the highest concentration of S-Mix (10 mM).While
the ICso value of S-Mix was observed at a concentration of 1 mM in the MDA-MB-231 TNBC cell line,
the cell viability was observed to be 80% at the same concentration in the MCF-12A mammary
epithelial cell line (Figure 4).
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Figure 4. Effects of S-mix on the viability of MCF-12A human breast epithelial cells after treatment 72h. Data are
presented as mean * SD of 3 biological and 6 technical replicates (n=3). Significant differences are indicated by
asterisks (**p=0.0097; Kruskal-Wallis followed by Dunn’s multiple comparisons test).

Carvacrol, the main component of S-Mix and Vacrol, was applied to MDA-MB-231 cells at a
concentration of 100 uM for 24, 48, and 72 hours. Since cell viability dropped below 30% following
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the 100 uM Carvacrol treatment used as a positive control, higher concentrations were not tested.
These results demonstrate that carvacrol reduces cell viability more effectively in cancer cells
compared to S-Mix and Vacrol (Figure 5A,B).
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Figure 5. S-Mix has a MDA-MB-231-specific effect. (A-B) The effect of 100 pM S-Mix, Vacrol, and Carvacrol
treatment on cell viability in the MDA-MB-231 cell line for 24, 48 and 72 hours. Data are presented as mean + SD
of 3 biological and 6 technical replicates (n=3). Significant differences are indicated by asterisks (**p=0.0097, ****p
<0.0001; Kruskal-Wallis followed by Dunn’s multiple comparisons test).

These findings show that S-Mix has stronger viability-inhibiting effects on MDA-MB-231 cells
compared to Vacrol. The lower ICso values of S-Mix, together with its ability to reduce viability at
lower concentrations and shorter incubation times, suggest that it effectively inhibits cancer cell
growth. On the other hand, Vacrol was active at higher concentrations and longer treatment times,
but it was not as strong as S-Mix. Overall, these results indicate that 5S-Mix may be a more promising
anticancer agent than Vacrol, with viability-inhibiting activity that increases in a concentration- and
time-dependent manner.

2.3. In Ovo Analysis Results

In this study, the response of MDA-MB-231 (triple-negative breast cancer) cells to Vacrol (V) and
S-Mix (S) treatment was evaluated in the in ovo CAM model at the end of a 72-hour treatment period,
using both macroscopic and histopathological analyses. The aim of the study was to comparatively
assess the effects of both formulations on tumor growth, cell morphology, and apoptosis. Ranjan et
al. (2023) demonstrated that the CAM assay is a reliable model for investigating breast cancer biology,
particularly angiogenesis and invasion [16].

Macroscopic tumor volume analysis was performed with Image] software using photographs
taken at the start of treatment (to) and at 72 hours (t;). First, the scale in each egg photograph was
normalized using a fixed reference point (e.g., a shell fracture line). Then, the length and width of
each tumor were measured, scale differences were normalized, and proportional volumes were
calculated using the formula width x length?. For each tumor, the baseline t, volume was set to 100,
and the t;, values were expressed as percentage changes. Inflammatory-cell infiltration appeared
more prominent in Vacrol-treated tumors, whereas apoptosis-like morphology (e.g., nuclear
condensation/fragmentation) was more frequently observed in S-Mix-treated tumors; however,
apoptosis was not quantified in this study. As a result of the analysis, tumor volume in the control
group remained approximately stable (~100%), no significant change was observed in the Vacrol
group, while in the S-Mix group, tumor volume decreased by about 40% (t, = 100 — t7, = 60) (Figure
6).
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Figure 6. a) Macroscopic appearance of tumors. In ovo images of CAM tumors from the control, Vacrol, and S-
Mix groups at treatment initiation (to) and at 72 hours (tz»). b) Tumor volume changes. Percentage values of
tumor volumes at 72 hours (t7;), normalized to baseline (to), based on measurements performed with Image].
Volumes were calculated using the formula width x length?. Data are presented as mean + SD of 3 biological

replicates per group (n=3).

Histopathological evaluations revealed a large number of tumor cells in the control group that
heavily infiltrated the Matrigel matrix and spread into the CAM (chorioallantoic membrane) tissue.
The morphological integrity was preserved, and the infiltration density was significantly higher
compared to the treatment groups. In the Vacrol group, the Matrigel structure was not observed in
the tumor area. Instead, cells likely belonging to the CAM and a significant infiltration of
inflammatory cells were seen. However, indicators of apoptosis were found to be at a limited level.
In the S-Mix group, a high density of tumor cells was found within the Matrigel. The cell nuclei were
clearly visible, and nuclear fragmentation was observed in some areas. Compared to the Vacrol
group, a higher number of cells suggesting apoptosis were detected in the S-Mix application (Figure
7).
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Figure 7. Histopathological examination images of in ovo CAM tissue following Vacrol and S-Mix

administration.

These findings indicate that both formulations induced structural changes in the tumor
microenvironment, but the macroscopic volume reduction and apoptosis were more pronounced in
the S-Mix group. The data obtained from the in ovo model suggest that the anti-tumor potential of
these formulations may be shaped by different mechanisms.

3. Discussion

In this study, Vacrol and S-Mix were shown to induce time- and concentration-dependent
viability-suppressing effects on the MDA-MB-231 cell line. The reduction in cell viability was
particularly pronounced after 72 hours of incubation and at higher concentrations, supporting the
anti-cancer potential of these formulations.

The component analysis of the formulations are in line with this observation from a biological
perspective. The high carvacrol content (50.1% in Vacrol; 24.00 % in S-Mix) is considered the primary
contributor to the pro-apoptotic, antiproliferative, and anti-inflammatory activities described in the
literature [9,11,14].

Our in vitro viability analyses clearly demonstrated the effects of S-Mix and Vacrol on TNBC
cells. After 24 hours of incubation, both compounds caused a significant reduction in cell viability at
high concentrations (5 mM and 10 mM). However, at 48 hours, S-Mix induced a pronounced decrease
in cell viability even at lower concentrations compared to Vacrol. At this timepoint, the ICs, value for
S-Mix was determined to be 1.1 mM, whereas cells treated with Vacrol at the same concentration
retained over 50% viability. Similarly, following 72 hours of incubation, S-Mix continued to reduce
cell viability at lower concentrations, while Vacrol required higher concentrations to achieve a
comparable effect. Additionally, S-Mix, which was more effective than Vacrol in the MDA-MB-231
cell line, showed 80% cell viability at a concentration of 1 mM (ICs0) in MCF-12A mammary epithelial
cells. Carvacrol, even when used as a positive control, reduced the viability of MDA-MB-231 cancer
cells below 30% at a concentration of 100 pM; thus, higher concentrations were not tested. Our SRB
assays determined that S-Mix had a more potent effect on cell viability compared to Vacrol in a time-
and dose-dependent manner. This suggests that in addition to the strong effect of the compound
Carvacrol alone, the S-Mix formulation provides a more successful means than Vacrol that may
reflect formulation-dependent interactions. These findings raise the possibility that S-Mix has a
selective effect on cancer cells. Indeed, S-Mix contains higher concentration of compounds such as a-
pinene, camphene, and eugenol that are reported to increase cell membrane permeability, facilitating
the entry of carvacrol into target cells and producing synergistic antimicrobial and anticancer effects
[17-19].

These findings suggest that S-Mix exerts its effects at an earlier timepoint, whereas Vacrol
produces a similar response only after prolonged exposure. Although carvacrol is the primary active
component of both formulations, the rapid response observed with S-Mix cannot be solely attributed
to this molecule. S-Mix also contains additional constituents, including cinnamon oil
(cinnamaldehyde) and peppermint oil (menthol/menthone), which may contribute to combined
effects with carvacrol to modulate cellular processes. Indeed, cinnamaldehyde has been reported to
induce apoptosis and autophagy in both hematologic and solid tumor cell lines [20-22] and to
regulate tumor growth and progression [23,24]. Similarly, menthol has been shown to suppress
proliferation and exhibit anticancer properties in various cancer cell linesand [25] to exert
antiproliferative effects in leukemia cells [26]. Furthermore, menthol and menthone, the major
constituents of peppermint (Mentha piperita) oil, display cytotoxic, anti-inflammatory, and
antioxidant activities that enhance their efficacy against cancer cells [27]. On the other hand, we
cannot say this is definitely due to synergistic interaction since we haven’t experimented each
component one by one with each other to be able to draw isolobolograms or to be able to perform
Chou-Talalay method. Therefore, we can only claim that these mixtures show combined effects

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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exhibited by the components in them. This is the main limitation of our work, and we plan to do these
experiments to illuminate the mechanism in the future.

Similar effects have been documented with other natural essential oil combinations. For
example, an in vivo study of Origanum onites oil demonstrated an 84-85% reduction in tumor volume,
an effect attributed to its high carvacrol content [28]. Likewise, carvacrol has been shown in
preclinical studies to exert antiproliferative activity in MCF-7 and MDA-MB-231 breast cancer cell
lines by arresting the cell cycle in the Go/G1 phase and enhancing caspase-3 activation [11,29].

Arunasree (2009) reported that 100 pM carvacrol reached ICs, after 48 h in MDA-MB-231 cells
and induced apoptotic morphology [30]. In line with this, our results showed that ~150-160 uM (1
mM stock-derived equivalent) treatment for 72 h reduced viability below 60%. Li et al. (2020)
demonstrated that carvacrol regulates cell cycle progression via the TRPM7 channel and significantly
induces apoptosis at 200 uM [12]. This mechanism may underlie our observed decreases in viability,
with TRPMY? inhibition leading to GO/G1 arrest and transition to apoptosis [12]. In MCEF-7 cells,
carvacrol has been reported to inhibit the PI3K/AKT pathway, halting the cell cycle and inducing
apoptosis. Since MDA-MB-231 cells are triple-negative, disruption of similar oncogenic pathways
may explain their sensitivity to carvacrol. Furthermore, in vivo glioblastoma studies showed that
carvacrol reduces tumor growth by suppressing Akt/GSK33 signaling, indicating systemic anticancer
activity.

In our in ovo analyses, the proportional tumor volume reduction (=100 — t7,~60) and the
morphology favoring nuclear fragmentation/apoptosis observed with the S-Mix application in the
MDA-MB-231 CAM model point to the multi-level modulation of tumor biology by its monoterpene
content, particularly those components that act in the same direction as a-terpineol. a-Terpineol is a
natural monoterpene that can reduce tumor cell proliferation and facilitate apoptosis by suppressing
NF-«B signaling. Its concentration-dependent inhibition of NF-kB's nuclear translocation and activity
has been experimentally demonstrated before [31]. In MDA-MB-231 cells, carvacrol has been shown
to induce apoptosis via the mitochondrial pathway, confirmed by a decrease in membrane potential,
cytochrome-c release, caspase activation, and PARP cleavage in a concentration-dependent manner
[30]. Our results are also consistent with the recent study by Meijer et al. (2024), which validated the
CAM assay as a reliable and reproducible model for testing natural compounds, including essential
oils, in oncology research [32].

The difference favoring S-Mix that our findings highlight can be explained by the combinatory
effect created by the co-occurrence of monoterpenes with similar effects (e.g., terpinen-4-ol, a-pinene,
etc.), rather than by the effect of a-terpineol alone. Indeed, terpinen-4-ol has been shown to increase
apoptosis in various tumor cell lines (including MDA-MB-231) and can enhance the effects when
combined with targeted agents. This suggests that the combined use of monoterpene pools can more
easily overcome the apoptotic threshold [33].

Collectively, these data suggest that the early and pronounced effect of S-Mix is likely due not
only to carvacrol but also to the combined interaction among its additional bioactive constituents,
which together modulate cellular responses. In this context, S-Mix elicits a faster and more effective
response, whereas Vacrol achieves a similar outcome only cumulatively, requiring prolonged
exposure.

One of the novel aspects of this work is that Vacrol and S-Mix are not composed solely of
carvacrol but also contain other essential oil constituents. According to analysis reports SM-D-001
and VL-D-001: S-Mix contains 24.00% carvacrol, along with 1,8-cineole (11.7%), a-pinene (12.7%),
eugenol (7.6%), and thymol (0.5%). The Vacrol formulation, on the other hand, in addition to
containing 50.1% carvacrol, also includes eucalyptol (9.7%), a-terpinolene (1.3%), isomenthol (2.26%),
and eugenol (4.7%). Each of these components has been described in the literature for its anticancer,
antioxidant, and anti-inflammatory properties. In particular: Eugenol is known for its ability to
induce apoptotic cell death. Thymol and a-pinene can increase cell membrane permeability, thereby
enhancing cytotoxic effects. -terpineol has been reported to exert cell cycle—arresting effects.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Although detailed pathway analyses were beyond the scope of the present study, the biological
effects observed here are consistent with previously reported activities of carvacrol when combined
with other bioactive terpenoids in cancer cell models. Multiple independent studies have
demonstrated that carvacrol-containing combinations can modulate apoptosis, oxidative stress, cell-
cycle control, and mitochondprial integrity in vitro [34,35]. For instance, carvacrol in combination with
thymol has been shown to increase caspase-3 activation and intracellular ROS while downregulating
Bcl-2 in MCEF-7 breast cancer cells, indicating apoptosis induction through mitochondrial pathways
[36,37]. Similar synergistic anticancer effects have been reported for other monoterpene and
sesquiterpene combinations—such as limonene with -caryophyllene in A549 lung cancer cells [38]
and linalool with geraniol in MDA-MB-231 cells—where alterations in mitochondrial membrane
potential, apoptotic indices, and cell-cycle arrest were documented [17]. Importantly, these studies
relied on mechanistic assays that were not employed in the present work. Accordingly, while the
current findings support an antiproliferative effect at the cellular and histopathological levels, any
reference to signaling pathways such as NF-kB, PI3K/AKT, or ion-channel-associated mechanisms
should be interpreted as literature-supported context rather than direct evidence [39,40]. Future
studies will therefore focus on validating the molecular mechanisms of the newly described
formulations through targeted analyses including protein, transcript, and oxidative stress
measurements [18].

Therefore, the fact that Vacrol and S-Mix contain not only carvacrol but also these additional
constituents suggests that the observed reduction in cell viability may be stronger than the effect of
carvacrol alone. Such combined action may enable these formulations to exhibit significant biological
activity even at lower concentrations. The presence of essential oil components suggests that Vacrol
and S-Mix may be used pharmacologically at lower, potentially less toxic doses while maintaining
efficacy. This finding supports their potential application particularly in multi-targeted treatment
strategies and combination therapies. Verification of these effects through advanced mechanistic and
in vivo studies will be essential for translation into clinical applications.

4. Materials and Methods
4.1. GC-MS Analysis

The analysis of thyme (Origanum onites) essential oils and volatile compounds (Vacrol® and S-
Mix® were purchased from Carmed Pharmaceuticals) was performed using a Thermo TSQ - GC-MS
system and evaluated according to TLM-05-G30OK-05-55. A 5-MS capillary column (30 m length, 0.25
mm internal diameter, 0.25 um film thickness) was used. The analysis was performed by Scientific
and Technological Research Council of Tiirkiye (TUBITAK), National Metrology Institute, and a
certified reference material (UME CRM 1301) was used as the reference material. This CRM was
employed to determine the percentages of related compounds in vacrol by carrying out the peak area
normalization method.

Helium was employed as the carrier gas at a constant flow rate of 0.8 mL/min. The oven
temperature program was as follows: initial hold at 50°C for 5 minutes, followed by an increase of
3°C/min to 240°C. The split ratio was set to 40:1, while HS-SPME applications were performed with
splitless injections. The injector temperature was adjusted to 250°C. The mass spectrometer operated
in electron impact (EI) mode at 70 eV ionization energy, scanning a range of 35-450 m/z.

Volatile oil components were identified by comparing obtained mass spectra with Wiley and
NIST libraries. Retention times (RTs) of the components were measured. Major compounds were
confirmed by co-injection with appropriate standard substances.

4.2. In Vitro Analyses
4.2.1. Cell Culture

The MDA-MB-231 (CRM-HTB-26, ATCC) cell line was used as the experimental model. MDA-
MB-231 is an aggressive human triple-negative breast cancer (TNBC) model commonly used to
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evaluate the efficacy of novel therapeutic agents due to its lack of hormonal receptors and resistance
to conventional treatments. In this study, the MDA-MB-231 cells were cultured in DMEM High
Glucose supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin and the
mammary epithelial cells MCF-12A (CRL-3598, ATCC) were cultured in DMEM-F12 medium
supplemented with 0.5 mg/mL hydrocortisone, 10 ug/mL insulin, 5% horse serum, 20 ng/mL human
EGF, and 1% penicillin/streptomycin incubated in humidified 5% CO: incubator at 37°C [41].

4.2.2. Cell Viability Assay

The effects of Vacrol and S-Mix, applied at increasing logarithmic concentrations, were
evaluated for their impact on cell viability. Experiments were conducted with incubation periods of
24, 48, and 72 hours. The effect of Vacrol (V) and S-Mix (S) on cell viability was determined using the
sulforhodamine B (SRB) assay. MDA-MB-231 and MCF-12A cells were seeded into 96-well plates in
100 pL of medium at densities 5x10°% cells/well, 3x10° cells/well, and 2x10? cells/well for 24-, 48-, and
72-hour timepoints respectively.

After 24 hours of incubation, cells were treated with V and S at concentrations of 1 nM, 10 nM,
100 nM, 1 uM, 10 uM, 100 uM, 1 mM, 2 mM, 2.5 mM, 5 mM and 10 mM. Carvacrol was used at 100
puM in MDA-MB-231; at 10 mM in MCF-12A (matching the highest S-Mix carvacrol-equivalent) as
positive control. Stock solutions were prepared in complete cell culture medium based on Trolox
equivalents (V: 10.848 mM, S: 4.236 mM). Cells were incubated for 24, 48, or 72 hours, then fixed with
50% (w/v) trichloroacetic acid (TCA). Following fixation, TCA was removed with distilled water, and
SRB solution was added and incubated in the dark. Excess SRB was removed with 1% acetic acid,
and plates were air-dried. Bound dye was solubilized with 150 uL/well of 10 mM Tris base (pH 10.0).
Absorbance was measured at 564 nm using a spectrophotometer (BMG Labtech, LUMIStar Omega).
Each condition was performed with 6 technical replicates and 3 biological replicates. The results
obtained were analyzed both graphically and statistically by GraphPad Prism v.9 software, using
non-parametric ANOVA method Kruskal-Wallis test to perform multi-group comparisons, followed
by Dunn’s post-hoc test. The significance level was accepted as p <0.05 at the 95% CI. Experimental
data are presented as mean + SD.

4.3. In Ovo Analyses

4.3.1. Incubation Process

Fertilized Ross 308 chicken eggs were incubated at 37 °C with 60% humidity until egg
development day (EDD) 1. At EDD1, small holes were drilled into the lateral and lower (air sac-
containing) parts of the shell to allow air entry and membrane detachment. The eggs were placed in
the incubator with the pointed end facing upward.

At EDD4, a 1-2 cm circular window was opened on the upper surface of the eggshell, sealed
with adhesive tape, and returned to the incubator. Embryo viability was monitored daily.

4.3.2. Histopathological Analysis

Tumor volume measurement and histopathologic analysis were then performed. On EDD?,
MDA-MB-231 breast cancer cells (1x10°) were mixed with Matrigel and applied onto the
chorioallantoic membrane (CAM). On EDD10, 50 pL of Vacrol or S-Mix, calculated based on Trolox
values and diluted accordingly in HBSS, was applied directly onto the tumors, which were
photographed. On EDD13 tumors were re-photographed and tumors were excised from the CAM,
and fixed in 10% buffered formalin [16,42]. Fixed samples were processed in a semi-open carousel-
type tissue processor. Tissues were dehydrated in graded alcohols (50%, 70%, 80%, 96%, and 100%),
cleared with xylene, and embedded in paraffin at 58-60 °C. Paraffin blocks were sectioned at 3-5 pm
using a rotary microtome (CUT 5062, Slee, Germany). Sections were stained with hematoxylin and
eosin (H&E) for histopathological evaluation. The tumor volume data were analyzed both
graphically and statistically by GraphPad Prism v.9 software, using non-parametric ANOVA method
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Kruskal-Wallis test to perform multi-group comparisons, followed by Dunn’s post-hoc test. The
significance level was accepted as p<0.05 at the 95% CI. Experimental data are presented as
mean + SD.

5. Conclusions

Vacrol and S-Mix are plant-derived, carvacrol-containing essential-oil formulations that were
chemically profiled by GC-MS and evaluated in vitro (SRB assay) and in ovo (CAM xenograft) in a
triple-negative breast cancer model. Both formulations reduced MDA-MB-231 cell viability in a time-
and concentration-dependent manner, with S-Mix showing greater potency under the tested
conditions. In the in ovo CAM model, S-Mix was associated with an approximately 40% reduction in
tumor volume over 72 h and histopathological features consistent with increased cell injury and
apoptosis-like morphology compared to controls, whereas Vacrol showed limited macroscopic
volume reduction with distinct tissue-level changes.

While formal synergy quantification (e.g., Cl/isobologram analyses) and molecular pathway
validation were beyond the scope of the present study, the observed activity profiles across
complementary models are consistent with component-driven effects and provide a solid rationale
for targeted mechanistic and synergy-focused follow-up experiments.

Future studies should include component-level combination testing, expanded breast cancer
panels, and pharmacologically grounded dosing/PK-toxicity evaluation to assess translational
feasibility.

Author Contributions: All authors contributed to the study conception and design. Material preparation, data
collection and analysis were performed by IH, ASM, and OGG. The first draft of the manuscript was written by
SAK and OGG and all authors commented on previous versions of the manuscript. All authors read and

approved of the final manuscript.

Funding: This research did not receive any project grant from any funding agency, commercial, or non-profit
sectors. GC-MS analyses were performed by TUBITAK UME (Scientific and Technological Research Council of
Tiirkiye National Metrology Institute) and in ovo analyses were performed by OvoBoard Biyoteknoloji A.S. by

service procurement.

Data Availability Statement: The datasets used and/or analysed during the current study are available from the

corresponding author on reasonable request.

Acknowledgments: Open Access publication of this article was funded by Fayda Science Foundation. MCF-12A
cells were kindly provided by Dr. Bur¢in Giingor.

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

Abbreviations

The following abbreviations are used in this manuscript:

SRB Sulforhodamine B

CAM Chorioallantoic Membrane
TNBC Triple-Negative Breast Cancer
EDD Egg Development Day
References

1. Sung, H. Ferlay, J.; Siegel, R. L.; Laversanne, M.; Soerjomataram, I; Jemal, A.; Bray, F. Global Cancer
Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185
Countries. CA Cancer J. Clin. - Wiley Online Libr. 2021, No. 71(3), 209-249.
https://doi.org/10.3322/caac.21660.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1499.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025 d0i:10.20944/preprints202512.1499.v1

13 of 15

2. Harbeck, N.; Penault-Llorca, F.; et, al. Breast Cancer. Nat. Rev. Dis. Primer 2019, No. 5, 66, 1-31.
https://doi.org/10.1038/s41572-019-0111-2.

3. Waks, A. G.; Winer, E. P. Breast Cancer Treatment: A Review. JAMA 2019, 321 (3), 288-300.
https://doi.org/10.1001/jama.2018.19323.

4. Mardale, G,; Caruntu, F.; Mioc, A.; Mioc, M.; Lukinich-Gruia, A. T.; Pricop, M.-A; Jianu, C.; Gogulescu, A ;
Maksimovic, T.; Soica, C.; Mardale, G.; Caruntu, F.; Mioc, A.; Mioc, M.; Lukinich-Gruia, A. T.; Pricop, M.-
A.; Jianu, C.; Gogulescu, A.; Maksimovic, T.; Soica, C. Integrated In Silico and In Vitro Assessment of the
Anticancer Potential of Origanum Vulgare L. Essential Oil. Processes 2025, 13 (6), 1695.
https://doi.org/10.3390/pr13061695.

5. Savini, I; Arnone, R.; Catani, M. V.; Avigliano, L. Origanum Vulgare Induces Apoptosis in Human Colon
Cancer Caco?2 Cells. Nutr. Cancer 2009, 61 (3), 381-389. https://doi.org/10.1080/01635580802582769.

6. Baser, K. H. C.; Ozek, T.; Tiimen, G.; Sezik, E. Composition of the Essential Oils of Turkish Origanum
Species with Commercial Importance. J. Essent. Oil Res. 1993, 5 (6), 619-623.
https://doi.org/10.1080/10412905.1993.9698294.

7. Musmula, M.; Akkoc, S. Apoptotic Effect of Carvacrol on Different Cancer Cells and Its Potential as an
Active Medicine Ingredient. J. Asian Nat. Prod. Res. 2025, 1-18.
https://doi.org/10.1080/10286020.2025.2517669.

8. Kachur, K,; Suntres, Z. The Antibacterial Properties of Phenolic Isomers, Carvacrol and Thymol. Crit. Rev.
Food Sci. Nutr. 2020, No. Volume 60(18), 3042-3053. https://doi.org/10.1080/10408398.2019.1675585.

9.  Suntres, Z.; Coccimiglio, J.; Alipour, M. The Bioactivity and Toxicological Actions of Carvacrol. Crit. Rev.
Food Sci. Nutr. No. 55(3), 304-318. https://doi.org/10.1080/10408398.2011.653458.

10. Moradipour, A.; Dariushnejad, H.; Ahmadizadeh, C.; Lashgarian, H. E. Dietary Flavonoid Carvacrol
Triggers the Apoptosis of Human Breast Cancer MCF-7 Cells via the P53/Bax/Bcl-2 Axis. Med. Oncol. 2022,
40 (1), 46. https://doi.org/10.1007/s12032-022-01918-2.

11. Pandey, P.; Ramniwas, S.; Verma, M.; Sharma, N.; Upadhye, V. J.; Khan, F.; Shah, M. A. A Study to
Investigate the Anticancer Potential of Carvacrol via Targeting Notch Signaling in Breast Cancer. Open
Chem. 2024, 22 (1), 1-9. https://doi.org/10.1515/chem-2024-0008.

12. Li L.;He, L.; Wu, Y.; Zhang, Y. Carvacrol Affects Breast Cancer Cells through TRPM7 Mediated Cell Cycle
Regulation. Life Sci. 2021, 266, 118894. https://doi.org/10.1016/j.1fs.2020.118894.

13. Abuaisha, A.; Nekay, E.; Yilmaz, O.; Yildiz, B.; Mecit, T.; Yavas, C.; Papila, B.; Arslan, H. I.; Gumus, A. H,;
Nazligul, E.; Akbas, S.; Emiroglu, S.; Abuaisha, A.; Nekay, E.; Yilmaz, O,; Yildiz, B.; Mecit, T.; Yavas, C.;
Papila, B.; Arslan, H. I; Gumus, A. H.; Nazligul, E.; Akbas, S.; Emiroglu, S. Carvacrol as a Therapeutic
Candidate in Breast Cancer: Insights into Subtype-Specific Cellular Modulation. Biology 2025, 14 (10), 1443.
https://doi.org/10.3390/biology14101443.

14. Taibi, M.; Elbouzidi, A.; Haddou, M.; Baraich, A.; Ou-Yahia, D.; Bellaouchi, R.; Mothana, R. A.; Al-Yousef,
H. M.; Asehraou, A.; Addi, M.; Guerrouj, B. E.; Chaabane, K.; Taibi, M.; Elbouzidi, A.; Haddou, M.; Baraich,
A.; Ou-Yahia, D.; Bellaouchi, R.; Mothana, R. A; Al-Yousef, H. M.; Asehraou, A.; Addi, M.; Guerrouj, B. E.;
Chaabane, K. Evaluation of the Interaction between Carvacrol and Thymol, Major Compounds of Ptychotis
Verticillata Essential Oil: Antioxidant, Anti-Inflammatory and Anticancer Activities against Breast Cancer
Lines. Life 2024, 14 (8). https://doi.org/10.3390/1ife14081037.

15. Shaban, S.; Patel, M.; Ahmad, A. Improved Efficacy of Antifungal Drugs in Combination with Monoterpene
Phenols against Candida Auris. Sci. Rep. 2020, 10, 1162. https://doi.org/10.1038/s41598-020-58203-3.

16. Ranjan, R. A.; Muenzner, J. K;; Kunze, P.; Geppert, C. I.; Ruebner, M.; Huebner, H.; Fasching, P. A,;
Beckmann, M. W.; Bauerle, T.; Hartmann, A.; Walther, W.; Eckstein, M.; Erber, R.; Schneider-Stock, R.;
Ranjan, R. A.; Muenzner, ]. K; Kunze, P.; Geppert, C. I.; Ruebner, M.; Huebner, H.; Fasching, P. A.;
Beckmann, M. W.; Bauerle, T.; Hartmann, A.; Walther, W.; Eckstein, M.; Erber, R.; Schneider-Stock, R. The
Chorioallantoic Membrane Xenograft Assay as a Reliable Model for Investigating the Biology of Breast
Cancer. Cancers 2023, 15 (6), 1704. https://doi.org/10.3390/cancers15061704.

17.  Sampaio, L. A.; Pina, L. T. S.; Serafini, M. R.; Tavares, D. dos S.; Guimaraes, A. G. Antitumor Effects of
Carvacrol and Thymol: A Systematic Review. Front. Pharmacol. 2021, 12, 702487.
https://doi.org/10.3389/fphar.2021.702487.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1499.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025 d0i:10.20944/preprints202512.1499.v1

14 of 15

18. Gautam, N.; Mantha, A. K.; Mittal, S. Essential Oils and Their Constituents as Anticancer Agents: A
Mechanistic View. BioMed Res. Int. 2014, 2014, 154106. https://doi.org/10.1155/2014/154106.

19. Jaafari, A.; Tilaoui, M.; Mouse, H. A,; M’'bark, L. A,; Aboufatima, R.; Chait, A.; Lepoivre, M.; Zyad, A.
Comparative Study of the Antitumor Effect of Natural Monoterpenes: Relationship to Cell Cycle Analysis.
Rev. Bras. Farmacogn. 2012, 22(3), 534-540. https://doi.org/10.1590/S0102-695X2012005000021.

20. Huang, T.-C,; Fu, H-Y,; Ho, C-T; Tan, D.; Huang, Y.-T.; Pan, M.-H. Induction of Apoptosis by
Cinnamaldehyde from Indigenous Cinnamon Cinnamomum Osmophloeum Kaneh through Reactive
Oxygen Species Production, Glutathione Depletion, and Caspase Activation in Human Leukemia K562
Cells. Food Chem. 2007, 103 (2), 434-443. https://doi.org/10.1016/j.foodchem.2006.08.018.

21. Aggarwal, S.;; Bhadana, K;; Singh, B.; Rawat, M.; Mohammad, T.; Al-Keridis, L. A.; Alshammari, N.; Hassan,
M. I; Das, S. N. Cinnamomum Zeylanicum Extract and Its Bioactive Component Cinnamaldehyde Show
Anti-Tumor Effects via Inhibition of Multiple Cellular Pathways. Front. Pharmacol. 2022, 13, 918479.
https://doi.org/10.3389/fphar.2022.918479.

22. Hermawan, A.; Putri, H., Utomo, R. Y. Exploration of Targets and Molecular Mechanisms of
Cinnamaldehyde in Overcoming Fulvestrant-Resistant Breast Cancer: A Bioinformatics Study. Netw.
Model. Anal. Health Inform. Bioinforma. 2021, No. 10:30. https://doi.org/10.1007/s13721-021-00303-9.

23. Peng, J.; Song, X.; Yu, W.; Pan, Y.; Zhang, Y.; Jian, H.; He, B. The Role and Mechanism of Cinnamaldehyde
in Cancer. J. Food Drug Anal. 2024, 32 (2), 140-154. https://doi.org/10.38212/2224-6614.3502.

24. Liu, Y; An, T; Wan, D, Yu, B,; Fan, Y.; Pei, X. Targets and Mechanism Used by Cinnamaldehyde, the Main
Active Ingredient in Cinnamon, in the Treatment of Breast Cancer. Front. Pharmacol. 2020, 11, 582719.
https://doi.org/10.3389/fphar.2020.582719.

25. Zhao, Y.; Pan, H,; Liu, W,; Liu, E.; Pang, Y.; Gao, H.; He, Q; Liao, W.; Yao, Y.; Zeng, J.; Guo, J. Menthol: An
Underestimated Anticancer Agent. Front. Pharmacol. 2023, 14, 1148790.
https://doi.org/10.3389/fphar.2023.1148790.

26. Naksawat, M.; Norkaew, C.; Charoensedtasin, K.; Roytrakul, S.; Tanyong, D. Anti-Leukemic Effect of
Menthol, a Peppermint Compound, on Induction of Apoptosis and Autophagy. Peer] 2023, 11, e15049.
https://doi.org/10.7717/peerj.15049.

27. Sun, Z.; Wang, H.; Wang, J.; Zhou, L.; Yang, P. Chemical Composition and Anti-Inflammatory, Cytotoxic
and Antioxidant Activities of Essential Oil from Leaves of Mentha Piperita Grown in China. PLOS ONE
2014, 9 (12), e114767. https://doi.org/10.1371/journal.pone.0114767.

28. Kubatka, P.; Uramova, S.; Kello, M.; Kajo, K.; Samec, M.; Jasek, K.; Vybohova, D.; Liskova, A.; Mojzis, J.;
Adamkov, M.; Zubor, P.; Smejkal, K.; Svajdlenka, E.; Solar, P.; Samuel, S. M.; Zulli, A.; Kassayova, M.;
Lasabova, Z.; Kwon, T. K.; Pec, M.; Danko, J.; Biisselberg, D. Anticancer Activities of Thymus Vulgaris L.
in Experimental Breast Carcinoma in Vivo and in Vitro. Int. J. Mol. Sci. 2019, 20 (7), 1749.
https://doi.org/10.3390/ijms20071749.

29. Uchda, A. F. C,; Formiga, A. L. D.; Cardoso, A. L. M. R.; Pereira, G. M. A.; Carvalho, L. M. M,; Souza, P. H.
O.; Silva, A. L.; Souza, R. R. M.; Sobral, M. V; Silva, M. S.; Barbosa-Filho, J. M.; Xavier-Junior, F. H.; Uchoa,
A.F. C; Formiga, A. L. D.; Cardoso, A. L. M. R; Pereira, G. M. A,; Carvalho, L. M. M,; Souza, P. H. O,;
Silva, A. L.; Souza, R. R. M; Sobral, M. V; Silva, M. S.; Barbosa-Filho, ]. M.; Xavier-Janior, F. H. Optimized
and Functionalized Carvacrol-Loaded Nanostructured Lipid Carriers for Enhanced Cytotoxicity in Breast
Cancer Cells. Pharmaceutics 2025, 17 (3), 363. https://doi.org/10.3390/pharmaceutics17030363.

30. Arunasree, K. M. Anti-Proliferative Effects of Carvacrol on a Human Metastatic Breast Cancer Cell Line,
MDA-MB 231. Phytomedicine 2010, No. 17(8-9), 581-588. https://doi.org/10.1016/j.phymed.2009.12.008.

31. Hassan, S. B.; Gali-Muhtasib, H.; Géransson, H.; Larsson, R. Alpha Terpineol: A Potential Anticancer Agent
Which Acts through Suppressing NF-kappaB Signalling. Anticancer Res. 2010, 30 (6), 1911-1919.

32. Meijer, M. M. Y.; Brand, H. van den; Niknafs, S.; Stark, T.; Navarro, M.; Khaskheli, A. A.; Roura, E.
Carvacrol in Ovo Delivery Optimization and Flow Dynamics in Broiler Chicken Eggs. Poult. Sci. 2024, 103
(3), 103443. https://doi.org/10.1016/j.psj.2024.103443.

33. Di Martile, M.; Garzoli, S.; Sabatino, M.; Valentini, E.; D’Aguanno, S.; Ragno, R.; Del Bufalo, D. Antitumor
Effect of Melaleuca Alternifolia Essential Oil and Its Main Component Terpinen-4-Ol in Combination with

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1499.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025 d0i:10.20944/preprints202512.1499.v1

15 of 15

Target Therapy in Melanoma Models. Cell Death Discov. 2021, 7 (1), 127. https://doi.org/10.1038/s41420-
021-00510-3.

34. Ahmed, E. A.; Zahra, H. A.; Ammar, R. B.; Mohamed, M. E.; Ibrahim, H.-I. M.; Ahmed, E. A.; Zahra, H. A.;
Ammar, R. B.; Mohamed, M. E; Ibrahim, H.-I. M. Beta-Caryophyllene Enhances the Anti-Tumor Activity
of Cisplatin in Lung Cancer Cell Lines through Regulating Cell Cycle and Apoptosis Signaling Molecules.
Molecules 2022, 27 (23), 8354. https://doi.org/10.3390/molecules27238354.

35. Azimi, S.; Esmaeil Lashgarian, H.; Ghorbanzadeh, V.; Moradipour, A.; Pirzeh, L.; Dariushnejad, H. 5-FU
and the Dietary Flavonoid Carvacrol: A Synergistic Combination That Induces Apoptosis in MCF-7 Breast
Cancer Cells. Med. Oncol. 2022, 39 (12), 253. https://doi.org/10.1007/s12032-022-01863-0.

36. Taibi, M.; Elbouzidi, A.; Haddou, M.; Baraich, A.; Ou-Yahia, D.; Bellaouchi, R.; Mothana, R. A.; Al-Yousef,
H. M.; Asehraou, A.; Addi, M.; Guerrouj, B. E.; Chaabane, K.; Taibi, M.; Elbouzidi, A.; Haddou, M.; Baraich,
A.; Ou-Yahia, D.; Bellaouchi, R.; Mothana, R. A.; Al-Yousef, H. M.; Asehraou, A.; Addi, M.; Guerrouj, B. E.;
Chaabane, K. Evaluation of the Interaction between Carvacrol and Thymol, Major Compounds of Ptychotis
Verticillata Essential Oil: Antioxidant, Anti-Inflammatory and Anticancer Activities against Breast Cancer
Lines. Life 2024, 14 (8), 1037. https://doi.org/10.3390/1ife14081037.

37. Jamali, T.; Kavoosi, G.; Safavi, M.; Ardestani, S. K. In-Vitro Evaluation of Apoptotic Effect of OEO and
Thymol in 2D and 3D Cell Cultures and the Study of Their Interaction Mode with DNA. Sci. Rep. 2018, 8
(1), 15787. https://doi.org/10.1038/s41598-018-34055-w.

38. Chung, K.-S.;Hong, ]. Y.; Lee, ].-H.; Lee, H.-J.; Park, J. Y.; Choi, ].-H.; Park, H.-].; Hong, J.; Lee, K.-T.; Chung,
K.-S; Hong, J. Y.; Lee, J-H.; Lee, H.-J.; Park, J. Y.; Choi, J.-H.; Park, H.-J.; Hong, J.; Lee, K-T. (-
Caryophyllene in the Essential Oil from Chrysanthemum Boreale Induces G1 Phase Cell Cycle Arrest in
Human Lung Cancer Cells. Molecules 2019, 24 (20), 3754. https://doi.org/10.3390/molecules24203754.

39. Chen, W.-L; Barszczyk, A.; Turlova, E.; Deurloo, M.; Liu, B.; Yang, B. B.; Rutka, J. T.; Feng, Z.-P.; Sun, H.-
S. Inhibition of TRPMY7 by Carvacrol Suppresses Glioblastoma Cell Proliferation, Migration and Invasion.
Oncotarget 2015, 6 (18), 16321-16340. https://doi.org/10.18632/oncotarget.3872.

40. Fan, K; Li, X,; Cao, Y.,; Qi, H,; Li, L.; Zhang, Q.; Sun, H. Carvacrol Inhibits Proliferation and Induces
Apoptosis in  Human Colon Cancer Cells. Anticancer. Drugs 2015, 26 (8), 813.
https://doi.org/10.1097/CAD.0000000000000263.

41. Rrustemi, T.; Geyik, 0. G; Ozkaya, A. B.; Oztiirk, T. K.; Yiice, Z.; Kiling, A. Acrylamide-Encapsulated
Glucose Oxidase Inhibits Breast Cancer Cell Viability. Turk. J. Biochem. 2020, 45 (6), 811-816.
https://doi.org/10.1515/tjb-2020-0247.

42. Sys, G.M. L, Lapeire, L.; Stevens, N.; Favoreel, H.; Forsyth, R.; Bracke, M.; De Wever, O. The in Ovo CAM-
Assay as a Xenograft Model for Sarcoma. J. Vis. Exp. JoVE 2013, No. 77, 50522.
https://doi.org/10.3791/50522.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1499.v1
http://creativecommons.org/licenses/by/4.0/

