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Introduction: Breast cancer is the most frequently diagnosed malignant tumor 
and one of the leading causes of cancer deaths. Combination therapies, 
chemotherapy, and hormone therapy have indeed revolutionized the 
treatment of breast cancer, but they have not eliminated the occurrence of 
side effects. Among different anticancer strategies, plant-derived compounds 
appear to play a critical role in both prevention and therapy. They have been 
utilized in folk medicine for years, revealing anti-inflammatory, antimigraine, and 
anticancer properties. In particular, parthenolide derivatives have been shown to 
act as adjuvant agents in the treatment of various malignancies. Especially when 
provided with modifications that increase their bioavailability and stability.
Methods: Here, we present the cell type-selective biological activity of 
parthenolide derivatives—stizolin, stizolicin, and izospiciformin—isolated from 
the leaves of Stizolophus balsamita, in a panel of three different molecular 
subtypes of breast cancer cell (MCF7, MDA-MB-231, and SK-BR-3). Viability, 
clonogenic potential, apoptosis, and autophagy processes have been verified 
to explain the biological activity of the studied natural compounds.
Results: The highest biological activity was demonstrated by the stizolin (with the 
IC50 from 1.3 to 4.3 μg/mL  depending on cell line), which exhibited 
antiproliferative, proapoptotic, and proautophagic properties in the studied 
breast cancer cells, particularly in the HER2-positive breast cancer cell line 
(SK-BR-3), demonstrated by PARP1/2 cleavage, Bax/Bcl2 status increase, and 
confirmed by LC3II/LC3I, mTOR, and p62 proteins alterations.
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Conclusion: Our results indicate that the studied compounds exhibit compound- 
dependent biological activity, and selectivity across different molecular subtypes of 
breast cancer.
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1 Introduction

Breast cancer poses a serious health problem for women around 
the world. It is the most frequently diagnosed malignant tumor and 
one of the leading causes of cancer deaths. Data published in Nature 
Medicine shows that 1 in 20 women worldwide will be diagnosed with 
breast cancer in their lifetime, and that if current trends continue, by 
2050, there will be 3.2 million new breast cancer cases and 1.1 million 
breast cancer-related deaths per year (Kim et al., 2025).

The risk factors of breast cancer development comprise female 
gender (Valentini et al., 2024), mature age (Obeagu and Obeagu, 
2024), a family history of breast cancer (especially presence of 
ovarian cancer–and especially those caused by hereditary BRCA1 
and BRCA2 mutations) (Casaubon et al., 2023), but also mutations 
in highly penetrant breast cancer genes, like CDH1, PTEN, STK11, 
and TP53 (Pal et al., 2024). Moreover, the race (Ribeiro et al., 2025), 
exposure to endogenous hormones (particularly estrogen and 
progesterone), and early age at menarche (García-Sancha et al., 
2025) are other significant risk factors of breast cancer development. 
Modifiable risk factors include smoking, physical activity (Cohen 
et al., 2023), and higher BMI (body mass index), which is associated 
with more aggressive features of the tumor (Tzenios et al., 2024).

The hormonal and receptor status of breast cancer was used to 
divide this disease into the four main molecular subtypes: i) estrogen 
receptor-positive - luminal A and ii) luminal B, iii) HER2+, and iv) 
triple-negative/basal breast cancers (Lakhani et al., 2012). These 
features, together with the degree of advancement and malignancy 
and the patient’s general condition, determine the therapeutic 
strategy (Xiong et al., 2025).

With the development of oncological diagnostics, new methods 
of breast cancer treatment are being introduced. Combination 
therapies, chemotherapy, and hormone therapy have indeed 
revolutionized the treatment of breast cancer, but they have not 
eliminated the occurrence of side effects. Thus, there is a need to 
develop new, combined, and personalized strategies that are 
effective and safe for patients. A plant-based approach appears to 
be a critical trend in both prevention and therapy.

Plant-derived compounds have been utilized in folk medicine 
for years, and many scientists have drawn renewed attention to their 
potential use in anticancer therapy. These include sesquiterpenes 

with diverse structures and broad biological activities. Over the 
years, numerous properties of these compounds, including anti- 
inflammatory, antifungal, bactericidal, and anticancer properties, 
have been revealed. One such naturally occurring compound is 
parthenolide (PN) (Figure 1; Liu et al., 2024). This sesquiterpene 
lactone with a chemical formula of C15H20O3, is commonly found 
in many plants, such as Tanacetum parthenium or Tanacetum 
vulgare (Michalak et al., 2024). It was initially isolated from 
plants in the Asteraceae family in the 1970s. The structure of 
parthenolide contains an α-methylene-γ-lactone ring and an 
epoxy group, which can interact with the nucleophilic sites of 
biological molecules, affecting cellular signaling pathways, 
including the induction of oxidative stress and apoptosis, Focal 
Adhesion Kinase 1 (FAK1) signaling, and Hypoxia-Inducible Factor 
1α (HIF-1α) signaling (Zarei et al., 2025; Berdan et al., 2019).

Recent studies have demonstrated that parthenolide exhibits 
anti-inflammatory properties and also plays a role in cancer 
response to therapy (Li et al., 2025).

It attenuates the pathogenicity of cancer and increases the 
sensitivity of various types of cancer to chemotherapy or radiation. 
It was reported to show cytotoxic potential in liver, colorectal, thyroid, 
pancreatic, myeloma, prostate, and breast cancer cells, and to be very 
well-tolerated by humans (Denda et al., 2024). Importantly, studies 
indicate that parthenolide can induce apoptosis in myeloid leukemia 
cells (AML) without affecting normal hematopoietic cells 
(Parthenolide was also used in preclinical studies to treat relapsed 
leukemia associated with multidrug resistance, which is driven by 
leukemia stem cells (LSCs) (Zarei et al., 2025). The limitations of 
parthenolide use are repeatedly emphasized due to its low 
bioavailability and stability (Liu et al., 2023). Thus, much attention 
is paid to the anticancer potential of not only parthenolide but also its 
derivatives, such as dimethylaminoparthenolide (DMAPT), which 
have been the subject of preclinical in vitro and in vivo studies 
(Zarei et al., 2025). This parthenolide derivative demonstrated 
radiosensitizing properties in prostate cancer cells (PC-3 and 
DU145) and breast cancer stem-like cells, while also exhibiting 
radioprotective activity in normal cells (Uzun et al., 2025).

However, further studies regarding the anticancer potential of 
parthenolide have identified alternative mechanisms of action, 
which we also demonstrate in our studies. These activities lead to 
cancer cell death by modulating breast cancer cell proliferation, 
apoptosis, and autophagy.

2 Materials and methods

2.1 Plant material

The methanolic extract under study was prepared from the 
aerial parts (leaves) of Stizolophus balsamita (Lam.) K. Koch 

Abbreviations: AML, Acute myeloid leukemia; BMI, Body mass index; DMAPT, 
Dimethylaminoparthenolide; ER, Estrogen receptor; FAK1 Focal adhesion 
kinase 1; HER, Human epidermal growth receptor; HIF-1α, Hypoxia 
inducible factor 1α; IC50, Half maximal inhibitory concentration; JNK, 
c-Jun N-terminal kinase; LC3, Light chain 3; LSC, Leukemia stem cells; 
MDC, Monodansylcadaverin; MFI, Median fluorescence intensity; MTT, 3- 
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide; PBS, 
Phosphate-buffered saline; PI, Propidium iodide; PN, Parthenolide; TNBC, 
Triple-negative breast cancer; TNF-α, Tumor necrosis factor α.
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(Asteraceae) in the Department of Medicinal and Cosmetic Natural 
Products, University of Medical Sciences in Poznan (Poland), and 
tested compounds (stizolin, stizolicin, izospicifromin) (Figure 2) 
were isolated there from the CH2CL2 extract.

The complete extraction procedure, isolation method, and 
detailed structural identification of compounds have been 
previously described (Nawrot et al., 2019a).

Seeds of S. balsamita were provided by the Botanical Garden 
(Tehran, Iran) and aerial parts (grown from the seeds in the Garden 
of Medicinal Plants at the Department of Medicinal and Cosmetic 
Natural Products, University of Medical Sciences in Poznan, Poland, 
where the voucher specimens (No 42/2014) is deposited) were 
collected in the flowering period (September) and dried at room 
temperature. The extract studied in our paper is a mixture of seven 
sesquiterpene lactones: balsamin, stizolin, stizolicin, 9α- 
hydroxyparthenolide, izospiciformin, 8α-E-(4′-hydroxy)-sene- 
cioyloxy-9α-hydroxyparthenolide, and 11βH,13-dihydrostizolicin 
(Nawrot et al., 2019b).

2.2 Reagents

DMSO (Sigma-Aldrich, St Louis, MO, United States), SDS 
(Sigma-Aldrich, St Louis, MO, United States), MTT (Sigma- 

Aldrich, St Louis, MO, United States), trypsin-EDTA (Sigma- 
Aldrich, St Louis, MO, United States), FBS (Corning, NY, 
United States), RPMI 1640 medium (Corning, NY, 
United States), McCoy’s 5a medium (Corning, NY, 
United States), Ham’s/DMEM medium (Corning. NY, 
United States), horse serum (ATCC, Manassas, VA, 
United States) bovine insulin (Sigma-Aldrich, St Louis, MO, 
United States), hydrocortisone (Sigma-Aldrich, St Louis, MO, 
United States), hEGF (Sigma-Aldrich, St Louis, MO, 
United States), RIPA lysis buffer (Thermo Fisher Scientific, 
Waltham, MA, United States), protein cocktail inhibitors 
(Thermo Fisher Scientific, St Louis, MO, United States), 
propidium iodide (Sigma-Aldrich, St Louis, MO, United States), 
ribonuclease A (Sigma-Aldrich, St Louis, MO, United States), PBS 
(BioShop, Rzasnik, Poland), antibodies: anti-PARP1/2 (Cell 
Signaling Technology, Danvers, MA, United States), anti-Bax 
(Cell Signaling Technology, Danvers, MA, United States), anti- 
Bcl2 (Cell Signaling Technology, Danvers, MA, United States), 
anti-MAPLC3 (Cell Signaling Technology, Danvers, MA, 
United States), anti-p62/SQSTM (Cell Signaling Technology, 
Danvers, MA, United States), anti-mTOR (Cell Signaling 
Technology, Danvers, MA, United States), anti-GAPDH (Santa 
Cruz Biotechnology, Dallas, TX, United States), rapamycin 
(Sigma-Aldrich, St Louis, MO, United States), doxorubicin 
(Sigma-Aldrich, St Louis, MO, United States), gefitinib (Cell 
Signaling Technology, Danvers, MA, United States), 
monodansylcadaverine (Sigma-Aldrich, St Lou-is, MO, 
United States), anti-fatty acid powder milk (Sigma-Aldrich, St 
Louis, MO, United States), bovine serum albumin (BioShop, 
Rzasnik, Poland), TRIS (BioShop, Rzasnik, Poland), Tween 20 
(Sigma-Aldrich, St Louis, MO, United States), sodium persulfate 
(BioShop, Rzasnik, Poland), TEMED (BioShop, Rzasnik, Poland), 
acrylamide-bisacrylamide (Sigma-Aldrich, St Louis, MO, 
United States), Bradford reagent (Sigma-Aldrich, St Louis, MO, 
United States).

2.3 Cell lines and cell cultures

The human breast cancer cell lines: MCF7 (ER+, PR+, HER2-), 
MDA-MB-231 (ER-, PR-, HER2-), SK-BR-3 (ER-, PR-, HER2+), 
and MCF-12A human non-tumorigenic breast cell line (ER+, PR+, 
HER2-) were obtained from the American Type Culture Collection 
(ATCC, HTB-22, HTB-26, HTB-30, CRL-10782, respectively). The 

FIGURE 2 
Structure of parthenolide derivatives: stizolin, stizolicin, and izospiciformin.

FIGURE 1 
Chemical structure pf parthenolide (PN) (prepared according to 
Liu et al., 2024).
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MCF7 and MDA-MB-231 cells were maintained in RPMI 
1640 medium supplemented with 10% fetal bovine serum. The 
SK-BR-3 cell line was cultured in McCoy’s 5a medium 
supplemented with 10% fetal bovine serum. The MCF-12A cells 
were maintained in Ham’s/DMEM medium supplemented with 5% 
horse serum, bovine insulin (500 ng/mL), hydrocortisone (1 μg/mL), 
and hEGF (20 ng/mL). The cells were cultured in 5% CO2 at 37 °C 
and 100% humidity. The cells were passaged with medium changes 
every 3–4 days.

2.4 Viability assay

A total of 5 × 10̂3 growing breast cancer and nontumorigenic 
breast cells were seeded into each well of the 96-well plates, and 
compounds (stizolin, stizolicin, and izospiciformin) or S. balsamita 
leaves extract were added at concentrations ranging from 1 to 
100 μg/mL for 24, 48, and 72 h. Two duplicates were prepared 
for each concentration, with a total volume of 100 µL per well. The 
solvent, DMSO at a concentration of 0.25% was also used as a 
control (Sigma-Aldrich, St. Louis, MO, United States). Next, 10 µL 
of MTT solution (5 mg/mL) was added to each well. The plates were 
incubated at 37 °C for 4 h, then 100 µL of solubilization buffer (10% 
SDS in 0.01 M HCl) was added, as previously described (Romaniuk- 
Drapała et al., 2025). Cell viability was quantified 
spectrophotometrically (at 570 nm, with a reference wavelength 
of 690 nm) using a Labsystems Multiscan RC (Thermo, Champaign, 
IL, USA). Each experiment was repeated three times in duplicates, 
IC50 values were calculated using CompuSyn software (ComboSyn, 
Inc., Paramus, NJ, United States), and the standard deviation was 
calculated using Microsoft Excel software (Microsoft, Redmond, 
WA, United States).

The selective activity of an active compound can be expressed as 
a selectivity index (SI), which is determined by comparing its 
cytotoxic activity in normal cells vs. cancer cells. Thus the SI was 
calculated as the ratio of the IC50 for MCF-12A cells vs. IC50 for the 
corresponding cancer cells (MCF7, MDA-MB-231, and SK-BR-3), 
using the following equation: 

SI � IC50 for normal cell line 􏼎IC50 for cancer cell line 

SI values above 1.00 indicate that the tested compound exhibited 
higher selectivity for cancer cells than for normal cells (Tronina 
et al., 2023). SI ≤1.00 indicates that the compound is nonselective. 
The selectivity indexes of the tested compounds are presented 
in Table 2.

2.5 Colony-forming assay

For the colony-forming assay (clonogenic), MCF7, MDA- 
MB-231, and SK-BR-3 cells were plated at a density of 200 cells/ 
well in 6-well plates and allowed to adhere for 24 h. They were 
then treated with stizolin, stizolicin or izospiciformin at three 
concentrations corresponding to 0.5×, 1×, and 1.5× IC50 for 
24 h (Table 3). After the specified time point, the media were 
replaced, and the cells were grown for an additional 10 days, with 
one media change on the fourth day. The colonies formed were 
fixed with 4% formaldehyde (37 °C for 15 min) and stained with 
crystal violet (0.5% (w/v) for 1 h at 25 °C), as previously 
described (Lisiak et al., 2023). The wells were then washed 

with distilled water, air-dried, and the colonies were counted. 
The results were graphically presented. The experiment was 
repeated three times.

2.6 Cell cycle analysis

Analysis by Flow Cytometry of cultures of MCF7, MDA-MB- 
231, and SK-BR-3 cells was performed either with or without 
treatment with the indicated concentrations of stizolin, stizolicin 
or izospiciformin for 24 h. As a positive control for cell cycle 
alterations, gefitinib at 20 μM/mL has been used. The cells were 
collected using 0.25% trypsin (Sigma-Aldrich, St. Louis, MO, 
United States), then washed and resuspended in 100 µL PBS 
containing 50 μg/mL propidium iodide and 25 µL of 
ribonuclease A (10 mg/mL; Sigma-Aldrich, St. Louis, MO, 
United States). Flow cytometry analysis was performed after 1 h 
of incubation, as described previously (Lisiak et al., 2014; FACScan, 
BectonDickinson, Franklin Lakes, NJ). The percentages of the cell 
population in the subphases G1, S, and G2 were calculated from the 
histograms. The experiment was repeated twice in duplicates.

2.7 Propidium iodide (PI) and 
monodansylcadaverine (MDC) 
staining–autophagy/apoptosis dual 
staining assay

The PI/MDC staining assay was performed according to the 
manufacturer’s protocol (Promega, Madison, WI, USA). Briefly, 
cells were subcultured in 96-well plates at a density of 1 × 10̂5 cells 
per well and incubated in appropriate media with stizolin, stizolicin 
or izospiciformin for 24 h. As a positive apoptosis control, gefitinib 
(20 µM) was used, and as a positive autophagy control, rapamycin 
(50 nM) was applied. After treatment, the cells were washed twice 
with PBS, incubated with 0.05 mM monodansylcadaverine (MDC) 
(Sigma-Aldrich, St Louis, MO, USA) in PBS at 37 °C for 10 min, and 
then washed three times with PBS at room temperature (RT). Next, 
cells were incubated with a propidium iodide solution (50 μg/mL) 
for 5 min at room temperature, and then washed three times with 
PBS. The mean fluorescence intensities (MFIs) from intracellular 
MDC and PI were measured with the plate reader with the excitation 
wavelength of 335 nm and an emission wavelength of 512 nm for 
MDC, and with the excitation wavelength of 536 nm and an 
emission wavelength of 617 nm for PI, respectively (Enspire, 
Perkin Elmer, Waltham, MA, USA). The results are 
representative of three independent experiments ([MFIs] ± SD) 
and are presented as relative values compared with untreated 
control cells.

2.8 Immunodetection

The MCF7, MDA-MB-231, and SK-BR-3 cells were treated 
for 24 h with three concentrations of stizolin, stizolicin or 
isospiciformin, i.e., 0.5×IC50, 1×IC50, and 1.5×IC50 
(Table 3). Whole cell extracts were prepared using a modified 
RIPA lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% 
NP40, 0.1% SDS, 100 mM PMSF, 25 μg/mL Na3VO4, 25 μg/mL 
NaF, protease cocktail inhibitors). The protein concentration 
was measured using a Bradford assay (Sigma-Aldrich, St Louis, 
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MO, United States), and 40 µg of each extract was loaded onto 
SDS-PAGE gels. Western blotting was performed according to 
standard procedures using a PVDF membrane (Pierce 
Biotechnology, Rockford, IL, USA), as previously described 
(Romaniuk-Drapała et al., 2021). The following antibodies 
were used for detection: anti-PARP, anti-Bax, anti-Bcl2, anti- 
MAPLC3, anti-SQSTM/p62, and anti-mTOR (all from Cell 
Signaling, Boston, MA, USA), and anti-GAPDH (Santa Cruz 
Biotechnology, Dallas, TX, United States); 1 μg/mL of each 
primary antibody was used in the blotting solution. The 
proteins were visualized using iBright Imaging System 
(ThermoFisher Scientific, Waltham, MA, United States) and 
SuperSignal® West Pico Chemiluminescent Substrate (Pierce 
Biotechnology, Rockford, IL, United States). The optical density 
(Arbitrary Units) of the bands was measured using LabWorks 
software (UVP, Upland, CA, United States). Representatives of 
the two experiments are shown in Figures 7A–C, 9A–C.

2.9 Statistical analysis

The data shown are means from at least three separate 
experiments, unless otherwise specified. Statistical analysis was 
performed using one-way analysis of variance (ANOVA) together 
with Tukey׳s multiple comparison test (GraphPad Prism 5, San 
Diego, CA, United States). P < 0.05 was considered to be indicative 
of a significant difference.

3 Results

3.1 Effect of the Stizolophus balsamita 
extract and selected compounds on breast 
cells’ viability

Four breast cell lines were treated with different concentrations 
(1–100 μg/mL) of the S. balsamita extract, stizolin, stizolicin or 
izospiciformin for 24, 48, or 72 h. The extract evaluated in our study 
comprises seven sesquiterpene lactones: balsamin, stizolin, 
stizolicin, 9α-hydroxyparthenolide, izospiciformin, 8α-E-(4′- 
hydroxy)senecioyloxy-9α-hydroxyparthenolide, and 11βH,13- 
dihydrostizolicin. However, stizolin, stizolicin, and izospiciformin 
are dominant components of the extract; thus, they were chosen for 
further analysis (Nawrot et al., 2019b). Treatment of the studied cells 
with the extract revealed that the most sensitive cells were the HER- 
2-positive breast cancer cells, SK-BR-3, with an IC50 of 6.7 μg/mL 
after 24 h (Figure 3). The triple-negative breast cancer cells MDA- 
MB-231 was the least sensitive to the extract, with an IC50 of 
12.8 μg/mL after 24 h of incubation (Table 1).

Moreover, in the non-tumorigenic MCF-12A cells, the extract 
shows activity similar to that in MDA-MB-231 cells, with an 
IC50 value of 13.0 μg/mL (24 h of treatment; Figure 3A). 
Analysis of cell viability after treatment with individual 
compounds revealed that stizolin was the most effective across all 
studied breast cell types (tumor and non-tumorigenic). Moreover, 

FIGURE 3 
(Continued). 
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izospiciformin revealed the least effect across all of the studied breast 
cell lines. Notably, the stizolin, stizolicin, and izospiciformin 
effectiveness was higher than the activity of S. balsamita extract. 
The analysis of cytotoxic activity of single compounds for 24 h in the 
panel of different molecular subtypes of breast cancer cells reveals 
that the most sensitive was the HER2-positive SK-BR-3 cell line, 
with the IC50 values 1.3 μg/mL, 2.3 μg/mL, and 4.2 μg/mL for 
stizolin, stizolicin, and izospiciformin, respectively. However, triple- 
negative breast cancer cells, represented by MDA-MB-231, show the 
least sensitivity, with IC50 values of 4.3 μg/mL for stizolin, 8.3 μg/mL 
for stizolicin, and 8.5 μg/mL for izospiciformin, respectively. Among 
all cell models, the ER + MCF7 cells showed medium sensitivity to 
both the extract and the studied single parthenolide derivatives.

Observed effectiveness of the studied compounds and the 
extract was similar and proportionally higher with prolonged 
exposure (48 and 72 h), with the least effectiveness of stizolin, 
stizolicin, and the extract against MCF7 breast cancer cells in the 72- 
h treatment interval (Figures 3B,C, respectively).

Notably, the extract and individual compounds showed 
weaker effects on non-tumorigenic MCF-12A breast cells 
across almost all tested time points, demonstrating the 
selectivity of the studied compounds relative to cancer cells 
and highlighting the varying cytotoxicities associated with their 
specific structures.

The selective cytotoxic activity of the studied compounds was 
expressed as a selectivity index (SI; Table 2), which was calculated for 
MCF-12A cells vs. the corresponding cancer cells (MCF7, MDA- 
MB-231, and SK-BR-3), using IC50 values. As demonstrated, all 
studied compounds (i.e., stizolin, stizolicin, izospiciformin, and 
extract) showed selectivity (with the range of 1.0–2.4) towards 
MCF7 and MDA-MB-231 breast cancer cells (referring to 
noncancer MCF12A cells). Interestingly, assessment of selectivity 
index in SK-BR-3 cells showed even higher values of SI (from 1.9 to 
4.9). Doxorubicin was used as a positive cytotoxicity agent that is 
known to equally affect normal/noncancer and cancer cells (SI 
varied from 0.3 to 1.4).

3.2 Colony-forming potential of studied 
tumor cell lines treated by stizolin, stizolicin, 
and izospiciformin

A colony formation assay was used to assess the genotoxic 
activity of compounds isolated from the S. balsamita extract in 
breast cancer cells MCF-7, MDA-MB-231, and SK-BR-3. Due to the 
weaker activity of the S. balsamita extract, only single 
compounds—stizolin, stizolicin, and izospiciformin—have been 
studied for affecting colony-forming potential. All the studied 
compounds were applied for 24 h at concentrations 

FIGURE 3 
(Continued). 
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corresponding to 0.5×IC50, 1×IC50, and 1.5×IC50 values (Table 3). 
The 0.5×IC50, 1×IC50, and 1.5×IC50 values correspond to different 
degrees of cytotoxicity, from subcytotoxic (not yet causing 
significant detriment to the cell) to cytotoxic.

This study revealed strong inhibitory effects on colony 
formation in all breast cancer cell lines following treatment with 
the studied compounds. The greatest effect was observed across all 
stizolin concentrations in all breast cancer cell lines and across the 
entire concentration range of all compounds in MDA-MB-231 cells. 
Moreover, at the 1.5×IC50 concentrations of all compounds 
completely reduced colony counts across all breast cancer cell 
lines studied (Figure 4).

3.3 Influence of stizolin, stizolicin, and 
izospiciformin on the cell cycle

Cell cycle analysis was performed after assessing viability and 
genotoxic compound activity in three breast cancer cell lines. All of 
the studied cell lines were treated with stizolin, stizolicin, or 
izospiciformin in the concentrations corresponding to 0.5×IC50, 
1×IC50, and 1.5×IC50 for 24 h. Analysis of results revealed that in 
MCF7 cells stizolin (1×IC50 and 1.5 × IC50), stizolicin (1.5×IC50), 
and izospiciformin in the higher applied concentartions (IC50, and 
1.5×IC50) increased population of cells in G1-phase (10%–20% 

increase) with reduction of the number of cells in the S- and G2- 
phases (up to 10% in both phases), relative to control cells (Figure 5).

Additionally, in MDA-MB-231, all studied PN derivatives at the 
highest applied concentration (1.5 × IC50) showed a similar effect: 
an increase in cell accumulation in the G1-phase, accompanied by a 
decrease in cells in the S-phase (around 15%). However, the most 
significant impact of studied compounds on the cell cycle 
distribution was observed in SK-BR-3 cells, with the increase of 
G1 phase (around 15%) and decrease of cell number in the S-phase 
after treatment of stizolin in the whole concentration range. 
Similarly, higher concentrations of stizolicin and izospiciformin 
(1 × IC50, and 1.5 × IC50) provoked a similar effect (around 
10%–15% depending on compound concentration).

3.4 Analysis of proapoptotic activity of 
studied compounds in breast cancer cells

To verify whether the cytotoxic effect observed in MTT and 
clonogenic assays is associated with cell elimination via apoptosis, 
cells were stained with propidium iodide after 24 h of compound 
treatment. All of the studied breast cancer cell lines were treated with 
stizolin, stizolicin, or izospiciformin at concentration values of 
0.5–1.5×IC50. As a positive apoptotic control, gefitinib at a 
concentration of 20 µM has been used. Analysis of mean 

FIGURE 3 
(Continued). Assessment of Stizolophus balsamita extract, stizolin, stizolicin, and izospiciformin on breast cancer cells’ viability. MCF7, MDA-MB-231, 
SK-BR-3, and MCF-12A cells were treated for 24 (A), 48 (B), or 72 (C) h with a wide range of concentrations of studied compounds, i.e., 1–100 µg/mL. The 
mean ± SD from three experiments is shown. Statistically significant differences versus control samples are shown: *p < 0.05; p < 0.005; *p < 0.001.
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fluorescence intensity (MFI) revealed that the studied compounds 
did not induce apoptosis in MCF7 and MDA-MB-231 cells. 
Nevertheless, in MDA-MB-231 cells treated with the higher 
concentration (i.e. 1.5×IC50) of stizolin and stizolicin, a decrease 
in MFI derived from PI staining has been observed. However, in 
HER2-positive breast cancer cells, an increase in apoptosis has been 
observed after 24 h of treatment with all studied compounds, 
especially at 1×IC50 and 1.5×IC50 (15%–25%) (Figure 6).

To verify the proapoptotic potential of the studied 
compounds in cells representing different breast cancer 
subtypes, Western blot and immunoidentification were 
performed to analyze PARP1/2, Bax, and Bcl-2 protein levels 
(Figure 7). In MCF7 cells, we observed a reduced Bax/Bcl2 ratio 

after treating cells with stizolin (1×IC50) and stizolicin (1.5 × 
IC50) (Figure 7A). Additionally, a similar effect was observed in 
MDA-MB-231 cells, where the Bax/Bcl2 ratio was decreased in 
cells treated with stizolicin (1×IC50) and izospiciformin 
(0.5×IC50) (Figure 7B), which suggests antiapoptotic activity 
of these PN derivatives in ER-positive and basal subtypes of 
breast cancer cells.

However, apoptosis has been observed in SK-BR-3, HER2- 
positive breast cancer cells, following treatment with stizolin or 
stizolicin, as assessed by PARP1/2 protein levels and the Bax/ 
Bcl2 ratio. This study revealed a 40% increase in apoptosis at the 
concentration of stizolin corresponding to the 1×IC50, as well as at 
the highest concentration of stizolicin (1.5×IC50) (Figure 7C). These 

TABLE 2 The calculated values of the selectivity index (SI) of the tested compounds and Stizolophus balsamita extract in the studied cells. SI≤1.00 in orange 
color (nonselective action), SI>1.00 in blue (selective action).

Cell line Time [h] SI (selectivity index)

Stizolin Stizolicin Izospiciformin Extract Doxorubicin

MCF7 24 2,4 2,4 1,3 1,3 0,3

48 1,8 1,4 2,1 1,0 1,3

72 1,2 1,3 1,6 1,0 1,2

MDA-MB-231 24 1,5 1,3 1,4 1,0 0,6

48 1,0 1,1 1,4 1,2 1,4

72 1,7 1,5 1,4 1,3 0,5

SK-BR-3 24 4,9 4,7 2,9 1,9 1,3

48 3,7 3,9 2,5 2,4 1,1

72 3,6 3,2 3,0 2,3 0,6

TABLE 1 The IC50 values ± S.D. of stizolin, stizolicin, izospiciformin, and Stizolophus balsamita extract in MCF7, MDA-MB-231, SK-BR-3, and MCF-12A cells. 
Cells (5 × 10̂3/well) were treated for 24, 48, and 72 h. The mean of three experiments, each in duplicate, is shown. The results are shown relative to control 
(untreated) cells.

Cell line Time [h] IC50 ± S.D. [µg/mL]

Stizolin Stizolicin Izospiciformin Extract Doxorubicin

MCF7 24 2.7 ± 0.2 4.6 ± 0.15 9.3 ± 0.5 10.0 ± 0.8 14.9 ± 0.8

48 2.1 ± 0.1 4.4 ± 0.2 4.7 ± 0.3 7.3 ± 0.5 0.25 ± 0.05

72 2.0 ± 0.09 3.8 ± 0.2 3.8 ± 0.2 6.2 ± 0.3 0.06 ± 0.01

MDA-MB-231 24 4.3 ± 0.4 8.3 ± 0.4 8.5 ± 0.6 12.8 ± 0.6 7.0 ± 0.03

48 3.7 ± 0.2 5.4 ± 0.3 6.9 ± 0.5 6.0 ± 0.2 0.24 ± 0.02

72 1.4 ± 0.08 3.3 ± 0.3 4.5 ± 0.4 4.8 ± 0.3 0.15 ± 0.02

SK-BR-3 24 1.3 ± 0.05 2.3 ± 0.2 4.2 ± 0.3 6.7 ± 0.4 3.1 ± 0.2

48 1.0 ± 0.03 1.6 ± 0.09 4.0 ± 0.2 3.0 ± 0.3 0.3 ± 0.02

72 0.7 ± 0.01 1.5 ± 0.07 2.1 ± 0.2 2.6 ± 0.2 0.11 ± 0.01

MCF-12A 24 6.4 ± 0.2 10.9 ± 0.3 12.0 ± 0.6 13.0 ± 1.0 4.1 ± 0.2

48 3.7 ± 0.4 6.2 ± 0.3 9.8 ± 0.5 7.3 ± 0.8 0.33 ± 0.02

72 2.4 ± 0.1 4.8 ± 0.4 6.2 ± 0.4 6.0 ± 0.5 0.07 ± 0.01
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results corresponded to the PI staining-based apoptosis 
detection (Figure 6).

3.5 Autophagy detection 
(monodansylcadaverine (MDC) staining)

Assessment of apoptosis induced by the studied compounds 
revealed selective proapoptotic activity in SK-BR-3 cells. However, 
the MTT assay and clonogenic test showed high cytotoxicity of the 
studied compounds across all studied breast cancer cells; thus, it was 
interesting to investigate whether PN derivatives in breast cancer 

cells induce other cell death pathways and/or metabolic alterations. 
Therefore, one of the alternative mechanism responsible for cell fate 
i.e., autophagy was evaluated.

First, monodansylcadaverin (MDC) staining, a screening assay 
for visualizing and quantifying autophagy, has been performed. 
MDC stains acidic structures in cells, such as lysosomes and 
autolysosomes, where autophagy also occurs (Murugan and 
Amaravadi, 2016). The mean fluorescence intensity analysis from 
MDC cells stained after compound treatment revealed that stizolin, 
at concentrations corresponding to 1 x IC50 and 1.5 × IC50 values, 
induces autophagy in all breast cancer cell lines (30%–50% increase 

TABLE 3 The concentration range of stizolin, stizolicin, and izospiciformin applied in all experiments.

Cell line Compound/Value IC50 value for 24 h [µg/mL]

0.5 × IC50 1 × IC50 1.5 × IC50

MCF7 Stizolin 1.35 2.7 4.05

Stizolicin 2.3 4.6 6.9

Izospiciformin 4.65 9.3 13.95

MDA-MB-231 Stizolin 2.15 4.3 6.45

Stizolicin 4.15 8.3 12.45

Izospiciformin 4.25 8.5 12.75

SK-BR-3 Stizolin 0.65 1.3 1.95

Stizolicin 1.15 2.3 3.45

Izospiciformin 2.1 4.2 6.3

FIGURE 4 
Influence of stizolin, stizolicin, and izospiciformin on the colony formation of MCF7, MDA-MB-231, and SK-BR-3 cells. The cells were plated at a 
density of 200 cells per well in a 6-well plate and allowed to adhere for 24 h. They were then treated with studied compounds in three different 
concentrations, corresponding to 0.5×IC50, 1×IC50, or 1.5×IC50 for 24 h. The experiment was repeated at least three times; x ± SD, p < 0.05. Statistically 
significant differences are shown versus control samples, ***p < 0.001.
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relative to control, depending on cell line). Moreover, across all 
studied breast cancer cell models, stizolicin also exhibited 
proautophagic activity at higher applied compound 
concentrations (1×IC50 and 1.5×IC50) (20%–30%). However, the 
izospiciformin did not significantly alter MDC cell staining in 
MCF7, MDA-MB-231, or SK-BR-3 cells, compared to control, 
untreated cells (Figure 8).

To confirm the proautophagic properties of the studied 
compounds in different breast cancer cell lines, Western blot and 
immunoidentification analyses of autophagy marker proteins 
(MAPLC3, p62/SQSTM, mTOR) were performed. MAPLC3 
(LC3) is currently the most reliable marker of autophagosomes, 
as LC3-II levels reflect the number of autophagosomes and 
autophagy-related structures. In its soluble form, LC3-I is a 
precursor protein present in the cytoplasm. After autophagy is 
initiated, LC3-I is conjugated to phosphatidylethanolamine (PE), 
forming the membrane-bound form LC3-II. LC3-II is recruited to 
the autophagosome membrane, and its level correlates with the 
number of autophagosomes formed. A higher ratio of LC3II to LC3I 
(LC3II/LC3I) indicates that more LC3I has been processed, which is 
a direct indicator of autophagosome formation (Saito et al., 2026).

p62/SQSTM degradation is another commonly used marker for 
monitoring autophagic activity, as p62 binds directly to LC3 and is 
selectively degraded by autophagy. Autophagy induction converts 
LC3-I to LC3-II and increases LC3-II levels, accompanied by a 
concomitant decrease in p62 levels (Mandic et al., 2024). Another 
autophagy modulator, mTOR, has many biological functions; 
however, in the context of autophagy, it acts as a negative 

regulator (Pan et al., 2023). As a positive autophagy control, 
rapamycin was used at 50 nM for 24 h. Treatment of ER-positive 
cells (MCF7) with the studied parthenolid derivatives revealed that 
stizolin, at concentrations corresponding to 1×IC50 and 1.5 × IC50, 
exhibited proautophagic activity (increase in the LC3II/LC3I ratio 
and decrease in p62). However, izospiciformin, at higher compound 
concentrations (1×IC50 and 1.5×IC50), inhibits autophagy in 
MCF7 cells, that is manifested by a reduction in the LC3II/LC3I 
ratio and an increase in mTOR and p62 protein levels (Figure 9A), 
without any significant effect caused by stizolicin. Moreover, in the 
basal subtype, the MDA-MB-231 breast cancer cell line, stizolin 
significantly increased autophagy at concentrations corresponding 
to the IC50 and 1.5 × IC50. However, in the basal subtype of breast 
cancer, stizolicin and izospiciformin show no effect on autophagy 
markers (Figure 9B). Additionally, in HER-2 positive, SK-BR- 
3 breast cancer cells, izospicifromin and stizolin increased the 
LC3II/LC3I ratio (IC50), with a decrease of mTOR and 
p62 protein levels (after treatment with izospicifromin of 
approximately 20%–30%, and for stizolin approximately 10%– 
30%). However, in this cell line, stizolicin did not provoke 
autophagy (Figure 9C).

4 Discussion

Breast cancer is a heterogeneous disease that constitutes a 
serious therapeutic challenge. Selecting the appropriate drug is 
crucial due to the diverse responses of different molecular 

FIGURE 5 
Cell cycle analysis of MCF7, MDA-MB-231, and SK-BR-3 cells treated with three different concentrations of PN derivatives for 24 h. Doxorubicin (Dox) 
at a concentration of 15 µM was used as the positive control for cell cycle alterations. Data from two independent experiments (in duplicates) are shown as 
mean ± SD; p < 0.05. A statistically significant difference is demonstrated versus control samples: *p < 0.05; **p < 0.005; ***p < 0.001.
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subtypes of breast cancer. Targeted therapy has enabled the use of 
individualized strategies that minimize side effects and improve 
patient outcomes. However, challenges remain, particularly in 
understanding and addressing resistance mechanisms and in 
developing more effective therapies (Carvalho et al., 2025).

Parthenolide and its derivatives are known to attenuate 
pathogenicity and increase the sensitivity of various cancer types 
to chemotherapy or radiotherapy. It is well documented that PN 
exhibits cytotoxicity against multiple cancer types and is well 
tolerated in humans (Zarei et al., 2025). Parthenolide is 
characterized by its ability to induce cancer cell death while 
sparing normal cells. Guzman L.M. and collaborators 
demonstrated that parthenolide induced apoptosis in myeloid 
leukemia (AML) cells without affecting normal hematopoietic 
cells (Guzman et al., 2007). Moreover, in preclinical studies 
parthenolide was effective treating relapsed leukemia associated 
with multidrug resistance, which is driven by leukemia stem cells 
(Kim et al., 2021; Zarei et al., 2025). The limitations of parthenolide 
use are repeatedly emphasized due to its low bioavailability and 
stability. Therefore, much attention has been paid to the anticancer 
potential of its derivatives, such as dimethylaminoparthenolide 
(DMAPT), which have been the subject of preclinical in vitro and 
in vivo studies. This derivative is characterized by higher water 
solubility and oral bioavailability (Guzman et al., 2007). DMAPT, 
like parthenolide, induces cancer cell death, has documented 
radiosensitivity properties against prostate cancer cell lines and 
breast cancer stem cells, and demonstrates radioprotective 
properties in normal cells (Mendonca et al., 2017; Carlisi et al., 

2016). Notably, parthenolide and its derivatives have also been shown 
to exhibit anticancer properties in breast cancer. Several studies have 
demonstrated cytotoxic effects of parthenolide and its derivatives in 
the basal subtype of breast cancer, specifically in MDA-MB-231 cells 
and the estrogen receptor-positive MCF7 cells. Both cell lines treated 
with PN demonstrated inhibition of proliferation (the IC50 value of 
PN for MCF is 2.5 μg/mL, and for MDA-MB-231, the IC50 = 4.4 μg/ 
mL, data from 48-h treatment experiment (Bampton et al., 2005; Al- 
Fatlawi et al., 2014). Another study demonstrated reductions in 
MDA-MB-231 cell viability of over 60% and 70% after 16 h of 
treatment with 6.2 μg/mL parthenolide and 7.3 μg/mL DMAPT, 
respectively. Moreover, the PN and its derivatives stimulate the 
production of reactive oxygen species, which initiate a cascade of 
events leading to cell destruction (Jorge et al., 2023).

The extract of S. balsamita leaves assessed in our study is a 
mixture of seven sesquiterpene lactones: balsamin, stizolin, 
stizolicin, 9α-hydroxyparthenolide, izospiciformin, 8α-E-(4′- 
hydroxy)-senecioyloxy-9α-hydroxyparthenolide, and 11βH,13- 
dihydrostizolicin (Nawrot et al., 2019a). The emphasis should be 
on the absence of parthenolide in the studied extract. The cytotoxic 
effect of selected, dominant compounds was stronger than that 
observed with the extract. This is an interesting observation, 
suggesting a diminishing rather than an additive effect of these 
sesquiterpenes. Additionally, another significant information is that 
the content of derivatives in S. balsamita leaves remains unchanged 
over time, and their properties remain stable (tested over a period of 
3 years) (Nawrot et al., 2019b). This is a crucial parameter in the 
context of the PN instability.

FIGURE 6 
Evaluation of apoptosis induction by PN derivatives. MCF7, MDA-MB-231, and SK-BR-3 cells were treated with the studied compounds at 0.5×IC50, 
1×IC50, or 1.5×IC50, respectively, followed by propidium iodide (PI) staining and mean fluorescence intensity (MFI) assessment. Bars represent the relative 
MFI of PI staining in the indicated samples compared with their corresponding controls. Gefitinib (Gef, 20 µM) was used as a positive control for apoptosis. 
The mean of three independent experiments (x±SD) is shown, with p < 0.05 as the cut-off for statistical significance.
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Sesquiterpen lactones, like parthenolide and its derivatives 
evaluated in this study, have three common elements of structure 
in their skeleton: a 4,5-epoxide and a lactone ring conjugated to an 
exomethylene (Nawrot et al., 2019b). The presence of an epoxide 
group, through its ability to covalently bind to nucleophilic centers of 
proteins and nucleic acids, inhibits enzyme activity, induces cell cycle 
arrest, and activates apoptosis (Rodrigues et al., 2019). Additionally, the 
presence of a lactone in the chemical structure of compounds is 
associated with antimicrobial, antifungal, antiviral, antimigraine, 
anti-inflammatory, and antitumor activities (Nawrot et al., 2021; 
Nawrot et al., 2019b; Zhao et al., 2025; Mazur and Masłowiec, 2022).

In studies performed by Nawrot et al., stizolin, stizolicin, and 
izospiciformin exhibited anti-inflammatory and antiserotonin 
effects by inhibiting 5-HT release from platelets. These PN 
derivatives were more effective than parthenolide, with 
isospiciformin demonstrating the strongest effect (Nawrot et al., 
2020). Stizolicin also exhibits remarkable cytotoxic and antiparasitic 
activity (Nawrot et al., 2021).

Among all of the studied PN derivatives, stizolin has the most 
similar chemical structure to parthenolide. The crucial difference is 

the presence of a hydroxyl group at position C8. Available data 
indicate that the presence of a hydroxyl group in the structure, 
particularly in the C8 position of the PN structure of compounds, 
enhances their solubility in water and is associated with the purple 
color of parthenolide (Nawrot et al., 2019a; Nawrot et al., 2020; 
Wyganowska-Światkowska et al., 2020; Cramer et al., 2019). 
However, stizolicin, compared with parthenolide, possesses an 
additional side chain, 4-hydroxy-2-hydroxymethyl-2E-butenoyl, 
which supports its antifungal, anticancer, antiinflammatory, and 
antioxidant properties. They also improve water solubility and 
increase interactions with biological targets (Klecker and Nair, 
2017; Rodrigues et al., 2019; Siswina et al., 2023). The third of 
the studied PN derivatives, izospiciformin, in comparison to PN, has 
a lactone ring in a different position: C7-C8 (PN has a lactone ring in 
position C6-C7), and an additional hydroxyl group at C6 (Figure 2). 
The location of the lactone ring and the hydroxyl group appear to 
play a crucial role in the distinct and selective biological activities of 
stizolin and izospiciformin in the studied cell lines.

To verify the toxicity of studied PN derivatives and assess the 
viability and reproductive capacity of compounds across different 

FIGURE 7 
(Continued). 
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molecular subtypes of breast cancer cell lines, MTT and colony- 
formation assays have been performed. This solution is optimal to 
study if the drug will have short-term toxicity in the culture, but it 
may also have residual toxicity, observed in long-term conditions. 
The cells may not have died in the short term (24, 48 h), but the drug 
had residual toxicity, manifested as loss of clonogenicity in these 
cells (Forgie et al., 2024). Consequently, clonogenic assay (Figure 4) 
showed genotoxic potential of studied compounds. Altogether, in 
our study, we found that stizolin exhibited significant cytotoxicity at 
short-term exposure, while all studied PN derivatives led to 
inhibition of the cells’ reproductive capacity measured in 
clonogenic assay. Thus, the studies performed in MCF7, MDA- 
MB-231, SK-BR-3, and MCF-12A cells showed high biological 
activity of stizolin, stizolicin, izospiciformin or Stizolophus 
balsamita extract. Consequently, selectivity index (SI) was 
calculated for breast cancer cells referring to noncancer MCF- 
12A cells (Table 2) that suggested higher biological activity of the 
compounds in cancer than in normal cells. Comparison of 
IC50 values for studied compounds is a well-established 
approach when cancer cells’ specificity is evaluated (Tronina 
et al., 2023). Evaluation was performed for three time intervals 
i.e. 24, 48, and 72 h and the results demonstrated high consistency 

regarding predominant diminish of breast cancer cell viability 
compared to noncancer breast cells.

Although MTT altogether with clonogenic assay demonstrated 
high biological potential of studied compounds they could not reveal 
the mechanism of this viability impairment. While MTT shows 
general metabolic activity alterations (due to redox conditions 
imbalance) the clonogenic assay shows the ability of studied 
compounds to affect proliferation potential and colony formation 
potential. This in turn can correspond to different cell death types 
induction, including mitotic catastrophe, apoptosis, necrosis, 
cellular senescence or programmed necrosis (parthanatos) 
(Bravo-San Pedro et al., 2021; Chang et al., 2021). Consequently 
further investigation aimed identification of the mechanism of 
action of studied compounds. These experiments involved the 
influence of the studied compounds on cell death and apoptosis, 
which are desired outcomes of an anticancer therapeutic strategy. 
The available data demonstrate proapoptotic properties of 
parthenolide and its derivative in human colorectal cancer cells 
and cholangiocarcinoma which were manifested by alterations in 
Bax and Bcl-2 (Santos et al., 2022; Carlisi et al., 2022). Interestingly, 
in our study, parthenolide derivatives did not provoke apoptosis in 
MCF7 or MDA-MB-231 cells, but they selectively induced apoptosis 

FIGURE 7 
(Continued). 
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in HER2-positive breast cancer cells SK-BR-3. Due to 
overexpression of the epidermal growth factor receptor, these 
cells exhibit an aggressive phenotype, proliferate more rapidly, 
may metastasize, have a poorer prognosis, and do not respond to 
therapy (Cheng, 2024). The observed effect of parthenolide 
derivatives is consequently highly desirable in the context of this 
type of malignant tumor. The studies also showed higher 
effectiveness of action, especially of stizolin (IC50 in the range 
1.3–4.3 μg/mL for 24 h, depending on breast cancer cell line). 
There is currently no available data on the biological activity of 
PN in SK-BR-3 cells; however, our results showed that stizolin had 
the greatest cytotoxic effect in those cells. According to available data 
on the cytotoxicity of parthenolide in MCF7 and MDA-MB-231 
(Santos et al., 2022), it is worth noting that stizolin exhibits 
approximately 20% higher cytotoxicity than the maternal 
compound, PN, in both ER-positive and basal breast cancer cell 
lines, respectively.

Next, evaluation of PARP1 and PARP2 accumulation was 
performed. PARP1 and PARP2 are nuclear enzymes crucial for 
DNA damage detection and repair, primarily promoting cell 

survival by maintaining genomic stability. Under mild damage, 
they facilitate repair, but excessive activation by high-stress 
conditions leads to PARP accumulation, leading to energy 
depletion and programmed necrosis (parthanatos) (Huang et al., 
2022). PARP1 is the major player, while PARP2 contributes to a 
lesser extent but can partially compensate for the loss of PARP1. In 
MCF7 cells exposed to studied compounds a significant increase of 
PARP1 was observed after treatment with stizolin (whole range), 
stizolicin (0.5×IC50 and 1.5×IC50), and izospiciformin (1×IC50). It 
corresponded with Bcl-2 accumulation which suggested 
antiapoptotic effect or a response that implies targetable 
dependency and possible success of Bcl-2-based anti-apoptotic 
approach. In MDA-MB-231 an opposite effect was observed i.e., 
significant decrease of PARP1 that was accompanied by Bax 
decrease which again suggests antiapoptotic effect of studied 
compounds. In SK-BR-3 PARP1 and PARP2 increase 
accompanied by Bax accumulation was observed that implied 
proapoptotic effect of studied compounds. However, since there 
was no consistency in pro- or antiapoptotic signaling and 
cytotoxicity/clonogenic assay further experiments were designed 

FIGURE 7 
(Continued). Assessment of the proapoptotic potential of PN derivatives. MCF7 (A), MDA-MB-231 (B), and SK-BR-3 (C) cells were treated with the 
studied compounds at 0.5×IC50, 1×IC50, or 1.5×IC50, followed by immunodetection. The immunoidentification of target proteins (PARP1/2, Bax, Bcl2) 
was subjected to densitometry analysis, normalized to GAPDH. Gefitinib (Gef, 20 µM) was used as a positive control for apoptosis. The mean value of two 
experiments ±SD is shown. A statistically significant difference is demonstrated versus control samples: *, p < 0.05; **, p < 0.005; ***, p < 0.001.
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to evaluate potential contribution of studied compounds to another 
death type–autophagy.

Autophagy is a process of dual nature. It can both provide cell 
death or survival. Consequently, autophagy modulation requires a 
strictly defined treatment strategy to eliminate the risk of possible 
adverse effects (Huang et al., 2025). For this reason assessment of 
autophagy efficacy is based on identification of several markers, i.e., 
monodansylcadaverine (MDC) staining followed by LC3II/I, 
p62 and mTOR assessment is a gold standard approach. 
LC3 turnover reflects the level autophagosomes accumulation of 
is due to increased induction or decreased degradation (Castillo 
et al., 2013). Additionally we performed monodansylcadaverine 
labeling which specifically stains autophagosomes in mammals 
(Lu and Djabali, 2018). In mammalian cells, the specificity of 
MDC staining is derived both from ion trapping, as 
autophagosomes are known to be acidic compartments, and 
interaction with lipid molecules found in high concentration in 
autophagosomes (Sassi et al., 2019).

Our cytotoxicity analysis, confirmed by colony-formation assay 
and cell cycle analysis, demonstrated that the studied compounds, 
especially stizolin, decrease cell viability and exhibit anti- 
proliferative properties; thus, the induction of autophagy in this 
context has a destructive effect on cancer cells. Interestingly, in the 
case of the autophagy process, it was revealed that izospiciformin 
shows anti-autophagic abilities, but only in MCF7 breast cancer cells 
(the only one from the studied breast cancer cell lines expressing 

estrogen and progesterone receptors). In all studied cell lines, this 
compound showed the highest IC50 values, 2-3-fold higher than 
stizolin, thus lower cytotoxicity. Moreover, in the basal subtype 
(MDA-MB-231 cells), this derivative showed an antiapoptotic effect, 
suggesting weaker biological activity in this subtype of breast cancer. 
However, in HER-2-positive BC, SK-BR-3 cells, this PN derivative 
had the highest cytotoxicity among all studied PN derivatives (2-fold 
higher at 24 h of treatment) and also induced autophagy. This 
emphasizes the selectivity of studied compounds and the diverse 
mechanisms of biological activity in different molecular subtypes of 
breast cancer.

Our results demonstrate compound-dependent activity and 
selectivity of the studied natural parthenolide derivatives in 
different molecular subtypes of breast cancer. This selectivity is 
also associated with a weaker cytotoxic effect against the non- 
cancerous MCF-12A breast cells. Our preliminary studies 
revealed interesting findings and encourage further mechanistic 
investigations, for the development of new compounds or 
strategies dedicated to specific molecular subtypes of breast 
cancer patients. Additionally, some possible combination/ 
adjuvant approach could be applied based on such studies. 
Referring to other, natural-derived compounds, it is worth 
emphasizing that natural products such as curcumin, resveratrol, 
and quercetin show promise as adjuvant treatments for different 
breast cancer subtypes, enhancing the efficacy of conventional 
therapies (e.g., paclitaxel, doxorubicin) and diminishing side 

FIGURE 8 
Evaluation of autophagy induction by PN derivatives. MCF7, MDA-MB-231, and SK-BR-3 cells were treated with the studied compounds for 24 h at 
0.5×IC50, 1×IC50, or 1.5×IC50, respectively, followed by monodansylcadaverine (MDC) staining to determine mean fluorescence intensity (MFI). Bars 
represent the relative MFI of MDC staining in the indicated samples versus the corresponding controls. Rapamycin (Rap, 50 nM) was used as a positive 
control for autophagy. The mean of three independent experiments is shown with p < 0.05 calculated from paired data. x±SD, p < 0.05 (A). 
Statistically significant differences versus control samples are shown: *p < 0.05; **p < 0.005.
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FIGURE 9 
Evaluation of autophagy induction by PN derivatives in breast cancer cells. MCF7 (A), MDA-MB-231 (B), and SK-BR-3 (C) cells were treated with the 
studied compounds at 0.5×, 1×, or 1.5× IC50, respectively, for 24 h. Rapamycin (Rap, 50 nM) was used as a positive control for autophagy. The 
immunoidentification of marker proteins (LC3II/LC3I, p62, mTOR) was accompanied by densitometry analysis, normalized to GAPDH. The mean of two 
independent experiments ±SD is shown, with p values calculated from paired data. Statistically significant differences versus control samples are 
shown: *, p < 0.05; **, p < 0.005; ***, p < 0.001.
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effects. These compounds can reverse multidrug resistance, inhibit 
tumor growth, and decrease toxicity to normal tissues. However, 
clinical evidence is still evolving, and plant-based drug interactions 
must be carefully monitored (Kobakova et al., 2025). Although 
demonstrated results refer to in vitro conditions, we believe that 
they indicate new potential pathways that can be addressed in the 
context of an anticancer strategy. It will definitely be interesting to 
examine the properties of these compounds in combination with 
cancer drugs and in 3D cell systems. Another aim would be to 
evaluate the potential of these natural compounds in targeting 
cancer stem cells, which constitute another therapeutic challenges 
especially since they are controlled by HER2-associated pathways 
(Qiu et al., 2021).

5 Conclusion

Conducted research on a panel of different breast cancer cell 
lines, representing various molecular subtypes of breast cancer 
revealed different biological activity of parthenolide derivatives, 
stizolin, stizolicin, and izospiciformin. Considering the difficulties 
of PN bioavailability, the presence of a hydroxyl group in the stizolin 
structure appears to address this issue, particularly in HER-2- 
positive breast cancer cells. Notably, the studied compounds 
demonstrated selectivity for cancer cells and showed higher 
activity when used alone than in combination with other 
compounds in the extract of S. balsamita. Our results, although 
preliminary, suggest a direction for designing drugs with higher 
biological activity across different molecular subtypes of breast 
cancer cells.
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