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ABSTRACT

The ergosterol from mushrooms has gained significant ethnopharmacological importance in various cultures,
including China, Japan, and Europe. This compound has been found to possess immune-boosting and anti-
inflammatory properties, making it useful in the treatment of immune disorders. In this study, we focused on
investigating the potential anticancer properties of ergosterol isolated from the edible mushroom Leucocalocybe
mongolica in breast cancer cell lines. The ergosterol was purified and identified using advanced analytical
techniques such as ESI-MS and NMR. We conducted cell proliferation assays on 4 T1 breast cancer cells to assess
the cytotoxic effects of ergosterol. Furthermore, we analyzed the transcription levels of BAX, caspase-7, BCL-2,
STAT-3, and PARP proteins using real-time PCR and Western blot analysis. Additionally, we employed non-
targeted ultra-high-performance liquid chromatography and high-resolution mass spectrometry (UPLC-MS/
MS) to study the potential mechanisms underlying the anticancer effects of ergosterol at the metabolomics level.
The results demonstrated a significant reduction in cell viability and the induction of apoptosis upon treatment
with ergosterol, especially at higher concentrations (P < 0.05). Moreover, ergosterol affected the expression of
cancer-related genes, upregulating pro-apoptotic proteins such as BAX, caspase-7, and PARP, while down-
regulating the anti-apoptotic proteins BCL-2 and STAT-3 (P < 0.05). Western blot analysis confirmed these
findings and provided further evidence of ergosterol’s role in inducing apoptosis. Metabolomics analysis revealed
substantial changes in pathways related to amino acid, antioxidant, and carbohydrate metabolism. In conclusion,
our study demonstrates that ergosterol exhibits anticancer effects by inducing apoptosis and modulating meta-
bolic pathways in breast cancer cells.

1. Introduction

(Wang et al., 2020). The utilization of natural compounds and from
mushroom pharmaceuticals has a rich historical background within

The mushroom Leucocalocybe mongolica has been utilized in tradi-
tional Chinese medicine for centuries to fortify the stomach and spleen,
and also to bolster immunity. Within traditional Mongolian medicine,
L. mongolica is incorporated into mutton soup as a tonic for lactating
women, aiming to enhance their immunity and augment maternal milk
secretion. L. mongolica comprises numerous bioactive components,
including sterols, phenolic compounds, terpenoids, and polysaccharides

traditional medical systems, and its potential advantages in managing
symptoms of cancer have garnered significant attention (Nandi et al.,
2024). Also, Natural chemicals may improve conventional therapies
while reducing side effects (Han et al., 1999)(Joseph et al., 2017).
Among these, ergosterol is a prominent sterol found in edible mush-
rooms (Baker and Brown, 2019). Previous research reported that
ergosterol has a pharmacological impact on oxidative stress (Yongxia
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et al., 2020), immunological function, diabetes (Xiong et al., 2018),
cancer (Chen et al., 2017), and other disorders (Rangsinth et al., 2023).

Breast cancer is among the second most prominent reasons for cancer
deaths in women all over the world, below lung disease (Siegel et al.,
2017). Astonishingly, in 2020, over two million women were get diag-
nosed with breast cancer. Approximately 800,000 of them died due to
the disease (Sung et al., 2021). Moreover, the traditional treatment
approaches for breast cancer typically include a combination of surgical
interventions, chemotherapy, radiation therapy and targeted biological
therapies. These modalities have significantly increased patient out-
comes, lowered tumor burden, and eliminated disease recurrence.
However, it is essential to recognize that these treatments often come
with various side effects, which range from mild to severe, that can
adversely affect patients’ quality of life (Fisher et al., 2005). In recent
years, there has been increasing attention to exploring alternative
treatments for breast cancer, especially derivatives from natural sources.

In recent times, gene expression and metabolomics analysis has
rapidly developed as a prominent discipline following proteomics,
transcriptomics and genomics. It possesses numerous applications in
several fields, such as drug development, microbial, plant and animal
metabolism and disease diagnosis (Zhu et al., 2020) (Yan et al., 2020).
Medical chemistry has employed metabolomics to evaluate prospective
biomarkers and therapeutic targets for a lot of illnesses, such as breast
cancer, colorectal cancer, hepatocarcinoma, lung cancer, and hepato-
cellular carcinoma (Zhao et al., 2014). To investigate the differential
low-molecular-weight metabolites in the breast cancer cell lines before
and after treatment with ergosterol, we evaluated gene expression by rt-
PCR and western bolt. We employed a non-targeted ultra-performance
liquid chromatography with a tandem mass spectrometry (UPLC-MS/
MS) approach. The objective of our study is to explore the potential of
ergosterol as an anti-breast cancer agent. We aim to investigate its
anticancer activity and the underlying mechanisms of action in breast
cancer cells through gene expression analysis using RT-PCR and Western
blotting, as well as examining metabolic changes.

2. Materials and methods
2.1. Materials and reagents

The ergosterol has been purified from the edible mushroom L.
mongolica and and identified by ESI-MS and NMR (Zaki and Bao, 2022).
The chemicals reagents were used in LC-MS grade acetonitrile, formic
acid, methanol and ammonium acetate were bought from CNW Tech-
nologies (Duesseldorf, Germany). Deionized-ddH,0 was obtained from
the Millipore Milli-Q water purification system (Billerica, MA, USA).
Acetic acid and methanol were obtained from Tedia Co. (Ohio, USA).
Meanwhile, the Beyotime Institute of Biotechnology (Haimen, China)
provided the cell counting kit-8 (CCK8) assay.

2.2. Cell culture

The 4 T1 breast cancer cells were obtained from Procell Life Science
& Technology Co, Ltd, in Wuhan, China. The 4 T1 cells were kept in
RPMI-1640 medium containing fetal bovine serum: antibiotics (strep-
tomycin and penicillin)) 9:1:0.1). The cells were placed in a 5 % CO»
humidified incubator (SHELLAB, USA) and maintained at a temperature
of 37 °C.

2.3. Proliferation assay

The cytotoxicity of the cells was assessed using the CCKS8. Breast
cancer 4 T1 cells were placed onto a 96-well plate with a density of 5 x
10° cells per well and given a period of 24 h to adhere. After incubation,
the cells were exposed to the purified compound dissolved in a mixture
of 10 pL dimethyl sulfoxide (DMSO) and 1000 uL. RPMI-1640 medium at
(50, 100.00, and 200.00 pg/mL) concentrations for each ergosterol
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compound. Six replicates were performed for each concentration, and
the cells were further incubated in a CO4 incubator at 37 °C with 5 %
COs, for 24 h. Following the incubation period, add 10 pL of CCK8 so-
lution with a concentration of 5 mg/mL to each well, then incubate the
cells for two extra hours at 37 °C with 5 % CO,. Lastly, the absorbance of
the drug-treated wells was measured by the ELISA reader Bio-Rad,
Hercules, CA, USA) at 450 nm to determine the visual concentrations.

2.4. Quantitative real-time PCR analysis

An optimized rt-PCR system was established to measure the relative
expression levels of BCL2 Associated X (BAX), B-cell lymphoma 2 BCL2
genes in the breast cancer 4 T1 cells. Total RNA extraction from
approximately 30-100 pg of the target cell lines was performed using
TRIzol extraction solution under the optimal conditions and protocol of
the manufacturer (Invitrogen Co., United States). RNA concentration
was determined by measuring A230 and A260 using a nanodrop, and
RNA quality was evaluated through 1.8 % agarose gel electrophoresis.
All RNA samples were promptly stored at —80 °C until further use. For
cDNA synthesis, the RNA samples were reverse-transcribed using the
TIANScript RT Kit (Tiangen Co., China) in triplicates, including a
negative control RNA sample (without reverse transcriptase) to detect
genomic DNA contamination. Primer pairs for the target genes in the rt-
PCR system were selected based on the gene sequences available in the
NCBI database and designed using Primer Premier 5 software
(STable 14-16). The PCR program commenced with an initial denatur-
ation step (95 °C /15 min.), followed by 40 cycles with a condition of
95 °C /10 sec., 58 °C /30 sec., and 72 °C / 30 sec. (denaturation,
extension, and annealing, respectively). Agarose gel electrophoresis was
employed for sample separation, and dissociation curves were analyzed
to assess product quality. The expression levels of BCL-2 and BAX genes
were calculated using the delta-delta Ct (ACt) equation (Rao et al.,
2013), where ACt reflects the difference between the Ct value of the
housekeeping gene and the target gene.

2.5. Western blotting

The quantitative and qualitative properties of BCL2 Associated X
(BAX), B-cell lymphoma 2 BCL-2, Caspase-7, Poly [ADP-ribose] poly-
merase 1 (PARP) and Signal transducer and activator of transcription 3
(STAT3) proteins were analyzed using the western blot technique. The
cell lines were incubated individually with the isolated compound
ergosterol for 24 h. After incubation, the cells were centrifuged for 10
min at 10,000 rpm (discard the supernatant and store the pellet at —80
°C until further use). Protein isolation was performed following the
method described by (Martins-Gomes and Silva, 2018). Three replicates
were performed for each treated sample. About 20 mg of cells were
combined with 200 to 400 pL of cell lysate solution containing 150 mM
NaCl, 50 mM Tris Base, and 0.1 % SDS (pH 8.0). The lysed cells were
centrifuged for 10 min at 10,625 xg (12,000 rpm), and the upper layers
were collected. The Coomassie Brilliant Blue (CBB) method was used to
determine the protein concentration, as reported by (Arndt et al., 2012).
Total protein was resolved in a 15 % SDS polyacrylamide gel and then
transferred to a PVDF fluorine membrane for overnight incubation at
4 °C with the primary antibodies against BCL2 Associated X BAX
(1:1000), Bcl-2 (B-cell lymphoma 2) BCL-2 (1:1000), Caspase-7 (1:600),
Poly [ADP-ribose] polymerase 1 PARP (1:200), Signal transducer and
activator of transcription 3 STAT3 (1:800), and GAPDH (1:1000). Sub-
sequently, After washing the membrane with TBST, it was exposed to a
secondary antibody (purchased from Beijing Zhong Co., China) at a
dilution of 1:3000. This incubation step took place at room temperature
for 1 h. The specific bands on the membrane were identified by
comparing their molecular weight to a marker, and the analysis was
performed using Image J software.
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2.6. Metabolomic analysis of exudate

2.6.1. Sample preparation cell

Six sets of replicates were created for the metabolomics study, con-
sisting of both ergosterol-treated and control groups. For each replicate
in the ergosterol-treated group, a culture dish containing 5 x 10° cells
was treated with 200 pg/mL of ergosterol for a duration of 24 h. How-
ever, the control group’s cells were treated with the same amount of
DMSO. To ensure cell viability and prevent cytotoxicity, keep the final
DMSO concentration in the ergosterol-treated and control groups below
0.1 % (Dietmair et al., 2010). Following the treatment, the cells were
washed with 2 mL of ice-cold isotonic saline (0.9 % [w/v] NaCl) after the
culture media was removed. This step was carried out to eliminate any
remaining medium and halt cellular metabolism (Mamer et al., 2013). In
order to extract the metabolites from the cell residue, 1 mL of pre-cooled
methanol/acetonitrile/water (v/v, 2:2:1) was used and subjected to
sonication for 1 h in ice baths and then incubated the mixture at —20 °C
for 1 h. Subsequently, the mixture was centrifuged at 14,000 g and four
°C for 20 min. The resulting supernatant was carefully transferred to a
sampling vial for further analysis using LC-MS. To ensure the quality of
the data for metabolic profiling, we created quality control (QC) samples
by combining portions from all the samples, which represented the
entire sample set. These QC samples were then used to normalize the
data. The QC samples underwent the same preparation and analysis
procedure in each batch as the experimental samples.

The dried extracts were subsequently dissolved in 50 % acetonitrile,
and a disposable 0.22 ym cellulose acetate filter was used to filter each
sample. The filtered samples were transferred into 2 mL HPLC vials and
kept in —80 °C freezer until analysis.

2.6.2. UHPLC-MS/MS analysis

The metabolomics profiling experiment was conducted using state-
of-the-art UPLC-ESI-QOrbitrap-MS equipment. The experimental
configuration consisted of high-performance liquid chromatography
(HPLC), a Shimadzu Nexera X2 LC-30AD instrument, paired with a
Thermo Scientific Q-Exactive Plus mass spectrometer. The chromato-
graphic separation was conducted using a 2.1 mm x 100 mm ACQUITY
UPLC BEH Amide column with a particle size of 1.7 m (manufactured by
Waters Inc., Ireland). The separation method used was hydrophilic
interaction liquid chromatography (HILIC). Aqueous solutions contain-
ing 25 mM ammonium acetate and 25 mM ammonium hydroxide were
used as the mobile phase, while 100 % acetonitrile was used as the
stationary phase. The flow rate was maintained at 0.5 mL/min
throughout the study. The chromatographic gradient started with a so-
lution consisting of 95 % acetonitrile for a duration of 1 min, followed by
a progressive reduction to 65 % over a period of 7 min. The initial value
was afterward decreased to 35 % throughout a span of 2 min and sus-
tained for a duration of 1 min. This was then promptly followed by a
quick escalation to 95 % within a time frame of 0.5 min. Following the
gradient, a re-equilibration time of two minutes was observed. Data
collection was performed using both positive (POS) and negative (NEG)
electrospray ionization (ESI) modes. The parameters for the hot elec-
trospray ionization (HESI) source were set up as follows: The spray
voltage was set at 3.8 kV in positive mode and 3.2 kV in negative mode.
The temperature of the capillary was maintained at 320 °C. The flow
rate of the sheath gas was recorded as 30 units, but the auxiliary gas flow
rate was measured at 5 units. The temperature of the probe heater was
adjusted to 350 °C, while the RF level of the S-lens was set to 50 °C.

The mass spectrometry (MS) data gathering was performed using an
instrument that included a mass-to-charge ratio (m/z) range spanning
from 80 to 1200 Da. The complete mass spectrometry scans were ac-
quired at a high resolution of 70,000 at a mass-to-charge ratio (m/z) of
200. Furthermore, in the case of MS/MS scans, the resolution was
established at 17,500 for a mass-to-charge ratio (m/z) of 200. The
maximum injection time was modified to 100 ms (ms) for MS scans and
50 ms for MS/MS scans. During the process of MS/MS scans, a specific
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isolation window of 2 m/z was chosen to isolate precursor ions selec-
tively. Additionally, the normalized collision energy for fragmentation
was systematically adjusted at discrete levels of 27, 29, and 32. In short,
this set of experiments used the Q-Exactive Plus mass spectrometer and
ultra-performance liquid chromatography (UPLC) to study metab-
olomics. The use of the hydrophilic interaction liquid chromatography
(HILIC) separation technique and the implementation of appropriate
instrument parameters allowed the capture of extensive data in both
positive and negative electrospray ionization (ESI) modes. This enabled
a thorough examination of the metabolomic profile of the samples,
yielding detailed insights.

2.6.3. Data pre-processing and filtering

The raw MS data underwent processing using MS-DIAL software,
which handled peak alignment, retention time correction, and peak area
extraction. Metabolite identification was performed based on MS/MS
data (mass tolerance < 0.02 Da) and accurate mass (mass tolerance <
0.01 Da), which were compared to databases such as HMDB, MassBank,
and other public repositories, as well as our own metabolite standard
library. We preserved only those variables in the extracted-ion features
that had more than 50 % non-zero measurement values in at least one
group.

2.6.4. Multivariate statistical analysis

The raw data files from the UHPLC-MS/MS were analyzed via
Thermo Fisher’s Compounds Discoverer 3.1 (CD3.1) to perform peak
alignment, peak selection, and quantification for each metabolite.
Import the offline data (raw) file into the CD-search program (Thermo
Scientific, USA, Compound Discoverer 3.1). The peaks of different
samples are aligned based on the retention time deviation of 0.2 min and
the mass variation of 5 ppm after checking parameters like retention
time and mass-to-charge ratio. The peak areas are simultaneously
quantified and the peaks are extracted based on the quality deviation of
5 ppm, signal-to-noise ratio of 3, signal strength deviation of 30 %,
additive ion, minimum signal strength of 100000, and other information
to improve identification accuracy. The calculated molecular formula
was contrasted to the McCloud database. The data recognition and
quantitative findings were achieved after using blank samples to elim-
inate background ions and QC samples to standardize the quantitative
findings. The peaks were matched with the McCloud (https://www.mzc
loud.org/), mzVault, and MassList databases to achieve accurate quan-
titative and relative quantitative results. The statistical software R
(version 3.4.3), CentOS (version 6), and Python (version 2.7.6) were
used to try standard transformations when the data were not normally
distributed.

2.6.5. KEGG Enrichment analysis

We used the KEGG database (https://www.kegg.jp) and performed
KEGG pathway analysis to determine the disturbed biological pathways.
The KEGG enrichment analysis was performed on the differential
metabolite data using Fisher’s exact test, and multiple testing correction
was implemented using the false discovery rate (FDR) method. At a
nominal p-value threshold of 0.05, enriched KEGG pathways were
considered statistically significant.

2.7. Statistical analysis

All data were provided as mean and standard deviation and analyzed
with SPSS 20 software from Chicago, IL, USA. ANOVA was used to
compare statistical differences between experimentally treated and un-
treated cells, followed by Duncan’s post-hoc test. The graphs were
created with the GraphPad Prism 8 software.
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Fig. 1. The impact of ergosterol on the 4 T1 cell line’s (A) 24-hour cell growth.
The CCK8 assay was used to determine the viability of the cells, and the data are
shown as the mean =+ standard deviation (SD). Comparing the treatment group
to the control group yielded statistically significant results (*P < 0.05, **P <
0.01), n = 6 in each group.

3. Results
3.1. Effects of ergosterol on cell viability

The impact of ergosterol on cell viability was assessed using the
CCKS8 assay. Breast cancer 4 T1 cells were treated with varying con-
centrations of ergosterol (50, 100, and 200 pg/ml) for a period of 24 h to
investigate its effect on cell proliferation. The results revealed a signif-
icant increase in cytotoxicity in the treated cells, indicating that ergos-
terol treatment led to reduced cell viability (P < 0.05). At the
concentration of 50 pg/ml, ergosterol induced apoptosis in 86.14 %, and
at 100 pg/ml, ergosterol induced apoptosis in 76.11 % of the 4 T1 breast
cancer cells. Furthermore, at the concentration of 200 pg/ml, the in-
duction of apoptosis was 72.27 % (P < 0.05) (Fig. 1).
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3.2. Ergosterol’s effects on mRNA expression levels in breast cancer

Transcripted mRNA was evaluated in the cell lines by real-time PCR.
BCL-2 and BAX transcription levels were assessed in 4 T1 cells treated
with different concentrations of treated cells with ergosterol (50, 100
and 200 pg/ml). The mRNA expression of BAX was significantly
increased in the ergosterol-treated 4 T1 cells when compared to the
control group (Fig. 2) (P < 0.05,). Conversely, the mRNA expression of
BCL-2 was found to be decreased in the treated 4 T1 cells with ergosterol
(Fig. 2). These findings suggest that ergosterol may have an impact on
the transcriptional regulation of BCL-2 and BAX in breast cancer cells (P
< 0.05).

3.3. Impact of ergosterol on protein expression in breast cancer

Western blot analysis was employed to evaluate the protein expres-
sion levels of BAX, BCL-2, caspase-7, PARP, and STAT3. Treatment of
breast cancer T41 cells with ergosterol resulted in a notable increase in
BAX protein expression. In contrast, the expression of BCL-2 was
observed to decrease in a concentration-dependent manner when
compared to the control group (P < 0.05) (Fig. 3A, B). Consequently,
the BAX/BCL-2 ratio was elevated, which regulates the balance between
anti-apoptotic and pro-apoptotic factors implicated in mitochondrial
function and apoptosis control. Inhibition of BCL-2 leads to activating
the cytochrome c-mediated caspase pathway (Elmore, 2007). The PARP
protein serves as a substrate for caspases and undergoes cleavage,
leading to cell apoptosis. Ergosterol treatment dose-dependently
increased the expression levels of caspase-7 and PARP proteins
compared to the control group (P < 0.05) (Fig. 3C). The elevated
expression of PARP supports the involvement of the caspase-mediated
apoptosis pathway in 4TI cells (Fig. 3C, D). Furthermore, the JAK-
STAT pathway plays a crucial role in the activation of various proteins
associated with cancer apoptosis and metastasis. Also, the breast cancer
cells treated with ergosterol exhibited a reduction in STAT-3 expression
(P < 0.05) (Fig. 3E). In conclusion, these findings suggest that ergosterol
significantly contributes to inducing apoptosis in breast cancer cells.

3.4. Assessment of the stability of metabolomics analysis methods

In this study, the researchers utilized the UHPLC-Q-Exactive LC-MS
liquid mass spectrometry method to examine the overall changes in
metabolites among different samples in groups. The quality control ex-
periments demonstrated the stability of the instrumental analysis sys-
tem, ensuring reliable and consistent experimental data. The observed
differences in metabolic profiles accurately reflected the biological
variations among the samples themselves. The experimental data was
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used to establish an OPLS-DA model, with R2 and Q2 values equal to or
greater than 0.5, indicating the stability, reliability, and good explana-
tory and predictive abilities of the model Fig. 4. By employing the
screening criteria of VIP (Variable Importance in Projection) > 1 and P-
value < 0.05 within the OPLS-DA (Orthogonal Partial Least Squares
Discriminant Analysis) model, several metabolites that showed signifi-
cant differences were identified. These differentially expressed metab-
olites were further analyzed to investigate their expression changes and
explore their involvement in functional pathways Fig. 4.

3.5. Identification of ergosterol in metabolomic profiling of breast cancer

To identify ergosterol among breast cancer metabolites, the re-
searchers utilized the UHPLC-Q-Exactive LC-MS liquid mass

spectrometry method to examine the overall changes in metabolites
among different samples in groups. An untargeted metabolic assay was
conducted on two sets of samples using U Q-Exactive Plus and PLC-Q-
Exactive MS. The analysis successfully identified 359 positive (POS)
metabolites and 293 negative (NEG) metabolites (Table S2). Multivar-
iate data analysis techniques, including PCA (Principal Component
Analysis) and OPLS-DA (Orthogonal Partial Least Squares Discriminant
Analysis), were utilized to evaluate the variations of metabolites be-
tween breast cancer and ergosterol-treated samples. Fig. 5 a and b
demonstrate the clustering of quality control samples, indicating good
analytical stability and experimental reproducibility. The separation of
two distinct sample groups is clearly observed based on the analysis of
the first two principal components (PC1 and PC2), demonstrating
notable distinctions in metabolite profiles between breast cancer cells
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Fig. 6. Differential metabolite expression analysis between breast cancer cells treated with ergosterol and breast cancer cells. (A) the Volcano Plot illustrates the
metabolic differences between breast cancer cells treated with ergosterol and breast cancer cells, red points indicate up-regulated metabolites, while blue dots
represent down-regulated metabolites. (B) Hierarchical cluster analysis was employed to create a heat map showcasing the differential metabolites. The heat map
includes the top 50 VIP (Variable Importance in Projection) values, n = 6 in each group.

and breast cancer mice treated with ergosterol.

To further improve the discrimination between breast cancer cell
lines and ergosterol treatment in breast cancer, a supervised partial least
squares discriminant analysis (PLS-DA) model was utilized. (Fig. S1).
The partial least squares model exhibited high R2Y and Q2 values,
indicating a strong fit and satisfactory predictive power. After excluding
the quality control samples, the samples were subjected to Orthogonal
Partial Least Squares Discriminant Analysis (OPLS-DA), a supervised
statistical method for discriminant analysis. This method establishes a
relationship model between metabolite expression and sample cate-
gories to predict sample classification. OPLS-DA is a modified version of
Partial Least Squares Discriminant Analysis.

The figure below presents the model verification of OPLS-DA
through 200 permutation tests. The x-axis represents the correlation
between random group Y and original group Y, while the y-axis repre-
sents the R2 and Q2 scores. The quality of the multivariate statistical
analysis model is determined based on the results of the permutation
test. Suppose the Q2 regression line intercept is less than 0 or the Q2
score from the 200 permutation tests is lower than the Q2 score of the
original model. In that case, it indicates the reliability of the model. The
results suggest that the OPLS-DA model constructed based on the
experimental data is reliable and effectively captures the changes in
metabolites associated with breast cancer cells and ergosterol.

3.6. Hierarchical cluster analysis

The distinct metabolites between breast cancer cells treated with

ergosterol and breast cancer cells are depicted in the volcano plot and
clustering map (Fig. 6a and b). The analysis revealed that the expression
of 140 metabolite species was upregulated, while the expression of 80
metabolite species was downregulated in the presence of ergosterol. In
Fig. 6B, the top 50 differentially abundant metabolites are presented
based on their abundance in breast cancer cells with ergosterol
compared to breast cancer cells. The results highlight significant
changes in the abundance of metabolic species in the breast cancer cell
line following the administration of ergosterol. Such as the abundance of
1-(M—TolyDIsoquinoline, gedunol, cortisone, 8-gingerol, 2-methyl-2-(3-
pentadecylphenoxy)propanoic acid, protolichesterinic acid, lobaric
acid, glabrone increased significantly. Among the metabolites analyzed,
hydroxyproline, L-methionine, 16-hydroxyhexadecanoic acid, roccellic
acid, and allantoin exhibited significant decreases (Fig. 6a).

3.7. Metabolic pathway analysis

Metabolomic analysis tools, such as MetaboAnalyst and KEGG, were
utilized to perform a topological analysis and identify potential
biomarker enrichment in breast cancer with ergosterol. The figure pre-
sented below illustrates the results of this analysis. In the illustration,
varying colors denote distinct first-level classifications, where more
substantial areas signify a greater count of differential metabolites
within each category. The accompanying legend offers details regarding
the category’s name, the quantity of differential metabolites, and the
percentage they contribute to the pie chart.The major differential me-
tabolites identified in breast cancer included peptides, alkaloids,
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between the pathways.

pesticides, steroids, terpenoids, vitamins and cofactors, PK polyketides,
phenylpropanoids, and FA fatty acyls. The color of the circles in the
figure represents the corresponding p-values, with darker colors indi-
cating smaller p-values. The size of the circles represents the impact of
the pathway, with larger circles indicating a greater impact. Addition-
ally, KEGG pathway enrichment analysis was executed to explore the
metabolic pathways linked to the differential metabolites subsequent to
the intervention of ergosterol administration. The analysis identified
several enriched pathways, including ABC transporters, aminoacyl-
tRNA biosynthesis, protein digestion and absorption, tyrosine meta-
bolism, thiamine metabolism, biosynthesis of cofactors, glycerolipid
metabolism, prolactin signaling pathway, glycine, serine and threonine

metabolism, galactose metabolism, oxidative phosphorylation, and
biosynthesis of amino acids Fig. 7.

3.7.1. Analysis of amino acid metabolic pathway

In this study, we noted a noteworthy activation of several metabolic
pathways, namely thiamine metabolism, and serine, glycine, tyrosine
metabolism, and threonine metabolism, in breast cancer cells subse-
quent to treatment with ergosterol intervention. The levels of specific
amino acids involved in these pathways, such as L-Threonine, L-Tyro-
sine, and 3,4-Dihydroxy-Phenylalanine, were notably elevated in breast
cancer cells treated with ergosterol in comparison to untreated cells
(Fig. 8 a b and c). These results imply that ergosterol could impact the
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Fig. 8. Effect of Ergosterol Treatment on Amino Acid Levels.The figure illustrates the normalized intensity of specific amino acids, including L-Tyrosine, and 3,4-
Dihydroxy-Phenylalanine homo-L-arginine, Acetylcysteine,(5-L-Glutamyl)-L-glutamine, methionine and histidine in different groups. The groups include the
breast cancer cell line (A), and the ergosterol with breast cancer cell (B). The data are presented as (mean + SD); each group consisted of 6 samples.

energy provision of branched-chain amino acids, modulate amino acid
metabolism, and alleviate adverse nitrogen balance. Furthermore, the
levels of homo-L-arginine, Acetylcysteine, and (5-L-Glutamyl)-L-gluta-
mine, significantly increased in the ergosterol-treated breast cancer cells
(Fig. 8). These changes indicate that ergosterol has the potential to
enhance the immune system and inhibit tumor proliferation. While,
methionine and histidine significantly decreased in the ergosterol-
treated breast cancer cells (Fig. 8). Overall, our results suggest that
ergosterol exerts its effects on breast cancer cells by modulating specific
metabolic pathways, influencing amino acid metabolism, and poten-
tially influencing immune function and tumor growth (see Figs. 8 and 9).

3.7.2. Metabolic pathway analysis of antioxidants

The levels of antioxidants were analyzed using LC-MS to assess their
impact on breast cancer cells. After the intervention with ergosterol, the
levels of flavonoids such as 5,7-dihydroxyflavanone, quercetin 3-O-
malonylglucoside, theaflavin, and hecogenin were notably elevated in
breast cancer cells compared to untreated cells (Fig. 10). Similarly, the
levels of phenols, such as vanillin, were significantly elevated in breast
cancer cells after ergosterol treatment. These findings suggest that
ergosterol may contribute to increased antioxidant activity, potentially
aiding in the inhibition and treatment of breast cancer (Fig. 10).

4. Discussion
Breast cancer is the most significant cause of cancer-related fatalities

among women globally (Sung et al., 2021). While conventional anti-
cancer chemical drugs can effectively target various types of cancer,

they often come with potential short- or long-term side effects. Drug
resistance further poses a significant challenge in cancer treatment,
contributing to increased mortality rates (Tinoco et al., 2013). However,
the development of multi-targeted approaches involving phytocon-
stituents and medicinal plants has shown promise. Our study is focused
on exploring the impact of ergosterol obtained from the petroleum ether
extract of L. mongolica on breast cancer, specifically the 4 T1 cell line.
The results demonstrated that ergosterol effectively suppressed the
growth of the 4 T1 breast cancer cell line. Notably, these findings are
consistent with a study conducted by Wang et al. (2020), wherein sig-
nificant dose-dependent growth inhibition was observed in HelLa,
HepG2 and MCF-7 cells when treated with two ergosterols were isolated
from the ethanol extract of L. mongolica, namely ergosta-4, 6, 8 (14), 22-
tetraene-3-one (ET) and (22E, 24R)-ergosta-7, 22-diene-3p, 5a, 6p-triol
(ED). In a previous investigation conducted by (Suriguge et al., 2012), it
was discovered that the administration of petroleum ether extract (35
mg/kg) and ergosterol peroxide (5 mg/kg) obtained from L. mongolica
fruit bodies effectively suppressed tumor growth in H22-bearing mice.
The tumor rates were reduced by 69.61 % and 67.15 %, respectively.
Moreover, both ergosterol and ergosterol peroxide demonstrated the
ability to suppress the division of HepG2 cells and induce apoptosis, with
apoptotic rates of 41.2 % and 42.33 %, respectively, during the early
stages. These results suggest that the antitumor effects of ergosterols are
mediated by the downregulation of VEGF and Bcl-2 expression upre-
gulation of BAX protein expression and are dependent on the dosage of
the compounds.

To explore the role of ergosterol in antiproliferation and apoptosis,
we evaluated the expression levels of various anti-apoptotic and pro-
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Fig. 9. KEGG enrichment pathway biosynthesis of amino acids. Green dot indicates up-regulated metabolite, red dot indicates down-regulated metabolite.

apoptotic proteins, such as BAX and BCL-2, in the treated cell lines. The
BAX and BCL-2 family of proteins play a key role in regulating cell
membrane permeability and the release of cytochrome ¢ from mito-
chondria, which significantly influences the induction of apoptosis
(Elmore, 2007). According to the results from western blot analysis,
ergosterol led to an increase in the expression levels of BAX protein
while simultaneously reducing the expression level of BCL-2 protein.
This effect can be attributed to the stimulation of caspase overexpression
through the release of cytochrome c¢ from mitochondria, which con-
tributes to the process. Similarly, a prior study found that two sterols
from L. mongolica could elevate BAX protein levels and suppress BCL-2 in
H22 tumor-bearing mice (Wang et al., 2020). The caspase family is
involved in extrinsic pathways of apoptosis. Caspase-7 is a caspase
family member that plays a vital role in programmed cell death(Elmore,
2007). The expression level of caspase-7 remarkably increased in the 4
T1 cells treated with ergosterol. During apoptosis, PARP protein acts as a
substrate for caspases (Boulares et al., 1999); (Elmore, 2007) (Lazebnik
et al., 1994). Therefore, the results indicated a substantial increase in the
expression level of PARP and decreased STAT-3, which plays a pivotal
role in governing diverse cellular processes, including cell proliferation
and apoptosis (Yuan et al., 2004). Collectively, these findings corrobo-
rate the anticancer properties of ergosterol, as evidenced by its ability to
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enhance the expression of BAX, caspase, and PARP, while concurrently
reducing BCL-2 and STAT-3 levels in the 4 T1 breast cancer cell line.
Interestingly, our study also revealed changes in metabolic analysis
upon ergosterol treatment. The activation of pathways related to tyro-
sine metabolism, thiamine metabolism, and serine, glycine, and threo-
nine metabolism in breast cancer cells indicates the involvement of
ergosterol in amino acid metabolism. The higher levels of specific amino
acids, such as L-Tyrosine and 3,4-Dihydroxy-Phenylalanine, in the
ergosterol-treated breast cancer cells may influence cellular energy
supply and contribute to the regulation of amino acid metabolism.
Additionally, both tyrosine and phenylalanine are essential because they
play a role as precursors in the production of catecholamines. They are a
kind of neurotransmitters that act in a manner similar to that of
adrenaline. It was previously shown that breast cancer cells have al-
terations in genes related to phenylalanine metabolism (Akkiprik et al.,
2015). Some studies proposed that a high concentration and metabolites
of phenylalanine cloud induce cell apoptosis(Zhang et al., 2007)(Ali
et al., 2016). Additionally, the ergosterol-treated breast cancer cells
increased significantly the levels of homo-L-arginine, Acetylcysteine,
and (5-L-Glutamyl)-L-glutamine. Glutathione is abundantly distributed
in different cell types which are composed of glutamate, cysteine, and
glycine. It has a multifaceted function in carcinoma and antineoplastic
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Fig. 10. Effect of Ergosterol Treatment on Metabolic pathway analysis of antioxidants. The figure illustrates the normalized intensity of specific amino acids,
including 5,7-dihydroxy flavanone, quercetin 3-O-malonyl glucoside, theaflavin, and hecogenin, histidine and vanillin in different groups. The groups include the
breast cancer cell line (A), and the ergosterol with breast cancer cell (B). The data are presented as the mean + SD, and each group consisted of 6 samples.

treatment, including the removal of carcinogenic and the enhancement
of immunity to chemotherapy for cancer (Balendiran et al., 2004).
Moreover, considering the well-known role of oxidative stress as a
cause of cancer, the identification of antioxidants in breast cancer cells
after treatment with ergosterol using LC-MS analysis further highlights
the potential benefits of ergosterol in combating cancer and its associ-
ation with oxidative stress modulation. Our results offered that ergos-
terol with breast cancer cell line leads to increased levels of phenols and
flavonoids, indicating an enhanced antioxidant defense system.
Flavonoids have been commonly studied and recognized for their
potential as anticancer agents (Zhao et al., 2019); Flavonoids have been
seen to impede the growth of cancer cells by modulating the functions of
reactive oxygen species (ROS)-scavenging enzymes. They also
contribute to cell cycle arrest, induction of apoptosis and autophagy,
and reduction in cancer cell proliferation and invasiveness (Kopus-
tinskiene et al., 2020). A wide array of dietary phenolics has shown
anticancer properties by exerting a multi-target impact on carcinoma of
the breast cells and models of animals. These activities involve the
control of cellular viability, growth, differentiation, and migration.
Moreover, these chemicals exert regulatory effects on many signaling
pathways, indicators associated with breast cancer, and the synthesis of
proteins and genes (Losada-Echeberria et al., 2017)(Pan et al., 2015).
In this study, researchers utilized UHPLC-Q-Exactive LC-MS liquid
mass spectrometry to investigate the impact of ergosterol from
L. mongolica on breast cancer cells. Their analysis was thorough and
included various statistical and analytical methods to ensure the sta-
bility and reliability of the results. They successfully identified differ-
entially expressed metabolites using PCA, OPLS-DA, and PLS-DA
techniques. The findings highlighted distinct metabolic profiles between
breast cancer cells and those treated with ergosterol. Notably, the study
demonstrated the potential of ergosterol to influence amino acid meta-
bolism, antioxidants, and carbohydrate metabolism. Flavonoids and
other metabolites were also identified as having elevated concentrations
following ergosterol treatment. Importantly, these results were aligned
with existing research on the anticancer effects of ergosterol and its
impact on apoptosis-regulating proteins (Chen et al., 2017). This study
provides valuable insights into the potential mechanisms underlying the
anticancer activity of ergosterol and emphasizes the need for further
investigation to comprehensively understand its implications.
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In conclusion, this study employed a comprehensive approach to
investigate the effects of ergosterol derived from L. mongolica on breast
cancer cells. By utilizing advanced UHPLC-Q-Exactive LC-MS techniques
and applying various analytical methods, the researchers were able to
uncover significant metabolic changes induced by ergosterol treatment.
The quality control experiments validated the stability of the analytical
system, ensuring reliable and consistent data. The application of
multivariate data analysis systems, including PLS-DA, OPLS-DA, and
PCA, effectively highlighted the distinctions in metabolite profiles be-
tween breast cancer cells and those treated with ergosterol. These
findings align with previous research (Rangsinth et al., 2023).

The study shed light on various metabolic pathways that were
influenced by ergosterol, such as amino acid metabolism, antioxidants,
and carbohydrate metabolism. The upregulation of specific metabolites,
including flavonoids and amino acids, in response to ergosterol treat-
ment, suggests its potential role in modulating key cellular processes.
These findings align with previous research and provide deeper insights
into the mechanisms behind the anticancer activity of ergosterol (Hao
et al., 2017).

Furthermore, the study’s rigorous approach to statistical validation
and model testing enhances the reliability of the results. The correlation
between experimental and biological variations underlines the accuracy
of the observed metabolic differences. The confirmation of altered
expression levels of key proteins, such as BAX, BCL-2, caspase3, and
PARP, supports the notion that ergosterol exerts its effects by influ-
encing apoptosis-related pathways. Ergosterol also diminishes positive
angiogenesis regulators like VEGFC and STAT3 (Tan et al., 2017),
broadening its potential as a breast cancer treatment by targeting both
cancer cell survival and tumor vascularization.

In light of these findings, it is evident that ergosterol has the potential
to be a valuable candidate in the development of novel therapeutic
strategies for breast cancer. Nevertheless, further investigations are
warranted to fully elucidate the exact mechanisms underlying the
observed metabolic changes and their broader implications. Ultimately,
this study contributes significantly to our understanding of the anti-
cancer properties of ergosterol and highlights its promising role in the
field of cancer research.
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5. Conclusion

Ergosterol treatment showcased anticancer effects through the in-
duction of apoptosis, substantiated by changes in gene and protein
expression. Metabolomics analysis underscored noteworthy alterations
in pivotal metabolic pathways. This research highlights the multifaceted
mechanisms underpinning ergosterol’s potential therapeutic impact on
breast cancer cells. The findings accentuate the promising role of
ergosterol in breast cancer research and therapy. This work needs
additional in vivo experiments in animal models that could provide
valuable insights into the efficacy and safety of ergosterol as a potential
treatment for breast cancer. Animal studies allow us to evaluate the
effect of compounds within a physiological context, including their
bioavailability, distribution, metabolism, and potential toxicity.

Abbreviation

Leucocalocybe mongolica (L, mongolica), BCL2 Associated X (BAX), B-
cell lymphoma 2 BCL-2, Caspase-7, Poly [ADP-ribose] polymerase 1
(PARP) and Signal transducer and activator of transcription 3 (STAT3)
proteins, mass spectrometry (MS),ultra-performance liquid chromatog-
raphy (UPLC) hydrophilic interaction liquid chromatography.
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