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Background/aim
Recently, there has been a marked increase in interest toward using microbial
resources, especially yeast, to synthesize carotenoids. Ovarian cancer is a major
health problem worldwide, as it is the most frequently diagnosed form of cancer in
women and contributes significantly to cancer-related deaths. Yeast carotenoids
are currently under evaluation for cost-effective and nonhazardous drugs derived
from natural products. The principal objective of this study is to evaluate the natural
pigment produced from Rhodotorula and characterize it by liquid chromatography-
mass spectrometric and to evaluate the ability of its synergistic antitumor effect with
γ-radiation.
Materials and methods
A new pigmented yeast was isolated from yogurt and identified. The pigment was
characterized and studies of its biological activities were conducted. The isolate
was defined as Rhodotorula mucilaginosa GMM with accession number
OQ120277 by 18 S rDNA, and the pigment was characterized by liquid
chromatography-mass spectrometric. Combining γ-radiation with a carotenoid
pigment was also tested for its synergistic anticancer properties in CAOV-3 and
HEK-293 cell lines and in experimental mice bearing solid tumors. BAX, BCL2, P53,
MMP2, MMP9, caspase-3, and caspase-9 were measured using ELISA
techniques.
Results
The maximum production of total carotenoids was 2.99 g/l. Pigment extract
constituents exhibited 12 major compounds during its identification. Their
structures can be sorted as 8 tetra, and 3 triterpenoidal carotenes (astaxanthin,
4,4’-E-diapophytoene, torularhodin, 1,2,1’,2’-tetrahyroxylycopene, E-β-apo-8’-
carotenal, 10’-apo-E-β-caroten-10’-ol, β-carotene, torulene, echinenone,
1,2,1’,2’-tetrahyroxy dihydrolycopene, and α-canthaxanthin). The pigment
exhibited DPPH scavenging activity, and the combination of natural pigment
and radiation therapy showed a significant reduction (P<0.05) in the levels of
matrix metalloproteinases (MMP2, MMP9), and significant increases (P<0.05) in
the levels of tumor protein p53, Bax and caspases-3 and caspases-9 in CAOV-3 cell
lines and mice bearing solid tumors.
Conclusion
The natural pigment produced by yeast fermentation in this study exhibited a
potential antitumor efficacy when combined with radiation in cell lines and against
Ehrlich solid tumors.
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Introduction
Cancer is the leading cause of death and a major public
health issue in most regions of the world, claiming
more than six million lives each year [1]. Cancer
incidence is expected to rise to 22.2 million cases by
2030. The most lethal stage of the cancer procedure,
metastasis, seems to rely on macrophages, the robust
immune system cells that normally fight illness
h | Published by Wolters Klu
energetically. If these unique macrophages are
eliminated, metastatic tumor development will be
slowed. Furthermore, metastatic cancer is the
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leading cause of cancer death [2]. Cancer requires a
unique treatment plan that may involve one or more of
the following methods such as surgery, radiation,
chemotherapy, hormone therapy, immunotherapy,
and targeted therapy, with targeted therapy referring
to drugs that precisely interfere with cancer cells in the
patient [3]. Further research was required to find novel
treatment chemicals that were more effective, safe, and
selective to win the war against this devastating illness.
As a result, new kinds of cancer medications are
required.

Nowadays, pigments are used in many areas, such as
medicine, food, ink, paper, textiles, aquaculture, and
animal feed [4]. Since the discovery of the harmful
health consequences of synthetic colorants, which have
been used in food for a long time, scientists and
consumers have favored natural colorants. The
antibacterial, antioxidant, and anticancer properties
of natural colorants are attracting more and more
attention daily. Carotenoids’ antioxidants can change
bio middles, strengthen the lipid bilayer, and reduce its
fluidity, all blocking carcinogenesis from starting [5].
By removing reactive oxygen species (ROS) from the
human body, natural carotenoids like β-carotene aid in
defensive mechanisms.Moreover, carotenoids suppress
cell proliferation, stimulate detoxifying enzymes, and
upregulate gap junction communication [6]. The
significant financial outlay is the primary deterrent
to the widespread use of natural colorants in food
and as anticancer pigment agents. The comparative
ease with which microbes and lower plants grow makes
biotechnology methods for producing natural
carotenoids preferable to synthetic ones [7].
Therefore, producing bioprocesses using
microorganisms with a reasonably high growth speed
is preferable, as this can guarantee process productivity.
Pigment-producing microorganisms are quite
common in nature and rich in color. Their different
chemical compositions and the presence of specific
chromophores are the reasons for the diversity of
pigments [8–10]. Streptomyces chrestomyceticus,
Blakeslea trispora, Phycomyces blakesleeanus,
Flavobacterium sp., Phaffia sp., and Rhodotorula sp.

are defined as carotenoid-producing microorganisms
[11–13]. Pigmented basidiomycetous yeasts of the
genus Rhodotorula are easily identifiable by their
distinctive colonies that are yellow, orange, or/and
red [11].

Isolation of natural products in pure form from their
natural sources, that is, plant, animal, or microbial
cultural sources, is necessary using one high-
performance separation chromatographic technique
(e.g. HPTLC, CE, or HPLC) and one and/or more
of the different spectrometric tools [14,15]. The liquid
chromatography-mass spectrometric (LC-MS)
technique is a fast analytical characterization tool for
their complex microbial pigments [16,17].

Gamma irradiation is thought to be a form of physical
stress on living organisms or cells. Radiation therapy can
be a much quicker technique to boost the quantitative
production of antioxidantmolecules that may play a role
in safeguarding irradiated tissue [18]. Oxidative stress
species (ROS) can alter several metabolic processes,
particularly those connected to oxidative stress [19]. It
is well known that carotenoids have several uses,
including fighting cancer, boosting the immune
system, coloring sausage, soda, and baked products,
and adding them to cosmetics. The discovery of the
harmful health effects of synthetic colorants, which have
beenused in foodfor a long time,promptedscientists and
consumers to focus on natural colorants. In both clinical
trials and preclinical research, some natural compounds
have been shown to lessen the side effects of
chemotherapy and radiotherapy on the mouth, the
digestive system, the liver, the kidneys, the heart, and
the nerves.

Therefore, this study is designed to evaluate the
capacities of the naturally produced pigment by
isolating the Rhodotorula mucilaginous from yogurt
and optimizing the UPLC-HRESI-qTOF-MS/MS
system as a main tool for its chemical
characterization and evaluation of the ability of
γ-radiation and extracted pigment in facing cancer
cells and inhibiting cell growth in the CAOV-3 cell
line in vitro and solid tumors in mice.
Materials and methods
Materials
Sigma-Aldrich provided the 2,2-diphenyl-1-
picrylhydrazyl (DPPH), fluorescein, 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox),
and 2,2’-azobis(2-amidinopropane) dihydrochloride
(AAPH) (St. Louis, Missouri, USA). All of the
chemicals and solvents used are of the analytical grade.
Whole-bodyγ-irradiationofmice andthehumanovarian
cancer cell line CAOV-3 (ATCC HTB-75) were
performed with a Canadian gamma cell 40 (137Cs) at
the National Center for Radiation Research and
Technology, Cairo, Egypt.
Experimental animals
Female Swiss adult albino mice weighing 22–25 g were
obtained from the National Centre for Radiation
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Research and Technology Animal Facility in Cairo,
Egypt. The animals were fed a regular pellet diet, and
water was given ad libitum, and kept under a 12–12
dark–light cycle under normal pressure and
temperature conditions.
Ethical approved
All the experiments were done in compliance with the
Public Health Guide for the Care and Use of
Laboratory Animals and were performed in line with
the guidelines of ethical conditions approved by the
Research Ethics Committee of the National Center for
Radiation Research and Technology in Egypt under
reference number 37 A/23.
Methods
Isolation of pigmented yeast
The pigment-producing strain of our study was isolated
from yogurt bought from the local market in Egypt and
left in the refrigerator for 30 days. Isolation was carried
out ona5%glycerol nutrient agarmediumand incubated
at 25°C for at least 1 day. Colonies of distinct colors on
agar plates identified the pigment-producing isolate.
The pure pigmented isolate was picked and stored in
a 5% glycerol nutrient agar. The isolate was identified
using the 18 s rRNA gene.
Molecular characterization of the isolate pigment
The yeast strain responsible for producing the orange
pigment is isolated from the surface of old, cold yogurt
using the plating process, and the morphological
characteristics of the isolated yeast allowed for its
identification [20]. The yeast biomass was collected
from 1ml of grown NA+glycerol 5% cultures by
centrifugation at 10 000 rpm for 10min. The DNA
extraction was performed using a DNA extraction kit,
and the quality was assessed using a 1.2% agarose gel. A
single band of high molecular weight DNA was found.
The DNA that was obtained was utilized as a template
for PCR. The 18 S rDNA gene was PCR amplified
using the following primers, namely ITS1 (5’-TCCG
TAGGTGAACCTGCGG-3’) and ITS4 (5’-TCCT
CCGCTTATTGATATGC-3’) [21]. After that,
partial sequencing was performed at the Macrogen
Company, Korea. Taxonomic identification of
producing strains will be served with phylogenic
analysis. Nucleotide sequences were compared with
GenBank databases using the BLASTN program
available on the NCBI, followed by sequence
alignment. A phylogenetic tree was constructed
using the neighbor-joining algorithm and 1000
resamplings in the Molecular Evolutionary Genetic
Analysis, version 5.2 software.
Bioproduction of pigment
The yeast-rich pigment was synthesized using nutrient
broth (NB) with a 5% glycerol concentration. The
generation of cellular biomass was carried out in two
consecutive stages. Initially, a volume of 600ml of NB
medium was contaminated with 10ml of isolated
colored yeast and subjected to incubation for 48 h at
a temperature of 25°C and a speed of 100 rpm. After
the incubation period, the entire 10ml of the infected
medium was combined with 600ml of sterile NB
containing 5% glycerol in a bioreactor with a total
volume of 2 L. The culture was cultivated at 25°C
and a pH of 5.5 for 3 days. Aeration was provided at a
rate of 0.5 vvm, and the agitation speed was set at
360 rpm. The cell pellets were reconstituted with
distilled water and then centrifuged at 4000 rpm for
10min to separate the cells from the supernatant. Yeast
cells were harvested to determine the concentration of
pigments.
Extraction and characterization of the biopigment
A 1ml culture was diluted to 10ml using 25% NaCl to
evaluate cell growth OD660nm using a
spectrophotometer [22]. Yeast cells were harvested
by centrifugation at 4000 rpm for 15min, and then
abrasion with glass pearls was the adaptedmethod [23].
Cells (0.5 g) were mixed with 6ml acetone, frozen for
48 h after glass pearls were added and crashed in a
mortar, and then agitated vigorously for 5min; this
process was repeated thrice. After cell disruption, the
supernatant was separated by centrifugation (4000 rpm
for 15min) for subsequent carotenoid extraction.
Methanol was added to the disrupted cells and
agitated vigorously for 5min by a vortex agitator.
This process was repeated three times to complete
the extraction of the pigment (GMMP). The
GMMP was scanned at 200–800 nm using the
Shimadzu UV-2401PC spectrophotometer. The
solvent was evaporated entirely at 37°C, and the
pigment was stored at −20°C [24]. The
pigmentation degree was determined by calculating
the ratio of carotenoid ODλmax to growth OD660nm.
Cells dry weight determination
A yeast culture of 50ml was subjected to centrifugation
for 20min at 4000 rpm. The resulting pellet was
washed two times with distilled water and dried at
80°C until constant weight [24].
Liquid chromatography-mass spectrometric
An exhaustive metabolomics investigation of
nontargeting small molecules was conducted on the
pigment sample extract, prepared as below, for LC/MS
measurements Proteomics and Metabolomics
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Research Unit, Children’s Cancer Hospital (57357),
Cairo, Egypt. They are carried out using ESI-MS
negative ion acquisition mode on an HPLC
standard interface hyphenated with a quadruple
time-of-flight MS spectrometer (Triple TOF 5600,
SCIEX). Mass function: MS1; source voltages:
−4500 kV, capillary voltage of −35V, and cone of
30V. Source temperatures: desolvation temperature
of 440 applied. All other conditions, MS/MS-
selective fragmentation analysis and collection of the
structural information [25]. The UPLC interface is
used with a precolumn: the in-line filter disks used are
Phenomenex with a size of 0.5 μm and a diameter of
3mm. The column used is X select HSS T3 Waters
with a particle size of 2.5 μm and dimensions of
2.1×150mm. Column temperature: 40°C, a flow
rate of 0.3ml/min. Solvents, HPLC grade: MeOH,
HCOOH, and NaOH for pH adjustment (Fisher
Scientific, Loughborough, UK); HCOONH4, and
CH3CN (Sigma-Aldrich Chemie GmbH-
Taufkirchen, Germany); H2O Milli-Q (Millipore
Billerica, MA, USA). The MS data was estimated
and assigned by Analyst TF (1.7.1) and MS-DIAL
4.8 open-source software together with ReSpect
negative (1573 records) reference databases [25].
Enhanced product ion scan in a linear QTOF with
information-dependent data acquisition enabled the
generation of MS fragment data even from minor
metabolites.
In-vitro study
Assessment of the antioxidant capacity of the extracted
pigment

DPPH radical scavenging activity: the radical
scavenging activity of the methanol GMMP was
assessed using the DPPH assay to determine its
antioxidant potential. The extract’s antioxidant
potential was confirmed by its ability to donate
hydrogen or scavenge radicals [26]. Pigment at
different concentrations (2.0, 4.0, 6.0, 8.0, and
10mg/ml) and ascorbic acid at 20–100 μg/ml were
prepared in methanol. The inhibition percentage was
calculated using the following formula:

Scavenging activity %ð Þ ¼ Ac� As=Ac× 100

where Ac is the absorbance of the control and As is the
absorbance of the sample.
Oxygen radical scavenging capacity
The procedure followed the methodology described in
Liang et al. [27]. A measure of 10ml of GMMP was
mixed with 30ml of fluoresceine (100 nM) and left to
sit for 10min at 37°C. Results of the samples are
presented as μM TE/mg sample using the linear
regression equation extracted from the following
calibration curve (linear dose-inhibition curve of
Trolox). Moreover, for the background measurement,
three cycles of fluorescence measurement (485 EX, 520
EM, and nm) were performed with a cycle time of 90 s
each. After that, 70μl of 300mM 2,2’-Azobis(2-
amidinopropane) dihydrochloride (AAPH) was added
to theMSThwell right away.After 60minof40cyclesof
90 s of MSTh, the fluorescence measurement stayed at
485 EX and 520 EM nm.We presented the data as the
mean of three samples.
Cell culture protocols
The human ovarian cancer cell line CAOV-3 (ATCC
HTB-75) and the normal human embryonic kidney
cell lineHEK-293 were obtained from theDepartment
of Microbiology (Viruses), Faculty of Medicine, Al-
Azhar University, Cairo, Egypt. The cells were
cultured in RPMI medium supplemented with
100mg/ml streptomycin, 100U/ml penicillin, and
10% heat-inactivated fetal bovine serum at 37°C in
a humidified, 5% (v/v) CO2 environment. Only sterile
equipment contacted the cells directly during cell
testing in a laminar flow. The culture was restarted
once the cells had reached 80–90% confluence after 2
days. The media was removed by aspiration, and the
cells were rinsed three times with phosphate-buffered
saline before being divided (pH 7.4). PBS was
withdrawn from the flasks and replaced with 0.025%
trypsin EDTA. The flasks were incubated in the
incubator for 3–5min before the cells were released.
The cells were then diluted to the required
concentration before being grown in new flasks.
Cell count
Trypan blue was a dye used to determine viable versus
nonviable cells. The nonviable cells stained dark blue by
taking up the dye [28]. The cell suspension was diluted
1 : 1 and pipetted several times in trypan blue to ensure
homogeneous suspensions. The suspension was loaded
onto the two counting chambers of the
hemocytometer. The cells were distributed in 96-
well plates with a density of 5000 cells per well. The
experiment involved exposing CAOV-3 cancer cell
lines to various concentrations of the GMMP (0, 5,
10, 20, and 50 μg/ml) and evaluating the impact on cell
viability, proliferation, and other pertinent outcomes
[29].
Assessment of cell viability and cytotoxicity induced
by GMMP
To assess cytotoxicity, cells were initially seeded at a
density of 1×104 cells/ml in 96-well microtiter plates.
Subsequently, after a 24 h incubation period, GMMP
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was introduced at various concentrations (0.78, 1.56,
3.12, 6.25, 12.5, 25, and 50 μg/ml) and maintained for
24, 48, 72, and 96 h. The impact on cell viability was
determined using the MTT assay following the
standard protocol [30].
Cell line groups and treatments
The cell lines used are CAOV-3 (representing ovarian
cancer) and HEK-293 (representing normal kidney
cells), which were classified according to the treatment
as follows.

Control groups (G1 and G2): these groups serve as a
baseline reference for HEK-293 and CAOV-3 cell line
controls.

Negative control group (G3 and G4): the HEK-293
and CAOV-3 cells were treated with 100 μg/ml of
GMMP.

Radiation groups (G5 and G6): the HEK-293 and
CAOV-3 cells groups were treated with low-dose
radiation (1.0 Gy of γ-irradiation) according to the
protocol [30].

Combination groups (G7 and G8): the HEK-293 and
CAOV-3 cell groups were exposed to 1.0 Gy of
γ-irradiation and treated with 100 μg/ml of GMMP.

The samples of cells were collected after 96 h for
further analysis. The measurements included BAX,
BCL2, P53, MMP2, MMP9, caspase-3, and
caspase-9 in HEK-293 and CAOV-3 cell lines after
treatments.
In-vivo study
Induction of mice bearing solid tumor

Mammary adenocarcinoma cells (MACs) were utilized
as a representative example of Ehrlich solid carcinoma
in mice by injecting them into the right thigh of albino
mice. The parent line will be donated from the
National Cancer Institute (NCI), Cairo University.
The preservation of the MAC cell line will be
achieved through the intraperitoneal injection (IP) of
2.5 million cells per animal. Before IP injection, the
MACs will be quantified using a bright-line
hemocytometer and the dilution will be performed
using a sterile physiological saline solution. A dose
of 0.2ml containing 2.5×106 MACs per animal will be
subcutaneously (SC) injected into the right thigh of the
female mouse’s lower limb [31].
Mice radiation exposure and GMMP treatment protocol

The radiotherapy regimen consisted of two stages for
all mice with mice bearing solid tumor (MBST) or
treated with radiation alone or combined with
GMMP. The radiation mice were exposed to
γ-irradiation with two stages of exposure. In the first
stage, the entire body was exposed to 0.5 Gy of
γ-irradiation, then 30min after this radiation dose,
the first GMMP injection was given daily for 1
week. Then, the second stage started with another
0.5 Gy dose of γ-rays, after that the GMMP
administration was resumed after 30min for another
1 week, according to Nabil et al. [30].
Experimental design

This study used 40 adult female Swiss albino female
mice weighing about 20–25 g. The animals were
categorized into five equal groups of eight mice as
follows:
•
 Group (1), the control group (C): mice neither
treated nor irradiated.
•
 Group (2): MBST.

•
 Group (3): MBST+GMMP: MBST were injected

intraperitoneally daily with 100mg/kg body weight
from GMMP for 14 days starting from the first day
after MAC inoculation.
•
 Group (4): including MBST and exposed for
irradiation as the protocol above.
•
 Group (5): including MBST and exposed for
irradiation as well as treated daily with 100mg/kg
body weight from GMMP for 14 days starting from
the first day after MAC inoculation.

Postexperimental procedures
Upon conclusion of the experimental period, the mice
were killed using cervical dislocation, followed by
necropsy procedures. Individual blood samples were
collected from the inferior vena cava of MBST and
collected plasma using heparin as an anticoagulant;
after mixing for 10–20min, centrifuge samples for
20min at 3000 rpm for 15min. The resultant plasma
was preserved at −80°C until it was needed for further
purposes. The tumors obtained from the left thigh
muscles were processed for histological examination.
Assessment of tumor weight and volume
After inoculating the tumor, the size of the left thigh in
the lower limb of different experimental groups was
determined using a digital electronic balance for
weighing and a two-end electronic digital caliper
from Switzerland for measuring. The measurements
were conducted twice daily until the 28th day,
signifying the end of the experiment. The size of the
tumor was later determined using the formula outlined
by Goto et al. [31]. The formula for calculating tumor
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volume in cubic millimeters is follows:

Tumor Volume mm3
� � ¼ Length× Widthð Þ2=2

Measurement of biochemical parameters
Plasma levels of BAX, BCL2, P53, MMP2, MMP9,
caspase-3, and caspase-9 were determined by ELISA,
using commercially available kits of R & D Systems
(USA) [32].
Statistical analysis
The collected data were coded, tabulated, and
statistically analyzed using IBM SPSS statistics
(Statistical Package for the Social Sciences) software
version 28.0, IBM Corp., Chicago, Illinois, USA,
2021. Quantitative data were tested for normality
using the Shapiro–Wilk test and then described as
mean±SE. The groups were compared using a one-
way analysis of variance, followed by Tukey’s multiple
comparison tests. The results will be deemed
statistically significant if the P value is less than 0.05.
Results
Isolation and identification of promising yeast high-
producer pigment
The objective is to isolate and identify Rhodotorula

mucilaginosa. Yeast isolates, named MMG and with
an orange color, were obtained from a yogurt sample.
The yeast isolate was orange-red when cultured on NA
medium supplemented with 5% glycerol. The isolated
yeast’s pure culture was inspected under a microscope.
The yeast obtained was oval and did not produce spores
or form pseudo-true-mycelium. The 18 S rRNA gene
was targeted by PCR to identify the possible R.

mucilaginosa for further isolation. After that, partial
Figure 1

Phylogenetic tree of Rhodotorula mucilaginosa GMM.
sequencing was performed at Macrogen Com., Korea.
Taxonomic identification of a selection of producing
strains was performed with phylogenic analysis.
Nucleotide sequences were compared with the
GenBank databases using the BLASTN tool, which
confirmed they belonged to R. mucilaginosa. The
BLAST analysis revealed a complete similarity of
100% with R. mucilaginosa, so the GMM was
identified as R. mucilaginosa GMM and
subsequently deposited in GenBank under accession
number OQ120277. The phylogenetic tree was
constructed using the 18 S rDNA sequence and the
neighbor-joining technique (Fig. 1).
Production of pigment
Isolation of the carotenoids of R. mucilaginous GMM
cells was attempted using two different solvents in two
extraction steps. The extraction yields expressed as
grams of carotenoids extracted per gram of cells was
47.28%; the maximum extraction yield was 2.988 g/l
and cell dry weight was 6.32 g/l. The results showed
that the degree of pigmentation decreased with time, as
did the pH, as the degree of pigmentation were 2.42,
2.2, and 2.07 at 24, 48, and 72 h, respectively, while pH
was 3.76, 3.31, and 3.07, respectively.
GMMP characterization
The carotenoids’ spectra were studied in the UV
scanning to characterize the yeast pigment. The
highest absorption level (λmax) was detected at a
wavelength of 281 nm.
UPLC-ESI-qTOF-HRMS/MS profile of the GMMP
The LC-MS/MS processing was optimized with high
efficacy for picking up and identifying 40 metabolites
in R. mucilaginosa GMM, an orange pigment with
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negative ion mode. The alignment of Rt values and
monoisotopic masses for the molecular and some
specific fragment ions and their relative abundances
with the available scientific literature and the open-
source software of a library database was used in the
identification processes. Despite the identification of
40 individual metabolites (1–40), only five major
corresponding broad peaks were recorded in each of
the BPC chromatograms (Fig. 2a–c), which explains
the co-elution of several compounds in each one; see Rt
values in Table 1 and corresponding five MS1 spectra
in Fig. 2dâ g, where each shows many [M-H]
molecular ion peaks for a certain number of
identified or unidentified metabolites. Accordingly,
the number and area/s of the recorded five peaks
cannot be computed as the correct measurable
parameters for the actual number of the constitutive
40 metabolites (1–40) identified from R. mucilaginosa

GMM orange pigment and their relative
concentrations. However, the extracted MS
chromatograms (XIC) and corresponding MS2
fragmentation spectra were essential in removing the
corresponding peak area/s as a measurable parameter
for the relative concentration and the tentative
identification for the 40 metabolites (Table 1). The
structures were established as eight tetra- (22, 26, 28,
35−39) and three triterpenoidal (23, 30, 33)
carotenoids, six long-chain fatty acids (7, 21, 31, 32,
34, 40), nine organic acid derivatives (1, 2, 16, 18−20,
Figure 2

(a–g) MS spectra fragment of different carotenoids isolated by LC-MS. L
24, 27, 29), five amino acids (9, 11−14), four organic
bases (3, 4, 15, 17), two sugars (5, 10), 2 polyhydric
alcohols (6, 8), and a long-chain alkyl p-benzoquinones
(25); their output MS data and chemical names are
reported in Table 1 and structural formulas in Fig. 3.

The LC-MS/MS analysis is performed on the partially
extracted pigment depicted in Fig. 8. The liquid
chromatogram signified the existence of distinct
constituents, displaying the relative quantities of
different chemicals being separated based on their
retention time. A total of eight prominent
carotenoid compounds have been identified through
LC-MS analysis of the pigment produced by R.

mucilaginosa GMM, including the carotenoids
identified as Astraxanthin 4,4’-E-Diapophytoene,
Torularhodin, 1,2,1’,2’-Tetrahyroxylycopene, E
β-apo-8’-Carotenal, 10’-apo-E-β-caroten-10’-ol,
β-Carotene, Torulene, Echinenone, 1,2,1’,2’-
tetrahyroxydihydrolycopene, and α-Canthaxanthin at
a retention time of 13.490, 13.940, 15.830, 16.190,
16.470, 20.870, 22.174, 23.179, 23.182, 23.189, and
23.779min, respectively.
In-vitro result
Antioxidant activity using DPPH

The ability of various concentrations of the yeast
pigment (GMMP) to scavenge free radicals was
evaluated. The results showed that the purified
C-MS, liquid chromatography-mass spectrometric.
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Figure 3

Structural formula of different carotenoids in natural pigment.
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GMMP exhibited scavenging activity toward DPPH
radicals in a concentration-dependent manner. The
reduction was increased with increasing time
exposure and concentration of pigment, with an
IC50 value of 4mg/ml. Figure 4 shows the highest
DPPH scavenging activities were 95.71 at 10mg/ml.
The results showed good antioxidant activity at 10mg/
ml yeast pigment exhibiting a percentage inhibition of
95.71% radical scavenging activity after 120min.

Antioxidant activity of GMMP as assessed by the oxygen

radical scavenging capacity assay

The antioxidant activity of GMMP using the oxygen
radical scavenging capacity (ORAC) assay revealed that
GMMP exhibited a substantial antioxidant capacity,
with an ORAC value of 1 610 991 μM Trolox
equivalents (TE) TE/mg sample. The standard
deviation for this measurement was 315.42μM TE/
mg sample, indicating the reliability and consistency
of GMMP’s antioxidant activity (Fig. 5a–c).
MTT test in Caov-3 and HeK-293 cell lines after radiation

exposure and treated with GMMP

CAOV-3 cells were much less alive after being treated
with a mix of GMMP and low-dose radiation
compared with cells that had not been treated
(P<0.001) (Fig. 6a–c). To assess its anticancer
impact, we investigated a CAOV-3 treated with
GMMP at concentrations of 0.78, 1.56, 3.12, 6.25,
12.5, 25, and 50 μg/ml. The MTT test showed that
GMMP strongly inhibited CAOV-3 after 24, 48, or
96 h of treatment (Fig. 6). The cytotoxicity of GMMP
extract was evaluated at a dose of 50 μg/ml against
CAOV-3 (Fig. 6). The results indicated that GMMP
was highly effective against the CAOV-3, with an IC50

value of 0.697 μmol/ml (Fig. 6a). We found out how
GMMP affected the viability of the CAOV-3 and
HEK-293 by measuring its cytotoxic effect at different
concentrations (0.78, 1.56, 3.12, 6.25, 12.5, 25, and
50 μmol/ml). Doxorubicin, an anticancer drug, is a
positive control. The results showed that the
viability of CAOV-3 and HEk-293 was reduced
gradually as concentrations of GMMP and
doxorubicin increased. With CAOV-3, the IC50 of
GMMP was 0.697 μmol/ml, while doxorubicin was
7.65 μmol/ml. In HEK-293 cells, the IC50 was
1127 μg/ml and 386.15 μg/ml for GMMP and
doxorubicin, respectively, as represented in Fig. 6b
and c. The IC50 of GMMP on CAOV-3 in the
presence of radiation was 0.22 μmol/ml, while on



Figure 4

DPPH scavenging activity of GMMP.
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HEK-293 in the presence of radiation was 0.345 μmol/
ml.
BAX and Bcl2 expression

The proapoptotic marker BAX and the antiapoptotic
marker Bcl2 were evaluated (Table 2). BAX levels were
significantly increased (P=0.001) in the CAOV-3
treated with GMMP and CAOV-3 treated with
GMMP and exposed to radiation groups (1.23
±0.02) and (1.47±0.022), respectively, while BCL2
levels were significantly decreased in the CAOV-3
Figure 5

Trolox exhibits an antioxidant impact on the degradation of fluorescein in
The signal curve for different Trolox concentrations and a blank sample sho
The signal curve of the samples and blank demonstrates the decline of
treated with GMMP and/or treated with GMMP
and exposed to radiation groups (Table 2).
P53 expression

The tumor suppressor gene P53 showed variations in
expression across groups (Table 2). Treatment of
CAOV-3 with GMMP alone increased the p53
level to 2.21±0.030 pg/mg. In these cells, the
combination of GMMP and radiation further
elevated the p53 level to 2.80±0.022 pg/mg in the
Caov-3 cells.
the ORAC assay: (a) Corrected linear regression curve for Trolox. (b)
w how fluorescein breaks down at different Trolox concentrations. (c)
fluorescein with cell culture application.



Figure 6

MTT test in CAOV-3 and HEK293 cell lines after radiation exposure and treated with GMMP: (a) Cytotoxicity of GMMP on CAOV-3 cell lines,
(b) the effect of radiation exposure and treated with GMMP on CAOV-3, (c) the effect of radiation exposure and treated with GMMP on HEK293
cell lines.
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MMP2 and MMP9 levels

MMP2 and MMP9 levels indicated variations across
treatment groups. In the CAOV-3 cells, GMMP
treatment alone or in combination with radiation
reduced MMP2 and MMP9 levels compared with
untreated controls (Table 2).
Caspase-3 and caspase-9 levels

Significant changes were seen in the levels of both
caspase-3 and caspase-9 among the different treatment
groups (Table 2). The CAOV-3 treated with GMMP
and GMMP with radiation exhibited a significant
increase of caspase-3 and caspase-9 when compared
with untreated cells.
In-vivo result
Biological marker evaluation in mice bearing solid tumor

after radiation exposure and treated with GMMP

Tumor size: Changes in tumor diameter (TD) were
assessed in different groups over 28 days following the
injection of MBST (Fig. 7). At the end of the trial,
(Figure 7) clearly showed that those in the treatment
groups (MBST treated with GMMP; MBST exposed
to radiation; and MBST treated with GMMP and
exposed to radiation) had significantly less tumor
weight and volume than those who did not receive
MBST treatment. The dual treatment group had the
highest reduction ratio compared with the MBST
treated by GMMP and Rad therapy group.
BAX and Bcl2 levels

The proapoptotic protein BAX and the antiapoptotic
protein Bcl2 levels were evaluated across different
experimental groups (Table 3). The MBST without
treatments showed a decrease in BAX level (0.15
±0.003 pg/mg) and an increase in Bcl2 level (1.7
±0.03 pg/mg) compared with the control. Radiation
treatment alone in MBST led to a further increase in
BAX (1.33±0.02 pg/mg) and a decrease in Bcl2 (0.37
±0.04 pg/mg), suggesting a shift toward a proapoptotic
state. Treatment with GMMP alone in MBST
resulted in a substantial elevation of BAX (1.80
±0.04 pg/mg) and a reduction in Bcl2 (0.26±0.02 pg/
mg). The combination of GMMP and radiation in
MBST exhibited the highest BAX level (1.97±0.06 pg/
mg) and a moderately increased Bcl2 level (0.33
±0.02 pg/mg) compared with the GMMP- alone
group.
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P53, MMP2, and MMP9 levels

The tumor suppressor protein p53 levels were evaluated
across different experimental groups (Table 3). In the
control group, the p53 level was 0.33±0.011 pg/mg.
The MBST without treatments exhibited a higher p53
level of 0.80±0.012 pg/mg than the control. Radiation
treatment in MBST significantly increased p53,
reaching 1.40±0.021 pg/mg. Interestingly, treatment
with GMMP alone in MBST also resulted in a p53
level of 1.40±0.02 pg/mg, similar to the radiation-
treated group. However, the combination of
GMMP and radiation in MBST showed a
synergistic effect, with the highest p53 level
observed at 1.80±0.022 pg/mg. The matrix
metalloproteinases MMP2 and MMP9 levels were
evaluated across the different experimental groups.
In the control group, the MMP2 level was 0.27
±0.004 pg/mg, and the MMP9 level was 0.17
±0.002 pg/mg. The MBST without treatments
exhibited significantly higher levels of both MMP2
(0.77±0.004 pg/mg) and MMP9 (0.43±0.02 pg/mg)
compared with the control. Interestingly, treatment
with GMMP alone in MBST decreased MMP2
(0.20±0.003 pg/mg) and MMP9 (0.20±0.02 pg/mg)
levels compared with the untreated MBST. The
combination of GMMP and radiation in MBST
also showed a reduction in MMP2 (0.23±0.003 pg/
mg) and MMP9 (0.17±0.003 pg/mg) levels, with the
MMP9 level being similar to the control group.

Caspases-3 and 9

The levels of the apoptosis-executing enzyme caspase-
3 and the initiator caspase-9 were evaluated in the
different experimental groups (Table 3). In the control
group, the caspase-3 level was 2.70±0.04 ng/mg, and
the caspase-9 level was 4.33±0.32 ng/mg. The
treatment with GMMP alone in MBST also
resulted in elevated levels of caspase-3 (10.34
±0.30 ng/mg) and caspase-9 (18.34±0.44 ng/mg).
Radiation treatment alone in MBST significantly
increased caspase-3 (7.33±0.32 ng/mg) and caspase-9
(17.68±0.32 ng/mg) levels. Notably, the combination
of GMMP and radiation in MBST exhibited a
synergistic effect, with the highest levels of caspase-3
(13.02±0.76 ng/mg) and caspase-9 (20.02±0.88 ng/
mg) observed among all groups (Table 3).
Histopathological findings

Microscopical examination of the skeletal muscle tissue
section of the normal control group revealed small
bundles of muscle fibers, and each bundle is
separated by a connective tissue layer called
perimysium. Another thin layer of reticular
connective tissue fiber called endomysium invests the



Figure 7

The tumor size in female mice bearing solid tumors after being treated with natural pigment alone or with radiation exposure.

Table 3 BAX, BCL2, P53, MMP2, MMP9, caspase-3, and caspase-9 levels in female mice bearing solid tumor after radiation
exposure and treated with natural pigment

Control
(Group 1)

MBST
(Group 2)

MBST+GMMP
(Group 3)

MBST+Rad
(Group 4)

MBST+Rad+GMMP
(Group 5)

BAX (pg/mg) 0.43±0.010d 0.15±0.003e 1.80±0.04b 1.33±0.020c 1.97±0.060a

BCL2 (pg/mg) 0.73±0.020b 1.70±0.030a 0.26±0.02e 0.37±0.040c 0.33±0.02d

P53 (pg/mg) 0.80±0.012c 0.33±0.011d 1.40±0.022b 1.40±0.020b 1.80±0.022a

MMP2 (pg/mg) 0.27±0.004c 0.77±0.004a 0.20±0.003e 0.30±0.004b 0.23±0.003d

MMP9 (pg/mg) 0.17±0.002c 0.43±0.020a 0.20±0.02c 0.27±0.030b 0.17±0.003c

Caspase-3 (ng/mg) 3.01±0.040d 2.70±0.040e 10.34±0.30b 7.33±0.320c 13.02±0.76a

Caspase-9 (ng/mg) 5.70±0.210d 4.33±0.320e 18.34±0.44b 17.68±0.320c 20.02±0.88a

GMMP, natural pigment; MBST, mice bearing solid tumor; Rad, radiation exposure. All data are expressed as mean±SE. Values in the
same row with the different superscript letters (a, b, c, d, e) are significantly different at P value less than 0.05, using one-way analysis of
variance and then Tukey’s post-hoc comparison.
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individual muscle fiber (Fig. 8a and b). The
histopathological analysis of the solid tumor in the
animal group revealed a dense accumulation of tumor
cells that had infiltrated both the muscular and
subcutaneous tissues. The Ehrlich tumor cells are
organized in clusters or sheets, displaying profoundly
basophilic pleomorphic nuclei with nuclear
vesicularity. The solid tumor comprises polygonal
cells that exhibit pleomorphic morphologies,
hyperchromatic nuclei, and anisocytosis. A modest
quantity of recently developed blood capillaries
(neovascularization) was observed in the adjacent
tissue (Fig. 8c and d). In addition, a few instances of
fibrous tissue growth were observed (Fig. 8 and
Table 4). Upon microscopic analysis of the skeletal
muscle tissue section from the standard control group,
it was observed that the muscle fibers were arranged in
little bundles. A layer of connective tissue known as the
perimysium separates these bundles. Endomysium, a
thin reticular connective tissue fiber layer, surrounds
each muscle fiber (Fig. 8a and b). The animal group’s
solid tumor was looked at using histopathology, which
showed a dense collection of tumor cells that had
spread into the muscle and subcutaneous tissues.
Ehrlich tumor cells are arranged in sheets or
clusters, and their nuclei are deeply basophilic and
pleomorphic, with nuclear vesicularity. The tumor
comprised polygonal cells with pleomorphic
morphologies, hyperchromatic nuclei, and
anisocytosis. The tissue sections of solid tumors in
animals treated with GMMP or Rad showed
degenerative alterations characterized by vacuolation
of neoplastic cells (Fig. 8e and f). The Ehrlich tumor
cells exhibited significant pyknosis and karyolysis,
particularly in the central portions of the tumors
(Fig. 8g). Many inflammatory cells, primarily
lymphocytes, macrophages, and multinucleated
tumor giant cells, infiltrated the necrotic regions.
However, only a small amount of fibrous tissue
growth was observed (Fig. 8h and Table 4). The



Figure 8

Tissue section of Ehrlich solid tumor showing: (a and b) normal skeletal muscle tissue section showed bundles of muscle fibers, and each bundle
is separated by a connective tissue layer arrow (20.00 μm); (c) aggregation of carcinoma cells that invade muscular and subcutaneous tissues
arrow (20.00 μm); (d) sheet of deeply basophilic polygonal cells with hyperchromatic nuclei arrow (10.00 μm); (e) compact aggregation of tumor
tissue cells within themuscular and subcutaneous tissues arrow (20.00 μm); (f) tumor cells arranged in the form of clusters with deeply basophilic
pleomorphic nuclei arrow (10.00 μm); (g) marked proliferation of fibrotic tissues with intense leukocyte infiltration arrow (20.00 μm); (h) pyknosis
and karyolysis of Ehrlich tumor cells arrow (10.00 μm).
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surrounding tissue exhibited considerable
neovascularization, as observed in Fig. 8g and h.
Discussion
The findings align with the study conducted by Kanzy
et al. [33], which involved the isolation and molecular
identification of R. mucilaginosus from salted cheese
whey. The carotenoid pigments of yeasts accumulate in
lipid droplets and can thus be extracted with various
organic solvents. In general, efficient extraction of
carotenoids from microbial cells still proves difficult
as there is no standard technique. The extraction of the
intracellularly produced carotenoids of yeast generally
requires efficient disruption of the rigid cell wall of the
yeast. Acid treatment may be used to disrupt the
cellular membranes of yeast cells. Unfortunately, acid
Table 4 Histopathology scoring of Ehrlich solid tumor in response to

Group Necrosis (%)

Group 1: control –

Group 2: MBST 10–15

Group 3: MBST+GMMP 35–50

Group 4: MBST+Radiation 25–30

Group 5: MBST+Radiation+GMMP 45–75
treatment may result in considerable carotenoid
damage. Other carotenoid extraction methods have
also been reported based on enzymatic cell wall
disruption [34,35] and supercritical carbon dioxide
extraction [36]. It is plausible that some solvents,
when used together to disrupt cells, may
demonstrate synergistic interactions, resulting in
enhanced carotenoid yield. Sharma and Ghoshal
[37] reported that the maximum amount of
carotenoids obtained in aerobic fermentation
conditions was 819.23mg/g compared with
717.35mg/g in a shake flask under similar
conditions. The pigmented yeast samples were
isolated from different sources such as flowers, tree
exudates, fruits, and cheese [38]. One of which was
identified as Rhodotorula agglutinins. Similar studies by
Maldonade et al. [39] isolated pigmented yeasts from
treated with natural pigment alone or with radiation exposure

Neovascularization Leukocytes Fibrosis

– – –

++ + –

+ ++ ++

– + –

– + +++
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soil, leaves, fruit, flowers, and processed food. Based on
the spectral analysis (λmax) and the literature available,
it can be concluded that the pigment of the yeast might
be β-carotene and this result was in agreement with the
finding of Parmar et al. [40], who reported that the
UV-Vis spectrum of pigment of actinomycete was
found by UV-Vis spectrophotometer. The spectra
showed lmax at 277.44.

The terpenoidal oxygenated carotenoids may produce
similar fragments with some other diagnostic ones for
hydrocarbon unsaturted cyclic or open chain carotenes.
It is worth mentioning that definite product fragments
may be sufficient with other output parameters for
accurate structural elucidation, even stereostructural
features [41,42] after their matching with a
respectable library database [43]. Like all microbial
genera, Rhodotrula was reported to biosynthesize
isoprenoids (isoprenoid quinones, carotenoids) as
chemotaxonomic biomarkers for characterization and
distinguishing their species [43]. This was in good
agreement with the metabolites identified herein from
R. mucilaginosa GMM, that is, 11 carotenoids (22, 23,
26, 28, 30, 33, 35−39), six long-chain fatty acids (7, 21,
31, 32, 34, 40), and a long-chain alkyl p-
benzoquinones (25). The carotenoids identified as
astraxanthin (22), 4,4’-E-diapophytoene (23),
torularhodin (26), 1,2,1’,2’-tetrahyroxylycopene (28),
E-β-apo-8’-Ccrotenal (30), 10’-apo-E-β-caroten-10’-
ol (33), β-carotene (35), torulene (36), echinenone
(37), 1,2,1’,2’-tetrahyroxydihydrolycopene (38), and
α-canthaxanthin (39).

Carotenoids can be classified as carotenes and
xanthophylls, the former (carotene, torulene, and
lycopene) being pure hydrocarbons while the latter
(lutein, zeaxanthin, violaxanthin, and neoxanthin)
are oxygenated hydrocarbon derivatives [44,45].
β-carotene is an isoprenoid molecule with a chemical
formula of C40H56 with a molecular weight of
536.88 g/mol. This chemical is composed of two
β-ionone rings linked together by a polyene chain
with nine conjugated double bonds. The chemical
β-carotene exhibits a peak absorbance at 450 nm and
is distinguished by its hue, ranging from yellow to
orange, owing to its molecular structure and
arrangement of double bonds [46] and R.

mucilaginosa [47] are also known for efficiently
producing microbial β-carotene. Astaxanthin is
classified as a xanthophyll with a molecular formula
of C40H52O4 and a molar mass of 596.85 g/mol.

The structure consists of two polar β-ionone rings
linked by a nonpolar chain. Each ring consists of a
single hydroxyl group and a single ketone group. The
astaxanthin molecule contains a total of 13 double
bonds, which contribute to its potent antioxidant
effects. Astaxanthin possesses ketone and hydroxyl
groups, which enable it to undergo esterification and
dictate its polar nature. Astaxanthin is an optically
active molecule because it contains hydroxyl groups
in the β-ionone rings. Astaxanthin exhibits three
isomers due to the presence of chiral centers at
positions C-3 and C-3’: enantiomers (3 S, 3’S, and
3 R, 3’R) and a meso form (3 R, 3’S) (no. 33–35). The
primary fungal producer of this chemical is the
Xanthophyllomyces dendrorhous yeast, which
predominantly synthesizes the (3 R, 3’R) isomer
[48]. With a molecular formula of C40H54 and a
molar mass of 534.9 g/mol, Torulene is classified as
a member of the carotenes group. The torulene
molecule comprises a single β-ionone ring connected
to a polyene chain with 12 conjugated double bonds.
The hue of the substance varies between orange and
orange-red, depending on its concentration. The
Rhodotorula genus’s yeasts are torulene’s primary
microbiological producers [49]. Torulene exhibits
antioxidant and anticancer characteristics [50]. The
methanolic extract’s DPPH radical scavenging
capacity is compared with that of ascorbic acid.
Ascorbic acid showed high activity with IC50 from
a concentration of less than 20 μg/ml at 30min. Using
the DPPH assay, earlier reports showed comparable
IC50 values for astaxanthin 79.32-18.10, lutein 35, and
zeaxanthin 10mg/ml [51]. Carotenoids function as
antioxidants, actively seeking out and neutralizing
free oxygen radicals within the body. Administration
of carotenoid complex supplementation for 8 weeks
effectively mitigated oxidative stress in a sample of trial
participants of healthy individuals, athletes, and
pregnant women [52]. This study aimed to
investigate whether a carotenoid pigment from yeast
could help fight cancer when mixed with low-dose
radiation, focusing on ovarian cancer cells in particular.
Our comprehensive analysis sheds light on the
potential therapeutic implications of this
combination regimen. Our results showed that the
combined treatment of carotenoid pigment and low-
dose radiation effectively reduced the viability of
ovarian cancer cells in a dose-dependent manner.
The cell viability assay showed that the combination
treatment significantly reduced cell viability compared
with the control group. The antioxidant activity of
GMMP from the ORAC assay yielded promising
results. GMMP exhibited a substantial antioxidant
capacity with an ORAC value of 1 610 991 μM TE/
mg sample. These findings align with several studies
highlighting the antioxidant potential of natural
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compounds. For example, it has been demonstrated
that polyphenols, flavonoids, and carotenoids present
in various plant-derived substances can exhibit
antioxidant properties by preventing the formation
of ROS and protecting against oxidative stress [53].
The ORAC assay has been widely used to evaluate the
antioxidant capacity of natural compounds, making it a
suitable method for assessing GMMP in this context.
The in-vitro anticancer activity of GMMP, particularly
against the CAOV-3 ovarian cancer cell line, revealed
significant antiproliferative effects. This aligns with
previous studies that have explored the anticancer
potential of natural compounds. Khan et al. [54]
emphasized the importance of herbal medicinal
medications, noting their potential to prevent and
treat cancer. The MTT assay results demonstrated
that GMMP exhibited a robust inhibitory impact on
CAOV-3 cells, with an IC50 value of 0.697 μmol/ml.
These findings are consistent with those of Luithui
et al. [55], who reported that natural compounds
derived from herbs can minimize cancer cell
viability. In the mouse model of solid Ehrlich
tumors, GMMP, combined with radiation,
significantly reduced tumor weight and volume. This
corroborates the findings of Seyfried and Huysentruyt
[56], who highlighted the importance of targeting
tumor growth and metastasis as critical strategies in
cancer therapy. The dual treatment approach exhibited
the highest decrease ratio, emphasizing the potential
synergistic effects of GMMP and radiation in
inhibiting tumor progression.

The balance between BAX and anti-BCL2 proteins is
crucial in determining cell fate. In our study, the
CAOV-3 and radiation group exhibited the highest
BAX expression, while the CAOV-3 without the
treatment group had the highest BCL2 levels. These
findings indicate that radiation promotes apoptosis in
CAOV-3 cells, which is consistent with previous
studies [57]. However, the combination of GMMP
and radiation demonstrated a substantial increase in
BAX expression, suggesting enhanced apoptotic
potential. The results emphasize the combined
effects of GMMP and radiation in stimulating
apoptosis, a crucial method for suppressing the
growth of cancer cells.

P53, a tumor suppressor gene, is pivotal in DNA
repair, cell cycle regulation, and apoptosis induction
[58] Our results revealed significant variations in P53
expression among treatment groups. The study
investigated the impact of GMMP and radiation
therapy on tumor characteristics, focusing on P53
expression, matrix metalloproteinases (MMPs),
caspases, and histopathological changes in Ehrlich
solid tumors. The results revealed significant
variations in P53 expression among treatment
groups, with the HEK-293 treated by GMMP and
irradiated group showing the highest expression. This
finding suggests a potential role of GMMP and
radiation in activating P53-mediated pathways,
which are known to contribute to tumor
suppression. MMPs, particularly MMP2 and
MMP9, are associated with tumor invasion and
metastasis [59]. Regarding MMPs, MMP2 levels
were significantly elevated in the CAOV-3 without
the treatment group, indicating potential variations in
MMP regulation. However, MMP9 levels did not
show significant differences between groups,
suggesting that GMMP and radiation may not
strongly influence its expression in these cells.

The study also found significant alterations in caspases,
with the CAOV-3 treated by GMMP and irradiated
group exhibiting the highest levels of caspase-3 and
caspase-9. This indicates an enhanced apoptotic
response to combined treatment, which aligns with
the increased BAX expression and underscores the
potential of GMMP and radiation in promoting
apoptosis, a critical mechanism for inhibiting cancer
cell survival. In terms of histopathological findings,
untreated Ehrlich solid tumors exhibited characteristic
features of malignancy, including dense clustering and
infiltration of adjacent tissues. In contrast, treated
tumors showed notable degenerative changes,
including vacuolation of neoplastic cells, pyknosis,
and karyolysis, indicative of apoptosis or necrosis.
Inflammatory cell infiltration was also observed in
treated tumors, suggesting a potential enhancement
of the antitumor immune response [60].
Conclusion
In this study, we produced the yeast natural pigment
(GMMP) using fermentation and explored the
potential therapeutic efficacy of GMMP in
combination with radiation therapy against Ehrlich
solid tumors. Our comprehensive investigations
encompassed in-vitro and in-vivo experiments. This
combination therapy exhibits multifaceted antitumor
effects, including direct cytotoxicity, apoptosis
induction, inhibition of metastatic potential, and
immunomodulation. The results of our study
underscore the potential of GMMP as a novel and
promising adjunctive treatment strategy in the fight
against solid tumors. Further investigations, including
clinical trials, are warranted to fully elucidate the
therapeutic mechanisms and optimize the application
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of GMMP in cancer therapy. Thus, structural factors
were significantly associated with antioxidant and
anticancer efficacy.
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