
Academic Editor: Chung-Yi Chen

Received: 21 May 2026

Revised: 10 June 2026

Accepted: 25 June 2026

Published: 28 June 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Ylang Ylang Essential Oil in Malignant and Non-Malignant Cells:
Comparative Mitophagy-Related Transcriptional Responses
Goksu Kasarci-Kavsara 1, Timur Hakan Barak 2,* , Baris Ertugrul 1, Tugba Buse Senturk 2, Bedia Cakmakoglu 1

and Sinem Bireller 3,*

1 Department of Molecular Medicine, Aziz Sancar Institute of Experimental Medicine, Istanbul University,
34093 Istanbul, Türkiye

2 Department of Pharmacognosy, Faculty of Pharmacy, Acibadem Mehmet Ali Aydinlar University,
34752 Istanbul, Türkiye

3 Department of Biochemistry, Faculty of Pharmacy, Acibadem Mehmet Ali Aydinlar University,
34752 Istanbul, Türkiye

* Correspondence: timur.barak@acibadem.edu.tr (T.H.B.); sinem.bireller@acibadem.edu.tr (S.B.);
Tel.: +90-216-500-4444-4377 (T.H.B.); +90-216-500-4444-4399 (S.B.)

Abstract

Background: Mitophagy is a mitochondrial quality-control pathway whose contribution to
cancer stress tolerance may vary by cellular context. For essential oils, mechanistic inter-
pretation is often limited by compositional variability and the limited number of studies
addressing malignant and non-malignant comparisons under matched exposure conditions.
Methods: Ylang Ylang essential oil (YY EO) was characterized by GC-MS-FID. Lung cancer
cells (A549) and a salivary gland carcinoma model (HTB-41), together with non-malignant
lung-related cells (BEAS-2B, MRC-5), were exposed to YY EO. Functional outcomes were
assessed by WST-1 and LDH assays. Mitophagy-related and mitochondrial quality-control-
associated genes were quantified by RT-qPCR (2−∆∆Ct). Results: GC-MS-FID identified
a terpenoid-rich mixture (99.31%), with germacrene D and β-caryophyllene among the
major constituents. YY EO was associated with dose- and cell-type-dependent functional
responses, with malignant cells showing reductions in WST-1 signal and stronger LDH-
associated responses under the tested conditions, while non-malignant cells showed less
pronounced functional changes. Transcriptional responses were context-dependent, with
differential changes in mitophagy-related genes across cell lines. Conclusions: These find-
ings provide comparative evidence of greater functional sensitivity in malignant cells,
alongside cell-context-dependent mitophagy-related transcriptional responses. These
observations are hypothesis-generating and remain limited to functional readouts and
mRNA-level data. Within these limits, the present study provides a composition-anchored
comparative dataset that may support future mechanistic studies in this area.

Keywords: Ylang Ylang essential oil; mitochondrial quality control; mitophagy; lung
cancer; salivary gland carcinoma; GC-MS-FID

1. Introduction
Mitochondria sustain cellular viability through the integration of ATP production,

metabolic signaling, and stress adaptation. Beyond energy supply, they also function as
signaling hubs that shape inflammatory tone and cell-fate decisions under stress, making
mitochondrial quality-control pathways disproportionately influential in disease contexts.
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Mitophagy is an evolutionarily conserved quality-control pathway that removes dysfunc-
tional mitochondria to preserve organelle integrity [1–3]. It is typically engaged through
two routes, the ubiquitin-mediated PINK1/PARKIN and receptor-mediated (BNIP3, NIX,
FUNDC1) pathways, that recruit mitochondria to the autophagic machinery via LC3-
interacting motifs (Figure 1) [4–6]. These routes rely on LC3 to translate mitochondrial
damage sensing into selective autophagic clearance.

Figure 1. Schematic overview of mitophagy, illustrating mitochondrial damage sensing, ubiquitin-
dependent (PINK1/PRKN) and receptor-mediated (BNIP3, NIX, and FUNDC1) mitophagy pathways,
including recruitment of autophagy adaptors (OPTN, NDP52, p62), and LC3-mediated autophago-
some formation. Dotted boxes indicate the two major mitophagy pathways, arrows indicate the
direction of process progression, and the lower bracket highlights their convergence into the shared
autophagosome formation and degradation sequence (created in BioRender; Bireller, S. (2026)).

Mitophagy proceeds through recognizable phases, from damage sensing to lysoso-
mal degradation, and turns out to be particularly relevant under oxidative or metabolic
stress [5,7]. When this clearance system is impaired, mitochondrial dysfunction, ROS
accumulation, and inflammatory signaling may escalate, linking defective mitophagy to
multiple pathologies, including malignancy and fibrotic lung disorders [3–5,8]. Conversely,
under persistent stress, mitophagy may support survival by preserving and maintaining
mitochondrial fitness and limiting bioenergetic collapse. This bidirectional behavior sup-
ports viewing mitophagy as a stress adaptation program whose net effect depends on stress
intensity, duration, and cellular metabolic state.

Recent work increasingly describes mitophagy as a route-diverse, threshold-sensitive
mitochondrial stress response shaped by cell type, metabolic state, and exposure dynam-
ics. This perspective highlights a challenge for multi-component exposures. Adaptive
mitochondrial quality-control engagement and overt bioenergetic failure may lead to par-
tially overlapping mitophagy-related outcomes under marker-limited or non-matched
designs. Essential oils (EOs) are well positioned in this context with their widely reported
redox-modulating and antioxidant-associated bioactivities with mitochondria-related stress
responses. These properties make mitochondrial quality-control pathways a plausible
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common mechanistic layer through which EOs might influence cellular outcomes. Never-
theless, compositional uncertainty and the relative scarcity of side-by-side malignant and
non-malignant comparisons under standardized exposure conditions continue to constrain
mechanistic attribution and claims of differential functional sensitivity. In the present
study, GC–MS–FID verification of Ylang Ylang essential oil (YY EO) was integrated with
complementary functional readouts and targeted RT-qPCR profiling of mitophagy and mi-
tochondrial quality-control genes (BNIP3, NIX, LC3, FUNDC1, PINK1/PARKIN, LONP1,
ATP5F1A, SRC) to enable a composition-anchored study of context-dependent mitochon-
drial stress in malignant models (lung cancer and salivary gland carcinoma models) and
non-malignant lung counterparts.

In cancer biology, mitophagy is often described as a context-dependent regulator.
Defective mitophagy may permit damaged mitochondria to persist, promoting excess
ROS and genomic instability that may support malignant transformation; however, adap-
tive mitophagy may also help malignant cells tolerate hypoxia, nutrient limitations, and
therapy-associated stress [9,10]. Consistent with this duality, mitophagy-related proteins
(PINK1, PARKIN, BNIP3, NIX) are frequently dysregulated in lung cancer particularly in
NSCLC and have been linked with both tumor-suppressive effects and resistance pheno-
types [9–13]. As a result, targeting mitochondrial quality control presents a fundamental
selectivity challenge, requiring disruption of tumor stress tolerance while preserving cel-
lular viability in non-malignant cells. The selectivity problem is particularly relevant for
multi-component interventions, where dose and exposure time may shift cells between
adaptive and injurious stress thresholds. Although therapeutic options have expanded for
lung cancer, many interventions remain limited in their ability to reverse tissue damage.
In NSCLC, especially lung adenocarcinoma, intracellular alterations frequently include
mitochondrial impairment and disturbance of the immune microenvironment [12,13].

Comparable mitochondrial stress programs are increasingly discussed across head-
and-neck malignancies, including salivary gland malignancies and other head and neck
cancers, although this literature is less mature than that of lung cancer. In this context,
mitophagy has been linked to apoptosis and senescence-like phenotypes as well as invasive
behavior in salivary gland carcinoma models, highlighting a potentially actionable mito-
chondrial quality-control pathway [14–16]. As a result, many patients require aggressive
multimodal therapy, yet recurrence and treatment resistance remain central limitations.
Mitophagy is also a candidate pathway supporting tolerance to hypoxia, nutrient limitation,
and therapy-associated pressure. The mitochondria and mitophagy pathways are increas-
ingly viewed as determinants of treatment responses rather than passive bystanders [9,11].
However, composition-anchored studies that compare malignant and non-malignant cells
side-by-side under matched exposure conditions remain relatively limited in salivary gland
carcinoma models. This gap is methodologically important, as the absence of matched
exposure comparisons allows claims of selective vulnerability to be confounded by baseline
growth rates, metabolic state, or differential stress-buffering capacity.

Despite advances in multimodal treatment strategies (surgery, chemotherapy, radio-
therapy, targeted therapy and immunotherapy), recurrence and treatment resistance remain
major clinical barriers in both lung cancer and salivary gland malignancies [17,18]. With
mitochondria governing apoptotic priming, metabolic flexibility, and redox balance, mito-
chondrial dynamics and mitophagy are repeatedly implicated in tumor stress tolerance and
therapy adaptation [4,6,8,9]. Mitophagy-related programs may support drug-tolerant per-
sistent states and influence treatment responsiveness in a context-dependent manner [10,12].
From a translational perspective, this suggests that a useful intervention might not simply
increase or decrease mitophagy; instead, it may alter mitochondrial stress responses in a
manner that depends on cellular context and exposure conditions.
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Within this frame, natural products have attracted attention as multi-target bioactive
sources capable of influencing mitochondrial stress responses [19–21]. Essential oils (EOs)
are volatile, terpenoid-rich mixtures with broadly reported bioactivities (antioxidant, anti-
inflammatory, antimicrobial), and their multi-component nature supports evaluation as
modulators of redox and stress-related pathways [20–22]. These mechanistic insights sup-
port a shift from empirical use toward evidence-based applications [21,23]. A composition-
anchored design remains particularly important, given that the differences in dominant
terpenoids and minor constituents may reshape biological response profiles [20,21].

YY EO, derived from Cananga odorata flowers, is commercially important and has been
associated with antioxidant and broader bioactive properties [20,23–27]. Direct cell-based
evidence focused specifically on YY EO remains limited, and cancer-related studies have
recently begun to accumulate. The available literature includes broader evaluations of
Cananga odorata bioactivity [27–29], formulation-based work using YY EO in triple-negative
breast cancer models [30], and more recent keratinocyte-based studies suggesting that
formulation might influence on biological readouts [31]. Overall, these reports indicate
a growing, but still limited, body of experimental studies on YY EO in defined cellular
systems. They also show that the available evidence remains heterogeneous in terms of
formulation strategy, exposure design, and biological endpoints. In view of potential vari-
ability in YY EO composition, compositional verification is critical for mechanistic interpre-
tation; therefore, GC–MS–FID profiling of the YY EO used in this study was combined with
functional and transcriptional assessment of mitophagy-related pathways. Genes related
to mitophagy and mitochondrial quality-control pathways and stress adaptation (BNIP3,
NIX, LC3, FUNDC1, PINK1/PARKIN, LONP1, ATP5F1A, SRC) were examined in lung and
salivary gland carcinoma models, alongside non-malignant counterparts, to understand
whether YY EO influences mitochondrial quality-control responses in a context-dependent
manner [2,5,19,21,32]. The study examined whether composition-verified YY EO might be
associated with different functional and transcriptional responses in malignant and non-
malignant cells under matched exposure conditions. To our knowledge, comparative data
directly examining chemically characterized YY EO in malignant and non-malignant cell
models under the same tested conditions remain limited. The present study was designed
as a preliminary comparative evaluation combining functional assays with transcriptional
analysis of selected mitophagy-related and mitochondrial quality-control-associated genes.

The central premise of this work is that YY EO may influence mitochondrial stress han-
dling and mitophagy-related signaling in a context-dependent manner [20,22,23,30,33–35].
In this sense, mitochondrial stress handling refers to the balance between redox load,
bioenergetic capacity, and quality-control engagement, rather than a simple activation
or inhibition of mitophagy. We therefore hypothesized that composition-verified YY EO
might be associated with differential mitochondrial stress responses in malignant and
non-malignant cells. This design enabled a composition-anchored, side-by-side assess-
ment of whether YY EO is associated with greater functional sensitivity in malignant
cells, alongside comparatively limited functional changes in non-malignant cells under the
tested conditions.

2. Results
2.1. Phytochemical Investigation

Detailed GC-MS-FID analysis was conducted on the YY EO, and results are given in
Table 1. A total of 99.31% of the sample was revealed and 42 different compounds were
identified. β-caryophyllene and germacrene D were determined as the major ingredients
with contents of 15.26 ± 0.04 and 19.25 ± 0.03%, respectively. In addition, α-farnesene and
linalool were calculated in significant amounts, 8.43 ± 0.04 and 7.64 ± 0.22%, respectively.
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The results revealed the complex nature of the EO with molecules from various groups
such as monoterpenes, sesquiterpenes, and hydrocarbons. These findings establish a
foundational basis for elucidating the potential bioactivities of the sample and may guide
future investigations into its therapeutic applications.

Table 1. Phytochemical analysis results of YY EO with GC-MS-FID.

R.T RRI Exp. RRI Lit. Compounds % IM

8.63 932 932 α-Pinene 0.19 ± 0.00 RI, MS, RS
10.46 985 977 β-Pinene 0.06 ± 0.00 RI, MS
10.58 988 992 β-Myrcene 0.06 ± 0.00 RI, MS, RS
11.84 1021 1021 p-Cresyl methyl ether 2.12 ± 0.21 RI, MS
12.20 1030 1033 Eucalyptol 0.25 ± 0.05 RI, MS, RS
14.96 1100 1096 Methyl benzoate 0.28 ± 0.01 RI, MS
15.22 1106 1104 Linalool 7.64 ± 0.22 RI, MS, RS
17.94 1169 1163 Benzyl Acetate 0.96 ± 0.03 RI, MS
19.08 1195 1195 α-Terpineol 0.08 ± 0.01 RI, MS, RS
19.31 1201 1202 Estragole 0.12 ± 0.01 RI, MS
21.90 1260 1258 Geraniol 1.12 ± 0.03 RI, MS, RS
25.31 1340 1350 α-Cubebene 0.13 ± 0.00 RI, MS
25.82 1352 1363 Eugenol 0.18 ± 0.00 RI, MS, RS
26.43 1367 1372 Ylangene 0.55 ± 0.07 RI, MS
27.02 1380 1377 α-Copaene 1.16 ± 0.05 RI, MS
27.42 1391 1389 Geranyl acetate 7.31 ± 0.01 RI, MS, RS
27.70 1397 1391 β-Elemene 0.68 ± 0.01 RI, MS
29.09 1432 1426 β-Caryophyllene 15.26 ± 0.04 RI, MS, RS
29.24 1435 1433 β-Copaene 0.59 ± 0.01 RI, MS
29.82 1450 1441 Aromadendrene 0.15 ± 0.00 RI, MS
30.09 1456 1439 Isogermacrene D 0.35 ± 0.00 RI, MS
30.33 1462 1458 Humulene 4.50 ± 0.03 RI, MS
30.52 1467 1463 cis-β-farnesene 0.12 ± 0.01 RI, MS
30.62 1469 1470 Bicyclosesquiphellandrene 0.28 ± 0.01 RI, MS
31.59 1494 1486 Germacrene D 19.25 ± 0.03 RI, MS
31.69 1496 1491 γ-Amorphene 1.11 ± 0.01 RI, MS
31.88 1501 1498 Bicyclogermacrene 1.10 ± 0.03 RI, MS
32.09 1507 1502 α-Muurolene 1.83 ± 0.05 RI, MS
32.26 1511 1498 α-Bergamotene 2.37 ± 0.01 RI, MS
32.46 1516 1511 α-Farnesene 8.43 ± 0.04 RI, MS
33.09 1533 1524 δ-Cadinene 4.21 ± 0.01 RI, MS
34.42 1567 1556 Elemol 0.12 ± 0.01 RI, MS
35.61 1599 1587 Caryophyllene oxide 0.08 ± 0.01 RI, MS, RS
36.62 1626 1622 Junenol 0.35 ± 0.00 RI, MS
37.09 1639 1625 1-epi-Cubenol 0.14 ± 0.00 RI, MS
37.51 1650 1640 τ-Cadinol 1.53 ± 0.00 RI, MS
37.65 1655 1652 Muurolol 0.44 ± 0.00 RI, MS
38.01 1664 1654 α-Cadinol 2.25 ± 0.27 RI, MS
40.29 1728 1749 Farnesol 2.01 ± 0.09 RI, MS
42.09 1780 1770 Benzyl benzoate 6.76 ± 0.02 RI, MS
44.31 1846 1846 Farnesyl acetate 1.73 ± 0.01 RI, MS
45.46 1881 1862 Benzyl salicylate 1.46 ± 0.01 RI, MS

Total identified 99.31
R.T: retention time. RRI exp.: linear program retention indices determined in this study. RRI lit.: retention indices
from the literature. IM: identification method. RI: retention index, MS: mass Library, RS: reference substance.

2.2. The Effect of Ylang Ylang Essential Oil on WST-1-Based Functional Responses

The effect of YY EO across the tested concentration range (500–2000 µg/mL) was
initially assessed using the WST-1 assay as an indirect functional readout at different time
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points. Cells were exposed to the tested concentration range for 24 and 48 h to identify
concentration and time windows suitable for downstream comparative analyses. As shown
in Figures 2 and 3, YY EO treatment was associated with statistically significant, time- and
dose- dependent reductions in WST-1 signal in A549 and HTB-41 cells compared with
untreated controls. In contrast, no comparable decrease in WST-1 signal was observed in
non-malignant lung cell models. In MRC-5 and BEAS-2B cells, WST-1 values generally
remained above 80% under the tested conditions and, in some settings, were slightly higher
than control values. These findings indicate a differential response between malignant
and non-malignant cells under the tested conditions. Because WST-1 is an indirect assay,
these signal changes were interpreted cautiously and were not taken as direct evidence of a
specific mechanism.

Figure 2. Effects of YY EO on cell viability in malignant cell models (A549 and HTB-41) at 24 h
and 48 h, assessed by WST-1 assay. Cells were treated with increasing concentrations of YY EO
(500–2000 µg/mL). Data are presented as mean ± SD from three independent experiments. * p < 0.05
and ** p < 0.01 compared with the untreated (control) group.

Figure 3. Effects of YY EO on cell viability in non-malignant cell models (MRC-5 and BEAS-2B)
at 24 h and 48 h, assessed by WST-1 assay. Cells were treated with increasing concentrations of
YY EO (500–2000 µg/mL). Data are presented as mean ± SD from three independent experiments.
# indicates comparison with the untreated (control) group (p < 0.05).

Based on initial results, 1250 µg/mL and 1500 µg/mL were selected as working
concentrations for downstream analyses in both A549 and HTB-41 cell lines. These con-
centrations were selected from the initial screening as working concentrations, because
they produced measurable but incomplete WST-1 signal reduction in the malignant cell
models and allowed subsequent LDH and RT-qPCR analyses to be performed under the
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same conditions. Based on WST-1 outcomes, 48 h was selected for A549 cells and 24 h
for HTB-41 cells. Because the present study was designed to define comparative working
concentrations for matched downstream analyses rather than to establish potency rankings,
the selected dose framework was carried forward on this basis. At these time points, A549
cells showed 51.2% and 73.01% relative WST-1 signals, whereas HTB-41 cells exhibited
41.6% and 41.2%, respectively, at 1250 µg/mL and 1500 µg/mL. Notably, A549 did not show
a strictly concentration-dependent response across the selected working concentrations,
suggesting that the response pattern under these conditions was not fully linear.

Unlike malignant cell lines, no significant decrease in WST-1 signal was observed
in the non-malignant counterparts MRC-5 and BEAS-2B. In both non-malignant models,
WST-1 values remained above 80% at both concentrations and time points, and, for some
conditions, showed a slight increase relative to controls. Taken together, these findings
suggest greater functional sensitivity in the malignant cell models under the tested exposure
conditions. However, WST-1 alone does not distinguish between reduced viability, reduced
proliferation, altered metabolic state, or other stress-associated changes. For this reason,
the WST-1 findings were interpreted together with the LDH results and should be regarded
as indirect functional observations under the tested conditions.

2.3. The Effect of Ylang Ylang Essential Oil on LDH-Associated Membrane Integrity Responses

To further examine whether the YY EO-associated functional changes were accom-
panied by altered membrane integrity, LDH release was evaluated as a complementary
readout in the selected cell models (Table 2). The effect of YY EO was studied at concentra-
tions of 1250 µg/mL and 1500 µg/mL, which had been selected as working concentrations
based on the WST-1 screening results, in both non-malignant and malignant cell lines.
In the present study, LDH results are reported as LDH-derived cytotoxicity (%) calcu-
lated by low- and high-control normalization and additionally expressed as membrane
integrity (%) = 100 − cytotoxicity (%), where lower membrane integrity indicates greater
membrane compromise.

Table 2. List and descriptive characteristics of the cell lines.

Cell Models Type of Definition

Cancer Cell Lines
CCL-185 (A549) Human lung carcinoma epithelial-like cell
HTB-41 (A-253) Human submaxillary salivary gland carcinoma cell

Non-malignant (healthy) cell lines
BEAS-2B (CRL-9609) Human bronchial epithelial cell

MRC-5 (CCL-171) Human lung fibroblast cell line

To assess membrane integrity under YY EO exposure, LDH release was measured
following YY EO treatment in the cell lines. Results are expressed as LDH-derived cyto-
toxicity (%) and normalized to untreated control groups. In the A549 cell line, treatment
with 1250 µg/mL and 1500 µg/mL YY EO resulted in cytotoxicity values of 24.8% and 54%,
respectively. For the HTB-41 cell line, the corresponding values were 52.57% and 71.99%
(Figure 4).
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Figure 4. Membrane integrity assessment following YY EO exposure, quantified by LDH release in
A549, HTB-41, MRC-5, and BEAS-2B cell lines at the indicated concentrations. Data are presented as
mean ± SD from three independent experiments (p < 0.05). LDH-derived membrane integrity (%)
was calculated as 100 − cytotoxicity (%). Higher values indicate better membrane integrity (lower
membrane damage). The dotted horizontal line marks the 100% membrane integrity reference level
corresponding to the untreated control. Statistical comparisons were performed relative to untreated
controls. (Values below 0% or above 100% were capped at 0 and 100%, respectively).

By contrast, in non-malignant cell lines BEAS-2B and MRC-5, LDH values remained
close to baseline or showed only slight increases relative to controls, indicating compara-
tively preserved membrane integrity under the tested conditions (Figure 4). LDH release
reflects membrane damage but does not define the mode of cell death. Therefore, these
findings were interpreted as complementary functional evidence of differential membrane
response under the tested conditions rather than as direct evidence of a specific death mech-
anism. Taken together, the combined WST-1 and LDH findings suggest greater functional
sensitivity in the malignant cell models under the tested conditions.

2.4. Regulation of Gene Expression Associated with the Mitophagy-Related Pathways in Response
to Ylang Ylang Essential Oil

To explore the mitochondrial response to YY EO, gene expression profiling was conducted
using RT-qPCR. Genes involved in mitophagy and mitochondrial quality control—including
BNIP3, NIX, LC3, FUNDC1, LONP1, ATP5F1A, and PINK1/PARKIN—were analyzed in
both malignant and non-malignant cell lines. As shown in Figure 5A–R, YY EO treatment
was associated with differential changes in the expression of these genes in malignant cells
and non-malignant cells in a cell type- and dose-dependent manner. Because these data are
transcriptional, they are interpreted as pathway-engagement changes rather than direct
measures of mitophagy flux.
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Figure 5. Effects of YY EO treatment on the mRNA expression of mitophagy-, autophagy-, and
mitochondrial-function-related genes in cancer and non-malignant cell lines. Relative mRNA expres-
sion levels of BNIP3, BNIP3L (NIX), LC3, FUNDC1, LONP1, SRC, PINK1, PARKIN, and ATP5F1A are
shown across panels (A–R). Human lung cancer cell lines A549 and HTB-41, and non-malignant lung
cell lines MRC-5 and BEAS-2B, were treated with YY EO at 1250 and 1500 µg/mL. Gene expression
levels were quantified by RT-qPCR and normalized to the untreated control group using the 2−∆∆Ct

method. The dotted horizontal line indicates the control expression level (set to 1). Data are presented
as mean ± SD from three independent experiments. Statistical significance compared with the control
group is indicated as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).

2.4.1. Malignant Cell Lines Show Distinct Transcriptional Changes in Mitophagy- and
Mitochondrial-Stress-Related Genes Following YY EO Exposure

In A549 cells, YY EO treatment was associated with an overall downregulation of
several mitophagy- and mitochondrial-function-related genes. Notably, BNIP3 expression
exhibited a dose-dependent biphasic response, with significant suppression observed at
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1250 µg/mL, followed by a modest increase at 1500 µg/mL YY EO (Figure 5A). In parallel,
NIX gene expression was significantly increased at both YY EO concentrations (2.88- and
2.91-fold, respectively, p < 0.05) compared with the control group (Figure 5C). In addition,
PINK1 and PARKIN expression levels showed a slight but consistent decrease following YY
EO treatment (Figure 5M,O), consistent with comparatively limited transcriptional change
in the PINK1/PARKIN pathway in A549 cells. Alongside these changes, YY EO treatment
also resulted in a consistent suppression of remaining mitophagy- and mitochondrial-stress-
associated genes, including FUNDC1, LC3, ATP5F1A, and SRC, collectively reflecting a
broad transcriptional downregulation of mitochondrial quality-control components in
A549 cells.

In HTB-41 cells (Figure 5-blue bars), YY EO treatment elicited a broader response
compared with A549 cells (Figure 5-purple bars). At the lower YY EO concentration, HTB-
41 cells showed a partial transcriptional response in mitophagy-related genes. Receptor-
mediated mitophagy markers were largely unchanged to slightly decreased, with modest
reductions in NIX and FUNDC1 and only a mild increase in BNIP3 (Figure 5A,C,G). In
contrast, LONP1, PARKIN, and SRC were significantly upregulated at both 1250 µg/mL
and 1500 µg/mL YY EO concentrations. Specifically, LONP1 expression increased by
11.17-fold and 21.47-fold, PARKIN by 4.47-fold and 1.03-fold, and SRC by 1.87-fold and
8.15-fold, respectively (p < 0.05) (Figure 5I,O,K). Exposure to the higher YY EO concentration
was associated with a more coordinated transcriptional pattern in HTB-41 cells. Under
these conditions, FUNDC1 expression was strongly induced, whereas BNIP3 and NIX
remained at low levels, a pattern consistent with the relative transcriptional prominence of
FUNDC1-associated signaling in the higher-exposure condition.

2.4.2. Non-Malignant Lung Cell Lines Display Heterogeneous Mitochondrial- and
Mitophagy-Related Transcriptional Responses to YY EO

In MRC-5 lung fibroblasts, YY EO exposure resulted in relatively modest alter-
ations in mitophagy- and mitochondrial quality-control-related genes. At both concen-
trations, receptor-mediated mitophagy markers BNIP3, NIX, and FUNDC1 showed mild
but statistically significant changes, without a pronounced dose-dependent amplification
(Figure 5B,D,H). LC3 and PINK1 showed only limited responses, primarily at 1500 µg/mL
of YY EO, whereas PARKIN levels remained close to control values (Figure 5N,P). Notably,
ATP5F1A was slightly reduced, consistent with subtle transcriptional adjustments in mito-
chondrial energy metabolism without clear induction of mitophagy-related pathways. In
contrast, BEAS-2B bronchial epithelial cells showed a more pronounced, dose-dependent
response to YY EO. LC3, FUNDC1, LONP1, SRC, PINK1 and PARKIN were significantly up-
regulated, particularly at 1500 µg/mL, indicating coordinated transcriptional upregulation
of both receptor-mediated and PINK1/PARKIN-associated mitochondrial quality-control
components (Figure 5F,H,J,L,N,P). Concurrently, ATP5F1A expression was markedly de-
creased, suggesting a transcriptional shift away from oxidative phosphorylation under
higher YY EO exposure (Figure 5R).

3. Discussion
Natural products constitute a major source of lead compounds and novel therapeu-

tics, encompassing constituents and metabolites derived from plants, animals, insects,
and microorganisms, as well as a broad range of endogenous chemical components [36].
Among plant-derived natural products, essential oils represent mixtures of volatile sec-
ondary metabolites, primarily composed of terpenoids and related hydrocarbons [37–39].
By anchoring biological effects to a verified chemical profile and comparing malignant and
non-malignant cells under matched exposure conditions, this study aimed to distinguish
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differences in functional sensitivity from mitochondrial quality-control-related transcrip-
tional changes, outcomes that are often conflated in essential oil literature. Due to their
chemically diverse composition, essential oils have attracted increasing interest for their
broad spectrum of biological activities, including antimicrobial, anti-inflammatory, antioxi-
dant, and anticancer effects [38,39]. In this study, GC–MS–FID compositional verification of
YY EO was integrated with functional readouts and gene-expression profiling of mitophagy-
and mitochondrial quality-control-related pathways to examine a composition-anchored
response pattern under the tested conditions.

Overall, the results showed a differential response under the tested conditions. YY
EO was associated with lower WST-1 signal and reduced membrane integrity in the malig-
nant cell models, whereas the non-malignant counterparts showed comparatively limited
changes in these functional readouts. WST-1 signals decreased in A549 and HTB-41 in a
time-dependent manner, whereas MRC-5 and BEAS-2B generally maintained high WST-
1 values under matched exposure conditions (Figures 2 and 3). LDH-based membrane
integrity measurements showed the same general pattern, with greater membrane com-
promise in the malignant cells and comparatively limited changes in the non-malignant
cells (Figure 4). Taken together, the findings suggest greater functional sensitivity in the
malignant cell models under the tested exposure conditions. However, given that WST-1
and LDH are indirect functional assays, these observations should not be taken as direct
evidence of a specific mechanism or mode of cell death.

A recurring limitation in essential oil studies is compositional variability across geogra-
phy, cultivation, and distillation parameters. Therefore, mechanistic interpretation requires
composition-anchored studies. In line with this requirement, our phytochemical profiling
confirmed that the YY EO used here is a terpenoid-rich, multi-component matrix (Table 1),
allowing the biological findings to be interpreted in relation to the tested preparation rather
than to YY EO in general [20,22,24,25,27].

YY EO is used for various purposes, including therapeutic applications as well as
in the food and cosmetics industries [33]. Thus, it has high commercial value; multiple
producer countries exist, and it is an important export material [26]. However, there are
multiple types of YY EOs available on the market. Samples are available in five different
grades, Extra, I, II, III, and Complete, and with increasing distillation time there is an
increase in the less volatile fraction of sesquiterpenes and a decrease in highly volatile
compounds. The Complete grade is a mixture of all grades obtained in fractional distillation
and is highly popular in use [25]. Therefore, for this study, the Complete grade YY EO
was used. There are various studies in the literature analyzing phytochemical profiles of
YY EO samples from different sources, showing significant variation due to geography,
production, climate, and other factors [24]. Thus, it is crucial to evaluate the phytochemical
profile of the samples prior to biological activity studies to discuss possible mechanisms
of action.

In our study, 99.31% of the sample was identified and results are reported in Table 1.
Germacrene D and β-caryophyllene were the top two major constituents, consistent with the
compositional ranges reported across multiple YY EO studies. For example, Ng et al. (2021)
reported marked variation between origins, emphasizing the importance of phytochemical
verification even within the same plant species [24]. Similarly, Lebanov et al. (2020)
analyzed 18 different YY EO samples and reported wide ranges for β-caryophyllene and
germacrene D, alongside substantial variation in other abundant constituents [25]. Taken
together, these reports reinforce that composition anchoring is essential for mechanistic
interpretation. In addition, previously reported inconsistencies in product quality for oils
marketed as “pure” further underline the need for chromatographic verification prior to
bioactivity claims being made [40].
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Beyond confirming the importance of GC-MS-FID verification for commercially
sourced YY EO, our compositional analysis also provides context for discussing the possible
biological relevance of major constituents identified in the tested preparation, particularly
β-caryophyllene and germacrene D. GC/MS-based studies have repeatedly identified
β-caryophyllene as one of the major sesquiterpene constituents across a broad range of
essential oils, and β-caryophyllene-containing profiles have been associated with diverse
biological activities, including antimicrobial and anticancer-related effects [37,39,41]. Given
reports linking β-caryophyllene to mitochondrial membrane integrity and oxidative stress
signaling, and the recurrent association of germacrene D with cytotoxic EO profiles, it is
plausible that these abundant constituents contribute to the observed phenotype, although
the present data support a mixture-driven effect rather than attribution to a single compo-
nent. Several reports suggest that β-caryophyllene may modulate mitochondrial membrane
integrity, oxidative stress signaling, and intrinsic stress-responsive pathways that intersect
with mitochondrial quality-control and mitophagy [42,43]. In addition to β-caryophyllene,
germacrene D has been associated with cytotoxic and stress-related cellular responses in
essential oil studies employing compositional profiling and functional bioassays [44]; how-
ever, evidence directly supporting germacrene D as the primary active component remains
limited. In line with these reports, our GC-MS-FID analysis identified β-caryophyllene and
germacrene D among the predominant components of YY EO, leading us to consider the
possibility that these constituents might contribute, at least in part, to the functional and
transcriptional response pattern observed in the present study. Taken together, these reports
support the possibility that abundant constituents such as β-caryophyllene and germacrene
D might contribute to the observed response pattern. However, the present study was not
designed to assign the observed effects to individual constituents. Accordingly, the current
findings are more appropriately interpreted as reflecting the activity of the tested YY EO
mixture rather than the effect of a single dominant component.

The difference between malignant and non-malignant responses should be interpreted
with caution. Under the tested conditions, malignant cells showed a greater reduction
in WST-1 signal together with a greater loss of membrane integrity, whereas the non-
malignant cells retained comparatively stable functional readouts. This pattern is consistent
with greater functional sensitivity in the malignant models; however, firmer conclusions
regarding mechanism, selectivity, or direct cell-death pathways would require additional
validation [45]. Modest increases in WST-1 signal in some non-malignant conditions were
not interpreted as evidence of a defined adaptive mechanism, since WST-1 alone does
not distinguish among altered metabolic state, proliferation-related changes, oxidative
stress-associated responses, or assay-specific effects.

Our study investigated the effects of YY EO on mitophagy- and mitochondrial quality-
control-related pathways in malignant and non-malignant cells. Previous studies have
demonstrated that mitophagy can be initiated through both receptor-mediated mecha-
nisms involving BNIP3, NIX, and FUNDC1, and ubiquitin-dependent pathways mediated
by PINK1 and PARKIN, thereby regulating mitochondrial homeostasis under cellular
stress conditions [4,6,46]. In our results, YY EO did not induce a uniform, directional
transcriptional change across all lines (Figure 5). Instead, mitophagy- and mitochondrial
quality-control-related transcripts showed cell-type- and dose-dependent differences, sup-
porting the view that YY EO exposure was associated with transcriptional changes in
these pathways under the tested conditions. Importantly, because the present analysis was
limited to mRNA-level data, these findings should not be interpreted as direct evidence of
mitophagy flux or pathway activation at the protein level [5,7].

In A549 cells, YY EO was associated with broad downregulation across multiple
mitochondrial quality-control-related genes, while showing a notable increase in NIX
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(~2.9-fold at both doses) and a biphasic BNIP3 response (Figure 5). This pattern suggests
that YY EO exposure was associated with a non-uniform transcriptional response in A549
cells rather than with a consistent shift across all mitophagy-related markers. In studies
evaluating clinical tumor specimens in NSCLC, increased BNIP3 expression has been
reported in tumors, with high BNIP3 levels associated with poorer prognosis in specific
cohorts [47,48]. At the protein level, cytoplasmic BNIP3 expression has been reported to
correlate with HIF-1 and other hypoxia markers, suggesting a potential role for BNIP3 in
hypoxia-associated stress adaptation [47]. Against this background, the transcriptional
differences observed here might be discussed in relation to stress-associated mitochondrial
signaling; however, this interpretation remains preliminary.

HTB-41 cells showed a more dynamic transcriptional response. At 1250 µg/mL,
the receptor-mediated route appeared partially suppressed (NIX and FUNDC1 slightly
reduced, BNIP3 mildly increased), while LONP1, PARKIN, and SRC were significantly
upregulated at both doses. At 1500 µg/mL, FUNDC1 induction became more pronounced
while BNIP3/NIX remained low, accompanied by LC3/LONP1 increases and decreased
ATP5F1A, indicating a more stressed transcriptional profile in the higher-exposure con-
dition. In this salivary gland carcinoma model, YY EO was associated with broader
transcriptional changes than those observed in A549 cells. FUNDC1-LC3 binding is reg-
ulated by the FUNDC1 LIR motif and by phosphorylation at Ser13, Ser17, and Tyr18;
under hypoxia or mitochondrial stress, Ser13/Tyr18 dephosphorylation has been linked to
enhanced LC3 binding [49]. The increase in PINK1 expression at this dose is compatible
with mitochondrial-stress-related signaling, which may accompany mitochondrial depo-
larization or protein import stress [50]. The concurrent upregulation of LC3 and LONP1
supports the presence of mitochondrial quality-control-related transcriptional changes;
however, mitophagy flux cannot be inferred from mRNA changes alone, and flux assays
rely on LC3 dynamics together with mitochondrial protein turnover [48]. Conversely, the
reduction in ATP5F1A expression suggested a decline in OXPHOS capacity at the higher
YY EO concentration.

Non-malignant cell lines also diverged from each other, underscoring that healthy re-
sponses are not uniform. MRC-5 remained comparatively stable, with PARKIN expression
remaining close to that of the control and only subtle shifts in energy-related transcrip-
tion. BEAS-2B showed a coordinated and dose-dependent response. At 1500 µg/mL, LC3,
FUNDC1, LONP1, SRC, PINK1, and PARKIN increased together while ATP5F1A decreased.
This contrast suggests that the non-malignant response was also cell-type-dependent, rather
than uniform across both models.

Despite advances in multimodal treatment strategies, recurrence and resistance remain
major clinical barriers in lung and salivary gland malignancies. Mitochondria govern
apoptotic priming, metabolic flexibility, and redox balance; thus, mitochondrial dynamics
and mitophagy are repeatedly implicated in chemo-resistant phenotypes [4,8]. In this
context, the present study provides a preliminary, composition-anchored comparison of YY
EO-associated functional and transcriptional responses in malignant and non-malignant
cell models. Although the findings do not establish mechanism or therapeutic selectivity,
they may provide a useful basis for future mechanistic studies and follow-up experimental
work in this area.

Limitations

Several limitations warrant consideration. First, transcriptional changes do not quan-
tify mitophagy flux; future work should integrate protein-level and flux-based assays,
together with mitochondrial morphology and functional readouts, to clarify pathway di-
rectionality. Accordingly, the changes observed in the present study should be interpreted
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as mitophagy-related transcriptional responses rather than as direct evidence of pathway
activation or autophagic turnover. Second, batch-to-batch compositional verification and
standardization are important for reproducibility. The present study was conducted us-
ing a single commercially obtained YY EO preparation. Although this preparation was
chemically characterized by GC-MS-FID, essential-oil composition may vary according to
source, batch, distillation profile, storage conditions, and commercial origin. Therefore,
the current findings should be interpreted within the limits of the tested preparation and
should not be generalized to all YY EO samples. In addition, the functional assays used
in this study, including WST-1 and LDH, provide indirect readouts and do not by them-
selves distinguish among altered metabolic state, proliferation-related effects, oxidative
stress-associated responses, or specific modes of cell death. Finally, broader dose- and
time-dependent studies across additional cell types and incorporating combination de-
signs with standard chemotherapeutics would help determine whether YY EO influences
sensitivity or resistance-related response patterns in more clinically relevant strategies.
Isolated-constituent testing, reconstituted-mixture experiments, and broader cross-batch
validation were beyond the scope of the present study. Within these limits, the present
work should be regarded as a preliminary composition-anchored dataset that may support
future mechanistic and reproducibility-focused studies.

4. Materials and Methods
4.1. Cell Models

Human lung carcinoma epithelial-like cells (A549; ATCC, Manassas, VA, USA) and
human submaxillary salivary gland carcinoma cells (HTB-41; ATCC, Manassas, VA, USA)
were used as malignant models. Non-malignant lung cell lines included human bronchial
epithelial cells (BEAS-2B; ATCC, Manassas, VA, USA) and human lung fibroblasts (MRC-5;
ATCC, Manassas, VA, USA) (Table 2). Cells were maintained under standard culture
conditions (37 ◦C, 5% CO2) in the recommended media supplemented with fetal bovine
serum and antibiotics as per routine practice.

4.2. GC-MS-FID Analysis of Ylang Ylang Essential Oil

YY EO (Cananga odorata) was commercially purchased from a pharmacy store in
Istanbul, Türkiye. To preserve experimental consistency and eliminate inter-batch chemo-
typic variation, a single production batch was utilized for all parallel experiments. The
essential oil was stored in its original airtight amber glass vial and maintained in a dark,
climate-controlled environment (20 ◦C ± 2) throughout the study. To characterize the
phytochemical composition of the Cananga odorata (Ylang Ylang) essential oil used in the
present study, a comprehensive Gas Chromatography–Mass Spectrometry coupled with
Flame Ionization Detection (GC–MS-FID) analysis was performed. The essential oil was
obtained commercially and diluted in hexane prior to injection. GC-MS-FID was performed
using an HP-5MS column (30 m × 0.25 mm)(Agilent technologies 7890 A GC system, Santa
Clara, CA, USA), with helium as the carrier gas at a constant flow rate of 0.9 mL/min.
The oven temperature was initially set at 60 ◦C for 1 min, ramped to 246 ◦C at a rate of
3 ◦C/min, and then held constant for 30 min. A 1 µL volume of the sample was injected
in split mode (25:1). At the end of the separation, analytes were directed to both MS and
FID detectors via the splitter simultaneously. Compound identification was based on com-
parison of calculated retention indices (relative to an n-alkane series) with literature data,
as well as spectral matching using the NIST17 mass spectral library. Relative percentages
of the identified compounds were calculated based on peak area integration from the FID
chromatograms and reference substances were used where applicable [51].
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4.3. Cell Treatment and Concentration Selection for Ylang Ylang Essential Oil

To determine the working concentration range of YY EO, cells were exposed to in-
creasing concentrations of YY EO for varying durations. Initial screening was performed
using the WST-1 assay as an indirect functional readout, and based on these findings, LDH
assays were subsequently conducted to evaluate membrane integrity at selected working
concentrations of YY EO.

4.3.1. Cell Viability Assessment: WST-1 Assay

Cells listed in Table 2 were cultured under standard protocols and conditions were
seeded at 1 × 104 cell/well in 96-well plates and treated with increasing concentrations of
YY EO (ranging from 500 µg/mL to 2000 µg/mL) for 24 and 48 h. YY EO was first dissolved
in DMSO, and all experimental groups (including controls) received the same final DMSO
concentration (vehicle control; final DMSO: 0.1% (v/v)). Vehicle controls were included at
each time point. Following incubation, 10 µL of WST-1 (Sigma Aldrich, St. Louis, MO, USA)
reagent was added to each well, and plates were incubated at 37 ◦C for 4 h. Absorbance
was measured at 440 nm to quantify WST-1 reduction as a tetrazolium-reduction-based
functional readout. To control for possible assay interference from the EO matrix, cell-free
wells containing YY EO at each concentration in complete medium were processed in
parallel during WST-1 measurements. Cell responses are expressed relative to the untreated
control group. Based on these screening results, working concentrations and exposure
times were selected for downstream analyses.

4.3.2. Evaluation of Membrane Integrity: LDH Assay

The release of Lactate Dehydrogenase (LDH), a stable cytosolic enzyme, was used
as an indicator of cell membrane damage for all cells (Table 2). Following treatment
with the previously selected working YY EO concentrations, culture supernatants were
collected, and membrane damage was assessed using an LDH cytotoxicity colorimetric
assay kit (Elabscience, Houston, TX, USA) according to the manufacturer’s instructions.
Vehicle-treated wells were used as low-control wells, YY EO-treated wells were used as
sample wells, and high-control wells were prepared according to the kit protocol. After
the incubation and centrifugation steps, supernatants were transferred to a fresh plate, the
reaction working solution was added, and absorbance was measured at 450 nm with a ref-
erence wavelength of 600 nm using a microplate reader (Thermo Fisher Scientific, Waltham,
MA, USA). LDH outcomes are reported as LDH-derived cytotoxicity (%) calculated us-
ing low- and high-control normalization and are additionally expressed as membrane
integrity (%) = 100 − cytotoxicity (%). Medium-only wells were included for background
subtraction. The final DMSO concentration (0.1% (v/v)) was kept constant across all groups.

4.4. Mitochondrial Gene Expression Profiling via qPCR
4.4.1. RNA Extraction and cDNA Synthesis

Following treatment, total RNA was isolated using a commercial Invitrogen PureLink
RNA Mini kit (Thermo Fisher Scientific, Waltham, MA, USA). Purity and concentration
were assessed with a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). RNA integrity was confirmed by the 260/280 nm absorbance ratio. Subse-
quently, cDNA was synthesized using 200 ng of RNA per reaction. RNA was mixed with
oligo(dT) 18 primers (Table A1) and incubated at 65 ◦C for 5 min, followed by addition of
reverse transcription reagents including 5× buffer, dNTPs, M-MuLV reverse transcriptase,
and RNase inhibitor. The reaction proceeded at 42 ◦C for 60 min and was terminated at
99 ◦C for 5 min.
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4.4.2. Real-Time PCR

Quantitative gene expression analysis was performed using SYBR Green-based Real-
Time PCR on a LightCycler® 96 Instrument (Roche Diagnostics, Mannheim, Germany).
Primers targeted genes associated with mitochondrial function, oxidative stress, mi-
tophagy, and respiratory complex assembly (including BNIP3, LC3, LONP1, FUNDC1, SRC,
ATP5F1A, PINK1, PARKIN). Primer sequences and melting temperatures are provided in
Appendix A Table A1. Gene expression was normalized to GAPDH, and relative expression
was calculated using the 2−∆∆Ct method.

4.5. Statistical Analysis

Statistical analyses were conducted using GraphPad Prism version 10 (GraphPad
Software, Boston, MA, USA). Data are presented as mean ± standard deviation (SD) from
three independent biological experiments, each performed with technical triplicates. Vehicle
controls containing the same final DMSO concentration were included at each time point.
Relative gene expression was calculated using the comparative Ct method (2−∆∆Ct) with
GAPDH as the reference gene. Normality was assessed using the Shapiro–Wilk test. For
normally distributed data, one-way ANOVA followed by Dunnett’s multiple comparisons
test was used to compare each YY EO treatment group with the corresponding vehicle
control within each cell line. No separate outlier-exclusion step was applied during data
analysis. A p-value < 0.05 was considered statistically significant. Statistical significance is
indicated as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).

5. Conclusions
In conclusion, by anchoring YY EO to its GC-MS-FID composition and integrating

functional readouts with mitophagy-related transcriptional changes, this study provides
comparative preliminary evidence that YY EO was associated with greater functional sensi-
tivity in lung and salivary gland carcinoma models than in non-malignant counterparts
under the tested exposure conditions. These findings support a differential response pattern
between malignant and non-malignant cells under the tested conditions. However, the
present data remain limited to indirect functional readouts and mRNA-level measurements.
Accordingly, they should be regarded as hypothesis-generating and do not establish direct
mitophagy flux, pathway directionality, or definitive cell-death selectivity. Further studies
incorporating protein-level analyses, flux-based assays, and broader standardization of YY
EO composition will be needed to clarify the mechanistic basis of these observations and
their potential relevance in combination-oriented or translational settings. In addition, be-
cause the study was conducted using a single chemically characterized YY EO preparation,
the findings should be interpreted within the limits of the tested composition.

Author Contributions: Conceptualization, S.B., G.K.-K., T.H.B. and B.C.; investigation, G.K.-K., S.B.,
T.H.B., T.B.S. and B.E.; methodology, G.K.-K., S.B., T.H.B., T.B.S. and B.E.; project administration,
S.B.; supervision, B.C., S.B. and T.H.B.; writing—original draft preparation, G.K.-K., S.B. and T.H.B.;
writing—review and editing, B.C., T.H.B. and S.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was funded by the Scientific Research Coordination Unit of Acibadem Mehmet
Ali Aydinlar University (Grant Number: THD-2023-2132).

Institutional Review Board Statement: This study did not involve human participants or animals;
therefore, ethical approval was not required.

Informed Consent Statement: Not applicable.

https://doi.org/10.3390/ph19071002

https://doi.org/10.3390/ph19071002


Pharmaceuticals 2026, 19, 1002 17 of 19

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: Parts of the preliminary findings of this study were presented as an oral pre-
sentation at the 10th International Molecular Medicine Congress, held in Cesme/Izmir, Türkiye, on
23–27 September 2024.

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

Appendix A
Supplementary methodological details, including gene-specific primer sequences and

melting temperatures used for RT-qPCR analysis, are summarized in Table A1.

Table A1. Gene-specific primer sequences and melting temperatures.

Primer ID Sequence (5′→3′) Tm (◦C)

Receptor-mediated mitophagy pathway

BNIP3 F: CAGGGCTCCTGGGTAGAACT
R: CTACTCCGTCCAGACTCATGC 56

BNIP3L (NIX) F: TCCACTTCAGACACCCTAAACGT
R: TTTCCCTCAGTAGGTGCTGGCA 54

MAP1LC3a (LC3) F: GCTACAAGGGTGAGAAGCAGCT
R: CTGGTTCACCAGCAGGAAGAAG 54

FUNDC1 F: TAATGGGTGGCGTTACTGGC
R: AGCCACTATGACTAGCAATCTGA 59

Ubiquitin-mediated mitophagy pathway
PINK1 F: AGAGCCACAGTGACAGATCC

R: GTGGTGGCTAGTGCTCCTAC 54

PARKIN F: GTGCAGAGACCGTGGAGAAA
R: GCTGCACTGTACCCTGAGTT 59

Mitophagy-associated regulatory genes

LONP1 F: TGGAGGAAGACCACTACGGCAT
R: GCCATAGAAGCAGAGGATCTTGC 54

SRC F: TCCTCGTGCGAGAAAGTGAG
R: CTGCTCATTCCACAACACCC 54

ATP5F1A F: ATGACGACTTATCCAAACAGGC
R: CGGGAGTGTAGGTAGAACACAT 56

Internal control GAPDH F: GAAGGTGAAGGTCGGAGTCAA
R: TGACAAGCTTCCCGTTCTCAG 56

References
1. Ai, L.; Liu, Z.; Li, R.; Hu, Y.; Li, Y. BPQDs@Lipo-YSA Nanoplatform Triggers Mitophagy via PRKN/AKT1 to Drive Immunogenic

Cell Death in Lung Adenocarcinoma. J. Nanobiotechnol 2025, 23, 446. [CrossRef] [PubMed]
2. Lu, Y.; Li, Z.; Zhang, S.; Zhang, T.; Liu, Y.; Zhang, L. Cellular mitophagy: Mechanism, roles in diseases and small molecule

pharmacological regulation. Theranostics 2023, 13, 736–766. [CrossRef] [PubMed]
3. Gao, Q.; Han, X.; Wang, J.; Liu, X.; Wu, W. Crosstalk between mitochondrial quality control and novel programmed cell death in

pulmonary diseases. Biomed. Pharmacother. 2025, 189, 118335. [CrossRef] [PubMed]
4. Choi, G.E.; Lee, H.J.; Chae, C.W.; Cho, J.H.; Jung, Y.H.; Kim, J.S.; Kim, S.Y.; Lim, J.R.; Han, H.J. BNIP3L/NIX-mediated mitophagy

protects against glucocorticoid-induced synapse defects. Nat. Commun. 2021, 12, 487. [CrossRef] [PubMed]
5. Chen, W.; Zhao, H.; Li, Y. Mitochondrial dynamics in health and disease: Mechanisms and potential targets. Signal Transduct.

Target. Ther. 2023, 8, 333. [CrossRef] [PubMed]
6. Poole, L.P.; Macleod, K.F. Mitophagy in tumorigenesis and metastasis. Cell. Mol. Life Sci. 2021, 78, 3817–3851. [CrossRef]

[PubMed]
7. Ke, P.-Y. Molecular mechanism of autophagosome–lysosome fusion in mammalian cells. Cells 2024, 13, 500. [CrossRef] [PubMed]
8. Jiménez-Loygorri, J.I.; Villarejo-Zori, B.; Viedma-Poyatos, Á.; Zapata-Muñoz, J.; Benítez-Fernández, R.; Frutos-Lisón, M.D.;

Tomás-Barberán, F.A.; Espín, J.C.; Area-Gómez, E.; Gomez-Duran, A.; et al. Mitophagy curtails cytosolic mtDNA-dependent
activation of cGAS/STING inflammation during aging. Nat. Commun. 2024, 15, 830, Erratum in Nat Commun. 2024, 15, 1504.
https://doi.org/10.1038/s41467-024-46010-7.. [CrossRef] [PubMed]

https://doi.org/10.3390/ph19071002

https://doi.org/10.1186/s12951-025-03496-7
https://www.ncbi.nlm.nih.gov/pubmed/40524154
https://doi.org/10.7150/thno.79876
https://www.ncbi.nlm.nih.gov/pubmed/36632220
https://doi.org/10.1016/j.biopha.2025.118335
https://www.ncbi.nlm.nih.gov/pubmed/40639045
https://doi.org/10.1038/s41467-020-20679-y
https://www.ncbi.nlm.nih.gov/pubmed/33473105
https://doi.org/10.1038/s41392-023-01547-9
https://www.ncbi.nlm.nih.gov/pubmed/37669960
https://doi.org/10.1007/s00018-021-03774-1
https://www.ncbi.nlm.nih.gov/pubmed/33580835
https://doi.org/10.3390/cells13060500
https://www.ncbi.nlm.nih.gov/pubmed/38534345
https://doi.org/10.1038/s41467-024-45044-1
https://www.ncbi.nlm.nih.gov/pubmed/38280852
https://doi.org/10.3390/ph19071002


Pharmaceuticals 2026, 19, 1002 18 of 19

9. Zhang, X.; Yu, D.; Tang, P.; Chen, F. Insights into the role of mitophagy in lung cancer: Current evidence and perspectives. Front.
Pharmacol. 2024, 15, 1420643. [CrossRef] [PubMed]

10. Wang, Q.; Liu, C. Mitophagy plays a “double-edged sword” role in the radiosensitivity of cancer cells. J. Cancer Res. Clin. Oncol.
2024, 150, 14. [CrossRef] [PubMed]

11. Ng Kee Kwong, F.; Nicholson, A.G.; Harrison, C.L.; Hansbro, P.M.; Adcock, I.M.; Chung, K.F. Is mitochondrial dysfunction a
driving mechanism linking COPD to nonsmall cell lung carcinoma? Eur. Respir. Rev. 2017, 26, 170040. [CrossRef] [PubMed]

12. Li, Y.; Chen, H.; Xie, X.; Yang, B.; Wang, X.; Zhang, J.; Qiao, T.; Guan, J.; Qiu, Y.; Huang, Y.-X.; et al. PINK1-mediated mitophagy
promotes oxidative phosphorylation and redox homeostasis to induce drug-tolerant persister cancer cells. Cancer Res. 2023, 83,
398–413. [CrossRef] [PubMed]

13. Dai, D.; Liu, L.; Guo, Y.; Shui, Y.; Wei, Q. A comprehensive analysis of the effects of key mitophagy genes on the progression and
prognosis of lung adenocarcinoma. Cancers 2022, 15, 57. [CrossRef] [PubMed]

14. Chen, W.F.; Tsai, S.C.; Zhang, Y.H.; Chang, H.M.; Wu, W.J.; Su, J.H.; Wu, B.-N.; Chen, C.-Y.; Lin, M.-Y.; Chen, H.-L.; et al. Rhopaloic
acid A triggers mitochondria damage–induced apoptosis in oral cancer by JNK/BNIP3/NIX-mediated mitophagy. Phytomedicine
2024, 132, 155855. [CrossRef] [PubMed]

15. Lu, Y.; Li, L.; Chen, H.; Jing, X.; Wang, M.; Ge, L.; Yang, J.; Zhang, M.; Tang, X. Peroxiredoxin1 knockdown inhibits oral
carcinogenesis via inducing cell senescence dependent on mitophagy. OncoTargets Ther. 2021, 14, 239–251. [CrossRef] [PubMed]

16. Chang, Y.J.; Chen, K.W.; Chen, L. Mitochondrial ROS1 increases mitochondrial fission and respiration in oral squamous cancer
carcinoma. Cancers 2020, 12, 2845. [CrossRef] [PubMed]

17. Siegel, R.L.; Kratzer, T.B.; Giaquinto, A.N.; Sung, H.; Jemal, A. Cancer statistics, 2025. CA Cancer J. Clin. 2025, 75, 10–45. [CrossRef]
[PubMed]

18. Rezende, T.M.B.; de Souza Freire, M.; Franco, O.L. Head and neck cancer: Proteomic advances and biomarker achievements.
Cancer 2010, 116, 4914–4925. [CrossRef] [PubMed]

19. Alzhrani, R.F.; Alhowyan, A.A.; Taha, E.I.; Attia, S.M.; Salama, S.A.; Harisa, G.I. Medication targeting to subcellular organelles:
Emphasizing mitochondria as a therapeutic marvel—Current situation and future prospects. Exp. Cell Res. 2025, 450, 114647.
[CrossRef] [PubMed]

20. de Sousa, D.P.; Damasceno, R.O.S.; Amorati, R.; Elshabrawy, H.A.; de Castro, R.D.; Bezerra, D.P.; Nunes, V.R.V.; Gomes, R.C.;
Lima, T.C. Essential Oils: Chemistry and Pharmacological Activities. Biomolecules 2023, 13, 1144. [CrossRef] [PubMed]

21. Vora, L.K.; Gholap, A.D.; Hatvate, N.T.; Naren, P.; Khan, S.; Chavda, V.P.; Balar, P.C.; Gandhi, J.; Khatri, D.K. Essential oils for
clinical aromatherapy: A comprehensive review. J. Ethnopharmacol. 2024, 330, 118180. [CrossRef] [PubMed]

22. Masyita, A.; Sari, R.M.; Astuti, A.D.; Yasir, B.; Rumata, N.R.; Emran, T.B.; Nainu, F.; Simal-Gandara, J. Terpenes and terpenoids as
main bioactive compounds of essential oils, their roles in human health and potential application as natural food preservatives.
Food Chem. X 2022, 13, 100217. [CrossRef] [PubMed]

23. Mrani, S.A.; Zejli, H.; Azzouni, D.; Fadili, D.; Alanazi, M.M.; Hassane, S.O.S.; Sabbahi, R.; Kabra, A.; El Moussaoui, A.; Hammouti,
B.; et al. Chemical Composition, Antioxidant, Antibacterial, and Hemolytic Properties of Ylang-Ylang (Cananga odorata) Essential
Oil: Potential Therapeutic Applications in Dermatology. Pharmaceuticals 2024, 17, 1376. [CrossRef] [PubMed]

24. Ng, F.; Basri, N.; Wu, W.; Thong, A.; Thong, G.; Chew, W.; Dharmawan, J. Characterization of volatile compounds in ylang-ylang
essential oils from Comoros and Madagascar by gas chromatography and principal component analysis. Flavour Fragr. J. 2021, 36,
159–166. [CrossRef]

25. Lebanov, L.; Chatterjee, S.; Tedone, L.; Chapman, S.C.; Linford, M.R.; Paull, B. Comprehensive characterisation of ylang-ylang
essential oils according to distillation time, origin, and chemical composition using a multivariate approach applied to average
mass spectra and segmented average mass spectral data. J. Chromatogr. A 2020, 1618, 460853. [CrossRef] [PubMed]

26. Benini, C.; Mahy, G.; Bizoux, J.P.; Wathelet, J.P.; du Jardin, P.; Brostaux, Y.; Fauconnier, M. Comparative chemical and molecular
variability of Cananga odorata (Lam.) Hook.f. & Thomson forma genuina (ylang-ylang) in the Western Indian Ocean Islands:
Implication for valorization. Chem. Biodivers. 2012, 9, 1389–1402. [CrossRef] [PubMed]

27. Tan, L.T.H.; Lee, L.H.; Yin, W.F.; Chan, C.K.; Abdul Kadir, H.; Chan, K.G.; Goh, B.H. Traditional uses, phytochemistry, and
bioactivities of Cananga odorata (ylang-ylang). Evid.-Based Complement. Altern. Med. 2015, 2015, 896314. [CrossRef] [PubMed]

28. Nguena-Dongue, B.N.; Amobonye, A.; Waleguele, C.C.; Asong, S.T.; Tchuenguia, C.V.; Menkem, E.Z.; Pillai, S. In vitro antimicro-
bial activities and phytochemical profiling of Cananga odorata, Terminalia catappa, and Terminalia mantaly. J. Ethnopharmacol. 2025,
352, 120144. [CrossRef] [PubMed]

29. Sari, B.L.; Rahayu, D.P.; Julaeha, E.; Aziz, S.; Ilmiawati, A.; Sukmawati, E.Y.; Putri, L.S.S. Urokinase plasminogen activator
inhibitory and anti-breast cancer activity of Cananga odorata and Lantana camara leaf extracts from optimization of ultrasound-
assisted extraction. Pak. J. Pharm. Sci. 2026, 39, 332–341. [CrossRef] [PubMed]

30. Sedky, N.K.; Abdel-Kader, N.M.; Issa, M.Y.; Abdelhady, M.M.M.; Shamma, S.N.; Bakowsky, U.; Fahmy, S.A. Co-Delivery of Ylang
Ylang Oil of Cananga odorata and Oxaliplatin Using Intelligent pH-Sensitive Lipid-Based Nanovesicles for the Effective Treatment
of Triple-Negative Breast Cancer. Int. J. Mol. Sci. 2023, 24, 8392. [CrossRef] [PubMed]

https://doi.org/10.3390/ph19071002

https://doi.org/10.3389/fphar.2024.1420643
https://www.ncbi.nlm.nih.gov/pubmed/38962310
https://doi.org/10.1007/s00432-023-05515-2
https://www.ncbi.nlm.nih.gov/pubmed/38238458
https://doi.org/10.1183/16000617.0040-2017
https://www.ncbi.nlm.nih.gov/pubmed/29070578
https://doi.org/10.1158/0008-5472.CAN-22-2370
https://www.ncbi.nlm.nih.gov/pubmed/36480196
https://doi.org/10.3390/cancers15010057
https://www.ncbi.nlm.nih.gov/pubmed/36612054
https://doi.org/10.1016/j.phymed.2024.155855
https://www.ncbi.nlm.nih.gov/pubmed/39043083
https://doi.org/10.2147/OTT.S284182
https://www.ncbi.nlm.nih.gov/pubmed/33469304
https://doi.org/10.3390/cancers12102845
https://www.ncbi.nlm.nih.gov/pubmed/33019722
https://doi.org/10.3322/caac.21871
https://www.ncbi.nlm.nih.gov/pubmed/39817679
https://doi.org/10.1002/cncr.25245
https://www.ncbi.nlm.nih.gov/pubmed/20665484
https://doi.org/10.1016/j.yexcr.2025.114647
https://www.ncbi.nlm.nih.gov/pubmed/40518037
https://doi.org/10.3390/biom13071144
https://www.ncbi.nlm.nih.gov/pubmed/37509180
https://doi.org/10.1016/j.jep.2024.118180
https://www.ncbi.nlm.nih.gov/pubmed/38614262
https://doi.org/10.1016/j.fochx.2022.100217
https://www.ncbi.nlm.nih.gov/pubmed/35498985
https://doi.org/10.3390/ph17101376
https://www.ncbi.nlm.nih.gov/pubmed/39459015
https://doi.org/10.1002/ffj.3625
https://doi.org/10.1016/j.chroma.2020.460853
https://www.ncbi.nlm.nih.gov/pubmed/31959459
https://doi.org/10.1002/cbdv.201100306
https://www.ncbi.nlm.nih.gov/pubmed/22782885
https://doi.org/10.1155/2015/896314
https://www.ncbi.nlm.nih.gov/pubmed/26294929
https://doi.org/10.1016/j.jep.2025.120144
https://www.ncbi.nlm.nih.gov/pubmed/40544982
https://doi.org/10.36721/PJPS.2026.39.2.REG.13023.1
https://www.ncbi.nlm.nih.gov/pubmed/41546568
https://doi.org/10.3390/ijms24098392
https://www.ncbi.nlm.nih.gov/pubmed/37176099
https://doi.org/10.3390/ph19071002


Pharmaceuticals 2026, 19, 1002 19 of 19

31. Karabatak, N.; Gök, B.; Budama-Kılınc, Y. Development of Nanoemulsion Formulation Containing Ylang Ylang Essential Oil
for Topical Applications, Evaluation of In Vitro Cytotoxicity and ADMET Profile. J. Turk. Chem. Soc. Sect. A Chem. 2024, 11,
1181–1196. [CrossRef]

32. Zong, Y.; Li, H.; Liao, P.; Chen, L.; Pan, Y.; Zheng, Y.; Zhang, C.; Liu, D.; Zheng, M.; Gao, J. Mitochondrial dysfunction: Mechanisms
and advances in therapy. Signal Transduct. Target. Ther. 2024, 9, 124. [CrossRef] [PubMed]

33. Lossavaro, P.K.D.M.B.; Felipe, J.L.; Lencina, J.D.S.; Bonfá, I.S.; de Souza, K.F.S.; Machado, L.L.; Fernandes, M.M.L.; Ferreira, J.V.;
Souza, M.I.L.; Candeloro, L.; et al. Antiarthritic and antinociceptive properties of ylang-ylang (Cananga odorata) essential oil in
experimental models. Curr. Issues Mol. Biol. 2024, 46, 9033–9046. [CrossRef] [PubMed]

34. Alam, P.; Imran, M.; Ali, A.; Majid, H. Cananga odorata (Ylang-Ylang) Essential Oil Containing Nanoemulgel for the Topical
Treatment of Scalp Psoriasis and Dandruff. Gels 2024, 10, 303. [CrossRef] [PubMed]

35. Ullah, H.; Di Minno, A.; Santarcangelo, C.; Khan, H.; Daglia, M. Improvement of Oxidative Stress and Mitochondrial Dysfunction
by β-Caryophyllene: A Focus on the Nervous System. Antioxidants 2021, 10, 546. [CrossRef] [PubMed]

36. Yang, Y.; He, P.Y.; Zhang, Y.; Li, N. Natural Products Targeting the Mitochondria in Cancers. Molecules 2020, 26, 92. [CrossRef]
[PubMed]

37. Nath, E.Ö.; Bilgin, M.; Gürdal, B. Antimicrobial Activity of Pulicaria Species from Turkey. Experimed 2021, 11, 195–199. [CrossRef]
38. de Freitas Junior, R.A.; Lossavaro, P.K.M.B.; Kassuya, C.A.L.; Paredes-Gamero, E.J.; Júnior, N.C.F.; Souza, M.I.L.; Silva-Comar,

F.M.d.S.; Cuman, R.K.N.; Silva, D.B.; Toffoli-Kadri, M.C.; et al. Effect of Ylang-Ylang (Cananga odorata Hook. F. & Thomson)
Essential Oil on Acute Inflammatory Response In Vitro and In Vivo. Molecules 2022, 27, 3666. [CrossRef] [PubMed]

39. Francomano, F.; Caruso, A.; Barbarossa, A.; Fazio, A.; La Torre, C.; Ceramella, J.; Mallamaci, R.; Saturnino, C.; Iacopetta, D.;
Sinicropi, M.S. β-Caryophyllene: A Sesquiterpene with Countless Biological Properties. Appl. Sci. 2019, 9, 5420. [CrossRef]
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